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... Assurons-nous bien du fait, avant que de nous inquikter de la cause. I1 est vrai que cette mCthode est 
bien lente pour la plupart des gens, qui courent natuellement ?i la cause, et passent par dessus la vCritC du 
fait; mais enfin nous Cviterons le ridicule d’avoir trouvC la cause de ce qui nCest point. 

... 

.. 

... De grands physiciens ont fort bien trouvC pourquoi les lieux souterrains sont chauds en hiver, et froids 
en CtC; de plus grands physiciens ont trouve depuis peu que cela n’Ctait pas. 

-Fontenelle, Histoire des Oracles 
Chapitre IV, pp.  20 et 23 
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This book, Cataclysmic Variables and Related Objects, is the final volume in the NASA/CNRS monograph 
series on nonthermal stellar atmospheres. Looking back over the eight volumes, we note with some 
satisfaction that the series has hewed close to its original objective of emphasizing, to quote from the 
preface of the first volume, “observational data and possible physical mechanisms, critically examined, 
much more than formal atmospheric models and detailed computational procedures.” Certainly that is the 
main thrust of this final volume. 

At the same time, much has changed over the twelve years since the first volume appeared, both in the 
rapid advances that have occurred in stellar astronomy as well as in the procedures for producing the books, 
for which NASA has been responsible. It is only fair to the editors and authors of this final book to note that 
one consequence of these recent changes in NASA has been a significant and regrettable delay in its date 
of publication. As the NASA organizer for this series, I can assert that the source of this delay has been 
almost entirely budgetary and not in the persons who have tried to expedite the process, often with no 
money; but this is small consolation for editors and authors who worked hard to have their manuscripts 
ready by 1989, only to have to wait until 1993 to see the book in print. Professionals in the field must admire 
the patience and forbearance of these astronomers. I certainly do. One consequence of the delay is that the 
material in this book does not cover the developments of the early 1990s. To the observation that a section 
covering the last three years could have been added I must say that this would have occasioned even further 
delays, an alternative clearly to be avoided. 

Notwithstanding the delay, this volume contains a rich assembly of data, along with their possible 
interpretation, on a particularly fascinating class of stellar objects. As has been our experience with 
previous volumes, we hope that this approach will prove useful to students and researchers worldwide, who 
are usually more interested in confronting the observations directly than in starting with complex theoreti- 
cal models as a basis for their own research. NASA will oversee a large distribution of the book in the 
western hemisphere, and the French CNRS will serve a similar function in the eastern one. To get an 
overview of the highlights of the book, the French and English summaries provided at the beginning are a 
good place to start. 

Since this monograph series now comes to a end, it is fitting to recognize a number of individuals who 
have played key roles in its production. There is no question where to begin. Richard N. Thomas, justly 
famed as the prime mover of early non-LTE theory as applied to optically thick spectral lines, is the father 
of this series. Highly original and insightful, often iconoclastic, occasionally infuriating, but always 
stimulating and completely committed to the advancement of astronomy and astronomers, Dick Thomas, 
as so many of us know him, was the powerful engine behind this series. He inspired and started it. He 
shepherded its development like a jealous, absolutely dedicated parent. For the final four volumes, he 
provided a Perspective section, both to relate the objects treated in each book to others across the HR 
diagram and, in some cases, to suggest alternative viewpoints to those emphasized by the authors. And 
when in his perception some part of a book was running thin, he participated directly in stimulating a 
renewed effort to produce volumes that have to date been well received by the worldwide community of 
astronomers. First and foremost among those we thank is Dick Thomas, without whom there would have 
been no series. 

In France, the valuable collaboration with the CNRS, essential to the international character of the series, 
was due almost entirely to the efforts of Jean-Claude Pecker, distinguished astronomer, former IAU 
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Secretary General, and current member of 1’Academie de Sciences, who set up the project from the French 
end. The constant cooperation of the French government and the enthusiastic participation of a number of 
the European astronomers who served as editors and authors can often be traced to these initial arrange- 
ments. It can truly be said that this particular series, at least, would not have materialized without him. 

Those of us closely connected with the series all mourn the loss of Leo Goldberg, who served us all as 
friend and counsellor (officially as the Senior Advisor to NASA) until his death in 1987. In a project of this 
nature, some difference of opinion on procedure is bound to occur as the work progresses, and he was 
especially skilled in helping us all resolve some of the issues that arose. We miss him and are grateful for 
his contributions. 

Beyond the three aforementioned persons are those others without whom the series could not have been 
produced. They are, of course, the editors and authors of the various volumes. Since the service of science, 
in this case astronomical science, is the only justification for this project in the broader sense, so it is to the 
scientists themselves who wrote the text that the greatest collective thanks must be given, for only they had 
and have the expertise that gives these volumes credibility and value. It is especially noteworthy that all of 
the editors and authors, without exception, provided their manuscripts - which is to say their valuable time 
- withou; compensation from the funding agencies for that purpose, and with no hope of royalties from any 
book sales that might occur. Their efforts were entirely a service to astronomy, and for that we are all in 
their debt. 

Finally, there is a long list of individuals within NASA who have supported the series in a number of 
important ways, ranging from the provision of funds for the copy editing and printing to expediting the 
process itself. As the project has been over twelve years in duration, the list is fairly long, and undoubtedly 
incomplete; but the following individuals must be included: Dave Bohlin, Jack Brandt, Harold Glaser, 
Betty Graham, Virginia Kendall, Frank Martin, George Peiper, Karen Simon, Jim Trainor, Kay Voglewede, 
and Ed Weiler. Most recently, on this book, Erwin Schmerling at NASA Headquarters and Lee Blue and 
Bob Ferris at the Center for Aerospace Information have been extremely helpful in removing the final 
obstacles to completing the book on a very restricted budget. 

The series has benefitted enormously from the contributions of all of the persons mentioned, and a great 
many more. It is hoped that the astronomers who use these books will benefit accordingly. 

The NASA Series Editor/Organizer 
Greenbelt, April 1993 
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SPECTIVE 

I. HISTORIC OBSERVATIONAL 
PERSPECTIVE ON CV-PROTOTYPE STARS 

“Star swells up and bursts” (then, more 
gradually, returns to an essentially unchanged 
pre-outburst state) was the historic, observa- 
tion-delineated, abstract/caricature of the phe- 
nomena whose episodic occurrence defined the 
original prototypes of the cataclysmic vari- 
able (CV) class of stars-novae and recurrent 
novae. Such phenomena/stars gave this class, 
via the Gaposchkins, its descriptive title. Other 
“similar” varieties of stars, defined by lesser 
amplitudes and more frequent recurrance of an 
“outburst”, and/or by (variable) spectral fea- 
tures resembling those of some outburst 
phases, were later added to the CV class. Often, 
it wadis ambiguous whether some particular 
star belongs to the CV class via one of its later 
added varieties, or to some other class, such as 
the Be, that exhibits overlapping aspects of 
variability with the CV. Thus the CV class, and 
its “cousins”, strongly stimulate curiosity to 
identify a thermodynamics able to represent a 
variety of large-variability aspects of stellar 
taxonomy/structure/evolution, so more encom- 
passing than Eddington’s variety, which was 
only quasi-adequate for even “equilibrium” 
stars. 

In pre-spectroscopy history, this primary 
“cataclysmic” observational characteristic of 
novae/recurrent-novae was: very large (factor 
lo2- l 07), transient (weeks through months du- 
ration), episodic (decades through centuries re- 
currence interval), unpredictable, luminosity 
increases. Later, the introduction of spectro- 
scopic observations showed a mass ejection 
simultaneously paralleling the luminosity out- 
burst, exhibiting several, often overlapping, 
evolving sets of large-blue-shifted spectral 
lines; first absorption, then emission-absorp- 
tion profiled (P Cyg-type), then wholly emis- 
sion. Overall, this ensemble of spectral lines 
(including all varieties introduced by their time 

variation, which include the forbidden-transi- 
tion solar coronal lines) presents a symbiotic 
melange of low- and super-ionized species. 
Also in parallel evolution, during its premaxi- 
mum rise the continuum monotonically red- 
dens; post-maximum, it monotonically blues. 

Thus, as the variety and breadth of observa- 
tions evolved, so emerged/evolved the two 
simultaneous/associated/parallel primary ob- 
servational characteristics of the nova/recur- 
rent-nova prototype of the CV class: abruptly 
enhanced luminosity, abruptly appearing ul- 
trathermal mass outflow. But that energy lib- 
eration resulting in luminosity enhancement 
appears to occur sufficiently deeply in the star 
that it undergoes that diffusive radiative-trans- 
fer-not direct-escape which causes the over- 
lying layers to approximate the spectral ap- 
pearance of a “normal”, supergiant, stellar at- 
mosphere whose flux/effective temperature 
evolves in time. So the pre-maximum time- 
scale of radiation quality (color) differs from 
that of radiation qzraritity (luminosity) via the 
time-scale of the outward motion of the t3L-1 
levels corresponding to the mass outflow. 
There also evolved an elaboration of  the de- 
tails, and an appreciation of the significance, of 
the third basic characteristic of the CV class: 
the time unfolding of the “symbiotic” spec- 
trum, whose pervasiveness across the class, 
and community with other classes, is today 
more often emphasized than is that of the 
double-aspect cataclysmic-outburst. 

Other “peculiar” stars historically exhibited 
some variety of mass outflow; other exhibited 
strong luminosity excess and variability. But at 
least until the advent of far-UV observations, 
via space observatories, no variety of stars ex- 
hibited, so unambiguously, an association be- 
tween (apparent) onset of strong mass outflow 
and strong luminosity variability as did novae/ 
recurrent novae- essentially because of the 
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large velocity shifts observeable in their vis- 
ual-spectral lines, which made their mass out- 
flow, aerodynamic mass loss, unmistakably 
clear. 

WR stars have long shown the clearest such 
visual-spectral association between unusually 
large values of both luminosity and mass out- 
flow, but in steady-state values of each (so 
were historically called the “permanent no- 
vae”). P Cygni, once classed as a “nova (Cyg 
1600)”, and now linked to the Luminous-Blue- 
Variables, shows large visual-spectral mass 
outflow, but its twice observed luminosity 
outbursts were pre-spectral and smaller than 
novae. Visual-spectral observations of the 
“envelope/nebulae” of PN stars evince historic 
mass ejection, but no accompanying luminos- 
ity-change measures exist. The Be stars- 
McLaughlin’s “little PN”-are the closest, in 
such historic empirical association between en- 
harzced luminosity and mass outflow, but only 
implied such association, because velocity 
measures were only of envelope-, not of photo- 
spheric-chromospheric-coronal-, matter at 
those visual-spectral-only epochs, and then 
only when one painstakingly collected and di- 
agnosed all retrievable historic data (cf 
Doazan, Volume 2 of this series. 

Over the IUE decade, coordinated visual 
and farUV observations have established, not 
just implied, for some Be stars, at some epochs, 
such unambiguous association between chan- 
ges in (pre-envelope, high-velocity) mass out- 
flow and luminosity-as well as associated 
changes in other spectral features, which detail 
the outward evolution of the mass outflow. 
This latter includes the behavior/role of the en- 
velope as a “regulating-valve’’ between the 
mass outflow and mass loss. Far-UV measures 
also show still existing, high-velocity, pre-en- 
velope mass outflow from the central stars of 
the PN. One observes, in the far-UV, the same 
high-velocity outflow from some recurrent 
novae, decades after outburst. Thus a bridge 
between CV and other classes exists, in the 
stellar-structural implication of this primary 
CV characteristic: episodic, “cataclysmic”, en- 
ergy/mass loss. 

For novae/recurrent novae, time-resolution 
of these two (mass outflow, luminosity vari- 
ability) aspects of the episodic phenomenon 
was/is yet insufficient to show which, if either, 
“begins first”, hence might be considered to be 
the “more fundamental”, especially because 
each differs/evolves with the particular geo- 
metrical and spectral region observed. The 
same ambiguity yet exists in the relative behav- 
ior of luminosity and outflow at the photo- 
spheric level in the Be stars-it and sub-photo- 
spheric levels being the essential ones in dis- 
cussing origin of outburst, in single-star model- 
ing. Other cousins’ time-resolution is even 
less. 

In stellar types of the currently defined CV 
class other than the novaebecurrent novae, 
such association between mass outflow and 
luminosity changes has (apparently, according 
to the authors/material collected in this CV vol- 
ume) not yet been sufficiently documented in 
high-resolution detail to synthesize into any 
unambiguous picture of their relation/interac- 
tion/structural resultant. But those “theories”/ 
models of the CV class that a priori vastly sub- 
ordinate mass ejection to luminosity out- 
burst-r worse, model the CV phenomenon as 
consisting only of a luminosity outburst with- 
out mass outflow, as in some CV theoreticians’ 
speculative models of dwarf novae (contra- 
dicted by observation)-obscure useful em- 
pirical-thermodynamic information/guidance. 
Such information, digested without a priori 
prejudice, broadens our knowledge of the vari- 
ety/range of mass outflow from stars, and of the 
relative significance of mass and radiative-en- 
ergy losses on the modeling of stellar structure/ 
evolution (see Table 1 ,  at the end of this Per- 
spective Chapter). 

Of course, one has a diagnostic choice in 
trying to use “normal”, “peculiar”, other than 
CV, and CV stars to gain insight/detailed 
knowledge of this “now ubiquitous” phenome- 
non of stellar mass loss and its general relation 
(if any) to stellar radiative-energy loss. Either 
one can take literally all the cited links between 
CV and other stellar types re phenomena of 
mass outflow and luminosity variability, or one 
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can insist that CV phenomena are too excep- 
tional to permit CV stars to be included in the 
variety of single stars. Under the first alterna- 
tive, one regards the CV stars as simply exhib- 
iting extreme varieties of the mass/energy-loss 
phenomenon in single-stars. Under the second, 
one regards the class as indeed exceptional, in 
having no thermodynamic relation to any vari- 
ety of single-star mass loss and/or luminosity 
enhancement; so it must be diagnosed and 
modeled outside single-star taxonomy. 

Especially given the complete reversal of 
most thinking on single-star mass loss intro- 
duced by space-observatory data, one would 
prefer an observation-based rather than an a 
priori speculative choice between the above 
alternatives. So I am surprised at the volume’s 
choosing the later included, less extensively 
delineated re mass outflow, dwarf novae- 
rather than the prototype, more observationally 
detailed, novae/recurrent novae-to introduce 
the panorama of, and put into perspective, the 
CV class of stars. Possibly this choice pre- 
views/reflects the volume’s omission of single- 
star pictures, and of associated phenomena 
observed in single-star “cousins”, in its discus- 
sion of models for CV-type stars. Such a priori 
modeling restriction implies the a priori exclu- 
sion of CV stars/phenomena from being part of 
the data-basis for understanding the signifi- 
cance of intrinsic mass loss from single stars, 
and its sometimes strong variability, often as- 
sociated with that of stellar luminosity, in 
modeling stellar structure and evolution. W e  
understand stellar therniodynaniics too inconi- 
pletely to a priori exchde any data or any diag- 
nostic alternatives. 

Such stellar mass loss, historically observed 
in the visual spectrum of only a few peculiar 
stars, has now been observed in the nonvisual 
spectrum of a wide variety of stars from space 
telescopes, especially in the far-UV. Indeed, 
mass loss of some size is now recognized to be 
a property of essentially all stars, paralleling 
the radiative-loss, but of yet generally un- 
known origin. Thus the distinguishing aspect of 
the mass-loss component of the outbursts char- 
actistic of CV-prototype stars is not the mass 

loss itself, but its episodically cataclysmic 
character-simultaneously parallel to that of 
the luminosity. 

Today, from the standpoint of observa- 
tional/empirical stellar thermodynamics, it 
would appear that one can no more construct a 
nova/recurrent-nova structural model that fo- 
cuses only on the luminosity outburst than one 
can construct a “normal” star model that fo- 
cuses only on luminosity and subordinates 
mass loss (see again Table 1). Of course, as do 
the authors of this volume, one can always try 
to redefine the CV class in terms of speculative 
models, in which a mass outflowfi-om the sys- 
tem is not basic to the configuration producing 
a “CV system”. The problem is how to adapt 
such speculative-model-based classification to 
the framework of historic observation-based 
stellar taxonomy, which is slowly evolving to 
embrace the higher resolution, visual and non- 
visual, observations, and the broader thermo- 
dynamics, of today’s astronomy-in order to 
include real-world novae/recurrent novae/ 
”cousins” where mass outflow is apparently 
basic, and parallel to radiative-energy outflow, 
in modeling stellar structure/evolution. 

11. CV MODELING PERSPECTIVE FROM: 
SINGLE-STAR INTERPRETATION/REP- 
RESENTATION OF CATACLYSMIC-SYM- 
BIOTIC VARIABILITY; NON-EDDING- 
TON-THERMODYNAMIC MODELING OF 
UNIVERSAL STELLAR MASS LOSS AND 

STRUCTURE; SPECULATIVE BINARY 
MULTI-REGIONAL ATMOSPHERIC 

MASS-INTERCHANGE MODELING. 

Empirically, thus, arose the historic nova 
picture, wholly based on the visual-spectral 
observations/characteristics. According to it, 
the star abruptly ejects, at ultra-thermal speed 
(from unknown cause), an outer layer of small 
(10-3-10-6 solar) mass, but very large opacity. 
Modern far-UV observations suggest modify- 
ing this picture only by regarding the outburst 
as an enhancement, not initiation, of an exist- 
ing, smaller, mass outflow. To first approxima- 
tion, the increasing luminosity simply reflects 
the increasing surface area of an expanding, 
optically thick, time-constant radiative-flux, 
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photosphere. To better approximation, the ex- 
panding envelope: (i) exhibits a radiative flux 
that decreases slowly relative to the luminosity 
increase; (ii) so, during its opaque phase, shows 
a “photosphere” cooling from “hot” (OB) to 
“cool” (FG); (iii) decreases its opacity to even- 
tually reveal “hot” non-ejected layers, which 
become the “photosphere”, and whose “T” re- 
flect their radiative flux and radius, during the 
following “quiet” phase. 

If this picture reflects reality, an understand- 
ing of the thermodynamics underlying it is 
invaluable in understanding the origin and out- 
ward propagation of stellar mass outflow/loss 
generally, and its relation to the radiative en- 
ergy lossfiuminosity. An understanding of what 
fixes the thickness/depth/mass of the expelled 
layer is an essential step in understanding the 
size of such mass loss, and its variability. The 
same is true, relative to what determines that 
(luminosity, radius) relation, and its time-vari- 
ation, which produces the slow radiative-flux 
decrease during the initial expansion/outburst, 
in order to progress in understanding what pro- 
duces such strong luminosity (integrated flux) 
variability. 

The evolving line spectrum progressively 
delineates the several regions of the novahe- 
current-nova variety of those “differentially 
outflowing/evolving, extended multi-regioned 
atmospheres” which, even at historic pre-space 
epochs, were also variously observed in the vis- 
ual spectra of other varieties of mass-outflow- 
ing peculiar stars. With the exception of the 
Sun, Be stars, and novae, those peculiar stars 
were mainly supergiants and giants, and these 
phenomena were considered to be anomalies of 
“extended atmospheres” of stars off the main 
sequence (in structure and evolutionary stage). 
Thanks to eclipse observations of the Sun, a 
multi-region “supergiant-similar” extended at- 
mospheric structure for main-sequence stars 
was gradually detailed in pre-space years; so- 
lidified by space observations; and attributed 
to the effects of nonradiative fluxes: energy, 
for nonradiative heatinghhermal extension; 
mass, for aerodynamic extension. For Be stars 
and PN, such structure was historically re- 

stricted to mass-ejected envelopes. Now, via 
far-UV observations, a solar-type hot sub-en- 
velope, capped by a very extended cool enve- 
lope, atmospheric structure becomes recog- 
nized. So we also realize that a similar multi- 
regioned atmospheric structure, whose mass/ 
energy distribution evolves in time with the 
varying mass and energy fluxes, may underlie 
the novae/recurrent-novae third distinguishing 
characteristic: their time-dependent “symbi- 
otic spectrum”. Again, this would link the at- 
mospheric and thermodynamic structure of the 
CV class to that structure/thermodynamics in- 
creasingly identified in a variety of single stars 
(cf Thomas, Volume 4 of this series). 

Such “increasingly popular” multi-regioned 
structure, resting on admitting a variety of fl- 
uxes from a star and adopting a broad nonE- 
quilibrium thermodynamic structural represen- 
tation for them and their propagation, strongly 
contrasts to that single-regioned neo-classical 
one that is produced by only a radiative-energy 
flux, under that “quasi-Equilibrium’’ standard 
modeling introduced by Eddington (1930). So 
clearly, any diagnostic discussion of such sym- 
biotic spectral features should include consid- 
eration of their implications on the several al- 
ternatives for atmospheric structure, and on the 
variety of (nonEquilibrum) thermodynamics 
required to represent it. Simply applying ar- 
chaic diagnostics and thermodynamics to cur- 
rent data hardly produces reliable results. 

Earlier volumes in this series compared, in 
varied detail, such alternative models, and 
some symbiotic features. The latter are too 
often underemphasized, reflecting evolving 
controvery on the general presence/effect of 
dissipative non-radiative energy fluxes (of Vo- 
lumes 4 and 6 of this series). Nonetheless, 
single-star models strongly-departing from 
Eddington-standard ones are generally adop- 
ted: (1) nonLTE is routinely included; (2) al- 
though theories of its origin and size are contro- 
versial, single-star mass outflow and its per- 
turbation on atmospheric models is widely 
explored; (3) primary incompletness is (a) too 
often adopting RE and (b) generally ignoring 
the implications/effects of variability (of Vol- 
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umes 2,  4, 6, and 7 of this series). 

By contrast, Section I11 of the Introductory 
Chapter of the present volume presents the 
symbiotic features, and irregular luminosity 
variability, as the only common physical prop- 
erties of CV stars, without commenting on any 
possible relation of these to multi-regional 
single-star atmospheres. Also by contrast, the 
mass-our-flow characteristic of whatever stars 
compose the CV system is treated curiously. It 
is unmentioned, except to suggest that it may, 
in some cases, provide the origin of the neces- 
sary mass transfer. “Curiously”, because if so, 
the rationale for a close-binary, Roche-insta- 
bility, vanishes. An episodic cataclysmic out- 
burst is not identified as a possible common ph- 
ysical property of CV star’s, only as something 
observed in a CV system, which the (specula- 
tive) basic characteristic of the CV system-a 
mass ii2flow to the “erupting” star-will ex- 
plain/model. The role of that multi-regioned at- 
mosphere increasingly found in even “normal” 
stars, its relation to the observed symbioticity, 
its modification by the “companion”, by its 
multi-regioned structure, and by binary mass 
exchange-none of these are discussed in the 
present volume. 

The last 40 years’ revolution in normal-star 
models and its space-data support are not much 
used to re-examine the pre-space mass-inter- 
change picture. On reading this volume, one 
has the feeling that far-UV observations of the 
various stellar types are simply collected, with- 
out asking their impact on either the need for 
binary models, or how these data are produced 
in the binary picture. As one of the authors 
says: “mainly the mass-interchange model is a 
(speculative) concept, not yet a model in the 
sense of using it to predict spectra” (ie, it is not 
“conceived” from spectral observations). 
Since ‘3ymbioticity”-their designated princi- 
pal common physical property-is  holly 
spectral, its relation to the model/concept is 
then somewhat obscure, except in that limited 
symbioticity arising in the simple (and classi- 
cal) presence of two stars. If one ignores-as in 
this volume-a coherent multi-regioned struc- 
ture of the component stars, a number of the 

sub- and super-ionized spectral features are 
not produced by the model. Illustrative of 
these-because of the stringent conditions to 
produce them, especially transiently-are the 
solar-coronal forbidden lines; with their impli- 
cation of a large expanding volume of gas at 
low density and with a T,-1 - 10 x lo6 K, which 
is not predicted by these mass-interchange 
models. 

As continously remarked, space-observa- 
tory addition of nova/recurrent-nova observa- 
tions in the far-UV, X-ray, and far-IR spectral 
regions do not change-nly supplement-the 
historic caricature/picture, which was con- 
structed to simply represent the visual-spectral 
observations, not to illustrate any theory for the 
origin of the enhanced mass outflow and lumi- 
nosity. Because the opacities in some of these 
added spectral regions exceed that in the vis- 
ual, these new data simply provide simultane- 
ous observations of a greater range of atmos- 
pheric regions-hence of a greater range of 
symbiotic features. In addition, those far-UV 
observations of some novae/recurrent novae 
that show a continuous (smaller) mass outflow 
at phases other than the eruptive provide conti- 
nuity to “normal” stars. 

Such phenomena and such “peculiar” stars 
-novae and other mass-outflowing stars- 
long ago demanded the enlargement of that 
restricted variety of stellar thermodynamics 
and structure speculatively imposed by Ed- 
dington to describe “normal” stars in the 
1920’s. By contrast to such “Eddington-nor- 
mal” stars-which are closed thermodynamic 
systems (only radiative-energy fluxes) and 
thermally structured-the novae and other 
“then-peculiar’’ stars exhibited aerodynamic 
mass outflow, ie, nonthermal flux propagation 
and atmospheric structure. Thus-historic vis- 
ual-spectral observations of novae during out- 
burst, and of other less strongly changing but 
brighter stars, “previewed” a multi-regioned 
outer-atmospheric structure, linked to the oc- 
currance of a mass-outflow, and its sub-atmos- 
pheric extension, that was only later observed/ 
inferred, from nonvisual spectra, to be quite 
general, to some degree, among all stars. 
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Variability in such mass loss-hence im- 
plied in such atmospheric structure-was fre- 
quent among such peculiar stars; better deline- 
ated today; and observed in many, but not all, 
stars. The novae variety, with quasi-similari- 
ties in some other stars, remains even more 
peculiar-but not exceptional-in being “cata- 
strophic”. So in all “historically mass-loss pe- 
culiar”, and in normal stars today, a mass-loss 
parallels a radiative loss. And requires a 
nonEddington thermodynamics in stronger 
aspects than simply a nonLTE in microscopic 
energy states. 

The structure of such “variable-mass-loss’’ 
peculiar stars is nonthermally time-dependent; 
instead of being thermal, quiet, and time-inde- 
pendent, as are Eddington-normal stars. So 
there are at least two gross time-phases for such 
“peculiar” stars as those in the CV and “cousin” 
classes: an “eruptive”, or at least an “active”, 
phase, exemplified by the novae/recurrent- 
novae in the CV class, and by the Be stars in the 
“cousin” classes; and a “quiet” phase exhibited 
by the novae outside their eruptive phase, by 
the Be stars during their “normal B” phase, etc. 
Also the possibility of intermediate phases 
exists, not yet detailed because of observa- 
tional incompleteness. So the nonEddington 
thermodynamics must allow a wide range of 
time-dependence, hardly with well defined and 
repetitive “cycles”; time-scales range at least 
from minutes to centuries; today, our knowl- 
edge is only empirical. 

The third basic question is how far into the 
interior must one begin to model this time- 
dependence, whose character we observe only 
in the atmosphere. This of course depends on 
the major problem: the origin of all nonradia- 
tive-fluxes, and of their time-dependence. 
Clearly ill1 fluxes, as well as any stellar structure 
depending on them, must be allowed-a priori- 
a possible time-dependence. I return to the point 
in Section 111. 

The speculative binary mass-interchange 
model imposes the CV variety of variability to 
be a surface, not internal, phenomenon; its 
time-dependence is that of the mass-inter- 

change, filtered by “surface-relaxation’’ times. 
Originally, the model produced the mass inter- 
change from Roche instability of a close bi- 
nary. Some therorists are now apparently will- 
ing to accept single-star mass outflow as the 
mass-source, removing the need for “close/ 
unstable” binarity. Other theorists were long 
ago willing to accept the (cataclysm energy 
source) needed mass infall as coming from an 
enveloping nebula. This latter picture is cur- 
rently being advocated for the T Tauri stars- 
giving them also an accretion disk. Because the 
T Tauri are speculated to be early-stage, and 
the novae late-stage, evolutionary objects, the 
origin of the enveloping nebulae poses an inter- 
esting problem. In the similar cases of the Be 
stars (resembling the T Tauri stars) and the PN 
(resembling the novae), observations suggest 
the associated nebulae are produced by mass 
outflow from the star. So here, any time-de- 
pendence, producing the observed change in 
luminosity and mass outflow, would seem re- 
lated to internal structure rather than to envi- 
ronment. One sees that a priori conjecture to 
“solve” one problem-the energy for “cata- 
clysmic behavior”-often discords with other 
data and speculations. 

At the pre-space epoch, the fundamental 
question was whether Eddington-normal and 
mass-loss-peculiar stars represented two ther- 
modynamically different, but co-existing, 
types of real-world stars, or whether only one 
species was real-world, the other being wholly 
speculative, based on equally speculative, too 
limited, quasi-Equilibrium, thermodynamics. 
Contemporary far-UV and X-ray observations 
show some variety of mass loss to be present in 
all sufficiently observed stars, even in stars 
once thought, from their visual spectrum alone, 
to be Eddington normal. Many of these stars 
show variable mass loss and luminosity, some 
even resembling the episodic large-amplitude 
variety once thought peculiar to novae/recur- 
rent-novae. The same is true for some variety 
of “symbiotic” effects. So whenever single- 
stat’ modeling is adopted, it must be compatible 
with two observational requirements: (1 )  pro- 
duce a mass loss, which-for some stardmod- 
els-is also capable of a variety of types of 
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variability; (2) produce a symbiotic spectrum, 
also capable of variability. Note that time- 
scales cannot be restricted to being “short”. 
Even if one excludes CV time-scales as “uncer- 
tain tu be single-star”, Be time-scales up to 
decades through centuries are observed. 

The above historic caricature/abstract of the 
historic nova/recurrent nova CV prototype is 
compatible with such expanded-Eddington 
thermodynamics mainly because its construc- 
tion is wholly empirical and non-restrictive. 
But this alone hardly establishes the picture as 
either adequate or correct. Specifically, the 
picture says nothing about the origin of the 
mass loss, nor of its variability, nor of the asso- 
ciated enhanced 1uminosityAspecially of the 
“variety of variability”. The picture simply 
postulates a mass ejection of unknown origin, 
having only empirically specified characteris- 
tics; plus an accompanying luminosity in- 
crease. Which of the two is basic, or whether 
they are simply parallel increases in mass- and 
energy- outflow from the star as a whole, are 
not considered in this historic picture updated 
by modem space-based observations. 

But current “explanation/modeling” of ori- 
gin, size, variability of normal-star mass loss is 
in no better situation. Current “theories” focus 
on some variety of atmospheric or radiative 
instability. They do not consider phenomena of 
the deep interior, whence arises the radiative- 
outflow, to which the summarized phenom- 
enological associations suggest the mass out- 
flow may be parallel, in origin and in behavior. 
We note that we can regard the radiative-en- 
ergy outflow as originating in nuclear interac- 
tions that change mass-state populations. Such 
interactions are unbalanced, producing energy 
flux and evolving mass-state populations, be- 
cause the distribution of mass-state popula- 
tions is strongly nonLTE, and the local envi- 
ronment is “thin” to energy fluxes from such 
interactions. One kind of completely parallel 
approach to mass outflow would seek unbal- 
anced increase in local mass concentration- 
mass creation, not simply its repartition-to 
produce a mass flux from the central regions. 
But there are other alternatives, involving co- 

operative macro-thermodynamic, not just sta- 
tistical, particle-interactive configurations. All 
these must be explored, discriminating by ob- 
servations. 

So the “why” of simple mass loss, in paral- 
lel to radiative-energy loss, is a question com- 
mon to all stars. The novae/recurrent novae, the 
CV class generally, and classes with similar 
variability characteristics like the Be class, ag- 
grevate the problem/question, but do not ch- 
ange its basic character, replacing closed-sys- 
tem modeling of single stars by open-system 
modeling, and in a way which permits variabil- 
ity under a variety of amplitudes and time- 
scales. Eddington was able to produce a vari- 
ability in luminosity, not in energy generated, 
under his thermodynamics-so long as he did 
not require self-consistency in the outer atmos- 
phere-by admiting stellar pulsation. (We rec- 
ognize that demanding such self-consistency, 
even in nonvariable stars led to the nonLTE 
breakdown of Eddington-type atmospheric 
modeling under his thermodynamics.) But the 
observed variability in the preceding is far 
broader than that which such pulsation alone 
would introduce. 

So by itself, via some kind of thermodynam- 
ics broader and more real-world than Edding- 
ton’s, an observed mass loss from some star 
ifow implies nothing exceptional/peculiar for 
that star re stellar structure-atmospheric and 
internal. All stars exhibit mass loss parallel to 
radiative loss. We simply have not yet pro- 
duced structural models that represent such 
parallel loss, both generally, and in a number of 
varieties, in origin and in size, especially in its 
relation to the star’s energy (possibly mass ?) 
production. Neither do we yet understand, nor 
have we yet formulated, the nonEddington, 
obviously strongly non-Equilibrium, thermo- 
dynamics governing this real-world stellar 
structure/evolution. 

Toward this objective, we can only dispas- 
sionately collect, and diagnose, all available 
evidence. Cray-exhaustive computation, spec- 
ulatively iterating from an Eddington-type quasi- 
Equilibrium basis, instead of using a 
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broader observational base to define a thermo- 
dynamically better basis for beginning model 
computation, is simply myopic in trying to rep- 
resent those data ignored in its formulation. 
Very clearly, the information on variable, espe- 
cially cataclysmic, associated luminosity and 
mass loss is a critical part of this evidence. Par- 
ticularly, we must put the historically exten- 
sive visual-spectral data, and the less extensive 
nonvisual-spectral observations from space, 
into the perspective of an (empirical) picture of 
stellar mass loss relative to radiative energy 
loss-and of some kind of open-system 
thermodynamics that enables us to describe it. 

111. BRIEF EMPIRICAL-THEORETICAL 
PERSPECTIVE ON THE RELATION OF 
STELLAR MASS-LOSS AND RADIATIVE- 
ENERGY LOSS-ESPECIALLY OF THEIR 
ASSOCIATED VARIABILITY-TO STEL- 
LAR STRUCTURE AND EVOLUTION. 

Toward this perspective, I highly abstract: 
(a) the evolution of our empirical knowledge of 
stellar mass loss and its variability, and of its 
association with luminosity and its variability, 
and the association of both with a multi-re- 
gional atmospheric structure and symbioticity, 
from a century of visual-spectral observations 
of peculiar stars; (b) the speculative directions 
of explanation/modeling to which it led when 
theoreticians left unquestioned the applicabil- 
ity of Eddington-type thermodynamics with its 
modeling of stellar structure/evolution under 
only a radiative flux; (c) the vistas opened 
when one removes, from diagnosis of historic- 
visual-, supplemented by current far-UV-, 
spectra the myopia imposed by Eddington-type 
thermodynamics. Throughout, I regard CV 
data as part of the information-supply on the 
range of stellar mass loss, its association with 
radiative-energy loss, and on “multi-region 
symbioticism”--these mass/energy fluxes rep- 
resenting parallel characteristics of stellar 
structure and evolution. 

The luminosity anomalies of novae/ recur- 
rent novae, and of “related eruptive stars” like 
P Cygni, were well known, grossly, for centu- 
ries; the existence/character of an accompany- 

ing mass outflow, for less than a century; the 
existence of a high-velocity mass outflow out- 
side eruptive epochs, only in the last IUE dec- 
ade for novaehecurrent-novae and PN, but for 
a half-century for P Cyg. The mass outflow pe- 
culiarity of the WR and Be stars, and the Sun- 
linked to that of extended, multi-regional at- 
mospheres-became known in the 1860’s; of 
the PN, much later. Studies up through the 
1930’s focused on what were the details of 
these peculiar-star characteristics/phenomena/ 
structure, relative to what were considered to 
be “normal” in stars as modeled following Ed- 
dington. The basic question remained: does the 
existence of such peculiar stars, whose ob- 
served characteristics violate the thermody- 
namics imposed by Eddington in normal-star 
modeling, in any way challenge that normal- 
star, as well as peculiar-stars modeling (as in- 
deed the space-epoch observations of mass loss 
in normal stars showed to be the situation)? 

Accompanying the pre-space detailing of 
the mass outflow and multi-regional character- 
istics of peculiar stars grew an increasing 
awareness of their link to symbiotic-peculiar 
stars and phenomena. Earliest interpretation of 
the link was confined to the easy alternative of 
“binarity”, to which the Eddington focus on 
only a radiative-energy flux, hence single- 
regioned atmosphere (photosphere), restricted 
diagnostics of simultaneous “hot”/”cold” spec- 
tra. Then solar eclipse studies, previewing 
those from space, exhibited undeniably sin- 
gle-star symbioticity-the simultaneous pres- 
ence of CO and CN bands; optically-thick Ha,  
HeI, HeII, lines; [Fe X, XI, XIV], [CIV]. Even- 
tually space-based observations added many 
intermediate-energy-level lines - notably 
those resonance lines of CIV--0VI found in the 
far-UV of WR and other hot stars, and whose 
subordinate lines had been long-known in the 
WR visual spectrum. Mrs. Gaposchkin had im- 
mediately identified the Sun as symbiotic: 
WC-6 in the far-UV;GO in the visual. This 
exhibited single-star symbiosis linked to the at- 
mospheric structural effect of nonradiative 
fluxes in a banal, faint, feeble mass-flux star; 
hence showed that Eddington-type thermody- 
namics broke down, in ways other than simply 
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thermal nonLTE, in the atmosphere of a star 
which would be called normal at normal-star 
distance. 

So the question became whether Eddington 
thermodynamics also broke down in the inte- 
rior, relative to structure and fluxes produced 
there. Because peculiar-star phenomena had 
previewed this atmospheric breakdown, the 
question was actually two-fold: (i) do Edding- 
ton-anomalous peculiar star characteristics- 
especially mass-flux existence, general flux 
variability, and atmospheric symbioticity- 
also imply break down of Eddington-thermo- 
dynamics in their interior; (ii) does such break- 
down in peculiar stars imply the same for nor- 
mal stars? Clearly, more detailed peculiar-star 
studies were required. 

In the 1920’s, two paths unfolded for stellar- 
structural studies: one continuing this dilinea- 
tion of what, for peculiar stars; the other, at- 
tempting to ask why, for normal, and eventu- 
ally peculiar, stars. The former, and its motiva- 
tion, is exemplified by Cecilia Payne-Gapos- 
chkin’s work; the latter, by Eddington’s. 

Cecilia Payne-Gaposchkin’s application of 
Saha’s equilibrium-ionization approach to a 
variety of stars in Stellar Atmospheres (1925) 
was pioneering. Apparently as a result of these 
quasiEquilibrium, Eddington-normal-star stu- 
dies--comparing their predictions to peculiar 
star observations-she devoted her next 50 
years to assembling the what of peculiar stars, 
especially their variability characteristics. Her 
and Sergi Gaposchkin’s work on stellar intrin- 
sic variability, particularly those in that CV 
class-whose title and sweep they coined-is a 
classic in delineating its empirical-thermody- 
namic character re what. Her work also fore- 
cast the impact of similar study of the “spec- 
trum-variables”, of which the Be class is the 
proto-example; and of the classification-confu- 
sion between Be and CV types for such stars as 
Z And. 

The work’s major incompleteness lay in not 
recognizing a thermodynamic-peculiarity par- 
alleling stellar. However, Cecila Payne-Gap- 

oschkin’s stimulation of a worldwide ensemble 
of peculiar-star observers was profound; those 
around Struve were exemplary. The occasional 
remarks, spread through the literature, by 
Cecila Payne-Gaposchkin and Struve on the 
implications of variability, and of the implica- 
tions of stellar peculiarity (possibly viewed 
only as “peculiar phases” of “normality”), on 
the completeness of normal star “theory”/mod- 
eling, underlined their independent disbelief in 
any “singular” nature of peculiarity and should 
have attracted greater attention to the need for 
expanding stellar (nonEquilibrium) thermody- 
namics than they did. 

Eddington’s studies (equally the 1920’s) of 
normal-star why focused on asking the change 
in stellar structure if one altered the isolated 
thermodynamic-system character of Emden’s 
(1 907) stellar modeling by introducing only the 
radiative-energy flux: by which one observes 
the star, and from whose existence one con- 
cludes a star evolves, in some way, because of 
such energy loss (assuming energy conserva- 
tion). Thus he modeled stars as closed systems: 
his “why” focused on the origin-where and 
how-f the radiative-energy flux. His thermo- 
dynamics restricted it to being the only flux 
whose origin is related to the basic structure/ 
evolution of the star - hence about whose 
origin one must ask in modeling global stellar 
structure. 

He localized the radiative-energy flux ori- 
gin as deep in the interior, asserting that its 
effect on stellar structure was thus largely inde- 
pendent of details of its production because 
thermodynamic conditions there (which con- 
trol the process, if it was thermal) were deter- 
mined-under his assumed hydrostatic equilib- 
rium-nly by the star’s mass. A more conse- 
quential aspect was the “temperature” distribu- 
tion fixed by the mode of energy transport to, 
and ejection from, surface regions. Indeed, un- 
der his thermodynamics (linear nonEquili- 
brium), the star’s ability to transport outward 
the flux conditioned how much it could “sta- 
bly” produce in its regions of origin; and this, 
rather than the microscopic details of its pro- 
duction, determined the luminosity’s “tran- 
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sport-allowed’’ size. Identifying the most effi- 
cient thermal transport mechanism-to accord 
with his imposed quasi-Equilibrium thermal 
structure of the star-to be radiative transport, 
he formalized the process’ pervasive astro- 
physical importance and averted interest in 
nonthermal mass transport-for his so defiiied 
normal stars. 

So Eddington-type thermodynamics applied 
to model normal stars had 3 significant charac- 
teristics: (1) only energy flux; (2) origin of the 
flux in the deep interior; (3) size of the flux 
more determined by what the regions exterior 
to those of energy origin can transport to, and 
expel from, the surface than it is by the details 
of the mechanism of energy production. Char- 
acteristic (3) was abstracted by Schwarzschild 
(1958): (a) “the luminosity of a star is not deter- 
mined by the rate of energy generation by 
nuclear processes, but by the radiative-equilib- 
rium condition-(attained) not by adjusting its 
luminosity but by adjusting its nuclear sources 
by contraction/expansion”; (b) “(we can) 
derive uniquely the (star’s) internal structure 
from values of the mass, luminosity, radius, 
and composition of the outer layers-because 
the (time-) constancy of stars (luminosity and 
structure) asserts that the stellar interior must 
be in perfect equilibrium.” Peculiar stars long 
made their disagreement blatant. 

If, at our epoch, as observations suggest, 
progress in stellar modeling requires that we 
treat a mass flux parallel to a radiative-energy 
flux, one has two alternatives: follow Edding- 
tion’s approach to discuss the origin (where, 
how) of the mass-flux in the way he did for 
radiative flux, assuming that his results on 
radiative flux are not modified by the existence 
of the mass flux; or begin wholly anew, asking 
an associated production of the two fluxes, 
guided by observations of such association in 
asking how to proceed. Because the velocities 
required to transport mass loss of the observed 
size in “normal” stars are so highly subthermal 
everywhere below the mid-photosphere, super- 
ficially there is no real problem in assuming its 
presence does not affect Eddington-type mod- 
eling of the interior. However, in considering 

the origin, and depth properties, of signifi- 
cantly large variability-f the type evinced by 
CV, P Cyg, Be, and PN objects alike-relative 
to Schwarzschild-like “equilibrium” concep- 
ts, problems clearly arise in whole-star (nonE- 
quilibrium) thermodynamic consistency. 

In the ‘ ~ O ’ S ,  as a focus on the what of pecu- 
liar stars was increasingly paralled by one on 
why, again two paths arose in peculiar-star 
studies. Most observing astronomers followed 
Cecilia Payne-Gaposchkin and focused on 
what, to gain further insight, before asking why 
(the orientation of Fontenelle’s frontispice in 
our monograph volumes). Various theoreti- 
cians tried the inconsistent approach of retain- 
ing Eddington’s normal-star thermodynamics 
to try to model peculiar-star configurations that 
inherently violated them. Until the advent of 
space studies, detailed, observation-guided, 
challenges to such speculation lay mainly in at- 
tempts at nonEquilibrium-thermodynamically 
self-consistent studies of the solar outer atmos- 
phere and mass outflow. Such attempts in 
studying the PN were handicapped by lack of 
sufficiently detailed data, and again a too re- 
stricted thermodynamics adopted for the mod- 
eling. 

The why focus of such theroticicans, as did 
Eddington’s, differed basically from the what 
in its speculative, rather than an empirical, 
model orientation. Rather than try to empiri- 
cally model, under an empirical thermodynam- 
ics, all spectral features associated with the 
mass outflow and its linkage to luminosity, 
“why” theories followed Eddingtion in their 
focus on identifying an energy source for the 
mass outflow, and for the associated luminos- 
ity peculiarities. For Be and WR stars, an en- 
ergy source was sought for the mass outflow; 
for the CV, subordinating mass outflow to lu- 
minosity rise, energy was sought for the latter. 
Pre-space identification of mass outflow and 
“cataclysmic” luminosity rise as being some- 
thing exceptional introduced a search for ex- 
ceptional configurations to represent peculiar 
stars. The alternative of searching for a nonEd- 
dington thermodynamics under which “pecu- 
liar” stars would no longer be peculiar was 
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followed by only a few of us (of Volume 4 of 
this series). 

The proposed such exceptional configura- 
tions ranged from single stars rotating at near- 
breakup velocity (proposed for Be stars by 
many, and WR stars by some, speculators)-so 
producing an (imposed, not observed) equato- 
rial-only mass outflow, to a binary configura- 
tion with components sufficiently close (im- 
posed, not observed) to be unstable against 
mass transfer (CV generally)-so also produc- 
ing a (accretion) disk around one component. 
The focus on a search for energy sources, not for 
a broader thermodynamics-constructed to 
represent all available observations, modified 
as these expand-generally persists among 
speculative theoreticians even in our space- 
based observational era. Now, mass outflow is 
normal; and an energy source for it is a com- 
mon, not exceptional, problem. The only “indi- 
vidual” character of such mass outflow lies in 
the variety of variabilty and size. 

So it is fitting that inability to produce such 
variability was the historic inadequacy of the 
equatorial-disk models of Be stars: the inabil- 
ity of that fixed equatorial disk associated with 
rotation to reproduce their “phase-variability”, 
with its highly individual and variable occur- 
rence and duration. Indeed, such inadequacy to 
reproduce such variability was a principal rea- 
son that its originator, Struve, dropped the rota- 
tional-instability theory and a focus on why 
(but in which his disciples persisted) to return 
to a focus on modeling the what of Be atmos- 
pheric structure. 

To do so, he expanded the class of stars 
considered, to embrace that variety of “(low- 
ionization) emission-line-peculiar”, “spec- 
trum-variable”, stars producing Be-similar 
envelopes. (Note that unlike the CV, specula- 
tively proposed class of stars satisfying the 
Roche model, Struve’s class-and its sub- 
classes-were defined by observed, not hy- 
pothesized, phenomena.) To represent these 
data, he proposed a solar-similar, multi-region, 
atmosphere: quiet “chromosphere”; dynamic 
“corona”; omitting an equatorial disk (possibly 

prematurely, if one regards a planetary system 
as a cool, enveloping, atmospheric region). Be- 
cause this improved model was pre-IUE, it did 
not include that dissipative non-radiative flux 
which, with its observed “symbiotic” effect, is 
a “must” today. 

The major virtues of the Struve empirical 
model over the speculative were: (i) the greater 
variety of stellar types it embraced, including 
phenomena observed in many CV phases; (ii) 
being observation based, it could be modified 
in accord with new data--eg, those establish- 
ing the solar chromosphere-corona as “hot”, 
and low-atmosphere originating. In Volume 2 
of this series, Doazan and Thomas introduced 
such kind of modeling-extensionlchange, fo- 
cusing on solar similarity in exo-photospheric 
but sub-envelope structure, and on variability 
to incorporate the envelope structure. Later, 
simultaneous observations in the far-UV and 
visual produced more detailed inference on the 
(time, space) structure of the atmosphere as a 
whole. Such inference was not speculative- 
concept based; rather, concepts were inferred 
from the empirically derived structure. 

The predictable inadequacy of those at- 
tempts at modeling mass-loss-peculiar stars 
from a thermodynamics based on excluding 
mass loss emphasizes the futility of retaining 
Eddington’s viewpoint that stellar structure 
can be adequately modeled by focusing on the 
originlpropagation of only the energy flux. 
Those current theoretical attempts to model 
mass flux as wholly determined by energy 
fluxes perpetuate Eddington’s seeking the 
structural change in Emden’s no-flux models 
by admitting only the radiative-energy flux, the 
evidence on mass flux even then provided by 
peculiar stars to the contrary. Eddington sim- 
ply handicapped his modeling efforts by in- 
cluding only that energy flux, without asking 
whether such a priori judgement on its all- 
importance accorded with observations. In the 
same way, current mass-flux modeling that a 
priori interprets its observed association with 
luminosity uniquely as causal may be also 
handicapping its efforts. Clearly, analysis of 
the data on the behavior of such association 
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under a wide range of variability provides one 
objective basis for choice between simple asso- 
ciation and causality. This is one of the reasons 
I emphasize the necessity to analyze CV data 
under no a priori choice on the c a ~ s e  of vari- 
ability, or on which fluxes are sign$icant in 
niodeling stellar stri4cturelevolution. 

Too often one errs in trying to compare 
energy- to mass- flux significance by compar- 
ing luminosity to the kinetic energy of the mass 
outflow [of Table 3-1 1 of (my) Volume 4 in the 
series]. With the exception of the novae, the lu- 
minosity dominates; even for the WR stars, the 
kinetic energy is only some 10% of the radia- 
tive. But what is actually important, in consid- 
ering flux effects on stellar structure and evolu- 
tion is how much of the masdenergy stored in 
the star such fluxes carry away. 

The classical criterion for approximating 
near-Equilibrium configurations by Equilib- 
rium is that all fluxes of Quantity X must be 
small relative to the storage of X. Our last few 
decades’ experience with nonLTE modeling 
demonstrates that such criterion applied to the 
whole star is insufficient to assess what hap- 
pens near the boundary. Nonetheless, in trying 
to make a “whole-star” assessment (addressing 
internal as well as atmospheric structure/evolu- 
tion) of the relative significance of masden- 
ergy fluxes, such estimates are illustrative. 

So in the Perspective Chapter of the pre- 
ceeding Volume 7, on the FGK and T Tauri 
stars, I made such comparison (Table 1 in 
Volume 7) for a range of stars. I simply fol- 
lowed Schwarzschild (1958) in identifying 
energy stored (ES) in the star with that poten- 
tially useful for nuclear liberation: ES = 0.07 x 
1020 M, (-lo-* M, c2). I used the data in Table 3- 
11 of my Series Volume 4. (Newer values for 
mass loss introduce no difference in the follow- 
ing.). For such variable stars as the Be, where 
even now values at different phases are not 
well-determined, I simply gave the range of 
values in the literature. I did not include, in that 
Volume 7 table, the novae, because “simulta- 
neous” values, at different phases, are even 
more uncertain. 

If, however, one approxinzates the situation 
by assuming the times during which the major 
enhancements of mass and energy fluxes occur 
to be the same, inclusion of the novae/recurrent 
novae/dwarf novae may be interesting. So, I 
reproduce that Volume 7 table with that inclu- 
sion, using the data given in Table 1-1 of this 
CV volume. I give two final columns for these 
CV stars: one, using total energy-and mass-loss 
during the whole “cataclysmic episode” with- 
out specifying its duration; the other, with its 
duration taken as one year for novaehecurrent- 
novae, and 10 days for dwarf novae. 

The Volume 7 results were interesting in 
their showing that, while the ratio of luminos- 
ity/energy content predominates over mass 
loss/mass content [or, equivalently, (stored en- 
ergy carried away by mass outflow)/stored 
energy] for cool dwarf, faint, low-mass stars, 
there is a gradual change to the reverse, as one 
progresses to hotter, more-luminous, higher- 
mass stars. The ratio of (luminosity/energy- 
content) : (mass-loss/mass-content) is 100: 1 
for the Sun; 1:lO for the WR stars. The super- 
giants show larger mass-loss effects. Hot 
dwarfs range from 1000: 1 to comparable; Be 
stars, 1OOO:l to l:l&how much of the B-star 
range reflects observational scatter is uncer- 
tain. Cool-dwarf data, other than from the Sun, 
are also uncertain. Also, these luminosity esti- 
mates are based on M, only, so may under-esti- 
mate the actual L - but if it is by enough to 
reverse the above trend, it would be surprising. 
So the overall indication that one can hardly 
ignore the mass-loss effect relative to that of 
the radiative-energy loss remains. 

Here, the Table 1, CV-expanded version of 
these results exhibits the same effect, only rein- 
forced, as might be expected. The larger mass 
loss is accompanied by smaller ratio of radia- 
tive-loss effect to mass-loss effect in diminish- 
ing the star’s energy storage. The value ranges 
from 100 for novae/recurrent-novae to lo4- 
lo” for dwarf novae. The comparative order is 
surprising, but recall that these luminosity esti- 
mates are based on visual spectra only. Reli- 
able measures of the far-UV contribution exist 
only for some novae/recurrent novae. So, these 

xxiv 



values simply supplement the usual/historical 
conclusion (based on mass-loss kinetic energy) 
that the energy carried away by the mass loss is 
comparable to the radiative. But what we really 
need is these kinds of results at the several 
phases of the outburst, details of phenomena 
associated with variability. 

What I conclude from these comparisons of 
historic-visual with space-based non-visual 
spectral observations of “peculiar” vs “nor- 
mal” stars, and the adequacy of Eddington-type 
vs the implications of broader thermodynam- 
ics, is that internal as well as atmospheric re- 
modeling needs re-examination from first prin- 
ciples. One finds the origin of the energy for the 
radiative-energy flux in exothermic “evolu- 
tion” of nonLTE populations of mass states- 
except that what sometimes occurs, for ex- 
tended periods, to produce veiy strong increase 
in energy liberation, for a variety of stars, is not 
at all clear. The additional energy required to 

expel mass from the star is generally (except 
for novae) small compared with the radiative 
flux, even though that part of the star’s energy 
storage lost to the star via the mass flux often 
exceeds that part lost by the radiative-energy 
flux. But the mass source of the mass flux is 
something else. That it is simply mass “evapo- 
ration” from the star contradicts many observa- 
tions. That it is simply an outward-accelerating 
flow requires a modeling of the initiation, vari- 
ability, and structural change involved. Indeed, 
it is not observationally unambiguous that the 
star’s mass actually decreases by the mass- 
outflow amount; vis, that there is not some 
“mass source”, paralleling the radiative-en- 
ergy source, in the star’s interior. 

If the later “unconventional” alternative is 
true, one might see in it an alternative to either 
“big-bang’’ cosmology, or the Hoyle-Bondi 
continuous mass creation in the interstellar 
medium. This volume is no place for such 

TABLE 1. CRUDE COMPARISON OF ENERGY AND MASS LOSSES, TO ENERGY AND 
MASS STORAGE FOR VARIOUS STELLAR TYPES 

Stellar 
TY lJe 

WR 

osg 

Bsg 

Bd 

Be 

Asg 

Ad 

Sun 

Msg 

Novae 

M 
units 

2.1033g 

50-10 

30-10 

20- 10 

10-5 

10-5 

25-5 

2 

1 

20- 10 

1 

Recurrent 1 
Novae 

Dwarf 1 
Novae 

ES 
units 

1 Os’erg 

7-1.5 

5-1.5 

3-1.5 

1.5-1. 

1.5-1 

4- 1 

0.3 

0.15 

3-1.5 

0.15 

0.15 

0.15 

fi 
units 

6.1 O2Og/s 

10-1 

1-10-3 

1-10-3 

10-3- 10-6 

10-2- 1 0-6 

10-2.10-J 

3.10-9 

10-10-3 

10~5- 10 6 

10~6- 10~7 

10”  

““,ax 

Obsv. 
units 
1 03k/s 

4-2 

3-1 

2- 1 

2- 1 

2-0.5 

0.3 

0.3 

0.8 

0.3 

1-3 

1-3 

KE[&l] 
units 

1 (roerg/s 

10-1- 10-3 

3. 10-3-10-6 

2.10-3-10-6 

1 0-6- 10-9 

10-5-10 

lo-’ 

E[fi]  L ah4 
units units units 

l(r”erg/s 10joerg/s 10-’s/s 

5-1 0.4-0.08 60-30 

0.5-0.001 0.4-0.04 10-0.03 

0.3-0.001 0.04- 10-0.06 

10’- 1 0-6 4.10-& 3.1 O-*- 10.’ 

10-2-10-6 10-3.10J 3.101.1 0-5 

5.10~3 10.’ 10-’-10-’ 

LES 
units 
1 O-% 

6-8 

8-4 

1- 

4.10-2 

6.10~’-10-* 

[2-0.4]10-’ 

10-12 10~9 4.10.’ 3.10J 

10-J-lO-x 5-10-‘ 0.4-10-3 102-10-* lO-lO-’  

2. I 05-2.103 107- 106 105- 104 10-5-1 06 10-7- I 0-* 

2.1 OJ-2. 102 106- 105 1 (r- 103 10 6- 10~7 10-8- 10-9 

Symbols: M=stellar mass, ES =energy stared, M = mass-loss rate, Vmaxobsv. = maximum ohsersed wind velocity, KE[M] = kinetic energy of mass 
ovemo\V, E[M] = total energy of mass outflow, L = stellar luminosity. 
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speculation (I consider it elsewhere)-it is in- 
tended only as illustration that admitting mass 
flux in parallel with radiative flux has serious 
consequence. But I do not think the observa- 
tions-especially of the variety of large-ampli- 
tude, long-time-scale variability exhibited by 
the CV class, and its cousins - permit other al- 
ternatives. 

IV. PERSPECTIVE ON THE VOLUME’S 
APPROACH TO CV DATA DISCUSSION/ 
MODELING 

In consequence of Section 1-111, I have be- 
lieved that the collecting, and discussing, of the 
CV observations should at least abstract obser- 
vations of the widest possible range of even 
quasi-similar stars and modeling alternatives. 
By contrast, the editor/authors of the present 
volume have chosen to rest so strongly on their 
belief in the validity of the speculative-concep- 
tual, pre-space formulated, mass-interchange 
model for all CV stars-indeed sometimes ad- 
vocating that the CV class should be defined as 
those stars satisfying this Roche model-that 
they admit/discuss no other alternative. In 
consequence of their modeling outlook, they a 
priori exclude a possible capacity of C V - o r  
other-stars to themselves produce an episodic 
increase of luminosity and mass-outflow. 

So, my suggestion for such broad discussion 
of alternatives has been overuled by the combi- 
nation of my NASA co-organizer/editor and 
the Volume editor/authors. I have however 
been granted this short Perspective to abstract 
my reasons for objecting to what I consider 
myopia, which I have done, in the preceeding 
pages of this Perspective Chapter. 

Because this is the eighth, and final (we have 
exhausted our support), volume in this NASA- 
CNRS-sponsored monograph series on nonTh- 
ermal phenomena in, and structure of, stellar 
atmospheres, I restate our initial objective in 
organizing the series. Possibly its orientation 
title should have been “nonLinearly-nonE- 
quilibrium Thermodynamic” instead of 
“nonThermal”, as being more explicit on its 
phenomenological/thermodynamic compass; 
but in stars, these alternative titles ultimately 

imply the same, which is particularly obvious 
in their atmospheric/outerboundary regions- 
and the latter title is shorter. 

In planning, organizing, and editing the vol- 
umes, we focused on observation-guided/de- 
veloped, not speculatively hypothesized, diag- 
nostics and representation of these observa- 
tions, and on translating such into atmospheric 
structure of real-world stars. That is, we urged 
those collecting, and discussing, observations 
to make no a priori judgement on quasiEquili- 
brium vs nonEquilibrium, or on thermal vs 
nonTherma1, or on closed- vs open- system, 
thermodynamic character of the particular star 
being studied, but to adopt/construct, itera- 
tively, a diagnostics that is thermodynamically 
consistent with that character of the star finally 
inferred from its application, not a priori as- 
sumed. Such inferred character, not that “clas- 
sical-standard‘’ one to which we contrast it, is 
the real-world star. Thus we hoped to pro- 
duce-collaboratively with the stars -better 
atmospheric models, for themselves, and as a 
preliminary step toward revising interior-, then 
whole-star-, modeling on some better basis 
than simply speculative thermodynamics. 

Such focus contrasts to the “classical-stan- 
dard” one on simply applying quasi-Equilib- 
rium diagnostics of only the radiative-energy 
flux to infer the differential chemical composi- 
tion of various stars, under the assumption that 
each “normal” star’s thermodynamic structure 
follows standard-classical models. This focus, 
and the standard-classical models, rest on 
trying to preserve Eddington’s speculative 
picture of a “normal” star as being a qua- 
siEquilibrium and closed thermodynamic sys- 
tem. Pre- and post- Eddington visual-spectral 
observations of “peculiar” stars, including the 
Sun, and current far-UV-spectral observations 
of both peculiar and “visual-spectral-normal” 
stars, show that speculative picture to be no 
longer applicable. 

So a major objective of the monograph se- 
ries was to clarify the possibility of stellar 
thermodynamic diversity in basic thermody- 
namic type via collaboration with the stars 
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themselves-they, to produce the variety of 
fluxes, we, to observe and diagnose them, to try 
to infer what such variety implied on such 
possible diversity in basic thermodynamic type 
among the stars studied-witlzout a priori 
judgement on what types exist. We would pro- 
ceed iteratively, to produce such a self-consis- 
tent, a priori unprejudiced, diagnostics and 
thermodynamics. 

So, succinctly, we organized the mono- 
graphs to collect all those data delineating: (a) 
the variety of stars to which Eddington-type 
thermodynamics/theory/modeling might be 
applicable-classically-“normal” stars; and 
(b) those “peculiar” varieties of stars to which 
it was definitely not applicable. Each volume 
was to focus on normal and peculiar stars of one 
(or one limited range of) visual-spectral class. 
We hoped that such empirical results would 
lead to at least empirical-maybe eventually 
axiomaticized-models based on a thermody- 
namics that sufficed to make the models real- 
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Dans la dCfinition originale, les caractdristiques 
qui dCfinissent une Ctoile comme variable cata- 
clysmique Ctaient les sursauts imprkvisibles de 
son Cclat. L’importance et 1’Cchelle de temps de 
ces sursauts varient considCrablement d’un 
membre B l’autre de cette classe d’objets. Aussi 
violents que ces sursauts puissent paraitre, les 
observations photomCtriques et spectrogra- 
phiques indiquent que la structure gCnCrale des 
novae naines et des novae n’en est pas affectCe de 
facon significative. 

Le systkme usuel de classifcation des vari- 
ables cataclysniiqires est bas6 sur les propriCtCs 
des courbes de lumikre de ces sursauts. Bien 
que, dans la majorit6 des cas, il soit possible 
d’attribuer clairement B une Ctoile l’une ou 
l’autre de ces sous-classes, il y a de nombreux 
cas ambigus. Les “vieilles novae” apparaissent 
comme essentiellement impossibles B distin- 
guer des ‘‘novae naines” quiescentes. Si bien 
que la possibilitC a CtC considCrCe que ces deux 
types dCsignent rCellement la m&me espkce 
d’objets, vus seulement B diffkrentes Ctapes 
d’une Cvolution peut-&(re cyclique. De plus, 
quelques unes des “novae rCcurrentes” (T CrB, 
RS Oph, VI 0 17 Sgr) apparaissent semblables 
aux “Ctoiles symbiotiques”, sauf en ce qui 
conceme une amplitude plus grande des sur- 
sauts, alors que d’autres (U Sco, T Pyx) com- 
portent plus de ressemblances avec les “novae 
classiques”. En general, les variables cataclys- 
niiqzies niaiiifesteiit toiites irtie iiidividiralite‘ 
caracte‘i.ise‘e dans la plupart de tous leurs as- 
pects observables, -si bien qu’on ne peut m&me 
pas dire qu’il existe pratiquement deux telles 
Ctoiles identiques. 

Une donnCe essentielle de l’observation, re- 
connue dks le milieu des annCes cinquante, 
c’est que f a i s  les objets bien ohserve‘s sont en 
fait des systkmes binaires composCs d’une 
Ctoile de type tardif (une mine rouge dans le 
cas des novae naines, des novo‘ides et des novae 
classiques, et probablement dans celui d’une ou 
deux novae ricurrentes; une gCante rouge dans 
les Ctoiles symbiotiques, et dans au moins deux 
novae rkcurrentes), et un compagnon chaud, mais 

sous-lumineux (gCnCralement une naine 
blanche). Ceci conduit B l’hypothkse que toiites 
les variables cataclysmiques sont des binaires, ce 
qui conduit par consiquent B la formulation du 
niodtle de Roche pour expliquer leur nature. 

Les observations ultirieures (dam l’ultraviolet 
et dans le domaine des rayons X) ont confirm6 
les prCvisions de ce modkle et ont renforcC 
1’idCe que la binaritC est d’une importance pri- 
mordiale pour produire des CvCnements cata- 
clysmiques. I1 faut dire aussi que l’hypothkse 
de la binaritC foumit une explication facile B 
1’individualitC marquee des systkmes, en rai- 
son des trks nombreux degrCs de libertC dans 
leur apparence physique, par rapport aux 
Ctoiles simples. 

1. PROPRIETES GENERALES DES 
VARIABLES CATACLYSMIQUES 

Ce volume commence par un chapitre d’introduc- 
tion sur les proprie‘te‘s ge‘ne‘l-ales des variables 
cataclysniiqiies. A l’exception des Ctoiles de type 
novo‘ide, elles sont caractCrisCes par des sursauts 
lumineux et soudains de plusieurs magnitudes, et 
par des variations corrklatives notables de leur 
spectre. 

Les observations montrent une perte de niasse 
occasionnelle,accompagnCe ou non d’un trans- 
fert de niasse entre les composantes de la bi- 
naire. La plupart des systkmes Cmettent une 
quantitC substantielle de rayonnement dans la 
totalit6 du spectre ClectromagnCtique, bien que 
dans les novae naines et dans les novo‘ides il y 
ait seulement un flux marginal dans le domaine 
des ondes radio. Les rigions responsables de 
1’Cmission dans les rayons X sont supposCes 
&(re celles oh l’interaction se produit entre le 
disque cf‘accrktion et 1’Ctoile chaude. Les dis- 
ques d’accrCtion et les etiveloppes en expan- 
sion des novae rayonnent plus dans l’ultraviolet. 
Les parties extCrieures des disques, les 
“pseiIdo-photosphtres” des novae soumises 
aux sursauts, les ntbulosite‘s entourant les 
vieilles novae, et les plus brillantes parmi les 
e‘toiles secotidaires sont visibles dans le do- 
maine optique. Les Ctoiles secondaires et la 
poiissitre formte dans les novae peuvent &re 
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dCtectCes aux longueurs d’ondes de l’in- 
frarouge; et enfin, le flux radio des nova peut 
2tre attribuC aux couches exte‘rieures de gaz ion- 
isC. De plus, dans deux Ctoiles symbiotiques, la 
formation et l’evolution de jets ont CtC dttectts 
dans le domaine radio. 

Les distributions spatiales et les paramktres 
systkmiques, tels que masses, rapports de 
masse, pCriodes orbitales, et magnitudes absol- 
ues des vieilles novae, des novae naines et des 
novo’ides sont discutCes. Les novae sont claire- 
ment plus concentrkes au voisinage du plan galac- 
tique que les novae naines et les novo’ides. La dis- 
tribution plus uniforme de ces deux demibres 
classes, en combinaison avec leur Cclat in- 
trinsbquement bas, prouve qu’ils sont de proches 
voisins du Soleil. Aucune difference statistique 
significative n’a Ct6 trouvCe entre les masses et les 
rapports de masse dans les trois classes de vari- 
ables cataclysmiques. Au contraire, les magni- 
tudes absolues des novae quiescentes, des novae 
naines quiescentes et des novo’ides montrent de 
nettes diffkrences. Les novae quiescentes sont 
concentries autour de la valeur MY = 4, les no- 
vo‘ides autour de la valeur Mv = 5 et les novae 
naines autour de la valeur Mv = 8 h 9. 

Une remarque assez importante concerne les 
pCriodes orbitales : La plupart des variables 
cataclysmiques ont des pCriodes comprises 
entre 1,3 et 5 heures, mais un intervalle, de 2 B 
3 heures, existe, auquel correspondent trks peu 
d’objets. Des diffkrences existent entre les 
sous-classes en ce qui conceme les pCriodes or- 
bitales, et, de plus, certains objets ont des pC- 
riodes considCrablement plus courtes ou plus 
longues que la vaste majorit6 des variables 
cataclysmiques. 

2. LES NOVAE NAINES: OBSERVATIONS 

Les chapitres 2 a 5 sont consacre‘s aux observa- 
tions, et h l’interpritation des novae naines et 
des novo?des. 

Typiquement, on trouve les novae naines dans 
les Ctats dit “quiescents”, c’est-h-dire d’Cclat 
faible; B des intervalles semi-rCguliers de 
temps (de l’ordre typiquement de quelques dix 

h cent jours) 1’Cclat augmente environ de 2 h 5 
magnitudes. Dans les classifications modemes, 
trois diffkrents types de novae naines ont CtC 
distinguCes : Les e‘toiles de type U Geminoruni, 
les e‘toiles Z Camelopardalis, et les e‘toiles SU Ur- 
sue Majoris. Les Ctoiles Z Cam, aprks le dCclin 
consCcutif aux sursauts, restent occasionnelle- 
ment h un niveau intermkdiaire d’Cclat pendant 
des semaines et des annCes (“stagnation”) avant 
de retoumer h un Cclat minimum. Les Ctoiles SU 
UMa, en plus des sursauts “normaux”, comme 
ceux que l’on trouve dans toutes les autres novae 
naines, prtsentent des “siipei.-sursai~ts’~ plus 
longs, et quelque peu plus brillants. Les novae 
naines, qui ne rentrent dans aucune de ces deux 
categories sont classCes comme des Ctoiles U 
Gem. 

En ce qui conceme les propriCtCs statistiques, on 
discute simultankment le cas des novae naines 
et celui des novo’ides. En ce qui concerne les 
masses composantes stellaires, les rapports de 
masse, et les pCriodes orbitales, ces systitmes, 
lorsqu’on les considkre comme des groupes, 
sont presque identiques. Cependant, quelques 
diffkrences semblent associkes avec le com- 
portement des sursauts et les propriCtCs 
magnCtiques. 

Les propriCtCs photomCtriques des sursauts des 
novae naines les mieux CtudiCes sont dCcrites. 
Avec plus de 600 sursauts enregistrks pendant 
la presque totaliti du sikcle passe, SS Cyg, la 
plus brillante des novae naines connues, est 
l’objet le mieux CtudiC h cet Cgard; d’autres ont 
CtC Cgalement raisonnablement bien observCes. 
En ce qui conceme les dCtails des changements 
photomCtriques pendant le sursaut, tel que le 
temps exigC pour atteindre 1’Cclat maximum, 
ou la durCe totale de l’CvCnement, pour n’im- 
porte quelle nova naine, diffkrents types de sur- 
sauts peuvent d’habitude Etre distingds. On a 
pu Cgalement trouver des relations entre, par 
exemple, l’amplitude du sursaut, 1’Cnergie to- 
tale libCrCe pendant un sursaut, et le temps de 
recurrence. D’autres relations positives sem- 
blent exister entre le taux du dCbut du dCclin 
aprits un sursaut et la pCriode orbitale, et entre 
les pCriodes orbitales et la durCe des sursauts 
larges et Ctroits respectivement. Et, finalement, 
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les caractkristiques des stagnations et des super- 
sursauts sont discudes. 

Des changements apprkciables de couleur se 
produisent pendant le cours d’un cycle de sur- 
sauts, lorsque des boucles caractCristiques sont 
dCcrites dans le diagramme B deux couleurs. La 
plupart de ces changements ont lieu pendant 
l’augmentation rapide vers le maximum, 
lorsque les Ctoiles deviennent considkrable- 
ment plus bleues que la normale. Les change- 
ments pendant le cours du dCclin sont beaucoup 
moins dramatiques. 

Des changements photomCtriques, manifestes 
pendant la pCriode de quiescence, souvent liCs 
B la rCvolution orbitale, sont prCsents dans 
toutes les novae naines. Dans le domaine op- 
tique, il peut s’agir d’un accroissement tempo- 
raire de brillance, de quelques dizaines de 
magnitudes pour environ la moitiC du cycle 
orbital : (c’est le “ h i m p ” ) ,  ou d’une Cclipse 
pendant une petite fraction de la pCriode orbi- 
tale, et d’une profondeur allant jusqu’h deux 
magnitudes. L’un ou l’autre, ou tous les deux, 
de ces phCnomknes sont prksents dans de nom- 
breuses novae naines. Dans tous les systkmes, B 
tous les niveaux de la courbe de lumikre du 
sursaut, superposCs au niveau de la brillance 
gCnCrale, se produisent des changements 
irrCguliers de brillance, qu’on appelle le 
“papillotenzent” (flickering, en anglais). Un 
trks petit nombre de donntes seulement sont 
disponibles sur la variabilitC des Cchelles de 
temps orbital dans le domaine ultraviolet, et 
pas beaucoup plus dans l’infrarouge. La variCtC 
des courbes de lumikre infrarouge parmi les 
novae naines est apparemment assez grande. 
De nombreux systbmes sont connus pour 
prCsenter une Cclipse secondaire B (environ) la 
phase 0.5 par rapport B 1’Cclipse primaire; cette 
Cclipse secondaire n’est pas observCe dans le 
domaine optique. 

Une surveillance B long terme du niveau de lu- 
mikre quiescent a CtC possible pour SS Cyg et U 
Gem. Pour la dernibre de ces deux Ctoiles, le 
flux reste constant entre des limites trks Ctroi- 
tes, et aucune tendance systCmatique de 
changement n’a pu &tre dCtectCe. D’un autre 

cGtC, SS Cyg conserve un niveau stable d’Cclat 
pour plusieurs semaines, alors qu’a d’autres 
moments, le niveau de flux augmente systCma- 
tiquement ou dCcroit, sur une ptriode pouvant 
Cgaler celle de plusieurs phases quiescentes 
consCcutives. Une telle surveillance B long 
terme a CtC faite pour CN Ori pendant un inter- 
valle quiescent complet entre deux sursauts 
consCcutifs. Les amplitudes du “hump” varient 
d’une facon cyclique avec une tendance super- 
poste d’un niveau de lumikre en augmentation 
au moment du maximum du “hump”, alors que 
la brillance minimum aux phases in- 
termkdiaires entre les “humps” reste constante. 
Ces observations ont CtC suffisamment dCtail- 
lCes pour rCvCler Cgalement que la structure de 
la courbe de lumibre orbitale ne se rCpbte ja- 
mais exactement d’un cycle B l’autre ; mais 
cependant de nombreux aspects caractiris- 
tiques sont toujours prCsents. 

Une section du chapitre 2 est consacrte B deux 
novae naines trks spCciales, WZ Sge et BD Pav. 
Elles ont toutes les deux des pCriodes de sur- 
sauts extrsmement longues qui conduisent B 
leur ancienne classification en tant que novae 
rkcurrentes. Cependant, l’amplitude et  les 
autres caractkristiques de ces sursauts sont 
typiques des novae naines, et c’est comme 
telles que l’on devrait plutat les classer. 

Une autre caractkristique de quelques novae 
naines, c’est la variation sCculaire apparente de 
la pCriode orbitale. Pour des raisons dynamiques, 
on peut exclure que cette variation soit le reflet de 
changements reels dans la pCriode orbitale ; mais 
on ne sait pas encore clairement quelle est leur 
origine. 

I1 est Ctonnant de noter combien peu est connu 
en ce qui concerne les changements orbitaux 
pendant 1’Cpoque des sursauts. L’amplitude des 
“humps” est gCnCralement plus nettement vari- 
able que pendant la pCriode de quiescence, des 
Cclipses simples tendent B disparaitre, et des 
Cclipses doubles B devenir simples B 1’Cpoque 
du maximum d’Cclat. Les courbes de lumibre 
orbitale des Ctoiles Z Cam, pendant les stagna- 
tions, ne peuvent &tre distingukes de celles 
observCes B des Ctats d’Cclat comparable B 
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l’epoque du dCclin aprks les sursauts normaux. 
Pendant les super-sursauts des Ctoiles SU U 
Ma, des “super-hunips” sont observCs, qui sont 
affect& de changements trks caractkristiques 
pendant la durCe du super-sursaut. 

A une haute rCsolution temporelle, de l’ordre 
de quelques minutes ou secondes, des change- 
ments photomCtriques supplCmentaires devi- 
ennent Cvidents dans les novae naines. I1 y a un 
“papillotement”, une variation au hasard de 
l’Cclat, avec des amplitudes de quelques 
dizikmes de magnitudes et des temps carac- 
tCristiques de l’ordre de quelques secondes 
ou minutes ; et ceci est present B toutes les 
phases de 1’activitC. Des “oscillations cohe‘ren- 
tes” se produisent parfois dans les novae naines 
pendant les sursauts, ou dans les ttoiles no- 
voi’des dans leurs Ctats brillants, et de plus dans 
WZ Sge pendant la phase de quiescence ; les 
pCriodes sont de quelque dix secondes, et des 
amplitudes de l’ordre de 0.002 mag. Et enfin, il 
y a des “oscillations quasi-pe‘riodiques” , avec 
des temps de coherence extremement courts, 
sur des pCriodes de l’ordre d’une minute, avec 
des amplitudes un peu plus grandes que celles 
des oscillations cohCrentes. Dans les trois no- 
vae naines les plus brillantes, SS Cyg, U Gem, 
et VW Hyi, des oscillations peuvent aussi &tre 
dCtectCes dans le domaine des rayons X. 

Toutes ces donnCes photomCtriques montrent 
que les caractCristiques communes des novae 
naines sont les comportements de leurs sursauts, 
les courbes de lumihe orbitales (qui prksentent 
souvent un “hump” et/ou une Cclipse), et les vari- 
ations de flux B court terme sur plusieurs Cchelles 
de temps. Une considCrable variCtC d’aspects peut 
&tre trouvCe, non seulement dans les divers 
systkmes, mais aussi dans le m&me objet, B 
diffkrents moments des sursauts. Les observa- 
tions spectroscopiques indiquent que les novae 
naines Cmettent un flux appreciable, depuis le 
domaine des rayons X jusqu’i I’infrarouge, et 
dans quelques cas aussi dans le domaine radio. La 
plupart du flux est Cmis dans l’ultraviolet et, pro- 
gressivement moins, B des longueurs d’ondes 
plus grandes. La distribution de flux est trks 
diffirente de celle d’une Ctoile normale. Sur des 
intervalles de longueurs d’ondes de 1000 B 2000 

A, un accord avec une distribution en loi de piris- 
sance est possible. 

Pendant le sursaut, le spectre est plus raide que 
pendant la quiescence, et encore plus de flux 
est Cmis aux autres Cnergies. Dans quelques ob- 
jets, le flux augmente encore dans l’infrarouge 
et dCcroit seulement i des longueurs d’ondes 
ClevCes aprks un maximum au voisinage de 1.5 
i 2 pm. Bien que ce comportement gCnCral soit 
celui de toutes les novae naines, la distribution 
d’Cnergie diffkre sensiblement d’un objet i 
l’autre, et B differents stades des sursauts. La 
croissance vers le maximum se produit simul- 
tanCment aux longueurs d’ondes optiques et 
ultra-violettes ; au contraire le domaine op- 
tique peut commencer B manifester cette aug- 
mentation avant le domaine ultraviolet 
Cjusqu’B un demi jour d’avance!). I1 existe des 
indications selon lesquelles ce dClai se 
prolonge dans le domaine des rayons X. 

Le dCclin aprks le sursaut se comporte toujours 
de fagon simultanCe B toutes les longueurs 
d’ondes. Aux Cnergies du domaine des rayons 
X, les novae naines quiescentes rayonnent de 
fagon prCfCrentielle dans le domaine des ray- 
ons X durs, cependant que pendant le sursaut on 
les voit plutat dans le domaine des rayons X 
mous. Le flux dans les rayons X est trks vari- 
able, i toutes les Cchelles de temps. On a trouvC 
une relation entre le rapport du flux des rayons 
X au flux visuel, et la largeur Cquivalente de 
HJ. Un trits petit nombre seulement de novae 
naines pourrait &tre dCtectC aux Cnergies radio. 

Ces observations spectroscopiques du continu 
des novae naines suggkrent que le flux ultravio- 
let et la plus grande partie du flux optique 
proviennent du disque d’accrCtion. L’infra- 
rouge et probablement une portion du flux 
optique pendant la quiescence provient de la 
composante secondaire. Le rayonnement X est 
attribuC B la couche de transition: supposCe op- 
tiquement faible pendant la ptriode de quies- 
cence, par suite, elle Cmet alors des rayons X 
durs ; optiquement Cpaisse pendant le sursaut, 
du fait que par conskquent, le rayonnement est 
thermalis6 avant de quitter les lieux, elle Cmet 
alors des rayons X mous. 
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Le spectre de raies pendant la quiescence est, 
dans la plupart des cas, caractCrisC par des 
Cmissions fortes, bien que, dans quelques cas, 
les Cmissions dans le domaine optique soient 
faibles, voire mCme que les raies dans le do- 
maine ultraviolet soient faiblement en absorp- 
tion. Dans les systkmes B inclinaison forte, les 
raies d’bmission de Balmer prisentent des 
profils B deux pics. Dans de nombreux cas, le 
spectre d’absorption d’une Ctoile froide de la 
sCrie principale est visible. 

En gCnCra1, dans le domaine optique, les raies 
subissent des changements de profils B des tch- 
elles de temps comparables B celles de l’orbite. 
En particulier, de nombreuses raies sont affaib- 
lies pendant 1’Cclipse photomCtrique. Aucune 
observation de cette nature n’a CtC publiCe dans 
le domaine ultraviolet. Dans de nombreux 
systkmes, ce qu’on appelle I’onde S est ob- 
servCe ; c’est une variation systkmatique de la 
force relative des pics rouges et bleus des raies 
de l’hydrogkne pendant le cycle orbital. De 
m&me, les vitesses radiales se modifient en 
phase avec la courbe de lumikre orbitale. Les 
spectres d’Cmission et d’absorption sont 
dCphasCs l’un par rapport B l’autre d’environ 
180”. 

Les CaractCristiques spectrales observCes mon- 
trent que les raies d’Cmission sont formCes dans 
des rigions du disque optiquement minces, 
alors que les raies d’absorption quelquefois 
observCes dans l’ultraviolet suggkreraient 
plut6t que le disque interieur est optiquement 
Cpais. Les modifications pkriodiques des 
vitesses radiales et des intensites de raies sont 
attribuCes aux variations orbitales, cependant 
que des modifications au hasard sont attribukes 
aux inhomogCnCitCs du disque d’accrktion. Les 
profils de raies B deux pics sont sans doute dus 
B la rotation des disques vus sous des angles 
correspondant B une inclinaison ClevCe. Le 
dkcalage de phase de 180” entre les raies d’ab- 
sorption et d’Cmission est un effet de la binar- 
itC, les Cmissions Ctant produites dans le disque 
d’accrCtion autour de la naine blanche, et l’ab- 
sorption dans l’ttoile froide secondaire. Les 
effets d’irradiation sont probablement respons- 
ables de la dCviation d’un dtcalage de phase d’ex- 

actement la moitiC d’une pCriode orbitale. 

Pendant le sursaut, le spectre de raies, aussi 
bien dans le domaine optique que dans le 
domaine ultraviolet, devient un spectre d’ab- 
sorption. Le spectre d’absorption, B la fin des 
sursauts, est masque par le flux continu en aug- 
mentation. 

A peu prks au moment du maximum, ou peu de 
temps aprks. les Cmissions commencent B aug- 
menter dans le domaine des raies d’absorption 
larges ; et, pendant la pCriode de diclin, le 
spectre quiescent est restaur& 

Les vitesses radiales pendant le sursaut sont B 
peu prks les mCmes que celles pendant la quies- 
cence, mais les vitesses K et y peuvent &tre 
diffCrentes. 
L’aspect du spectre dans les sursauts suggitre 
que le disque est devenu opaque. Les profils, 
quelquefois observCs comme dCplacCs vers le 
bleu, ou du type P Cygni, dCmontrent l’exis- 
tence d’un vent B haute vitesse soufflt par le 
systkme pendant le sursaut. On soupgonne les 
variations dans les vitesses K et y comme dues 
‘a des changements d’Cclat du disque. 

3.LESNOVOIDES: OBSERVATIONS 

Cinq classes d’Ctoiles novo’ides sont distingdes: 
les UX Ursae Majoris, les novae anti-rzaines, 
les DQ Heirulis, les AM Heimlis et les AM 
Caiziitii Venaticoriini. 

Toutes les variables novo’ides ont la propriCtC 
commune de ne prCsenter en temps normal au- 
cune activitC importante sous forme de sur- 
sauts, bien qu’on puisse les observer dans des 
Ctats “hauts” ou “bas”. 

L’aspect spectroscopique et l’aspect 
photomktrique des Ctoiles UX UMa sont trks 
semblables ‘a ceux des novae mines, B certaines 
Cpoques du cycle de 1’activitC. 

Des novae anti-naines sont gCnCralement 
trouvies dans un Ctat dCclat ClevC. A des mo- 
ments auxquels on ne peut les distinguer des 
Ctoiles UX UMa, elles subissent cependant des 
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forte et de faible accrCtion. chutes d’Cclat de quelques magnitudes, et 
ressemblent alors 2 des novae naines pendant 
leur phase de minimum. 

En en ce qui concerne Ieur comportement 2 
long terme, les Ctoiles DQ Her (ou polars in- 
terme‘diaires) comportent 1’Ctendue complkte 
des possibilitCs trouvCes pour les variables 
cataclysmiques. Leur aspect caractCristique 
commun est la prCsence d’au moins une ptri- 
ode photom6trique hautement stable en sus de 
la peiiode orbitale. Sur la base de la longueur 
de la pCriode de cette variabilitC supplCmen- 
taire, entre deux ou trois sous-classes sont 
distingukes. Spectroscopiquement la plupart 
de ces Ctoiles n’apparaissent pas diffkrentes 
des Ctoiles UX UMa. 

Comme les novae anti-naines, Ies Ctoiles AM 
Her (appelCes aussi po lan)  sont normalement 
observkes dans un 6tat de brillance ClevCe, 
mais, de temps en temps, elles subissent des 
chutes d’Cclat de plusieurs magnitudes. Toutes 
les Ctoiles AM Her sont caractCrisCes par un 
degrC trks ClevC de polarisation qui varie en 
synchronisme parfait avec les changements or- 
bitaux du niveau d’Cclat gCnCral et de la vitesse 
radiale. Les courbes de lumikre orbitale, aussi 
bien que les spectres, sont 2 bien des Cgards 
peu typiques pour des variables cataclys- 
miques. 

Les Ctoiles AM CVn sont caractCrisCes par 
l’absence de toute trace d’hydrogkne dans leur 
spectre, par des raies de 1’hClium fortes, en ab- 
sorption ou en Cmission, et par une activitC de 
papillotement souvent prononcCe. 

Une interprttation de ces observations c’est 
que ces Ctoiles UX UMa et les Ctoiles anti- 
naines sont essentiellement les memes types 
d’objets. Cependant, dans les Ctoiles UX UMa 
le transfert de masse par le disque d’accrktion 
est toujours ClevC ; par consCquent on pense 
que le disque est tout le temps stationnaire. 
Dans les novae anti-mines, d’un autre cBtC, le 
transfert de masse dCcroit de temps en temps. 
Dam les novae naines, le transfert de masse est 
si faible que le disque subit des changements 
semi-pkriodiques entre les Cvtnements de 

On pense que les Ctoiles DQ Her comportent 
une naine blanche magnCtique faible. Cette 
Ctoile dCtruit le disque inttrieur d’accrktion, 
mais le champ magnCtique n’est pas assez fort 
pour maintenir l’ktoile en synchronisme avec 
le mouvement orbital. La rotation de la naine 
blanche devient visible comme une pCriode 
supplkmentaire photomCtrique stable. Les 
Ctoiles AM Her sont supposCes comporter une 
naine blanche fortement magnttique qui em- 
peche entikrement la formation d’un disque d’ac- 
crCtion, et assujettit la rotation de la naine 
blanche h l’orbite binaire. 

4. MODELESDENOVAENAINES ETDE 
NOVOIDES 

Une histoire brkve des modkles proposCs pour 
expliquer les novae naines et les novoi’des est 
donde. L’une des raisons de la difficult6 de 
trouver jusqu’aux annCes 50 un modkle capable 
d’expliquer au moins la majorit6 des observa- 
tions a C t t  la resolution temporelle trop faible, 
qui a for& les astronomes h se concentrer en- 
tikrement sur le comportement du sursaut, et de 
ce fait on n‘a pas pu rCvCler les pCriodicitCs B 
des Cchelles de temps plus courtes. Ce fut Lin- 
ne11 (en 1950) qui a proposC, pour les UX UMa 
un modkle remarquablement semblable au 
modkle de Roche, maintenant communCment 
acceptC. 

Quand il est devenu clair que toutes les vari- 
ables cataclysmiques bien CtudiCes sont des 
systkmes binaires avec des pCriodes orbitales 
de quelques heures, que les Ctoiles secondaires, 
lorsqu’elles Ctaient observables, sont des 
Ctoiles froides de la sCrie principale, et que les 
Ctoiles primaires sont des objets chauds dont la 
gComCtrie et la distribution du flux sont trks 
diffkrentes de celles d’ktoiles normales, le 
modkle de Roche a CtC adopt6 comme une hy- 
pothkse de travail. Ce modkle est constitud 
d’une Ctoile de sCrie principale froide qui rem- 
plit son lobe de Roche, et qui perd de la matikre 
dans le lobe de Roche de la naine blanche. Le 
matCriel transfCrC a un moment angulaire trop 
ClevC pour pouvoir tomber directement sur la 
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surface de la naine blanche, mais construit plut6t 
un disque d’accrition dans lequel il entre vers 
la naine blanche, suivant des mouvements en 
spirale, pour s’agglomtrer ultkrieurement B 
1’Ctoile. 

Un nombre croissant d’observations, aussi bien 
photomCtriques que spectroscopiques, et pra- 
tiquement dans le domaine spectral entier, des 
rayons X durs B l’infrarouge, ont apportC de 
plus en plus de crtdibilite B 1’idCe que le 
modkle de Roche est adCquat B dCcrire la phy- 
sique de base des variables cataclysmiques. 
Cependant, de nombreux dttails restent B ex- 
pliquer, et la structure des systkmes est vrais- 
emblablement plus compliquCe que cela ne 
peut Ctre thkoriquement discutC B ce stade. 
L’un des paramktres qui decide de facon cri- 
tique de l’apparence et des variations tem- 
porelles du disque d’accrCtion est la “vis- 
cosite”’ , essentiellement inconnue. Cette vis- 
cositC est un moyen de dtcrire le mCcanisme de 
transfert du moment angulaire dans le disque. 
On la reprCsente d’une facon paramktrique 
comme une quantitC a, dCfinie comme le rap- 
port de la vitesse turbulente B la vitesse du son, 
en y incluant les effets des champs 
magnCtiques probablement B l’oeuvre. C’est, 
fondamentalement, un paramktre “libre”, 
auquel on peut bien donner des valeurs 
diffkrentes en diffkrents points du disque. 

Pour toute interprttation thCorique, il est tr&s 
important de connaitre les valeurs absolues des 
paramktres d’un systkme, tels que les masses 
stellaires et les rayons, les angles d’inclinaison, 
les magnitudes absolues, les taux de transfert de 
masse. Pour cette raison, une discussion critique 
des mCthodes de ddtermination de ces par- 
amktres, et du degrC de confiance que l’on peut 
avoir en elles, est donde .  Dans un systdme bi- 
naire normal dCtachC, les masses et les rayons, 
aussi bien que l’angle d’inclinaison peuvent Ctre 
dCduits des courbes de vitesses radiales et des 
courbes de lumikre. Cependant, seulement deux 
binaires spectroscopiques B eclipses B raies dC- 
doublCes sont connues parmi les novae naines et 
les novo’ides. Si bien qu’en principe on ne peut 
dCduire de masses que pour ces deux systlimes. 
De plus, la forme des courbes de lumikre montre 

que la gComCtrie du systkme n’est pas celle d’un 
systkme dCtachC normal. Par consCquent, on peut 
se poser fortement la question de savoir si l’angle 
d’inclinaison et les rayons des Ctoiles peuvent 
Ctre dCterminCs en utilisant le proctdt usuel. Par 
exemple, un grand soin doit Ctre pris pour la 
dktermination des courbes de vitesse radiale, de 
telle sorte que les inhomogCnCitCs du disque 
(comme par exemple la presence d’une tache 
chaude) et l’irradiation de 1’Ctoile secondaire 
soit prise en compte d’une facon correcte. De 
plus, le spectre chaud est en gCnCral celui du 
disque d’accrktion, plut6t que celui de la naine 
blanche elle-mCme. 

Les contraintes dues B l’hypothkse que 1’011 
peut appliquer la gComCtrie de Roche sont fort 
utiles pour dCterminer les paramlitres du 
systkme. Par exemple, des relations existent 
entre le rayon de 1’Ctoile secondaire et le rap- 
port de masse des composantes stellaires. Une 
autre relation existe aussi entre l’amplitude des 
variations de la vitesse radiale de la com- 
posante primaire K1, la vitesse de rotation pro- 
jetCe du disque et le rapport de masse. Cepen- 
dant, des difficultCs sCvkres sont rencontrkes 
dans la dktermination raisonnable de 1 ’angle 
d’inclinaison et des vitesses radiales. 

Les paramktres de 1’Ctoile secondaire peuvent 
en principe Ctre dCterminCs par exemple B par- 
tir des couleurs de l’infrarouge ; mais, 18 aussi, 
que de difficult&! 

Des magnitudes absolues et des distances peu- 
vent &res tirCes du spectre de 1’Ctoile secon- 
daire. De plus, des relations raisonnablement 
bien dCfinies existent entre la magnitude ab- 
solue visuelle d’une nova naine au moment du 
sursaut, et la pCriode orbitale, et Cgalement 
entre la magnitude visuelle et la largeur 
Cquivalente de 1’Cmission en HJ. La caractCris- 
tique d’absorption interstellaire B 2200 A, lors- 
qu’elle est prCsente, peut Ctre Cgalement uti- 
l ike comme un indicateur de distance. Pour les 
Ctoiles U Gem and SS Cyg, des parallaxes trig- 
onomCtriques ont Ctt  mesurkes. 

D’autres paramktres importants sont les taux de 
transfert de masse, -c’est-&-dire le taux de 
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transfert de masse depuis l’ttoile secondaire 
jusqu’h l’intbieur du lobe de Roche de 1’Ctoile 
primaire, la distribution de masse dans le dis- 
que d’accrCtion, et le taux d’accrCtion de masse 
sur la naine blanche. Toutes ces dCterminations 
dependent fortement du modkle. La mCthode la 
plus sQre semble celle basCe sur les techniques 
de modClisation des Cclipses. 

Bien que que les observations semblent indiquer 
que les changements d’Cclat dans les novae 
naines soient directement dus aux changements 
dans le disque, il reste de nombreux problkmes 
non rCsolus. 

Les hypotht.ses sirnplificatives gCnCralement 
faites dans le travail thCorique sont l’hypothkse 
que les effets relativistes sont nCgligeables, 
ainsi que ceux de l’autogravitation ; de plus le 
disque est supposC &(re gComCtriquement 
mince, reposant 5 plat dans le plan orbital du 
systkme. I1 est supposC Ctre en symCtrie rota- 
tionnelle, et la seule source d’Cnergie est 
1’Cnergie gravitationnelle, convertie en Cnergie 
de rayonnement par les processus visqueux, ce 
qui rend compte de la separation du moment 
angulaire et de la masse. Une certaine Cpais- 
seur verticale du disque est attribuCe ?I une 
pression thermique due 2 1’Cnergie gravitation- 
nelle et B la turbulence. 

A partir de calculs de trajectoires de particules 
dans l’approximation B trois corps, la position 
approximative de la tache chaude peut Ctre cal- 
culCe. Des calculs hydrodynamiques fournis- 
sent une information sur les distributions 
d’Cclat, sur les distributions des densitts de 
surface, et sur les champs de vitesses dans le 
disque. 

En supposant 1’Cquilibre hydrostatique dans la 
direction verticale, et en utilisant les Cquations 
de base pour les atmosphkres stellaires, on peut 
obtenir quelque idCe des structures verticales 
du disque. Malheureusement, le paramktre le 
plus important et le moins bien connu de tous 
ces calculs est la viscositC. 

Deux mCcanismes possibles de sursauts ont CtC 
suggtrCs pour les novae naines, l’instahilite‘ 

visquelise dans le disque d’accrdtion ( “insta- 
hilite‘ du disque”) ou un transfert de masse sou- 
dainement accru vers le disque B partir de 
1’Ctoile compagnon ( “instahilite‘ de trarzs- 
felt”).  Le premier mkcanisme suppose que la 
viscositC subit un cycle d’hystCrCsis, alors que 
1’Ctat physique de la matikre du disque passe 
d’un Ctat convectif B un Ctat radiatif. Des 
courbes de lumikre trks gCnCrales des sursauts, et 
m&me dans une certaine mesure assez dCtaillCes, 
peuvent &tre reproduites thkoriquement. 

L’autre mecanisme suggCrC suppose que des in- 
stabilitks de l’atmosphkre de 1’Ctoile secon- 
daire conduisent a un accroissement tempo- 
raire du transfert de masse vers le disque, ce qui 
cause le sursaut. Dans ce cas Cgalement, un 
accord raisonnablement satisfaisant avec les 
observations peut Ctre obtenu. Jusqu’h prCsent, 
aucune discrimination Claire entre les deux 
modkles ne peut Stre proposCe. 

De m&me, aucun mod5le largement accept6 
n’existe jusqu’B prCsent pour les “super-sur- 
sauts”. 

Les oscillations rapides, en raison de leurs 
frCquences ClevCes et de leurs temps de cohC- 
rence courts, sont attribuies soit 2 la rigion la 
plus superficielle de la naine blanche, soit aux 
rCgions les plus intkrieures du disque d’ac- 
crCtion. 

Des variations sCculaires de la pCriode orbitale, 
comme on les observe dans de nombreuses no- 
vae et novoi‘des, ne sont pas encore expliquCes 
de facon satisfaisante. 

Les modkles proposts pour expliquer les 
systkmes fortement magnttiques (Ctoiles AM 
Her) et les systkmes faiblement magnCtiques 
(Ctoiles DQ Her) sont dCcrits. Pour les Ctoiles 
AM Her, on suppose qu’une naine blanche 
fortement magnttique, et en rotation syn- 
chrone, empCche la formation d’un disque 
d’accrttion, et contraint I’accrCtion 2 se pro- 
duire par des tubes magnktiques le long des 
lignes de force. Dans les Ctoiles DQ Her, la 
naine blanche posst.de seulement un champ 
magnitique modire, capable de perturber le 
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disque B quelque distance de l’Ctoile, mais ce 
champ ne peut pas en empCcher entierement la 
formation, pas plus qu’il ne peut maintenir 
1’Ctoile naine blanche en rotation synchrone 
avec le mouvement orbital. L’illumination des 
composantes du systeme du p61e chaud d’ac- 
crCtion ou la radiation directe B partir de ces p8les 
produit les pCriodicitCs photomttriques addition- 
nelles que l’on observe. 

5. INTERPRETATION DES SPECTRES DE 
NOVAE NAINES ET DE NOVOIDES 

Le spectre des novae naines et des novoi’des 
prCsente une variktk d’apparences, spectre pur 
de raies d’imission, spectre pur de raies d’ab- 
sorption, mClange des deux, profils de raie 
asymktriques, pentes tres differentes des distri- 
butions du continu ; une m&me Ctoile peut 
prCsenter ces aspects B diffkrentes Cpoques. 
Pour simplifier le problkme de la modClisation 
de ces spectres, on le divise gCnCralement en 
trois problemes stpares. Celui de la spkcifica- 
tion du modele physique qui sert de base aux 
calculs, celui du calcul du spectre continu, et 
celui du calcul du spectre de raies. Le modele 
physique qui sert de base aux calculs est le 
modkle de Roche des variables cataclys- 
miques. 

La distribution continue du flux ne ressemble 
pas B celle des Ctoiles variables, et une co’in- 
cidence approchCe est possible si I’on suppose 
que seulement le disque contribue au rayonne- 
ment, et qu’B chaque distance de la naine 
blanche il rayonne comme un corps noir avec la 
distribution radiale de tempCrature telle qu’elle 
est calculCe pour un disque d’accrktion station- 
naire. 

Le spectre de raies d’absorption est calculC de 
faSon tout-&-fait analogue aux mCthodes uti- 
lisCes pour les atmospheres stellaires. La diffi- 
rence fondamentale entre une atmosphere ste- 
laire et une atmosphbe de disque est la soiirce 
de‘nergie niicle‘uire dans le premier cas, gruvi- 
tutioiznelle dans le second. Mais ceci ne change 
rien en ce qui concerne le spectre Cmis, tant que 
le plan central du disque est optiquement Cpais. 

De plus, contrairement B ce qui se passe pour 
les atmospheres stellaires, les disques d’ac- 
crCtion sont essentiellement des objets & deux 
dimensions, et, par conskquent, I’aiigle d’incli- 
rzuisoiz est un paramktre important du rayon- 
nement observe. La rotation kkplkrienne du 
disque conduit 21 un Clargissement additionnel 
du profil de la raie, et B des profils d’absorption 
B deux pics. Des rCsultats essentiels obtenus B 
partir de spectres synthktiques sont ceux des 
principaux pa rad t r e s  libres (c’est-&-dire la 
masse de la naine blanche, le taux de transfert 
de masse, les rayons intkrieurs et extCrieurs du 
disque, et l’angle d’inclinaison) ; la masse de la 
naine blanche et le rayon du disque extCrieur 
n’ont pratiquement aucune importance. 
L’angle d’inclinaison a un effet dominant con- 
sidhable sur le continu aussi bien que sur ies 
raies. Le taux de transfert de masse intervient 
dans le profil radial de tempCrature, et  par 
consCquent a une influence tres importante sur 
l’aspect du spectre, et enfin le rayon intCrieur 
du disque est d’une grande importance puisque 
sa variation signifie que l’on inclut ou que l’on 
nCglige les parties les plus chaudes du disque, 
celles qui dkterminent entikrement l’ultra- 
violet, et aussi une partie du rayonnement op- 
tique. 

Les raies d’tmission sont gCnCralement ob- 
servCes pendant 1’Ctat quiescent ; on les at- 
tribue B des regions optiquement minces dans 
la portion intkrieure et/ou exterieure du disque, 
ou m&me dans la totalit6 du disque. La modCli- 
sation est plus difficile que pour le spectre des 
sursauts, car, pendant la quiescence, le disque 
n’est probablement pas stationnaire (c’est-8- 
dire qu’aucune loi radiale de tempkrature n’est 
disponible B priori), et les effets non-ETL sont 
vraisemblablement importants. 

Les observations optiques des novae naines et 
des Ctoiles novo’ides pendunt les suimuts ne 
montrent uiic~iize truce de vent : Les raies de 
Balmer sont vues en absorption, et ont des 
profils symktriques. Dans l’ultraviolet cepen- 
dant, des forts profils de type P Cygni ou des 
absorptions dCplacCes vers les courtes 
longueurs d’onde du doublet de rCsonance du C 
IV, et, B l’occasion, du Si IV et de N V, sont 
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observCs. Ces profils sont diffkrents de ceux 
que l’on voit dans le spectre des Ctoiles chaudes 
normales. De plus, des systkmes avec des 
angles d’inclinaision trks ClevCs montrent seul- 
ement des profils d’Cmission intenses, alors que 
toutes les autres raies sont vues, comme d’hab- 
itude, en absorption. Des calculs faisant l’hy- 
pothkse d’un disque d’accrCtion optiquement 
Cpais, et d’un vent poussC B partir du centre du 
disque, etlou de la couche de transition, peuvent 
reproduire les observations assez bien si les par- 
amktres les plus importants (dans ce cas, le taux 
de perte de masse, le profil de vitesse du vent, la 
tempCrature et le profil de tempirature du disque 
d’accrktion) sont choisis de faqon convenable. 

Grlce B des techniques de traitement d’image, 
la brillance de surface et la distribution de tem- 
pCrature des disques d’accrktion peuvent &re 
reconstruits B partir des observations d’Cclip- 
ses. Cette mCthode permet en principe la deter- 
mination du profil radial de tempCrature et la 
localisation de I’origine gComCtrique des con- 
tributions diverses aux rayonnements dans les 
raies, la distinction entre les rCgions optique- 
ment Cpaisses et optiquement minces du disque 
d’accrktion qui dependent du type d’observation, 
et, selon le type d’observation, bien d’autres 
propriCtCs encore. 

La dCtection de rayonnements X (mous et durs) 
dans le spectre de nombreuses novae naines et 
novo’ides est attribuCe B une couche de transi- 
tion entre le disque et la surface de la naine 
blanche, couche qui se forme 1B ou se trouve la 
matikre du disque, avec la vitesse kCplCrienne de 
rotation, et ralentit jusqu’i la vitesse de rotation 
de la naine blanche, afin de permettre I’accrCtion. 
La structure dCtaillCe de cette couche, aussi bien 
que les dCtails du spectre Cmis, ne sont pas encore 
compris. 

L’e‘tut d’e‘volution des variables catuclysmiqir- 
es est discud. Leur distribution spatiale et les 
effets de sClection sont considCrCs. Les novae 
et les novae naines semblent avoir B peu prks la 
m&me distribution spatiale, et les deux types 
d’Ctoiles sont gkntralement des objets de popu- 
lation I ,  bien que quelques novae naines soient 
connues pour appartenir aux amas globulaires. 

Les propriCtCs des composantes stellaires des 
systimes de variables cataclysmiques sont dis- 
cutCes. Selon certaines indications, les membres 
naines blanches des variables cataclysmiques 
sont, statistiquement, plus massives que les 
Ctoiles naines blanches simples. Ce dtsaccord 
peut &e expliquC par des effets de selection, dus 
principalement B la relation masse-rayon des 
naines blanches. Les Ctoiles secondaires ap- 
paraissent comme impossibles B distinguer des 
Ctoiles de la sCrie principale normale. On s’attend 
B ce qu’il existe des secondaires naines noires 
dans ces systemes, au dessous de l’intervalle vide 
des pCriodes, mais on n’a pas pu encore les 
dCtecter. 

Une caractdristique tout-&-fait remarquable des 
variables cataclysmiques est l’existence d’un 
intervalle de pCriodes compris entre B peu prks 
deux et trois heures, et la pCriode orbitale mini- 
mum d’environ 80 minutes. L’extrCmitC sup- 
Crieure de cet intervalle de pCriode est due, on 
le comprend, B la cessation du freinage mag- 
nCtique opCrant sur 1’Ctoile secondaire. Comme 
consCquence, 1’Ctoile secondaire est dCtachCe de 
son lobe de Roche, et le flux de masse d’un lobe 
B I’autre s’an&te. La radiation gravitationnelle 
joue dans le sens de la dkcroissance de la pCriode 
orbitale, et au moment oc la pCriode a dCcrQ 
jusqu’g une valeur d’environ 2 heures, elle 
ramCne 1’Ctoile en contact avec son lobe de Ro- 
che. La pCriode continue B dCcroitre en raison du 
rayonnement gravitationnel jusqu’i ce que, au 
moment du minimum orbital, 1’Ctoile secon- 
daire ait perdu une quantitC de masse suffisante 
pour qu’elle ne soit plus capable de maintenir 
la production d’Cnergie nuclCaire, et par 
consequent devienne dCgCnCrCe. A des niveaux 
ultCrieurs de l’kvolution, la pCriode orbitale 
augmente encore jusqu’i ce que 1’Ctoile secon- 
daire soit rCsolue. 

C’este encore une question completement ou- 
verte de savoir quelles Ctoiles sont les pro- 
giniteurs des variables cataclysmiques. Bien 
que les Ctoiles W Ursae Majoris aient environ la 
m&me densite spatiale et la m&me distribution 
que les variables cataclysmiques, leur moment 
angulaire est trop petit pour qu’une naine 
blanche puisse &e formCe, et par consCquent 
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on peut les exclure comme des candidats pos- 
sibles. Aucun autre groupe d’Ctoiles ne peut 
&tre identifiC comme des progCniteurs pos- 
sibles. 

Des scenarios possibles de 1’Cvolution d’un sy- 
stkme binaire vers des Ctoiles cataclysmiques 
sont ensuite discutis. 

Enfin, un scCnario souvent dCcrit est prCsentC, 
selon lequel les novae, les novae naines et les 
novo’ides pourraient en rCalitC Stre les mCmes 
types d’objets, B diffkrents stades de leur activ- 
itC. 

Le chapitre 5 resume les principaux arguments 
du dCbat concernant les novae naines, et les no- 
vo’ides, et discute la validit6 des systkmes de 
classification employ& usuellement. 

6. NOVAE CLASSIQUES ET 
RECURRENTS : OBSERVATIONS 

Les chapitres 6 B 10 discutent les propriCtCs ob- 
servCes gCnCrales des novae classiques et 
rkcurrentes, les modkles thCoriques, les car- 
actkristiques et les modkles de quelques unes 
des novae classiques et des novae rkcurrentes 
bien observtes. 

Le chapitre 6 dCcrit les caractkristiques observ- 
ables des novae classiques et des novae rCcur- 
rentes obtenues par diffkrentes techiques (pho- 
tomCtrie, spectroscopie, et imagerie) dans tous 
les domaines spectraux disponibles, et 2 des 
phases variCes de la vie de la nova. Ces phases 
sont schCmatisCes comme suit : quiescence 
(avant et upr~?s le siii.sairt), sursarrt, dPcliii final, 
et phase iiCbir1aii.e. 

L’examen de toutes les observations disponib- 
les des vieilles novae, avant et aprks le sursaut, 
montre que 1’Cruption a eu un trks petit effet sur 
la structure stellaire et sur le systkme binaire, 
quand les paramktres de ces demiers sont con- 
nus. 

En fait, aussi bien les propriCtCs que photomktri- 
ques et spectroscopiques restent les mgmes avant 
et aprks le sursaut, bien que dam quelques cas, 

des pCriodes de temps assez longues (plusieurs 
annCes) sont nkcessaires pour que 1’Ctoile revi- 
enne B la magnitude observCe avant le sursaut. Par 
condquent, il devrait Ctre trks important 
d’Ctudier les vieilles novae qui ont explosC il y a 
des sikcles. Malheureusement, on ne connait que 
deux cas de tels objets, CK Vu1 1670 et WY Sge 
1783. 

De nombreuses novae prCsentent, au minimum, 
des phCnomknes de papillotuge, et, trks rare- 
ment, des oscillarioiis cohe‘l-elites (DQ Her, V 
533 Her), ou des oscillutioiis quasi-pe‘l-iodiques 
(RR Pic, GK Per). 

Le spectre de seulement trois novae quiescen- 
tes, avant le sursaut, c’est-&dire avant qu’elles 
soient connues comme des novae, a CtC observi. 
Ces spectres, bien que limit& B trois cas, et d’une 
qualit6 plutBt mkdiocre, suggkrent qu’ils ne 
diffgrent pas beaucoup de ceux pris aprks la fin du 
sursaut. 

Les spectres des novae du pass6 sont caracdris- 
6s par un continu trks bleu et des raies d’Cmis- 
sion de HI, HeI, He11 ; il n’y a aucune Cvidence 
Claire de la prCsence de raies d’absorption. La 
comparaison des spectres de nombreuses novae 
anciennes, novae naines et novoi’des ne fait pas 
apparaitre de diffkrences trks nettes entre ces 
trois classes d’objets. Nous pouvons rCpCter en- 
core que les CaractCristiques photomCtriques 
aussi bien que spectroscopiques des novae sont 
impossibles B distinguer de celles des novae 
naines, bien que la 1uminositC et le taux d’ac- 
crCtion ne soient pas les mCmes. 

Des Ctudes statistiques des spectres de novae et 
de novae naines au minimum indiquent que la 
largeur des raies d’Cmission est Ctroitement 
like B I’inclinaison du systkme : Plus les raies 
d’imission sont larges, plus I’inclinaison du 
disque d’accrktion est proche de 90”. 

Bien que les caracteristiques photomCtriques 
des novae quiescentes soient assez semblables 
les unes aux autres, la courbe de lumigre du sur- 
saut peut diffkrer fortement. Les novae sont par 
consCquent classCes selon la rapidit6 du diclin 
aprks le maximum. Les classes sont : les novae 
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rapides (t3 < 100 jours, oh t, est le nombre de 
jours necessaires pour que 1’Cclat diminue de 3 
magnitudes), les novae lentes (t, > 150 jours) et 
les novae tr2s lentes qui restent B leur maxi- 
mum pendant plusieurs annCes. Une classifica- 
tion trks dCtaillCe proposCe par Duerbeck (en 
1987) prend en compte Cgalement la prisence 
ou l’absence d’oscillations pendant la phase de 
transition, la prCsence ou I’absence d’un mini- 
mum profond dans la phase de transition et 
d’autres details de la courbe de lumikre des sur- 
sauts. 

Une corrClation importante a CtC trouvCe entre 
la magnitude absolue au maximum et la rapi- 
dit6 du dCclin aprks le maximum, les novae les 
plus rapides Ctant les plus brillantes. Par 
consCquent, leur distance peut &tre estimCe. 
Une autre mCthode pour determiner les dis- 
tances, et utilisant les parallaxes d’expansion 
nebulaire, est discutCe dans la section con- 
sacrCe B la phase nebulaire des novae. 

Le spectre de l’Ctoile pendant le sursaut, qui 
montre la prCsence de couches en expansion B 
de trks hautes vitesses, passe par des phases 
varikes. 

a) Juste avant que le maximum d’Cclat soit at- 
teint, le spectre pi&nasiniiim est trks sem- 
blable au spectre d’une supergkante B ou A. 

b) Le spectre principal remplace le spectre prC- 
maximum dans un dClai de quelques jours aprks 
le maximum, et persiste jusqu’h ce que 1’Cclat 
de la nova se soit attCnuC d’B peu prks quatre 
magnitudes. Ce spectre est tr&s semblable au 
spectre antCrieur au maximum, mais gCnCrale- 
ment de type 1Cgkrement plus avancC et sem- 
blable B celui d’une supergCante A ou F. La 
vitesse radiale d’expansion est plus qrande que 
celle qui est indiquCe par le spectre avant le 
maximum. Une corrtlation existe entre le type du 
spectre principal et la vitesse d’expansion, qui 
va d’environ 2000 km/s pour les spectres les 
plus chauds (caractCrisCs par la presence de 
raie de N V), B 200 & 100 km/s pour les types 
FO-F8. C’est une indication trks Claire que c’est 
de 1’Cnergie cinCtique nCe pendant le sursaut 
qui est B I’origine du spectre observk. 

c)Le spectre diffiis-renforct (diffuse-en- 
hanced) apparait plus tard que le spectre princi- 
pal, et montre un taux de vitesse d’expansion 
plus Clevt que celui-ci. Les raies d’absorption 
sont larges et fortes. Ce spectre atteint son in- 
tensit6 maximum lorsque 1’Ctoile est & 2 magni- 
tudes au-dessous de son maximum. 

d) Le spectre de rype Orion est semblable 21 
ceux des Ctoiles de type B dans la nCbuleuse 
d’Orion, et atteint son intensite maximum lors- 
que la nova est & 3 magnitudes au-dessous du 
maximum. 

Ces quatre systkmes dCcrivent pratiquement 
toutes les caractkristiques d’absorption;h cha- 
que systkme d’absorption correspond un sy- 
stkme d’imission. Toutes les absorptions et les 
Cmissions correspondantes foment des profils 
caracteristiques du type P Cygni, typiques 
d’enveloppes en expansion. 

e) Lorsque la nova s’est affaiblie de quatre 
magnitudes, un autre systkme d’tmission appa- 
rait, le spectre nthulaire, qui est complktement 
dCveloppC lorsque 1’Cclat de la nova a atteint 7 
magnitudes au dessous du maximum. C’est 
d’abord un spectre nCbulaire typique, ca- 
ractCrisC par les raies interdites de N I,  0 I, N 11, 
0 11, 0 111, et plus tard, dans quelques cas, par 
des raies coronales (c’est-&-dire avec des ni- 
veaux de ionisation plus Clevts que celui du Fe 
VII, dont le potentiel d’ionisation est de 125 
eV). 

Les observations infrarouges de novae donnent 
des informations sur des rigions beaucoup plus 
froides que celles 21 partir desquelles le rayon- 
nement optique est produit. Elles ont rCvClC la 
formation de couches de poussikre B des tem- 
pCratures plus basses qu’environ 1000 K, et 
elles ont expliquC quelques caractdristiques 
des courbes de lumikre & sursauts des novae 
lentes. Correspondant au minimum profond de 
la courbe de lumikre, on observe une augmen- 
tation du flux infrarouge, ce qui indique qu’une 
couche de poussikre se forme, qui absorbe le 
rayonnement optique. Quand le minimum pro- 
fond est absent, I’excks infrarouge est Cgale- 
ment absent et aucune couche de poussikre ne 



se forme. Bien que peu de donnCes soient dis- 
ponibles pour permettre d’Ctablir des statis- 
tiques fiables, les novae rapides ne forment pas 
de couche poussiCreuse optiquement Cpaisse, 
cependant que les novae lentes le font. Les 
novae intermkdiaires forment seulement une 
couche de poussikre mince. Cependant, les 
deux exemples connus de novae extrCmement 
lentes, HR Del et RR Pic, ne montrent pas ce 
minimum profond dans leur courbe de lumikre 
qui devrait Ctre un argument en faveur de la 
formation d’une couche de poussikre. 

Les observations menCes B partir de satellites 
astronomiques ont permis l’observation des C- 
missions ultraviolettes et dans le domaine des 
rayons-x, en provenance de novae. Quelques- 
unes de ces Cmissions sont issues de rCgions 
beaucoup plus chaudes que celles oii le rayon- 
nement optique est forme, et sont par cons- 
equent complCmentaires des observations fai- 
tes B partir du sol. 

L’importance des observations ultraviolettes 
peut Ctre comprise si nous considCrons que 
l’essentiel du rayonnement continu Cmis par 
les novae quiescentes se trouve, B trks peu d’ex- 
ceptions, dans l’ultraviolet. Des estimations de 
la temperature, de la 1uminositC et du taux d’ac- 
crCtion de masse dans le disque et vers la sur- 
face de la naine blanche, qui sont d’une impor- 
tance fondamentale pour la comprChension du 
phCnomkne de nova, ne peuvent Ctre faites que 
griice aux observations ultraviolettes. 

Pour les novae B 1’Cpoque du sursaut, les obser- 
vations du continu ultraviolet sont essentielles 
pour la dktermination de la IuminositC bolome- 
trique. De plus, il est bien connu que presque 
toutes les raies fortes de rCsonance des ions 
abondants tombent dans l’ultraviolet. Ces raies 
foumissent une information sur les processus 
de l’excitation, sur les rCgions de formation des 
raies, sur la prCsence de phtnomknes de perte 
de masse, et sur I’intensitC du champ de rayon- 
nement ionisant dans la rCgion de I’extreme ul- 
traviolet, difficile d’accks B cause de l’absorp- 
tion interstellaire au dessous de 913 A. 

Le comportement des novae dans l’ultraviolet est 

dCcrit dans deux sections diffkrentes : novae qui- 
escentes, et novae en explosion. Cette subdivision 
a une base physique. En fait, des obseivations de 
novae quiescentes fournissent une information 
importante sur les composantes chaudes, sur leur 
champ de rayonnement, et sur ceux des processus 
qui se produisent au voisinage de la composante 
compacte. En revanche, les observations faites 
pendant le sursaut et la phase de dCclin qui le suit, 
donnent une information sur la structure physique 
de la pseudophotosphkre Ctendue et sur sa compo- 
sition chimique. 

Le spectre continu ultraviolet des novae quies- 
centes peut gCnCralement Ctre reproduit raison- 
nablement bien par une distribution F(~)-?L-~, 
oh a = 2, ce qui n’est pas trks different de la 
valeur “standard” a = 2.33 trouvCe pour un mo- 
dkle thCorique simple de disque d’accrCtion 
calculC en 1969 par Lynden-Bell. 

Le peu d’observations disponibles dans l’ex- 
treme ultraviolet (500-900 A) faites par la 
sonde Voyager indiquent que les modkles qui 
rendent compte de l’ultraviolet ne peuvent Ctre 
extrapoles B la rCgion de I’extrCme ultraviolet. 

Des exceptions au comportement gCnCral du 
continuum ultraviolet sont celles de GK Per 
dont le spectre continu est B son maximum vers 
3600 A, au lieu de se trouver dans l’ultraviolet 
lointain comme pour les autres vieilles novae, 
telles que DQ Her, T Aur et BT Mon qui mon- 
trent un continu trks plat, a = 0. 

Le paramktre trks important $I (taux de perte de 
masse) peut Ctre estimC B partir de la luminos- 
it6 d’accrition du disque, L(disque)= G $IM,/ 
2R,, oii M, et R, sont la masse et le rayon de 
l’objet compact. Des valeurs de I’ordre de 
M par an ont CtC proposCes, mais les mCthodes 
impliquent de nombreuses incertitudes. 

Le spectre de raies des vieilles novae est car- 
actCrisC par la prksence de raies fortes d’Cmis- 
sion d’atomes plusieurs fois ionisCs comme 
NV, CIV, SiIV, HeII, NIV, NIII, CIII, SiIII. 
Des profils P Cygni ont CtC observCs dans 
quelques cas, et mettent en Cvidence la perte de 
masse pendant un temps assez long aprks le 

xli 



sursaut. 

Comme dans le domaine optique, nous 
pouvons conclure que les spectres de novae en 
quiescence sont substantiellement semblables 
aussi dans l’ultraviolet. Le comportement op- 
tique et ultraviolet pendant le sursaut, au con- 
traire, ne peut pas &-e dCcrit suivant un schCma 
commun, et chaque sursaut de nova a ses 
propres caractkristiques spkcifiques. 

Un rCsultat important obtenu B partir des obser- 
vations ultraviolettes des sursauts de novae, 
c’est que la 1uminositC bolomCtrique reste pra- 
tiquement constante, ou dCcroit beaucoup plus 
lentement que 1’Cclat optique, jusqu’h ce que 
dCmarre le stade nbbulaire. Le riche spectre de 
raies de I’ultraviolet a permis une dktermination 
plus precise de la densitt Clectronique et de la 
tempCrature des couches responsables des r:iies et 
par consCquent des determinations de la composi- 
tion chimique beaucoup plus fiables qu’il n’Ctait 
possible de le faire par la seule observation du 
spectre optique. Un excks gCnCral de C, N, 0, 
dans les novae classiques est confirmC. De plus, 
une nouvelle classe de novae, les novae ci &on, a 
CtC dkcouverte, caractCrisCes par la grande in- 
tensitk des raies du nCon. Certaines considkra- 
tions suggkrent que I’enrichissement de la 
matikre CjectCe n’est pas une conskquence de 
rCactions nuclCaires dans l’enveloppe de la 
nova, mais reflbte plut8t la composition de 
l’enveloppe au dCmarrage des TNR (riactions 
thermonuclkaires). Des surabondances de C, N, 
0 peuvent &e expliquCes par des TNR dans 
une couche dCjB enrichie en ces ClCments B 
partir de I’intCrieur d’une naine blanche 21 C et 
0. L’enrichissement en Ne indiquerait que la 
matikre CjectCe a subi antkrieurement des pro- 
cessus thermonuclCaires conduisant au Ne dans 
ce qui est maintenant une naine blanche trbs 
massive B 0-Ne-Mg. Des determinations 
d’abondances, faites pour seulement quatre 
novae rkcurrentes, semblent indiquer que les 
abondances dans la matikre CjectCe, au con- 
traire de ce qui se passe pour la matiitre CjectCe 
par les novae classiques, sont essentiellement 
celles du Soleil. 

L’accrktion est responsable tgalement du ray- 

onnement dans le domaine des rayons X, Cmis 
par les novae quiescentes. I1 s’agit gCnCrale- 
ment de sources de rayons X de faible lumino- 
sit&. Environ dix d’entre elles ont CtC dCtectCes 
avec le satellite d’Einstein et l’on a : Lx = lo3’- 
10” ergls. Quelques autres Ctoiles de ce type 
ont CtC dCtectCes avec EXOSAT, qui a fourni le 
premier enregistrement continu dans le do- 
maine des rayons X d’une nova rCcurrente (RS 
Oph) pendant le sursaut. 

Le dtclin final des novae suit le creux de la 
courbe de lumikre des novae lentes et prCcbde 
l’apparition de l’enveloppe. 

L’Cchelle de temps du retour B 1’Ctat de prC- 
nova est estimCe &re de l’ordre de grandeur de 
plusieurs dizaines d’annCes, bien que 1’Cchelle 
de temps de consomption du noyau soit environ 
de l’ordre de 300 ans. Par consCquent, la raison 
physique de l’kchelle de temps du retour B 
1’Ctat de prC-nova n’est pas complktement 
comprise. Par exemple, l’analyse spectropho- 
tomCtrique de la nova lente FH Ser montre que 
la transition se produit 200 jours aprks le sur- 
saut. Or, la transition exige la consommation 
complkte du carburant, soit par une combustion 
nuclCaire, ce que n’est pas le cas en raison du 
temps nCcessaire, beaucoup plus long que le 
temps observC, soit par quelque processus de 
ralentissement des rCactions nuclCaires, soit en- 
core par quelque mCcanisme de perte de masse. 

Cette deinibre peut se faire sous la forme d’un 
vent optiquement Cpais, c’est-8-dire la pseudo- 
photosphbre en expansion de la nova en explo- 
sion; B moins que la perte de matibre n’ait eu 
lieu B travers les points lagrangiens extCrieurs 
du systkme, comme resultat de la friction dy- 
namique pendant la phase de l’enveloppe com- 
mune. 

Quand la nova a dCclinC, jusqu’h un Ctat iden- 
tique B ce qu’elle Ctait avant le sursaut, la sig- 
nature restante du sursaut est la nCbulositC en 
expansion qui entoure 1’Ctoile. Cette nCbulos- 
it6 semble un phbnomkne de vie relativement 
courte, parce qu’aucune nova ou novoi‘de, sans 
un sursaut enregistrk, ne peut Etre identifiCe 
comme une nova en raison de l’existence 
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d’une couche observable. Les enveloppes de 
nova ont Ct6 observkes pour environ 20 objets. 
En gtnbral, elles sont ellipso‘idales, et prCsen- 
tent des condensations et des anneaux. 

La dimension angulaire de la nCbuleuse, la 
vitesse radiale d’expansion, et le temps qui 
s’est CcoulC depuis l’explosion permettent de 
dCterminer la distance de la nova B partir de 
l’hypothkse selon laquelle la vitesse de l’ex- 
pansion est restCe pratiquement constante. Ce- 
pendant, des images de nCbuleuses associCes B 
des novae, et obtenues B diffirentes Cpoques, 
montrent des dCcCl6rations notables avec le 
temps, de l’ordre de 10 2 2 km/s et par an. Ce 
freinage doit par consCquent etre pris en 
compte pour une dktermination correcte de la 
distance. 

Les masses des enveloppes de nova sont de 
l’ordre de B 1O-j masse solaire. 

En dehors de la possibilitC d’estimer les dis- 
tances et de mesurer les masses, le spectre des 
enveloppes de nova permet aussi de dkterminer 
la conipositioii chiniiqiie de la rze‘buleuse, et, 
par condquent, de vCrifier si elle est affectCe 
par les rkactions nucliaires se produisant pen- 
dant le sursaut. Le spectre de raies d’Cmission 
de la nCbuleuse permet une dktermination plus 
prCcise des abondances que dans la phase de 
nova, oil les raies d’absorption sont “blendCes” 
par leurs composantes d’kmission, 2 moins que 
les composantes des diffkrentes couches en 
Cmission ne soient blendCes les unes par 1es 
autres, et OG les conditions sont trks CloignCes 
de celles d‘une atmosphCre stable. Au con- 
traire, au moment oh les couches deviennent 
sCparCes dans l’espace, la densit6 est si basse 
que la self-absorption et la dksexcitation colli- 
sionnelle sont nkgligeables, si bien que la dis- 
tance entre la couche d’une part et d’autre part 
l’objet stellaire complCtC par le disque d’ac- 
crCtion, rend impossible toute confusion avec 
ces rkgions, qui subissent des conditions phy- 
siques trks diffkrentes. Les abondances de C, 
N, 0 peuvent &tre 10 B 100 fois tgales B leur 
valeur solaire. 

La possibilitC d’Ctudier le rCsidu d’une trks 
vieille nova a CtC offerte par une nCbulositC en- 
tourant CK Vu1 1670. Deux nCbulositCs faibles, 
B environ 5 secondes d’arc de l’objet central, 
plus quelques autres nCbulositCs encore plus 
faibles, ont des spectres semblables 2 ceux du 
materiel CjectC par la nova. L’intensitC de la 
raie interdite [NII] 6548 est impressionnante, 
et celles de [SII], 6716 et 6730 sont Cgalement 
remarquables. La luminosit6 de l’objet central 
est beaucoup plus basse que celle des vieilles 
novae typiques, et comparable B celles des plus 
faibles novae naines. Cette 1uminositC peut &tre 
expliquke par une naine rouge normale et 
dCmontre l’absence de toute contribution de la 
naine blanche et du disque d’accrktion. Ceci 
peut indiquer que le transfert de masse s’est 
arr&tC dans ce syst2me. 

Des observations radioastronomiques dans les 
longueurs d’ondes centimktriques ont mis en 
Cvidence des Cmissions radio B partir des 
Ctoiles HR Del 1967, V 1500 Cyg 1975, V368 
Sct 1970 et FH Ser 1970. L’Cmission radio- 
astronomique maximum a 6tt atteinte entre 100 
et 200 jours aprks le sursaut, pour la nova trks 
rapide V 1500 Cyg, et environ 1000 jours apr2s 
le sursaut, pour la nova tr2s lente HR Del. En 
aucun cas, 1’Cmission radio n’a CtC observable 
plus t6t que 50 jours apr2s le sursaut. Les 
spectres sont cohCrents avec celui de 1’Cmis- 
sion thermique d’une enveloppe de gaz ionis6 
en expansion. 

Les observations de la vieille nova GK Per 190 1 ,  
dans B peu prks le m&me domaine de longueurs 
d’onde, ont permis de dCtecter une radio source 
Ctendue ressemblant 2 la nCbulositC optique au 
voisinage de la nova. Le spectre indique que 
1’Cmission est de toute Cvidence non thennique. 

La seule nova rCcurrente pour laquelle 1’Cmis- 
sion radio ait CtC dCtectCe est RS Oph. Les ob- 
servations ont commencCes seulement 18 jours 
aprks le sursaut de 1985. La tempCrature de 
brillance est d’environ 10’K (par contraste 
avec la valeur de seulement 10JK observCe 
pour les novae classiques) et elle indique une 
origine non-thermique du rayonnement. 
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7. MODELES DE NOVAE CLASSlQUES ET 
RECURRENTES 

Le chapitre 7 discute les modkles des novae 
classiques et rCcurrentes. On remarque que le 
comportement des novae peut Ctre divist en 
deux Ctapes sCparCes : la quiescence et le sur- 
saut. Cependant, ces deux Ctapes ne peuvent 
Ctre complbtement sCparCes, parce qu’il est 
possible que I’Ctoile compagnon et le disque 
d’accrdtion qui determinent le comportement 
de la nova B la quiescence puissent jouer un r61e 
pendant le sursaut, en raison de leur interaction 
avec la couche CjectCe, ou avec la “naine gon- 
flCe” formCe dans I’explosion. Le mzme 
modele devrait &re capable d’expliquer les ca- 
ractCristiques observees pendant les deux 
phase typiques. 

En dCpit de la variCt6 des formes de courbes de 
Iumi&re et des dCtails spectroscopiques, il y a 
des resemblances entre les differents objets. 
Des relations existent entre la magnitude ab- 
solue au maximum et le temps t,, ou entre la 
vitesse de l’expansion et le type spectral du 
spectre principal, ou encore entre la vitesse 
d’expansion et le temps t,. Ces relations in- 
diquent qu’une unite systCmatique existe dans 
le groupe des novae. Sans doute des “para- 
mbtres cachCs” dkterminant la magnitude absolue 
au maximum, et la vitesse d’kjection, etc., sont-ils 
par exemple : la masse de la naine blanche et sa 
composition chimique, la masse du mattriel 
accrCtC et ie taux d’accrttion, Ie degrC de mClange 
de la matibre de la naine blanche vers la mati&re 
de la couche riche en hydrogbne accrCtC, Ies 
ClCments orbitaux. Malheureusement, les 
donntes dtduites des observations au moment du 
minimum sont faibles. 

Une histoire rapide des modkles anciens, leur 
recherche d’une cause sous-jacente et des pos- 
s i b l e ~  mCcanismes d’tjection de masse sont 
dCcrits. DiffCrents ine‘canismes d’kjection de 
niasse sont CtudiCs : Cjection par choc, Cjection 
par pression, Cjection par pression de radiation, 
et Cjection par perte pulsationnelle de masse. 
On pense maintenant que les trois premiers 
mkcanismes citts peuvent jouer un r61e pen- 
dant les stades variCs du sursaut de la nova. 

L’ejection par choc semble prddominer dans 
les novae rapides et ricurrenres, et un vent 
stellaire optiquement Cpais, pousst par la pres- 
sion de radiation, semble important dans les 
novae Ientes. On peut commenter ces processus 
comme suit: 

a) Ejection par choc : Lorsque 1’Cnergie est 
produite dans une certaine rCgion en un inter- 
valle de temps plus court que le temps de par- 
cours de cette rCgion par le son, une onde de 
choc est engendrie au bas de cette rCgion et se 
propage vers I’extCrieur. Apr&s le passage du 
choc, le matCriel CjectC a un gradient de vitesse 
trks fort, avec la vitesse augmentant vers 
I’exdrieur et dtcroissant avec le temps. Ceci 
est en gCnCral contraire ri ce que l’on observe 
dans les novae classiques, sauf peut-&re pour 
la matihe des systkmes d’absorption du 
prCmaximum. 

b) Ejectiori par pressioti : Si 1’Cnergie est 
stockCe dans une region pendant un intervalle 
de temps plus grand que le temps que met le son 
B traverser cette region, mais plus court que 
l’intervalle de temps caracteristique de la dif- 
fusion du rayonnement, une onde de pression se 
dtveloppe, qui Cjecte toute la matikre au-des- 
sus de la rCgion, avec 5 peu prks la m&me 
vitesse, qui croit avec le temps. 

c )  La pression de radiation due 2 la diffusion 
des 6lectrons est importante dans les Ctoiles de 
haute hminositC. 

d) La perte de niasse par piilsation: En sup- 
posant une combustion thermique instable de 
I’hydrogkne, une naine blanche chaude devient 
pulsationnellement instable. La dissipation des 
ondes de choc produites par la pulsation semble 
&tre un moyen plausible de chauffage de la sur- 
face, bien que les calculs ne montrent pas 
vraiment comnient I’enveloppe de fa nova a CtC 

CjectCe. 

Les observations montrent que la Iuminositt de 
toutes les post-novae, au moins peu de temps 
aprks le sursaut, sont Cgales i, ou plus grandes 
que, la luminositk critique d’Eddington 

Lo,, = 6.5 x IO‘ (M/Mo) (Lo /(l+X)) 
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oil X est l’abondance (en pourcentage par 
masse) de l’hydrogkne dans la couche 
ext6rieure de la nova. Ces observations ont 
jouC un rijle important dans le dkveloppement 
des modkles modernes. 

Les modkles simples permettant d’expliquer 
les courbes de lumikre observCes et le com- 
portement spectral pendant I’activitt ayant 
suivi le maximum ont CtC proposCs. Cinq de ces 
modkles sont dCcrits. I1 s’agit des modkles 
suivants : 

Ejection instantanbe I - La totalit6 (ou la 
presque totalitC) de la matiere est CjectCe dans 
un temps court par rapport B la durCe de l’activ- 
it6 postkrieure au maximum optique. La ma- 
tikre CjectCe est concentrke dans une coirclze 
assez mince dont 1’Cpaisseur reste petite. 

Ejection instantanee I1 - Une enveloppe 
ipaisse est CjectCe de facon instantanke. Cette 
enveloppe reste Cpaisse, alors que ses differen- 
tes portions peuvent avoir differentes vitesses. 

Ejection continue A - Les modkles d’kjection 
continue soulignent l’importance de vents issus 
de la nova aprks le maximum optique. L’essen- 
tiel de 1’Cmission du spectre continu dans les 
domaines optique et ultraviolet provient d’un 
vent optiquenient &pais (quasi-photosph2re ou 
pseudo-photosphkre). 

Ejection continue B - Une forme d’ejection 
continue est possible, o t ~  la plupart de la lumi- 
nositC vient de la matikre antkrieurement 
CjectCe, CjectCe B un temps oil le taux de perte 
de masse Ctait trks ClevC. Ce modkle est trks 
semblable B celui de I’Cjection instantanCe de 
type I avec une enveloppe d’kpaisseur con- 
stante. 

Modeles avec etoile centrale dominante - 
L’Cjection est supposte se produire B partir de 
l’une des composantes de la binaire centrale 
qui prCsente une augmentation gCnCrale, si 
bien que quelque chose ressemblant B une pho- 
tosphkre normale, presque stationnaire, une pho- 
tosph2re stellaire, est observCe aprks le maxi- 
mum optique. Dans ce cas, les couches en ex- 

pansion B hautes vitesses (dont la prCsence est 
dCmontrCe par le spectre) peuvent &(re optique- 
ment Cpaisses dans le continu. 

Chacun de ces modkles est limit6 par de fortes 
contraintes observationnelles. Une Cjection in- 
stantanke de type 11, et des modkles dominks 
par 1’Ctoile centrale, exigent que les vitesses les 
plus basses soient rencontrkes au voisinage du 
centre de l’enveloppe. Les distributions de 
vitesse prCdites sont criticables dks que l’on se 
livre B une comparaison avec l’observation. 

L’Cjection instantanCe de type I exige que le 
continu soit form6 soit dans une couche mince, 
soit dans un rCsidu de nova ; les composantes 
d’absorption de type P Cygni dCplacCes vers le 
bleu doivent Stre trks larges dans le premier cas 
et tr2s minces dans le second. Des difficult& 
majeures s’opposent donc B ce modkle. 

L’Cjection continue de type A a aussi des con- 
traintes trks sCvkres. L’Cclat continu est lid di- 
rectement au taux de perte de masse. 

On montre que la facon la plus productive de 
progresser est de combiner un modkle d’Cjec- 
tion continue de type A avec la prksence d’une 
couche mince. Dans beaucoup de cas au moins, 
la majeure partie du rayonnement du spectre 
continu peut &tre compris facilement comme 
issu d’un vent optiquement Cpais, alors que la 
plupart du rayonnement dans les raies semble 
venir d’une couche mince. 

Dans tous les cas, les modkles B symCtrie 
sphCrique sont probablement trop simples, et 
les dCviations observCes par rapport B la 
symCtrie sphCrique doivent &(re prises en ligne 
de compte. 

Les caractCristiques observCes des novae rCcur- 
rentes, et tout particulikrement celles de T CrB 
et RS Oph sont assez diffkrentes des novae 
classiques. Par exemple, la vitesse d’expansion 
des raies d’absorption de T CrB et RS Oph dC- 
croit avec le temps. 

L’interaction entre la couche CjectCe et une en- 
veloppe circumstellaire prC-existante, formCe 
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au cours de sursauts andrieurs, et/ou spCciale- 
ment l’enveloppe due au vent stellaire B partir 
de la gCante rouge prksente dans le systkme de 
T CrB et RS Oph, peut Etre importante pour 
expliquer les caractkristiques spectrales pen- 
dant un sursaut. Les modkles proposCs pour T 
CrB et RS Oph ne peuvent &re appliquCs aux 
novae rkcurrentes comme T Pyx ou U Sco qui, 
de toute evidence, n’ont pas de compagnon qui 
soit une gCante rouge. I1 n’est pas clair dans 
quelle mesure des modkles de novae classiques 
peuvent s’appliquer B ces novae rCcurrentes. 
Une mCthode empirique d’explication au 
moins partielle de la structure des novae est 
discutCe. Les modkles ne prennent gCnCrale- 
ment pas en compte ]’existence d’une stratifi- 
cation et les notions complexes suggCrCes par 
les observations. Par exemple, il est Cvident 
que la matikre B plus haute vitesse se situe au 
dessous de la matikre B plus basse vitesse, et que 
le systkme Orion a une ionisation plus ClevCe 
que les autres systkmes ; ceci suggkre que son 
origine soit 1ocalisCe dans les parties intCrieures 
de l’enveloppe ; mais une Ctude quantitative 
des superposition de raies est encore absente. 
Des composantes d’absorption B trks haute 
vitesse Cjusqu’B lo4 km/s) ont CtC dCtectCes 
dans le spectre ultraviolet lointain de quelques 
novae. Les systkmes de vitesses les plus 
ClevCes de V 1370 Aql ont variC B une tchelle 
de temps de quelques heures, suggCrant que les 
raies se forment dans I’enveloppe intCrieure. 

Les composantes d’absorption du spectre prin- 
cipal sont toujours observCes dans le spectre 
des novae classiques. Ceci veut dire que des 
dCviations B partir de la symCtrie sphCrique 
n’apparaissent pas comme assez grandes pour 
empEcher la formation du systkme dans toutes 
les directions. Des systkmes B grandes vitesses 
sont aussi gCnCralement observCs. Par 
condquent, des limites sont mises aux Ccarts 
possibles B la symCtrie sphCrique, Cgalement 
pour les systkmes B grandes vitesses. 

Les observations montrent qu’une grande par- 
tie du continu doit ttre produite au dessous du 
niveau oh toute raie d’absorption forte est 
formCe. Par condquent, lorsque les fortes raies 
d’absorption NIII du type Orion sont ob- 

servCes, une partie importante au moins du 
continu doit Etre produite dans des regions 
nettement plus indrieures. Ceci est compatible 
avec 1’Cjection continue de type A, ou avec des 
modkles i Ctoile centrale dominante. Dans ces 
modkles, la majeure partie du spectre continu 
est Cmise par une quasi-photosphkre, formCe 
par un vent optiquement Cpais, ou par une 
photosphkre presque stationnaire, respective- 
ment. Le rayonnement infrarouge cependant 
n’est pas i n c h  dans cette discussion, parce 
que l’on s’attend B ce que les parties extCrieures 
de l’enveloppe soient beaucoup plus Cpaisses 
optiquement dans l’infrarouge que dans le 
domaine optique B cause de l’opacitC de type 
libre-libre et celle due aux poussi6res. Les 
tempkratures de couleur et les rayons peuvent 
Etre dCterminCs, ce qui permet, lorsque le modkle 
d’kjection continu est pris en consideration, de 
les convertir en taux de pert de masse. 

Les magnitudes continues, portCes en fonction du 
logarithme du temps qui s’est CcoulC aprks le 
maximum, ont souvent un comportement li- 
nCaire, c’est-B-dire que le flux de rayonnement 
varie alors comme une puissance du temps 
aprks le maximum. Le mtme comportement 
semble Etre celui du rayon, dCduit des magni- 
tudes du continu et de la tempCrature de Zanstra. 
Une importante donnCe d’observation est que le 
dCclin bolomitrique est beaucoup plus lent que le 
dCclin optique. Une autre c’est que les flux 
d’Cnergie totale, radiative et cinCmatique sont du 
mEme ordre de grandeur. 

C’est encore une autre chose que la corrClation 
entre la vitesse du systkme d’Orion et I’Cclat du 
continu. 

La description la plus skduisante Cmergeant 
des observations semble &re celle d’une ac- 
c61Cration du vent par la pression de radiation B 
des grandes profondeurs optiques, oil la lumi- 
nositC totale est au-dessus de la limite d’Ed- 
dington. Une partie de cette IuminositC totale 
est convertie en Cnergie cinCtique. Un tel pro- 
cessus, s’il existe, ne peut pas Etre thermique. 

Les mCthodes de dktermination de la composi- 
tion chimique, B la fois B partir du spectre de 
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raies d’absorption antkrieures au maximum, du 
spectre principal, et des Cmissions nCbulaires 
formCes dans la matitre CjectCe, sont discutCes. 
Ces donnCes sont trks importantes pour verifier 
les theories sur la cause des sursauts de novae. 
Cependant, elles sont trks incertaines, et doi- 
vent &tre prises avec beaucoup de prkcaution. 
En dehors des excks de CNO, les rapports iso- 
topiques ont CtC dCterminCs pour DQ Her par 
des mCthodes de synthkse spectrale. Le rapport 
C’2/C’3 est trouvC 3 1.5 et Ni4/Ni5 2 2  (B com- 
parer avec les valeurs trouvCes dans le systtme 
solaire, respectivement 89 et 273). 

Les observations infrarouges, malheureuse- 
ment disponibles seulement pour un nombre 
d’objets relativement petit, mettent en 
Cvidence la formation d’une couche de pous- 
sikre Cpaisse dans quelques novae lentes ; l’ab- 
sence, ou en tout cas l’existence trks faible d’un 
excts d’infrarouge dans une nova rapide, 
comme V1500 Cygni ; et 1’Cvidence de l’exis- 
tence d’une couche de poussikre mince dans 
une nova modCrCment rapide comme V 1668 
CY% 

Selon le modtle trks ancien dCveloppC par 
Clayton et Wickramasinghe, les grains de 
poussitre peuvent seulement se condenser B 
partir de la matitre CjectCe une fois que la 
temperature de condensation descend au des- 
sous de 2000 OK, et les grains commencent 
alors B croitre et B atteindre une taille maxi- 
mum d’environ 2 ~ r m  en quelques jours. Puis- 
que la tempkrature photosphkrique des novae 
augmente aprks le sursaut, la distance B 
laquelle les grains peuvent se former s’Cloigne 
de la nova. La formation des grains depend 
ainsi du fait que le matCriel eject6 peut ou non 
dCpasser la distance de condensation. Si c’est 
le cas, la formation des grains est possible, 
sinon l’environnement de la nova est toujours 
trop chaud. De plus, comme la matitre CjectCe 
se disperse, sa densit6 dCcroit, et B moins que la 
formation de grains ne dCmarre assez t6t, la 
quantitC de grains finalement foimCe est nCgli- 
geable. 

Gallagher a dCveloppC un modtle idCalisC en 
supposant que la condensation des grains est 

contrSlCe par le champ de radiation de la nova 
qui rayonne B 1uminositC constante. I1 obtient 
une formule donnant le nombre de jours aprks 
le sursaut, t,, nCcessaire B la formation des 
grains, et 1’Cchelle de temps d’ionisation t, de la 
matikre CjectCe. Le rapport t,/t, est independant 
de la vitesse d’expansion, et dCpend seulement 
de la 1uminositC qui est like B la classe de 
vitesse des novae. Pour les novae rapides et trts 
rapides, t,<t,, l’ionisation dtmarre avant que 
les grains ne peuvent se condenser, et par 
consequent la couche poussitreuse ne peut se 
former. Dans des novae modCrCment lentes et 
lentes, on a : t,>t,, et la formule donne des 
valeurs de t, en accord raisonnable avec les 
observations de divers objets. Cependant, HR 
Del, R Pic et quelques autres novae trks lentes 
ne peuvent Ctres expliquCes par ce schCma, 
parce qu’elles produisent trop peu de poussitre 
pour leur petite vitesse. 

Des recherches ultkrieures ont impliquC une 
Ctude beaucoup plus dCtaillCe des processus 
physiques, mais bien du travail reste 2 faire 
avant que la condensation B 1’Ctat de poussitre 
ne soit correctement comprise. 

Une raie trks forte de I’infrarouge a CtC ob- 
servCe ; i l  s’agit de 1’Cmission B 12,8 p m  [NeII] 
dans QU Vul. A partir des raies de Ne I11 et de 
Ne IV qui sont prisentes simultankment dans 
l’ultraviolet, une importante surabondance de 
NCon est dCterminCe. On croit maintenant 
qu’une nouvelle classe de novae, les novae Ne, 
existe. Elles seraient caractCrisCes par la 
prksence dans le systkme d’une naine blanche O- 
Ne-Mg, avec une grande quantid de matikre de la 
naine blanche mClangCe B la couche. 

Une description rapide des modkles de l’envel- 
oppe radio est donnee. Les modtles de 
Hjellming et al. pour les novae plus lentes don- 
nent des vitesses plus petites pour la matikre 
CjectCe, des masses plus faibles de la couche, et 
un temps plus important CcoulC aprks le sursaut 
pour que la couche devienne optiquement 
mince dans le domaine radio. 

Des dCviations par rapport B la symCtrie sphCri- 
que sont toujours rencontrCes dans les quelques 
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couches de vieilles novae CtudiCes en dCtail. 
Ces enveloppes non sphCriques peuvent Etre 
expliquCes de diffkrentes facons, telles qu’un 
guidage magnCtique de la matikre, des pulsa- 
tions stellaires non radiales, une interaction de 
la nCbuleuse en expansion avec les composan- 
tes secondaires (ceci pouvant rCsulter en 
nuages CjectCs perpendiculairement au plan 
orbital), l’interaction de la nCbuleuse en expan- 
sion avec le disque d’accrktion, les effets de la 
rotation stellaire, le freinage gravitationnel et 
I’accClCration radiative, des instabilitCs au 
commencement de l’expansion, la rotation 
stellaire par elle-meme, etc ... 

La cause des sursauts de novae admise actu- 
ellement est I’accrCtion d’hydrogkne par la 
composante naine blanche dCgCnCrCe du 
systkme binaire, B partir de son compagnon non 
dCgCnCrC. Alors l’hydroghe est soumis & une 
destruction thermonuclCaire. La description de 
cette thCorie dtpasse le propos de ce livre qui 
est consacri aux atmosphkres. Par consCquent, 
on y souligne seulement l’impact de cette 
thCorie sur les propriCtCs observCes. 

L’hydrogkne accrCtC par la naine blanche ten- 
dra & 2tre “brQ1C”. Le taux d’accrCtion de 
masse, la composition chimique et la luminos- 
it6 de la naine blanche influencent I’Cvolution 
du mCcanisme qui donnera lieu B un sursaut. 
Les calculs suggkrent qu’une surabondance de 
CNO est nCcessaire pour un sursaut de nova 
rapide, c’est-&-dire que le mClange de CNO 
dans l’enveloppe & partir de I’intCrieur se pro- 
duit. 

Les surabondances de Ne et Mg observCes dans 
quelques novae sont expliquCes par le sursaut 
de nova lit aux Ctoiles naines blanches O-Ne- 
Mg. On s’attend B ce que ces naines blanches 
aient des masses proches de la limite de Chan- 
drasekhar. 

L’accrCtion n’est pas sphkriquement symCtri- 
que, et ce manque de symCtrie sphirique de- 
vrait jouer un r6le important dans le dCveloppe- 
ment de la prC-nova. Les consCquences de ce fait 
sont discuties, mais la situation est trks com- 
pliquCe et il reste beaucoup de travail B faire. 

Certaines observations, et des arguments 
d’ordre statistique suggbent que les novae en- 
trent en ‘‘hibernation” ; c’est-&-dire que de trks 
vieilles novae deviennent trks faibles pendant 
des milliers d’annCes, et deviennent brillantes 
B nouveau avant l’accident thermonuclCaire 
que nous avons CvoquC. Les modkles d’hiber- 
nation supposent, comme il est suggCrC dans le 
calcul, qu’aprks l’explosion d’une nova, la 
sCparation des deux composantes augmente en 
gCnCral. Tout d’abord I’Ctoile secondaire con- 
tinue B transfkrer la masse parce qu’elle est 
fortement irradiCe, puis le transfert de masse 
dCcroit fortement parce que 1’Ctoile secondaire 
ne remplit plus son lobe de Roche ; ceci permet 
B la matikre antCrieurement accrCtCe de se re- 
froidir, de diffuser, et de devenir dCgCnCrCe, si 
bien qu’un fort CvCnement thermonuclCaire 
redevient possible B une Cpoque ultCrieure. 

La sCparation de la binaire est alors rtduite par un 
freinage magdtique, et revient B sa valeur origi- 
nelle dans un temps de l’ordre de quelques milli- 
ers d’annCes. Quand le transfert de masse est 
encore relativement faible, le sursaut de la nova 
naine pourrait 2tre possible, si bien que les novae 
naines et les novae classiques appartiendraient 
alors & la m2me classe d’objets. En fait, quelques 
vieilles novae classiques sont connues pour 
presenter des Cruptions, aprks le sursaut, sem- 
blables B celles des novae naines. 

Les causes des sursauts des novae rCcurrentes 
sont discutCes. Les novae ricurrentes sont dans 
une certaine mesure intermkdiaires entre les 
novae classiques et les novae naines, au moins 
celles (T Pyx et U Sco) qui n’ont pas de gCantes 
rouges dans le systkme. Les trois autres novae 
rCcurrentes connues (T CrB, RS Oph et V1017 
Sgr) ressemblent plut6t B des Ctoiles symbi- 
otiques (en fait, V1017 Sgr est souvent classCe 
comme une Ctoile symbiotique plut6t que 
comme une nova rCcurrente ; elle peut Ctre 
aussi une nova classique, et avoir des sursauts 
du type de ceux des novae naines). 

On peut voir, B partir de la thCorie des novae clas- 
siques, que pour une naine blanche d’une 
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masse trks proche de celle de la limite de Chan- 
drasekhar, un retour d’activitC thermonuclC- 
aire peut Ctre produit pour une quantitt rela- 
tivement faible de matikre accrCtCe. Par con- 
sequent, si l’on suppose que le taux d’accrCtion 
ne varie pas beaucoup, des temps de rCcurrence 
beaucoup plus courts que pour les novae clas- 
siques sont possibles. 

Comme dans le cas des novae naines, les novae 
rkcurrentes peuvent en principe Ctre Cgalement 
produites par des CvCnements d’accrCtion. Un 
mCcanisme probablement plus efficace d’ac- 
crCtion pour quelques novae ricurrentes implique 
une instabilid soudaine de la composante 
froide, avec kjection de B 10-4 masse so- 
laire. Ce mecanisme peut Ctre adCquat B la de- 
scription de T CrB et RS Oph, cependant qu’un 
CvCnement thermonuclCaire dans une naine 
blanche massive pourrait expliquer T Pyx et U 
Sco. MalgrC ces hypothkses, la situation est en- 
core extrzmement incertaine. 

8. COMPORTEMENT DE QUELQUES 
NOVAE CLASSIQUES ET 

BIEN ETUDIEES 

Le chapitre 8 dCcrit en detail le comportement 
de plusieurs objets bien CtudiCs appartenant B 
diffirentes classes de vitesse. 

a) La nova trks rapide V1500 Cyg 1975 a CtC 
CtudiCe B fond, dans les domaines optique et in- 
frarouge ; quelques observations en ont CtC 
faites dans l’ultraviolet g r k e  au satellite phot- 
omCtrique ANS et avec COPERNICUS ; 
1’Cmission radio-thermique issue de l’envel- 
oppe a CtC dCtectCe environ 50 jours aprks le 
sursaut. 

b) V603 Aql 1918 et CP Pup 1942 ont eu le 
mCme dCclin rapide, t, = 8 jours. Cependant, 
leur courbe de lumikre Ctait diffkrente parce 
que V603 Aql a prCsentC des oscillations dans 
la phase de transition, tandis que CP Pup a eu 
un dCclin rCgulier, rapide, sans perturbation. 

V603 Aql est l’une de ces vieilles novae qui a CtC 
CtudiCe de facon trks dCtaillCe dans l’ultraviolet B 
l’aide de OAO-2 et de IUE. L’enveloppe nCbu- 
laire a pratiquement disparu, comme cela est 

indiquC par l’absence de raie mince d’bmission 
d’inter-combinaison dans l’ultraviolet. La vari- 
abilitC dans les raies a 6tC CtudiCe pendant pra- 
tiquement 2 cycles complets, et semble Ctre liCe 
au cycle orbital. 

Des minimums ont CtC observCs dans la courbe 
de lumibe, mais ils ne sont pas pdriodiques, et par 
condquent, on ne peut les expliquer comme dus 
B des Cclipses. Des “humps” de la courbe de 
lumikre ont Ctt observCs aussi se rtpCtant avec 
une bonne regularit6 ; ils indiquent une pCriode 
photomCtrique d’environ 10 minutes plus longue 
que la pCriod spectroscopique : 3 h 28.8 mn contre 
3 h 18.9 mn. Les mesures de polarisation donnent 
une troisikme pCriode, plus courte, de 2 h 48 mn. 

c) CP Pup est la seule parmi les vieilles novae 
connues B avoir une pCriode orbitale d’une durCe 
infkrieure B l’intervalle de pCriodes de 2 B 3 
heures. 

Peu de temps aprks le maximum, le spectre a 
montrC la presence de raies chromosphkriques 
et coronales Cjusqu’B celles du [FeX] et du 
[FeXI] et des raies de basse excitation comme 
01, FeII, etc. 

La magnitude apparente de CP Pup aprhs le sur- 
saut est environ de trois magnitudes plus bril- 
lante qu’elle n’Ctait avant le sursaut. I1 est de 
mCme pour V1500 Cyg. Ce comportement est 
exceptionnel, parce qu’en gCnCral la luminos- 
it6 des novae est environ la mCme avant et aprks 
le sursaut. 

CP Pup, en Ctat de quiescence, est une source 
de rayons-X mous, forts et variables, avec le 
spectre le plus “mou” associC avec le flux le 
plus ClevC. 

d) GK Per est un objet exceptionnel. C’est la 
vieille nova qui a la pCriode orbitale la plus 
longue connue, de presque 2 jours. Pendant le 
stade de transition qui a commencC B 3 magni- 
tudes et demi en dessous du maximum, des 
fortes fluctuations de lumikre ont apparu brus- 
quement. L’amplitude en Ctait de 1 2 1,5 mag- 
nitudes et la pCriode de 3 21 5 jours. Ce 
phCnom6ne a durC plus de trois mois. A chaque 
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minimum, le spectre Ctait du type nebulaire ; h 
chaque maximum, les raies de haute excitation 
et les raies interdites Ctaient plus faibles, ce qui 
suggkre une dCcroissance de tempCrature et un 
accroissement de densite dans la rCgion respon- 
sable de 1’Cmission des raies. Ces oscillations 
communes h plusieurs novae, Ctaient cepen- 
dant exceptionnelles pour deux raisons. La 
premikre, c’est que l’intervalle de temps entre 
des maximums successifs de lumikre a variC 
d’une faSon sinusoi‘dale avec le temps, et que la 
pCriode, l’amplitude et la valeur moyenne de 
cette sinusoi‘de ont augment6 avec le temps. La 
seconde particularitk, c’est que les variations 
des vitesses radiales des composantes d’ab- 
sorption dCplacCes vers le bleu du spectre 
d’Orion, n’Ctaient pas corrClCes avec les oscil- 
lations de lumikre comme pour les autres 
novae: Dans quelques autres novae, les vitesses 
nCgatives du spectre d’Orion, et les magnitudes 
pendant les oscillations sont en corrilation 
directe, la m&me relation peut Ctre trouvCe pour 
GK Per, mais les maxima des vitesses nCga- 
tives du spectre d’Orion se produisent environ 
un minimum sur deux des fluctuations de lu- 
mikre. 

Aprks la phase de transition, GK Per s’est sta- 
bilisCe B un taux trks bas de dCclin et n’a atteint 
son minimum de lumikre que plusieurs annCes 
plus tard. 

La nova quiescente GK Per prksente aussi 
plusieurs particularitks. En dehors de cette 
pCriode exceptionnellement longue, la vieille 
nova prisente une activitC de sursauts similaire 
B celle de certaines novae naines. La durCe d’un 
sursaut optique est de deux B trois mois, et les 
amplitudes varient de 1 B 3 magnitudes. Les 
temps observCs des rCcurrences sont variables, 
mais toutes semblent &tre des sous-multiples de 
2400 jours. 

Une autre particularit6 de GK Per est que, con- 
trairement B ce qui se passe pour d’autres vie- 
illes novae, le spectre d’un compagnon de type 
K2 IV-V est observable au minimum. En dCpit 
de la presence de raies d’bmission de haute 
d’excitation, le continu ultraviolet est excep- 
tionnellement plat et faible. 

GK Per est une source transitoire de rayons-X 
durs. Une modulation cohCrente et forte du flux 
de rayons-X durs a CtC observCe g r k e  h EX- 
OSAT pendant un sursaut important en 1983, 
montrant que GK Per est membre d’une sous- 
classe “intermkdiaire polaire” des variables 
cata-clysmiques. 

En raison de la disponibilitk d’observations 
dans le domaine optique, s’Ctendant sur plus- 
ieurs dCcennies, et de beaucoup d’observations 
rCcentes dans l’infrarouge, dans l’ultraviolet et 
dans le domaine des rayons-X, des modkles 
sont discutCs afin d’essayer d’expliquer le 
comportement complexe de la vieille nova. 

e) V1668 Cyg a CtC la premikre nova dont le 
developpement a CtC complktement suivi 
depuis la pCriode antCrieure au maximum 
jusqu’h la phase nkbulaire, dans l’ultraviolet 
avec IUE et dans I’infrarouge B partir du sol. 

Le spectre ultraviolet a permis de dCterminer la 
temperature Clectronique et la densit6 de la ma- 
tikre CjectCe ainsi que les abondances de 
C,N,O, renforcCes par un facteur 30 par rapport 
B la valeur solaire. 

f) FH Ser a CtC observCe dans l’infrarouge et 
dans l’ultraviolet, avec OAO-2. Le resultat le 
plus important de ces observations, c’est que la 
1uminositC totale apparait constante jusqu’au 
jour 200, tandis que la 1uminositC optique a 
dCcru par un facteur d’environ dix, 53 jours 
aprks le maximum visuel. De nombreuses 
autres novae observCes de l’ultraviolet B l’in- 
frarouge ont montrC un comportement simi- 
laire, la luminositi totale dicroissant beaucoup 
plus lentement que la luminositk optique. Cepen- 
dant, aucune d’elles n’est restCe constante pen- 
dant une pCriode de temps aussi longue que 
dans le cas de FH Ser. 

g) DQ Her a CtC CtudiCe de facon trCs dCtaillCe 
pendant la totalitC de son sursaut. Le grand 
nombre. de composantes spectrales des raies 
dans son spectre est un exemple de la complex- 
it6 que l’on peut trouver dans le spectre d’une 
nova. I1 met clairement en Cvidence les interac- 
tions qui se produisent entre les diffkrentes 
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couches, les plus rapides, intkrieures aux 
autres, rejoignant les plus lentes (extkrieures) 
de ces enveloppes. Une analyse chimique de la 
matibre CjectCe indique que le carbone est en 
excks d’un facteur 20 par rapport h la valeur 
solaire, et l’azote d’un facteur 100, alors que 
I’hClium est pratiquement normal. 

Une particularit6 du spectre d’enveloppe de 
DQ Her, c’est que la tempCrature Clectronique, 
telle qu’indiquee par la discontinuit6 de 
Balmer trks nette, est trks basse, de l’ordre de 
500°K environ, alors que, d’un autre catC, les 
raies d’Cmission du CII et de NII indiquent une 
tempCrature Clectronique d’environ 1 04. Ces 
donnCes montrent bien que l’enveloppe con- 
tient une rCgion chaude et une rCgion froide. 
Une densit6 basse et une surabondance d’ox- 
ygkne peuvent expliquer la tempCrature basse ; 
en fait, les raies de structure fine, dans l’in- 
frarouge, du carbone, de l’azote et de l’oxy- 
gkne, sont trks efficaces pour refroidir les nCb- 
uleuses de faible densitC. 

La nova quiescente est caractCrisCe par la 
prCsence d’oscillations cohCrentes avec une 
pCriode de 71 sec. Son spectre montre que les 
raies permises de CII, CIII, NII, et He11 et le 
continu sont nettement affaiblis pendant 1’Cc- 
lipse primaire, cependant que les raies de 
Balmer et les raies interdites de 011 et de 0111 
ne sont pas modifiCes et sont par consCquent 
formCes dans une enveloppe Ctendue non af- 
fectCe par 1’Cclipse. 

h) T Aur est la plus vieille nova galactique pour 
laquelle le sursaut a CtC suivi de faCon complkte. 
Elle est trks similaire 
La nCbuleuse qui entoure T Aur montre aussi 
des regions de basses tempbratures, mais qui ne 
sont pas aussi basses que dans le cas de DQ Her, 
Tc < 3000K. Les abondances d’azote et d’oxy- 
gene sont en excks par des facteurs de 60 et 25 
respectivement. 

DQ Her. 

i) RR Pic, ainsi que HR Del, sont parmi les plus 
lentes novae observCes. Le type spectral au 
maximum Ctait de F8, ce qui est beaucoup plus 
tardif que celui des novae rapides (AO-A5) et 
les vitesses de perte de masse Ctaient relative- 

ment faibles, -100 jusqu’h -400 km/s pour le 
spectre principal. Dans la phase du spectre 
d’Orion, de nombreuses raies de [FeII], qui 
sont faibles ou absentes dans les novae rapides 
Ctaient prksentes. La nCbuleuse rCsiduelle a au 
contraire un spectre semblable B ceux des 
nkbuleuses planCtaires de haute excitation 
montrant des raies d’Cmission importantes du 
[FeV]. La source d’excitation est le champ de 
rayonnement ultraviolet de la composante 
chaude. L’azote est seulement modCrCment 
surabondant, par un facteur d’environ dix. 

La nova quiescente a une pCriode orbitale d’en- 
viron 3,5 jours et prCsente une large bosse de la 
courbe de lumikre durant plus que la moitiC de 
la pbiode, et se terminant toujours par un af- 
faiblissement soudain. 

Le spectre ultraviolet de RR Pic peut &tre ex- 
pliquC soit par la superposition de deux corps 
noirs, soit par une loi en puissance. Les 
tempkratures de corps noir sont des couples de 
28000K et 40000K, ou de 14000K et 90000K 
ou 20000K et 35000K, selon diffkrents auteurs 
; la valeur la plus basse est attribuCe au disque, 
et la valeur la plus ClevCe B la couche de transi- 
tion. 

La variabilitC dans le domaine de l’ultraviolet 
exclut toute possibilitC d’une Cclipse de la com- 
posante chaude, ce qui avait CtC suggCrC par le 
creux observC ans la courbe de lumikre op- 
tique. 

j) La nova trks lente HR Del a eu une courbe de 
lumikre de sursaut caractCrisCe par la prCsence 
de deux maxima : le premier, le 12 dCcembre 
1967, B une magnitude de 3,4 ; et un second 
maximum, en mai 1969, a une magnitude de 
4,3. Les spectres B haute risolution ont CtC pris 
pendant la durCe complkte du dCveloppement 
de ce sursaut. 

La nova quiescente a une piriode bien dCter- 
minte de 0,2141674 jours, soit ltgkrement plus 
grande que 5 heures. Aucune trace d’un corps 
secondaire n’est dCcelable. L’amplitude de la 
vitesse radiale de He I1 4686 est de 104 km/s ; 
elle est seulement de 34 km/s pour HP. 
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Plusieurs dkterminations de la composition 
chimique de la matikre CjectCe convergent vers 
la determination d’un excks de CNO. 

9. NOVA RECURRENTES 

Le chapitre 9 dCcrit les caracteristiques des 
cinq novae rkcurrentes connues. I1 s’agit de U 
Sco, T Pyx et RS Oph, toutes les trois ayant 
cinq sursauts observCs, de V1017 Sgr, avec 
trois sursauts observis, et de T CrB, avec deux 
sursauts observts. 

Ce petit groupe est trks peu homogkne. RS Oph, 
T CrB et V1017 Sgr, ont toutes une g6ante 
froide dans leur systkme. V1017 Sgr prCsente 
des caractiristiques semblables & celles d’une 
Ctoile symbiotique, et son appartenance au 
groupe des novae rkcurrentes est douteuse. U 
Sco semble avoir dans son systkme une Ctoile 
de la sCrie principale de type solaire, tandis que 
T Pyx ne montre aucune Cvidence en faveur de 
l’existence d’un compagnon et prCsente plut8t 
un spectre ultraviolet trks chaud. 

a) Des observations de U Sco de l’infrarouge & 
l’ultraviolet faites pendant le sursaut de 1979, 
montrent que la distribution d’Cnergie reste 
constante. Ce comportement est diffkrent de 
celui des novae classiques qui montrent un 
decalage vers l’ultraviolet variant avec le 
temps aprks le maximum. Le spectre de raies 
optique et ultraviolet montre un excks impor- 
tant d’hilium et un excks d’azote par rapport au 
carbone et & l’oxygkne. Les novae classiques 
prCsentent un lCger excLs d’hClium, mais pas si 
important que dans le cas de U Sco. Aucune 
raie coronale interdite n’Ctait prCsente dans son 
spectre. 

b) T Pyx est la nova rCcurrente ayant au mini- 
mum le spectre le plus chaud que l’on con- 
naisse. Le spectre nebulaire est caractCrisC par 
la prCsence de raies d’Cmission de basse excita- 
tion, telle que 01, et de trks haute excitation 
telle que [FeXIV]. Bien qu’une dttermination 
exacte des abondances de la masse CjectCe n’ait 
pas CtC faite, il n’y a aucun argument en faveur 
d’un excks de CNO. 

c) RS Oph a CtC observCe en grand dCtail. Tous 
ses sursauts, comme c’est le cas aussi pour T Pyx 
et T CrB, sont trks semblables les uns aux autres. 
L’Cvolution spectrale trks comparable suggkre 
que les sursauts donnent lieu & un mCcanisme 
soumis & une rCgulation efficace, capable de re- 
produire une sCrie de plusieurs phtnomknes com- 
plexes dans tous leurs dCtails et dans une m&me 
sequence chronologique. Le spectre nCbulaire est 
caractiris6 par la prCsence de plusieurs raies 
d’tmission coronales fortes. 

Les couleurs dans le proche infrarouge ob- 
servCes entre les sursauts situent RS Oph dans 
la rCgion des variables de type Mira selon le 
diagramme & deux couleurs (J-K) - (H-K), alors 
que 1’Ctoile est plus proche de la sCquence 
normale gCante-supergiante dans le dia- 
gramme & deux couleurs (J-K) - (K-L). Les ob- 
servations IRAS mettent en Cvidence un excks 
d’infrarouge qui peut Stre expliquC par la 
presence de poussikres & 350 K,  poussikres 
prCsentes aussi dans la pCriode de quiescence. 
Une Cmission radio a CtC dCtectCe 18 jours 
aprks le sursaut de 1985, la temperature de 
brillance Ctant plus grande que 107K. I1 y a deux 
diffkrences importantes par rapport aux novae 
classiques : Les Cmissions radio de ces der- 
nikres ne sont jamais observCes avant 50 jours 
aprks le sursaut, et leur tempCrature est de 
l’ordre de lo“, typique de 1’Cmission ther- 
mique d’un gaz ionid. 

La courbe de lumikre bolomCtrique du sursaut 
de 1985 a CtC obtenue & partir d’observations 
de l’infrarouge B l’ultraviolet (les observations 
dans le domaine X, faites avec EXOSAT, in- 
diquent que la contribution du domaine X au 
flux total Cmis le jour 51 se situait entre 0,5 et 
10% ; et la contribution radio a toujours CtC 
infkrieure B 1%). Cette courbe de lumikre 
bolomCtrique est trks semblable & celle que l’on 
obtient pour les novae classiques. 

d) V 1017 Sgr est tout-&-fait atypique, puisque 
ses trois sursauts observCs ont eu des ampli- 
tudes trks diffkrentes. Le second en 1919 a eu  
une amplitude de 8 magnitudes alors que le 
premier en 1901 et le troisikme en 1973 ont eu 
une amplitude de 4 magnitudes, typique d’une 
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Ctoile symbiotique plutBt que d’une nova. Le 
spectre de raies quiescent indique un type G5 
111, mais prCsente aussi un spectre continu vio- 
let fort. Aucune raie de haute excitation ou 
coronale n’est observable dans le spectre, aprts 
le maximum. 

e) T CrB est une binaire spectroscopique B raies 
doubles avec une ptriode de P = 227.5 jour,, 
contenant une gtante M3 et un compagnon plus 
chaud dont la nature (naine blanche ou Ctoile de 
la sCrie principale ?) a paru jusqu’h present 
plutBt bizarre. La courbe de lumikre du sursaut 
est semblable B celle d’une nova classique, 
mais les caracttristiques du systkme binaire et 
le spectre pendant la pCriode du sursaut nous 
permettent de classer T CrB comme Ctoile sym- 
biotique. 

I1 est remarquable de noter que les deux sur- 
sauts observCs sont arrives B peu prbs B la mCme 
phase orbitale. Une caractkristique qui n’est 
pas observCe dans les novae rapides classiques 
Ctait la prtsence en 1946 de deux maxima, le 
premier B la magnitude 2 (le 9 fCvrier), et un 
large maximum secondaire B la magnitude 8 
(entre juin et juillet) ; exactement le m&me 
comportement a CtC observt pendant le sursaut 
de 1866. 

Les variations spectrales du sursaut de 1946 ont 
CtC observCes de faqon extensive. Elles sont no- 
tables, en raison de la vitesse d’expansion 
Cnorme du dtbut : 4500 km/s. La premitre ob- 
servation du sursaut de 1946 a CtC faite le 9 
ftvrier ; le spectre continu a masque les bandes 
de T i 0  de la composante gtante M ; le 12 
fCvrier, la prisence de raies interdites du [FeX] 
et [FeXIV] Ctait observte. Pendant le maxi- 
mum secondaire le continu a augment6 encore, 
voilant les bandes de T i 0  et les raies fines d’ab- 
sorption des mCtaux ionisCs sont apparues. Ce 
comportement est semblable B celui observe 
dans quelques Ctoiles symbiotiques, plut6t que 
dans des novae rapides ou dans des novae len- 
tes au moment du maximum secondaire. 

Le spectre quiescent de T CrB a CtC observC tres 
en dCtail pour en dCduire les courbes de vitesses 
radiales de la gtante et du compagnon chaud. 

Dans l’hypothtse selon laqnelle les raies d’Cmis- 
sion de Balmer sont dues B la composante chaude, 
une masse de 1,9 masse solaire a CtC trouvCe, qui 
est plus ClevCe que la limite de Chandrasekhar 
pour une naine blanche. 

Les observations ultraviolettes faites avec IUE, 
et s’Ctendant sur 10 annCes, suggkrent au con- 
traire que le compagnon chaud peut &tre une 
naine blanche. 

Le continu ultraviolet peut &tre bien represent6 
par une loi simple en puissance F(h) 0~ P, sur 
la totalit6 du domaine IUE. Cependant a est 
variable et varie de 0 B 1. Le spectre plat corre- 
spond B un minimum dans le flux ultraviolet, et 
plus le f lux est ClevC, plus le continu est 
“pentu”. Le continu ultraviolet varie d’un 
facteur jusqu’i 10. Aucune variation significa- 
tive dans le domaine optique n’est observCe en 
corrClation avec celle de l’ultraviolet. De mCme, 
aucune corrClation n’a CtC trouvCe avec la phase 
orbitale. 

Les raies d’Cmission sont plus fortes que celles 
observCes d’habitude dans les novae classiques 
quiescentes, et leur variabilitC est corrClte avec 
les variations du continu. 

Les raies d’absorption, principalement des mC- 
taux ionids une fois, sont prCsentes gtntrale- 
ment dans tous les spectres ultraviolets des T 
CrB. Cette caractCristique semble &e une signa- 
ture typique des Ctoiles symbiotiques pendant 
leur phase active. Par exemple un spectre de 
raies d’absorption similaire a Ctt  observC dans 
l’ttoile symbiotique CH Cyg pendant les deux 
sursauts de 1967 et de 1977. 

La densit6 Clectronique et la tempCrature Clec- 
tronique des rtgions responsables des raies 
d’Cmission ont CtC calculCes en utilisant 
diffkrentes raies permises et d’intercombinai- 
sons ; des valeurs de B 10” ~ m - ~  et 13 000 
“K ont CtC dttermintes respectivement. 

L’accrCtion sur un objet compact est un mkcan- 
isme communCment accept6 pour expliquer la 
1uminositC observCe dans l’ultraviolet. La 
masse accrCtCe est : Ph= 2RL/GM, oh R et M se 
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rCfkrent B l’objet accrCtant. En supposant pour T 
CrB une distance de 1 300 pc, la 1uminositC 
moyenne intCgrCe dans le spectre SUE, corrigCe 
pour le rougissement, est de 2.2 x ergs. 
L’Cnergie rayonnCe dans le domaine optique 
est negligeable. Ceci est une importante indica- 
tion en faveur d’un mCcanisme d’accrCtion par 
une naine blanche. En fait, une Ctoile de la sCrie 
principale devrait Cmettre principalement dans la 
rCgion optique. La prtsence d’une emission forte 
de He11 B 1640 exige aussi une tempkrature de 1 Os 
K, ce qui est B peine compatible avec une Ctoile de 
sCrie principale. Par condquent, les mesures de 
vitesses radiales des raies d’Cmission de Balmer, 
si on doit les attribuer au compagnon, in- 
diqueraient une masse trop grande pour une 
naine blanche. 

Les observations ultraviolettes suggtrent au 
contraire fortement que le compagnon est une 
naine blanche. 

Le problkme de la vitesse radiale est par 
consCquent d’une importance critique. Les 
raies d’Cmission de Balmer sont larges, et per- 
turbCes par des absorptions. De plus, les Cmis- 
sions ne sont pas nkcessairement associies au 
mouvement orbital du compagnon. I1 est clair 
qu’aucune conclusion dCfinitive ne peut Ctre 
tirCe en ce qui concerne la nature du compag- 
non, sur la base seulement de ces mesures de 
vitesses radiales. Une sCrie de spectres B haute 
rCsolution devrait Ctre obtenue dans l’ultravi- 
olet, afin d’en dCduire une masse fiable du 
compagnon. C’est une tdche qu’il sera possible 
de mener seulement avec le Hubble Space 
Telescope. 

10. Le chapitre I O  re‘szmie les rCsultats princi- 
paux, ci-dessus dCcrits, et les problkmes encore 
ouverts concernant les novae classiques et rC- 
currentes B la fois du point de vue de l’observation 
et de la thCorie. 

11. ETOILES SYMBIOTIQUES : 
OBSERVATIONS 

Les chapitres 11 B 14 sont consacrCs B une vue 
d’ensemble des observations des Ctoiles sym- 
biotiques, B une description des modkles diffCr- 

ents proposCs pour expliquer le phCnomtne 
symbiotique, et B la discussion de quelques ob- 
jets choisis, respectivement. 

Le terme “e‘toile symhiotiqzre” dCsigne gtn- 
Cralement des Ctoiles variables dont les spectres 
optiques prCsentent simultankment un spectre 
froid d’absorption, gCnCralement d’une e‘toile 
M ge‘ante, aiiisi que des raies d’e‘nzission de 
haute ionisation, telles que les raies He SI 4686, 
[OIII] etc. La coiirhe de IumiPre de val-iahilite‘ 
varie d’objet a ohjet, montrant que les mCcan- 
ismes physiques responsables des phCnomknes 
symbiotiques ont differents poids et diffirentes 
formes dans diffkrents objets. En gCnCral la 
courbe de lumikre des Ctoiles symbiotiques est 
caractCrisCe par une amplitude assez grande 
(une B quelques magnitudes), par des Cchelles 
de temps longues (des mois, des anntes, des 
dCcennies), quelquefois par de longues ptri- 
odes de quiescence relative. 

Les courbes de lumikre de plusieurs Ctoiles. 
symbiotiques sont dCcrites. 

Un petit groupe d’objets montre une courbe de 
lumikre differente de celle qui caractkrise la 
majeure partie des Ctoiles symbiotiques ; on les 
appelle des “novae symbiotiques”, parce 
qu’elles n’ont CprouvC qu’un seul sursaut, 
comme les novae classiques, mais avec une 
plus petite amplitude. De plus, elles restent B 
leur valeur maximum pour des pCriodes trks 
longues. 

En dehors des variations B long terme, les 
courbes de lumikre des Ctoiles symbiotiques 
prCsentent des variations irrkgulitres, B des 
Cchelles de temps du jour et aussi de la minute. 

Quelques-unes prCsentent une variabilitk 
pCriodique et des Cclipses, ce qui indique qu’il 
s’agit d’un systkme binaire, avec des pCriodes 
de plusieurs centaines de jours. Le spectre op- 
tique est caractCrisC par trois composantes 
principales : le spectre stellaire froid, l’excks 
de continuum bleu, et le spectre de raies 
d’kmission. 

Le spectre infrarouge nous permet de distin- 
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guer deux classes d’Ctoiles symbiotiques: 
Celles qui ont un excks d’infrarouge fort par 
rapport B la distribution d’Cnergie B laquelle on 
s’attend pour une composante froide, excks qui 
est attribuC B une Cmission thermique de pous- 
s ike  (en anglais, dust) (et pour cette raison, ce 
groupe est appelC symbiotique-D) et celles qui 
ont un spectre normal de type avancC (les sym- 
biotiqires de type S). 

Le spectre continu bleu est hautement variable 
et tout particulikrement intense pendant les 
sursauts. I1 reproduit un continu stellaire de 
type A ou B, et B quelques phases du sursaut, il 
est marque par plusieurs raies d’absorption 
d’atomes mCtalliques ionisCs une fois. 

Les raies d’Cmission permises et interdites qui 
peuvent &(re produites par des ClCments neutres 
et par des ions jusqu’au fer ionisC six fois sont 
observCes. Dans quelques cas aussi, des raies 
coronales ont CtC observCes. Les profils en sont 
souvent complexes, avec plusieurs composan- 
tes, et des absorptions de type P Cyg impliquant 
une vitesse radiale d’expansion de -100 B -300 
km/s, par consCquent beaucoup plus faible que 
celle que l’on observe dans la majorit6 des no- 
vae, mais comparable en revanche avec celle 
des spectres prC-maximum et principal des no- 
vae lentes. 

Des mesures de vitesses radiales indiquent que 
plusieurs symbiotiques sont des Ctoiles B 
grande vitesse. De plus, plusieurs objets 
prCsentent une variabilitk de la vitesse radiale, 
qui peut &e like au mouvement orbital d’un 
systkme binaire. Des essais en vue de dCtecter 
des champs magnktiques, et de mesurer des po- 
larisations intrinskques dans les Ctoiles symbi- 
otiques ont CtC faits par diffkrents auteurs ; 
mais il reste beaucoup de travail B faire dans ce 
domaine, avant d’atteindre des rCsultats con- 
cl u an t s. 

Les observations IRAS ont mis en Cvidence 34 
Ctoiles symbiotiques de type S et 28 de type D; 
quatre de ces dernikres ont CtC dCtectCes aussi B 
100 pm. Les Ctoiles de type S sont placCes dans 
une rCgion limitCe du diagramme IRAS 2 deux 
couleurs, proches de la rCgion des gCantes froi- 

des, alors que les Ctoiles de type D sont dis- 
tribu6es dans une rCgion Ctendue, incluant les 
rCgions ou se trouvent les Ctoiles variables de 
type Mira et les nibuleuses planktaires. Les 
Ctoiles de type D manifestent une variabilitk in- 
frarouge importante, ce qui apporte une argu- 
mentation directe pour la prtsence d’une vari- 
able de type Mira dans le systime. 

La majorit6 des observations infrarouges ont 
C t t  faites pendant la phase quiescente. Cepen- 
dant, aussi bien Z And que AG Dra ont CtC 
observtes aussi pendant le sursaut. La pho- 
tomCtrie infrarouge de ces objets a montrC 
qu’aucun changement important ne se produit 
dans le spectre infrarouge. 

Des observations simultankes dans l’ultra- 
violet et dans l’infrarouge ont montrC cependant 
que le flux ultraviolet a dCcS largement pen- 
dant le minimum, alors que le flux infrarouge 
est rest6 pratiquement le m&me. I1 s’en dCduit 
que la source de rayonnement infrarouge n’est 
pas affectCe par le sursaut, et que la variabilitk 
infrarouge est une particularit6 de la com- 
posante froide. 

Une Ctude systCmatique Ctendue de 91 candi- 
dats dans le domaine radio a conduit B la dCcou- 
verte de seulement 9 sources. Une corrklation 
Claire existe entre le flux & 14.5 GHz et 1’Cmis- 
sion de poussiere B 10 y. 

Des images, dans le domaine radio, de 
quelques Ctoiles symbiotiques ont CtC ob- 
tenues, et elles ont rCvClC une variCtC de struc- 
tures, comme des enveloppes, des halos, des 
jets et des ntbuleuses bipolaires. 

L’Cmission radio de V1016 Cyg a CtC rCsolue en 
deux lobes, sCparts par 0.10 seconde d’arc, 
suggCrant une Cjection de matikre, prCfCrenti- 
ellement dans les directions polaires. HM Sge 
montre une Cmission diffuse et symktrique, ou 
un halo, d’une dimension d’environ 0,5 
seconde d’arc, et une structure centrale bipo- 
laire d’une extension d’environ 0,15 seconde 
d’arc. AG Peg prCsente trois structures 
sCpar6es : une nCbulositC sphtrique, un noyau 
compact et une structure en forme de jet d’une 
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longueur de 0,8 seconde d’arc. CH Cyg a subi 
un sursaut radio (entre avril 1984 et mai 1985, 
le flux radio a augment6 d’un facteur 35) suivi 
par l’apparition de matikre CjectCe. Le 8 
novembre 1984, deux nodositCs radio ont CtC 
dCcouvertes, sCparCes par 0.18 seconde d’arc ; 
75 jours plus tard, l’image radio a CvoluCe en 
une structure B trois composantes, avec une 
&paration totale de 0,4 seconde d’arc. Ces 
quatre objets ont CprouvC rCcemment des sur- 
sauts optiques. De nombreux spectres ultravio- 
lets d’Ctoiles symbiotiques ont CtC observes 
avec IUE ; en beaucoup de cas, il a CtC possible 
de disposer d’observations simultanCes, ou 
presque simultades, dans le domaine optique. 
Ces observations ont CtC trks importantes pour 
permettre de dCcider de la rCalitC de l’existence 
supposCe d’un compagnon chaud B la &ante 
froide. 

Le spectre dans l’ultraviolet proche a permis 
une determination precise du rougissement 
interstellaire, grdce B l’exploitation de l’ab- 
sorption B 2200 A. Puisque l’extinction inter- 
stellaire peut affecter fortement la distribution 
d’Cnergie dans l’ultraviolet lointain, ces me- 
sures sont importantes pour permettre de dCter- 
miner une distribution de 1’Cnergie corrigCe, 
pour le compagnon le plus chaud, responsable 
du continu bleu et des raies de haute excitation 
qui caractkrisent le spectre optique des Ctoiles 
symbiotiques. 

Le continu, dans l’ultraviolet lointain, aprks 
correction pour l’extinction interstellaire, prC- 
sente dans plusieurs cas un gradient rapide qui 
approche la queue de distribution de Rayleigh- 
Jeans d’un corps noir B une tempkrature de 
40000K ou plus ClevCe; ceci implique la 
presence d’un objet chaud. Cependant, aucune 
raie d’absorption caractkristique d’une photo- 
sphkre chaude n’a CtC jusqu’i prCsent dCcelCe. 

Le spectre de raies d’Cmission est caractdrist 
par un grand nombre de raies d’Cmission cou- 
vrant un domaine Ctendu d’ionisation de 1’Cner- 
gie. La longue durCe de vie du satellite IUE a 
permis de suivre cette activitC, et le dtveloppe- 
ment des sursauts de plusieurs Ctoiles symbi- 
otiques. Quelques-uns de ces phCnomhes se- 

ront dCcrits en dCtail au chapitre 13. 

Plusieurs Ctoiles symbiotiques prCsentent des 
raies d’Cmission appartenant B des groupes 
d’Cnergie de haute ionisation, jusqu’i 100 eV. 
Ce fait suggkre l’existence d’un processus effi- 
cace d’ionisation que l’on pourrait associer B 
un plasma B haute tempCrature. Par 
conskquent, on s’est attendu B ce que ces objets 
soient aussi des sources de rayons X. En rCalitC, 
un petit nombre d’entre elles ont CtC observCes 
avec les satellites EINSTEIN et EXOSAT, et 
leur flux et leur variabilitd ont CtC mesurCs. Des 
dCtections positives ont CtC obtenues pour RR 
Tel, V1016 Cyg, HM Sge, AG Dra, R Aqr et CH 
CY&. 

12. ETOILES SYMBIOTIQUES : LES 
MODELES 

Une histoire brkve des modkles proposCs pour 
l’explication du phCnomkne symbiotique est 
donnCe au chapitre 12. Des modkles doivent 
&re capables d’expliquer le spectre composite 
et la variabilitC de la brillance et du spectre. 

Deux types de modkles d’Ctoiles simples ont 
CtC proposCs : une Ctoile chaude avec une en- 
veloppe dense, et une Ctoile froide avec une en- 
veloppe chaude. 

Les problkmes varies liCs B ces modkles sont 
discutts. Les modkles binaires composCs d’un 
objet compagnon chaud et d’une gCante rouge 
expliquent trks naturellement la prCsence d’un 
continu bleu ultraviolet et le spectre de type M ; et 
l’existence d’une Cclipse est Cvidente pour cer- 
tains de ces objets. L’accrCtion peut jouer un 
r81e important en expliquant l’activitC des 
Ctoiles symbiotiques. L’accrCtion peut se pro- 
duire : a) par le moyen d’un disque consCcutif 
B un flux de matikre B 1’extCrieur du lobe de Ro- 
che, par le m6me micanisme que nous avons 
discutC pour les novae naines et pour les novae 
quiescentes ; b) par I’intermCdiaire ‘du vent de 
l’ttoile compagnon. Ce demier mCcanisme est 
moins efficace ; cependant, il peut se produire 
dans de nombreux systkmes symbiotiques 
posskdant une trks longue pCriode orbitale oh la 
gCante rouge ne remplit pas son lobe de Roche. 



Un modde a CtC CtudiC prenant en compte la 
possibilitC que les deux composantes produi- 
sent des vents. Plusieurs caractCristiques spec- 
trales observies peuvent &tre expliqukes g rke  
B ce mod6le. 

Une autre possibilitC envisagCe, c’est que le 
phCnombne symbiotique soit dit B une activitC 
de type solaire particulibrement intense de la 
composante stellaire froide. Mais cette possi- 
bilitC peut maintenant &tre rejetCe. 

En conclusion, de nombreux dCtails peuvent 
&tre expliquCs en supposant la prksence de l’ac- 
crCtion dans des binaires en interaction, soit B 
partir d’un vent B travers le lobe de Roche, soit 
B partir d’un vent stellaire. 

13. ETOILES SYMBIOTIQUES PARTICU- 
LIERES 

La discussion dCtaillCe de plusieurs objets bien 
observCs est donnCe au chapitre 13. Puisque 
1’Cchelle de temps typique des phinombnes 
symbiotiques va jusqua’h plusieurs annCes, peu 
d’objets ont 6tC observCs de fagon Ctendue hors 
des domaines optiques accessibles du sol. Heu- 
reusement, quelques Ctoiles symbiotiques ( Z  
And, AG Dra, CH Cyg, AX Per et PU Vul) ont 
CprouvC des sursauts rCcemment, et ont CtC ob- 
servCes avec IUE, et simultanCment B l’aide de 
tClescopes optiques et infrarouges, B partir du 
sol. 

a) Z And a CtC considCrC comme le prototype 
des symbiotiques. On a observC sa courbe de 
lumibre depuis 1887 ; elle a montrC quatre sur- 
sauts importants en 1895, 1914, 1939, 1959. 
Deux sursauts de moindre importance se sont 
produits en 1984 et 1985, et ont CtC observCs 
avec IUE. 

Les spectres optique et ultraviolet dans la pCriode 
de quiescence sont riches en raies d’Cmission 
fortes et Ctroites, avec un domaine Ctendue 
d’Cnergie d’ionisation. Les raies d’Cmission et le 
continu ultraviolet varient de facon quasi pCrio- 
dique sur une Cchelle de temps de 760 jours, 
cependant que le spectre infrarouge ne montre pas 
de variation significative. La vitesse radiale de la 

gCante M varie avec une pCriode de 750 jours, ce 
qui est une indication de binaritC ; mais les vari- 
ations de l’tclat et la courbe de vitesse radiale 
n’ont pas les phases auxquelles on s’attendrait 
dans le cas d’une Cclipse, ou s’il s’agissait d’ef- 
fets de lumibre rCflCchie. 

La phase active est caracttriste par une aug- 
mentation de la lumihre de 1 B 2 magnitudes 
visuelles. Le sursaut est suivi par une stquence 
de maximums et de minimums, ressemblant au 
comportement d’un oscillateur amorti. Le spectre 
optique est soumis B des changements impor- 
tants. Pendant l’activitk, les bandes de T i 0  sont 
voilCes par un continu bleu, et disparaissent 
presque complbtement. Les raies de Balmer ont 
des Cmissions fortes et des centres d’absorp- 
tion. 

Le spectre d’Cmission riche de Z And (et 
d’autres variables cataclysmiques) est un mo- 
yen de diagnostiquer les conditions physiques 
(densite Clectronique et tempkratures, densit6 
de radiation ionisante, composition chimique) 
des regions Cmissives. Dans Z And, la densit6 
Clectronique rCsultant de cette analyse est de 
l’ordre de 10“’ et la temperature Clec- 
tronique de l’ordre de 15 000 K.  La composition 
chimique est semblable B celle des Ctoiles 
rouges. 

La puissance du rayonnement Cmis dans I’ultra- 
violet n’est nullement une faible proportion de la 
puissance Cmise dans le domaine visible et in- 
frarouge. Ceci exclut le modble d’une Ctoile 
froide active. Le maximum double de la distri- 
bution d’Cnergie suggbre fortement la binarid. 
Si la masse d’une composante froide est de 
quelques masses solaires, et en supposant pour 
le compagnon la masse d’une naine blanche, 
1’Ctoile froide est nettement h 1’intCrieur de son 
lobe de Roche. Si au contraire la composante 
froide de Z And est une gCante brillante, 
comme cela est suggCrt par les observations in- 
frarouges, elle remplit probablement le lobe de 
Roche. Si c’est un systkme dCtachC, le vent 
stellaire jouera aussi un rijle important. 

b) AG Dra est une Ctoile symbiotique B grande 
vitesse, et B grande latitude galactique, ce qui 
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implique son appartenance & la population 11. 
Sa composante froide est une gCante de type K 
plut6t qu’une gCante de type M, comme pour la 
plupart des autres Ctoiles symbiotiques. La 
courbe de lumikre a CtC observCe depuis 1890 ; 
onze sursauts ayant CtC not& entre 1890 et 1966. 
En 1980, elle a present6 un autre sursaut et trois 
maximums de moindre importance en 1982, 
1985 et 1986. De ce point de vue, AG Dra est 
semblable & Z And. 

Au minimum, le spectre prCsente les raies d’ab- 
sorption caractCristiques d’une Ctoile de type K 
et de classe 1uminositC I11 assez chaude. Pen- 
dant le sursaut, le spectre est voilC par le 
continu bleu. Le spectre de raies d’Cmission 
montre des raies fortes de HI, HeI, HeII, 0111, 
FeII jusqu’h [FeV] et [FeVI]. Dans l’ultra- 
violet, les raies de rCsonance de NV, CIV et la 
raie HeII 1640 sont Cgalement prksentes. 

Le continu ultraviolet proche est plat, cepen- 
dant que le continu ultraviolet lointain aug- 
mente vers les longueurs d’ondes les plus 
courtes, et se rapproche de la distribution de 
Rayleigh-Jeans de la courbe d’Cnergie d’un 
objet trks chaud. 

Le sursaut important de novembre 1980 a CtC 
observC dans tous les domaines spectraux, de l’ul- 
traviolet & l’infrarouge, et a CtC caractCrisC par 
une amplitude croissante de la variation depuis 
l’infrarouge proche jusqu’aux longueurs d’on- 
des les plus courtes. 

En avril 1980, lorsque 1’Ctoile Ctait B son mini- 
mum, un flux intense dans les rayons X a CtC 

dCtectC par HEAO-2. Les observations faites 
avec EXOSAT pendant les sursauts faibles de 
1985 et 1986 ont Cgalement donnt des rCsultats 
positifs. Des observations infrarouges faites 
avant et aprks le sursaut ont seulement mis en 
evidence de petites variations. 

Les observations montrent clairement que AG 
Dra est un objet du halo qui est une binaire. La 
composante froide est une gCante qui ne rem- 
plit pas son lobe de Roche. Son compagnon 
chaud n’est pas une Ctoile normale, puisqu’au- 
cune raie d’absorption n’a CtC observCe dans le 

continu chaud. Sa tempirature est estimCe &tre 
de l’ordre de 100 000 K ou plus. 

c) Novae symbiotiques. Un petit groupe 
d’Ctoiles, qui n’ont eu qu’un seul sursaut ob- 
servC, tant l’amplitude Ctait plus faible que 
celle de la courbe de lumikre d’une nova typi- 
que, mais qui par ailleurs se comportent tout-&- 
fait comme des novae trks lentes, sont appelCes 
des “novae symbiotiques”. I1 s’agit de AG Peg, 
RR Tel, V1016 Cyg, V1329 Cyg, HM Sge, PU 
Vul, RT Ser. 

AG Peg se distingue dans ce groupe en raison 
de son type M tout-&-fait dominant ; les autres 
sont des symbiotiques de type D. 

RR Tel a CtC observCe en 1949, trois ans aprks 
le sursaut, lorsqu’elle a montrC un continu fort, 
striC de nombreuses raies d’absorption de 
mCtaux ionisCs une fois. A la fin de 1949, le 
continu est devenu plus faible, des ailes 
d’Cmission Ctaient importantes. Le niveau mo- 
yen d’ionisation augmentait rCguli5rement ; les 
observations en 1978 faites avec IUE ont 
montrC un spectre marque de raies d’Cmission 
tr5s nombreuses et fortes, couvrant un large 
domaine d’ionisation des espkces atomiques 
neutres jusqu’au calcium cinq fois ionisC. 

V1329 Cyg, RR Tel et V1016 Cyg ont montrC 
des spectres antCrieurs au sursaut du type M. 
PU Vu1 a aussi montrC un spectre d’Ctoile gCant 
de type M aprCs le minimum profond de 1980, 
et AG Peg et RT Ser l’ont montrC aprCs le 
dCclin consCcutif au maximum. Dans V1016 
Cyg et HM Sge qui n’ont pas encore dCclinC, le 
spectre M dans le visible est masque par le 
continu fort et par les raies d’Cmission, mais le 
spectre, dans le proche infrarouge, est affect6 
par des variations de Iumikre du genre de celles 
qui affectent les Ctoiles de type Mira. 

Le spectre au maximum de RT Ser, RR Tel et 
PU Vu1 prCsente un type spectral trks sem- 
blable B celui des Ctoiles supergkantes de type 
A-F, tout comme les novae classiques, mais 
sans les absorptions fortement dCplacCes vers 
le violet. Ces spectres d’absorption n’ont pas CtC 
observCs dans les autres novae symbiotiques. 
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Cependant, il est possible que la phase du 
spectre d’absorption ait CtC manquCe. Des 
Ctoiles symbiotiques aprks le sursaut montrent 
un spectre d’Cmission trks riche, tout comme 
les novae ; mais contrairement aux novae 
cependant, les raies d’Cmission ont des profils 
Ctroits, ce qui implique une faible vitesse d’ex- 
pansion. 

Les observations radio des Ctoiles sym- 
biotiques ont CtC faites au cours de nombreuses 
annCes aprks le sursaut. En gCnCral, le spectre 
radio indique que la rCgion Cmissive est op- 
tiquement Cpaisse, c’est-&dire que l’envel- 
oppe en expansion HI1 Ctait encore dense 
plusieurs annCes aprbs le sursaut. Les pro- 
priCtCs principales des novae symbiotiques 
suggkrent qu’elles puissent reprCsenter un cas 
intermediaire entre les symbiotiques typiques 
comme Z And, qui presentent plusieurs sur- 
sauts, et les novae classiques. Plusieurs mican- 
ismes possibles de sursauts sont discuds. 

e) Deux autres Ctoiles symbiotiques sont 
dCcrites, qui ont les caractCristiques communes 
d’avoir dCveloppC un jet optique et radio. I1 
s’agit de R Aqr et CH Cyg. 

R Aqr a un spectre symbiotique typique, car- 
actCrisC dans le visible par de nombreuses raies 
d’Cmission, et une composante MI11 tardive. 
C’est aussi une variable de type Mira typique, 
avec une pCriode de 387 jour,, et elle est au 
centre d’une nkbuleuse planetaire. La nCbuleuse 
est compos& de deux couches sCparCes, en 
expansion B la vitesse de 30 2 50 h i s .  Ces en- 
veloppes devraient avoir CtC CjectCes de l’objet 
central il y a 185 et 640 ans. Une structure ayant 
la forme d’un jet a CtC dCtectCe en 1977 et rCob- 
servCe B nouveau en 1980 et 1982, mais Ctait 
absente en 1970. Des observations radio B trks 
grandes rCsolutions spatiales ont identifiC cinq 
radiosources ; le jet radio coyncide dans l’es- 
pace avec le jet optique. 

Le spectre ultraviolet a CtC CtudiC depuis 1979 
et a rCvClC la prCsence de raies d’Cmission d’ex- 
citation modCrCe. Les raies de NV et d’HeII 
sont faibles. Ces raies ont CtC grandement in- 
tensifites dans le jet de 1982. Cette intensifica- 

tion pourrait &tre associCe B la premikre dCtec- 
tion de rayons X issus de R Aqr. 

En ddpit du grand nombre de donnCes d’obser- 
vation disponibles concemant R Aqr, il est dif- 
ficile de trouver un modkle les dCcrivant de 
fagon cohCrente. 

f) CH Cyg est une autre Ctoile symbiotique qui 
a prCsentC un jet optique et un jet radio B la fin 
de son dernier sursaut. 

Pendant de nombreuses annCes, CH Cyg a CtC 
considCrCe comme une variable semi-rCgu- 
likre, normale M6III. Le premier sursaut, ob- 
servC en 1963, a rCvClC les caractkristiques 
symbiotiques de 1’Ctoile. Cependant, elle fut 
considCrCe comme une symbiotique assez anor- 
male, en raison du fait que son spectre ne 
prCsentait pas un domaine Ctendu d’Cnergie 
d’ionisation, mais seulement des raies d’emis- 
sion des ionisations basses. Un second sursaut 
s’est produit en 1967, et s’est termin6 B la fin de 
1970. I1 a confirm6 que CH Cyg est une Ctoile 
symbiotique de basse excitation. Un continuum 
bleu a voilC le spectre M6 pendant le sursaut, et 
plusieurs profils de type P Cyg, de mttaux une 
fois ionid, absorbaient le continuum bleu. Des 
vitesses d’expansion de -100 km/s ont CtC ob- 
servCes. Dans la pCriode de quiescence, le 
spectre M6III a montrC une Cmission H a  faible. 
Le t rois ihe sursaut a commencC en 1977, et Ctait 
presque fini en 1987. I1 a CtC suivi B la fois B partir 
du sol dans le domaine optique, et avec IUE dans 
le domaine ultraviolet. Des observations in- 
frarouges, B la fois B partir du sol et avec IRAS ont 
CtC faites B diffkrentes Cpoques, et sont en bon ac- 
cord. Les observations dans les domaines X et 
radio ont CtC faites pendant la phase de dCclin 
aprbs le sursaut. 

Pendant le sursaut de 1977, les raies d’absorp- 
tion des mCtaux une fois ionis6 ont prCsentC des 
profils P Cyg inverses, B 1’opposC de ce qui a 
CtC observC en 1967. Seules les raies H et K du 
CaII ont present6 des profils P Cyg pendant les 
deux Cpisodes de sursaut. 

Les vitesses radiales de la gCante M6 montrent 
une variabilitk d’une pCriode d’environ 15 ans, 
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suggCrant qu’elle puisse Ctre due B un mouve- 
ment orbital. Cependant, la dispersion autour de 
la courbe moyenne est grande B cause des vari- 
ations intrinskques irrkgulikres dues aux mou- 
vements atmosphCriques dans l’atmosphkre de 
la gCante rouge. I1 y a aussi quelques indica- 
tions selon lesquelles les raies d’Cmission du 
FeII, et les noyaux d’absorption des raies 
d’ions mCtalliques une fois ionisCs, toutes deux 
observables seulement pendant les sursauts, 
ont des vitesses radiales en dCphasage de 180” 
avec les raies d’absorption de type M6. 

Le spectre ultraviolet a CtC caractCrisC par les 
raies d’absorption des mCtaux une fois ionisCs 
et des raies de resonance CIV et SiIV et 
quelques Cmissions de trks basse excitation et 
un continu plat. En janvier 1985, le spectre a 
change complktement, devenant dominC par 
les Cmissions fortes de Lya, NV, CIV, SiIV, 
FeIII, FeII. Le continu, B la fin du sursaut, est 
beaucoup plus faible, mais il y a eu quelque 
indication d’une augmentation du flux vers les 
longueurs d’ondes plus courtes que 1 300 A, ce 
qui suggkre que nous sommes en train d’ob- 
server la portion Rayleigh-Jeans du spectre 
d’un corps faible et chaud. 

Les observations radio & haute risolution spa- 
tiale ont CtC faites en avril 1984 et mai 1985 ; 
elles ont indiquC que CH Cyg a subi un sursaut 
radio important coi’ncidant avec l’apparition de 
jets B plusieurs composantes en expansion & un 
taux de 1,l seconde d’arclan. Le dCmarrage du 
sursaut radio a coi‘ncidC avec une dCcroissance 
de la courbe de lumikre observCe en juillet 
1984. La vitesse d’expansion Ctait de l’ordre de 
2 500 km/s, du mCme ordre que celle indiquCe 
par la largeur de la raie d’Cmission Lya et les 
raies de Balmer B la mCme Cpoque, une vitesse 
en rCalitC tout-&-fait exceptionnellement Cle- 
vCe pour une Ctoile symbiotique, et comparable 
B celle que l’on observe dans le spectre des 
novae. Le jet a CtC obsei-vC aussi dans la raie de 
[OIII] B 5007 A en septembre 1986 et dans 
l’ultraviolet avec IUE en novembre 1987. Des 
essais pour l’observer de nouveau avec IUE en 
mai 1988 ont donne des rCsultats nCgatifs. 

CH Cyg a CtC detect6 avec EXOSAT en mai 1985. 

Des essais antCrieurs pour mesurer son flux 
dans le domaine X, faits avec EINSTEIN, 
avaient CtC nCgatifs. 

Cette longue sCrie d’observations de CH Cyg 
suggkre qu’il s’agit d’un systkme binaire com- 
pose d’une gCante M6 et d’un compagnon 
faible et chaud. Si la ptriode orbitale est celle 
que suggkrent les variations de vitesse radiale, 
d’environ 15 ans, la gCante rouge ne doit pas 
remplir son lobe de Roche, et par conskquent 
l’accrktion doit se produire B partir du vent de 
la gCante. Un disque d’accrttion optiquement 
Cpais doit se former pendant le sursaut, donnant 
lieu au continu bleu ultraviolet et aux raies 
d’absorption, simulant ainsi une supergkante 
chaude. A la fin du sursaut, le disque devient 
optiquement mince, le continu devient trks fin 
et les raies d’Cmission dominent le spectre. I1 
est alors possible d’observer une Cmission dans 
le domaine X provenant de la couche de transition 
interne, et de dCtecter la portion Rayleigh-Jeans 
du spectre du flux Cmis par le compagnon faible et 
chaud. 

14. LES PHENOMENES 
CATACLYSIMIQUES ET SYMBIOTIQUES : 

CONCLUSIONS 

Le chapitre 14 rCsume les points importants con- 
cernant le phCnomkne symbiotique. 

I1 existe une forte Cvidence en faveur du fait 
que la plupart, des Ctoiles symbiotiques, sinon 
toutes, sont des systkmes binaires en interac- 
tion. L’Ctoile qui perd de la masse est une 
gCante froide, l’itoile qui en gagne pourrait 
Etre une naine blanche, ou, dans quelques cas, 
une Ctoile de la sCrie principale. L’accrCtion 
peut se produire soit B partir de lobe de Roche 
rempli, soit B partir transport par le du vent de 
la composante la plus froide. 

15. Le dernier chapitre : Perspectives et pro- 
hlPnies non-r.e‘solus examine rapidement les nom- 
breux problkmes non-rCsolus, posCs par les obser- 
vations des classes diffkrentes des variables cata- 
clysmiques et d’Ctoiles symbiotiques. Des 
progrks importants ont CtC faits spCcialement 
en exploitant la possibilitt d’observer le m&me 
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objet, simultaniment de l’espace et du sol, 
couvrant ainsi un trks grand domaine spectral. 
Quelques contraintes imposCes aux thCories 
ont CtC ainsi dCfinies. Cependant, de nouvelles 
questions se sont posCes, exigeant de nouvelles 
observations et de nouvelles thtories. 

Notre conclusion est que pour une meilleure 
comprkhension des classes diverses de vari- 
ables cataclysmiques, nous avons besoin d’ob- 
servations Ctendues sur de trks longues pCri- 

odes de temps, et dans un domaine spectral 
aussi large que possible, avec toutes les tech- 
niques disponibles (photomCtrie, spectroscop- 
ie, imagerie) d zin petit nombr-e d’objets bien 
choisis, plut6t que d’accumuler des morceaux 
dispersCs d’observations d’un tr6s grand nom- 
bre d’objets. C’est seulement de cette fason que 
l’on peut espCrer prCciser les contraintes nCces- 
saires aux thCories, et rendre les calculs thCoriques 
plus rtalistes. 
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In the original definition, the characteristics 
that qualified a star as a cataclysmic variable 
were the occurrence of unpredictable out- 
bursts. The strengths and time scales of out- 
bursts vary greatly among individual members 
of this class of objects. Violent as these out- 
bursts appear, photometric and spectroscopic 
observations indicate that the general structure 
of dwarf novae and novae is not significantly 
affected by them. 

The current classification system of cata- 
clysmic variables is based on properties of the 
outburst light curves. Although it is possible in 
the majority of cases to clearly assign a star to 
one of these sub-classes, there are several 
ambiguous cases. Old novae appear essentially 
indistinguishable from qiriesceizt dwarf novae, 
so that the possibility has been considered that 
both types really comprise the same kind of 
object, and they are only seen at different 
stages of a possibly cyclic evolution. Further- 
more, some of the recurrent novae (T CrB, RS 
Oph, V1017 Sgr) appear similar to synzbiotic 
stars except for the larger amplitude of out- 
bursts, while others (U Sco, T Pyx) bear more 
similarities to classical izovae. In general, cata- 
clysmic variables all exhibit decided individu- 
ality in almost all observable features so that 
not any two only nearly identical members are 
known. 

The observational data suggest that all the 
well observed objects are in  fact binary sys- 
tems, a situation that was first recognized in the 
mid-fifties. These binary systems are com- 
posed of a late type star, which is a red dwarf in 
the case of dwarf novae, nova-like objects and 
classical novae, and probably in one or two 
recurrent novae, and is a red giant in symbiot- 
ics and at least two recurrent novae together 
with a hot underluminous companion, which is 
generally a white dwarf. This hypothesis that 
all cataclysmic variables are binaries, in turn, 
leads to the formulation of the Roche nzodel for 
explaining the nature of all cataclysmic vari- 
ables. 

Later observations in the ultraviolet and X- 
ray ranges confirmed the predictions of this 

model and reinforced the notion that binarity is 
of primary importance for producing cataclys- 
mic events. Also the assumption of binarity 
provides an easy explanation for the pro- 
nounced individuality of systems due to the 
many more degrees of freedom in physical 
appearance compared to single stars. 

This volume begins with an introductory 
chapter on general properties of cataclysmic 
variables. With the exception of nova-like stars 
they are characterized by sudden light out- 
bursts of several magnitudes and related appre- 
ciable spectral variations. The observations 
indicate occasional mass loss and 1 or mass 
transfer between the components of the binary. 
Most systems emit substantial amounts of ra- 
diation over the entire range of the electromag- 
netic spectrum, though in dwarf novae and 
nova-like stars there is only marginal flux at 
radio wavelengths. The X-ray emitting regions 
are thought to be those where interaction oc- 
curs between the accretioii disc and the hot 
star. The accretion discs and the espandiiig en- 
velope of novae are strongest in the ultraviolet. 
The outer parts of the discs, the “pseudo-photo- 
spheres” of outbursting novae, the riebiilae 
surrounding old novae, and the brighter of the 
secoizdary stars are seen in the optical. The sec- 
ondary stars and the dust formed in novae can 
be detected at infrared wavelengths. Finally, 
the radio flux as seen in novae is ascribed to the 
outer shells of ionized gas, and furthermore, in 
two symbiotic stars the formation and evolu- 
tion of jets can be detected in the radio range. 

Space distributions, and system parameters 
like masses, mass ratios, orbital periods and 
absolute magnitudes of old novae, dwarf novae 
and nova-like stars are discussed. Novae are 
clearly more concentrated toward the galactic 
plane than dwarf novae and nova-like stars. 
The more uniform distribution of the latter two 
classes, in combination with their intrinsically 
low brightness, indicates that they are close 
neighbors to the Sun. No clear statistical differ- 
ence has been found between masses and mass 
ratios in the three classes of cataclysmic vari- 
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ables. Instead the absolute magnitudes of qui- 
escent novae, quiescent dwarf novae and nova- 
like stars show distinct differences. Quiescent 
novae are concentrated around the value M, = 
4, nova-like stars around M, = 5, and dwarf 
novae around M, = 8-9. 

A remarkable feature concerns the orbital 
periods. Most cataclysmic variables have peri- 
ods included between 1.3 and 5 hours, but a 
“peiYod gap” between some 2 and 3 hours 
exists which is strongly depleted of objects. 
Differences exist between sub-classes concem- 
ing the orbital periods, and in addition some 
objects have periods considerably shorter or 
longer than the vast majority of cataclysmic 
variables. 

Chapters 2 through 5 are devoted to observa- 
tions and interpretation of dwarf novae and 
nova-like stars. 

Dwarf novae are typically found in the so- 
called quiescent, i.e., low brightness, state; 
and, at semi-regular intervals of time of typi- 
cally some 10 to 100 days, the brightness rises 
by about two to five magnitudes. In the modem 
classification, three different types of dwarf 
novae are distinguished: the U Geminorum 
stars, the Z Camelopardalis stars, and the SU 
Ursae Majoris stars. The Z Camelopardalis 
stars, on decline from outbursts, occasionally 
stay at an intermediate brightness level for 
weeks or years ( “staiidstill” ) before returning 
to minimum light. SU Ursae Majoris stars, in 
addition to “normal” outbursts such as those 
found in all other dwarf novae, exhibit longer 
and somewhat brighter, so-called “sirperout- 
bursts”. Dwarf novae that do not fall into either 
of the former categories are classified as U 
Geminorum stars. 

Concerning statistical properties, dwarf 
novae and nova-like stars are discussed to- 
gether. In matters like masses of the stellar 
components, mass ratios, or orbital periods, 
these systems, when regarded as groups, are 
almost identical. However, some differences 
seem to be connected with the outburst behavi- 
our and magnetic properties. 

The photometric outburst properties of the 
best studied dwarf novae are described. With 
more than 600 recorded outbursts over the last 
almost 100 years, SS Cyg, the brightest known 
dwarf nova, is the best studied object in this 
respect, but others have been investigated rea- 
sonably well, too. concerning details of pho- 
tometric changes during outburst, such as the 
time required to reach maximum brightness or 
the total duration of the event, in any dwarf 
nova various types of outbursts can usually be 
distinguished. Also relations have been found 
between, for instance, the outburst amplitude, 
the total energy spent during an outburst, and 
the recurrence time. Another positive relation 
seems to exist between the rate of early decline 
from an outburst and the orbital period; be- 
tween the absolute brightness reached during 
outburst and the orbital period; and between 
the orbital period and the widths of wide and 
narrow outbursts, respectively. And finally, 
characteristics of standstills and superout- 
bursts are discussed. 

Appreciable colour changes occur during 
the course of an outburst cycle, when charac- 
teristic loops in the two-color-diagram are per- 
formed. Most of these changes take place dur- 
ing the fast rise to maximum when the stars 
become considerably bluer than normal; chan- 
ges during decline are much less dramatic. 

Pronounced photometric changes during 
quiescence, often related to the orbital revolu- 
tion, are present in all dwarf novae. In the op- 
tical, these may be a temporary increase in 
brightness by some tenths of a magnitude for 
about half the orbital cycle (the ‘hump’) or an 
eclipse lasting for a small fraction of the orbital 
period and with a depth of up to two magni- 
tudes, either or both of which are present in 
many dwarf novae. In all systems, at all levels 
of the outburst light curve, superimposed on 
the general brightness level are irregular 
brightness changes, the so-called ‘flickering’. 
Only very few data are available on the vari- 
ability on orbital time scales in the ultraviolet 
range, and not much more in the infrared. The 
variety of infrared light curves among the 
dwarf novae apparently is rather large. Several 

lxiv 



systems are known to exhibit a secondary 
eclipse at about phase 0.5 with respect to the 
primary eclipse, which is not seen in the opti- 
cal. 

Long-term monitoring of the quiescent light 
level has been possible for SS Cyg and U Gem. 
In the latter the flux remains constant within 
narrow limits and no systematic trend of 
changes could be detected. SS Cyg on the other 
hand maintains a stable light level for several 
weeks, at others the flux level is seen to system- 
atically increase or decrease over as much as 
several consecutive quiescent phases. One 
such long-term monitoring was done for CN 
Ori during a full quiescent interval between 
two consecutive outbursts. The hump ampli- 
tudes varied in a cyclic manner with a superim- 
posed trend of rising light level at hump maxi- 
mum, while the minimum brightness at inter- 
hump phases stayed constant. These observa- 
tions were detailed enough to also reveal that 
the structure of the orbital light curve never 
repeated exactly from one cycle to the other, 
but several characteristic features were still 
always present. 

A section in this chapter is devoted to two 
very special dwarf novae, WZ Sge and BD Pav. 
They both have extremely long outburst peri- 
ods which lead to their former classification as 
recurrent novae. However, the amplitude and 
other characteristics of their outbursts are more 
typical of dwarf novae, and thus they now 
commonly are classified as such. 

Another further characteristics of some 
dwarf novae is an apparent secular variation of 
the orbital period. For dynamical reasons it can 
be excluded that these reflect actual changes in 
the orbital period, but what they really are due 
to is not clear yet. 

Amazingly little is known about the orbital 
changes during the outburst state. The hump 
amplitude is generally more variable than in 
quiescence, single eclipses tend to disappear, 
and double eclipses tend to become single 
during light maximum. The orbital light curves 
of Z Camelopardalis stars during standstills are 

indistinguishable from those observed at com- 
parable brightness stages at decline from nor- 
mal outbursts. During superoutbursts in SU 
Ursae Majoris stars, ‘superhumps’ are seen 
which undergo very characteristic changes 
during the course of a superoutburst. 

At high time resolution of minutes or sec- 
onds, further photometric changes become ap- 
parent in dwarf novae. There is ‘flickering’, a 
random light variation with amplitudes of some 
tenths of a magnitude and characteristic time 
scales of between seconds and minutes, which 
is present at all stages of activity. ‘Coherent os- 
cillations’ occur at times in dwarf novae during 
outbursts, or in nova-like stars in the high state 
as well as in WZ Sge during quiescence. Peri- 
ods are a couple of ten seconds, and amplitudes 
are on the order of 0.002 mag. Finally, there are 
‘quasi-periodic oscillations’ with very short 
coherence times, periods on the order of one 
minute, and amplitudes somewhat larger than 
those of coherent oscillations. In the three 
brightest dwarf novae, SS Cyg, U Gem, and 
VW Hyi, oscillations also could be detected in 
X-rays. 

All these photometric data indicate that the 
common characteristics of dwarf novae are 
their outburst behaviour, the orbital light 
curves that often exhibit a hump and/or an 
eclipse, and short-term flux variations on sev- 
eral time scales. An enormous variety of fea- 
tures can be found not only in the various sys- 
tems but also in the same object at different 
outburst stages. 

Spectroscopic observation indicate that 
dwarf novae emit appreciable flux from the X- 
ray range to the infrared and, in a few cases, 
also in the radio range. The most flux is emitted 
in the ultraviolet and progressively less at 
longer wavelengths. The flux distribution is 
very different from that of a normal star. Over 
wavelengths ranges of 1000-2000 A a fit with a 
power law distribution is possible. 

During outburst, the spectrum is steeper 
than during quiescence, and even more flux is 
emitted at high energies. In some objects. the 
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flux rises again in the infrared and only falls off 
longward of a maximum around 1.5-2pm. Al- 
though this general behavior is shared by all 
dwarf novae, the energy distributions are fairly 
different for different objects and at different 
outburst states. Rise to maximum either occurs 
simultaneous at optical and ultraviolet wave- 
lengths, or the optical starts to rise up to half a 
day before the ultraviolet. There is indication 
that this delay continues in the X-ray range. 

Decline from outburst always proceeds 
simultaneously at all wavelengths. 

At X-ray energies, quiescent dwarf novae 
preferentially radiate in the hard X-ray range, 
while during outburst they are seen rather in the 
soft X-ray range. 

The X-ray flux is highly variable on all time- 
scales. 

A relation was found between the ratio of the 
X-ray flux to the visual flux and the equivalent 
width of HE. 

Only very few dwarf novae could be de- 
tected at radio energies. These spectroscopic 
observations of the continuum of dwarf novae 
suggest that the ultraviolet flux and most of the 
optical flux originate from the accretion disk. 
The infrared and possibly some of the optical 
flux during quiescence comes from the secon- 
dary component. X-ray radiation is ascribed to 
the boundary layer, which is assumed to be 
optically thin in quiescence, and therefore 
emits hard X-rays, and optically thick in out- 
burst and therefore, because the radiation is 
thermalized before escape, emits soft X-rays. 

The line spectra during quiescence are, in 
most cases, characterized by strong emissions, 
although in some cases emissions in the optical 
are weak, or lines in the ultraviolet might even 
be weakly in absorption. High-inclination sys- 
tems exhibit double-peaked profiles in the 
Balmer emission lines. In several cases, the ab- 
sorption spectrum of a cool main-sequence star 
is visible. 

In general, optical lines undergo profile 
changes on orbital time scales. In particular 
many lines are weakened during photometric 
eclipse. No such observations have been pub- 
lished for the ultraviolet range. In many sys- 
tems the so-called S - wave is seen, a systematic 
variation of the relative strengths of the red and 
blue peaks of the hydrogen lines during the 
orbital cycle. Also the radial velocities change 
in phase with the orbital light curve. Emission 
and absorption spectra are out of phase by 
about 180". 

The observed spectral characteristics indi- 
cate that the emission lines are formed in opti- 
cally thin disc areas, while the absorption lines 
sometimes observed in the ultraviolet rather 
suggest that the inner disk is optically thick. 
The periodic changes in radial velocities and 
line intensities are ascribed to orbital vari- 
ations, while random changes are ascribed to 
inhomogeneities in the accretion disk. Double- 
peaked line profiles are believed to originate 
from rotation of disks seen at high-inclination 
angles. The phase shift of 180" between emis- 
sion and absorption lines is an effect of binar- 
ity, the emissions being produced in the accre- 
tion disk around the white dwarf and the ab- 
sorption in the cool secondary star. Irradiation 
effects are believed to be responsible for the 
deviation from a phase shift of exactly half an 
orbital period. 

During outburst the line spectrum, both in 
the optical as well in the ultraviolet, turns into 
absorption. The late absorption spectrum is 
masked by the increased continuum flux. 

Around or shortly after maximum, emis- 
sions start to grow in the broad absorption 
lines, and during the course of decline the qui- 
escent spectrum is restored. 

The radial velocities during outburst are 
roughly the same as those during quiescence, 
but K and Gamma velocities may be different. 

The appearance of the absorption spectrum 
in outburst suggests that the disc has become 
opaque. The sometimes observed blue-shifted 
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or P Cygni profiles indicate a high-velocity 
wind blown off the system during outburst. The 
variation in K and Gamma velocities are sus- 
pected to be due to brightness changes in the 
disc. 

Five classes of nova-like stars are distin- 
guished: the UX Ursae MajoiYs, the aiiti-dwarf 
novae, the DQ Herculis, the AM Herculis and 
the AM Canurn Venaticoi.imni stars. 

All nova-like variables have the common 
property of not normally showing large out- 
burst activity, though they may be found in 
“high” or “low” states. 

The spectroscopic and photometric appear- 
ance of UX Ursae Majoris stars are very simi- 
lar to those of dwarf novae at some stage of the 
activity cycle. 

Anti-dwarf novae are usually found in a 
bright state. At times in which they are un- 
distinguishable from UX Ursae Majoris stars, 
however, they experience brightness drops by 
several magnitudes and then look mostly like 
dwarf novae during the minimum state. Con- 
cerning their long-term behavior, DQ Her stars 
(or intermediate polars) comprise the full 
range of possibilities found in cataclysmic 
variables. Their common characteristic feature 
is the presence of at least one highly stable 
photometric period besides the orbital vari- 
ation. Between two and three subclasses are 
distinguished on the basis of the length of the 
period of this additional variability. Spectro- 
scopically most of them do not appear any dif- 
ferent from UX Ursae Majoris stars. 

Like anti-dwarf novae, the AM Herculis 
stars ( or polal-s) normally are found in a high- 
brightness state, but occasionally undergo 
drops by several magnitudes. All AM Herculis 
stars are characterized by a very high degree of 
polarization which varies in strict synchronism 
with (orbital) changes of the general light level 
and the radial velocity. Orbital light curves as 
well as spectra in many ways are atypical for 
cataclysmic variables. AM Canum Venati- 
corum are characterized by the absence of any 

trace of hydrogen in their spectra, strong ab- 
sorption or emission lines of helium, and often 
pronounced flickering activity. 

One interpretation of these observations is 
that UX Ursae Majoris stars and anti-dwarf 
novae basically are the same sort of objects. 
However in UX Ursae Majoris stars the mass 
transfer through the accretion disc is always 
high; therefore the disc is thought to be station- 
ary all the time; in anti-dwarf novae, on the 
other hand, mass transfer occasionally drops. 
In dwarf novae, mass transfer is so low that the 
disc undergoes semi-periodical changes be- 
tween high and low accretion events. 

DQ Her stars are believed to have a weakly 
magnetic white dwarf in the system. This star 
disruptes the inner accretion disk, but the 
magnetic field is not strong enough to keep the 
star in synchronism with the orbital motion. 
The rotation of the white dwarf becomes vis- 
ible as an additional stable photometric period. 
AM Her stars are believed to have a strongly 
magnetic white dwarf in the system, which 
entirely prevents the formation of an accretion 
disc and locks the rotation of the white dwarf to 
the binary orbit. 

A brief history of the models proposed for 
explaining dwarf novae and nova-like stars is 
given. One of the reasons for the difficulty of 
finding a model capable of explaining at least 
the majority of observations until the 1950’s 
was the low time resolution that focussed en- 
tirely on the outburst behavior, and thus could 
not reveal the periodicities at shorter time 
scales. It was Linnell in 1950 who proposed a 
model for UX UMa which was strikingly simi- 
lar to the now commonly accepted Roche mo- 
del. 

When it became clear that all the well-stud- 
ied cataclysmic variables turned out to be bi- 
nary systems with orbital periods of a few 
hours, that the secondary stars, when observ- 
able, are cool main-sequence stars, and that the 
primary stars are hot objects with a geometry 
and flux distribution very different from that of 
normal stars, the Roche model was adopted as 

lxvii 



a working hypothesis. This model consists of a 
cool main-sequence star which fills its Roche 
lobe and loses matter into the Roche lobe of the 
white dwarf. The transferred material has too 
much angular momentum to fall directly onto 
the surface of the white dwarf, but instead 
builds out an accretion disc in which it spirals 
toward the white dwarf to eventually be ac- 
creted. 

An increasing number of observations, both 
photometric and spectroscopic, and in almost 
the entire spectral range from hard X-ray to 
infrared, have given more and more support to 
the notion that the Roche model is appropriate 
for describing the basic physics of cataclysmic 
variables. However many details remain to be 
explained, and the structure of the systems is 
presumably more complicated than can be 
theoretically handled at this stage. One of the 
parameters which critically determines the 
appearance and temporal variations of the ac- 
cretion disc is the “viscosi~”, which is largely 
unknown. This viscosity is a means for describ- 
ing the mechanisms of angular momentum 
transport in the disc. It is usually parametrized 
as a quantity a, defined as the ratio of the tur- 
bulent velocity to the sound velocity including 
the actions of the probably present magnetic 
fields. It is basically a free parameter which 
well may have different values at different 
points in the disc. 

For any theoretical interpretation it is very 
important to know absolute values of the para- 
meters of a system such as stellar masses and 
radii, inclination angles, absolute magnitudes, 
and mass transfer rates. For this reason, a criti- 
cal discussion of the methods for their determi- 
nation and their reliability is given. In a normal 
detached binary system, masses and radii, as 
well as the inclination angle, can be derived 
from radial velocity curves and light curves. 
However, only two eclipsing double-lined 
spectroscopic binaries are known among dwarf 
novae and nova-like stars. So in principle one 
could derive masses only for these two sys- 
tems. Moreover the shape of the light curves 
indicates that the geometry of the system is not 
that of a normal detached system. Hence it is 

highly questionable whether the inclination 
angle and radii of the stars could be determined 
using the standard procedure. For instance, 
great care must be taken in the determination of 
radial velocity curves, so that inhomogeneities 
in the disc (like the presence of the hot spot) 
and irradiation of the secondary star are prop- 
erly taken into account. Furthermore, the hot 
spectrum generally is that of the accretion disk 
rather than that of the white dwarf itself. 

Constraints due to the assumption of the 
applicability of Roche geometry are of great 
help in determining the parameters of the sys- 
tem. Relations exist, for instance, between the 
radius of the secondary star and the mass ratio 
of the stellar components, Or another relation 
exists between the radial velocity amplitude K, 
of the primary component, the projected rota- 
tional velocity of the disk, and the mass ratio. 
Still, severe difficulties are met in the reliable 
determination of the inclination angle and the 
radial velocities. 

The parameters of the secondary star can, in 
principle, be determined from, for instance, the 
infrared colors; but difficulties are met here 
also. 

Absolute magnitudes and distances can be 
derived from the spectrum of the secondary 
star. Moreover, relatively well defined rela- 
tions exist between the absolute visual magni- 
tude of a dwarf nova in outburst and the orbital 
period, and between the visual magnitude and 
the equivalent width of the HI3 emission. Also 
the interstellar absorption feature at 2200 A, if 
present, can be used as a distance indicator. For 
U Gem and SS Cyg, trigonometric parallaxes 
were derived. 

Other important parameters are the mass- 
transfer rates, Le., the mass-transfer rate from 
the secondary into the Roche lobe of the pri- 
mary, the mass throughput through the accre- 
tion disc, and the mass-accretion rate onto the 
white dwarf. All these determinations are 
strongly model dependent. The most reliable 
method seems to be that based on eclipse- 
mapping techniques. 
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Although observations seem to indicate that 
the brightness changes in dwarf novae are di- 
rectly due to changes in the disc, still many un- 
solved theoretical problems remain. 

The simplifying assumptions generally 
made in theoretical work are neglect of relativ- 
istic effects and self-gravity. Furthermore the 
disc is assumed to be geometrically thin, lying 
flat in the orbital plane of the system. It is as- 
sumed to be rotationally symmetric, and that 
the only energy source is gravitational energy, 
which is converted into radiation energy by 
viscous processes that also take care of the 
separation of angular momentum and mass. A 
certain vertical thickness structure of the disc is 
assumed to be due to thermal pressure originat- 
ing from the transformed gravitational energy 
and turbulence. 

From computations of particles trajectories 
in the restricted three-body approximation, the 
approximate position of the hot spot can be 
reproduced. Hydrodynamic computations pro- 
vide information about brightness distribu- 
tions, surface density distributions, and veloc- 
ity fields in the disc. 

Assuming hydrostatic equilibrium in the 
vertical direction and employing the basic 
equations for stellar atmospheres, some idea 
can be obtained about the vertical structure of 
the disc. Unfortunately, the most important and 
the weakest parameter in all these computa- 
tions is the viscosity. 

Two possible outburst mechanisms have 
been suggested for dwarf novae, viscoiis insta- 
bility in the accretion disc (“disc instability”) 
or a suddenly enhanced niass trunsjer onto the 
disc from the companion star ( “traiisfer instu- 
bility”). The first mechanism assumes that the 
viscosity follows a hysteresis curve, as the 
physical state of the disc material changes be- 
tween being convective or radiative. General 
and to some extent even detailed outburst light 
curves can be reproduced theoretically. The 
other suggested mechanism assumes that insta- 
bilities in the atmosphere of the secondary star 
lead to temporarily increased mass transfer on- 

to the disc which causes the outburst. Also in 
this case a reasonably satisfactory agreement 
with the observations can be obtained. So far no 
definite discrimination between the two mod- 
els can be made. 

Also for superoutbursts no single generally 
accepted model exists so far. 

The rapid oscillations, because of their high 
frequencies and short coherence times, are be- 
lieved to originate either on the outermost sur- 
face of the white dwarf or in the innermost 
areas of the accretion disc. 

The secular variations of the orbital period, 
as observed in several dwarf novae and nova- 
like stars, are not yet satisfactorily explained. 

Models proposed for explaining the strongly 
magnetic systems (AM Herculis stars) and the 
weakly magnetic systems (DQ Herculis stars) 
are described. For AM Herculis stars it is as- 
sumed that a strongly magnetic, synchro- 
nously rotating white dwarf prevents the for- 
mation of an accretion disc, and forces accre- 
tion to occur through magnetic funnels along 
the field lines. In DQ Herculis stars, the white 
dwarf possesses only a moderately strong 
magnetic field, which is able to disrupt the disc 
at some distance from the star but cannot en- 
tirely prevent the formation of the disc, nor can 
it keep the white dwarf in synchronous rotation 
with the orbital motion. Illumination of system 
components by the hot accreting poles, or ra- 
diation directly from the poles, produces the 
observed additional photometric periodicities. 

The spectra of dwarf novae and nova-like 
stars present a variety of appearances; pure 
emission line spectra, pure absorption line 
spectra, a mixture of both, asymmetric line pro- 
files, very different slopes of the continuous 
flux distribution. The same star can present all 
these features at different times. To simplify 
the problem of modelling these spectra, it is 
usually split into three separate problems: that 
of specifying the physical model to serve as a 
background for the computations; that of com- 
puting the continuous spectrum; and that of 
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computing the line spectrum. The physical 
model underlying the computations is the 
Roche model for cataclysmic variables. 

The continuous flux distribution does not 
resemble that of normal stars, and an approxi- 
mate fit is possible if it is assumed that only the 
disc contributes to the radiation, and that at 
each distance from the white dwarf it radiates 
like a black body, with the radial temperature 
distribution as derived for a stationary accre- 
tion disc. 

The absorption line spectrum is computed in 
close analogy to computations of stellar atmos- 
pheres. The basic difference between a stellar 
atmosphere and a disc atmosphere is the energy 
source, nuclear in the first case, gravitational 
in the second case. But this does not matter for 
the emitted spectrum, as long as the central 
plane of the disc is optically thick. Further- 
more, in contrary to stellar atmospheres, accre- 
tion discs are essentially two-dimensional ob- 
jects, and thus the itdination angle is an im- 
portant parameter for the observed radiation. 
The Keplerian rotation of the disk leads to 
additional broadening of the line profile and to 
double-peaked absorption profiles. The major 
results obtained from spectrum synthesis cal- 
culations are the main free parameters (the 
mass of the white dwarf, the mass-transfer rate, 
the inner and outer radii of the disc, and the 
inclination angle). The mass of the white dwarf 
and the outer disc radius are of practically no 
importance. The inclination angle has a drastic 
effect on the continuum as well as on the lines. 
The mass transfer rate enters the radial tem- 
perature profile and therefore has a very impor- 
tant influence on the appearance of the spec- 
trum. Finally, the inner disc radius is very 
important, since its variation means including 
or neglecting the very hottest parts of the disc, 
which entirely determine the ultraviolet, and 
also part of the optical, radiation. 

The emission lines are generally observed 
during the quiescent state and are ascribed to 
optically thin areas in the inner and/or outer 
disc, or even the entire disc. Modelling is more 
difficult than for outburst spectra, because dur- 

ing quiescence the disc is probably not station- 
ary (i.e., no radial temperature law is available 
a priori) and non-LTE effects are likely to be 
important. 

Optical observations of dwarf novae in out- 
burst and of nova-like stars give no evidence of 
winds. The Balmer lines are seen in absorption 
and with symmetric profiles. In the ultraviolet, 
however, strong P Cygni profiles or shortward 
shifted absorptions of C IV resonance doublet, 
and occasionally of Si IV and N V are observed. 
These profiles are different from those seen in 
normal hot stars. Furthermore, systems with 
very high inclination angles exhibit only strong 
emission profiles, while all the other lines are 
seen in absorption as usual. Computations as- 
suming an optically thick accretion disk and a 
wind driven out from the disc center and/or 
boundary layer can reproduce the observations 
rather well, if the most important parameters - 
in this case the mass loss rate, the velocity 
profile of the wind, the temperature, and the 
temperature profile of the accretion disc - are 
chosen appropriately. 

By means of image-processing techniques 
the surface brightness and temperature distri- 
bution of the accretion discs can be recon- 
structed from eclipse observations. This 
method, in principle, allows the derivation of 
the radial temperature profile, the localization 
of the geometrical origin of the various contri- 
butions to the line radiation, the distinction 
between optically thick and optically thin areas 
of the accretion disc, and, depending on the 
kinds of observations, many more system prop- 
erties. Detection of soft and hard X-ray radia- 
tion from many dwarf novae and nova-like 
stars are ascribed to a boundary layer between 
the disc and the surface of the white dwarf, 
which is formed there where the Keplerian 
rotating disc material is braked down to the 
rotational velocity of the white dwarf, in order 
to be accreted. Its detailed structure as well as 
details of the emitted spectrum are not yet 
understood . 

The evolutionary state of cataclysmic vari- 
ables is discussed. Their space distribution and 
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selection effects are considered. Novae and 
dwarf novae seem to have about the same space 
distribution and both are generally population 1 
objects, although some dwarf novae are known 
to belong to globular clusters. 

The properties of the stellar components in 
cataclysmic variable systems are discussed. 
There is some indication that, statistically, the 
masses of white-dwarfs members of cataclys- 
mic variables are more massive than single 
white dwarfs. This discrepancy can be ac- 
counted for by selection effects, mostly due to 
the mass-radius relation of white dwarfs. The 
secondary stars appear indistinguishable from 
normal main-sequence stars. Black-dwarf sec- 
ondaries are expected to exist in systems below 
the period gap, but these could not yet be de- 
tected. 

An outstanding characteristic feature of cat- 
aclysmic variables is the existence of a period 
gap between about two and three hours and the 
minimum orbital period of about 80 minutes. 
The upper end of the period gap is understood 
to be due to the cessation of magnetic braking 
as it is operating in the secondary star; as a 
consequence the secondary star is detached 
from its Roche lobe, and mass overflow stops. 
Gravitational radiation acts to decrease the or- 
bital period, by which time the period has de- 
creased to some 2 hours, and brings the star 
back into contact with its Roche lobe. The 
period keeps decreasing due to gravitational 
radiation until, at the minimum orbital period, 
the secondary star has lost a sufficient amount 
of mass to be unable to maintain nuclear energy 
generation, and thus becomes degenerate. At 
further evolution, the orbital period increases 
again until the secondary star will have re- 
solved. 

It is still an entirely open question what stars 
are the progenitors of cataclysmic variables. 
Although W Ursae Majoris stars have about the 
same space density and distribution as cata- 
clysmic variables, their angular momentum is 
too small for a white dwarf to be formed, and, 
therefore, they can be excluded as possible 
candidates. No other group of stars can be iden- 
tified as possible progenitors. 

Possible scenarios for the evolution of a 
binary system to a cataclysmic variable are 
discussed. 

Finally, the often discussed scenario is pre- 
sented that novae, dwarf novae, and nova-like 
stars might actually be the same kinds of ob- 
jects at different stages of activity. 

The final Chapter in Part I, Chapter 5 ,  sum- 
marizes the main issues on dwarf novae and 
nova-like stars and discusses the suitability of 
the currently employed classification systems. 

Chapters 6 through 10 of Part I1 discuss the 
general observational properties of classical 
and recurrent novae, the theoretical models, 
and the characteristics and models for some 
well observed classical novae and recurrent 
novae. 

Chapter 6 describes the observable charac- 
teristics of classical novae and recurrent novae 
obtained by different techniques (photometry, 
spectroscopy and imaging) in all the available 
spectral ranges, and at the various phases in the 
life of a nova. These phases are schematized as 
follows: quiescence (pre- atid post-outburst), 
olcthicrst, final decline, and nebular phase. 

The examination of all the available obser- 
vations of old novae before and after outburst 
indicates that the eruption has very little effect 
on the stellar structure and on the binary sys- 
tem, when the parameters of the latter are 
known. 

In fact both photometric and spectroscopic 
properties remain the same before and after 
outburst, although in some cases long periods 
of time (several years) are necessary for the star 
to reach the observed pre-outburst magnitude. 
Hence it should be very important to study old 
novae, which erupted centuries ago. Unfortu- 
nately only two cases are known, CK Vu1 1670 
and WY Sge 1783. 

Several novae at minimum present flicker- 
ing, and, very rarely, coherent oscillations (DQ 
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Her, V 533 Her) or quasi periodic oscillatioiis 
(RR Pic, GK Per). 

The spectra of just three quiescent novae, 
before outburst, i.e., before they were known to 
be novae, have been observed. These spectra, 
although limited to three cases, and of rather 
poor quality, suggest that they do not differ 
very much from those taken after the end of the 
out burst. 

The spectra of past novae are characterized 
by a very blue continuum and emission lines of 
H I, He I, He I1 and no definite evidence for the 
presence of absorption lines. Comparison of 
the spectra of several old novae, dwarf novae, 
and nova-like stars does not display any clear 
differences among the three classes of objects. 
We can repeat again that both photometric and 
spectroscopic characteristics of novae are in- 
distinguishable from those of dwarf novae, 
although the luminosity and accretion rate are 
not the same. 

Statistical studies of the spectra of novae 
and dwarf novae at minimum indicate that the 
emission line-width is related to the inclination 
of the system; the broader are the emission 
lines the closer to 90" is the inclination of the 
accretion disc. 

Although the photometric characteristics of 
quiescent novae are rather similar to each 
other, their outburst light curves may differ 
strongly. Novae are therefore classified ac- 
cording to the rapidity of their decline from 
maximum. The classes are: fasr novae (t3 < 100 
days, where t, is the number of days required to 
decline by 3 magnitudes), stow novae (t3 > 150 
days), and very slow novae, which stay at 
maximum for several years. A very detailed 
classification done by Duerbeck in 1987 takes 
into account also the presence or absence of 
oscillations during the transition stage, the 
presence or absence of a deep minimum in the 
transition stage, and other details of the out- 
burst light curve. 

An important correlation has been found 
between the absolute magnitude at maximum 

and the rapidity of decline from maximum, the 
fastest novae being the brightest (hence their 
distance can be estimated). Another method to 
derive the distance, the nebular expansion par- 
allaxes, is discussed in the section devoted to 
the nebular phase of novae. 

The spectra in outburst, which indicate the 
presence of layers expanding at high velocity, 
pass through various phases. Just before maxi- 
mum brightness is attained, the PRE-MAXI- 
MUM spectrum is very similar to the spectrum 
of a B or A supergiant. The PRINCIPAL spec- 
trum replaces the pre-maximum spectrum 
within a few days after maximum, and persists 
until the nova has faded by about 4 magnitudes. 
It is very similar to the pre-maximum spec- 
trum, but the type is generally slightly later, 
and is similar to the spectrum of an A or F 
supergiant. The expansion radial velocity is 
larger than that indicated by the pre-maximum 
spectrum. A correlation exists between the 
principal spectral type and the expansion ve- 
locity, which ranges from about 2000 km/s for 
the hotter spectral types (characterized by the 
presence of N V lines) to 200-100 km/s for 
types FO-F8. This is a clear indication that it is 
the kinematic energy originating in the out- 
burst which produces the observed spectrum. 
The DIFFUSE-ENHANCED spectivm appears 
later than the principal one and presents an 
expansion velocity higher than the latter. The 
absorption lines are wide and strong. It reaches 
maximum intensity about two magnitudes be- 
low maximum. The ORION spectrum is similar 
to those of the B-type stars in the Orion nebula 
and reaches maximum intensity at three magni- 
tudes below maximum. These four systems 
account for almost all the absorption features. 
To each absorption system corresponds an 
emission system. All absorptions and corre- 
sponGing emissions form the characteristic P 
Cygni profiles typical of expanding envelopes. 
When the nova has weakened by four magni- 
tudes another emission system appears, the 
NEBULAR spectrum, which is completely de- 
veloped when the nova is seven magnitudes 
below maximum. At first, it is a typical nebular 
spectrum, characterized by forbidden lines of 
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N I, 0 I, N 11, 0 11, 0 I11 and later on, in some 
cases, by coronal lines (i.e., with ionization 
states higher than Fe VII, IP = 125 eV). 

Infrared observations of novae give infor- 
mation on regions much cooler than those from 
which optical radiation originates. They have 
revealed the formation of dust shells at tem- 
peratures lower than about 1000 K and ex- 
plained some characteristics of the outburst 
light curves of slow novae. Corresponding to 
the deep minimum in the light curve, one ob- 
serves a rise in the infrared flux, indicating that 
a dust shell is formed which absorbs the optical 
radiation. When the deep minimum is absent 
the infrared excess is also absent and no dust 
shell is formed. Although few data are known 
for a reliable statistics, fast novae do not form 
an optically thick dust shell, and slow novae 
do, while intermediate novae form just a thin 
dust shell. However, the two known examples 
of extremely slow novae, HR Del and RR Pic, 
do not show the deep minimum in their light 
curve, which should give evidence for the for- 
mation of a dust shell. 

The observations from astronomical satel- 
lites have permitted the observation of ultra- 
violet and X-ray emissions from novae. Some 
of these emissions originate from regions 
which are much hotter than those where the 
optical radiation is formed and are therefore 
complementary to the ground based observa- 
tions. 

The importance of ultraviolet observations 
can be understood if we consider that the bulk 
of the continuum radiation emitted by quies- 
cent novae is found, with very few exceptions, 
in the ultraviolet. Estimates of temperature, lu- 
minosity, and mass-accretion rate in the disc 
and onto the white dwarf’s surface, which are 
of fundamental importance for understanding 
the nova phenomenon, can be made only by 
means of ultraviolet observations. 

For novae in outburst, observations of the 
ultraviolet continuum are essential for the de- 
termination of the bolometric luminosity. 
Moreover, it is well known that almost all the 

strong resonance lines of abundant ions fall in 
the ultraviolet. These lines provide informa- 
tion on the excitation processes, the regions of 
line formation, the presence of outflow phe- 
nomena, and on the intensity of the ionizing 
radiation field in the extreme ultraviolet, which 
is scarcely accessible because of the hydrogen 
interstellar absorption below 9 13 A. 

The behavior of novae in the ultraviolet is 
described in two separate sections: quiescent 
novae and novae in outburst. This subdivision 
has a physical basis. In fact, observations of 
quiescent novae provide important information 
on the hot components, on their radiation field, 
and on those processes which occur near the 
compact component. Instead, observations 
made during outburst and the following decline 
phase give information on the physical struc- 
ture of the extended pseudophotosphere and its 
chemical composition. 

The ultraviolet continuum of quiescent no- 
vae can generally be reproduced reasonably 
well by a distribution F(h) with 5 2, 
which is not very different from the “standard” 
value a = 2.33 found for the simple theoretical 
accretion-disc model computed by Lynden- 
Bell in 1969. 

The few observations in the extreme ultra- 
violet (500-900 A) made with the Voyager 
indicate that models fitting the ultraviolet can- 
not be extrapolated to the extreme ultraviolet 
wavelength region. 

Exceptions to the general trend for the ultra- 
violet continuum are GK Per whose continuum 
peaks toward 3600 A, instead of in the far UV 
like the other old novae, DQ Her, T Aur, and 
BT Mon, which show a very flat continuum, 
a= 0. 

The very important parameter A can be es- 
timated from the accretion luminosity of the 
disc, L(disc) = Gh;IMl/2Rl where MI and R, are 
the mass and radius of the compact object. 
Values of the order of Ma /yr have been 
estimated, but the methods involve many un- 
certainties. 
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The line spectra of old novae are character- 
ized by the presence of strong emission lines of 
multiionized atoms like N V, C IV, Si IV, He 11, 
N IV, N 111, C 111, Si 111. P Cygni profiles have 
been observed in a few cases, giving evidence 
of material outflowing a long time after out- 
burst. 

As in the optical range, we can conclude that 
spectra of novae in quiescence are substantially 
similar in the ultraviolet. The optical and ultra- 
violet behavior in outburst, on the contrary, 
cannot be placed into a common scheme, and 
each nova outburst has its own specific charac- 
teristics. 

One important result obtained from ultra- 
violet observations of the nova outbursts is that 
the bolometric luminosity remains practically 
constant or declines much slower than the opti- 
cal one, until the nebular stage starts. The rich 
ultraviolet line spectra have enabled a more 
accurate determination of the electron density 
and temperature of layers producing the lines, 
and therefore a more reliable determination of 
the chemical composition than was possible by 
the sole observation of the optical spectrum. A 
general excess of CNO in classical novae is 
confirmed. Moreover a new class of novae, the 
izeoiz novae, has been discovered, character- 
ized by the great intensity of the neon lines. 
Several considerations suggest that the enrich- 
ments in the ejecta are not a consequence of 
nuclear reactions in the nova envelope, but 
rather reflect the composition of the envelope 
at the onset of the TNR, CNO overabundances 
can be explained by TNR in a shell already 
enriched by these elements from the interior of 
a CO white dwarf. The enrichment in Ne would 
indicate that the ejected material was previ- 
ously processed to Ne in what is now a very 
massive 0 - N e - M g  white dwar- Abundance de- 
terminations made for only four recurrent no- 
vae seem to indicate that the abundances in 
their ejecta, unlike the ejecta of classical no- 
vae, are substantially solar. 

Accretion is also responsible for the X-ray 
radiation emitted by quiescent novae. They are 
generally low-luminosity X-ray sources. About 

ten of them have been detected with the satel- 
lite EINSTEIN with Lx = lo3' -lo3* erg/s. A few 
others have been detected with EXOSAT, 
which provided the first X-ray recording of a 
recurrent nova - RS Oph - in outburst. 

The final decline of novae follows the dip in 
the light curve of slow novae and precedes the 
appearance of the envelope. 

The time scale for the return to the pre-nova 
state is estimated to be of the order of several 
tens of years, although the nuclear-burning ti- 
me scale is approximately 300 years. Hence the 
physical reason for the time scale of the return 
to the pre-nova state is not yet understood. For 
instance the spectrophotometric analysis of the 
slow nova FH Ser indicates that the turn-off 
occurs 200 days after outburst. Now turn-off re- 
quires fuel exhaustion, either by nuclear burn- 
ing (which is not the case because of the much 
longer time scale than the observed one) or 
some sort of quenching of the nuclear reac- 
tions, or some mechanism of mass loss. The 
latter can be an optically thick wind, that is the 
expanding pseudophotosphere of the outburst- 
ing novae, or the loss of matter through the 
outer Lagrangian points of the system, as a re- 
sult of dynamical friction during the common 
envelope phase. 

When the nova has declined to the pre-out- 
burst state, the remaining sign of the outburst is 
the surrounding expanding nebulosity. This ne- 
bulosity seems to be a relatively short-lived 
phenomenon, because no dwarf nova or nova- 
like star without a recorded outburst can be 
identified as a nova because of an observable 
shell. Nova shells have been observed for about 
20 objects. In general they are elliptical and 
present condensations and rings. 

The angular size of the nebula, the expan- 
sion radial velocity, and the time elapsed from 
the explosion enable the derivation of the dis- 
tance of the nova, using the hypothesis that the 
expansion velocity has remained practically 
constant. However, images of the nova nebulae 
obtained at different epochs indicate notice- 
able decelerations with time of the order of 10 
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to 2 kmls  per year. This braking must therefore 
be taken into account for a correct determina- 
tion of the distance. 

The masses of the nova shells are of the order 
of to solar masses. 

Besides the possibility of estimating the dis- 
tance and of measuring the masses, the spectra 
of nova shells allow one to determine the chem- 
cal composition of the nebulae, and therefore to 
verify if it is affected by the nuclear reactions 
occurring during the outburst. The emission- 
line spectra of the nebulae permit a more accu- 
rate determination of the abundances than in 
nova spectra, where absorption lines are 
blended with their emission components, or 
where the components of the various expand- 
ing shells are blended together, and where the 
conditions are very far from those of a stable 
atmosphere. Instead, at the time when the 
shells become spatially resolved, the density is 
so low that self-absorption and collisional de- 
excitation are negligible, and the distance be- 
tween the shell and the stellar object plus the 
accretion disc make impossible any confusion 
with these regions having very different physi- 
cal conditions. CNO abundances can be 10 to 
100 times the solar value. 

The possibility of studying the remnant of a 
very old nova has been offered by a nebulosity 
surrounding CK Vu1 1670. Two faint nebulosi- 
ties at about 5 arcsec from the central object, 
plus other fainter nebulosities, display spectra 
similar to those of nova ejecta. The intensity of 
[N I11 6548 is impressive and also those of [S 111 
6716 and 6730 are remarkable. The luminosity 
of the central object is much lower than that of 
typical old novae and comparable to those of 
the faintest dwarf novae. This luminosity can 
be explained by a normal red dwarf and indi- 
cates the absence of any contribution from the 
white dwarf and the accretion disc. This may 
indicate that mass transfer has stopped in the 
system. 

Radio observations at centimetre wave- 
lengths have indicated radioemissions from 
HR Del 1967, V 1500 Cyg 1975, V 368 Sct 

1970 and FH Ser 1970. The maximum radioem- 
ission was reached between 100 and 200 days 
from outburst for the very fast nova V 1500 Cyg 
and about 1000 days after outburst for the very 
slow nova HR Del. In no case radioemission 
was observable earlier than 50 days from out- 
burst. The spectra were consistent with thermal 
radiation of an expanding envelope of ionized 
gas. 

Observations of the old nova GK Per 1901 in 
about the same range of wavelengths have 
detected an extended radio source resembling 
the optical nebulosity in the vicinity of the 
nova. The spectrum indicates that the emission 
is clearly non thermal. 

The only recurrent nova for which radio 
emission was detected is RS Oph. The observa- 
tions began only 18 days after the 1985 out- 
burst. The brightness temperature of about lo7 
K (against the value of about loJ observed for 
classical novae) indicates a non-thermal origin 
for the radiation. 

Chapter 7 discusses models for classical and 
recurrent novae. It is observed that the behav- 
ior of novae may be divided into two separate 
stages: quiescence and outburst. However the 
two stages cannot be completely separated, 
because it is possible that the companion star 
and the accretion disc, which determine the 
behavior of novae at quiescence, may play a 
role during outburst, due to their interaction 
with the ejected shell or the “bloated dwarf” 
formed in the explosion. The same model 
should be able to explain the features observed 
in both stages. 

Despite the variety of light-curve shapes 
and spectroscopic developments, there are 
similarities between different objects. Rela- 
tions exist between the absolute magnitude at 
maximum and the t, time, or between the ex- 
pansion velocity and the spectral type of the 
principal spectrum, or between the expansion 
velocity and the t, time. These relations indi- 
cate that underlying systematics exist in novae. 
Possible “hidden parameters” determining the 
absolute magnitude at maximum, the ejection 
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velocity, etc., are, for instance: The mass of the 
white dwarf and its chemical composition; the 
mass of accreted material and the accretion 
rate; the degree of mixing of the white-dwarf 
material into the accreted hydrogen-rich shell 
material; the orbital elements. Unfortunately 
the data derived from minimum observations 
are poor. 

A brief history of old models, their search 
for the underlying cause and the possible 
mechanisms of mass ejection are described. 
Different mechanisms of mass ejection were 
investigated: shock ejection, pressure ejection, 
radiation pressure, and pulsational mass loss. 
It is now believed that the first three can act 
during various stages of the nova outburst. 
Shock ejection seems to predominate in fast 
and recurrent novae, and an optically thick 
stellar wind driven by radiation pressure seems 
important in slow novae. 

Shock ejection: When energy is generated 
in a region in a time interval shorter than the 
sound travel time across that region a shock 
wave is generated at the bottom of the region 
and propagates outward. After the passage of 
the shock, the ejected material has a steep ve- 
locity gradient with speed increasing outward 
and decreasing with time. This is generally 
contrary to what is observed in classical novae, 
except, perhaps, for material of the premaxi- 
mum absorption system. 

Pressure ejection: If the energy is deposited in 
a region during a time interval longer than the 
sound travel time across that region, but shorter 
than the time interval of radiation diffusion, a 
“pressure” wave develops, which ejects all the 
material above the region with about the same 
velocity, which increases with time. 

Radiation pressure by electron scattering is 
important in high luminosity stars. 

Pulsational mass loss: Assuming thermally 
unstable H burning, a hot white dwarf becomes 
pulsationally unstable. The dissipation of pul- 
sationally produced shock waves appeared to 
be a plausible means of surface heating; how- 

ever, the calculations do not show how the nova 
envelope is ejected. 

The observations indicate that the luminos- 
ity of all post-novae, at least shortly after out- 
burst, are equal or larger than the critical Ed- 
dington luminosity, 

LC,,=6.5x1O4 (M/M,)(L, /1+X), 
where X is the percentage hydrogen abundance, 
by mass, in the external shell of the nova. These 
observations have played an important role in 
developing modern models. 

Simple models for explaining the observed 
light curves and spectral behavior during post 
maximum activity have been proposed. Five of 
these models are described. They are: 

Instantaneous ejection I - All or nearly all 
the material is ejected in a time short compared 
with the duration of post optical maximum 
activity. The ejected material is in a fairly thin 
shell, whose thickness remains small. 

Instantaneous ejection I1 - A thick enve- 
lope is ejected instantaneously. This envelope 
remains thick as different parts of it have dif- 
ferent velocities. 

Continued ejection A - Continued ejection 
models emphasize the importance of winds 
from the nova after optical maximum. Most of 
the emission of the continuous spectrum in the 
optical and ultraviolet comes from an optically 
thick wind (the quasi-photosphere or pseudo- 
photosphere). 

Continued ejection B - A form of continued 
ejection is possible, where most of the luminos- 
ity comes from previously ejected material, 
ejected at a time when the mass-loss rate was 
very high. This model is very similar to Instan- 
taneous ejection, type I, with an envelope of 
constant thickness. 

Central star dominant models - Ejection is 
supposed to occur from one of the components 
of the central binary, which presents a general 
swelling, so that something resembling a nor- 
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mal, almost stationary, stellar photosphere is 
observed after optical maximum. In this case, 
the high-velocity, expanding layers, whose 
presence is indicated from the spectrum, must 
be optically thin in the continuum. 

Each of these models have strong observa- 
tional constraints. Instantaneous ejection, type 
11, and central-star-dominant models require 
that the lowest velocities are near the centre of 
the envelope. The predicted velocity distribu- 
tions encounter observational objections. 

Instantaneous ejection, type I, requires the 
continuum either to be formed in a thin shell or 
in a nova remnant. Blueshifted P Cygni absorp- 
tion components should be very wide in the 
first case, and very narrow in the second one. 
Major difficulties are encountered by this 
model. 

Continued ejection A also has strong con- 
straints. The continuum brightness is directly 
related to the mass-loss rate. 

It is shown that the most fruitful way of 
making progress is to combine a continued 
ejection A model with the presence of a thin 
shell. In many cases, at least, most radiation of 
the continuous spectrum is easily understood to 
be coming from an optically thick wind, while 
most line radiation seems to come from a shell. 

In any case, spherically symmetrical models 
are probably too simple, and the observed 
deviations from spherical symmetry need to be 
taken into account. 

The observed characteristics of recurrent 
novae, and especially those of T CrB and RS 
Oph, are rather different from those of classical 
novae. For instance, the expansion velocity of 
the absorption lines of T CrB and RS Oph 
decrease with time. 

Interaction between the ejected shell and a 
pre-existing circumstellar envelope, either one 
formed in previous outbursts, and/or especially 
one due to the stellar wind from the red giant 
present in the system of T CrB and RS Oph, 

may be important for explaining the spectral 
characteristcs in the course of an outburst. The 
models proposed for T CrB and RS Oph cannot 
be applied to recurrent novae like T Pyx or U 
Sco, which apparently do not have a red giant 
companion. It is not clear to what extent mod- 
els for classical novae can be applied to these 
recurrent novae. 

An empirical approach for explaining, at 
least partially, the structure of novae is dis- 
cussed. Models generally do not take into ac- 
count the existence of stratification and com- 
plex motions suggested from the observations. 
For instance there is definite evidence that 
higher velocity material lies below that of 
lower velocity, and that the Orion system has 
higher ionization than the others systems, sug- 
gesting its origin in the inner parts of the enve- 
lope; but a quantitative study of line superposi- 
tions is still missing. Very high velocity ab- 
sorption components (up to IO4 km/s) have 
been detected in the far-ultraviolet of some 
novae. The highest velocity system of V 1370 
Aql varied on a time scale of a few hours, 
suggesting line formation in the inner enve- 
lope. 

Absorption components of the principal 
spectrum are always seen in classical novae. 
This means that deviations from spherical 
symmetry do not appear to be large enough to 
prevent the formation of the system in any di- 
rection. High velocity systems are also gener- 
ally seen. Therefore limits are also placed on 
possible deviations from spherical symmetry 
for the high velocity systems. 

The observations indicate that a large part of 
the continuum must be produced below the 
level where any strong absorption line is 
formed. Hence, when strong Orion N 111 ab- 
sorption components are observed, at least a 
large part of the continuum must be produced 
in more inner regions. This is compatible with 
the model continued ejection A, or with central 
star dominant models. In these models most of 
the continuum is emitted by a quasi-photo- 
sphere formed by an optically thick wind, or by 
a nearly stationary photosphere, respectively. 
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However infrared radiation is not included 
because the outer parts of the envelope are 
expected to be much more optically thick in the 
infrared than in the optical, due to free-free and 
dust opacity. Color temperatures and radii can 
be found, which, when the continuous ejection 
model is assumed, can be converted to mass- 
loss rates. 

Continuum magnitudes plotted against loga- 
rithm of time from maximum often have a lin- 
ear portion, i.e. the radiation flux varies as a 
power of the time from maximum. The same 
behavior seems to occur for the radii derived 
from continuum magnitudes and Zanstra tem- 
peratures. An important observational datum is 
that the bolometric decline is much slower than 
the optical one. One more is that the total radia- 
tive and kinetic energy fluxes are of the same 
order. Yet another one is the correlation be- 
tween the velocity of the Orion system and the 
brightness of the continuum. 

The most attractive picture emerging from 
the observations seems to be one of wind accel- 
eration by radiation pressure at large optical 
depths, where the total luminosity is above the 
Eddington limit. Part of this total luminosity is 
converted to kinetic energy. Such a process, if 
it exists, cannot be thermal. 

The methods for the determination of the 
chemical composition, both from the absorp- 
tion lines of the pre-maximum spectrum and 
the principal spectra, as well as from the nebu- 
lar emission lines formed in nova ejecta, are 
discussed. These data are very important for 
checking the theories on the causes of nova 
outbursts. However, they are very uncertain 
and must be viewed with caution. Besides the 
excess of CNO, isotopic ratios have been de- 
rived for DQ Her by spectral synthesis. ' * C / T  
was found 2 1.5 and I4N/l5N 2 2 (to be compared 
with the solar-system values of 89 and 273 re- 
spectively). 

The infrared observations, unfortunately 
available for a relatively small number of ob- 
jects, show the formation of a thick dust shell in 
some slow novae, as well as the absence of, or 

a very small infrared excess in, a fast nova like 
V1500 Cyg, and also evidence for a thin dust 
shell in a moderately fast nova like V1668 Cyg. 

According to the very early model devel- 
oped by Clayton and Wickramasinghe, dust 
grains can only condense from ejecta once the 
temperature of condensation is below 2000 K, 
and grains begin to grow and reach a maximum 
size of about 2 pm in a few days. Since the 
photospheric temperature of novae increases 
after outburst, the distance at which grains can 
form recedes from the nova. Dust formation 
thus depends on whether the ejecta can over- 
take the condensation distance. If so, grain 
formation is possible, otherwise the nova envi- 
ronment is always too hot. Moreover, as the 
ejecta disperse, their density declines, and un- 
less grain formation is initiated at an early 
stage the amount of dust eventually formed is 
negligible. 

Gallagher developed an idealized model by 
assuming that the condensation of grains is 
controlled by the radiation field of the nova, 
which radiates at constant luminosity. He de- 
rives a formula giving the number of days from 
outburst, t,, necessary for grain formation, and 
the ionization time scale ti of the ejecta. The 
ratio tjt ,  is independent of the expansion veloc- 
ity and depends only on the luminosity (which 
is related to the speed class) of the novae. For 
fast and very fast novae ti < td, ionization starts 
before grains can condense and, therefore, the 
dust shell cannot be formed. In moderately 
slow and slow novae t, > ti, and the formula 
gives values of t, in reasonable agreement with 
the observations of several objects. However 
HR Del, R Pic, and other very slow novae are 
not explained by this picture, because they 
form too little dust for their slow speed. 

Later work has involved a more detailed 
study of the physics, but much more remains to 
be done before dust condensation is properly 
understood. 

A very strong line in the infrared has been 
observed. This is the 12.8 pm [Ne 111 emission 
in QU Vul. From the Ne 111 and Ne IV lines 
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which are simultaneously present in the ultra- 
violet, a high overabundance of Neon is de- 
rived. It is now believed that a new class of 
novae, the Ne novae, exist. They would be 
characterized by the presence in the system of 
a 0-Ne-Mg white dwarf, with a large amount of 
white dwarf material mixed into the shell. 

A brief description of models for the radio 
envelope is given. Hjellming et al. models of 
slower novae give lower velocities of ejecta, 
lower masses of the shell, and greater time 
elapsed from outburst, for the shell to become 
optically thin in the radio range. 

Deviations from spherical symmetry are 
always encountered in the few old nova shells 
studied in detail. These non-spherical enve- 
lopes can be explained in different ways, such 
as magnetic guiding of material, non-radial 
stellar pulsations, interaction of the expanding 
nebula with the secondary component (this 
may result in blobs ejected perpendicular to the 
orbital plane), interaction of the expanding 
nebula with the accretion disc, effects of stellar 
rotation, gravitational braking and radiative 
acceleration, instabilities at the beginning of 
the expansion, stellar rotation by itself, etc. 

The cause of nova outbursts accepted at 
present is accretion of hydrogen by the degen- 
erate white-dwarf component of the binary 
from its non-degenerate companion. Then the 
hydrogen undergoes a thermonuclear runaway. 
The description of this theory is beyond the 
purpose of this book, which is devoted to the 
atmospheres. Here what is emphasized is the 
impact of the theory on the observable proper- 
ties. 

Hydrogen accreted by the white dwarf will 
tend to be ignited. The mass-accretion rate, the 
chemical compostion, and the white-dwarf 
luminosity all influence the mechanism which 
will give rise to an outburst. The calculations 
suggest that an overabundance of CNO is nec- 
essary for a fast nova outburst, Le., mixing of 
CNO into the envelope from the interior oc- 
curs. 

The observed overabundances of Ne and Mg 
observed in some novae are explained by nova 
outburst of 0-Ne-Mg white dwarfs. These 
white dwarfts are expected to have masses 
close to the Chandrasekhar limit. 

Accretion is not spherically symmetric and 
this lack of spherical symmetry should play a 
role in the development of a pre-nova. The con- 
sequences of this fact are discussed, but the 
situation is very complicated and much work 
needs to be done. 

A few observations and statistical evidence 
suggest that novae “hibernate”; Le., very old 
novae become very faint for thousands of 
years, and brighten again before the following 
thermonuclear runaway. Hibernation models 
suppose, as suggested by calculation, that the 
separation of the two components usually in- 
creases following a nova explosion. At first the 
secondary continues to transfer mass because it 
is strongly irradiated. Then mass transfer 
strongly decreases because the secondary 
underfills its Roche lobe allowing the previ- 
ously accreted material to cool, diffuse, and 
become degenerate, so that a strong thermonu- 
clear runaway is possible at a later time. 

The separation of the binary is then reduced 
by magnetic braking and returns to its original 
value on a time of the order of a few thousands 
years. When the mass transfer is still relatively 
low, a dwarf nova outburst should be possible, 
so classical and dwarf novae would then belong 
to the same class of objects. In fact several old 
classical novae are known, which present post- 
outburst eruptions similar to those of dwarf 
novae. 

The causes of recurrent-nova outbursts are 
discussed. Recurrent novae are, to a certain ex- 
tent, intermediate between classical novae and 
dwarf novae, at least those (T Pyx and U Sco) 
which do not have a red giant in the system. The 
other three known recurrent novae (T CrB, RS 
Oph and V1017 Sgr) are more similar to symbi- 
otic stars (actually V1017 Sgr is often classi- 
fied as a symbiotic star rather than as a recur- 
rent nova; however, it may in fact be a classical 
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nova which can also have dwarf-nova-type out- 
bursts). One can see from the theory for classi- 
cal novae, that a runaway can be produced for 
a relatively small amount of accreted mass for 
a white dwarf with a mass very close to the 
Chandrasekhar limit. Hence if the accretion 
rate is not supposed to change very much, much 
shorter recurrence times are possible than for 
classical novae. 

As in the case of dwarf novae, recurrent 
novae can in principle also be produced by 
accretion events. A more relevant accretion- 
event mechanism for some recurrent novae 
involves a sudden instability .of the cool com- 
ponent, with ejection of to solar masses. 
This mechanism can be relevant for T CrB and 
RS Oph, while a thermonuclear runaway in a 
massive white dwarf may explain T Pyx and U 
Sco. However, the situation is still very uncer- 
tain. 

Chapter 8 describes in detail the behavior of 
several well studied objects belonging to dif- 
ferent speed classes. 

The very fast nova V1500 Cyg 1975 has 
been extensively studied in the optical and 
infrared. A few observations have been made in 
the UV with the photometric satellite ANS and 
with COPERNICUS. Thermal radio emission 
from the shell was detected about 50 days after 
outburst. 

V603 Aql 1918 and CP Pup 1942 had the 
same fast decline, t, = 8 days. However their 
light curves were different, because V603 Aql 
presented oscillations in the transition stage, 
while CP Pup had a smooth, fast decline with- 
out disturbances. 

V603 Aql is one of the old novae that has 
been extensively studied in the ultraviolet with 
the OAO-2 satellite and with the IUE. The 
nebular shell has practically disappeared, as 
indicated by the absence of sharp UV intercom- 
bination emission lines. The line variability 
has been studied during almost two complete 
cycles, and seems to be related to the orbital 
cycle. 

Minima were observed in the light curve, 
but they are not periodic, and therefore they 
cannot be explained as due to eclipses. Humps 
were also observed repeating rather regularly. 
They give a photometric period about 10 min- 
utes longer that the spectroscopic one:3h 
28.8m against 3h 18.9m. Polarization measure- 
ments give a third shorter period of 2h 48m. CP 
Pup is the only old nova known to have an 
orbital period below the 2-3 hour period gap. 

Soon after maximum, the spectrum showed 
the presence of chromospheric and coronal 
lines up to [Fe XI and [Fe XI], and of low 
excitation lines like 0 I, Fe 11, etc. 

The post-outburst apparent magnitude of CP 
Pup is about three magnitudes brighter than it 
was before outburst. The same situation occurs 
also for V1500 Cyg. This behavior is excep- 
tional, because the luminosity of novae is gen- 
erally about the same before and after outburst. 

CP Pup in quiescence is a strong, variable, 
soft X-ray source, with a softer spectrum asso- 
ciated with a higher flux. 

GK Per is an exceptional object. It is the old 
nova with the longest known orbital period of 
almost 2 days. During the transition stage, 
which started at 3.5 mag below maximum, 
strong light fluctuations suddenly appeared. 
The amplitude was 1 to 1.5 mag and the period 
varied from 3 to 5 days. This phenomenon 
lasted for more than 3 months. At each mini- 
mum, the spectrum was of the nebular type. At 
each maximum, the high-excitation lines and 
the forbidden lines were weaker, indicating a 
decrease of temperature and an increase of 
density in the line-emitting region. These oscil- 
lations, which are common for several novae, 
were, however, exceptional for two reasons. 
The first is that the time interval between suc- 
cessive light maxima varied with time in a 
sinusoidal fashion in which the period, ampli- 
tude, and mean value of this sinusoid increased 
with time. The second peculiarity is that the 
radial-velocity variations of the blue-shifted 
absorption components of the Orion spectrum 
were not correlated with the light oscillations 
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in the same way as for other novae. In some 
other novae, the observed, negative Orion ve- 
locities and the magnitudes during the oscilla- 
tions are directly correlated. The same relation 
can be found for GK Per, but the negative max- 
ima of the Orion velocities occur every two 
minima of the light fluctuations. 

After the transition stage, GK Per settled 
down to a very slow decline and reached its 
minimum light several years later. The quies- 
cent nova GK Per also presents several peculi- 
arities. Besides the exceptionally long period, 
this old nova presents an outburst activity 
similar to that of certain dwarf novae. The 
duration of an optical outburst is 2-3 months 
and the amplitudes range from 1 to 3 mag. The 
observed recurrence times are variable, but all 
of them seem to be submultiples of 2400 days. 

Another peculiarity of GK Per is that, unlike 
for other old novae, the spectrum of a K2 IV-V 
companion is observable at minimum. In spite 
of the presence of high-excitation emission 
lines, the UV contimuum is unusually flat and 
weak. 

GK Per is a hard X-ray transient. Strong 
coherent modulation of the hard X-ray flux was 
observed with EXOSAT during a strong out- 
burst in 1983, indicating that GK Per is a 
member of the “intermediate polar” subclass of 
cataclysmic variables. 

Because of the availability of observations 
in the optical, extending over several decades, 
and of many recent observations in the infra- 
red, ultraviolet, and X-ray wavelength ranges, 
models are discussed that attempt to explain 
the complex behavior of this old nova. 

V1668 Cyg was the first nova whose devel- 
opment was followed completely, from pre- 
maximum to the nebular phase, in the ultravio- 
let with the IUE and in the infrared from the 
ground. 

The ultraviolet spectrum enabled the deriva- 
tion of the electron temperature and density of 
the ejecta and the CNO abundances, which are 

enhanced by a factor 30 relative to the solar 
value. 

FH Ser was observed in the infrared and in 
the ultraviolet with the OAO-2. The most im- 
portant result of these observations is that the 
total luminosity appeared to remain constant 
until day 200, while the optical luminosity had 
decreased by a factor of ten 53 days after visual 
maximum. Several other novae observed from 
the UV to the IR have shown a similar behavior, 
the total luminosity decreasing much more 
slowly than the optical luminosity alone. 
However no nova remained constant for such a 
long period of time as FH Ser. 

DQ Her has been extensively studied during 
its whole outburst. The large number of line 
components present in its spectrum is an ex- 
ample of the complexity which can be found in 
a nova spectrum. It gives clear evidence of the 
interactions occurring between different 
shells, the faster, inner ones overtaking the 
slower, outer envelope. Chemical analysis of 
the ejecta indicate that carbon has an excess 
abundance relative to the solar value by a fac- 
tor of 20, and nitrogen by a factor of 100, while 
the helium abundance is practically normal. 

A peculiarity of the shell spectrum of DQ 
Her is that its electron temperature, as indi- 
cated by the sharp Balmer emission jump, is 
very low, being about 500 K, while, on the 
other hand, emission lines of C I1 and N I1 
indicate an electron temperature of about lo4. 
These data indicate that the shell contains a 
cold region and a hot region. A low density and 
an enhanced oxygen abundance can explain the 
low temperature. In fact, infrared fine-struc- 
ture lines of carbon, nitrogen, and oxygen are 
very efficient coolants for low-density nebu- 
lae. 

The quiescent nova is characterized by the 
presence of coherent oscillations with a 71 sec 
period. Its spectrum shows that the permitted 
lines of C 11, C 111, N I1 and He 11, and the 
continuum are greatly weakened during the 
primary eclipse, while the Balmei lines and the 
forbidden lines of 0 I1 and 0 I11 do not change, 
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and are therefore formed in an extended enve- 
lope not affected by the eclipse. 

T Aur is the oldest galactic nova for which a 
complete record of the outburst is available. It 
is very similar to DQ Her. 

The nebula surrounding T Aur also shows 
regions of low temperature, which are not as 
low as for DQ Her; in fact T, < 3000 K. The 
abundances of nitrogen and oxygen are En ex- 
cess by factors of 60 and 25, respectively. 

RR Pic, together with HR Del, is one of the 
slowest observed novae. The spectral type at 
maximum was F8, which is much later than that 
of fast novae (AO-A5), and the outflow velocities 
were relatively low, -100 up to -400 km/s for 
the principal spectrum. In the Orion stage, nu- 
merous lines of [Fe 111, which are weak or 
absent in fast novae, were present. The remnant 
nebula has instead a spectrum similar to those 
of high excitation planetary nebulae showing 
prominent [Fe VI emissions. The excitation 
source is the UV radiation field of the hot 
component. Nitrogen is only moderately over- 
abundant, by a factor of about ten. 

The quiescent nova has an orbital period of 
about 3.5 hour, and presents a broad hump last- 
ing more than half the period, always ending in 
a sudden dip. 

The UV spectrum of RR Pic can be ex- 
plained either by the superpositon of two black 
bodies or by a power law. Black-body tempera- 
tures range between 28,000 and 40,000 K, or 
between 14,000 and 90,000 K, or between 
20,000 and 35,000 K, according to different 
authors, the lower value being attributed to the 
disk and the higher value to the boundary layer. 

The UV variability rules out the possibility 
of an eclipse of the hot component, which was 
suggested by the dip in the optical light curve. 

The very slow nova HR Del had an outburst 
light curve characterized by the presence of 
two maxima. The first one on December 12, 
1967 at mag 3.4, and a second one during May 

1969 at mag 4.3. High resolution spectra were 
taken during the whole development of the 
outburst. 

This quiescent nova has a well determined 
period of 0.2141674 days, or slightly longer 
than 5 hours. No trace of the secondary is de- 
tectable. The amplitude of the radial velocity 
of He I1 4686 is 104 km/s, and is only 34 km/s 
for H p. Several determinations of the chemical 
composition of the ejecta agree in obtaining a 
CNO excess. 

Chapter 9 describes the characteristics of 
the five known recurrent novae. They are U 
Sco, T Pyx, and RS Oph, all having five ob- 
served outbursts, V1017 Sgr with three ob- 
served outbursts and T CrB with two observed 
outbursts. 

This small group is very inhomogeneous; 
RS Oph, T CrB, and V1017 Sgr all have a cool 
giant in their system. The object V1017 Sgr 
presents characteristics similar to a symbiotic 
star, and its membership in the group of recur- 
rent novae is doubtful. U Sco seems to have a 
solar-type main-sequence star in its system, 
while T Pyx does not show any evidence of a 
companion, and instead presents a very hot 
ultraviolet spectrum. 

Observations of U Sco from the infrared to 
the ultraviolet made during the 1979 outburst 
show that the energy distribution remains con- 
stant. This behavior is different from that of 
classical novae, which show a shift to the ultra- 
violet with time after maximum. 

The optical and ultraviolet line spectra indi- 
cate a strong excess of helium and an excess of 
nitrogen relative to carbon and oxygen. Classi- 
cal novae present a slight excess of helium, but 
not such a large one as U Sco. No forbidden and 
coronal lines were present in its spectrum. 

T Pyx is the recurrent nova with the hottest 
spectrum at minimum. The nebular spectrum is 
characterized by the presence of emission lines 
of low excitation like 01 and very high excita- 
tion like [Fe XIV]. Although an exact determi- 
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nation of the abundances of the ejecta has not 
been made, there is no evidence of an excess of 
CNO. 

RS Oph has been extensively observed. All 
its outbursts, as is also the case for T Pyx and T 
CrB, are very similar to each other. The very 
similar spectral evolution suggests that the 
outbursts give rise to a well regulated mecha- 
nism able to reproduce a sequence of several 
complex phenomena in all their details, and in 
the same chronological sequence. The nebular 
spectrum is characterized by the presence of 
several strong coronal emission lines. 

Near-infrared colors observed between out- 
bursts place RS Oph in the region of Mira vari- 
ables according to the (J-K)-(H-K) two-color 
diagram, while it lies closer to the normal 
giant-supergiant sequence in the (J-K)-(K-L) 
diagram. Observations made with the IRAS 
satellite indicate an infrared excess, which can 
be explained by the presence of dust at 350 K, 
which is present also in quiescence. Radio 
emission was detected 18 days after the out- 
burst of 1985, the brightness temperature being 
larger than 10’. These are two important differ- 
ences from classical novae. Radio emissions 
from the latter have never been observed ear- 
lier than 50 days from outburst, and their tem- 
perature is of the order of lo4 K, typical of 
thermal emission from an ionized gas. 

The “bolometric” light curve of the 1985 
outburst was derived using observations from 
the infrared to the ultraviolet (X-ray observa- 
tions made with the EXOSAT indicate that the 
contribution of the X-ray radiation to the total 
flux emitted on day 51 was between 0.5% and 
lo%, and that the radio contribution was al- 
ways less than 1%). The bolometric light curve 
is very similar to those obtained for classical 
novae. 

V 1017 Sgr is atypical because its three 
observed outbursts had very different ampli- 
tudes. The second one in 1919 had an ampli- 
tude of 8 magnitudes, while the first in 1901, 
and the third in 1973, had an amplitude of 4 
magnitudes, typical of a symbiotic star rather 

than a nova. The quiescent line spectrum indi- 
cates a type G5 111, but presents also a strong 
violet continuum. No high-excitation lines and 
coronal lines are observable in the post-maxi- 
mum spectrum. 

T CrB is a double-lined spectroscopic binary 
with a period P = 227.5 days, containing an M3 
giant and a hotter companion whose nature 
(white dwarf or main sequence star ?) has so far 
been rather elusive. The outburst light curve is 
similar to that of a classical nova, but the char- 
acteristics of the binary system and of the spec- 
trum in outburst enable us to classify T CrB as 
a symbiotic star. 

It is remarkable that the two observed out- 
bursts occurred at nearly the same orbital 
phase. A characteristic which is not observed in 
classical fast novae was the presence of two 
maxima, the first one being at mag 2 on Febru- 
ary 9, 1946 and a broad secondary one being at 
mag 8 between June and July. Exactly the same 
behavior was observed during the outburst of 
1866. 

The spectral variations of the outburst of 
1946 have been extensively observed. They are 
notable because of the enormous initial expan- 
sion velocity of -4500 km/s. The first observa- 
tion of the 1946 outburst was made on February 
9, when the continuum masked the T i 0  bands 
of the M giant component. On February 12 the 
presence of coronal forbidden lines of [Fe XI 
and [Fe XIV] was observed. During the secon- 
dary maximum, the continuum increased 
again, veiling the T i0  bands, and sharp absorp- 
tion lines of ionized metals appeared. This be- 
havior is similar to that observed in some 
symbiotic stars, rather than in fast novae or in 
slow novae at the moment of secondary maxi- 
mum. 

The quiescent spectrum of T CrB has been 
observed extensively, in order to derive the 
radial velocity curves of the giant and of the hot 
companion. Assuming that the Balmer emis- 
sion lines are due to the hot member, a mass of 
1.9 solar masses is found, which is higher than 
the Chandrasekhar limit for a white dwarf. On 
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the contrary, ultraviolet observations made 
with the IUE and extending over 10 years sug- 
gest the hot companion may be a white dwarf. 

The UV continuum can be represented by a 
single power law F(h) -a over the entire IUE 
range. However, a is variable and ranges in 
value from zero to unity. The flat spectrum cor- 
responds to a minimum in the UV flux. When 
the flux is higher, the continuum is steeper. The 
UV continuum varies by a factor up to 10. No 
significant optical variation is observed corre- 
lated with those in the ultraviolet. Similarly, no 
correlation with the orbital phase has been 
found. 

The emission lines are stronger than those 
usually observed in quiescent classical novae, 
and their variability is correlated with the con- 
tinuum variations. 

Absorption lines, mainly of once-ionized 
metals, are generally present in all the UV 
spectra of T CrB. This characteristic seems to 
be a typical signature of symbiotic stars during 
active phase. For instance, a similar absorp- 
tion-line spectrum has been observed in the 
symbiotic star CH Cyg during both outbursts of 
1967 ad of 1977. 

The electron density and electron tempera- 
ture of the lineeemitting regions have been de- 
rived, using several permitted and intercombi- 
nation lines. Values of 1O1O -10" ~ m - ~  and 
13,000 K, respectively, have been derived. 

Accretion onto a compact object is a com- 
monly accepted mechanism for explaining the 
observed UV luminosity. The mass accreted 
a= 2RL/GM, where R and M both refer to the 
accreting object. Assuming for T CrB a dis- 
tance of 1300 pc, the average integrated IUE 
luminosity, corrected for reddening, is 2.2 x 

erg/s. The energy radiated in the optical is 
negligible. This is an important indication in 
favor of a white-dwarf accretor. In fact, a main- 
sequence star is expected to emit mostly in the 
optical region. The presence of a strong He I1 
1640 emission also requires a temperature of 
lo5 K, which is hardly compatible with a main- 

sequence star. Hence, the radial velocity meas- 
urements of the Balmer emissions, if attribut- 
able to the companion, would indicate a mass 
too large for a white dwarf. The UV observa- 
tions, on the contrary, strongly suggest that the 
companion is a white dwarf. The problem of 
the radial velocity is therefore of critical im- 
portance. Balmer emission lines are broad and 
distorted by absorptions; moreover emissions 
are not necessarily associated with the orbital 
motion of the companion. It is clear that no 
definite conclusion can be drawn about the 
nature of the companion on the basis of these 
radial-velocity measurements. A series of high 
resolution UV spectra should be obtained for 
deriving a reliable mass of the companion, a 
task which can be achieved only with the HST. 

Chapter 10 summarizes the main results and 
the open problems on classical and recurrent 
novae, both from the observational and theo- 
retical aspects. 

Chapters 11 through 14 of Part I11 are de- 
voted to an overview of the observations of 
symbiotic stars, to a description of the various 
models proposed for explaining the symbiotic 
phenomenon, and to a discussion of a few se- 
lected objects, respectively. 

The term Symbiotic stars commonly denotes 
variable stars whose optical spectra simultane- 
ously present a cool generally M-giant absorp- 
tion spectrum and emissioii lines of high ioniza- 
tioiz energy such as He I1 4686, [0 1111 lines, 
etc. The variability light curve varies from 
object to object, indicating that the physical 
mechanisms responsible for the symbiotic phe- 
nomenon have different weights and forms in 
different objects. In general, the light curves of 
symbiotic stars are characterized by rather 
large amplitudes (one to a few magnitudes), 
long time-scale variations (months to years and 
decades), sometimes with long periods of rela- 
tive quiescence. The light curves of several 
symbiotic stars are described. 

A small group of objects shows a light curve 
different from those characterizing the major- 
ity of symbiotics. They are called symbiotic 
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novae, because they have shown a single out- 
burst, like classical novae, but with a smaller 
amplitude. Moreover, they stay at maximum 
for very long periods. 

Besides the long-term variations, the light 
curves of symbiotics present irregular vari- 
ations on day, and also, minute, time scales. 

Some of them present periodic variability, 
and eclipses indicating that they are binary 
systems with periods of several hundreds of 
days. The optical spectrum is characterized by 
three main components: the cool stellar spec- 
trum, the blue continuum excess, and the emis- 
sion-line spectrum. 

The infrared spectrum enables one to distin- 
guish two classes of symbiotics: those with a 
strong infrared excess with respect to the en- 
ergy distribution expected for a cool compo- 
nent, which is attributed to thermal dust emis- 
sion (and for this reason this group is called D- 
symbiotics); those with a normal late-type 
spectrum (the S-type symbiotics). 

The blue continuum is highly variable and 
especially strong during the outbursts. It mim- 
ics an A- or B-type stellar continuum, and at 
some phases of the outburst is covered by sev- 
eral absorption lines of once-ionized metallic 
atoms. 

Permitted and forbidden emission lines 
which can be produced by neutral elements, 
and ions up to six-times ionized iron are ob- 
served. In some cases coronal lines have also 
been seen. The profiles are often complex, with 
several components and P Cyg absorptions 
indicating an expansion radial velocity of -100 
to -300 kmjs, hence much lower than those 
observed in the majority of novae, but compa- 
rable with those of the pre-maximum and prin- 
cipal spectra of slow novae. 

Radial-velocity measurements indicate that 
several symbiotics are high velocity stars. 
Moreover, several objects present periodic 
radial-velocity variability, which may be re- 
lated to the orbital motion of a binary system. 

Attempts to detect magnetic fields and to 
measure intrinsic polarization in symbiotic 
stars have been made by several authors, but 
much more work must be done in these fields 
before obtaining conclusive results. 

Observations made with the IRAS satellite 
have detected 34 S-type and 28 D-type symbi- 
otics, and four of the latter ones have been 
detected also at 100 pm. 

S-type stars are placed in a limited locus in 
the IRAS two-color diagram, close to that of 
cool giants, while the D-type stars are distrib- 
uted in a large region that includes the loci of 
the Mira variables and the planetary nebulae. 
D-type stars exhibit large infrared variability, 
providing direct evidence for the presence of a 
Mira variable in the system. 

The majority of the infrared observations 
have been made in quiescent phase. However, 
both 2 And and AG Dra were also observed 
during outburst. Infrared photometry of these 
objects has shown that no large changes oc- 
curred in the infrared spectrum. 

Simultaneous ultraviolet and infrared obser- 
vations have shown that, while the ultraviolet 
flux largely decreased during minimum, the 
infrared flux remained almost the same. Hence, 
the source of infrared radiation is not affected 
by the outburst, and the infrared variability is a 
peculiarity of the cool component. 

An extensive radio survey of 91 targets led 
to the discovery of only 9 sources. A clear 
correlation exists between the flux at 14.5 GHz 
and the dust emission at 10 pm. 

Radio images of a few symbiotics have been 
obtained, and they have revealed a variety of 
structures, such as shells, halos, jets, and bipo- 
lar nebulae. 

Radio emission from V 1016 Cyg had been 
resolved into two lobes separated by 0.10 
arcsec, suggesting ejection of matter preferen- 
tially in polar directions. HM Sge shows a dif- 
fuse symmetric emission, or halo, with a size of 
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about 0.5 arcsec and a central bipolar structure 
extended 0.15 arcsec. AG Peg presents three 
separate structures: a spherical nebulosity, a 
compact core, and a jet structure 0.8 arcsec 
long. CH Cyg underwent a radio outburst (be- 
tween April 1984 and May 1985 the radio flux 
increased by a factor of 35) followed by the 
appearance of ejecta. On November 8, 1984 
two radio knots were discovered separated by 
0.18 arcsec, and 75 days later the radio image 
evolved into a three-component structure with 
a total separation of 0.4 arcsec. These four 
objects have all suffered recent optical out- 
bursts. 

Several ultraviolet spectra of symbiotics 
have been observed with the IUE, and in many 
cases it was possible to have simultaneous or 
almost simultaneous observations in the opti- 
cal range. These obserations have been very 
important for deciding on the reality of the 
supposed existence of a hot companion to the 
cool giant. 

The near-ultraviolet spectrum has enabled 
an accurate determination of the interstellar 
reddening, by means of the depression at 2200 
A. Since interstellar extinction can strongly af- 
fect the energy distribution in the far-ultravio- 
let, these measurements are important for de- 
riving a corrected energy distribution of the hot 
companion, which is responsible for the blue 
continuum and the high-excitation features 
that characterize the optical spectrum of sym- 
biotic stars. 

The far-ultraviolet continuum, after correc- 
tion for interstellar extinction, presents in sev- 
eral cases a steep gradient approaching the 
Rayleigh-Jeans tail of a black body at a tem- 
perature of 40,000 K or higher, implying the 
presence of a hot object. However, no absorp- 
tion lines characteristic of a hot photosphere 
have been detected so far. 

The emission-line spectrum is characterized 
by a great number of emission lines belonging 
to a wide range of ionization energies. The long 
life of the IUE satellite had allowed astrono- 
mers to follow the activity and the develop- 

ment of outbursts of several symbiotics. Some 
of these phenomena will be described in detail 
in Chapter 13. 

Several symbiotics present emission lines 
belonging to species with high ionization ener- 
gies up to 100 eV. This fact suggests the exis- 
tence of an efficient ionization process which 
could be associated with a high-temperature 
plasma. Hence it was expected that these ob- 
jects should also be X-ray sources. Actually a 
few of them have been observed with the satel- 
lites EINSTEIN and EXOSAT, and the flux and 
its variability have been measured. Positive 
detections were obtained for RR Tel, V1016 
Cyg, HM Sge, AG Dra, R Aqr, and CH Cyg. 

A brief history of the models proposed for 
explaining the symbiotic phenomenon is given 
in Chapter 12. Models must be able to explain 
the composite spectrum and the light and the 
spectrum variability. 

Two kinds of single-star models have been 
proposed: a hot star with a dense envelope, and 
a cool star with a hot envelope. The various 
problems associated with these models are 
discussed. 

Binary models composed of a hot, compact 
object and of a red giant explain very naturally 
the presence of the blue UV continuum and the 
M-type spectrum, and also the evidence for 
eclipse in some objects. Accretion can play an 
important role in explaining the activity of 
symbiotics. Accretion can occur a) via a disk, 
following Roche-lobe overflow, by the same 
mechanism discussed for dwarf novae and 
quiescent novae or b) from the wind of the com- 
panion star. The latter is a much less efficient 
mechanism. However, it must operate in sev- 
eral symbiotic systems with a very long orbital 
period, where the red giant does not fill its 
Roche lobe. 

A model considering the possibility that 
both components produce winds has been ex- 
amined. Several observed spectral characteris- 
tics can be explained with this model. 
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Another possibility that the symbiotic phe- 
nomenon is due to increased solar-type activity 
of the cool stellar component can now probably 
be rejected. 

In conclusion, several details of the observa- 
tions can now be explained, by assuming the 
occurrence of accretion in interacting binaries, 
either from Roche-lobe overflow or from a 
wind. 

A detailed discussion of several well ob- 
served objects is given in Chapter 13. Since the 
typical time scale of the symbiotic phenomena 
is up to many years, few objects have been 
observed extensively outside the optical range 
accessible from the ground. Fortunately a few 
symbiotic stars (Z And, AG Dra, CH Cyg, AX 
Per, and PU Vul) have undergone outbursts 
recently and have been observed with the IUE 
and simultaneously with optical and IR tele- 
scopes from the ground. 

Z And has been considered the prototype of 
symbiotics. Its light curve has been observed 
since 1887 and has shown four major outbursts 
in 1895, 1914, 1939, and 1959. Two minor 
outbursts which occurred in 1984 and 1985 
have been observed with the IUE. 

The optical and ultraviolet spectrum in qui- 
escence is rich in strong, narrow emission lines 
with a large range of ionization energy. The 
emission lines and the UV continuum vary 
quasi-periodically on a time scale of 760 days, 
while the IR spectrum does not show signifi- 
cant variations. The radial velocity of the M 
giant varies with a period of 750 days, giving 
evidence of binarity, but the light variations 
and the radial-velocity curve do not have the 
relative phasing expected from eclipse or re- 
flection effects. 

The active phase is characterized by light 
increase of 1 - 2 visual magnitudes. The out- 
burst is followed by a sequence of maxima and 
minima resembling a damped oscillator. The 
optical spectrum undergoes large changes. 
During activity the T i 0  bands are veiled by a 
blue continuum and almost disappear. The 

Balmer lines exhibit strong emission, and have 
absorption cores. 

The rich line-emission spectrum of Z And 
(and of other cataclysmic variables) is a mean 
for diagnosing the physical conditions (elec- 
tron density and temperature, ionizing radia- 
tion intensity, chemical composition) of the 
emitting regions. In Z And, the computed elec- 
tron density is of order 1O'O cm", and the elec- 
tron temperature of order 15,000 K. The chemi- 
cal composition is similar to that of red giants. 

The radiative power emitted in the ultravio- 
let is not a small proportion of the visual-infra- 
red power. This rules out the model of an active 
cool star. The double maximum in the energy 
distribution strongly suggests binarity. If the 
mass of the cool component is a few solar 
masses, and one assumes for the companion the 
mass of a white dwarf, the cool star is well 
inside its Roche lobe. If, on the contrary, the 
cool component of Z And is a bright giant, as 
suggested by infrared observations, it will 
probably fill the Roche lobe. If it is a detached 
system, the stellar wind will then play an im- 
portant role. 

AG Dra is a high-velocity and high-galactic- 
latitude symbiotic, indicating its membership 
in population I1 objects. Its cool component is 
a K-type giant, instead of an M giant like in 
most other symbiotic stars. The light curve has 
been observed since 1890, eleven outbursts 
being observed between 1890 and 1966. In 
1980, it presented another outburst, and three 
minor maxima were observed in 1982, 1985 
and 1986. From this point of view, AG Dra is 
similar to Z And. 

At minimum the spectrum presents the char- 
acteristic absorption lines of an early K-type 
star of luminosity class 111. During outburst the 
spectrum is veiled by the blue continuum. The 
emission-line spectrum shows strong lines 
from H I, He I, He 11, 0 111, and Fe I1 up to [Fe 
VI and [Fe VI]. In the UV, the resonance lines 
of N V, C IV and the He I1 1640 line are pres- 
ent. 
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The near-UV continuum is flat, while the 
far-UV continuum rises toward short wave- 
lengths, and is close to the Rayleigh-Jeans tail 
of the energy curve of a hot object. 

The large outburst of November 1980 was 
observed in all the spectral regions from ultra- 
violet to infrared, and was characterized by an 
increasing amplitude of variation from the 
near-infrared to the shorter wavelengths. 

In April 1980, when the star was at mini- 
mum, an intense X-ray flux was detected with 
the HEAO-2 satellite. Observations made with 
the EXOSAT during the minor outbursts of 
1985 and 1986 also gave positive results. IR 
observations made before and after the outburst 
showed only small variations. 

The observations clearly indicate that AG 
Dra is a halo object which is binary. The cool 
component is a giant that does not fill its Roche 
lobe. Its hot companion is not a normal star, 
since no absorption lines were observed in the 
hot continuum. Its temperature is estimated to 
be of the order of 100,000 K or more. 

A small group of stars that have revealed just 
one observed outburst whose amplitude was 
lower than that of a typical nova, but which in 
other ways have behaved like very slow novae, 
are called symbiotic novae. They are AG Peg, 
RR Tel, V1016 Cyg, V1329 Cyg, HM Sge, PU 
Vul, RT Ser. 

AG Peg is distinguished in this group, be- 
cause of its prominent M-type spectrum. The 
other are D-type symbiotics. 

RR Tel was observed in 1949, three years 
after outburst, when it showed a strong contin- 
uum with many absorption lines of singly ion- 
ized metals. By the end of 1949 the continuum 
became weaker and emission wings became 
important. The mean ionization level was in- 
creasing steadily. Observations made in 1978 
with the IUE showed a spectrum with very 
numerous and strong emission lines with a 
wide range of ionization from neutral species 
to five-times ionized calcium. 

V 1329 Cyg, RR Tel, and V1016 Cyg have 
shown pre-outburst spectra of type M. PU Vu1 
also had shown an M-giant spectrum during the 
deep minimum of 1980, and AG Peg and RT 
Ser showed it after decline from maximum. In 
V1016 Cyg and HM Sge, which have not yet 
declined, the M-type spectrum in the visible is 
masked by the strong continuum and line emis- 
sions, but the near-infrared spectra present 
Mira-type light variations. 

The spectra at maximum of RT Ser, RR Tel, 
and PU Vu1 displayed a spectral type very 
similar to that of A-F supergiants, like classical 
novae but without the highly violet-displaced 
absorptions. These absorption spectra have not 
been observed in the other symbiotic novae. 
However, it is possible that the absorption- 
spectrum phase was missed. Symbiotic novae 
after outburst exhibit a very rich emission-line 
spectrum like novae. Unlike novae, however, 
they have emission-line profiles that are nar- 
row, indicating a low expansion velocity. 

Radio observations of symbiotic novae have 
been made for several years after outburst. In 
general, the radio spectrum indicates that the 
emitting region is optically thick, i.e., that the 
H I1 expanding envelope was stili dense several 
years after outburst. The main properties of the 
symbiotic novae suggest that they should rep- 
resent an intermediate case between the typical 
symbiotics like Z And, which present several 
outbursts, and the classical novae. Several 
possible mechanisms of the outburst are dis- 
cussed. 

Two other symbiotic stars are decribed, 
which have the common characteristic of hav- 
ing developed an optical and a radio jet. They 
are R Aqr and CH Cyg. 

R Aqr has a typical symbiotic spectrum 
characterized in the visual by many emission 
lines and a late M 111 component. It is also a 
typical Mira variable with a period of 387 days, 
and it is at the center of a planetary nebula. The 
nebula is composed of two separate shells 
expanding at a velocity of 30-50 km/s. These 
shells should have been ejected from the cen- 
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tral object 185 and 640 years ago. A jet-like 
feature was detected in 1977 and observed 
again in 1980 and 1982, but was absent in 1970. 
High-spatial-resolution radio observations 
have identified five radio sources. The radio jet 
is cospatial with the optical jet. 

The ultraviolet spectrum, has been studied 
since 1979, and has revealed the presence of 
moderate-excitation emission lines. Lines of N 
V and He I1 are weak. These lines greatly in- 
creased in intensity in the jet in 1982. This in- 
tensification could be related to the first detec- 
tion of X-ray from R Aqr. 

In spite of the large amount of observational 
data available on R Aqr, it is difficult to find a 
model describing them consistently. CH Cyg is 
the other symbiotic star which has presented an 
optical and radio jet at the end of its last out- 
burst. 

For several years, CH Cyg was considered a 
normal M6 I11 semiregular variable. The first 
outburst observed in 1963 revealed the charac- 
teristics of symbiotic star. However, it was con- 
sidered a rather anomalous symbiotic because 
its spectrum did not show a large range of ioni- 
zation energies, but only low-ionization emis- 
sion lines. A second outburst which com- 
menced in 1967, was over at the end of 1970 
and confirmed that CH Cyg was a low excita- 
tion symbiotic star. A blue continuum veiled 
the M6 spectrum during the outburst, and sev- 
eral P Cyg profiles of once-ionized metals were 
absorbing the blue continuum. Expansion ve- 
locities of -100 km/s were observed. In quies- 
cence, the M6 I11 spectrum shows a weak H a  
emission. The third outburst started in 1977 
and was almost over in 1987. It was followed 
both from the ground in the optical range and in 
the ultraviolet with the IUE. Infrared observa- 
tions, both from the ground and with the IRAS, 
were made at different epochs and agree very 
well. X-ray and radio observations were made 
during the decline phase of the outburst. Dur- 
ing the outburst of 1977 the absorption lines of 
once-ionized metals presented inverse P Cygni 
profiles, the opposite of what was observed in 
1967. Only the H and K lines of Ca I1 presented 

P Cygni profiles during both outburst episodes. 

The radial velocities of the M6 giant show a 
variability with a period of about 15 years, 
suggesting that it may be due to orbital motion. 
However, the dispersion around the average 
curve is large because of intrinsic irregular 
variations due to atmospheric motions in the 
atmosphere of the red giant. There are also 
some indications that the Fe I1 emission lines 
and the absorption cores of the once ionized 
metallic ions, both observable only during the 
outbursts, have radial velocities 180" out of 
phase with the M6 absorption lines. 

The ultraviolet spectrum was characterized 
by absorption lines of once-ionized metals, and 
of the C IV and Si IV resonance lines and a few 
low-excitation emissions, as well as a flat con- 
tinuum. In January, 1985 the spectrum changed 
completely, becoming dominated by strong 
emissions of Lya, N V, C IV, Si IV, Fe 111, and 
Fe 11. The continuum at the end of the outburst 
is much fainter, but there is some indication of 
an increase of the flux toward wavelengths 
shorter than 1300 A, suggesting that we are 
observing the Rayleigh-Jeans tail of a faint hot 
body. 

High-spatial-resolution radio observations 
made between April, 1984 and May, 1985 have 
indicated that CH Cyg underwent a strong radio 
outburst coincident with the appearance of a 
multi-component jet expanding at a rate of 1.1 
arcsec/year. The onset of the radio outburst 
coincided with a drop in visual light observed 
in July, 1984. The expansion velocity was of 
the order of 2500 km/s, of the same order as that 
indicated by the full widths of the Lya emis- 
sion and the Balmer lines at the same epoch, a 
velocity exceptionally high for a symbiotic star 
and comparable to those observed in novae. 
The jet was observed also in the light of [0 1111 
at 5007 A in September, 1986 and in the ultra- 
violet with the IUE in November, 1987. At- 
tempts to observe it again with IUE in May, 
1988 gave negative results. 

CH Cygni was detected with EXOSAT in 
May, 1985. Previous attempts to measure its X- 
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ray flux with EINSTEIN were negative. 

This long series of observations of CH Cyg 
suggest that it is a binary system composed of 
an M6 giant and of a hot faint companion. If the 
orbital period is that suggested by the radial- 
velocity variations, of about 15 years, the red 
giant does not fill its Roche lobe, and hence 
accretion must occur from the wind of the 
giant. An optically thick accretion disk must be 
formed during the outburst, giving rise to the 
blue and ultraviolet continuum and t6 the ab- 
sorption lines, simulating an early type super- 
giant. At the end of the outburst, the disk be- 
comes optically thin, the continuum becomes 
very faint, and the emission lines dominate the 
spectrum. It is then possible to receive X-ray 
emission from the internal boundary layer and 
to detect the Rayleigh-Jeans tail of the flux 
emitted by the hot faint companion. 

Chapter 14 summarizes the main points 
concerning the symbiotic phenomenon. 

There is strong evidence that most, if not all, 
symbiotic stars are interacting binary systems. 
The mass loser is a cool giant; the mass gainer 
should be a white dwarf, or in some cases a 
main-sequence star. Accretion may occur ei- 

ther from Roche-lobe overflow or from the 
wind of the cool component. 

The last chapter numbered Chapter 15 - Per- 
spectives and Unsolved Problems - briefly 
examines the many unsolved problems posed 
by the observations of the different classes of 
cataclysmic variables and symbiotic stars. 
Great progress has been made, especially by 
exploiting the possibility of observing the same 
object simultaneously from space and from the 
ground, covering a very large spectral range. 
Some constraints to the theories for these ob- 
jects have thus been obtained. However, new 
questions have been posed, requiring new ob- 
servations and new theories. 

Our main conclusion is that, for a better 
understanding of the various classes of cata- 
clysmic variables, we need observations of a 
few selected objects, extending over very long 
periods of time and over as broad a spectral 
range as possible, using all available tech- 
niques (photometry, spectroscopy, imaging), 
rather than a further accumulation of scattered 
pieces of observations for a very large number 
of objects. Only in this way can we hope to set 
constraints on the theories and to make further 
theoretical computations feasible and relevant. 
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M. Hack and C. la Dous 

CLA§SIFICATION 

Following the current astronomical termi- 
nology, in this book the term “Cataclysmic 
Variables’’ shall comprise classical novae, 
recurrent novae, dwarf novae, nova-like stars, 
and symbiotic stars. For most objects, their 
classification as a cataclysmic variable (or not) 
and as one of these subtypes is quite clear and 
well agreed upon. However there are other 
objects, such as, for instance, RR Tel and T 
CrB (novae or symbiotic stars?), WZ Sge (nova 
or dwarf nova?), and V1017 Sgr (recurrent 
nova or symbiotic star?), which are referred to  
as symbiotic stars by some authors, as recur- 
rent novae by others, and as novae by still 
others. The reason for this confusing situation 
is that, as will be seen later, it is often very dif- 
ficult, and to  some extent arbitrary, to define 
classes in an  unambiguous way and to clearly 
distinguish one from the other. For some ob- 
jects even the “general agreement” about their 
classification has changed over the years. 
Although the classification scheme currently in 
common use clearly is not ideal (concerning the 
distinction between various sub-classes in par- 
ticular), we have nevertheless decided to adopt 
it, lacking a better alternative. Our hope is, 
however, to provide suggestions and ideas for 
a new, more physical scheme by stressing 
similarities and differences between various ob- 
jects and classes. 

The term “cataclysmic variables” is derived 
from the Greek word kataklysmos (xa~axAuu-  
PO’S which means flood, storm), and has been 
chosen because all of these stars (with the 
exception of nova-like variables, which were in- 
troduced into the class of cataclysmic variables 
long after the term was adopted) are 
characterized by sudden increases in luminosi- 
ty of several magnitudes and by simultaneous 
appreciable spectral variations. In most cases, 
these abrupt changes are recognized to be ac- 
companied by mass flow, either mass leaving 
the objects or, if the object is a binary, possibly 
only mass transfer between the components. 
The term “symbiotic stars,” by which we now 
refer to  only a sub-class of cataclysmic 
variables, was introduced by Merrill (1941), 
originally as an equivalent alternative to  
“cataclysmic variables.” The term symbiotic 
was adopted in analogy to its use in biology, 
since these stars show a “combination spec- 
trum” with characteristics of different spectral 
classes. Now the name is used for objects which 
are characterized by a late giant spectrum which 
at some irregular epochs is associated with a 
blue continuum veiling the absorption lines of 
the giant and several permitted and forbidden 
emission lines, often of high excitation. 

Since the members of all these classes of 
stars, symbiotic stars, novae and recurrent 
novae, dwarf novae and nova-like stars, bear 
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a wealth of similarities in their observational 
properties, they all shall be presented and 
discussed together in this volume. 

We stress that there is one major difference 
between the objects discussed in this volume 
and the stars studied in the previous volumes 
of this series. In those earlier volumes, 
“peculiar stars” were compared to  “normal 
stars” of the same spectral type. In this volume, 
on the contrary, all the stars considered have 
been recognized, since their discovery, to be 
“not normal,” that is, to be out of the classical 
criteria of stellar classification. As already 
discussed in the previous volumes, especially 
when observations of normal stars from space 
(in the ultraviolet and X-ray spectral ranges) 
were added to  observations made from the 
ground, it was clear that phenomena not 
predicted by the then existing theoretical models 
based on thermal, closed-system, linear ther- 
modynamics, do occur in their atmospheres. 
The phenomena contradicting these theoretical 
models are, for instance, the P Cygni profiles 
of the UV resonance lines from highly ionized 
atoms, the X-ray fluxes detected in many stars 
belonging to different stellar classes, and large 
radio and IR fluxes. The nature of the physical 
processes causing these phenomena is still a 
matter of investigation, although many 
theoretical models have been so far proposed. 
The observed large difference in the UV and 
X-ray spectra among different stars should be 
ascribed to the variable amplitude and character 
of these nonthermal processes. It is therefore 
reasonable t o  assume that in the cataclysmic 
variables these processes are present with a 
much larger amplitude. Hence, instead of con- 
sidering these objects as small classes of 
peculiar stars, we could use them as a basis for 
research on the physical processes of mass 
outflow, heating of the outer atmospheric 
layers, mass accretion, etc., for a much larger 
group of objects. 

E 
PLAN OF THIS BOOK 

The purpose of this book is: 

To review what is known from observa- 
tions about cataclysmic variables and 
related objects 

To look for similarities and differences in 
spectrum and light variability of the in- 
dividual members of the various classes, 
with the aim to gain some insight into their 
physical properties 

To compare the observations with the 
predictions of the suggested models 

To determine observational constraints on 
the models 

All cataclysmic variables and related objects 
are strongly variable both in the line as well as 
in the continuous spectrum in a very compli- 
cated way. Thus, in order to obtain a complete 
picture about them, ideally each object should 
be observed simultaneously both spectro- 
scopically and photometrically in all spectral 
ranges for several years. But clearly this is 
practically impossible. Moreover the majority 
of these objects are faint. Hence the available 
data are very fragmentary, and reasonably 
complete patterns of activity are known only for 
a few relatively bright stars, while for the large 
majority the available material is very scanty. 
A valuable contribution comes from those 
amateur astronomers who have observed 
variable stars over long periods of time, hence 
providing information on long period 
phenomena. 

Theoretically, even the “big picture” still is 
very controversial for symbiotic stars, while in 
the case of the other cataclysmic variables the 
gross physical properties seem to be fairly well 
understood. However, a lot of detailed work 
remains to be done. In brief, cataclysmic 
variables in a narrower sense (novae, recurrent 
novae, dwarf novae and nova-like stars) are 
now generally understood to be binary systems 
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in a very advanced stage of evolution; a Roche 
lobe-filling main sequence star or giant, via an 
accretion disc, transfers matter onto a white 
dwarf or, in a few cases onto a main sequence 
star (Roche model; this model will be described 
and discussed in further detail in Chapter 4). 
The evidence for binarity and mass exchange 
is not so clear for symbiotic stars but increases 
with the increasing number of observations, 
and especially ultraviolet observations give fair- 
ly good evidence for binarity for them, too. 

Concerning the origin of outburst activity, 
it is now believed that the outbursts of classical 
novae are caused by a thermonuclear runaway 
of the material accreted onto the white dwarf, 
while those of dwarf novae are caused by a 
brightening of the disc as a whole due to an in- 
stability in the disc itself, or, alternatively, due 
to enhanced mass flow from the secondary star. 
It is not clear what is the origin of the outburst 
in symbiotic stars, in particular not in those 
where the red giant obviously does not fill its 
Roche lobe. It also is not clear whether the out- 
bursts of recurrent novae have the same origin 
as those of classical novae or if they rather 
resemble symbiotic stars. 

One major characteristic (and problem) of 
the objects we are dealing with is their in- 
dividuality, in that the photometric and spec- 
troscopic behavior of any single nova, sym- 
biotic star, dwarf nova, etc. is substantially dif- 
ferent from that of any other member of that 
same category. It is therefore very difficult, if 
not impossible, to give a comprehensive 
description of the behavior of each category as 
a whole. Alternatively, each individual object 
can be studied in great detail, investigating 
observations in all available wavelength ranges, 
and spanning as long a time interval as possi- 
ble; then a synopsis of several such investiga- 
tions of different objects will yield some idea 
of what might be typical characteristics of one 
class, and what physical mechanisms might 
underlie the observed differences between its 
members. Depending on what approach seemed 
most illuminating, and depending on the 

availability of information in the literature, we 
are going to pursue both approaches for various 
aspects of these stars. 

The book is divided into three major sections 
dealing with dwarf novae and nova-like stars, 
with novae and recurrent novae, and with sym- 
biotic stars, respectively. Each section will start 
out with a presentation of plain observational 
data, free from models and interpretations, 
with characteristics of various brightness stages 
and appearances well distinguished. In each of 
the cases this will be followed by an introduc- 
tion of currently available theoretical models 
and their critical confrontation with the obser- 
vations. In the sections on novae and recurrent 
novae and on  symbiotic stars, a presentation 
and interpretation of some well studied systems 
will follow, something which seemed inap- 
propriate for dwarf novae and nova-like stars, 
given the state of research in this field which 
tends to  focus on the entire group rather than 
on individual objects. Each section will be con- 
cluded with a summary of the current 
knowledge in that area. A final part will discuss 
critically the existing models and their adequacy 
or inadequacy to describe the observations, and 
will try to  indicate the directions of future 
work, necessary for a better understanding of 
the phenomenon of cataclysmic variables. 

111. IES 

Cataclysmic variables have spectra which 
show high excitation emission lines and a hot 
continuum dominating the blue and ultraviolet 
region, often in combination with a late-type 
absorption spectrum and a low-temperature 
continuum which dominates the red and in- 
frared regions. Furthermore, the hot spectral 
components in particular, often exhibit irregular 
light variability. The similarity of the various 
classes is restricted to  just these very general 
properties; when seen in more detail, the ob- 
jects contained in each class are physically very 
different. 



Different ranges of the electromagnetic spec- 
trum give information on different regions of 
the object. The X-ray observations are thought 
to  reflect the hot regions where interaction oc- 
curs between the accretion disc and the primary 
star; ultraviolet radiation is emitted mostly by 
the accretion disc; the optical range gives in- 
formation about the outer cool disc and about 
the “photosphere” of the nova envelope and 
on the secondary star; the infrared spectrum 
provides information again on the secondary 
companion and on a possibly present envelope 
of dust and ionized gas; and finally the radio 
radiation is due to the outer ionized gas and/or 
jets (if present). 

In all cataclysmic variables, except possibly 
the symbiotic stars, the primaries are white 
dwarfs. For novae there is evidence that the 
secondary star is a red dwarf or subgiant. 
Among recurrent novae, the best known, T 
CrB, contains a red giant and has an orbital 
period of 227.6 days. In two other cases of 
recurrent novae, RS Oph and V1017 Sgr, the 
companion is probably a giant too, while in the 
case of U Sco it seems more probable that the 
companion is a dwarf. Too few recurrent novae 
are known to decide whether they represent a 
class which is significantly different from 
classical novae, or whether all novae undergo 
outbursts on time scales longer than historical 
time scales. In almost all known dwarf nova 
and nova-like systems the secondary is a red 
dwarf. 

The absolute magnitude of dwarf nova 
systems at minimum, on the order of 8 mag, 
is much brighter than that of a white dwarf 
(M>lOmag). The current picture is that in 
dwarf novae and nova-like stars, as well as in 
novae and recurrent novae during the quiescent 
state, the accretion disc is probably the main 
source of radiation. By definition, nova-like 
variables are objects which display photometric 
and spectroscopic characteristics similar to 
some outburst states of dwarf novae. Their ab- 
solute magnitude is of the same order as that 
of dwarf novae during outburst, M -4-5. 

Statistically the system parameters (like 
masses of the components, orbital periods, etc.) 
all are of about the same value for novae, dwarf 
novae and nova-like stars (see below, Section 
V). Furthermore, several quiescent novae ex- 
hibit characteristics very similar to those of 
quiescent dwarf novae. Hence it might be possi- 
ble that dwarf novae evolve into nova-like stars 
(or vice-versa) and eventually may undergo 
nova explosions, and thus we actually may be 
observing the same systems at various stages of 
evolution (see also Chapter 4.V.F). 

The group of symbiotic systems consists of 
stars whose spectra present characteristics of a 
late-type giant, generally T i 0  absorption bands 
plus a red and infrared continuum, and permit- 
ted and forbidden emission lines from various 
excitation levels, ranging from H I, 0 I, He I, 
He I1 to forbidden lines of [Fe VII], or in some 
cases even [Fe XI. The spectra of several sym- 
biotic stars and those of the recurrent nova T 
CrB and of the very slow nova RR Tel show 
similar characteristics, and it appears somewhat 
arbitrary to  include them in different groups. 
Thus, these novae, like T CrB and RR Tel and 
others with similar characteristics, are 
sometimes referred to as “symbiotic novae.” 

Often the group of BQ [ ] stars is included 
in symbiotic stars. The term BQ was introduced 
by Wackerling (1970) and indicates B-type stars 
which exhibit a shell spectrum. When also for- 
bidden lines are present, the symbol [ ] is added 
to the name. We will not consider here this class 
of stars which is rather related to Be stars. 
However objects like, for instance, Z And, 
classified as symbiotic star, have many 
similarities with Be stars. 

The main properties justifying the division 
of stars into the mentioned groups are sum- 
marized in Table 1-1 which distinguishes be- 
tween characteristics of quiescent and out- 
bursting objects. Under quiescent properties are 
considered the absolute magnitude at minimum 
light, the quiescent spectrum before and after 
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outburst, the percentage of proven binaries, 
and the masses of the stellar components; out- 
burst properties consider the number of shells 
formed during an explosion, their typical ex- 
pansional velocity, the mass lost during the ex- 
plosion, the radiative and mechanical energy 
emitted during the outburst, the typical 
amplitude of light variation, the typical time in- 
terval between outbursts and the duration of 
an outburst. Pre-outburst and post-outburst 
spectra are an efficient tool for deciding if an 
outburst has affected deeply the structure of the 
objects. Actually pre- and post-outburst spec- 
tra are generally undistinguishable. 

These data are often incomplete and/or 
based on  only a small number of individuals, 
and invariably their determination is very dif- 
ficult (see Chapter 4.11.C). It is often claimed 
in the literature that all, or almost all, 
cataclysmic variables are binaries. Although the 
percentage of proven binaries is much lower 
than loo%, we shall see in the following 
chapters that actually there is strong evidence 
in favor of this statement, and that all the ob- 
jects studied in sufficient detail so far have 
turned out to be binaries. 

It is estimated that our Galaxy contains 
something like 10” stars; on any plate of, for 
instance, the Palomar Sky  Survey some hun- 
dred thousand or more of them can be seen as 
tiny spots. Yet, only a tiny fraction of them 
have been “identified,” Le., recognized as be- 
ing remarkable for one reason or another. Any 
sort of obvious variability clearly provokes in- 
terest, in particular, if it is either very violent 
or very frequent, because historically stars have 
been assumed to be invariable objects. Indeed 
in most of them relevant changes in appearance 
only occur on time-scales which are much 
longer than humanity’s historical memory. So 
cataclysmic variables by their very nature are 
scientifically very interesting objects. But there 
are more selection effects at work. 

Classical novae, having a large outburst 
amplitude of some 8 to 18 magnitudes, have for 
a given minimum brightness a much higher 
probability for detection than other cataclysmic 
variables of lesser amplitude variability. This 
advantage is somewhat compensated for by 
their flaring up only once during the recorded 
history of astronomical observations. Never- 
theless, a bright state lasts for at least a couple 
of weeks. With the many amateur astronomers 
of the American Association of Variable Star 
Observers, the Variable Star Section of the 
Royal Astronomical Society of New Zealand, 
and similar organizations elsewhere in the world 
scanning the sky at almost every minute, we 
have reason to  believe that at least for the past 
couple of decades our sample of novae reaching 
an apparent brightness of some 10 or 12 mag 
could be approximately complete. Only very 
few of them can be observed in detail later on 
when they are back to their minimum state; 
when a star is fainter than some 17 mag, its 
observation requires considerable effort. So, 
although of the order of 250 novae have ac- 
tually been seen at outburst, only a few dozen 
of them can be observed comfortably in their 
quiescent state. 

Dwarf nova outbursts are much less spec- 
tacular and the absolute brightness of dwarf 
novae at quiescence is even several magnitudes 
less than that of novae; but since dwarf novae 
seem to be more common cosmical objects, and 
thus on the average can be found closer to  the 
Sun than novae, on the average they appear 
brighter. The General Catalogue of Variable 
Stars (Kukarkin et al, 1970-71; Kholopov et al, 
1985-87) contains more than twice as many ob- 
jects classified as dwarf novae than objects 
classified as novae (although some caution must 
be applied concerning the correctness of these 
classifications, the tendency seems significant). 
The short duration of a maximum might be 
made up for by its frequent occurrence. Those 
systems which in addition to being eruptive ex- 
hibit also other photometric variabilities like 
eclipses or humps (to be explained later) have 
an extra chance of being detected. 
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The brighter a system is the easier it can and 
will be observed extensively. In the Roche 
model, objects with long periods, high mass 
transfer rates, and large masses of the white 
dwarf, by having large, luminous accretion 
discs, have a higher detection probability than 
others; and they are particularly favored the 
more the system is seen pole-on, Le., the bet- 
ter the entire disc is visible. Duerbeck (1984) 
determines a space density of known novae and 
dwarf novae apparently brighter than 11.5 mag 
of some 1-2 P C - ~  in a sphere of 250 pc 
around the Sun. Assuming this value and the 
above selection effects due to system proper- 
ties, and adopting what seem reasonable 
statistical system parameters, Ritter and 
Burkert (1986) derive an intrinsic space densi- 
ty of these systems of 2 pC3 (for further 
details see Chapter 4.V.A). This means that on- 
ly one out of 200 cataclysmic variables in the 
solar neighborhood has actually been identified 
as such. 

Most of the nova-like variables are not 
strongly variable intrinsically. Many of them 
have been detected because they exhibit emis- 
sion lines which a priori identify them as 
valuable objects for further scientific study. A 
dramatic increase in their number, though, oc- 
curred during the past decade when X-ray 
observations became possible, because some of 
the nova-like stars are strong X-ray sources. 

There is another selection effect which must 
not be forgotten-that of fashion- which selects 
out of the almost infinite number of possible 
astronomical targets those actually observed. 
While this does not bear directly on the detec- 
tion of objects, indirectly it does, since certain 
features, like certain kinds of variability, are 
looked for in a systematic way, thus increas- 
ing selectively the number of certain kinds of 
objects. And, last but not least, these 
fashionable aspects are related to the general 
tendency of allocation committees for telescope 
time to selectively favor certain kinds of 
research. 

V. A STATISTICAL VIEW OF 

At first glance novae, dwarf novae, and 
nova-like stars all seem to be fairly different 
types of stars; at closer inspection they are sur- 
prisingly similar in a surprisingly large number 
of properties; and when looked at from a 
statistical point of view they turn out to be 
almost indistinguishable from each other. This 
latter view shall be taken for a moment before 
the emphasis will shift more towards differences 
between classes for the reminder of this book. 

In Figure 1-1 the position in galactic coor- 
dinates of several novae, dwarf novae, and 
nova-like stars is displayed. Novae are obvious- 
ly concentrated toward the galactic plane as well 
as toward the galactic center; but while dwarf 
novae also show a tendency to  concentrate 
toward the galactic plane, they are frequently 
found at higher galactic latitudes, and their 
number only slightly increases toward the galac- 
tic center. Nova-like objects clearly follow the 
distribution of dwarf novae rather than that of 
novae. The implication is that on the average 
novae are to  be found at much larger distances 
from the Sun than dwarf novae and nova-like 
stars. The fact that they only rarely can be found 
in the direction of the galactic anti-center and 
at high latitudes points to their lower space den- 
sity than that of dwarf novae and nova-like 
stars at least in the solar neighborhood. Dwarf 
novae and nova-like stars, on the other hand, 
seem to be fairly immediate and frequent 
neighbors of ours, since only in that case is it 
to be expected that they are found essentially 
all over the sky, as they are, and, given their 
low apparent brightness, they must be intrin- 
sically faint. Determinations of distances and 
absolute magnitudes of cataclysmic variables 
(e.g., Patterson, 1984; Warner 1986, 1987) con- 
firm these findings. Actual galactic distribu- 
tions and space densities of various sub-types 
of cataclysmic variables, however, are very 
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Figure 1-1. The positions in galactic coordinates, of novae (crosses), dwarf novae (full dots) and nova-like objects 
(open circles). 

controversial issues, which will be discussed in 
further detail in Chapter 4.V.A. 

the validity of the Roche model, it is to be ex- 
pected that a small fraction of stars will be seen 
pole-on, in which case the binary motion would 
not be detected. Since all the brightest and thus 
the most easily observable cataclysmic variables 
have so far proved to be binaries, there is no 
contradiction to the assumption that all 
cataclysmic variables are binaries. 

Soon after the detection that  some 
cataclysmic variables are spectroscopic binaries 
it was suggested that all of them may be binaries 
(e.g. Walker, 1954; Joy, 1954, 1956; Kraft, 
1958). Since then it has turned out that almost 
all cataclysmic variables that have been subject 
to  a thorough investigation did prove to actual- 
ly be binaries. The only two exceptions, for 
which, in spite of distinct efforts, the binarity 
has not yet been proven, are EY Cyg and V1017 
Sgr, both of which, however, have composite 
spectra consisting of a hot emission component 
and a cool absorption component*. Assuming 

*There are many other cataclysmic variables for which no 
orbital period is yet known, but so far, once spectra or 
photometric data of a reasonable quality have been ob- 
tained, invariably they have turned out to be binaries ex- 
cept for those two just mentioned. 

The orbital periods of all novae, dwarf 
novae, and nova-like stars contained in the 
Catalogue of Cataclysmic Variables, Low Mass 
X-Ray  Binaries, and Related Objects (Ritter, 
1987) are displayed in Figure 1-2. Some 
remarkable features become obvious. The most 
prominent one is the so-called period gap be- 
tween roughly some 2 and 3 hours which is 
almost devoid of systems, whereas many ob- 
jects can be found with both longer and shorter 
periods. Furthermore, ail these cataclysmic 
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Figure 1-2. Orbital periods of novae, dwarf novae and nova-like stars (from Ritter, 1987). Note the ‘period 
gap” between about 2 and 3 hours. 

Figure 1-3. Masses of the white dwarfs (index I )  and secondary stars (index 2) of novae, dwarf novae and nova- 
like systems (from Ritter 1987). 

variables, except for four systems which are 
also peculiar in other respects, have orbital 
periods in excess of 80 minutes, and, again with 
two peculiar exceptions, shorter than 15 hours; 

found between 0.5 and 1 .O M with masses be- 
tween 0.3 and 1.5 M, well possible*. The 
white dwarf masses of all known novae are less 
than 1 .O M ; however, given the small number 

by far most systems have periods between 1.3 
and 5 hours. When the same data are con- 
sidered by object classes (without taking into 
account further differentiation of sub-classes; 
these will be dealt with in Chapter 2.I.C), 
statistically novae, dwarf novae and nova-like 
stars appear to have the same orbital periods. 
However, among novae, just one, CP Pup, has 
a period below the gap, and just one nova 
among all the cataclysmic variables, GK Per, 
has a period longer than 1 day. 

When masses of the white dwarfs (primary 

of novae for which system parameters are 
available, and considering the inaccuracies in 
determining them, the significance of this result 
is rather low, i.e., the white dwarf masses of 
all these types of cataclysmic variables may be 
statistically identical. 

Mass ratios between masses of the white 
dwarfs and the mass losing companions typical- 
ly are found to  be between 1 and 6 for all these 
three classes of cataclysmic variables (Figure 

components) are considered (Figure 1 -3), the 
situation is approximately the same for dwarf 
novae and nova-like stars: most masses are 

*As to the problem of determining reliable masses of cata- 
clysrnic variables, see Chapter 4.11.C. 

9 



la 
milm2 

9 

8 

1 

6 

5 

4 

3 

2 

1 

0 

1 

Figure 1-4 .  (Left) mass ratios of white dwarf (a ,) and 
secoridaiy (a 2 )  components in novae, dwarf novae and 
nova-like systems (from Ritter, 1987). 

0 
GO 05 KO K5 M5 

Figure 1-5. Spectral types of the secondary stars 1 

novae (black squares), dwarf novae (dotted squares) 
and nova-like systems (tvliite squares), from Ritter 
(1987) 
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Figure 1-6. Absolute visual magnitude at minimum for  classical novae, recurrent novae, nova-like stars and dwarf 
novae. The arrows indicate upper (-) or lower (-) limits (from Warner, 1987). 

1-4), whereby the distribution of mass ratios been found; whether or not it is significant that 
between sub-classes seem to bear some none of these systems is a classical nova is not 
relevance for the physical appearance of the clear, due to the small number of systems. Cor- 
system (for further details see Chapter 2.1.C). responding to these low masses, the spectral 
In a few longer-period systems, mass ratios of types of cataclysmic variable secondaries all are 
slightly less than one (i.e., the secondary star GO or later, with a typical spectral type of K 
is more massive than the white dwarf) have or M (Figure 1-5). 
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Figure 1-7 Absolute magnitudes of old novae sorted 
according to oictburst light curve types, from 
Direrbeck (1981, 1986). A refers to very fast, D to 
very slow novae. For details see Chapter 6. II. B. 

The masses and  orbital  periods of 
cataclysmic variable systems yield typical 
system dimensions on the order of one solar 
diameter. Furthermore, it is clear, as will be 
discussed in more detail later, that the cornpan- 
ion stars must be almost filling their Roche 
volume, which of course is a necessary condi- 
tion for Roche-lobe overflow, and thus the for- 
mation of an accretion disc, to occur. 

And finally, when absolute magnitudes of 
quiescent novae and dwarf novae and of nova- 
like stars in their normal (bright) state are com- 
pared (Figure 1-6), there are very distinct dif- 
ferences. Brightnesses of novae are concen- 
trated around the value of Mv of about 4 (the 
few known recurrent novae are considerably 
brighter), nova-like stars are a little fainter 
(Mv around 5 ) ,  and dwarf novae have ab- 
solute magnitudes on the order of Mv about 8 
or 9. 

Duerbeck (1986) gives the absolute 
magnitudes of old novae sorted according his 
classification of outburst light curve types (see 
Chapter 6). Although the number of objects is 
rather small, there is some indication that slow 
old novae are brighter at minimum than fast 
old novae (Figure 1-7). 
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The 1918 catalogue by Miiller and Hartwig 
was followed by an updated version by Prager 
in 1934. In the introduction he gives a brief 
classification of types of variable stars. Under 
“physical variables,” subtype “expanding 
stars,” there appears a class “U Geminorum 
stars.” The description reads: “The brightness 
changes of these stars are characterized by the 
appearance of short-lasting, moderately sharp 
maxima, clearly not unlike those of novae; their 
recurrence time ranges from 10 to 100 days for 
different stars and is not strictly aperiodic. The 
normal light is slightly variable.” Furthermore 
he distinguishes four sub-classes of U 
Geminorum stars: SS Cygni stars (“variables 
with weak, almost constant normal light and 
quick brightening of large amplitude (up to  6 
mag) in not entirely irregular time intervals”); 
flickering stars (“stars of low apparent 
brightness which suffer very short-lasting 
brightenings like SS Cygni stars. Amplitude 3 
mag, duration of brightening about 30 minutes, 
, . .” -nowadays these objects are not regarded 
to be dwarf novae); CN Orionis stars (“U 
Geminorum-like stars for which the constant 
minimum is very short or missing entirely so 
that an almost steady change of light by 2 to 
3 mag originates”); and Z Camelopardalis stars 
(“similar to SS Cygni stars, but with shorter 
intervals up to the disappearance of a constant 
minimum and inclination for larger distur- 
bances of the light curve; at times there are long 
standstills at a mean light level (declining 
shoulder) or degeneration of the light curve to 
a sequence of irregular low amplitude waves”). 
Neither of the terms dwarf nova or nova-like 
star are mentioned. 

Parenago and Kukarkin (1934) and Kukarkin 
and Parenago (1934) refer to U Geminorum 
variables as a sub-type of nova-like variables. 
And Voronstsov-Velyaminov (1934) refers to 
stars like SS Cyg, RS Oph, and V Sge (which 
today would be classified as dwarf novae, 
recurrent novae, and nova-like stars, respective- 
ly) all as “nova-like” stars. Gerasimovic‘ (1934) 
and Miczaika (1934) use the term SS Cygni stars 
for what Prager defined as U Geminorum stars. 

For the next 30 to 40 years both terms became 
almost equivalents of the term dwarf novae, 
with a tendency for U Geminorum stars to be 
preferred. 

In 1952 another attempt was made by Brun 
and Petit to establish definitions of sub-classes 
of U Geminorum variables. They distinguish 
seven sub-types, named after the best-known 
representatives: Z Camelopardalis stars (ex- 
hibiting standstills at a mean light level), CN 
Orionis stars (with very frequent relatively 
regular maxima), SU Ursae Majoris stars (ex- 
hibiting infrequent supermaxima of somewhat 
larger amplitude and much longer duration 
than the more frequent normal maxima), X 
Leonis stars (having frequent long and even 
more frequent short maxima), SS Cygni stars 
(with about the same number of long and short 
maxima alternating irregularly), U Geminorum 
stars* (high amplitude, quick rise, longer and 
shorter maxima, long minimum phase), and 
finally, UV Persei stars (with long minimum 
phases, large amplitudes, and either very long 
or very short maxima). This classification was 
subsequently used only by the authors, but 
otherwise it was not accepted in this form. For 
instance Kraft (1962b) defines the terms “U 
Geminorum star” and “dwarf nova” as 
equivalent names of the class of stars which 
consists of the two sub-classes of SS Cygni stars 
and Z Camelopardalis stars. The same defini- 
tion was adopted by Mumford (1967b). Smak 
(1971) defines only one sub-class of Z 
Camelopardalis stars to the main class of U 
Geminorum stars. 

Vogt (1974) and Warner (1975) independent- 
ly detected that the dwarf nova VW Hyi ex- 
hibited periodic light variations, so-called 
“superhumps,” during a supermaximum (see 
e.g., Figure 2-49); the remarkable feature of 
this superhump was that its strict periodicity 

*The term “U Geminorum star,” in their scheme, thus 
denotes both the entire class as well as one particular 
sub-class. 
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was a few percent longer than the binary period 
of VW Hyi. Soon other stars were detected to 
show superhumps during supermaxima (and - 
almost - only then). They all belonged to the 
class of SU Ursae Majoris stars as defined by 
Brun and Petit (1952). Having become a 
favorite subject of astronomical research, the 
name SU Ursae Majoris stars was quickly 
established generally for this sub-class of dwarf 
novae. Ironically, with the introduction of a 
superhump as a defining characteristic of SU 
Ursae Majoris stars, its former proto-type, SU 
UMa, was excluded from the class which car- 
ried its name until, finally, in 1982 superhumps 
were detected during one of its superoutbursts 
(Wade and Oke, 1982), too. 

During the outburst of WZ Sge in 1978 it 
turned out that this star, which so far had been 
classified as a recurrent nova, rather behaved 
like a (somewhat atypical) dwarf nova; mostly 
the very Iong outburst period of 33 years was 
disturbing. Thus another class, WZ Sagittae 
stars, containing just this one object, was in- 
troduced intermediate between recurrent 
novae and dwarf novae. Later it was 
discovered that during this same outburst WZ 
Sge displayed superhumps, which qualified it 
as an SU Ursae Majoris star. Currently all 
three classifications of WZ Sge are used. (In 
this book it will be referred to as a peculiar 
SU Ursae Majoris star.) 

ABSTRACT: According to their outburst 
characteristics, three types of dwarf novae are 
distinguished: U Geminorum stars, Z Camelopar- 
dalis stars, and SU Ursae Majoris stars. 

see also: I 

nova-like stars: 95, 96, 102, 112, 125, I40 

In the modern classification scheme which 
was discussed in the Introduction, dwarf novae 
are regarded to be a sub-class of cataclysmic 
variables. The defining characteristic of dwarf 

novae is that they undergo outbursts, which are 
brightness increases of typically 3 to  5 
magnitudes, in semi-periodic intervals of time. 
For most of them, the faint state, Le., the quies- 
cent state or minimum, is their normal state. 
Most of them can be found in outburst for only 
a relatively small fraction of the time. The time 
interval between outburst maxima, which is 
also somewhat misleadingly called the outburst 
period, usually is on the order of 10 to 100 days. 
Extreme cases do occur, like WZ Sge with an 
outburst period of about 33 years, or AH Her, 
the quiescent state of which can be as short as 
one day, or even not be reached at all before, 
after the decline from one maximum, rise to the 
next occurs. Possibly there is a continuous tran- 
sition to nova-like stars. These latter in general 
do not exhibit any outburst activity, but can, 
on the contrary, sometimes drop in brightness 
by several magnitudes (see Chapter 3). For any 
given object, the outburst period is only a 
statistical average, which, however, usually is 
followed reasonably well within certain limits. 
The duration of an outburst* is of some 1 to 
10 days, depending on the object. The rise to 
an outburst usually is fast, while the decline to 
minimum is slower. The shape of the outburst 
light curve, its period, and the quickness of rise 
and decline are characteristic features of every 
object, though an object can have more than 
one such typical shape. Also any particular out- 
burst shape is not strictly repeated in all details, 
but only approximately. 

Today, dwarf novae are divided into three 
sub-classes: the U Geminorum stars, the SU Ur- 
sae Majoris stars, and the Z Camelopardalis 
stars. The definition of Z Camelopardalis stars 
is that they occasionally, on decline from an 
outburst, stay at an intermediate brightness 
level, a so-called standstill, for weeks or years, 
exhibiting only minor brightness fluctuations 
before they return to minimum light (Figure 

*Superoutbursts are special types of outbursts and will not 
be distinguished from ordinary outbursts in this general 
section. For further details see Chapter 2.II.A.4. 
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Figure 2-la. Outburst light curve of the dwarf nova 
Z Cam (Gunther, Schweitzer, 1982; reproduced from 
Ho ffmeister et al, 1984). Occasionally the star re- 
mains at some intermediate brightness for  several 
months to several years. 

Figure 2-Ib. Outburst light curve of the SU Ursae 
Majoris type dwarf nova VW Hyi (Bateson, 1977). 
Normally the system undergoes short outbursts; at 
rather regular intervals of time so-called superout- 
bursts occur which are brighter and last f o r  much 
longer than normal outbursts. 
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Figure 2-IC. Outburst light curve of the U Geminorum type dwarf nova SS Cyg in 1896 - 1933 (Campbell, 1934). 
Shorter and longer outbursts follow each other in an irregular sequence. 
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2-la). SU Ursae Majoris stars exhibit two types 
of outbursts, so-called normal outbursts and 
the noticeably longer and brighter superout- 
bursts (Figure 2-lb). And the third sub-class is 
the U Geminorurn stars, to which all those 
dwarf novae belong which are neither SU Ursae 
Majoris stars nor Z Camelopardalis stars 
(Figure 2-lc)] The membership of a star in the 
class of SU Ursae Majoris stars or of Z 
Camelopardalis stars seems to be exclusive; the 
membership in the U Geminorum class is ex- 
clusive by definition. Since quite detailed obser- 
vations are required in order to identify a star 
as belonging to the SU Ursae Majoris sub-class 
in particular, some as yet unrecognized SU 
Ursae Majoris stars may well be hidden in the 
U Geminorum stars. 

Several lists of dwarf novae and their 
classification compiled under various aspects, 
have been published in the literature. One such 
list is contained in the General Catalogue of 
Variable Stars (Khopolov, 1985). The disadvan- 
tage of this list is that it contains variable stars 
of all kinds which makes it a tedious task to 
select the dwarf novae. Also by no means all 
stars which are classified therein as dwarf novae 
would be referred to as such by those who work 
in the field, and, vice versa, objects that are 
conventionally classified as dwarf novae are 
assigned some other type. The A A V S O  
Variable Star At las  contains names, coor- 
dinates, classifications, and ranges of 
brightness variability of all those stars that are 
possibly observable with the telescopes of 
amateur astronomers. Again, since all kinds of 
variable stars are included, it is time-consuming 
to select just the dwarf novae. Since, however, 
practically all dwarf novae have been detected 
by amateurs, and thus are observable by them, 
this is likely to be the most reliable and com- 
plete source for dwarf novae. Lists of classifica- 
tions and system parameters of cataclysmic 
variables (dwarf novae and other types) for 
which orbital periods are known, are given by 
Patterson (1984) and by Ritter (1984, 1987). 
The shortcoming of these catalogues is that, 
due to the adopted limitation, they are rather 

incomplete with respect to the full sample of 
known dwarf novae. 

I.C. SOME STATISTICS 

ABSTRACT: Dwarf novae and nova-like stars are 
treated together here. Both the observed orbital 
periods and, to some extent, the ratios between the 
masses of the two stars seem to be related to the out- 
burst behavior. 

see also: 7 

interpretation: 21 7, 219, 222 

As was pointed out earlier, the first dwarf 
nova, U Gem, was detected in 1855, and the 
number of these systems increased only slowly 
thereafter. By the beginning of this century only 
one more dwarf nova, SS Cyg (detected in 
1896), was known. Miiller and Hartwig (1918) 
report that eight members of this class were 
known; by 1934 their number had doubled 
(Gerasimoviz, 1934); and Petit (1958) states 
that, out of the 149 variable stars which by that 
time were classified as dwarf novae in the 
General Catalogue of Variable Stars and its 
supplements, only 56 were certain to  be dwarf 
novae, a further 47 of them were probable 
dwarf novae, and the rest were doubtful. This 
same catalogue in the version of 1983 classifies 
254 stars as dwarf novae; assuming that again 
some 30% are doubtful, this still means that 
currently some 200 dwarf novae are known. 

In the Introduction (Chapter 1 .V), statistical 
properties of dwarf novae and nova-like stars 
were discussed in the context of other 
cataclysmic variables, without, however, deal- 
ing with them in detail. As stated in the 
previous section, dwarf novae are divided into 
sub-classes, the U Geminorum stars, the SU Ur- 
sae Majoris stars, and the Z Camelopardalis 
stars. Similarly, as will be discussed in more 
detail in Chapter 3.1 nova-like stars are also 
divided into sub-classes, namely the UX Ursae 
Majoris stars, the anti-dwarf novae, the DQ 
Herculis stars, the AM Herculis stars, and the 
AM Canum Venaticorum stars. Although 
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Figure 2-2. Distribution of orbital periods among sub-classes of dwarf novae (a) and nova-like stars (b); f o r  com- 
parison the distribution of novae is given as well (c). No objects are found with periods between about twc and 
three hours; only three peculiar systems have periods shorter than some 80 minutes; only very few objects have 
periods that are longer than some ten hours. 
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Figure 2-3a. Distribution of the masses of the white 
dwarfs among sub-classes of dwarf novae and nova- 
like stars; for comparison the distribution of novae 
is given as well. No very obvious relation to sub- 
classes seems to exist. 

nova-like stars are not the issue of this chapter, 
they are still so similar to  dwarf novae in almost 
all of their properties that it would seem all too 
artificial to formally separate them entirely. In 
particular, a statistical consideration of both 
groups together, the dwarf novae and the nova- 
like stars, can be rather illuminating. This is the 
course which will be pursued in this particular 
section; for the remainder of this chapter, 
however, only dwarf novae will be considered, 
and observations of nova-like stars will be the 
issue of Chapter 3 .  

Figure 1-2 gives all the known orbital periods 
of cataclysmic variables separated by object 
classes. In Figure 2-2 these same data are 

Figure 2-3b. Distribution of mass ratios among sub- 
classes of dwarf novae and nova-like stars with 
distribution of nova masses for  comparison. Mass 
ratios mostly are very high for SU Ursae Majoris 
stars; they tend to be higher than normal fo r  AM 
Herculis stars (i.e, for  those nova-like stars which 
are believed to possess strongly magnetic white 
dwarf(s); othenvise typically the secondary star is half 
as massive as the white dwar- 

presented in another way: the sub-classes of 
dwarf novae and nova-like stars are separated, 
and, for comparison, the orbital periods of 
novae are shown as well. Z Camelopardalis 
stars, and the UX Ursae Majoris stars, closely 
related in appearance, and anti-dwarf novae 
can all be found exclusively above the period 
gap; SU Ursae Majoris stars, on the other hand, 
with only one exception all have orbital periods 
below the gap, the one exception, TU Men, 
being very close to  the upper edge of the gap; 
the AM Canum Venaticorum stars also fall 
below the period gap, below even the short 
period cut-off of all the other cataclysmic 
variables; all DQ Herculis stars can be found 
above the gap, except for EX Hya; the AM 
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Herculis stars tend to be found below it, 
although some objects lie above it; and finally, 
dwarf novae with no particular characteristics, 
the U Geminorum stars, can have any value of 
the orbital period. 

White dwarf masses seem to be statistically 
identical for dwarf novae and nova-like stars 
as well as for their various sub-classes (Figure 
2-3a). When, however, mass ratios are con- 
sidered there is a tendency for SU Ursae 
Majoris stars and AM Herculis stars to have 
distinctly higher than average values, which 
might bear on the observable idiosyncrasies of 
these classes of objects (Figure 2-3b). Objects 
belonging to other classes tend to cluster around 
values of M,/M, of 1 or 2, but much higher 
values are possible. For the entire sample, the 
white dwarf is the more massive of the com- 
ponents for the majority of systems; if mass 
ratios of less than one occur, they almost 
always are found to be close to one. 

GENERAL INTERPRETA TION: AN cataclysmic 
variables are believed to be binary stars. Dwatf novae 
and nova-like stars are regarded to be essentially the 
same kind of objects. Due to a higher inass transfer 
rate from the secondary star into the Roche lobe of 
the white dwarJ nova-like stars normally can be 
found in the outburst state. The distribution of inass 
ratios and orbital periods is suspected to be due at 
least partly to evolutionary effects. 

OBSER V A  TIONAL CONSTRAINTS TO 
MODELS: 

The physical difference between dwarf novae, 
nova-like stars, novae, and recirrrent novae is 
not clear. (See 176, 229) * 

Is binarity a necessary condition for  an object 
to be a cataclysmic variable? (See 151, 179, 188, 
190, 214) 

A vague relation between orbital periods and 
outbursts behavior has been observed. (See 177, 
181) 

* 
The raised points are dealt with theoretically in the in- 
dicated pages. 

A minimum orbital period, a period gap, and 
some evidence for a maximum orbital period 
have been observed. (See 222) 

Most SU Ursae Majoris stars and A M  Herculis 
stars seem to have higher inass ratios than other 
cataclysmic variables. 

Almost all known secondaries in cataclysmic 
variables seem to be cool main sequence stars. 
(See 219) 

I1.A. OUTBURST BE 

ABSTRACT: Outbursts of dwarf novae occur at 
seini-periodic intervals of time, typically every 10 to 
100 days; amplitudes range from typically 2 to 5 mag. 
Within certain limits values are characteristic for  each 
object. 

related spectroscopic changes: 61, 81 

nova-like stars: 102, 113, I25 

interpretation: 171 

The outburst behavior of dwarf novae is the 
one phenomenon which has been studied for 
the longest time about these objects. In fact, 
until the discovery of the binary nature of 
cataclysmic variables, essentially all research in- 
volved attempts to understand what physical 
processes could produce the semi-periodic, but 
not strictly periodic, recurrence times of the 
outbursts and the observed shapes of the light 
curves. As soon as some strictly periodic 
behavior was found as evidence for the binary 
motion, almost all research turned away from 
explaining the long-term variability. A limited 
interest in this field was reawakened with the 
detection of the peculiarities observed during 
superoutbursts in SU Ursae Majoris stars (see 
below), and again with the recent opportunity 
to perform observations in the UV and X-ray 
spectral ranges. Overall, a number of very 
valuable investigations have been undertaken, 
and these have revealed many interesting 
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features which are still far from being 
understood. 

No strictly periodic pattern is obvious in the 
outburst behavior of dwarf novae (see Figures 
2-1 a-c). There is some average time interval 
between successive outbursts; the individual 
scatter, however, can be considerable. Also the 
outburst amplitude for any individual object 
can only be given within ..*de limits, the 
minimum as well as the maximum brightness 
levels being variable. 

In spite of this apparently random behavior, 
attempts have been made since the beginning 
of this century t o  find some underlying 
systematics or periodicity in the behavior of 
both single objects and the entire class of dwarf 
novae. The highlights of these investigations 
shall be presented in the following section. 

II.A.l. SS CYGNI - A WELL-STUDIED 
CASE 

ABSTRACT: More than 600 outbursts of SS Cyg 
have been observed. Their investigation reveals a 
number of statistically characteristic features and 
repetitive properties. 

see also 24 

SS Cyg is by far the best-studied dwarf nova 
due to its large apparent brightness (mv = 

12.7 - 8.2 mag) and its outstanding position as 
a circumpolar star for many of the northern 
hemisphere observatories. Almost certainly not 
one single outburst has passed unobserved since 
the detection of SS Cyg in 1896, yielding well 
over 600 observed outbursts to date. In addi- 
tion, the shapes of the outbursts as well as the 
brightness during minimum state have subse- 
quently been recorded extremely well. Figure 
2-lc displays the complete light curve between 
1896 and 1933. Very extensive statistical studies 
have been carried out by Krytbosch (1928), 
Campbell (1934), Sterne and Campbell (1934), 
Martel (1961), Howarth (1978), and Bath and 
van Paradijs (1983). A summary of some of 
their results follows. 

Inspection of Figure 2-lc reveals that the 
shapes of the outbursts are by no means always 
the same, but still some characteristic features 
are repeated. Campbell derived a classification 
scheme (Figure 2-4) based on the times needed 
for rise (light increase) from minimum level to  
maximum: class A is a very rapid rise, class B 
is somewhat slower, class C moderately slow, 
and class D extremely slow; further sub-division 
of each class was undertaken in order to  ac- 
count for different widths of maxima. Class A 
is by far the prevailing type with 64% of all 267 
maxima investigated by Campbell, class B has 
9%, class C 18%, and class D again 9%. 
Classes C and D together also are referred to  
as anomalous, a term that has since been used 
for other dwarf novae to describe all outbursts 
with slow rises, in spite of the fact that they 
have proved to be a rather normal feature of 
dwarf nova outbursts in general. There is an 
obvious distinction within classes A and B into 
long and short (wide or narrow) outbursts. This 
is seen even more clearly in the histogram of 
widths of 437 maxima of SS Cyg (Martel, 1961) 
in Figure 2-5; this can be approximated by two 
normal distributions centered at 7.5 and 15 
days, respectively, with a gap at about 11 days. 
It appears that the width of class A outbursts 
lies close to the statistical averages of 7.5 and 
15 days, whereas outbursts of class B, C, and 
D are more randomly distributed in duration. 
The rate of rise and decline (light decrease) in 
classes A and B is essentially the same for both 
long and short eruptions, the rise being about 
twice as fast as the decline. The main dif- 
ferences between both types are that during 
long eruptions the star remains at almost con- 
stant brightness for about a week, and 
statistically the maximum brightness of long 
eruptions is somewhat larger than that of short 
ones (8.4 mag vs. 8.6 mag). Almost all faint 
maxima which reach only a brightness of 8.8 
mag or less have long rise times (Campbell’s 
classes B, C, and D). There is a clear tendency 
for long and short outbursts to alternate and 
a less than random probability for sequences 
of long-long or short-short eruptions to  occur. 
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Figure 2-4. Classifcation of outburst light curves of 
SS Cyg (Campbell, 1934). 

Figure 2-6. Duration of minima of SS Cygni in rela- 
tion to the duration of both the preceding and the 
following outbursts (mEE : between two short out- 
bursts; mLL: between two long outbursts; mA: bet- 
ween either a long and a short, or a short and long 
outburst) (Martel, 1961). Minima between two short 
outbursts of SS Cyg tend to be short, minima bet- 
ween two long outbursts tend to be long. 

The maximum brightness of an outburst is un- 
correlated with the brightness of both the 
preceding and the following outburst. 

Investigation of the length of minima be- 
tween successive outbursts leads to  the result 
displayed in Figure 2-6: the average duration 
of minima between long-short and short-long 
pairs is almost identical, peaked at some 35 
days, while durations of only 10 days and up 
to 100 days are possible; minima between two 
successive short eruptions last for only some 25 

r 

Figure2-5. Distribution of widths of maxima of SS 
Cyg. The histogram shows the total distribution, the 
solid line gives the frequency of type A outbursts, 
the dashed line that of types B, C, and D together 
(Martel, 1961; his3gures 4 and 14 combined). In all 
cases a clear bi-modal distribution appears. 
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Figure 2-7. Width of tnaxitna in SS Cyg versus the 
duration of the preceding and the following 
minimum time (Bath and van Paradijs, 1983). A 
vague correlation exists with the length of the follow- 
ing cycle, clearly not with the preceding cycle. 

days on the average, and hardly ever are longer 
than 50 days; and minima between successive 
long outbursts can last for almost any length 
of time between some 40 and some 95 days. 
Looking at all kinds of outbursts together, a 
loose correlation exists between the duration of 
an outburst and the duration of the following 
cycle, while there is no such relation with the 
preceding minimum period (Figure 2-7); class 
D outbursts, however, tend to be preceded by 
minima of considerably shorter duration than 
average (Bath and van Paradijs, 1983). 
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One final statistical feature of outbursts of 
SS Cyg is that type A outbursts usually start 
from a quiescent brightness of 11.9 f 0.12 
mag, whereas all slower rises (classes B, C, D) 
start from brighter quiescent states of 11.64 rt 
0.30 mag (Bath and van Paradijs, 1983). 

ABSTRACT: Although samples are not as 
statistically significant as for  SS Cyg, similar 
characteristic features seem to exist in other dwarf 
novae as well. 

see also: 22 

interpretation: I71 

Equally extensive studies are not available for 
other dwarf novae, mostly because their lesser 
brightness makes it difficult for them to be 
observed by amateurs (who are the main source 
of information on  dwarf nova outburst 
behavior). Besides SS Cyg, probably the best 
investigated dwarf novae concerning their out- 
burst activity are U Gem (with comprehensive 
studies by van der Bilt (1 908), Greep (1 942) and 
Saw (1982a)) and VW Hyi, which has mostly 
been analyzed with respect to its superout- 
bursts, the discussion of which will be defer- 
red to a latter section in this chapter. 

Like the SS Cyg, the occurrence of two types 
of outburst, long (or wide) and usually more 
luminous ones, and short (or narrow) and often 
less luminous ones, is a very common, if not 
universal, feature of dwarf novae (some ex- 
amples are given in Figure 2-8). We could not 
find one single conclusive case of a uni-modal 
distribution with the possible exception of WZ 
Sge for which, however, only a total of three 
outbursts were observed. But while most dwarf 
novae exhibit wide and narrow outbursts, and 
the SU Ursae Majoris stars exhibit normal as 
well as considerably wider (by a factor of five 
to ten) superoutbursts, TU Men (the only 
known SU Ursae Majoris star with an orbital 
period above the period gap between two and 
three hours) is the only known system which 
undergoes narrow, wide, and superoutbursts 
(Bateson, 1979, 1981; Warner, 1985a). Nor- 

mally, within extreme ranges, all durations are 
possible, but some are still rare enough to leave 
the general distribution with two clear maxima. 
Szkody and Mattei (1984) claim that such bi- 
modal distributions occur only in SU Ursae 
Majoris stars and very few others, while most 
stars in their sample show uni-modal distribu- 
tions. It must be noted, however, that their data 
base is very short compared to that of most 
other investigations, and that statistics based 
on more data show clear evidence for a general 
bi-modal distribution of outbursts for the ob- 
jects in their sample. A more convincing con- 
clusion to be drawn from their investigation is 
that the overall outburst behavior of a dwarf 
nova may well undergo changes in the course 
of years. Histograms of the outburst activity 
of EM Cyg, probably a very radical example, 
illustrate the point (Figure 2-9): if the distribu- 
tions of outburst widths for only a short inter- 
val of time are regarded (one and three years 
in this example), the resulting distributions may 
come out considerably different from each 
other, as well as from averages over long in- 
tervals of time. Furthermore, there are objects 
in which long and short maxima keep strictly 
alternating for many years. The most famous 
example of such outburst activity is U Gem, 
which was never seen to deviate from this 
regular alternation during the first 50 years of 
its surveillance (van der Bilt, 1908). 

In general, provided both types of maxima 
occur about equally frequently, there is a 
tendency for them to alternate. When more 
short maxima than long ones occur, most of 
the long maxima are both followed and prece- 
ded by a short one, while a short one may well 
be followed by another short one; in other 
words, pairs of two short outbursts are not 
unlikely, while pairs of two long outbursts are 
extremely rare. When anomalous outbursts 
(Le., outbursts with an unusually long rise 
time) occur in an object, these are likely to 
come in groups; i.e., they are the only kind of 
outburst to be observed for some duration, or  
at least then they occur considerably more fre- 
quently than any other type (Petit, 1961). 
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Figure 2-8. Bi-modal distributions of the lengths of dwarf nova outbursts: a:X Leo (Saw, 1982b), b:U Getn (Isles, 
1976), c:Z Cam (Petit, 1961). Possibly all dwarf novae show distributions like this. 
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Figure 2-9. Distributions of durations of outbursts of EM Cyg for  (a) the years 19S1 through 1954 each (Brady 
and Herczec, 1977), and for  (b) approximately 1974 - 1976 (JD 2442300 - 2443300) (Szkody and Mattei, 1984). 
The bi-modal distribution only becomes obvious when observations over a very long interval of time are considered. 
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Figure 2-10. Maximum outburst magnitude versus the duration of the preceding (left) and the following (right) 
quiescent period in SS Aur (Howarth, 1977). In contrast to SSCyg, in VW Hyi the maximum brightness of an out- 
burst is dependent on both the durations of the preceding as well as the following minimum. 

Figure 2-1 1. Semi-regular variations of the duration of quiescent intervals between two consecutive outbursts 
of SS Cyg and U Gem (Bianchini, 1988). 
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In this same investigation Petit found that the 
average ratio of the number of long per short 
maxima increases as the outburst period of a 
system increases: SU UMa and AY Lyr (with 
outburst periods of some 13.4 and 24 days, 
respectively) exhibit about one long outburst 
per 7 or 8 short ones; Z Cam (21 days), X Leo 
(20 days), and UZ Ser (31 days) have typically 
1 long outburst per 2 or 3 short ones; in SS Cyg 
(50.7 days) and SS Aur (53.3 days) about 2 long 
outbursts can be observed per 3 short ones; and 
finally in U Gem (103.4 days) and UV Per (360 
days) this ratio increases to approximately 5 
long outbursts for every 4 short ones. 

Several investigations have been carried out 
to look for a possible correlation between the 
length of quiescent (low brightness) intervals 
and the kind of outbursts a system undergoes. 
The emerging picture is clearly not consistent: 
In the case of SS Cyg, CN Ori, and CZ Ori the 
width of an outburst, and in the case of FQ 
Sco, BI Ori, and U Gem its maximum 
brightness (which normally is higher for long 
outbursts than for short ones) are correlated 
with the length of the following quiescent in- 
terval but not with the preceding one* (Bath 
and van Paradijs, 1983; Isles, 1976; Gicger, 
1987); in the case of VW Hyi both the total 
width and the maximum brightness, in UZ Ser 
and TU Men the width, and in WW Cet the 
maximum brightness are correlated with the 
preceding minimum, but not with tke duration 
of the following one* (Gicger, 1987; Smak, 
1985; van der Woerd and van Paradijs, 1987); 
in the case of SS Aur the maximum brightness, 
and in the case of UY Pup the width correlate 
with both the preceding and the following 
quiescent state (Gicger, 1987; Howarth, 1977) 
(see Figures 2-7 and 2-10). 

As to the length of quiescent periods between 
long and/or short outbursts, from investigating 
large amounts of data of many dwarf novae, 
Petit (1961) concluded that the durations of 

minima, irrespective of kinds of outburst bet- 
ween which they occur, tend to be almost nor- 
mally distributed about some mean value which 
is characteristic for each object. Minima occur- 
ring between two short outbursts have a tenden- 
cy to be shorter than average. This is in agree- 
ment with results of detailed investigations of 
SS Cyg (Figure 2-6) and X Leo (Saw, 1982b). 
For several systems, there is some indication!for 
them to be the fainter the longer the quiescent 
state lasts. Furthermore, in several objects, like 
in SS Cyg, U Gem, and RU Peg, there is 
evidence for cyclic secular changes in the dura- 
tion of the quiescent period of dwarf novae 
(Campbell, 1934, Petit, 1961, Saw, 1983, 
Bianchini, 1988) (Figure 2-1 1). 

II.A.3. NUMERICAL RELATIONS 

ABSTRACT: Relations between the outburst 
amplitude, or the total energy released during out- 
burst, and the recurrence time have been found, as 
well as relations between the orbital period and the 
outburst decay time, the absolute magnitude during 
outburst maxinium, and the widths of long and short 
outbursts, respectively. 

interpretation: 177, 181 

All dwarf novae are highly individualistic ob- 
jects; no two systems have been found which 
can be regarded as approximately identical, and 
certainly there is nothing like a “typical” dwarf 
nova. This applies to their outburst behavior, 
but it proves valid for other aspects of their 
nature just as well. Still, it clearly would be 
wrong to say that they are all totally different 
from each other. 

For more than half a century attempts have 
been made to find some relations that all dwarf 
novae, if possible even all cataclysmic variables, 
would obey. The first such relation was found 
by Kukarkin and Parenago (1934) who sug- 
gested a relation 

*Results for other correlations are not given. 

A = 0.63 + 1.66 log P (2.1) 
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Figure 2-12a. Kukarkin-Parenago relation between 
outburst amplitude Am and recurrence time Po,, of 
dwarf novae and recurrent novae (data from Petit, 
1958). The original relation as given by Kukarkin and 
Parenago (1934) is indicated as a solid line; its 
physical significance is not clear. 

Figure 2-12b. Revised Kukarkin-Parenago relation 
between the energy spent during an outburst and the 
recurrence time (Antipova, 1987). OECllNE 
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Figure 2-13. Bailey relation between the time for ear- 
ly decline from a dwarf nova outburst and the or- 
bital period (Bailey, 1975). 
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Figure 2-14. Relation between absolute brightness 
during outburst maximum and the orbital period 
(Warner, 1987). I I I 
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Figure 2-15. Relation between width of an outburst 
and orbital period (van Paradus, 1983). WIDE 
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between the outburst amplitude A of dwarf 
novae and recurrent novae (which fit into the 
same relation) and their recurrence time (out- 
burst period) P (Kukarkin-Parenago relation). 
Since then this numerical relation has been 
somewhat modified by others (Petit, 1958; 
Khopolov and Efremov, 1976; Greep, 1942; 
Payne-Gaposchkin, 1957; van Paradijs, 1985), 
but the differences in effect are small (Figure 
2-12a). Extrapolation to outburst amplitudes to 
novae would predict recurrence times of several 
thousand years, so the relation appears not 
unreasonable. It is not known, however, 
whether there is a common physical process 
underlying this relation or whether it is a mere 
product of chance: the scatter for dwarf novae 
is large enough for the relation to not be very 
meaningful for any single object; the inclusion 
of recurrent novae gives it a convincing ap- 
pearance, but this often has been ascribed to  
pure chance because of the presumed very dif- 
ferent outburst mechanisms for dwarf novae 
and recurrent novae*; and whether or not this 
relation holds for novae cannot be tested due 
t o  the very definition of novae. 

A revised version of this relation recently has 
been suggested by Antipova (1987) who cor- 
relates the total outburst energy (instead of the 
amplitude) with the outburst period. Assum- 
ing that all quiescent dwarf novae have the 
same absolute brightness (which is a very ques- 
tionable assumption - see Chapter 4.II.C.2), 
and after applying some (largely arbitrary) cor- 
rection for the contribution of the secondary 
star, dwarf novae (normal outbursts as well as 
superoutbursts), recurrent novae, and even GK 
Per (which exhibits dwarf nova-like outbursts 
during its quiescent state as a nova - see Chapter 
8), all seem to fall on a nearly straight line 
(Figure 2-12b). Due to  the assumptions An- 
tipova made, however, it is questionable 
whether this relation actually reflects a common 
underlying physical process, as it seems to  
suggest. 

*The outburst mechanism for recurrent novae is not known 
with certainty; it may or may not be the same as for novae; 
it clearly is not, however, the same as for dwarf novae, 
Le., a collapse of the accretion disc. 

Another relation, between the orbital period, 
Porb and the rate of early decline of dwarf 
novae from their outburst, T (which always 
seems to occur in about the same way in each 
system, irrespective of the type of outburst), 
was first suggested by Bailey (1975) (Bailey rela- 
tion, Figure 2-13): 

T = 9.2 Porb 

Warner (1987) found a remarkably tight rela- 
tion, namely that the absolute brightness of a 
dwarf nova during outburst increases approx- 
imately linearly as the orbital period of the 
system increases (Figure 2-14): 

= (5.64 rt 0.13) (2.3) MV,Iilax 
- (0.259 rt 0.024) P [hr] 

From inspection of published data in the 
literature, van Paradijs (1983) found a relation 
between the orbital period of a dwarf nova 
system and the width of wide and narrow out- 
bursts, respectively (Figure 2-15): 

Wwlde [d] = (1.2 f 0.5) (2.4a) 
+ (28.6 f 2.9) Porh [d] 

W,,mo,v [d] = (9.89 f 1.2) (2.4b) 
+ (15.3 f 9.7) Po, [d] 

And finally, Szkody and Mattei (1984) sug- 
gest that three relations exist between the dura- 
tion of the entire outburst of a dwarf nova 
(including rise and decline), the rise time and 
the time needed for decline, on one hand, and 
the orbital period on the other. None of these, 
however, looks in any way convincing. 

II.A.4. §TAND§TILL§ AND 
SUPEROUTBURSTS 

ABSTRACT: Z Camelopardalis stars at times 
discontinue their normal outburst activity for  a while 
and remain at an intermediate brightness level. - 
Besides normal (short) outbursts, SU Ursae Majoris 
stars also show superoutbursts; these occur at more 
predictable intervals of time than normal outbursts, 
they last 5 to IO times longer, and are slightly 
brighter. 
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see also: 96, 102 

interpretation: 172, 178, 184 

There are two special groups of dwarf novae, 
the Z Camelopardalis stars and the SU Ursae 
Majoris stars, both of which are classified on 
the basis of peculiarities in their outburst 
behavior. 

The Z Camelopardalis stars behave like 
normal dwarf novae (U Geminorum stars) with 
short outburst periods most of the time, ex- 
hibiting all the normal features. Occasionally, 
however, at unpredictable times on decline 
from an otherwise seemingly normal outburst, 
they remain at a brightness level about midway 
to minimum brightness (Figure 2-16). This hold 
may last for a couple of days up to many 
months or years. Usually, after the end of such 
a standstill, the star returns to minimum 
brightness and resumes its normal outburst ac- 
tivity, which, however, may be ended by 
another standstill as soon as the next decline. 
However, at least one case is known (Mumford, 
1962) in which a standstill of Z Cam ended in 
a rise to maximum. As can be seen in the ex- 
ample of Z Cam in Figure 2-16, before a period 
of standstill, the minimum brightness level 
reached between consecutive maxima may or 
may not increase continuously; and also a pro- 
gressive decrease in the intervals between max- 
ima before eruptions is observed occasionally. 
During standstills, brightness fluctuations of 
some tenths of a magnitude may occur which 
are reminiscent of the regular outburst behavior 
exhibited at other times. 

The other special group of dwarf novae are 
the SU Ursae Majoris stars, for which the long 
outbursts (superoutbursts) are longer by about 
a factor of 5 to 10 than the short ones, and in 
all but one system (WZ Sge) occur much more 
seldom than the short (normal) ones. Extensive 
investigations of the outburst light curves of 
one of the best-known SU Ursae Majoris stars, 
VW Hyi, have been undertaken by Bateson 
(1977), Smak (1985), and van der Woerd and 
van Paradijs (1987). A part of the outburst light 

curve is presented in Figure 2-lb. All of these 
studies are based on the same compilation of 
data from almost 22 years of observations 
covering a total of 292 consecutive maxima, out 
of which 44 were supermaxima. The average 
time interval between normal (short) outbursts 
is 27.3 days; for superoutbursts it is 179 days; 
they last on  the average for 1.4 and 12.6 days, 
respectively. The brightness at maximum is 
approximately 9.5 mag for normal and 8.5 mag 
for superoutbursts. 

Normal outbursts of VW Hyi are like short 
outbursts of any other dwarf nova. Often a 
marked dip of up to 0.5 mag in a minimum 
brightness is seen immediately before the onset 
of an outburst, irrespective of whether it is a 
short or a long outburst, and often there is also 
an increase in brightness by about 0.5 mag as 
soon as the bottom of the decline has been 
reached. 

Between three and eight normal outbursts 
can occur in VW Hyi between two consecutive 
superoutbursts (i.e., during a so-called ‘super- 
cycle); the total length of the supercycle hard- 
ly is affected by this, but always has an average 
length of about 179 +12 days. The last nor- 
mal outburst before a superoutburst always oc- 
curs less than 167 days after the last superout- 
burst. As for normal outbursts, immediately 
after a superoutburst they are narrower and 
fainter than usual, and they then become in- 
creasingly more energetic later in the supercycle 
(Figure 2-17). The length of normal cycles 
decreases with increasing supercycle phase. 
Irrespective of the total number of short out- 
bursts within a supercycle, the first outburst in 
each cycle always starts within 17 to 29 days 
after the last supermaximum, while in general 
the time elapsing between two consecutive 
normal outbursts can vary between 10.9 and 
70.7 days, with an average of 36.0 days. The 
last two normal outbursts before a superout- 
burst tend to have about equal length, which 
is either short (both cycles together last for less 
than 45 days: type S superoutburst) or long 
(both together last for more than 60 days: type 
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L superoutburst); no values in the gap between 
45 and 60 days seem to exist (Figure 2-18). After 
about half of a supercycle has elapsed, it can 
be distinguished whether the last two cycles are 
going to be long or short: the lengths of normal 
outburst cycles for type S superoutbursts 
decrease, while those in type L superoutbursts 
increase. When they are long (type L), the max- 
imum visual brightness of the .following 
superoutburst tends to be larger, the longer 
these last quiescent intervals last; no such 
relation seems to exist for S-type cycles. There 
also is no difference between the total length 
of type L and type S supercycles. 

According to their shape, Bateson (1977) 
divided the optical light curves of supermaxima 
into eight classes, S1 to  S8 (Figure 2-19). The 
rise always is indistinguishable from the rise to 
short outbursts. For somewhat less than half 
of the observed superoutbursts of VW Hyi, a 
more or less pronounced decline (dip) of up to 
two magnitudes occurs in the optical after the 
typical maximum brightness of short outbursts 
has been reached, after which the superoutburst 
starts as if triggered by a normal outburst 
(classes S6 to S8). A number of investigators 
(Pringle et al, 1987; Verbunt et al, 1987; van 
Amerongen et al, 1987; Polidan et al, 1987; 
Heise et al, 1987) carried out simultaneous 
observations of VW Hyi in many wavelengths 
and found that, although there was no trace in 
their data of a precursor in the optical, it was 
clearly seen in the UV and at X-rays. The time 
elapsed since the last superoutburst tends to be 
shorter than the average (151 f 12 days vs. an 
average of 163 f 12 days) if the last normal 
cycle was short, and it is followed sooner by 
a normal outburst than by other supermaxima. 
Furthermore, the larger the pre-supermaximum 
dip, the more normal outbursts follow before 
the next supermaximum occurs, and the max- 
imum brightness is the larger and the maximum 
the broader, the deeper the dip is. 

Vogt (1980) undertook an extensive study of 
the outburst properties of those SU Ursae 
Majoris stars known at that time. One very 

striking’feature of superoutbursts is their fairly 
strict periodicity which is kept within rather 
narrow limits, very unlike the short outbursts 
which, clustered about some mean value, occur 
at almost random intervals of time. The scat- 
ter of cycle lengths in SU Ursae Majoris stars 
amounts to roughly half the mean cycle length 
of normal outbursts, suggesting that superout- 
bursts may be triggered by normal outbursts. 
An even closer inspection of individual cycle 
lengths reveals that superoutbursts follow a 
very neatly defined linear ephemeris for typi- 
cally 10 to 20 cycles, then they switch to another 
equally well defined ephemeris which is slightly 
different from the former one. For each star, 
a small number (typically two to three) of such 
superoutburst periods can be determined be- 
tween which the star switches at random (Figure 
2-20). The ratios between different cycle lengths 
of one star typically are on the order of 1.1 to 
1.3. It remains to be seen whether similarly tight 
relations also hold for the more recently 
detected SU Ursae Majoris stars. An investiga- 
tion of long outbursts of SS Cyg and U Gem 
did not yield any comparable results. 

Vogt (1981) suggested a relation between the 
periods of normal outbursts and superoutbursts 
in SU Ursae Majoris stars. This relation looked 
quite convincing at the time he proposed it. 
Taking into account, however, the more recent- 
ly detected SU Ursae Majoris stars and more 
modern values of outburst periods, there is no 
evidence for such relation any longer. 

Based on the indication that probably all 
dwarf novae exhibit long as well as short out- 
bursts, van Paradijs (1983) suggested that 
superoutbursts may be a general phenomenon 
in dwarf novae. Support for this comes from 
the observation that the duration of short out- 
bursts seems to increase appreciably with the 
orbital period of the system, while the duration 
of long outbursts hardly does so (see above). 
The striking contrast between long and short 
outbursts in SU Ursae Majoris stars (all of 
which have very short orbital periods) appears 
to be a consequence of the increasing contrast 
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Figure 2-1 7. Residuals of the relation between out- Figure 2-18. Mean length of normal cycles of VW 
burst energy of VW Hyi and the duration of the Hyi as a function of the supercycle phase. Filled 
preceding minimum versus supercycle (van der circles refer to L-type supercycles, open circles to 
Woerd and van Paradijs, 1987). Before a superout- S-type supercycles (see text for  further explanation) 
burst the short maxima become increasingly more (Smak, 1985). 
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Figure 2-19. Classes of superoutburst light curves of V W  Hyi with classes SI45 in 2-19a and S6-S8 in 2-19b 
(Bateson, 1977). 

a) 

Figure 2-20. 0 - C  residuals from a linear ephemeris versus supercycle number of superoutbursts of a) SU UMA 
and b) VWHyi.  The solid lines are fits to periods of constant cycle length (Vogt, 1980). Systems appear to switch 
between several possible intervals between successive superoutbursts; each period is followed for  a certain time 
before the system switches to another one. 
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between wide and narrow outbursts with 
decreasing orbital period; with increasing or- 
bital period, wide and narrow outbursts become 
more and more similar. 

The definition of the term superoutburst im- 
plies the occurrence of other features, in par- 
ticular small-scale variations with a period 
slightly in excess of the orbital period, the 
so-called superhumps (see Chapter 2.11.C.2). 
The fact that superhumps are not observed 
during long outbursts of long-period (Le., non- 
SU Ursae Majoris) systems, van Paradijs (1983) 
ascribes to an observational selection effect 
which makes it very difficult (but certainly not 
impossible) to observe such periodicities. 
Observational tests of this hypothesis clearly are 
called for. 

II.A.5. TEMPORARY SUSPENSION OF 
ACTIVITY 

ABSTRACT: Some dwarf novae are known to 
have suspended their normal outburst activity 
altogether for  a while. They later resumed it without 
having undergone any observable changes. 

nova-like stars: 102, 113, 12.5 

interpretation: I77 

Some cases are known in which dwarf novae 
interrupted their normal outburst activity 
altogether for some months or years and only 
fluctuated close to  minimum brightness. Later 
they resumed their normal activity without any 
apparent trace that any irregularities had hap- 
pened. The transition from very low-brightness 
anomalous outburst activity to what appears to 
be an almost total cessation of it, seems to  
largely be a question of taste. 

The earliest recorded event of this sort hap- 
pened t o  SS Cyg in 1907/8 (see Figure 2-lc). 
At that time this was so confusing that it was 
questioned whether SS Cyg could reasonably 
be regarded as a dwarf nova any longer. Inspec- 
tion of the light curve over very long intervals 
of time reveals, however, that, strange as such 

behavior may seem, SS Cyg is often seen to  be 
on the verge of it. 

Another similar example is SU UMa, which 
stopped virtually all relevant activity for over 
three years (AAVSO Circulars) before it re- 
turned to normal behavior. Mattei (1983, in 
discussion of Robinson, (1983)) hints at 
something similar having happened to  HT Cas. 
Bateson (1985; see also Zhang et al, 1986) gives 
some evidence that the cycle length for super- 
outbursts in TU Men may have changed from 
values ranging between 123 and 162 days (for 
May 1963 to December 1981) to 164 to  517 days 
(in 1982 to 1984); it is not clear if this is merely 
a switch in cycle length as has been found for 
other dwarf novae (Vogt, 1980, see above) or 
if some major physical changes took place in 
the system. 

II.A.6. COLOR VARIATIONS DURING 
OUTBURST CYCLE 

ABSTRACT: The optical colors of dwarf novae 
all are quite similar during outburst, considerably 
bluer than during the quiescent state. During the out- 
burst cycle, characteristic loops in the two-color 
diagram are performed. 

interpretation: 173, 181, I93 

Compilations of optical colors of cataclysmic 
variables can be found in Vogt (1983b), Bruch 
(1984), and Echevarria (1984). In Figure 2-21 
the optical colors of dwarf novae during 
quiescence and during the outburst state are 
displayed in the two-color diagram. A few 
features become obvious: Dwarf novae are con- 
siderably bluer during outburst than during 
quiescence, and all dwarf novae have approx- 
imately the same optical colors during out- 
bursts. SU Ursae Majoris stars statistically tend 
to  be slightly bluer than other dwarf novae 
during quiescence in both (U-B) and (B-V), and 
they are bluer only in (B-V) during superout- 
bursts. In the two color diagram, all cataclysmic 
variables, in the faint as well as in the bright 
state, consistently appear above (i.e., are bluer 
than) the main sequence and often even above 
the black-body line. 
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Figure 2-21a. Two-color diagram of cataclysmic Figure 2-21 b. Two-color diagram for  dwarf novae 
variables during quiescence (corrections for  in- during outburst. Presentation as in Figure 2-21a 
terstellar reddening were applied wherever (Bruch, 1984). During outburst the optical colors of 
necessary); the solid lines represent the main sequence dwarf novae are remarkably similar. 
and black bodies, respectively (Bruch, 1984). 
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Figure 2-23. Loops of dwarf novae in the two-color diagram during the outburst cycle: V W  Hyi (a) and SS Cyg 
(b) (Bailey, 1980). Color changes of dwarf novae during the outburst cycle seem to be rather characteristic for  
each object; the most pronounced changes occur during the rise phase. 
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A gap in the two-coSor diagram with a width 
of almost 0.2 mag in which no cataclysmic 
variables could be found was discussed by Vogt 
(1981); this gap was thought to be highly signifi- 
cant at that time, although it has since com- 
pletely disappeared as more data have become 
available. 

For cataclysmic variables with orbital periods 
in excess of some 3 hours, there may be a 
tendency for the colors to be loosely correlated 
with the orbital period of the system (Figure 
2-22), although some otherwise not obviously 
peculiar systems do  not follow this relation, and 
in the set of intrinsic colors as determined by 
Bruch (1984) this tendency is even less pro- 
nounced. It is remarkable that, again, 
cataclysmic variables of all different kinds 
follow the same relation. Systems with orbital 
periods shorter than 2 hours have about the 
same colors as other cataclysmic variables, but 
do not follow the above relation. 

Only very few investigations of color changes 
in dwarf novae during the full outburst cycle 
have been carried out. It is obvious, however, 
that all dwarf novae perform a loop in the two- 
color diagram during such a cycle. Complete 
loops have been published for VW Hyi and SS 
Cyg (Figure 2-23). The data presented cover 
eight normal outbursts of VW Hyi and seven 
normal outbursts of SS Cyg. Single data points 
available for other objects (Z Cam, V436 Cen, 
WW Cet, U Gem, AH Her) follow the same 
trends. In all cases very large color changes take 
place during the fast rise to maximum. Color 
changes during the decline to quiescence are not 
very dramatic and take place slowly. 

Single observations of VW Hyi during rise 
to  supermaximum follow the same trends as 
observed for rises to  normal outbursts. During 
rises to  anomalous outbursts in SS Cyg, 
however, color variations are restricted almost 
entirely to  changes in (B-V). Whether the same 
behavior can be observed during anomalous 
outbursts of other objects is as yet unknown. 

GENERAL INTERPRETATION: The outbursts of 
dwarf novae are understood to be due to enhanced 
mass transfer through the accretion disc, a picture 
which can be reconciled with the observed color 
changes. The two possible scenarios which are cur- 
rently discussed are: either temporarily enhanced 
mass transfer from the secondary star into the ac- 
cretion disc, or a spontaneous release of material 
which was stored in the outer disc areas during 
quiescence. Standstills are believed to be semi- 
permanent outbursts, i.e., large mass transfers 
through the accretion disc which last for  long times. 

OBSERVATIONAL CONSTRAINTS TO 
MODELS: 

4 Some dwarf novae not only undergo normal 
outbursts, but in addition also undergo 
superoutbursts or standstills. (See 184) 

4 Outburst durations (in all systems?) exhibit a 
bi-modal distribution. 

8 Long arid short outbursts tend to alternate. 

4 It is not quite clear whether superoutbursts are 
merely a particular case of long outbursts, or 
whether they have a dgferent physical cause. 
(See 184) 

0 TU Men, the SU Ursae Majoris star with the 
longest orbital period, is the only known system 
to undergo narrow and wide outbursts, as well 
as superoutbursts. 

e There is some regularity, but no strictly repeated 
pattern, in the sfiapes of outbursts. (See 174) 

e Outbursts occur semi-periodically rather than 
periodically. (See 174, 179) 

4 Superoutbursts follow a much stricterperiodici- 
ty than other outbursts. (See 184) 

4 There are several superoutburst periods for each 
SU Ursae Majoris object, each of which is main- 
tained for  a while, until an abrupt change to a 
slightly different period occurs. 

Some objects occasionally stop all relevant out- 
burst activity for  a while. (See 177) 

4 Relations have been proposed between outburst 
amplitude rind outburst period, between decay 
time and orbital period, and between absolute 
brightness during outburst inaxiniuin and or- 
bital period. (See 177, 181) 
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During the course of an outburst, color changes 
follow a certain characteristic pattern, which 
seems to be different for  normal and for 
anomalous outbursts. (See 173, 181, 193) 

Dramatic color changes only seem to occur dur- 
ing the rise phase. (See 173, 181, 193) 

AN dwarf novae have about the same optical 
colors during outburst, but not during 
quiescence. (See 193) 

For systems with orbital periods in excess of 
three hours, the optical colors in quiescence are 
related to the orbital period. (See 193) 

1I.B. ORBITAL CHANGES DURING THE 
QUIESCENT STATE 

ABSTRACT: A t  a time resolution on the order of 
minutes, strictly periodic photometric changes due 
to orbital motion become visible in the light curves 
of dwarf novae. These are characteristic for  each 
systet??. 

related spectroscopic changes: 73 

nova-like stars: 96, 103, 114, 117, 123, 125, 140 

interpretation: 151, 153 

As the time resolution of photometric obser- 
vations is enhanced from days or hours to 
minutes or seconds, many more structures in 
the light curves of dwarf novae become ap- 
parent. At first, features seen during the quies- 
cent state of dwarf novae shall be described. 

Three different features imposed on a 
generally flat light curve can be distinguished 
in the light curves of dwarf novae: a temporary 
increase in brightness by some tenths of a 
magnitude for about half of the orbital cycle, 
which is referred to as a hump; an eclipse 
lasting for a couple of minutes, the depth of 
which in some objects can reach some two 
magnitudes; and rapid, irregular brightness 
changes of some 0.5 mag, the so-calledflicker- 
ing, superimposed on the orbital light curve. In 
addition, brightness variations on time-scales 
of minutes or seconds with amplitudes of 

typically some 0.02 mag are seen in some ob- 
jects. However, these usually are not apparent 
in the raw light curves (these will be discussed 
in Chapter 2.II.D.2). Eclipses and humps are 
variable from one object to  another as well as 
to  some extent in the same object, so that in 
general an orbital light curve never is strictly 
repeated. If these features occur, however, they 
appear with a very strict periodicity which in 
almost all objects (exceptions are, e.g., 
CN Ori and TT Ari, see Chapters 2.11.B.3 and 
3.111.A.2) is identical with the periodicity in the 
radial velocity curve; neither outbursts of dwarf 
novae nor changes in the brightness state of 
nova-like stars change this phase relation. 

II.B.l. ORBITAL LIGHT VARIATIONS 
IN THE OPTICAL 

ABSTRACT: The appearance of the light curve is 
characteristic for each dwarf nova, but a wide range 
of appearances ispossible for  the whole class: some 
objects exhibit no periodic features at all, others 
show humps (occasionally, or in each cycle), inter- 
mediate humps, eclipses, or double eclipses, or even 
several of these features, and they all repeat with a 
strict periodicity. For most of the time the optical 
colors remain constant, conspicuous changes occur 
during eclipses. 

see also: 46, 75 

nova-like stars: 96, 103, 114, 117, 119, 122 

interpretation: 151, 153, 166 

Many of the known dwarf novae exhibit 
neither a hump nor an eclipse. An example is 
given in Figure 2-24. These objects still show 
appreciable brightness variability due to flicker- 
ing activity, but no features can be detected 
which repeat strictly periodically. 

Many others, however, possess more 
elaborate light curves. An example of an ob- 
ject exhibiting a very clear hump in the light 
curve is VW Hyi (Figure 2-25). The relative and 
absolute amplitudes of humps are variable from 
cycle to cycle, with a tendency for them to be 
brighter when the entire system is brighter (in 
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Figure 2-24. Optical light curve of V436 Cen (Bailey, 
1979b). The light curves of some dwarf novae are 
entirely governed by irregular variations and show 
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Figure 2-25. Optical light curve of VW Hyi (Warner, 1975). In other dwarf novae the hump repeats with a strict 
periodicity which turns out to be the orbital period. 

Figure 2-26. Optical light curve of OY Car (Schoembs and Hartmann, 1983). In some systems, in addition to 
the orbital hump, a so-called intermediate hump occurs which lasts approximately from the end of one main 
hump until the beginning of the next. OY Car possesses a so-called double eclipse (see text and Figures 2-29, 
2-30, and 2-31). 

many systems the brightness during quiescence 
varies by some tenths of a magnitude or more). 
If a hump is present, it normally lasts for about 
half of the orbital period, with beginning and 
end always occurring at approximately, though 
not precisely, the same orbital phases. 

In addition to the main hump, other objects 
like BV Cen or OY Car (Figure 2-26) at times 
or  always (depending on the system) 
exhibit an additional intermediate hump lasting 

from approximately the end of one main hump 
until the beginning of the next. The in- 
termediate hump normally is considerably less 
pronounced in brightness than the main hump, 
and it is more variable in shape and brightness. 
As can be seen from the little scatter at the 
respective points in Figure 2-26 (which is the 
average light curve of 14 orbits), the beginnings 
and the ends of the main and intermediate 
humps are remarkably well defined. 
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Figure 2-27. Optical light curve of U Gem (Warner 
and Nather, 1971). In several dwarf novae an eclipse 
occurs at the declining part of the orbital hump. It 
is mostly eclipsing systems which also exhibit an or- 
bital hump. 

Figure 2-29. Orbital light curves of V205I Oph 
(Warner and Cropper, 1983). In still other systems 
the orbital hump is present at times but absent at 
others. 

In many objects, a fast considerable drop in 
brightness, the eclipse, occurs shortly after 
hump maximum (Figure 2-27). Its total dura- 
tion usually is on the order of 0. l of the orbital 
period. The exact shape of the eclipse also is 
subject to some variability if different minima 
of one object are compared. The general shape 
of the eclipse is approximately the same for all 
eclipsing objects with the exception of systems 
which show a so-called double eclipse (see 
below). No case of a dwarf nova is known in 
which the eclipse occurs at or before hump 
maximum (though in some nova-like stars this 
happens occasionally, see Chapters 3.11.C and 
3.III.B), nor is there any case in which it oc- 
curs entirely outside the hump. Some objects 

Figure 2-28. Orbital light curve of A C  Cnc at 
3330-3700 A (Channel S), 4300-4670 A (Channel 3), 
and 5265-6005 A (Channel 5), from Yamasaki et al 
(1983). There are some dwarf novae which have an 
eclipse but no hump at all. 
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Figure 2-30. Optical light curve of Z Cha (Wood et 
al, 1986). In five known dwarf novae two eclipses 
occur, one during the other; this phenomenon is 
called a double eclipse. 

are known, however, which do not have a 
hump but which do  show. a n  eclipse 
(Figure 2-28), or which, although they are eclip- 
sing, show a hump at some times, though usual- 
ly they don’t (Figure 2-29). 

Five dwarf novae (Z Cha, OY Car, V2051 
Oph, HT Cas, IP Peg) are known to exhibit a 
very special kind of eclipse, the so-called double 
eclipse as shown in Figure 2-30: the ingress in- 
to eclipse, as it occurs in many other dwarf 
novae, holds for a short while at a brightness 
level somewhat below the normal brightness 
outside the hump, before ingress into even 
another eclipse occurs. The depth of these 
double eclipses can reach up to 2.5 mag. The 
egress also occurs in two steps, with the hold 
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between both parts of the rising branch being 
considerably longer than on the declining 
branch. Since these double eclipses potentially 
reveal a lot of information about the physical 
properties of the different components of the 
systems, they have been subject to extensive in- 
vestigations (e.g., Warner, 1974a; Bailey, 1979; 
Patterson et al, 1981b; Warner and Cropper, 
1983; Berriman, 1984; Cook and Warner, 1984; 
Cook, 1985a; Schoembs et al, 1986; Wood, 
1986; Wood et al, 1986; Zhang et al, 1986). In- 
spection of examples of many different eclipses 
of every one of these objects (e.g., Figure 2-31) 
demonstrates how variable the eclipse shapes 
can be even from one orbital cycle to the next. 
It is clear from these observations that two light 
sources are eclipsed, and that the first sharp 
drop is the eclipse of the primary (or white 
dwarf, supposing the applicability of the Roche 
model), followed by the eclipse of the hot spot 
after a brief hold; after a more or less flat- 
bottomed minimum there is the egress of the 
white dwarf, followed after a longer hold, by 
the egress of the hot spot. This latter phase in 
the light curve, the egress of the hot spot, is par- 
ticularly variable from one cycle to the next. 
Also the ingress phases of the hot spot are 
variable, but much less so than the egress, and 
there seems to be no correlation between the 
durations of one and the other. The primary 
eclipse in all objects proved to be a highly stable 
feature. 

The eclipse light curve of Z Cha has been in- 
vestigated in detail by Warner (1974a), Bailey 
(1979a), and Cook and Warner (1984). In all 
these sets of observations the primary eclipse 
appears to be highly stable in its occurrence in 
orbital phases, with ingress and egress lasting 
for about 40 sec each. The eclipse of the hot 
spot, in contrast, is subject to appreciable 
variability. Warner noted holds before ingress 
and egress of 20 sec and 340 sec, respectively, 
whereas Bailey reported that the standstill 
before ingress lasts for 80 sec, and the stand- 
still before egress often is not apparent at all. 
In Cook and Warner’s data the standstill before 
egress of the hot spot lasts for some 300 sec. 

Furthermore, not only the orbital phases of the 
onset of ingress and egress of the hot spot are 
variable; the times for which both last are 
variable as well: times for the ingress have been 
observed to  last between 84 and 207 sec, for 
egress between 42 and 203 sec (Cook and 
Warner, their Table 3). The brightness of the 
primary was constant within 20% for all the 
measurements by Bailey; the hot spot varies by 
nearly a factor of two in brightness; variations 
can be very strong at times, or approximately 
stable for a couple of orbital cycles. The flux 
level at the bottom of the eclipse is low and 
possibly variable, but essentially unaffected by 
minor brightness fluctuations of the system out- 
side eclipse (see also Patterson et al, 1981b; 
Warner and Cropper, 1983). 

If all these findings are regarded together, it 
is obvious that a dwarf nova consists of at least 
three sources of luminosity: one (the primary 
star) which is geometrically relatively sharply 
confined and has approximately constant 
brightness, a second (the hot spot, which in the 
Roche model is supposed to  be located at the 
outer edge of the accretion disc) which is highly 
variable in geometrical position and dimensions 
as well as in brightness, and is much more ex- 
tended than the primary and not spherically 
symmetric; and a third source (the secondary 
star) which is eclipsing the others and which is 
supposed to  be responsible for at least part of 
the brightness remaining during eclipse 
minimum; another brightness contribution may 
originate from uneclipsed parts of the accretion 
disc. 

At phases outside a hump or an eclipse, the 
optical colors of dwarf novae in quiescence are 
essentially featureless, subject to only irregular 
fluctuations of at most 0.05 mag. When a hump 
appears in the light curve, (U-B) becomes 
slightly redder during hump maximum and 
slightly bluer during hump minimum, and the 
total amplitude of the change is on the order 
of 0.1 mag (Figure 2-32). (B-V) usually is not 
variable at all with hump phase; if so, it is 
somewhat bluer at hump maximum and 
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Figure 2-31. Double eclipses of OY Car (Cook, 
1985~).  The exact shape arid duration of the double 
eclipse is variable from one orbital cycle to the next; 
the first ingress and egress are rather stable features. 

Figure 2-33. Orbital light and color curves of OY Car 
(Schoembs et al, 1986). During eclipse the system 
becomes bluer in (U-B) and redder in (B-V). 

Figure 2-32. Orbital light and color curves of Z Cam (Kraft et al, 1969). Outside the hump the optical colors 
do not change; during times when the hump is visible the system becomes slightly redder in (U-B) and bluer 
in (B-V); in many systems (B-B) is hardly variable at all. 

somewhat redder at hump minimum (e.g., 
Kraft et al, 1949). Truly conspicuous changes 
in the colors only occur during eclipse: (U-B) 
becomes considerably bluer, (B-V) equally con- 

In general not much is known in detail about 
the color behavior of quiescent dwarf novae. 
Since the results which are available in the 
literature all show the same tendency, these 

siderably redder than during normal light 
(Figure 2-33). The same trend as in (B-V) (red- 
dening during eclipse) can be seen in (B-R) and 
(B-I) light curves of OY Car (Schoembs et 
al, 1986). Observations of V2051 Oph by 
Cook and Brunt (1983), in addition to the 
blue peak during the very eclipse, show a short 
reddening in (U-B) at ingress and egress of the 
eclipse. 

probably are common to all dwarf novae. 

ABSTRACT: Hardly any information about 
photometric variability in the UV on orbital time 
scales is available. The contribution of the hump 
decreases with decreusing wavelengths. - A f IR 
wavelengths in some dwarf novae, in addition to the 
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primary minirnuni a secondary minirnurn appears 
half an orbital period later; only in two (peculiar) 
dwarf novae is this ininitnuin seen in the optical. 

reloled spectroscopic changes: 74, 78, 80 

novci-like stars: 99, 108, 115, 118, 121, 123, 135, 
139, I42 

interpretation: 15I, 193 

Due to the lack of powerful UV photometers, 
hardly anything is known about light variations 
of cataclysmic variables at UV wavelengths on 
time scales shorter than some dozens of minutes 
(i.e., shorter than the time resolution obtainable 
for cataclysmic variables with the IUE satellite). 
Phase resolved photometry of dwarf novae in 
the UV has been carried out by Wu and Panek 
(1982) with the AN§ satellite (Figure 2-34). 
They observed U Gem and VW Hyi during 
their quiescent states with a time resolution of 
some 10 min. In VW Hyi there is a slight in- 
dication for the hump to be present at UV 
wavelengths, although with decreasing 
amplitude at shorter wavelengths. In U Gem, 
a system which shows a very pronounced hump 
at optical wavelengths, a comparable effect is 
not seen, neither in Wu and Panek’s data, nor 
in the IUE. Clearly better time resolution and 
observations of more objects are desirable. 

The situation is considerably better concern- 
ing the infrared wavelength range. Some dwarf 
novae have been observed at high time resolu- 
tion during their quiescent states; no such 
observations during the outburst states have 
been published. Figure 2-35 shows a typical 
example of an IR light curve of a quiescent 
dwarf nova. 

The depth of the primary eclipse and 
amplitude of the hump increase with increas- 
ing wavelength. OY Car so far is the only case 
where a sufficiently high time resolution has 
been achieved in the infrared to resolve fine 
structures of the primary eclipse (Figure 2-36 
- compare with Figure 2-31). It appears that, 
although the general shape is changed ap- 
preciably at 12500 A (J-band), the character of 
a double eclipse still is there. 

In many systems at about phase 0.5 (with 
respect to the center of the primary eclipse), a 
secondary eclipse becomes visible which is not 
seen in the optical (the only two exceptions are 
the peculiar dwarf novae WZ Sge and BD Pav, 
see Chapter 2.11.B.4). The general character of 
all the light curves in the infrared changes from 
one cycle to the next, but the shape of the 
secondary eclipse is particularly severely af- 
fected by this. 

The variety of infrared light curves among 
dwarf novae is huge, as far as one can tell from 
the still very limited number of available obser- 
vations. In some objects, like EM Cy& 
(Jameson et al, 198l), the light curves in the 
IR still closely resemble the appearance in the 
V-band, with only the addition of the secon- 
dary eclipse (if the systems are eclipsing at all). 
U Gem and TW Vir, on the other hand, exhibit 
sinusoidally-shaped light curves in the IR, 
which are totally different in appearance from 
the optical light curves (Figure 2-37a, see also 
Mateo et al, 1985). In Figure 2-37b, observa- 
tions are shown which were taken shortly 
before an outburst, and at the end of decline 
from the same outburst; both minima have 
been affected by the outburst, the secondary 
minimum to a much larger degree than the 
primary minimum. 

3. 

ABSTRACT: In some dwarf novae the quiescent 
brightness between consecutive outbursts undergoes 
systematic changes. Two dwarf novae were observed 
in a high speedphotometric inode more or less con- 
tinuously for many days during quiescent state eacfi. 
The light curves show setni-periodic, in one case 
clearly transient, events. 

interpretation: I74 

§§ Cyg and U Gem probably are those two 
dwarf novae which have been monitored best 
in their optical appearance over very long in- 
tervals of time (Mattei et al, 1985; 1987). In par- 
ticular, a very good coverage of the quiescent 
light is available. Inspection of this reveals that 
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Figure 2-34. UVphotometry of U Gem (a) and V W  Hyi (b) (Wu and Panek, 1982). Possibly the orbital hump 
is seen in V W  Hyi. 
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Figure 2-35. IR photometry of OY Car (Sherrington 
et al, 1982). The shape of the light curve varies ap- 
preciably with wavelength. A secondary eclipse is 
seen in the infrared. 
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Figure 2-36. IR light curve of OY Car (Berriman, 
1987). The double eclipse is still visible at IR 
wavelengths. (The solid line corresponds to a model 
discussed in Berriman's text.) 
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Figure 2-37. IR light curve of U Gem. a) During quiescence the light curve is approximately sinusoidally shaped 
(Oke and Wade, 1982, and optical light curve in Figure 2-27). b) It is highly distorted just after the end of an 
outburst (Berriman et al, 1983). 
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in U Gem the minimum flux level stays cons- 
tant within fairly narrow limits between con- 
secutive outbursts, and clearly no systematic 
trend of any kind can be detected. SS Cyg, on 
the other hand, while normally it has stable 
quiescent levels like U Gem (Figure 2-38a), ex- 
hibits at other times a systematic increase in flux 
level over several consecutive quiescent phases 
(Figure 2-38b); and at even other epochs, a very 
considerable decrease in the flux level can be 
observed between two consecutive outbursts 
(Figure 2-38c). 

Semi-continuous monitoring of one star in 
a photometric high-speed mode over a time- 
interval of many days has been carried out in 
only one case: CN Ori was observed during 
quiescence from the end of decline from an out- 
burst bntil the end of the next outburst (Figure 
2-39), with only some short gaps in the light 
curve during quiesceuce. The hump amplitudes 
vary in a beat-like manner between the erup- 
tions, with an additional superimposed general 
trend of increasing maximum light of successive 
humps; at the same time the minimum 
brightness of the inter-hump regions stays prac- 
tically constant. A display of the entire 
minimum light curve on a larger time scale 
(Figure 2-40) reveals a large variability of the 
hump structure from one orbital cycle to  the 
next, while the overall shape is approximately 
maintained. The times of minimum light be- 
tween the humps are variable in duration, and 
the structure of the light curve is never exactly 
repeated from one cycle to the next. 

The dwarf nova OY Car also has been 
monitored for a long time during quiescence, 
but this was done from only one observing site, 
so the gaps between runs of uninterrupted 
monitoring are longer than in the case of CN 
Ori (Figure 2-41). In this object additional 
minor “flares” of some 0.1 m lasting for 0.2 
or less of the orbital period are superimposed 
on the otherwise very smooth and regular light 
curve (some of them are marked with “0” in 
Figure 2-41). A further investigation of the tem- 
poral repetition of these flares revealed that 

they repeated with a good periodicity, different 
from the orbital period, for about 6 days, and 
then they dissolved into irregularity. On one oc- 
casion a flare coincided with a double eclipse 
and became partly eclipsed itself. 

ABSTRACT: While WZ Sge displays two kinds of 
orbital light curves during its quiescent state, only 
one resembles that of a cataclysmic variable. Color 
variations are atypical for a dwarf nova. WZ Sge and 
the similar dwarf nova BD Pav have extremely long 
outburst periods. 

comparison with “normal” dwarf novae: see above 

One object is quite unique among the dwarf 
novae in almost all its characteristics, so occa- 
sionally it will have to be discussed separately. 
This object is WZ Sge. Originally it was 
classified as a recurrent nova because of its out- 
burst period of about 33 years, because of its 
outburst light curve, and because of its large 
outburst amplitude of about 8 mag, which 
make its light curve look rather like that of an 
ordinary nova than like that of a dwarf nova 
(Figure 2-42). However, during the last out- 
burst, in 1978, it was detected that WZ Sge ex- 
hibited superhumps which, by definition, 
qualify it as a SU Ursae Majoris star. Still, its 
optical light curve during the quiescent state 
was much different from that of a “normal” 
dwarf nova (Figure 2-43). At times the light 
curve closely resembled that of a W Ursae 
Majoris star (Krzeminski and Smak, 19’71), Le., 
it showed a sinusoidal light variation with two 
symmetric minima of comparable depth; at 
other times the behavior became more erratic, 
resembling the light curve of a cataclysmic 
variable with an eclipse placed on the declin- 
ing branch of a hump. The appearance of the 
light curve changed back and forth, transitions 
from one to  another occurring as quickly as 
within one orbital cycle. Shapes, and in par- 
ticular, depths of minima were only approx- 
imately repeated. No extended photometry of 
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Figure 2-38. Outburst light curves of SS Cyg (Mattei 
et al, 198.5). The quiescent light level between out- 
bursts can be f lat  (a), it can rise systematically until 
the next outburst starts (b), or it can decline 
systematically (c). 
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Figure 2-40. Same data as in Figure 2-39, at higher 
resolution (Mantel et al, 1988). The huwp structure 
appears to be highly variab(ej7om one orbital cycle 
to the next. 

Figure 2-39. Light curve of CN Ori between two suc- 
cessive outbursts (Mantel et al, 1988). The minimum 
light level at interhump phases stays practically con- 
stant, while the hump amplitude undergoes cyclic 
variations. 

Figure 2-41. Optical light curve of OY Car in 
quiescence (Schoembs et al, 1986). For n while flares 
repeat with a good periodicity and then resolve. 
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Figure 2-42. Outburst light curves of WZ Sge 
(Patterson et al, 1981b). The light curve resembles 
more that of a nova than that of a dwarf nova. 
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Figure 2-44. Orbital light curve of BD Pav, asterisks 
are observations in U light, the solid line corresponds 
to V (Barwig and Schoembs, 1983). In many ways 
BD Pav is similar to WZ Sge. 

WZ Sge after the 1978 outburst has been 
published. 

One feature all the light curves of WZ Sge 
have in common is a "dip," a sort of additional 
eclipse-like feature at about phase 0.25. Its 
depth, exact phase (the minimum occurring be- 
tween phase 0.2 and 0.4), width (ranging from 
0.06 to  0.1 of the orbital period), and shape are 
very variable from one cycle to another. The 
depth, however, was never observed to  drop 
below that of the primary minimum. 

The primary minimum recurs with a stable 
period of 0.056688 days, irrespective of the 
shape of the light curve; its depth amounts to  
some 0.3 m in V but is variable, as are its shape 
and width (between some 200 and 300 sec). It 
usually, but not always, is flat-bottomed. When 

14 6 

Figure 2-43. Orbital light curves of WZ Sge (a: 
Krzeminski and Smak, 1971; b: Warner and Nather, 
1972). The character of the light curves is entirely 
different; changes can occur as quickly as within one 
orbital cycle. 

the light curve is of cataclysmic variable-type, 
the ingress and egress of primary eclipse are 
fairly steep and well defined. In the case of the 
W Ursae Majoris-type light curve, a secondary 
eclipse is clearly visible. Its exact shape and 
depth, however, are highly variable, and, in 
particular, it occurs somewhere between phase 
0.50 and 0.59 with respect to the primary eclipse 
(Krzeminski and Smak, 1971) and not, as ex- 
pected for an eclipse of a stellar object, always 
at the same phase; or it even can disappear 
completely. In  the cataclysmic variable-type 
light curve, an eclipse-like feature occurs 
around phases 0.4 to  0.5, but neither its shape 
nor its position is repeated even approximately. 

There is a very strong color dependence of 
the light curves; in particular, the secondary 
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Figure 2-4.5, Secular variations of the orbital period were observed in several dwarf novae. In U Gem (a) the 
variation appears to be cyclic (Eason et al, 1983); in Z Cha (bI and b2) it appears to be steadily increasing (Wood 
et al, 1984). 
eclipse can at times completely disappear in V 
while it is well visible at shorter wavelengths (U 
and B). In both sorts of light curves, the W 
Ursae Majoris-type and the cataclysmic 
variable-type, color variations in WZ Sge are 
opposite to  what normally is observed in dwarf 
novae (see Chapter 2.II.B.1 and Figure 2-33): 
during primary eclipse the system becomes 

-V) or does not change at all, 
mes strongly redder; during 

secondary minimum the system becomes red- 
der in both colors. 

BD Pav is a system reminiscent of WZ Sge. 
Originally it also was classified as a nova (out- 
bursts were observed in 1934 and 1985 - 
Duerbeck, 1987), but new observations rather 
let it appear as a dwarf nova with very long out- 
burst periods (Barwig and Schoembs, 1983). 
The quiescent light curve looks similar to the 
cataclysmic variable-type light curve of WZ Sge 
(Figure 2-44). Strong flickering is present at 
all orbital phases, possibly slightly diminished 
during a periodically recurring narrow eclipse. 
The brightness variations in the U and V filters 

coincide during eclipse but are out of phase by 
up to 0.1 of the orbital period 180” away from 
eclipse. Colors are remarkably red for a 
cataclysmic variable of as short a period as BD 
Pav has. 

.5. 

A BSTRA CT: Secirlar changes of the orbital period 
have been tileasirred in several dwarf novae. In some 
objects, changes seein to be setiii-perYoclic with time- 
scales on the order of 10 years. 

nova-like s t o w  98, 111, 115 

interpretation: I86 

As discussed above, the detailed shape of the 
orbital light curve of a dwarf nova usually is 
somewhat variable. The period with which 
humps or eclipses occur, however, is very 
stable, and phase relations seen during 
minimum are not disturbed by the eruptions. 
Nevertheless, in a couple of systems, very slow 
systematic period changes seem to occur. 
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The two best studied cases are U Gem in 
which the orbital period appears to cyclically 
decrease and increase (Figure 2-45a), and Z Cha 
in which the observations suggest that the 
period increases on a time-scale of P/P = 2.46 
lo7 years (Wood et al, 1986, and Figure 
2-45b). Similar general trends might be contain- 
ed in the data from other systems (e.g., Beuer- 
mann and Pakull, 1984). Clearly more obser- 
vations are needed in order to  determine 
whether these changes are significant, whether 
this behaviour is universal in dwarf novae or 
even in cataclysmic variables in general, and 
whether these all rather are cyclic variations as 
seen in U Gem. 

A different sort of period changes was 
observed in CN Ori. From data taken during 
the decline from one outburst and the rise to 
the following one, which occurred after only 
a very short stay of the star at quiescent 
brightness, Schoembs (1982) determined two 
photometric periods of some 234.9 and 229.6 
min, respectively, from the times at which 
hump maxima occurred, and when the entire 
run was analyzed together; on the other hand 
when decline, minimum, and rise were analyzed 
separately, hump periods of 233.6, 234.8, and 
235.7 min, respectively, were obtained (Mantel 
et al, 1988). Observations taken one year later 
confirm none of these periods (for the data 
base, see Figure 2-39): derivation of a period 
from hump maxima yielded a period of some 
236.0 min. 

For dynamical reasons it can be excluded that 
these photometric periods reflect actual changes 
of the orbital period of the system. Instead, it 
seems that hump maxima do not repeat at ex- 
actly the same orbital phase in all objects. This 
result probably needs to  be taken into account 
when evaluating the reliability of orbital 
changes in cataclysmic variables. 

GENERAL INTERPRETATION: Orbital changes 
in cataclysmic variables are ascribed to periodically 
varying aspects under which the binary system is 
seen. Systems which are seen almost pole-on display 
hardly any photometric changes; while the larger the 

angle of inclination becomes, i.e., the more the 
system is seen edge-on, the more pronounced become 
light contributions from the hot spot, which are visi- 
ble as a hump in the light curve. A t  very high in- 
clinations the hot spot, and at even higher inclina- 
tions also the central object, are eclipsed by the 
secondary star, thus causing a single or a double 
eclipse, respectively. Due to the varying shape, 
temperature, and position of the hot spot, its eclipse 
as well as its spectral distribution are variable, while 
the eclipse of the central white dwarf/boundary layer 
is a stable feature. A t  IR wavelengths, light contribu- 
tions from the secondary star become prominent; 
under certain conditions this star can be eclipsed by 
the disc around orbital phase 0.5, or the IR varia- 
tion, $sinusoidal, can be due to rotational varia- 
tions of the non-spherical secondary star. 

OBSERVATIONAL CONSTRAINTS TO 
MODELS: 

In several objects there occurs an intermediate 
hump. 

CN Ori, at various times exhibits different 
photometricperiods; it is not clear which, if any, 
is the orbital period. 

* The hump amplitude in CN Ori during 
quiescence was observed to undergo quasi- 
periodic variations, while the brightness of the 
inter-hump regions did not change. 

* The orbital period of some dwarf novae seems 
to be variable. (See 186) 

0 WZ Sge and BD Pav, in several respects, are 
very unusual dwarf novae. 

E 

ABSTRACT: Remarkably little is known about 
orbital variations during the course of an outburst. 

Given the importance of outbursts in the life 
of a dwarf nova and the many observations of 
them that have been carried out, remarkably 
little is known about the orbital light curves 
during the outbursts. Due to its intrinsic un- 
predictability, it is difficult to observe the very 
start of a rise. Still, such observations are of 
particular importance for investigations of the 
outburst behavior since they can put constraints 
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on possible theoretical models (Chapter 4.111). 
In spite of considerable effort, so far it has not 
been possible to fully monitor the transition 
from quiescent state to outburst in any dwarf 
nova. Nevertheless, some very valuable infor- 
mation is available, about the rise phase as well 
as about the further development of a dwarf 
nova outburst. 

ABSTRACT: Observations seem to indicate that an 
outburst starts without any previous notice. Hump 
light curves can be traced all through the outburst, 
and the hump amplitude is more variable than during 
quiescence, though mostly of about the same inten- 
sity. Single eclipses largely disappear, and double 
eclipses become single during light maximum. 

related spectral changes: 65, 81 

nova-like stars: 96, 103, 113, 114, 117, 119, 122, 
125, 140 

interpretation: 151, 153, 194 

All available observations of different dwarf 
novae indicate that the onset of an outburst 
occurs rather suddenly without a conspicuous 
precursor. Figure 2-39 shows an observation of 

I I 

Figure 2-47. Orbital color changes in Z Cha during 
a normal outburst (Cook, 1985b). Changes are com- 
parable to what is seen during quiescence. 

Figure 2-46. Development of the eclipse shape in OY 
Car during rise to an outburst, epochs (E) are 
counted f rarn  onset of rise (Vogt, 1983a). Gradually 
the double eclipse evolves into a single one. 

CN Ori in which this critical phase was almost 
covered (similar observations are reported in 
Schoembs, 198%). In the quiescent light curves 
immediately preceding the rise, no indication 
like, for instance, increased hump intensity, can 
be detected for the outburst to come. In CN 
Ori the hump intensity remains constant during 
rise until an optical brightness of about 13.5 m 
is reached. Then the hump shape becomes 
rather irregular for the greater part of the out- 
burst with occasional, brief flare-like, 
appreciable brightness increases. The hump 
only gains back its quiescent shape at the optical 
brightness of, again, some 13.5 m on decline 
(Mantel et al, 1988). 

Several observations of the rise to  an  out- 
burst of VW Hyi are available (Vogt, 1974; 
Warner, 1975; Haefner et al, 1979). Normally 
the hump amplitude remains constant within 
a factor of two during rise; it becomes almost 
invisible for some two days around maximum 
light (when the disc is very bright), probably 
due mostly to contrast in intensity, and recovers 
at decline, resuming the old orbital phase rela- 
tion. Rather dramatic changes of the hump in- 
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tensity from one cycle to  the next, reminiscent 
of the observations of CN Ori reported above, 
were seen during one outburst of VW Hyi 

rickhill, 1978). On one occasion 
the hump amplitude was seen to be enhanced 
by a factor of up to  8.4 on the rising branch, 
at a phase in the outburst cycle when normally 
it is not appreciably changed with respect to its 
quiescent brightness. On one other occasion, 
for a few days during minimum light im- 
mediately after outburst, the hump shape and 
amplitude, were seen to  be more intense and 
less stable than later during the quiescent state. 

Hyi, like some other dwarf 
novae, in addition to the normal hump, exhibits 
a highly variable intermediate hump about half 
a period out of phase with the normal hump 
(Figure 2-25). This intermediate hump usually 
is much less intense than the orbital hump. It 
disappears during rise and only occasionally is 
visible during outburst maximum. In one of the 
observed outbursts it grew quickly in intensity 
as outburst maximum was approached, and 
exceeded the intensity of the main hump by a 
factor of three; during the next night it was very 
faint (Haefner et al, 1979). No relation could 
be detected between the amplitude of the hump, 
or that of the intermediate hump during the 
course of the outburst and any other 
characteristics of the outburst. Similar obser- 
vations of other dwarf novae mostIy indicate 
that the intensity of the hump remains mostly 
unaffected by an outburst. 

The double eclipsing dwarf nova OY Car was 
observed photometrically by Vogt (1983a) dur- 
ing the rise to an outburst (Figure 2-46). At ear- 
ly rise the double eclipse is fully present, like 
it is in quiescence; as the rise proceeds the 
eclipse becomes single and flat-bottomed, while 
the depth and the phases of ingress and egress 
remain unaffected. At maximum light the in- 
gress occurs later and the egress earlier than 
during quiescence, the eclipse becomes very 
deep, partial, and symmetric. Similar conclu- 
sions can be drawn from less complete obser- 
vations of Z Cha (Vogt, 1982a). 

On the declining branch the development of 
the eclipse shape is approximately reverse from 
what is seen during rise: during maximum light 
it is deep and partial; at  a somewhat later stage 
it first becomes flat-bottomed, but still is single; 
slowly then, during the course of a couple of 
days, the double eclipse in its original shape is 
restored step by step (Figure 2-52). Other eclips- 
ing dwarf novae were observed to  show very 
similar behavior. Although the shape of the 
eclipse and times of ingress and egress change 
during the outburst, the post-outburst light 
curves follow the same phase relations as before 
outbursts. In addition, in some objects the 
eclipse appears wider right after an outburst 
than just before rise, but times of mid-eclipse 

rzeminski, 1965; Cook, 1985b). 

Cook (1985b) carried ou t  color 
measurements of Z Cha during a normal out- 
burst and found that, like during the quiescent 
state, the system becomes significantly redder 
in (B-V) during the eclipse, whereas, unlike in 
quiescence where the more pronounced redden- 
ing is in (U-B), during outburst maximum there 
is no change in this color (Figure 2-47). 

.e. 

ABSTRACT: Orbital light curves during standstills 
cannot be distinguished from those at comparable 
brightness levels during normal outbursts. During 
superoutbursts very characteristic superhumps can 
be observed. Their recurrence period is slightly larger 
than the orbital period and survives in the form of 
the late superhump for  some time after the end of 
the superoutburst. Only once were superhumps seen 
during an ordinary outburst of an SU Ursae Majoris 
star. 

related spectral changes: 48 

interpretation: 178, 184 

No peculiarities have been observed during 
times of standstill in Z Camelopardalis stars. 
The light curves do not look any different from 
those of comparable brightness stages during 
normal declines from outburst. 
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Figure 2-48. Formaiion and development of 
superhumps in V436 Cen (Semeniuk, 1980). It starts 
to develop at late rise just before outburst maximum; 
at maximum (May 9) the amplitude is largest, during 
the slow decline on the plateau it gradually decreases. 

Superoutbursts of SU Ursae 
however, do present several pec 
which were seen in all observed s 
In fact, normal outbursts of SU 
stars in general cannot be distinguished from 
outbursts of other dwarf novae, nor do they ex- 
hibit any of the typical SU Ursae 

Walker, 1979). This outburst occurred shortly 
before the expected time for a superoutburst; 
the next outburst was the then somewhat 
delayed superoutburst. 

Originally the class of SU Ursae 
was defined by their occasionally exhibiting 
superoutbursts, i.e., outbursts of exceptional- 
ly long duration which also are slightly brighter 
than normal outbursts 
and also Chapter 2.1) 
superoutburst of the SU 
Myi with high time re 
1972, Vogt (1974) and Warner (1975) in- 
dependently detected the presence of strong 

Figure 2-49. Main features of a superoutburst (Vogt, 
1983~). At about superoutburst maximum the 
superhumps originate and very quickly reach their 
maximum amplitude; superhumps recur with a 
period P, that is slightly longer than the orbital 
period Po; during the course of the outburst, on the 
plateau of the superoutburst, the superhump 
amplitude gradually disappears while the superhump 
period decreases slightly; after the fast decline from 
superoutburst the remains of the superhump and the 
orbgal hump interfere with each other to form the 
late superhump with a period P,,. 

hump-like features during light maximum, 
whereas most dwarf novae show only weak, if 
any, humps during the bright state, as does V 

striking than their presence was the fact that 
these superhumps repeated with a period that 
was some 3 % longer than the orbital period as 
determined from the quiescent hump. Since 
then the presence of superhumps in addition to, 
or almost rather than, long outbursts has 
become the defining characteristic of SU Ursae 

ajoris stars. The most recent edition of 
tter's catalogue (1987) lists 18 SU Ursae 
ajoris stars, and their number probably will 
ep increasing, as it did during the last decade, 

since the search for s erhumps and investiga- 
tion of the SU Ursae ajoris stars has become 
fashionable, and, correspondingly, a lot of 
detailed information about their properties has 
become available. 

yi during normal (short) eruptions. 

~ u p e r h u m ~ s  have been observed during all 
superoutbursts in all stars which ever have been 
observed to  exhibit them. The rise to a 
superoutburst cannot be distinguished from 
the rise to a normal outburst. Superhumps 

49 



normally do not develop until some time after 
maximum brightness of a normal outburst has 
been reached. Their appearance usually is ac- 
companied by a further brightness increase by 
some tenths of a magnitude. Figure 2-48 gives 
an example of the light curve of V 436 Cen dur- 
ing a superoutburst. In VW Hyi, there often 
occurs a drop in brightness before the final rise 
to  a superoutburst (Figure 2- lb) ;  the 
superhump normally does not develop until rise 
to the very supermaximum (Marino and 
Walker, 1979). 

During the first one or two days after its ap- 
pearance, the superhump develops to reach an 
intensity of some 30% to 40% of the total 
system intensity, then the amplitude decreases 
as the superhump proceeds. Unlike the 
minimum hump, its shape is well-defined and 
repeats with some flickering superimposed. The 
shape usually is slightly asymmetric with the rise 
to maximum light being faster than the decline. 
A decline from superhump maximum usually 
is immediately followed by the next rise without 
a longer interhump phase of constant 
brightness. Warner (1985a) points out that there 
is some indication for the superhump amplitude 
to be modulated by the orbital hump, indicating 
that the latter still might be present at the ap- 
propriate phase also during superoutbursts. 

The main features of a superoutburst are 
given schematically in Figure 2-49: the 
superhump develops around maximum 
brightness, and quickly reaches its maximum 
amplitude and period. Both decrease gradually 
during the course of the outburst, and the 
superhump becomes almost undetectable at the 
end of theplateau, i.e., before the steep decline 
to quiescence. Already at about the middle of 
the plateau, the original superhump structure 
resolves into many distinct features of com- 
parable strength, all of which still repeat with 
the superhump period (Figure 2-50), while the 
original superhump disappears. After, in a 
steep drop of intensity, the star has returned 
to almost minimum brightness the so-called 
beat phenomenon occurs: one of the fea.tures, 

the late superhump, which is about 180" out 
of phase with the original superhump, for some 
time modulates the amplitude of the orbital 
hump with the beat period of the orbital motion 
and the superhump period (Figure 2-50). 

Superimposed on the general shape of the 
superoutburst and the decay of the superhump 
amplitude, Schoembs (1986) found in OY Car 
a semi-periodic brightness variation with a 
periodicity of some 3 days persisting well into 
the quiescent level (Figure 2-51). 

Superhumps occur in all SU Ursae Majoris 
stars irrespective of the angle of inclination of 
the system with respect to the observer on 
Earth. It is observed with comparable strength 
for instance in OY Car (which exhibits a dou- 
ble eclipse in quiescence, indicating an inclina- 
tion on the order of 90"), in VW Hyi (which 
shows only a hump) and in WX Hyi (which has 
neither a hump nor an eclipse at minimum light, 
thus probably having a very low inclination 
angle of some 30" or 40"). In all cases the 
superhump period is a few percent longer than 
the orbital period (extremes are between 0.8% 
for WZ Sge and 12.7% for TY Psc; the average 
is some 3% or 4%). During the course of a 
superoutburst in most objects the superhump 
period decreases slightly, though never reaching 
the length of the orbital period; however, in 
V436 Cen and OY Car there is indication for 
an increase of the superhump period with time. 
For any object the superhump period and its 
rate of temporal change are constant within the 
error limits for all outbursts (e.g., van 
Amerongen et al, 1987b). 

In OY Car, Z Cha, and WZ Sge pronounced 
"dips" (of some 5% to 10% of the intensity) 
in the light curve have been observed (Figure 
2-52, marked with "D") which are too strong 
to be attributed to flickering; they also cannot 
be eclipse features since their orbital as well as 
their superhump phases are variable. Closer in- 
spection reveals that in all three objects the dips 
cluster about times when the orbital and 
superhump phases coincide (Schoembs, 1986). 
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Figure 2-50. Development of superhumps during the 
course of a superoutburst (Schoembs and Vogt, 
1980). The superhump gradually resolves into several 
components, one of which survives the drop to 
minimum light level and, together with the orbital 
hump, f o r m  the late superhump. 

Figure 2-51. Semi-periodic 
brightness variations of OY Car 
on decline from a superoutburst 
(Schoem bs, 1986). 

Two SU Ursae Majoris stars, OY Car and Vogt (1985) and Schoembs (1986) for the early 
Z Cha, show double eclipses during the quies- and later parts of two different superoutbursts, 
cent state. Those eclipses can be used as a probe respectively. During the first half of the 
for the origin and location of the superhumps, superoutburst (including times when the 
which in turn seem closely related to the superhump had not yet developed), Vogt found 
phenomenon of superoutbursts. The eclipses of the depth of the eclipse (in magnitudes) to in- 
OY Car have been observed by Krzeminski and crease with time, with a superimposed periodic 
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variation with superhump period. The width of 
the eclipse, on the other hand, decreases with 
also a superimposed variation of superhump 
period, but 180" out of phase with respect to 
the changes in depth of the eclipse. The 
amplitude of the variation increases with in- 
creasing wavelength. 

As to the second half of the outburst, from 
inspection of Figure 2-52a and the sketches 
given at the right side of each panel, it can be 
seen that the ingress is flattened when the 
superhump phase zero (labeled "C") occurs 
close to the eclipse (runs 4 and 5), and egress 
is flattened when it occurs far away from this 
(runs 2, 3, and 6). The situation becomes more 
complicated for later stages of the outburst 
when the minimum shape of eclipse is slowly 
restored. At the plateau of the outburst the 
eclipse is round-bottomed and approximately 
symmetric, without any indication for a second 
eclipse within this eclipse, like it is detectable 

is0 no variation of the slight 
asymmetry with the beat period can be 
detected, as was found during earlier stages of 
the different outburst which was observed by 
Vogt (see above). Immediately after the fast 
drop in brightness at the end of the superout- 
burst plateau, the eclipse bottom becomes flat- 
ter and shows irregular features with indication 
of a second eclipse; gradually the total width 
of the eclipse becomes narrower, regaining its 
normal quiescent appearance. This process of 
restoring the quiescent light curve is not a well- 
defined one, but when quiescent features 
evolve, they well may experience setbacks, 
become more like what they were during out- 
burst, and later develop anew (Figure 2-52b). 

Warner (1985a) observed Z Cha during dif- 
ferent superoutbursts and finds that, not tak- 
ing into account the superhump, the shape of 
the light curve and in particular the shape of 
the eclipse are well repeated from one outburst 
to  another. Eclipse depths correlate with the 
superhump phase, being deepest when the 
superhump occurs at about orbital phase 0.5 
(i.e., 180" away from eclipse), somewhat unlike 

what has been observed in the case of OY Car 
where there is no clear relation between depth 
of eclipse and superhump phase, though a 
modulation is present. Furthermore, in Z Cha 
the eclipse occurs at a later time than predicted 
(Ap some 0.005) whenever it coincides with the 
superhump. 

The color variations of superhurnps have 
been investigated by Vogt (1974), Schoembs 
and Vogt (1980), and van Amerongen et a1 
(1987a) in the case of VW Hyi. Very extensive 
five-color measurements by the latter authors 
reveal several remarkable features: the shape 
of the superhump is qualitatively the same in 
all five (Walraven) colors they observed, but 
with decreasing amplitude toward shorter 
wavelengths; all amplitudes decrease as the 
superoutburst proceeds and the superhump 
becomes progressively redder. And while one 
period fits times of the superhump maxima in 
all colors, there is a phase shift between the 
times of superhump maximum in that it occurs 
increasingly later towards shorter wairelength 
(Figure 2-53); the total phase shift amounts to 
about 0.06 of the orbital period between the V 
and the W filters. Qualitatively similar results 
were obtained by the other groups. TU Men is 
reported to become bluer in (B-R) and (B-I) at 
times of rise to superhump maximum (Stolz 
and Schoembs, 1984). 

WZ Sge already has been introduced as a 
slightly extravagant system (see Chapter 
2.11.B.4). In 1978 it underwent an outburst 
which in its overall shape resembled a nova out- 
burst (outburst light curve, see Figure 2-42) 
rather than that of a dwarf nova. Its photometric 
appearance on orbital time scales strongly 
resembles superoutburst light curves of SU Ur- 
sae Majoris stars, in particular in exhibiting a 
very strong periodic hump feature (Figure 
2-54). The periodicity of this feature turns out 
to  be some 0.8% longer than the quiescent or- 
bital period, which by definition qualifies WZ 
Sge to be a member of the SU Ursae Majoris 
class of dwarf novae. The eclipse feature seen 
during quiescence could not be detected dur- 
ing outburst. 
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Figure 2-52. In 0 Y Car the eclipse shape during superoutburst is seen to vary with the superhump phase (Schoembs, 
1986). Also shown is the gradual restoration of the double eclipse at the end of the superoutburst. 

C) 

0.00 
LL 
r II) 

w 
Ln 
.l I 

a -0.05 

+ 

I ! I I t  

117 11.8 ! L.9 150 
L O G  V I H Z I  

Figure 2-53. Color observations of superhumps in 
VW Hyi (van Ainerongen et al, 1987a); amplitudes 
and colors (a), flux distributions (b), and phase shifts 
(c) are given in several wavelengths. (Further descrip- 
tion see text.) 

Figure 2-54. Orbital light curve of WZ Sge during 
outburst (Patterson et al, I981 b). Outburst rnaxirnum 
occurred at Dec. I .  
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Figure 2-55. Power spectrum of RU Peg (Patterson, 1981) showing coherent oscillations at I1 s, quasi-periodic 
oscillations at 50 sec, and flickering at even lower frequencies. 

GENERAL INTERPRETATION: Most photo- 
metric variations on orbital time scales during out- 
burst or standstill are ascribed to aspect variations 
due to orbital revolution. Double eclipses become 
single because the brightness distribution in the disc 
changes corisiderably. Outbursts are believed to be 
due to an instability either in the disc or in the secon- 
dary star; standstills are understood to be prolonged 
outbursts. The mechanism of superoutburst and 
superhumps is not well understood. 

OBSERVATIONAL CONSTRAINTS TO 
MODELS: 

Why do outbursts occur? (See 171) 

W7y do standstills occur? (See 178) 

What are superoutbursts arid superliunips? (See 
184) 

The aniplitude os srrperliunips seem to be 
rather independent of the niigle of incliiiatioti. 
(See 184) 

ABSTRACT: On time-scales of minutes and 
seconds, firrther inore or less periodic types of 
variability are seen in dwarf novae. 

In dwarf novae there occur three different 
types of short-term variations: the flickering, 
a random light variation which is present to  
some degree at all stages of activity with 
amplitudes of some tenths of a magnitude and 
time-scales of seconds or minutes; the coherent 
oscillations (which are also referred to as dwarf 
nova oscillations, dwarf nova pulsations, or, 
possibly somewhat misleadingly, as white dwarf 

pulsations) with periods of a few tens of 
seconds and amplitudes on the order of 0.002 
mag, occurring in dwarf nova outbursts, in 
nova-like stars during their bright state, and in 
WZ Sge during quiescence; and finally, also 
seen during dwarf nova outbursts, there is an 
intermediate class of variations, the so-called 
quasi-periodic oscillations with periods on the 
order of one minute and somewhat larger 
amplitudes than the coherent oscillations, in 
which periods change stochastically. Figure 
2-55 is a power spectrum of the dwarf nova RU 
Peg showing all three types of variability. 

.l. F 

ABSTRACT: Flickering is a random, aperiodic 
brightness variability on time-scales between sonie 
20 sec and many minutes. Amplitudes can reach up 
to 0.5 mag and generally are highly variable. Flicker- 
ing is present to some degree in all dwarf novae (as 
well as nova-like stars and old novae), and in all 
brightness stages. During eclipse inininiirrii it is either 
strongly reduced or disappears altogether. The 
amplitude is largest in U and slightly decreases 
io ward longer wavelengths. 

nova-like stars: 98, 103, 106, 114, 117, 119, 122, 
128, 140 

interpretation: 151, 181 

As can be seen in many of the previous 
figures in this section, the light curves of dwarf 
novae - and other cataclysmic variables as well 
- besides exhibiting humps, eclipses and light 
variations due to  outbursts, are by no means 
smooth. Superimposed on the orbital light 

54 



r " " " " " " " " " " ' " " " " " " " " " " " " " " ' ' " " " " ~  ,2;7 c 

Figure 2-56. Power spectritrn of RX And showing on- 
ly flickering (Robinson, 1973b). 
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Figure 2-57. Optical light curve of BV Cen (Vogt and 
Breysacher , 198Ob). Variable flickering activity caii 

O B  o n  0 2  0 1  06 0 8  give the light curves rather different appearances. PHASE 

variations, brightness changes occur at ran- 
dom with amplitudes of typically some 0.1 to 
0.5 mag on time scales of some 10 minutes. This 
phenomenon is called flickering (for a collec- 
tion of flickering amplitudes see Moffet and 
Barnes, 1974). Power spectra clearly indicate 
that flickering time-scales can well be as short 
as 20 sec, and with a continuous distribution 
of frequency, there is practically no limit to 
longer time scales. 

To some degree flickering is present in all 
dwarf novae and nova-like stars in all stages of 
activity, as well as in novae during the quies- 
cent state. No periodicities or general patterns 
of amplitude changes can be found in the 
flickering of these stars.* A typical power 
spectrtim of the flickering is shown in Figure 
2-56: the power is large at  low frequencies and 
falls off toward higher frequencies; no peaks 
indicating prevailing periods are present. In 
general, however, even during comparable 
brightness levels in a given object, very different 
degrees of flickering activity have been ob- 
served in many systems (e.g., Figure 2-57). 
Usually there is a tendency for the flickering 
amplitude to be largest at  times of hump max- 

*This is due mainly to terminology: there are periodic varia- 
tions hidden in this seemingly random behavior which are 
referred to as oscillations, as will be discussed later. 

imum and to be strongly reduced during eclipse. 
Detailed observations of eclipses of the dwarf 
novae H T  Cas, V2051 Oph, and the nova-like 
system RW Tri (which is very similar to dwarf 
novae) indicate that the main source of the 
flickering is the hot inner disc close to the white 
dwarf, rather than the hot spot, as often has 
been claimed (Patterson, 1981; Warner and 
Cropper, 1983; Horne and Stiening, 1985). In 
general, flickering is present during outburst, 
but then it can be stronger as well as weaker 
than during quiescence, varying from object to 
object and also during the course of an outburst 
(e.g., Robinson, 1973a, b). 

No significant differences have been found 
between the pattern of flickering in different 
colors, only normally the amplitude is larger at 
shorter wavelengths. There is no information 
about flickering activity in the UV. 

A systematic investigation of flickering in 
dwarf novae was carried out by Elsworth and 
James (1986) on YZ Cnc. They find that the 
frequency distribution is not that expected from 
a point-like source but rather that from some 
kind of extended optically thick source. The 
geometrical extent of this source appears to in- 
crease as the system's brightness increases. 
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Application of fast-fourier-transformation 
techniques to cataclysmic variables revealed 
that hidden in the random flickering there are 
periodic light variations with periods of some 
dozens of seconds. These were called 
oscillations. 

ABSTRACT: During outburst of dwarf novae, 
strictly tnonochromatic oscillations with time scales 
of typically 10 to 30 sec, amplitudes of 5 IO-’ to 5 
IO-‘ mag, and coherence times of several minutes 
can sometimes be seen. They were only found during 
certain observing runs in some dwarf novae. Periods 
always lie in a certain characteristic range for  any 
given object. During the course of an outburst, 
characteristic shifts in frequency can be seen; at any 
tnotnent only one frequency contains considerable 
power. 

see also: 59, 61, 63 

nova-like stars: 98, 106, 112, 116, 117, 119, 122, 
129, 141 

interpretation: 185, 213 

The so-called coherent oscillations (or dwarf 
nova oscillations, dwarf nova pulsations, or 
white dwarf pulsations) are observed mostly in 
dwarf novae during outburst, though they were 
seen to occur in some nova-like stars in their 
bright state as well. These are purely 
monochromatic oscillations with periods of 
typically between 10 and 30 sec, coherence 
times of typically lo3 cycles, and amplitudes of 
0.0005 to  0.005 mag. Because of these 
characteristics they usually are invisible in the 
raw observational data, and only very special 
representation of data makes them appear. In 
the power spectra these oscillations appear as 
single sharp peaks with power up to  100 times 
as much as the neighboring frequencies, and no 
power in excess of noise in any of the harmonics 
(Figure 2-58). When a signal appears to be 
wider than the numerical resolution it can 
always be resolved, at closer inspection, into 
several independent spikes; they never seem to 
form a continuum. As ever smaller segments 
of one observing run are analyzed, the power 

can be seen to slowly migrate from one fre- 
quency to another with usually only one fre- 
quency being strongly excited at any one time, 
and no continuum of frequencies being present 
(e.g., Figure 2-61 and Warner and Bickhill, 
1974). It is not obvious that, as has been 
claimed by several authors, more than one fre- 
quency can be present at a time with 
appreciable power; this multi-frequency 
appearance well might be an artifact of too 
coarse a time resolution. It never has been 
observed that excited frequencies which 
apparently coexisted were more than a fraction 
of a second separated from each other. 

Coherent oscillations cannot always be seen 
in all dwarf novae. Despite considerable search- 
ing they have so far never been detected dur- 
ing the quiescent state of any dwarf nova. They 
have been observed in all types of dwarf novae 
during normal outbursts and superoutbursts; 
however, they have never been seen during the 
standstill phase of any Z Camelopardalis star. 
Reported detections of coherent oscillations in 
dwarf novae have been summarized by Warner 
(1986b). The period of the oscillation is variable 
in all stars, but for different outbursts they 
always cluster around some characteristic value. 
During the course of an outburst the oscilla- 
tion period is subject to very characteristic 
changes in the log period - log intensity plane 
of the spectrum, called the “banana diagram” 
by Patterson (1981, and also Figures 2-59 - 
2-62): at some stage of the rising branch the 
oscillations appear with an identifiable period, 
the period shifts towards shorter periods as the 
system brightens, when it approaches maximum 
visual brightness the oscillations fade or even 
become undetectable, and at the declining 
branch they reappear first with quickly increas- 
ing, then with slowly decreasing amplitude. As 
the system fades the period shifts to ever longer 
periods; this happens not quite monotonically 
but with no evidence for sudden changes, 
almost displaying a mirror image of the light 
curve (Figure 2-60). Any period typically is 
strong for some 20 min and stable for about 
one hour. The rate at which the period changes 
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Figure 2-58, Power spectra of AH Her (Stiening et 
al, 1979) showing strictly monochromatic coherent 
oscillations and their development during the course 
of an outburst. 

Figure 2-60. Similarly the intensity of the oscillation 
varies with the general brightness level (Patterson 
1981). The full curves represent variations of the 
oscillation periods, the broken lines give the 
brightness variations for  comparison. 

as the system brightness changes is roughly con- 
stant for different outbursts in each object on 
the declining branch, while it is fairly variable 
on the rising branch. The actual values of the 
period at a given system brightness vary from 
one outburst to another in every object (Figure 
2-59). 

Oscillations have not been detected in out- 
bursts of all dwarf novae, and in no object can 
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Figure 2-59. The “‘banana diagram:” the periods of 
coherent oscillations undergo characteristic fre- 
quency changes as the system’s brightness changes 
during the course of an outburst (Patterson, 1981). 

DAY DAY 

they be seen in all outbursts. The result of a 
systematic search for oscillations by Nevo and 
Sadeh (1978) might be representative: they 
detected oscillation in 11 out of 90 runs, and 
in 4 out of 11 objects. It is not clear if there 
are outbursts in which oscillations are really not 
present, or, since they are a somewhat transient 
phenomenon, if they have only remained 
unobserved. 
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Figure 2-61. Development of oscillations in CN Ori 
during rise; time increases toward the top (Warner 
and Brickhill, 1978). It is not quite clear whether the 
oscillations are really polychromatic or 
monochromatic but then survive only for  a short 
while. 
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Figure 2-63. During eclipse in HT Cas the oscilla- 
tions undergo aphase shift of - 360" and amplitudes 
are strongly reduced just before mid-eclipse (Patter- 
son, 1981). 

In several systems (Warner and Brickhill, 
1978; Patterson, 1981; Schoembs, 1986), 
coherent oscillations have been observed dur- 
ing photometric eclipses. In HT Cas (Patterson, 
1981) the oscillations undergo a steady phase 
shift of -360" during eclipse. The amplitudes 
of the oscillations were observed to be 
strongly reduced shortly before mid-eclipse, 
and the eclipse of the oscillation preceded that 
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Figure 2-62. Period shifts of the coherent oscillations 
in CN Ori during the course of an outburst (Warner 
and Brickhill, 1978). A cyclical variation is superim- 
posed on a general period drift. 
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Figure 2-64. In OY Car the oscillations are almost 
totally eclipsed, but only after photometric mid- 
eclipse (Schoembs, 1986). Dots represent the relative 
oscillation amplitude, the full line is the light curve, 
both in relative units. 

of the optical light by 0.01 of the orbital period 
(Figure 2-63). The oscillations in OY Car 
(Schoembs, 1986) are practically completely 
eclipsed; this eclipse, however, followed that of 
the visual light by a short time (Figure 2-64). 
In OY Car no phase variations of the oscilla- 
tions during the eclipses were found. 

The colors of t he  oscillations were 
investigated by Hildebrand et a1 (1 98 1) in AH 
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Figure 2-65. Quasi-periodic oscillations in U Gem 
(Robinson and Nather, 1979); sometimes they are 
easily visible already in the raw data. 
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Her and by Middleditch and Cordova (1982) 
in SY Cnc. AH Her was measured in two colors 
and the authors found the flux ratios to be in 
agreement with a black body temperature of 
28000 K < T < 73000 K. SY Cnc was measured 
in three colors and it was found that no kind 
of black body nor a power law could be fitted 
to the data. No change of the colors was evi- 
dent during three nights of observations. 

IC 

ABSTRACT: Besides, or instead 05 flickering and 
coherent oscillations, polychromatic oscillations of 
some 0.001 mag amplitude are displayed in some 
dwarf novae during outburst. Usually they consist 
of a wide range of periodicities which are con- 
siderably longer than those of the coherent oscilla- 
tions. Very different values of periods are possible 
in one object during different outbursts. 

see also: SI, 61, 63 

nova-likestars: 98, 106, 112, 116, 117, 119, 122, 
129, 141 

interpretation: 185, 213 

There is still a second kind of short-term 
variability present in some dwarf novae: the so- 
called quasi-periodic oscillations (Figure 2-55). 
They are characterized by a broad hump in the 
power spectrum indicating a (quasi-) continuum 
of frequencies with amplitudes of up to 0.01 
mag. Because of these relatively large 
amplitudes, quasi-periodic oscillations are often 
already visible in the raw data without any help 

of data analysis (Figure 2-65). Often, however, 
the autocorrelation function lets the periodici- 
ty appear more clearly. The periods of the 
quasi-periodic oscillations normally are several 
times as long as those of the sharply defined 
coherent oscillations, so usually no confusion 
is possible. But, there are exceptions to this, as 
will be seen. 

Quasi-periodic oscillations have been 
detected in many dwarf novae, and, like 
coherent oscillations, they are seen only dur- 
ing outburst; they also can be found in some 
nova-like systems (Ritter, 1987, see also 
Chapter 3). Periods typically range from some 
20 sec to several hundred sec, and, like the 
coherent oscillations, they are confined to a 
fairly narrow period range which is just a few 
seconds wide. During different outbursts of one 
object, however, fairly different period values 
seem possible. In addition, sometimes several 
such ranges of frequencies occur simultane- 
ously, each with somewhat different  
characteristics: usually one is a quasi-periodic 
oscillation in the conventional sense, while 
another more resembles coherent oscillations. 
Like the coherent oscillations, quasi-periodic 
oscillations do not seem to occur in all outbursts 
of a dwarf nova, and in many dwarf novae they 
have never been detected at all. When seen dur- 
ing different outbursts of a system, they can 
have significantly different periods (e.g., 
Robinson and Nather (1979) found a period of 
150 sec in one outburst of U Gem, while dur- 
ing another outburst, Patterson (1981) found 
quasi-periodic oscillations with a period of only 
24 sec). Quasi-periodic oscillations may or may 
not appear simultaneously with coherent 
oscillations: in objects like RU Peg and SS Cyg 
they do; in other objects, either only coherent 
oscillations or only quasi-periodic oscillations, 
or in some cases none at all, were detected. It 
is not clear whether quasi-periodic oscillations 
can occur on the rising branch of an outburst. 

As the name suggests, the quasi-periodic 
oscillations are not strictly periodic. For a short 
interval of time, a mean period can be defined, 
which however is not usually kept strictly. The 
decay times of these mean periods are on the 
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order of just a few cycles, and within that short 
a time, new periods emerge (Figure 2-65) which 
usually are not strongly different from the 
former. The change of periods occurs at ran- 
dom and does not follow any monotonic trend 
as in the case of coherent oscillations. At times 
the amplitudes are strong, while at other times 
they die out completely for some minutes, and 
during such times, phase and/or period changes 
are very likely to  occur. There are entire nights 
without any detectable quasi-periodic oscilla- 
tions, while during both the preceding and the 
following night they might be strong (Robin- 
son and Nather, 1975). 

In U Gem quasi-periodic oscillations have 
been observed t o  be present throughout the 
eclipse, whereas flickering in this object large- 
ly is eclipsed (Robinson and Nather, 1975). 

ABSTRACT: In U Gem, SS Cyg, and VW Hyi, 
pulsations were detected at soft X-rays during out- 
bursts. In SS Cyg the periods were on the suine order 
as optical coherent oscillations, but with much 
shorter coherence times; in V W H y i  they were of a 
considerably different length than optical oscilla- 
tions; in U Gem they have been observed 
simultaneously with optical quasi-periodic 
oscillations. 

see also: 61 

nova-like stars: 121 

interpretation: 185, 213 

In all three dwarf novae which so far could 
be observed extensively in the soft X-rays (SS 
Cyg, U Gem, and VW Hyi), oscillations, or 
pulsations as they are called in the x-ray regime, 
were observed during decline from outburst 
(Figure 2-66). 

SS Cyg was observed twice, once during 
maximum of a long outburst and once on the 
declining branch of a short one. Both times the 
pulsation period was in the same range as the 
optical coherent oscillations: 8.8 sec and 10.7 
sec, respectively. U Gem was observed at three 

outbursts, during one of which pulsations with 
a period of some 25 sec were detected - and 
observed simultaneously in the optical 
(Cordova, 1979). In another outburst there was 
marginal evidence for 21 sec pulsations, and the 
third outburst did not show any pulsations at 
all. In the optical, no coherent oscillations were 
found in U Gem so far, but only quasi-coherent 
oscillations with periods of some 75 sec and 150 
sec, respectively. 

VW Hyi was monitored with EXOSAT dur- 
ing several normal outbursts and superout- 
bursts during the years 1983 through 1985 
(van der Woerd et al, 1987). Only during two 
superoutbursts could pulsations be detected in 
soft X-rays (> 5A). In November 1983, there 
appeared coherent oscillations with a period of 
14.06 k 0.02 sec. During another superout- 
burst in October 1984, rather unstable pulsa- 
tions were seen, which were variable in frequen- 
cy between 14.2 and 14.4 sec and also variable 
in amplitude; in addition these seem to have 
had a somewhat harder spectrum than those 
seen the year before. No simultaneous optical 
observations are available, but oscillations in 
VW Hyi which are at times seen in the optical 
(see below) normally are variable with periods 
of some 30 sec. 

The X-ray pulsations are remarkably in- 
coherent and rather resemble the optical quasi- 
periodic oscillations than the coherent oscilla- 
tions, although in the case of SS Cyg they have 
the same periodicity as the optical coherent 
oscillations. In SS Cyg they showed coherence 
times of about 20 cycles and 2 cycles, respec- 
tively, for the two sets of observations, as op- 
posed to typically some 1000 cycles in the op- 
tical. Like the optical coherent oscillations, 
however, they also perform slow shifts in fre- 
quency in X-rays as time goes by (Cordova et 
al, 1984). 

The pulsed fraction of the soft X-ray radia- 
tion varies between zero and loo%, with typical 
values of 30% and 17%, respectively, in the two 
observations of SS Cyg, and some 15% in U 
Gem (Cordova et al, 1980) - as opposed to 
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Figu ? 2-66. X-ray pulsations in SS Cyg and U Gem (Cdrdova and Mason, 1980); they have approximately th 
same periods as the optical coherent oscillations. 
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Figure 2-67. X-ray pulsations in SS Cyg (Cdrdova 
et al, 1980). Because they involve a considerable frac- 
tion of the X-ray flux, the pulsations are readily seen 
in the raw data. 

some 2% in the optical. The range of variability 
was seen to be much narrower (about 15 to 
20%) in the case of VW Hyi. Because of this 
great strength, the pulsations are already easi- 
ly seen in the raw X-ray light curves (Figure 
2-67). Frequent and sudden amplitude and 
phase changes were seen in all cases. 

Y 

ABSTRACT: Many different kinds of oscillations 
have been observed in VW Hyi, which cannot be 
classified as any of the conventional types. 

For oscillations in dwarf novae, the normal 
case seems to be that coherent oscillations have 
periods on the order of typically 10 to 30 sec, 
while quasi-periodic oscillations rather have 
periods on the order of 50 to 100 sec. However, 
it has been mentioned already that in U Gem 
quasi-periodic oscillations with periods as short 
as some 24 sec have been detected in X-rays, 
casting some doubt on the physical significance 
of the strict distinction between coherent and 
quasi-periodic oscillations. The case of VW Hyi 
makes this even more questionable. 

In various independent observations, the 
oscillations in VW Hyi (all with periods on the 
order of 30 sec) appear to  be changing periods 
in a much more erratic way than do oscillations 
in other dwarf novae, in which the multiple 
peaks probably reflect quick changes (or insuf- 
ficient time resolution), rather than several fre- 
quencies being present simultaneously (Figure 
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Figure 2-68. Quasi-periodic oscillations in VW Hyi 
(Warner and Brickhill, 1978). Unlike in other dwarf 
novae, in VW Hyiperiods rather change at random. 

2-68). The first time any oscillations were 
observed in VW Hyi, in December 1972 
(Warner and Brickhill, 1974), there was no 
doubt that the oscillations were coherent: drift- 

. ing slowly (though not altogether monotonic- 
ally, a feature which is not common in other 
dwarf novae) from 28 sec toward longer 
periods. During a normal outburst of VW Hyi 
in November 1974, oscillations were seen to be 
modulated in amplitude with a period of 413 
k 1 sec. In observations of a superoutburst in 
December 1974, Haefner et a1 (1977) found a 
coherent oscillation with 192.3 sec at very ear- 
ly rise which could only be observed again two 
nights later (with a period of 193.7 sec). Dur- 
ing the following night close to maximum light, 
there appeared a strictly coherent oscillation of 
266.0 sec which never appeared again. At the 
end of another superoutburst in 1975, one 
could see a couple of clearly distinct sinusoidal 
periods between 85 and 90 sec for seven con- 
secutive nights, which appeared at random with 

Figure 2-69. Observation of two sets of quasi- 
periodic oscillations in VW Hyi, no coherent oscilla- 
tions are visible (Robinson and Warner, 1984). 

no obvious trend of development, and it seems 
that several of these were present simultaneous- 
ly. Their coherence times, however, seem to 
have been on the order of several hours 
(Schoembs, 1977; Haefner et al, 1977). So, 
from their lengths and erratic changes, these 
variations should be classified as quasi-periodic 
oscillations; according to  their stability and 
their being distinct from each other, they 
qualify as coherent oscillations. For these 
oscillations, there are indications that their 
amplitudes are larger at times of orbital hump 
maximum than at other times, as in the case 
of flickering. This did not appear to be the case 
in any oscillations in any other dwarf nova. In 
addition, in two of the above mentioned obser- 
vations, there also appeared coherent oscilla- 
tions with periods of 28.8 and 35.7 sec, respec- 
tively, in close agreement with observations 
during another outburst of VW Hyi by Warner 
and Brickhill (1974). Finally, somewhat more 
erratic processes, possibly quasi-periodic 
oscillations, were observed to develop at late 
decline, with a general tendency to  drift from 
a mean value of some 130 sec to  some 150 sec 
as the decline proceeds. 

In 1978 Robinson and Warner (1984) ob- 
served two simultaneous sets of quasi-periodic 
oscillations, but no coherent oscillations, 
during a normal outburst of VW Hyi. In the 
power spectrum (Figure 2-69), an oscillation 
near 23.6 sec is clearly visible, having all the 
characteristics of a quasi-periodic oscillation 
except for the unusually short period. An 
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Figure 2-70. Power spectra of WZ Sge during 
quiescence (Robinson et al, 1978). The 28.87 sec 
period was seen to be almost always present for  
several years, other periods were seen occasionally. 

oscillation at 253 sec appears to be almost 
monochromatic, thus being rather similar to  
coherent oscillations. Inspection of the light 
curve, however, reveals that this latter period 
is subject to  frequent erratic changes and at 
times dies out altogether, a behavior very 
characteristic of quasi-periodic oscillations. 

r 1 

Figure 2-71, Secular variations in the 29 sec period 
in WZ Sge in 1976 through 1978 (Patterson, 1980). 

SGE - AS USUAL, 
UNUSUAL CASE 

ABSTRACT: In WZ Sge coherent oscillations have 
been observed in quiescent state; they proved to be 
very stable over a couple of years. 

related spectroscopic observations: 91 

nova-likestars: 98, 106, 112, 116, 117, 119, 122, 
129, 141 

interpretation: 185 

In photometric observations of WZ Sge, 
Robinson et a1 (1978) detected coherent oscilla- 
tions during the quiescent (!) state with a period 
of either 27.87 f 0.02 sec or 28.98 k 0.04 sec. 
Either or both of those periods were present 
every time they observed the system, and no 
other periods containing significant power 
could be detected (Figure 2-70). Either the 
amplitudes were about 0.0043 and 0.0034 mag, 
respectively, or the periods were undetectable 
altogether. No shift in the periods could be 
detected during any observing run. 

Patterson (1980) added new observations to 
these until the time of outburst in December, 
1978, and carried out a more extensive in- 
vestigation of the periods. He found that the 
period of 28.87 sec was very stable and was 
always present during the years 1976 through 
1978, though with irregularly varying 
amplitude. Besides this, there were four other 
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peaks at lower frequencies, usually with much 
less power. The period of 28.97 sec seems to 
be real, the others can be explained as orbital 
sidebands of the principal frequency, though 
their relatively high power makes this hard to 
believe. Investigation of the principal period 
revealed it to  be like a highly stable clock, 
though with a continuously increasing period 
between 1976 and 1978 (Figure 2-71). 

The amplitudes of all the observed periods 
were variable, but no systematic variations, in 
particular none in connection with the orbital 
period, could be detected. There also was no 
indication for the oscillations to be in any way 
influenced by the eclipse. No similar investiga- 
tions have been carried out so far, after the 
1978 outburst. 

GENERAL INTERPRETATION: Flickering is 
ascribed mainly to slight variations of the mass 
stream hitting the disc at the hot spot, thus causing 
slight temperature variations. However, other obser- 
vations rather would suggest that its origin is in the 
vicinity of the white dwarf. - There is practically 
no understanding of what physical process causes the 
oscillations, and whether coherent and quasi- 
coherent oscillations have different causes, or 
whether they rather are different aspects of the same 
phenomenon. The short periods place their origin 
in, or in the vicinity OL the white dwarf. 

OBSERVATIONAL CONSTRAINTS TO 
MODELS: 

a 
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In dwarf novae and nova-like stars, short-period 
oscillations are occasionally observed. (See 185) 

They cannot be observed at all tinies. (See 185) 

When they occur, this is always only during the 
high brightness state. (See 185) 

The frequencies undergo characteristic changes 
which are related to the general brightness level 
of the system (“banana diagram”). 

Oscillations in the optical and at X-rays seem 
to be correlated with each other. 

The system V W  Hyi and WZ Sge behave in 
very atypical ways. 

ABSTRACT: Only very few dwarf novae have 
been detected polarimetrically. The fraction of 
polarized radiation typically is some tenths of a per- 
cent or less. Variations in the fraction of polarized 
light were seen in V W  Hyi during decline from a 
superoutburst. 

nova-like stars: 98, 106, 113, 131 

As a consequence of the small apparent 
magnitude of dwarf novae, polarimetric data 
of dwarf novae are extremely scarce. SS Cyg 
has been observed by Kraft (1956), U Gem by 
Krzeminski (1965), and Z Cam by Belakov arid 
Shulov (1974), all with negative results. 

Schoembs and Vogt (1980) carried out 
polarimetric observations of VW Hyi during 
maximum and decline from superoutburst. 
They found a significant but small linear 
polarization between 0.02% and 0.1 %, which 
increases as the source becomes fainter during 
decline. During outburst the radiation is clear- 
ly less polarized than during quiescence. No 
clear evidence for periodic variability on time 
scales between 120 sec and twice the orbital 
period could be detected. 

Szkody et a1 (1982a) carried out a systematic 
search for polarized radiation in dwarf novae 
and nova-like stars. They observed four dwarf 
novae, out of which three, SS Cyg, AH 
and RX And, did show polarization on also the 
0.3% level; but no polarization could be 
detected in U Gem. There is no significant 
change evidently related to the outburst cycle. 
RX And was observed well enough for in- 
vestigations on orbital time scales (Figure 2-72); 
a variability is clearly present, but whether or 
not this is related to the orbital period cannot 
be decided with certainty. 

The wavelength dependence of the polariza- 
tion could be investigated in three nova-like 
systems (AE Agr, V426 Oph, CI Cyg (Szkody 
et al, 1982a)) and in the dwarf nova SS Cyg. 
In all of them it was found to be decidedly 
different from the wavelength dependence of 
the interstellar polarization, suggesting an origin 
in the systems themselves. 
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Figure 2-72. Polarimetric observations of RX And 
(Szkody et al, 1982a). 

GENERAL INTERPRETATION: The polarized 
fraction of the light is believed to be due to scatter- 
ing in a non-spherical corona above the disc. As this 
corona changes its shape during the course of an out- 
burst, also the fraction and position angle of the 
polarized light change. 

GENERAL CONSTRAINTS TO MODELS: 

It is still not clear whether the above scenario 
is theoretically feasible. 

VAT1 

. GE FLU UTI 

Appreciable flux is emitted by dwarf novae 
at all wavelengths from the X-rays to the 
longest IR wavelengths, and in some cases even 
in the radio. The general flux distribution of 
dwarf novae and its characteristic changes dur- 
ing the outburst cycle shall be presented in what 
follows. We shall first deal with the UV through 
IR emission, which can be observed over the 

entire range. The X-rays are separated from this 
by a gap between 912 A and some 300 A due 
to  interstellar absorption. The flux and its 
changes in X-rays will then be considered. 
Finally some brief remarks will be made about 
attempts t o  detect dwarf novae at radio 
wavelengths. 

III.A.1. UL 

ABSTRACT: The strongest flux is usually emitted 
in the UV, falling monotonically towards longer 
wavelengths. During outburst, the spectrum is 
steeper than during quiescence with even more f lux  
at high energies. The f lux distribution is very dif- 
ferent from that of single stars. It roughly can be 
fitted by a power law distribution over, typically, 
wavelength ranges of IO00 to 2000 A; an even 
approximate f i t  with just one black body clearly is 
not possible. In some objects the f lux  rises again in 
the IR and only falls off longward of a maximum 
around 1.5000 to 20000 A.  - Rise to an outburst 
either occurs simultaneously at all wavelengths, or 
it starts at long wavelengths and then is seen at 
progressively shorter wavelengths. The decline is 
simultaneous at all wavelengths. In any one object, 
no differences seem to exist between the continuous 
flux distributions at the same optical brightness bet- 
ween different outbursts; this does not hold f o r  the 
line radiation. 

photometric changes during outburst cycle: 21, 47 

nova-like stars: 99, 107, 116, 119, 122, 124, 134, 
141 

interpretation: 151, 192 

In general terms, the continuum flux is fall- 
ing monotonically from the Lyman edge to  the 
infrared. During outburst, in addition to a 
general increase in flux, the distribution 
steepens markedly toward the blue, indicating 
that much higher temperatures prevail then. 
Though in general this appearance is shared by 
all dwarf novae, in detail the distributions are 
fairly different for different objects and for dif- 
ferent outburst states. Figure 2-73 gives ex- 
amples of observed flux distributions of dwarf 
novae in various outburst states. In Figure 2-73, 
an attempt has also been made to ascribe some 
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Figure 2-73. Typical flux distributions of dwarf novae: (a) Z Cam at standstill, (b) SY Cnc at maximum and 
decline, and (c) SU UMa at minimum (Szkody, 1981 - dots and squares represent the observed continuum f lux 
at various brightness stages, the solid lines are fitted power laws, the symbol "S" indicates the flux distribution 
of the secondary component), and (d) SS Cyg (upper) and U Gem (lower) at outburst (Polidan and Holberg, 1984). 

power law fits to the flux distributions. Typical- 
ly slopes of ax (with F, - lax) between 0.0 and 
-4.0 apply locally to the spectra of dwarf 
novae (as well as to nova-like stars), but usually 
at least two such fits are needed in order to 
represent reasonably accurately the entire range 
from the Lyman limit to the IR; and clearly no 
black body fit is in any way satisfactory. 

wavelength (A) 

Figure 2-74. UV flux distribution of VW Hyi dur- 
ing quiescence (Verbunt, 1987). In some dwarf novae 
(and nova-like siars in the low state) ihe U V f l m  is seen 
to steeply decline a i  short wavelengths. 
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In several objects during quiescence the flux 
increases in the IR between roughly 6000 and 
12000 A, due to  the contribution of the cool 
companion (Figure 2-74). Contrary to what at 
times has been claimed in the literature, from 
inspection of published flux distributions (e.g., 
Oke and Wade, 1982; Sherrington and 
Jameson, 1983) there is no evidence for an 
additional red component to be present prefer- 
ably in just those dwarf nova systems with long 
orbital periods; for any period a red compo- 
nent may or may not be visible". At the short 

*Still it holds that in the optical lines of the secondary com- 
ponent are visible only in long period systems (see Chapter 
2.111.B. 1 .a). 

Figure 2-75. Flux distributions during rise to out- 
burst: (a) in EM Cyg the flux rises simultaneously 
at all wavelengths (Wu and Panek, 1983); (b) in VW 
Hyi the rise is progressively delayed toward shorter 
wavelengths (van Amerongen et al, 1987a - the 
numbers indicate the order in which the observations 
were taken); (c) in SU UMa the f lux first rises 
simultaneously at all wavelengths, then drops, the 
more the shorter the wavelength, and only after this 
rises to outburst (Wu and Panek, 1983). 

wavelength end of the spectrum, in four dwarf 
novae (WZ Sge, EK TrA, Z Cha, and VW Hyi; 
see Verbunt, 1987) during quiescence the flux 
is seen to  decrease considerably shortward of 
some 1400 A (Figure 2-74). In the Roche model 
this can be ascribed to either the wings of the 
Lyoc line of the white dwarf (when the disc is 
cool enough to not contribute much flux at 
these wavelengths), or to a generally cool disc. 
During outburst, both the short wavelength 
turn-over as well as the infrared excess dis- 
appear when the contrast to  the generally in- 
creased flux level becomes too small. 

At rise to an outburst in most objects the flux 
distribution changes entirely. In several cases 
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this phase in outburst cycle has been observed 
simultaneously in the optical and in the UV. 
Three principally different modes of behavior 
were observed. In CN Ori, EM Cyg and SS Cyg 
(Pringle et al, 1986; Wu and Panek, 1983; Ver- 
bunt, 1987) the flux rose simultaneously in the 
optical and in the IR with a steady steepening 
of the spectral slope (Figure 2-75a). In VW Hyi, 
WX Hyi, SU UMa, RX And, SS Cyg (for 
which both types of rise were seen to occur) and 
possibly also in SS Aur (Hassall et al, 1983; Wu 
and Panek, 1983; Pringle and Verbunt, 1984; 
Polidan and Holberg, 1984; Schwarzenberg- 
Czerny et al, 1985; Verbunt, 1987), the rise to 
an outburst in the optical precedes that in the 
UV by typically several hours to half a day 
(Figure 2-75b); furthermore in VW Hyi there 
is indication for this delay to  continue into 
X-rays (see below). Two such events were 
observed in VW Hyi, but at comparable optical 
brightness the slopes of the UV continuum were 
different (Verbunt et al, 1987). Van Amerongen 
et a1 (1987~) performed mulit-wavelength 
photometric measurements of VW Hyi in the 
optical during two rises to  outburst and found 
that  the delay in rise toward shorter 
wavelengths also holds for just the optical range 
(Figure 2-75b). From photometric observations 
of RX And at infrared wavelengths, Szkody 
(1976) finds some evidence that this delay might 
extend into the infrared as well; attempts to 
carry out similar observations of other dwarf 
novae so far did not lead to any conclusive 
results (Szkody, 1985a; 1985b). A third kind of 
change during rise in the UV has been observed 
in SU UMa during rise to  a normal outburst 
(Wu and Panek, 1983) and in VW Hyi during 
rise to a superoutburst (Polidan and Holberg, 
1986): in both cases the UV first rose up to the 
level of a normal outburst, delayed with respect 
to  the optical, and then the flux dropped to 
some intermediate level (the drop was con- 
siderably deeper at shorter wavelengths than at 
longer ones), after which another rise led to the 
outburst or superoutburst, respectively (Figure 
2-75c). In the case of SU UMa the correspon- 
ding optical changes are not quite clear. In VW 
Hyi, where occasionally such precursors to 

superoutbursts are observed in the optical (see 
Chapter 2.11.A.4, Figure 2-19), no  drop in 
optical brightness was observed in this par- 
ticular outburst; it clearly was seen, however, 
at soft X-rays (van der Woerd et al, 1986). 

During outburst maximum the flux in all 
dwarf novae is markedly bluer than during all 
other times. Decline from outburst always pro- 
ceeds simultaneously at all wavelengths. As the 
typical example of Figure 2-76a shows, the 
spectral index stays roughly constant 
throughout outburst longward of some 15000 
A, and just the flux level as a whole changes. 
In the optical and UV, after an initial decline 
at constant flux distribution, the flux level 
decreases ever more rapidly with decreasing 
wavelength. Only at the very last phase of 
decline is the quiescent flux distribution 
restored (Figure 2-76b). During quiescence, be- 
tween outbursts, the flux of VW Hyi and WX 
Hyi in the UV has been seen to keep falling until 
onset of the following outburst (Figure 2-77), 
while no such trend could be detected in U Gem 
(Hassall et al, 1985; Verbunt et al, 1987); ap- 
propriate observations of other dwarf novae in 
the UV are not available. VW Hyi also was 
monitored in the optical for this purpose. After 
the end of an outburst - as defined from the 
general outburst light curve - the system 
brightness kept declining slightly for another 
couple of days; but after this, besides erratic 
variations, the flux level stayed constant (van 
Amerongen et al, 1987~).  Similarly, extensive 
monitoring of CN Ori during quiescence 
demonstrated that the brightness of the inter- 
hump times from the very end of one outburst 
until the onset of the next stayed constant 
(Figure 2-40). 

The UV-optical flux distribution of all dwarf 
novae, nova-like stars, and quiescent novae can 
be described to  a very first approximation by 
a power law fit during all stages of activity; 
when looked at in more detail, however, there 
are clearly differences in the continuum flux 
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Figure 2-76. Flux changes during decline. (a) SS Cyg no color changes occur at long wavelengths, while they 
are appreciable at short ones (Szkody, 1977); (b) in UZ Ser the f lux declines simultaneously at all optical and 
UV wavelengths except for  very late stages (Verbunt et al, 1984). 
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Figure 2-77. 111 this observatioii WX Hyi the UV/Pus 
keeps declining afrer an outburst until the following rise 
(Hassall et al, 1985). 

distributions. Verbunt (1987) carried out an ex- 
tensive survey, in particular of UV observa- 
tions, at all stages of outburst activity with - 
besides others - the aim of deciding whether 
or not relations can be found between the con- 
tinuous flux distribution and some other 
properties of cataclysmic variables. He could 
not find any correlation with the orbital period, 
with the angle of inclination, or with the 

average length of the outburst cycle. He  did 
find, however, that, no matter when during an 
outburst of a dwarf nova a spectrum was taken, 
the continuous UV flux distribution is the same 
at the same optical brightness level; the only ex- 
ceptions, of course, are spectra taken during the 
rise. 

.A.2. 

ABSTRACT: During quiescence dwarf novae emit 
mostly hard X-rays; during outburst, soft X-rays. 
A relation seeins to exist between the amount of hard 
X-rays emitted and the equivalent width of H p .  The 
X-ray f lux is highly variable on all time-scales. 

nova-like stars: 108, 119, 122, I34 

interpretation: 212, 153, 193 

The X-ray radiation of stars only became ac- 
cessible t o  astronomers when technical 
developments permitted observations to  be 
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Figure 2-78. In quiescent dwarf novae the f lux level 
at hard X-rays is highly irregularly variable (Cordova 
and Mason, 1984). 

-0.5 

- -1.0- 

I 

u 
5 -1.5- 

U 
5 -2.5t 

; -2.0- - 

O . O . ,  I I ,  1 I I I 

e outburst 
o quiescence 

- 

4- 

-0- $ \  4 

+- 

- +-- 

-,.yI , u ;m, , , ly’\:,,,.a I 
-3.5 

-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 

LOG ENERGY (keV) 

Figure 2-80. X-ray f lux in U Gem in outburst and 
quiescence (Cordova and Mason, 1984). There are 
hardly any changes at hard X-rays while the soft X-  
ray f lux  strongly increases. 

‘ O 0 1  

Figure 2-81. Soft X-ray f lux distribution of SS Cyg 
in outburst (crosses); the f lux can well be fitted with 
a 30 keV black bcdy (solid line) (Cordova et al, 
1980). 

Figure 2-82. Optical and X-ray light curve of SS Cyg 
during the outburst cycle (Ricketts et al, 1979). For 
discussion see text. 
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Figure 2-83, Superoutburst light curve of VW Hyi 
in the optical and X-rays (van der Woerd et al, 1986). 
For discussion see text. 

made from space. The first dwarf nova detected 
in X-rays was SS Cyg, which was seen during 
an optical outburst in soft X-rays (0.15 - 0.28 
keV) in a rocket experiment (Rappaport et al, 
1974). Further detections of, again, SS Cyg, 
and eventually also other cataclysmic variables 
in different outburst states and in different 
energy bands, soon followed by the HEAO 1, 
Apollo-Soyuz, Ariel V, Einstein, and EXOSAT 
satellites. In spite of considerable effort, before 
Einstein, SS Cyg and U Gem were the only 
dwarf novae which were positively detected in 
X-rays, although some nova-like stars had been 
seen as well. Altogether, Einstein was pointed 
at 66 cataclysmic variables, out of which 45 (of 
all sub-classes) could be detected in X-rays at 
a level of about (d/lOOpc)' erg/s 
(Cordova and Mason, 1983; Patterson and 
Raymond, 1985a). 

During the quiescent state, cataclysmic 
variables can only be detected in hard X-rays 
(-0.1 - 4.5 kev). The flux distribution in this 
range follows approximately a thermal 
bremsstrahlung spectrum of kTbrems = lOkeV 
(Cordova and Mason, 1983; Patterson and 

1 I t I I I I  
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Figure 2-84. Relation between the H@ equivalent 
width and the ratio between optical and X-ray f lux 
(Patterson and Raymond, 1985~). 

Raymond, 1985a). In some systems, like SS 
Cyg or some nova-like stars, two flux com- 
ponents can be fitted to the observations 
(see SS Cyg, below). The flux level is highly 
irregularly variable on time-scales of minutes, 
hours, and days by a factor of two or more 
(Figure 2-78). 

Investigation of the variations in SS Cyg 
during quiescence revealed that hard (2-20 keV) 
and soft (0.04 - 2 keV) X-rays vary together in 
similar ways, with a maximum correlation for 
a time lag of c 40 rt 1.5 sec between the hard 
and soft signals (King et al, 1985). The fast in- 
tensity changes are accompanied by changes in 
the flux distribution. The hardness ratio (col- 
or) as a function of count rate has been 
investigated for U Gem and SS Gyg during 
quiescent state: in both cases, though "hard- 
ness" refers to slightly different energy regimes, 
since the data were acquired with different 
satellites, the spectrurn becomes harder as the 
source becomes more intense (Figure 2-79). 

For dwarf novae during outburst, the ratio 
-ray flux to optical flux, Fx (0.1-4 keV)/Fv 

(5000-4000 A), is found to  be on the order of 
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1 to < 0.06%(C6rdova and Mason, 1984); on- 
ly the brightest dwarf novae were detected 
marginally in soft X-rays. During outburst 
there is hardly any increase, or in some objects 
there is even a decrease in the hard X-ray flux 
(van der Woerd et al, 1986: Cordova and 
Mason, 1984) (Figure 2-80); while in those 
systems which have so far been detected in soft 
X-rays, the soft X-ray flux (0.18 - 0.5 keV) rises 
by a factor of 100 or more, even though most 
of the radiation is hidden in the EUV range 
(Cordova and Mason, 1984). The soft X-ray 
spectra can be fitted with either black bodies 
of kT -- 25 eV - 30 eV or, alternatively, with 
bremsstrahlung spectra of 30 or 40 eV (Figure 
2-81). Rather extensive studies of X-ray changes 
during the outburst cycle are available only for 
U Gem, SS Cyg, and VW Hyi, but considering 
the detection limits of X-ray satellites, there is 
no contradiction to the assumption that all 
dwarf novae follow more or less the same pat- 
tern of behavior. 

The dwarf nova studied most extensively dur- 
ing the outburst cycle at X-rays is VW Hyi (van 
der Woerd et al, 1986); less extensive coverage 
is available for SS Cyg (Ricketts et al, 
1979; Watson et al, 1985) and U Gem (Mason 
et al, 1978; Swank, 1979). The behavior is 
slightly different in all three systems; but in 
each system it seems to be rather accurately 
repeated from cycle to  cycle. 

In SS Cyg, both during early rise and also 
during late decline of the optical outburst, the 
hard X-ray flux increases appreciably; during 
the outburst, however, it drops to practically 
zero intensity, and then recovers slowly during 
the optical decline (Figure 2-82>. A similar hard 
X-ray flare during rise was seen in U Gem 
(Mason et ai, 1978; Swank, 1979), but never in 
VW Hyi. On the other hand, as in SS Cyg, the 
hard X-ray flux in VW Hyi disappears 
altogether during outburst maximum, recovers 
to somewhat above normal during optical 
decline, and is highly, erratically, variable dur- 
ing the optical quiescent level (van der Woerd 
et al, 1986). 

Three normal outbursts and two superout- 
bursts of VW Hyi were observed with 
EXOSAT. In one of the superoutbursts 
(November 1983) the rise in X-rays was delayed 
with respect to the optical by about 2.5 days 
___ i.e., the delay is even much larger than the 
typical delay of some 12 hours between the opti- 
cal and the UV in VW Hyi (Figure 2-83); while 
in the case of all other outbursts which were 
observed in X-rays, the delay was shorter than 
12 hours (van der Woerd et al, 1986). As to 
decline, no matter what kind of optical outburst 
occurs, the soft X-ray flux seems to start declin- 
ing immediately after the flux maximum in 
X-rays has been reached; at superoutburst the 
rate during first decline is smaller than normal 
(Figure 2-83). After the optical decline has 
ended, the soft X-ray flux keeps falling down 
to well below the quiescent level, then rises 
gradually to slightly above the normal level and 
goes on falling at a small rate untii onset of the 
next outburst. Only when the minimum soft 
X-ray flux is reached after the end of the out- 
burst does the generally soft spectrum seen 
during outburst change into the hard quiescent 
spectrum. 

No significant difference in X-ray 
characteristics seems to exist between members 
of sub-classes of dwarf novae and nova-like ob- 
jects, respectively, but Cordova and Mason 
(1983) found some indication that in general the 
X-ray flux might be higher in dwarf novae than 
in nova-like stars. Furthermore, Patterson and 
Raymond (1985b) found that eclipsing systems 
emit significantly less X-ray flux than others. 
From inspecting the relation between hard 
X-rays and optical flux from cataclysmic 
variables, they found that those objects for 
which both fluxes are of comparable strength 
exhibit optical spectra with strong hydrogen 
emission lines, while the lines become less pro- 
nounced, the stronger the visual flux is com- 
pared to the X-rays. Relating the ratio of the 
X-ray flux to the visual flux with the equivalent 
width of HP, an amazingly tight relation 
emerges (Figure 2-84) which contains only 
observational data. 
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.A.3. AD1 

nova-like stars: 119, 134 

Searches for radio emission from dwarf 
novae have been conducted with the 100 m 
telescope in Effelsberg as well as with the VLA 
(Cordova et al, 1983; Benz et al, 1985). 
Cordova et a1 checked six dwarf novae and 
nova-like stars and could detect none. Benz et 
a1 detected SU UMa during an optical outburst 
at 4.75 GHz; during quiescence SU UMa was 
too weak to  be observable; it also could not be 
detected at 4.9 GHz by later observers (Chan- 
mugam, 1987). In addition, the dwarf novae 
TZ Per and UZ Boo both were detected at 2.5 

' GHz (Turner, 1985). 

GENERAL INTERPRETATION: The UV flux 
and most of the optical f lux of dwarf novae and 
nova-like stars is believed to originate in the accre- 
tion disc. The IR f lux seen during quiescence, and 
possibly some of the optical flux, come from the 
secondary star and, if strong, cause a rise of the flux 
at IR wavelengths. The rise to an outburst either oc- 
curs simultaneously at all wavelengths when the rise 
is slow, or, when it is fast, starts progressively later 
with decreasing wavelengths as ever more central 
(hotter) parts of the disc become involved. Duririg 
decline, all of the disc cools simultaneously. In a 
sniall or cool disc, contributions from the boundary 
layer between the disc and the white dwarf might be 
seen in the UV. X-ray radiation is ascribed to the 
boundary layer which is optically thin during 
quiescence (thus emitting hard X-rays) and optical- 
ly thick during outburst (emitting soft X-rays because 
the radiation is thermalized before escape). 

OBSERVATIONAL CONSTRAINTS TO 
MODELS: 

a The UV through optical f lux distribution of 
dwarf novae is clearly not that of a normalstar. 
(See 192, 194.) 

0 Very characteristic f l ux  changes at all 
wavelengths occur during the outburst cycle. 
(See 192, 194.) 

There exists some relation between short-term 
changes in the optical and the X-ray flux. (See 
212.) 

There is no obvious relation between the spec- 
tral index and any of the system parameters. 

ING 

ABSTRACT: Most dwarf novae exhibit strong 
emission line spectra in the optical and UV during 
quiescence, although some have only very weak 
emissions in the optical and/or weak absorptions at 
UV wavelengths. Many exhibit double-peaked pro- 
files in the Balmer emission lines. In several objects, 
the absorption spectrum of a cool main sequence star 
is visible. 

photometric appearance: 35 

nova-like stars: 99, 107, 117, 119, 122, 124, 134, 
141 

interpretation: 192, 200 

In the quiescent state, the optical spectra of 
dwarf novae usually are characterized by more 
or less strong emission lines of the Balmer series 
of hydrogen and He I, and occasionally of He 
I1 and/or Ca 11; and sometimes even lines of 
Fe 11, C 111-N 111, etc., can be seen (exceptions 
will be discussed below). Corresponding to the 
emission line strength, the Balmer jump is nor- 
mally seen in emission during quiescence. The 
Balmer decrement generally is very flat, with 
€30 or even Wy often stronger than €ICY. In 
many objects the Balmer lines appear t o  have 
two peaks, shortward and longward of the rest 
wavelength. All dwarf novae which show an 
eclipse also show such double-peaked emission 
lines, but many others do as well. Most of these 
dwarf novae exhibit a strong hump in their light 
curve, but there is, for example, V436 Cen 
which has neither a hump nor an eclipse but 
clearly shows double-peaked emission lines 
(Gilliland, 1982a). A representative collection 
of quiescent optical spectra of dwarf novae is 
given in Figure 2-85. 
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Figure 2-85. Typical quiescent spectra of dwarf novae in the optical (Szkody, 1985a). Altnost all the spectra show 
the Balmer lines and the Balmer jump strongly in emission. 
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Figure 2-86. Typical quiescent spectra of dwarf novae in the UV. Flux is in erg ct71-2 sec-' A-' 
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Williams (1983) published equivalent widths 
and line widths of all measurable lines for a 
sample of 153 spectra of novae, dwarf novae, 
recurrent novae, and nova-like stars. Compar- 
ing values for various types of cataclysmic 
variables, it turns out that the equivalent widths 
of the Balmer lines are statistically significant- 
ly larger for dwarf novae and nova-like stars 
than for novae. On the average, they are also 
larger for dwarf novae than for nova-like stars, 
but the difference is small enough to not be a 
distinguishing characteristic. No significant dif- 
ference appears to exist between the equivalent 
widths and line widths of the various sub-classes 
of dwarf novae and nova-like stars. While the 
ratios of the equivalent widths of HP/Hy are 
approximately the same for all dwarf novae and 
nova-like stars, HP often is of comparable 
strength to, or even stronger than Ha in dwarf 
novae, whereas H a  is generally the stronger line 
in nova-like stars. The Ratio of Ha/HeII (4686 
A) is on the order of one for novae, and is very 
much larger than this for dwarf novae and 
nova-like stars. The line wings in all cataclysmic 
variables can extend to  as much as 2000 km/s 
away from the line center. In novae, the full 
line widths at half intensity are statistically 
smaller than in dwarf novae and nova-like ob- 
jects, being some 500 to  600 km/sec and some 
400 t o  800 km/sec, respectively. In all cases, 
however, the scatter between different objects 
of the same class is very large (see also chapter 
6.III.A, Table 6.6, and Figures 6.14a, b, c, d). 

In addition to the emission line spectrum, a 
cool absorption spectrum, normally of spectral 
type G5V or later, is visible in some objects. 
Provided the systems are bright enough at 
minimum light level, this cool spectrum nor- 
mally is seen in the optical in objects with or- 
bital periods in excess of some 6 hours, but at 
close inspection, and in the infrared, it also is 
seen at much shorter periods. 

Quiescent dwarf novae usually also exhibit 
a strong emission line spectrum of all the 
resonance lines in the UV which can be seen by 

IUE, frequently with the exception of N V 1240 
A; moreover, He I1 1640 A is usually also seen. 
As in the optical, normally the line width is on 
the order of several hundred km/sec Doppler 
velocity. Only few objects, like U Gem, Z Cha, 
CN Ori, and TY Psc, instead show a weak ab- 
sorption spectrum consisting of also mainly the 
resonance lines. A sample of representative UV 
spectra of dwarf' novae during the minimum 
state is given in Figure 2-86. There is no ap- 
parent relation between the appearance of the 
UV spectrum (emission or absorption lines) and 
the optical spectrum, nor is there any relation 
to any sub-classes of dwarf novae. Also, in- 
dependent of what the UV spectrum at shorter 
wavelengths looks like, strong emission in the 
Mg I1 doublet (2800 A) is present in many 
objects. 

In general, the quiescent spectrum of each 
dwarf' nova is very characteristic for each 
system and is repeated in fair detail after each 
outburst. 

.b. T 

ABSTRACT: No conclusive information about or- 
bital spectral changes in the UV is available. In the 
optical, usually all lines undergo profile changes on 
orbital time scales; in particular many of these lines 
are weakened during photometric eclipse. In some 
objects the changes seem to be unrelated to orbital 
changes. 

related photometric changes: 35 

nova-like stars: 99, 107, 117, 119, 122, 124, 134, 
141 

interpretation: 192, 200 

No general changes in the appearance of the 
quiescence spectra of any dwarf nova could be 
found in the UV during all the time IUE has 
been working. The only long-term changes that 
have been detected so far are slight decreases 
in the UV line fluxes from VW Hyi and WX 
Hyi (sufficiently accurate data are not available 
for other systems) between successive outbursts 
(Hassall et al, 1985; Verbunt et al, 1986). 
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Figure 2-87. Changes of the UVf lux  on orbital time-scales in SS Cyg during quiescence. It is not clear whether 
the changes are related to the orbital revolution or not (la Dous, 1982). 

a) WW Cef PHASED SUMS 

Figure 2-88. Optical emission line profiles in dwarf novae: (a) WW Cet: Thorstensen and Freed, 1985, (b) SS 
Cyg: Giovannelli et al, 1983, (c) HT Cas: Young et al ,  1981b, (d) RZ Sge: Voikhanskaya and Nazarenko, 1984, 
(e) Z Cha, Marsh et al, 1987. (See text for  discussion.) 

Most dwarf novae are too faint in quiescence 
for any orbital phase-resolved spectroscopy in 
the UV to be possible, not even in the low 
resolution mode of IUE, since exposure times 
are still typically on the order of the orbital 
period. Two exceptions are SS Cyg and U Gem. 
In both cases some marginal variability of the 

line profiles and strengths is visible, but it is not 
clearly related to orbital variations (Figure 
2-87). No radial velocity measurements are 
possible with IUE in the low dispersion mode, 
nor is the wavelength resolution good enough 
for line profiles to be investigated in detail. 
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Figure 2-88e. 

As mentioned already, the optical emission 
lines (Balmer lines and He 11) often exhibit a 
double-peaked structure when observed at suf- 
ficiently high spectral resolution. 
objects* also have single-peaked lines when 
observed at high resolution (Figure 2-88a), but 
still the structure of the profiles is extremely 
complicated and by no means smooth. In other 
cases (Figure 2-88b), some of the Balmer lines 
are clearly double peaked; others are not, or 
are so only at certain orbital phases. There is 
a general tendency for the higher members of 
the Balmer series to have more complex pro- 
files than the lower ones. When a clear double- 
peaked structure is present, the relative depth 
of the central dip in most objects increases with 
increasing quantum number (Figure 2-88c); in 
some, like RZ Sge or V436 Cen it decreases 

*That most objects are discussed extensively in the literature have 
doubl-peaked profiles must be regal-ded as a selection effect, name- 
ly which objects astrononiers choose to observe. Objects with a 
double-peaked stnicture tend to have high inclination angles which 
allow for a relatively easy determination of the system parameters; 
consequently they are observed with high priority. 

4000 4500 5000 
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Figure 2-89. Orbital line profile variations in U Gem 
(Stover, 1981a). Pliuse zero is ut niid-eclip,se. 

(Figure 2-88d). In many objects, the separation 
between the two emission peaks of the 
hydrogen lines, measured in Doppler velocities, 
increases with increasing quantum number 
(e.g., Schoembs and Hartmann, 1983). In  OY 
Car and Z Cha the absorption is seen to clear- 
ly drop below the continuum level in the higher 
Balmer lines, from Wy on (Figure 2-88e). In Z 
Cha the emission peaks even completely disap- 
pear for HE and higher members of the series, 
so that this object emits a combination of an 
emission and an absorption spectrum in 
quiescence in the optical. In Z Cha, OY Car, 
and possibly also in HL CMa during the quies- 
cent state, the strong hydrogen emission lines 
from H/3 on are placed in very wide, shallow 
absorption features (Figure 2-88e). 

All the lines usually are subject to profile 
changes with the orbital cycle. Whether, or to  
what extent, these variations are a stable pat- 
tern over long time-scales, and whether the 
source of the emissions undergoes changes are 
unknown; all investigations so far only covered, 
at best, just a few orbital cycles which were not 
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Figure 2-90b. IR spectrum of U Gem 
(distribution a; distributions b - dare 
o f M  dwarfsfor comparison) (Wade, 
1979). In this system the secondary 
spectrum is clearly visible at IR 
wavelengths. 

separated by longer time intervals 

Figure 2-90a. Optical spectrum of BV Cen during quiescence (Vogt, 
1980b). 7he absorption spectricni of the cool companion is well visible 
at optical wavelengths. 

photometrically very active star 
and Breysacher, 1980b). 

However, 
the strength and nature of these changes seems 
to become more pronounced with increasing in- 
clination angle; Le., changes become stronger 
when a hump or even an eclipse is present. 
In eclipsing dwarf novae there normally are no 
dramatic orbital changes in the appearance of 
the line profiles outside eclipse, but emission 
line fluxes are appreciably reduced only at times 
when a strong orbital hump is seen. During 
eclipse, however, the continuum flux as well as 
the lines are strongly reduced; the line profiles 
undergo dramatic changes showing clearly how 
first the blue and then the red wings of the lines 
are being eclipsed (Figure 2-89). During all these 
kinds of changes the width of the line wings is 

extremely variable, quickly, erratically chang- 
ing object, showing rapid flickering and a 
shallow eclipse which is highly variable in both 
shape and depth (Stover et al, 1981). The 
behavior of the emission lines seems to  follow 
this general characteristic, line profiles and 
strengths are extremely variable on time-scales 
at least as short as the orbital period (some 7 
hours), being single-peaked, double peaked, or 
even more complex; but no correlation with the 
orbital phase can be detected. 
chaotic behavior is reported for the also 

I .e. 

ABSTRACT: A t  IR wavelengths and in systems 
with long orbital periods at wavelengths longward 
of some 6000 A ,  the absorption spectrum of a cool 
main sequence star becomes visible. 

related photometric observations: 39 

nova-like stars: 

interpretation: 153, 194 

102, 109, 115, 122, 139 

In many of the dwarf novae with long orbital 
periods, the absorption spectrum of a cool star 
has been detected, in addition to  the emission 
spectrum, in the optical and, more often, in the 

(Figure 2-90a). The spectral type usually is 
6 5  or later, approximately that of a cool main 
sequence star (Figure 2-90b). The visibility of 
the secondary spectrum varies inversely with the 
continuum flux: it is easily visible during 
quiescence when the continuous flux of the hot 
component is low, and it essentially disappears 
during outburst. No variation could be detected 
in these secondary spectra except for that due 
to  orbital changes. The orbital changes usual- 
ly only consist of changes in the radial veloci- 

eg does the luminosity class of the 
secondary change from spectral type 111 at 
upper conjunction (red star behind) to  spectral 
type V at right angles lo this (Kraft, 1962b), 
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Figure 2-91. Radial velocity changes of SS Cyg 
during quiescence (Stover et al, 1980). The velocities 
of the Balrner emissions and the cool absorptions are 
out of phase by not quite 180". 

suggesting that the side of the secondary star 
facing the white dwarf is less dense due to 
reduced gravity around L,. 

s 

ABSTRACT: The radial velocity curves of both 
emission and (cool) absorption lines have the same 
periods as the hutp/eclipse light curves. Emission 
and absorption spectra are out of phase by about 
I80 a. 

related photometric changes: 35 

nova-likestars: 101, 107, 115, 119, 122, 134, 142 

interpretation: 151, 156 

The emission lines and, to the extent 
measureable, the absorption lines undergo 
periodic changes in their radial velocities.* In 
almost all dwarf novae, the spectroscopic 
periods are identical with the photometric 
periods**, determined from eclipse features or 
humps, within the limits of accuracy. Emission 
and absorption lines are out of phase by almost 

*There are considerable difficulties connected with 
measuring radial velocities in cataclysmic variables, which 
will be discussed in chapter 4 . I I . C . l .  There is no very 
basic difference, however, between radial velocities deriv- 
ed from either of the emission peaks, the central 
absorption, or the line wings, even though it is not clear 
exactly what physical property is being measured. 

5 5  

H T  Cas 
e 
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Figure 2-92. Radial velocity changes in HT Cas 
through eclipse (Young et al, 1981b). 

(not quite!) 180" (Figure 2-91): there is a phase 
lag of typically 5 O to 10 O of the emission with 
respect to the absorption in all objects that have 
been investigated in sufficient detail so far; the 
exact angle varies from one object to another 
but seems to  be stable for any given system 
(e.g., Kraft et al, 1969). The K-amplitude is 
typically on the order of 50 to 200 km/sec. The 
phase of maximum emission-line velocity is on 
the rising branch of the hump, so eclipses have 
phases of 0.2 to  0.3 with respect to this. 

As mentioned earlier, very dramatic changes 
in the emission line profiles occur during eclipse 
(Figure 2-89). The radial velocity changes of HP 
through eclipse of HT Cas are shown in Figure 
2-92: within only five minutes the line velocity 
changes from +700 km/sec to  -700 km/sec, 
centered at phase 0.998. Young et al, (1981b) call 
this the Z-wave for its resemblance to  this 
symbol. 

** In CN Ori several different photometric periods have 
been measured at different times, of which it is not clear 
which is the orbital period. No reliable spectroscopic 
period is available as yet (Mantel et al, 1988). 

79 



I 
L t  0 0: o i  C t  05 0 0 2  Y 

Figure 2-93. Radial velocity changes of the S-wave 
in U Gem (Smak, 1976). The various symbols repre- 
sent radial velocity ineasurements in different lines; 
the solid line is the solution for  He I4471 A; the 
doffed line represents radial velocity measureineiits 
for  the red and blue wings of Hy, respectively. 

.e. S” 

ABSTRACT: The particular orbital changes con- 
nected with profiles of double-peaked emission lines 
often are referred to as “S-wave.” 

nova-like stars: 102, 110, 122, 124, 135, 142 

Inspecting Figure 2-89, one realizes that the 
relative strength of the red and blue peaks of 
the hydrogen lines varies systematically over the 
orbital cycle, irrespective of whether or not the 
system is being eclipsed. Similar effects are seen 
in other lines (He I, Ca 11), and in other ob- 
jects. There are still other objects, however, like 
OY Car, Z Cha, and others, in which no such 
effects could be found despite an intensive 
search. This effect of changing profiles is 
usually referred to as S-wave. This often is 
understood to be an additional third emission 
component which wanders independently be- 
tween the two wings of the line. Smak (1946) 
determined its radial velocity from the 
hydrogen lines of U Gem, but also from 
4471 P\ and Ca I1 K,  both of which seem to 
originate entirely in the source of the S-wave 
emission in U Gem (Figure 2-93). It should be 

noted that the velocity amplitude of the S-wave 
is more than twice that of the wings, and that 
there is a. phase shift of about 100 O in U Gem, 
slightly different for different lines, between the 
S-wave and the main emission of the hydrogen 
lines. A phase shift of about -80” is seen in HT 
Cas (Young et al, 1981b); and the radial veloc- 
ity curve of the main component and the 
S-wave in T Leo are almost anti-correlated 
(Shafter and Szkody, 1984). There is no way 
to explain the almost random behavior of the 

Cyg with some kind of S-wave. 

. l . f .  

nova-like stars: 1 17 

Walker and Chincarini (1 968) and Walker 
(1981) report the appearance of “UV-flares” 
in the spectra of SS Cyg during quiescence. 
These are temporarily (on the order of some 
tens of‘ minutes) increased fluxes in mostly the 
Balmer lines, but He I and Ca I1 can also be 
affected at times, and to a small degree the con- 
tinuum flux. Similar flares have been detected 
in the nova-like stars RW Tri and AE Aqr 
(sometimes also classified as dwarf novae), 
however, with a much lower frequency than in 
SS Cyg (Walker, 1981). 

GENERAL INTERPRETATION: The generally 
observable etnission line spectra in quiescent dwarf 
novae are ascribed to optically thin disc areas; ab- 
sorption specfra in the UV, as seen in a few sysfems, 
may indicate that the inner accretion disc is basical- 
ly optically thick. The cool absorption spectrum in 
the (optical and) infrared is ascribed to the secon- 
dary star. - Periodic changes in radial velocities and 
line profiles are ascribed to orbital changes, and 
periodic random profile changes to inhotnogeneities 
in the brightness distribution of rhe accretion disc. 
The double-peaked line profiles in high-inclination 
systems are believed to be due to disc rofation. In 
those cases where the dip between both peaks reaches 
below the continuum level, the white dwarf absorp- 
tions are believed to influence the line f lux 
significantly. The phase shut between the radial 
velocities determined from emission and absorption 
is an effect of binarity, as the emission lines originate 
in the disc and the absorption spectrum in the secon- 
dary star. 
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OBSERVATIONAL CONSTRAINTS TO 
MODELS 

The high-inclination systems in particular ex- 
hibit double-peaked emission line profiles. (See 
202.) 

In many systems, the emission line profiles 
undergo characteristic changes during the or- 
bital cycle. 

In many systems, an “S-wave” is seen to move 
between the two peaks of the emission lines in 
phase with the orbital cycle. 

A relation is observed to exist between the line 
width and the equivalent width of the hydrogen 
lines and the sub-types of cataclysmic variables. 

In s o i m  objects, the Balmer eniission lines are 
placed in broad absorption shells. (See 151, 
194.) 

S A  

During outburst, there appears an absorption 
spectrum of the resonance lines and of He I1 
1640 A in the UV and of mostly the Balmer 
lines in the optical (Figure 2-94, 2-95), where 
He 11, and C 111-N I11 may be present as well. 
At maximum and during decline, the optical 
lines sometimes have emission cores. The UV 
resonance lines often display strong asymmetric 
blue-shifted line profiles or P Cygni profiles. 
The late absorption spectrum, which might 
have been seen in quiescence, disappears due 
to the increased hot continuum flux during out- 
burst. In both the appearance and the variabili- 
ty of their spectra, there is no difference be- 
tween the sub-classes of dwarf novae (which 
were defined on grounds of photometric 
behavior). 

2 . b .  T SE E 

ABSTRACT: During rise the einission lines gritdii- 
ally sink into broad absorption shells. The cool 
absorptiori spectrum con hardly be detected any 
longer. 

related photometric observations: 46 

nova-likestars: 99, 107, 117, 119, 122, 124, 134, 
141 

interpretntion: 192, 194, 200 

Until the very onset of an outburst, no 
changes of the line profiles in excess of normal 
variations could be observed in SS Cyg during 
the quiescent state (Clarke et al, 1984, and 
Figure 2-96). During the very early rise in SS 
Cyg, the flux in the Balmer emission lines re- 
mained constant, an observation confirmed by 
Walker and Chincarini (1968) for a different 
outburst of SS Cyg. As the continuum level in- 
creased, however, the equivalent widths 
decreased slightly, and for a while the spectrum 
appeared almost featureless. When the steep 
rise to maximum began, the emission line flux 
decreased rapidly and became undetectable; at 
the same time strong Balmer absorption lines 
appeared. Also, at late rise to an outburst in SS 
Gyg as well as in many other systems, the 
Balmer jump as well as the Balmer absorption 
lines can, for a short while, become much 
stronger than during the remainder of the out- 
burst. Also during the rise in SS Cyg ( 
and Chincarini, 1968), the Ga I1 K line, which 
is clearly in emission during quiescence, was 
seen to go into absorption and to split into two 
peak components which are separated from 
each other by about 800 km/sec Doppler veloc- 
ity, in contrast to some 300 km/sec separation 
of the tiny emission peaks in quiescence. The 

e I emission lines largely followed the early 
hydrogen emissions in their development during 
the rise and were undetectable during most of 
the bright state. The He I1 emission line at  4686 

and the C 111 - N 111 blend at 4650 A (which 
are only marginally visible, if at all, in quies- 
cent dwarf novae) basically followed the 
development of the continuum flux during out- 
bursts: they became strongly visible at late rise, 
faded during decline, and disappeared again at 
some late stage of decline. N o  extensive 
coverage is available for any other dwarf nova; 
but the information that is available does not 
contradict the assumption that this kind of 
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Figure 2-94. Typical spectra of dwarf novae during outburst: FO Aql at maxiinurn and decline; C Y  Lyr at max- 
imum and quiescence (Szkody, 1985a). During outburst the spectra are dominated by strong Balmer absorption 
lines. 
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Figure 2-95. Typical UV spectra of dwarf novae during outburst, Flux is in erg cn i2  sec-’ kl. The spectra are 
dominated by absorption lines, possibly P Cygni pro files; only double-eclipsing system show pure ernission spectra. 
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Figure 2-96. Spectrum changes during the course of 
an outburst in SS Cyg (Clarke et al, 1984). See text 
for description. 

behavior of the line fluxes is largely the same 
for all dwarf novae. 

The absorption line spectrum of the cool 
component soon disappeared almost com- 
pletely in the rising continuum flux and could 
only be reliably detected again just before the 

4000 4200 4 4 W  4600 4800 5000 

WAVELENGTH ( A )  

minimum brightness had been reached at the 
end of the decline. Hessman et a1 (1984), 
however, did succeed in observing the secon- 
dary spectrum in SS Cyg during outburst. 
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ABSTRACT: A t  or shortly after tnasitnuiii light 
emission cores begin to grow in the absorption lines; 
during the course of decline gradually the quiescent 
spectrum is restored. 

related phototnetric observations: 46 

interpretation: 192, 194, 200 

The usual appearance of the line spectra of 
dwarf novae in the optical during outburst is 
that of hydrogen absorption lines the wings of 
which extend several thousand km/sec Doppler 
width away from the line center. Relatively nar- 
row emission components of different strength 
can be present at times, superimposed on these 
absorptions. Besides these lines, there are 
usually emissions of the He I1 and C 111-N 111, 
and probably a few other lines. Thus either a 
pure absorption spectrum (the less common 
case), or a mixed absorption and emission spec- 
trum can develop (Figure 2-97). The Balmer 
jump is generally very weak, on the order of 
0.1 mag at maximum; it decreases during the 
course of decline and eventually goes into 
emission around the time when the quiescent 
state is reached again. No P Cygni profiles or 
asymmetric line profiles, which are common in 
the LJV, have been detected in the optical. In 
one case, in Z Cha during a superoutburst 
(there are no observations of a normal out- 
burst), there are no broad absorption lines of 
hydrogen, but rather the Balmer lines of H a  
through H y  appear as pure, double-peaked 
emission lines (the peak-to-peak separation is 
clearly less than during quiescence), while the 
higher series members appear as pure single- 
peaked absorption lines (Figure 2-98), so the 
spectrum looks very similar to the quiescence 
spectrum (Figure 2-88e). Also during superout- 
burst, OY Car and Z Cha exhibit pure emission 
spectra in the U V  (see below) - both stars 
show double eclipses during the quiescent state 
and thus have an inclination angle close to 90 '. 
No basic difference (at any rate, no more dif- 

ference than is normal between different out- 
bursts) seems to exist between the spectra of 
outbursts and superoutbursts and of standstills 
in dwarf novae. 

The development of the lines during decline 
in dwarf novae can be seen from the typical ex- 
ample of SS Cyg in Figure 2-99 (see also Figure 
2-96): as the continuum flux fades, the, in the 
beginning small, Balmer emission cores grow 
inside the absorption lines while the absorption 
gradually fades. At all phases the emission is 
the weaker the higher the quantum number of 
the Balmer lines. At the brighter stages of the 
outburst, the hydrogen lines are considerably 
narrower than those seen during quiescence; 
they become progressively broader as the 
decline proceeds. Comparison between the two 
sets of decline spectra of SS Cyg demonstrates 
that, though the gross behavior is repeated, the 
line profiles, as well as the sort of lines visible 
besides the hydrogen lines, vary from outburst 
to  outburst. Hessman (1986) investigated the 
profiles of the absorption components of the 
HP and Hy lines during decline in the SS Cyg, 
and found that they are practically constant 
throughout decline. 

Schoembs and Vogt (1980) observed VW Hyi 
spectroscopically during decline from a 
superoutburst. First there was a pure absorp- 
tion spectrum near maximum brightness. 
Around the end of this outburst a faint 
emission spectrum exhibiting lines of H, He I ,  
and Fe I1 was observed, which, however, was 
replaced by an essentially continuous spectrum 
during the following two nights. The spectra 
during these two nights stayed featureless, while 
photometrically large changes of up to 0.5 mag 
were observed, due to a coincidence of the or- 
bital hump and the superhump. At the very end 
of decline of VW Hyi from a normal outburst, 
Schwarzenberg-Czerny et a1 (1 985) observed 
very dramatic changes in Ha and HP on time 
scales of hours, which, however, were not 
related to the orbital phase (Figure 2-100). 
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Figure 2-97. Outburst spectra of dwarf novae: a) TU Men (Stolz and Schoembs, 1984) shows pure absorption 
profiles; b) the more normal case is that emissions are placed in the cores of the absorptions, as e.g., in HL  
CMa (Wargau et al, 1983a). 
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Figure 2-98. Optical spectrum of Z Cha during 
superoutbirrst (Vogt, 19820). Die spectr'iitn is hardly 
any different froin the quiescent spectrum (See 
Figure 2-88e). 

UT 1 0 ~ 3 1  - Figure 2-99. Developinent of optical lines in SS Cj)g 
during decline from outburst (Hessman et al, 1984). 
Emission cores gradually grow in the centers of the 
absorption lines. 

Figure 2-100. Linepsofile changes in VWHyi  at late 
decline (Schwarzenberg-Czerny et al, 1985). 
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For a few objects, phase resolved spectra 
during outburst or superoutburst have been 
taken. In TU Men (Stolz and Schoembs, 1984), 
which shows a pure absorption spectrum 
without emission cores of the Balmer lines 
during the plateau of superoutburst, variabili- 
ty of the line profiles during the orbital cycle 
can be seen. However, only for the absorption 
of He I 4471 p\ might there be a correlation with 
the orbital phase, in that the absorption is 
enhanced near the upper conjunction of the 
secondary (near phase 0.5). In HL CMa 
(Wargau et al, 1983), the emission cores of the 
hydrogen lines are very variable on time scales 
of a fraction of an orbital period, but no rela- 
tion with the orbital phase can be detected. In 
Z Cha, on the plateau of the superoutburst 
during eclipse, the emission lines of H are 
significantly stronger and the absorption lines 
significantly weaker than outside eclipse, unlike 
in quiescence where there were no strong varia- 
tions of the line profiles with orbital phase; and 
during the remainder of the orbital cycle line 
fluxes decrease or increase, respectively (Vogt, 
1982a, and Figure 2-98). In SS Cyg, on the other 
hand, during an outburst in October 1981 the 
narrow Balmer emission components showed 
a clear S-wave that normally only is seen in 
quiescent spectra of dwarf novae. In EK TrA 
it was possible to separate the contribution of 
the superhump from the radiation emitted by 
the rest of the system (Hassall, 1985): this 
revealed an almost featureless continuous spec- 
trum which contains significant flux only short- 
ward of some 4200 in the optical. 

ABSTRACT: Radial velocities during outburst are 
roughly the same as during quiescence, K- and 7- 
velocities can be different. In TU Men and Z Cha, 
the y-velocity seems to be a function of both the or- 
bital and the superhump phase. 

see also: 91 

nova-likestars: 101, 107, 115, 119, 122, 134, 142 

Radial velocity measurements of outburst 
spectra and of quiescence spectra yield roughly 
the same orbital elements, within the limits of 
error. The most extensive study in this respect 
was carried out on SS Cyg (Nessman et al, 
1984; Hessman, 1986). Radial velocity changes 
of the wings of the Balmer absorption lines in 
outburst yield the same K-velocity (KOut = 97 
t 6 km/sec, Kmin = 96 t 3 km/sec), and 
also the same shape of the curve, as the wings 
of the Balmer emission lines seen during 
quiescence. The wings of the emission cores in 
outburst, however, have a K-velocity (107 rt 

3 km/sec) some 10 km/sec larger than the 
quiescent emission lines. The only remarkable 
difference is that the y-velocity, which was 
found to be 0 t 4 km/sec at outburst for the 
absorption components, was -23 f 2 km/sec 
at quiescence. Also the phase shift between 
Balmer emissions and the absorption spectrum 
of the secondary star was 190" f 2" in 
quiescence, while during outburst it was seen 
to be 174" f 4 "  for the hydrogen absorption 
wings. The wings of the emission cores, 
however, were shifted by 199" t 2" with 
respect to the late component. The y-velocities 
agree within the indicated limits. At different 
nights during decline from the outburst no 
substantial changes in the radial velocities could 
be found. 

Again in the well-studied system SS Cyg, the 
radial velocities of the He I1 line at 4688 A are 
different when measured from the base of the 
line at continuum level or from the peak (Figure 
2-101): The K-velocity and the y-velocity are 
118 t 6 and -60 t 4 km/sec, respectively, 
for the line base, and 52 t 7 and -47 2 5 
km/sec for the peak, i.e., considerably different 
for both components of the Balmer lines and, 
as will be seen immediately, also from the 
secondary spectrum. The phase shift with 
respect to the latter is +216" t 3 "  and 217" 
f 9", respectively, for line base and peak - 
again different from anything else that has been 
measured. 
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Figure 2-101. Radial velocities of the He II4686 A 
line as rneasured from the line base (circles) and from 
the peak (triangles) (Hessman, 1986). See text for 
discussion. 

While detailed interpretations of these results 
certainly will involve a good deal of modeling, 
it is clear from the above results that many dif- 
ferent light sources contribute to the integrated 
flux of the system, and to various degrees of 
importance at different brightness levels. It also 
is clear that neither the K-velocity nor the y- 
velocity should reasonably be ascribed ex- 
clusively to dynamic properties of the system 
(systemic motion, orbital motion), but that 
changes in temperature and luminosity distribu- 
tion are involved as well, and that this effect 
can be quite different for different lines, as they 
obviously originate in different parts of the 
system (several aspects of this will be discussed 
in Chapters 4.11 and 4.IV). 

In SS Cyg the absorption spectrum of the late 
component has been measured during outburst, 
and radial velocity curves could be derived 
(Hessman et al, 1984). On all nights of the 
decline, the phase shift with respect to the late 
absorption spectrum seen in quiescence was 
zero within the error limits, but the K-velocity 
showed a systematic development (Figure 
2-102): it was considerably larger than during 
quiescence at the peak of the outburst, and the 
difference gradually decreased to zero as the 
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Figure 2-1 02a. Radial velocity curve of the secon- 
dary absorption spectrum in SS Cyg during outburst 
(dots); the curve as determined during quiescence is 
indicated as a dashed line (Hessman et al, 1984). 
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Figure 2-102b. The K-amplitude of the secondary ab- 
sorption spectrum gradually decreases as the optical 
jlux declines (Hessnian et al, 1984). See text for  
discussion. 

system faded. The y-velocity was somewhat 
lower at outburst maximum than during 
quiescence (-21 k 2 km/sec vs. -15 k 2 
kmlsec), and was more than twice the quies- 
cent value ( -  35 k 4 km/sec) at late decline. 

In Z Cha and TU Men, both observed spec- 
troscopically at the plateau of a superoutburst, 
the y-velocity of the hydrogen absorption lines, 
(not those of the hydrogen emission lines in Z 
Cha!) were seen to  vary from night to night 
(Vogt, 1982a; Stolz and Schoembs, 1984). The 
values measured in TU Men are compatible 
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with the assumption that the y-velocity varies 
with the beat period between orbital hump and 
superhump. 

.e. 

ABSTRACT: In slow gradual changes fiom quies- 
cent to outburst spectriim and back, the UV follows 
the same general pattern as the optical. Unlike the 
continuous f lux distribution, the appearance of the 
line spectrum of one object varies slightly from one 
outburst to another. While most systems exhibit ab- 
sorption spectra during the outburst, possibly with 
P Cygni emission components in C IV, double eclip- 
sing systems show pure emission spectra. 

interpretation: 194, 206 

In some dwarf novae the rise phase has been 
observed in the UV. WX Hyi has a spectrum 
exhibiting strong emission lines in quiescence. 
At early rise the line fluxes increase slightly as 
the continuum level rises (Figure 2-103). At 
some time during rise the whole character 
changes considerably, since at late rise the spec- 
trum resembles very much that of seen at max- 
imum light (Hassall et al, 1983): strong P Cygni 
profiles are visible in the C IV and Si IV lines. 
Two nights later, at  the peak of the supermax- 
imum (normal outburst and superoutburst ex- 
hibit similar spectra), the emission component 
of C IV had strongly decreased, that of Si IV 
had disappeared altogether, and the absorption 
components of both lines had increased strong- 
ly in strength, while the terminal velocities had 
remained approximately the same. Early rise 
has also been observed in VW Hyi (Verbunt et 
al, 1986). In quiescence the only lines seen are 
C IV in emission and Si 111 in absorption. At 
early rise Si 111 becomes stronger, while C IV 
turns into absorption, and He I1 appears as a 
very strong absorption line. A late rise spectrum 
of AH Her (Verbunt et al, 1984), as in the case 
of WX Hyi, looks like a maximum spectrum 
with the lines absorbing just a little less flux 
than at maximum. 

Aside from rise, the outburst spectra of 
dwarf novae in the UV are all characterized by 
very strong absorption lines of the resonance 

lines visible in the UV range, and in the EUV 
by the Lyman series (Polidan and Holberg, 
1984, and Figure 2-73b). Normally C IV has 
a strong asymmetric absorption profile with the 
blue wings extending some 4000 to 6000 km/sec 
Doppler velocity (depending on the object and 
the particular outburst observed) away from the 
line center; and often this line even has a P 
Cygni profile, but the emission component 
typically only extends some 2000 km/sec red- 
ward. In some spectra, Si IV and N V also show 
marginal P Cygni emission components in ad- 
dition to asymmetric absorptions (Figure 2-95). 
Whenever P Cygni profiles are observed in 
some outbursting dwarf novae, the strength of 
the absorption component in absolute terms is 
considerably larger than that of the emission 
component except for the rise. There are ob- 
jects like VW Hyi, however, in which all lines 
are usually symmetric, and only very rarely 
does C IV show an indication of an asymmetric 
profile. Only a high resolution spectrum of VW 
Hyi during a superoutburst revealed that the 
line centers of the six strong symmetric 
resonance lines, the doublets of N V, Si IV and 
C IV, all are shifted shortward by 400 k 100 
km/sec with respect to the rest wavelengths 
(Verbunt et al, 1984). 

The development of the UV lines during late 
rise and during decline of an outburst is shown 
in Figure 2-104. Different, but in principle the 
same, behavior is seen in detail in all other 
dwarf novae. During the course of decline the 
lines gradually fade as the continuum fades, 
without dramatically changing their ap- 
pearance. The characteristic minimum spec- 
trum only appears at the very end of decline 
in a smooth transition. It has been found ever 
again that, although the continuous flux 
distribution of different outbursts and also of 
standstills (these spectra are not basically dif- 
ferent from those observed during normal out- 
bursts) show the same wavelength dependence 
at the same optical brightness in the continuum, 
the line profiles do by no means follow this pat- 
tern: at the same brightness level in different 
outbursts absorption as well as emission line 
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Figure 2-103. Development of the UVspectrum of VWHyi  during the course of an outburst (Hassall et al, 1985). 
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Figure 2-104. Development of UV lines in R X A n d  and AH Her during the course of an outburst; the outburst 
light curves are given for  comparison (Verbunt et al, 1984). Small dots are optical observations by the A A  VSO, 
large dots are SAAO observations in the Johnson Vfilter, and crosses are IUE-FES observations. 
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Figure 2-105. Phase-resolved C IV line profiles in Z Cam during outburst (Szkody and Mateo, 1986). The two 
series were taken two days apart. It appears that although profile changes occur on orbital time-scales, the varia- 
tions are not directly related to the orbital revolution. 
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Figure 2-106. Phase-resolved UVspectra of OY Car 
during a superoutburst (Naylor et al, 1987). For 
discussion see text. 
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profiles can look entirely different. Thus for 
any system the physical state of the continuum 
source at outburst obviously is characteristic, 
and the same conditions and their temporal 
development are found in every outburst. The 
observed absorption lines thus do not seem to 
originate together with most of the continuum, 
reflecting that their source is not as well 
determined in its physical state. Finally, the 
emission lines probably originate from an 
extended region, the exact shape and/or 
physical state of which is not reproduced in 
detail from one outburst to another. 

Phase-resolved UV spectra of Z Cam on 
decline from outburst were acquired by Szkody 
and Mateo (1986). In the C IV profile 
(Figure 2-105), considerable changes are seen 
on time-scales on the order of one hour, but 
no obvious relation to the orbital phase can be 
detected. The equivalent widths of the 
resonance lines, however, seem to suggest some 
vague phase dependence of the absorption com- 
ponents on the maximum absorption coinciding 
with the optical hump maximum. Appreciable 
variations of the C IV P Cygni profile with the 
orbital phase was observed in YZ Cnc 
(Drew and Verbunt, 1988). 

During a superoutburst of the high- 
inclination (double eclipsing) system OY Car, 
Naylor et a1 (1987) got phase-resolved W spec- 
tra of this object (Figure 2-106); in particular 
they got spectra during the eclipse phase. Unlike 
most dwarf novae, OY Car exhibits a pure 
emission line spectrum during (super-)outburst, 
with the resonance lines of C IV, Si IV, N V, 
Lya, and He  I1 being visible. Compared to a 
“normal” minimum spectrum of a dwarf nova 
(OY Car itself is too faint at quiescence to be 
observed with IUE) the lines are unusually 
broad. The strength of N V 1240 A is com- 
parable to  that of C IV 1550 A, which is very 
unusual for a dwarf nova. The C IV line is 
strongly asymmetric, with a steep strong blue 
and a somewhat fainter red component. At 
some phases, there appear two separate emis- 
sion peaks which are separated by some 10 A 

(the separation of the doublet components is 
2.5 A). All the line profiles are variable during 
the orbital cycle, but no clear phase relation is 
evident. Except for Lya, which is not eclipsed, 
all other lines are considerably eclipsed at the 
same time no eclipse is visible at soft X-rays. 

E ~ A V I O ~  OF 

ABSTRACT: Appreciable changes in the ap- 
peasance of the line spectrum occurred us u conse- 
quence of the outburst in 1978, and lasted until very 
long after the end of the outburst. 

related photometsic observations: 42, 63 

Except for the last outburst in 1978, spectra 
of WZ Sge have been published for only a few 
occasions before and after the outburst: 
Krzeminski and Kraft (1964) describe the spec- 
trum as it appeared several years before the out- 
burst; Voikhanskaya (1983a) obtained spectra 
both half a year before and two and a half years 
after the outburst; Gilliland et a1 (1986) ob- 
served WZ Sge six months after the outburst 
when it had not yet quite returned to its quies- 
cent state. In fact, ten years after the outburst 
it still keeps declining in brightness at a very 
small rate (Hassall, private communication). 
Finally, Brunt (1982) observed the star half a 
year before and half a year after the outburst. 

The emerging picture concerning the spectral 
appearance of WZ Sge is confusing. All authors 
agree that WZ Sge exhibits a blue continuum 
with superimposed double-peaked hydrogen 
emission lines which are placed in wide absorp- 
tion troughs (Figure 2-107); but this is about 
as far as the agreement reaches. The strength 
of the emission lines is clearly highly variable 
when spectra taken before and after the out- 
burst are compared. There was no emission in 
H a  half a year before outburst, while half a 
year afterward it was very strong. The depth 
of the minimum between the two line peaks 
clearly reached far below continuum level for 
HP on towards higher series members half a 
year after outburst; but at least in HP, the 
minimum was clearly much less deep before as 
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Figure 2-107. Near-quiescence op- 
tical spectrum of WZ Sge (Gilliland 
et al, 1986). See text for  discussion. 

Figure 2-108. Optical spectrum of 
WZ Sge shortly after outburst max- 
imum (Ortolani et al, 1980). 
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Figure 2-1 09. Radial velocity curves of WZ Sge 011 decline fiorii outburst: a: Walker and Bell, 1980: b:z Gilliland atid 
arid Kemper, 1980. See text for discussion. 

well as long after outburst. A strong §-wave is 
reported to have been present at times long 
before outburst, while at other times it was seen 
to  be weak; after outburst it has not been seen 
to be of any major importance. The separation 
of the peaks of the Balmer lines decreased from 
some 1450 km/sec before outburst to some 
1370 km/sec afterwards. The radial velocity 
before the outburst was rather smooth and well 
in phase with the orbital motion, while after 
outburst radial velocity variations of both the 
emission and the absorption components were 

rather erratic in shape and amplitude, imply- 
ing that phase shifts were occurring with respect 
to the pre-outburst radial velocity curve. Fur- 
thermore, a considerably different y-velocity 
was determined from the spectra for each of 
the considered epochs, different even for dif- 
ferent lines (Ha, HP) and different parts of the 
same line (emissions, absorptions). It is not 
clear how the observations can be accom- 
modated within the framework of the Roche 
model, which also applies to  the rather dwarf 
nova-unlike photometric changes in WZ Sge. 
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Figure 2-110. UVspectra of WZ Sge during outbursf: 
a: Friedjung, 1981; b: Fabian et al, 1980. See text 
f o r  discussion. 

The first spectrograms of the outbursts were 
taken by Brosch et a1 (1980) at the very max- 
imum of the outburst on December 1, 1978. 
They report Ha and HP to have been in 
emission together with He I1 4686 A and C I11 
- N I11 4640 A,  while the higher Balmer lines 
were in absorption. At maximum light, on 
December 1.7, Ha could hardly be detected 
above the continuum, while 24 hours later it 
was strongly in emission with a clear double- 
peak structure and a peak separation of about 
10 A, one third of the separation seen at 
quiescence. The structure of HP was similar. 

A (a) 
For most of the outburst only Ha (along with 
He 11, C I11 - N HI) was seen in emission, while 
the other Balmer lines and He I were in absorp- 
tion (Figure 2-108). The peak separation of H a  
was still seen to be 10 A on December 8. When 
the next spectrum was taken, on December 20, 
the double-peaked emission had disappeared, 
only to return on December 22, but then with 
a peak separation of some 30 A, the value 
observed during quiescent state. One night 
before this (and only then), HP, which for most 
of the outburst was seen in absorption, showed 
clear inverse P Cygni profiles, the emission 
component of which varied with the orbital 
phase (Gilliland and Kemper, 1980). 

On some occasions during the outburst, 
radial velocity measurements were undertaken. 
For December 9 and 10 a sine curve gives an 
acceptable fit to the data points when they are 
plotted on the pre-outburst phasing (Figure 
2-109a); the shape of the curve for December 
14 has changed considerably (Figure 2.109b), 
so these data points were fit assuming an  ec- 
centric orbit with e = 0.4( + .05,-2). Observa- 
tions taken by Walker and Bell (1980) on 
December 21 agree in shape and phasing with 
the December 14 data. Gilliland and Kemper 
note that there was no change in the shape of 
the radial velocity curve between December 14 
and 23, although the y-velocity did change 
considerably from night to night, which also 
is consistent with the measurements by Walker 
and Bell (a phenomenon also observed in TU 
Men and Z Cha during superoutburst). 
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Four days after outburst maximum high reso- 
lution IUE observations of WZ Sge were ac- 
quired. They show wide absorption profiles of C 
I1 and Si IV, much narrower deep absorptions 
which are superimposed on broad emissions of C 
IV and N V, and a possibly double-peaked profile 
of He I1 (Figure 2- 1 1 Oa). On December 14 the UV 
spectrum is characterized by emission lines of C 
IV, N V, Si IV and He 11, and by absorption lines 
of the lower ionization lines, on a steep blue 
continuum; not unlike, but also not quite like, a 
dwarf nova in outburst (Figure 2- 1 1 Ob). The spec- 
trum is highly variable on time-scales of a few 
tens of minutes, in the continuum as well as in the 
line flux. C IV shows apronounced variable double- 
peak structure which is reminiscent of the optical 
S-wave phenomenon as seen in many dwarf no- 
vae. On December 24 the continuous spectrum 
has somewhat flattened, the line strengths have 
decreased, and the spectrum as a whole is only a 
little variable. 

GENERAL INTERPRETATION: During oirthiii.st 
all the disc is assirnied to be opaque, thrrs only 
absorption spectra caii he seeti. Blue-shifted ab- 
sorption profiles are believed to be cairsed by a 
high-velocity wind wliich is b l o w  off the system 
dirritig oirtbirrst. The general pattern of profile 
chaiiges is uiideixtood to he dite to opacity chariges 
in the accretion disc: the disc is (partly) optically 
tkiti dirririg quiescence and tirrns optically thick 
dirring outhirmt; chaiiges take place gradually. 
Variations in K- and y-velocities with respect to 
quiescent values, atid variations in the phase re- 
latioiis between the disc spectrum atid the sec- 
ondary spectrirm are sirspected to be cairsed by 
b~~ighttiess chaiiges in the disc. Profile clianges 
are likely to he brightness itilioriiogerieities in tlie 
disc. 

OBSERVATIONAL CONSTRAINTS 
TO MODELS: 

* 1ri most dnwf  riovne, in tlie optical as well as in the 
UV, eniissiori spectr'a are seeti drrr.iiig qrriescerice, 
arid ahsorptioii spectra are seeii dirririg oiithrrrst. 
(See 151,192.) 

* Profile cliaiiges drrririg the coiwse of nii oritbirrst 
follow a veiy charncter~istic patterri. 

0 The Balnier~decreriieiit is very sninll drrririg orrthrrrst. 
(See 194.) 

The fniiit cool ahsorptioii spectrxni seen iri seseral 
systems iri the optical dirriiig qrtiescerice disappears 
drrririg orrthrrrxt. (See 151, 194.) 

e There is a Rood relatioti between tlie C O J ~ ~ ~ I I I I O N S  

jh distrihrttioii arid the opticnl hrightriess chariges 
dirririg the corrixe of ari oritbirrst: this does riot hold 
for- tlie line spectra. 

Lirie wings mid lirie cores  follow^ differ-erit radial 
velocities. 

8 There is a differwit pliase divt hetweeri thepriiriaiy 
arid secoriclnry spectra drrriiig qrtiesceiices as 
coniparecl to ortthrrrst. (See 156.) 

9 K -  uric1 y-velocities car7 haw different vnlrres during 
oiithrrrst theti dirririg qrtiescerice. 

0 Dorrhle-eclipsirig system display pirr'e eniission 
spectrx iri the UV drrritig oritbirrst. (See 206.) 

8 Spectriiiii chnriges iri WZ Sge ave very atypical for a 
d W U f  IIOl'a.  
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The spectra of UX Ursae Majoris stars look 
very similar to  those of dwarf novae at some 
stage of the outburst cycle. They may show 
emission or absorption lines, or both, often 
with wide absorption shells underlying strong 
emission lines. The appearance of a spectrum 
can be variable. Photometric variations are 
within narrow limits, of typically 1 mag or less, 
and do not follow any regular patterns. 

The anti-dwarf novae got their name from 
the appearance of their light curves: usually 
they are found in a bright state, in- 
distinguishable from UX Ursae Majoris stars; 
at times, however, their brightness drops by 
several magnitudes for extensive periods of 
time, rendering them similar to dwarf novae 
in the minimum state. The drop in bright- 
ness seems to happen at random. Thus it is 
quite possible that more stars of this sub- 
class are hidden among the UX Ursae Majoris 
stars. An alternative name for these stars is VY 
Sculptoris stars, after the name of one of its 
members. 

DQ Herculis stars, or “intermediate polars,” 
cannot be readily distinguished from the UX 
Ursae Majoris stars, either spectroscopically or 
in their long-term behavior. When observed 
photometrically with high time resolution, 
however, they are found to show extremely 
stable pulsations of high coherence and with 
periods of many minutes; and even more than 
one such periodicity can be exhibited at a time. 

AM Herculis stars, or “polars,” are charac- 
terized by a very high optical polarization syn- 
chronous with the binary per1 
they exhibit strong high-amplitude flickering. 
The spectrum is dominated by strong narrow 
emission lines. 

AM Canurn Venaticorum stars are charac- 
terized by the absence of any hydrogen lines, 
but they show strong lines of helium, the 
strengths and profiles of which are quite unlike 
those of single He  white dwarfs. In addition 
they show flickering activity. 

GENERAL INTERPRETA TION: The under- 
standing is that dwarf novae, UX Ursae Majoris 
stars, and anti-dwarf novae are basically the same 
sort of objects. The difference between them is that 
in UX Ursae Majoris stars the mass transfer through 
the accretion disc always is high so the disc is sta- 
tionary all the time; in anti-dwarf novae for  some 
(unknown) reason the mass transfer occasionally 
drops considerably for  some time, and in dwarf 
novae it is low enough for  the disc to undergo semi- 
periodic changes between high and low accretion 
events. DQ Herculis stars are believed to  possess 
weakly magnetic white dwarfs which disrupt the in- 
ner disc at soine distance fi-om the central siar; the 
rotation of the white dwarf can be seen as an addi- 
tional photometric period. In A M  Herculis stars, a 
strongly magnetic white dwarf entirely prevents the 
formation of an accretion disc, and at the same time 
locks the rotation of the white dwarf to the binary 
orbit. Finally, AM Canurn Venaticorum stars are 
believed to be cataclysmic variables that consist of 
two white dwarf components. 

.l. 

ABSTRACT: The photometric appearance is very 
similar to that of dwarf novae in exhibitingflicker- 
ing, humps, and eclipses, and in the related color 
dependences. The eclipsing systems are remarkably 
similar to each other in appearance. Unlike in dwarf 
novae, the hump maximum can occur before as well 
as after the eclipse. 

other nova-likestars: 103, 113, 114, 117, 119, 122, 
125, 140 

dwarf novae: 35, 46 

interpretation: 172, 177, 190, 194 

UX Ursae Majoris stars are distinct from 
dwarf novae only in that they do not show any 
semi-regular outburst activity. However, in 
some systems the brightness can increase or 
decrease irregularly on time-scales of years, by 
about one magnitude (Figure 3-I), but the star’s 
photometric or spectroscopic appearance is not 
significantly affected by this. 
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Figure 3-1. Long-term variations of IX Vel (Wargau 
et al, 1984). 

Figure 3-2. Typical orbital light curves of UX Ursae Majoris stars: a) S W Sex (Penning et al, 1984); b) IX 
Vel (Williams and Hiltner, 1984). 
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Figure 3-4. Secular period variations in UX UMa 
(Quigley and Afiicano, 1978). 

Figure 3-3. (left) IR light curves of RW Tri 
(Longmore et al, 1981). 

The orbital light curves are indistinguishable changes in the appearance of the light curve 
from those of dwarf novae in showing more or from cycle to cycle, even, in the case of SW Sex, 
less pronounced flickering and, possibly, including occasional irregular flare activity 
humps (Figure 3-2a). There can be appreciable (Penning et al, 1984). 
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Some of the objects (like UX UMa, RW Tri, 
SW Sex, LX Ser, V363 Aur) show eclipses in 
their light curves (see Figure 3-2b; see also, e.g., 
Figure 4-1 and Johnson et al, 1954 for UX 
UMa; Africano et al, 1978 and Horne and 
Stiening, 1985 for RW Tri; and Horne et al, 
1982 for V363 Aur). All these eclipse light 
curves look surprisingly similar to each other 
and also to the light curves of dwarf novae in 
outburst (see e.g., Figures 2-28, 2-16, 2-52) in 
being noticeably asymmetric, in changing the 
slope of ingress shortly after the first contact, 
and most notably, in normally having a pro- 
nounced, though highly variable, hold at egress; 
the bottom usually is rounded. In all objects 
a hump is at times visible, at other times it is 
absent. In RW Tri and UX UMa the hump 
maximum can occur before as well as after the 
eclipse. When UX UMa exhibits a hump, the 
system’s brightness decreases steadily after 
hump maximum until the next hump starts; 
there is no phase of constant light (see Figure 
4-1); this effect is the more pronounced the 
shorter the wavelength. From an extensive in- 
vestigation of RW Tri, Walker (1963) found 
that the eclipse is the deeper and starts the later 
the fainter is the system’s brightness. Color 
changes during eclipse in RW Tri are the same 
as in dwarf novae in the sense that the system 
becomes bluer in (U-B) and redder in (B-V). 
V363 Aur on the other hand becomes redder 
in both colors during eclipse (Horne et al, 
1982). RW Tri has been observed photomet- 
rically at IR wavelengths. A secondary eclipse 
of 0.4 mag in K centered about phase 0.5 is 
clearly visible in J and K (Figure 3-3). The 
widths of primary and secondary eclipses are 
the same, both lasting for some 80 minutes. In 
UX UMa no secondary minimum can be 
detected in J and K (Frank et al, 1981). 

The eclipse timings are very strictly periodic, 
although’for RW Tri and UX UMa (like in 
several other cataclysmic variables - see e.g., 
Chapter 2.11.B.5) a small cyclic secular varia- 
tion of this timing has been found (e.g., Figure 
3-4); whether or not these are periodic is still 
controversial (Mandel, 1965; Africano and 

Wilson, 1976; Kukarkin, 1977; Africano et al, 
1978; Quigley and Africano, 1978). 

Polarimetric observations were carried out 
for UX UMa (Szkody et al, 1982a). They re- 
vealed an insignificant polarization of 0.30 & 

0.10%, which lies in the range observed for 
dwarf novae. For §W §ex an upper limit of 
0.15% in circular polarization was obtained 
(Penning et al, 1984). 

11. 

ABSTRACT: Rapid monochromatic coherent 
oscillations are occasionally present. The periods 
are slightly variable but no simultaneous, overall 
brightness changes occur in the system. 

other nova-likestars: 106, 113, 117, 121, 122, 128, 
141 

dwarf novae: 54, 56 

interpretation: 151, 181, 185, 213 

On time-scales of minutes all UX Ursae 
Majoris stars show pronounced flickering with 
amplitudes between several hundredths and 
some tenths of a magnitude, with a tendency 
for the amplitude to be larger at shorter 
wavelengths, as it is observed in dwarf novae. 
Observations of RW Tri show that the flicker- 
ing disappears entirely in all colors between 
phases - 0.04 and + 0.04 with respect to cen- 
tral eclipse (the photometric eclipse itself lasts 
from phase - 0.07 to + 0.07), showing that (1) 
whatever the source of flickering may be, it is 
centered on the main eclipsed source, and, (2) 
flickering obviously is not directly related to the 
source of the hump, since in these particular 
observations the hump followed the eclipse, 
(Horne and Stiening, 1985). 

Rapid coherent oscillations with periods on 
the order of 30 sec have been detected in UX 
UMa (Nather and Robinson, 1974) and V3885 
Sgr (Warner, 1973). Their characteristics are 
very similar to those of coherent oscillations 
seen at times in dwarf novae during outburst. 
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They are not always present; they have been 
seen twice in UX UMa for some nights, while 
several weeks later they had disappeared. When 
they are present, the power spectra show one 
single sharp spike and no harmonics, but slow- 
ly, on time-scales of days, the period drifts to  
either longer or shorter values; whether this is 
a cyclic behavior or not is not clear (Nather and 
Robinson, 1974). No conspicuous brightness 
changes of the system comparable to changes 
of dwarf novae in outburst are reported to have 
occurred along with the period changes. In UX 
UMa, a phase shift of - 360 O was seen to oc- 
cur during primary eclipse, just as in dwarf 
novae (Nather and Robinson, 1974). 

ABSTRACT: In the optical as well as in the UV, 
this class of stars exhibits the full range of ap- 
pearances known from dwarf novae at all stages of 
activity, i.e., ranging from pure emission to almost 
pure absorption spectra. Pronounced changes in the 
appearance of one object over longer times are 
known to occur. Appreciable changes can also be 
connected with the orbital motion. 

other nova-likestars: 107, 116, 119, 122, 124, 134, 
141 

dwarf novae: 65 

interpretation: 151, 192 

Considering the UX Ursae Majoris stars as 
a group, they exhibit a remarkably wide range 
of appearance in their optical and UV spectra. 
In the optical they range from pure emission 
line spectra of hydrogen (sometimes also He I 
and He 11) - but emissions are normally not 
as pronounced as in dwarf novae - to almost 
pure absorption spectra. Absorption lines can 
exhibit either weak or strong emission cores 
(e.g., Figure 3-5). In the UV the resonance lines 
of highly ionized elements are often found in 
absorption, but they just as well can be in emis- 
sion, as the example of UX UMa demonstrates; 
even for a single object the appearance of the 
UV spectrum can be highly variable with time 

(Figure 3-6). C IV and N V often, though by 
no means always, show P Cygni profiles with 
or without an emission component. Not much 
is known about temporal changes of the spec- 
tra on time-scales longer than a few orbital 
cycles. But as published spectra of RW Tri 
demonstrate (Williams and Ferguson, 1982; 
Williams, 1983), considerable changes in the 
line flux do occur over longer intervals of time 
(Figure 3-7). 

Considering the strengths and profiles of the 
UV lines, observations show that they are sub- 
ject to many kinds of strong changes in every 
single object, changing from being strongly pre- 
sent to entirely absent within weeks - a mat- 
ter which, however, has so far not been in- 
vestigated sufficiently. In the case of IX Vel, 
§ion (1985) investigated the C IV P Cygni pro- 
file in particular and found that it is variable 
within fractions of hours in all its 
characteristics: the strengths of both absorp- 
tion and emission components, the position of 
emission and absorption peaks, and the 
blueward extension of the absorption wings. 

In some systems changes are known t o  be 
conspicuous on orbital time scales. For example 
the observations of RW Tri in Figure 3-7a show 
pronounced changes in the optical lines as well 
as in the optical continuum radiation which are 
related to  the eclipse: the continuum becomes 
considerably redder than it is outside eclipse 
and, correspondingly, the equivalent widths of 
the lines increase; some lines are clearly being 
eclipsed, while others become visible or go in- 
to emission only during eclipse. Similar changes 
have been observed in other UX Ursae Majoris 
systems (e.g., Williams and Ferguson, 1982; 
Drew and Verbunt, 1985). 

For several objects spectra with a time resolu- 
tion on the order of 200 sec were obtained (e.g., 
Kaitshuk et al, 1983; Schlegel et al, 1983; 
Honeycut et al, 1986), so it was possible to con- 
struct light curves for single spectral lines 
(Figures 3-8). In all these cases the He I1 light 
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Figitre 3-5. Typical optical spectra of UX Ursae 
Majoris stars: a: V363 Aiir, tellirric absorption 
baiids are specially marked (Margon and Downes, 
1981); b: V3885 Sgr (Cowley et al, 1977); c: IX Vel 
(Wargau et al ,  1983b). 
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Figure 3-6. Typical UV spectra of UX Ursae Majoris stars: a: IX Vel (Sion, 1985); b: 
al, 1983). 

UX UMa (King et 
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Figure 3-7. Spectral changes it7 R W Tri: a: changes 
during eclipse (Willinim and Fergiison, 1982); 0: 
long-tertii changes; the spectrum ,vas take17 at a 
different tiine thaii that displayed in Figure 3-7a 
(Williams, 1983). 

Figure 3-8. (above and left) Orbital light curves of 
RW Tri: a: continuum flux; b: He II 4686 A 
emission line; c: HB emission (Honeycutt et al, 
1986). 

Figure 3-9. (below, left) Rotational disturbance in 
the radial velocity curve of He II of S W Sex during 
optical eclipse (Honeycutt et 01, 1986). 

Figure 3-10. (below) UV eclipse light curves of UX 
UMa (Holm et al, 1982). 
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curve is a rough image of the continuum light 
curve, but the duration of the primary eclipse 
is decidedly shorter and less deep (in the case 
of SW Sex, for instance, 0.06 orbits for He 11, 
compared to 0.08 for the continuum). Both HP 
and He I in SW Sex show a secondary eclipse 
which is not visible in the continuous light 
curve; in RW Tri there also is some indication 
for a secondary eclipse. Outside eclipse the line 
profiles do change around the orbit, but it is 
not clear whether these changes are related to 
the aspect the observer has of the system or to 
what extent the light source is intrinsically 
variable (e.g., Wargau et al, 1984). 

In UX UMa and RW Tri HP and H y  exhibit 
a double-peaked structure, with the radial 
velocity of the red and the blue components 
having the normal sine shape and the period of 
the orbital motion (Kaitchuk et al, 1983; 
Schlegel et al, 1983). In addition there is a third 
§-wave component moving between the two 
line peaks, with the same period but with a 
phase shift of 150" in UX UMa and of 180" 
in RW Tri - as is seen in dwarf novae. In SW 
Sex, and to a lesser degree in RW Tri, the radial 
velocity curves of He I1 4686 A and of C I11 
- N I11 4645 A, but not of HP, show a clear 
rotational disturbance at primary eclipse 
(Figure 3-9). 

Extensive studies of the UV radiation have 
been carried out by Holm et a1 (1982), and King 
et a1 (1983), on UX UMa, and by §ion (1985) 
on IX Vel. In UX UMa, the continuous radia- 
tion was found to  be strongly eclipsed at the 
time of primary optical eclipse (Figure 3-10). 
The eclipse is the deeper the shorter the 
wavelengths. The presence of the hump prior 
to and also somewhat after eclipse is clearly visi- 
ble at longer UV wavelengths, but it is not en- 
tirely absent at short wavelengths where it even 
seems to last for an entire orbital cycle (in dwarf 
novae the hump shows up in the UV very in- 
frequently, and then only weakly). As to the 
strong UV lines, N V, Si IV, and He I1 are 
clearly eclipsed, whereas C IV is not eclipsed 
(King et al, 1983). 

GENERAL INTERPRETA TION: Photometrical- 
ly and spectroscopically UX Ursae Majoris stars ex- 
hibit all characteristics of dwarf novae, with the 
single exception of outburst activity. Thus the 
understanding is that these stars can be regarded as 
dwarf novae with an essentially constant (high) mass 
transfer rate through the accretion disc. 

OBSERVATIONAL CONSTRAINTS TO 
MODELS: 

Dwarf novae, UX Ursae Majoris stars, and anti- 
dwarf novae share most of their characteristics 
except for  their outburst behavior. (See 229) 

In some objects, optical color changes during 
eclipse are the reverse of what is seen in dwarf 
novae. 

Also unlike the case of dwarf novae, the hump 
in some objects is strong in UV wavelengths. 

Unlike in dwarf novae, hump maximum can 
occur before as well as after eclipse. 

.I. 

ABSTRACT: The normal photometric appearance 
of anti-dwarf novae is indistinguishable from that 
of UX Ursae Majoris stars. Occasional drops in 
brightness by several magnitudes occur. During these 
times the objects resemble quiescent dwarf novae. 

other nova-like stars: 113, 125 

dwarf novae: 21 

interpretation: I72 

Stars which are classified as anti-dwarf novae 
or VY Sculptoris stars (just two names for the 
same thing) cannot be distinguished from the 
U X  Ursae Majoris stars most of the 
time: they show orbital light curves like those 
expected for cataclysmic variables; the spectra 
consist of H emission lines, which may or may 
not be superimposed on broad shallow absorp- 
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at times, another 2 mag below the “normal” 
low (= intermediate) state. 
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Figure 3-11. Long-term variations of TTAri (Hudec 
et al, 1984). 

tion features; and the brightness fluctuates 
about some mean value, deviating up and down 
irregularly by no more than about 1 magnitude. 
From time to time, however, the general 
brightness drops by a very considerable amount 
(some 2 - 3 mag, but see below) for as much 
as a few hundred days, after which the star 
again returns to the high level. Times for both 
decline and rise seem to be on the order of 100 
days (Figure 3-11 - see also, e.g., Liller, 1980). 
In some objects the upper and the lower states 
have reasonably well defined brightness levels 
to which the star returns; in others there is no 
evidence for this. In contrast to dwarf novae, 
the high state for anti-dwarf novae is the nor- 
mal state of the star. No periodicities com- 
parable to outburst periods in dwarf novae 
could be found in anti-dwarf novae, as the drop 
in brightness occurs a t  random and unpredic- 
tably. In the best studied case, TT Ari, a couple 
of such drops often follow each other, after 
which the brightness remains essentially con- 
stant at high level for several years. No secular 
brightness changes could be detected for any 
star. Some objects (TT Ari, MV Lyr, and 
possibly others as well, except most anti-dwarf 
novae have not been adequately studied over 
longer times) drop to an unusually faint state 

ABSTRACT: The photometric appearance of an 
object can vary considerably from night to night. In 
TT Ari during the high state the hump is very pro- 
nounced in the UV. During high state this system 
also occasionally exhibits quasi-periodic oscillations, 
which never were seen during low state. 

other nova-likestars: 96, 113, 114, 117, 119, 122, 
125, I40 

dwarf novae: 35, 46 

interpretation: 177, 194 

The orbital light curves of anti-dwarf novae 
during high state look like light curves of UX 
Ursae Majoris stars: for instance the light 
curve of MV Lyr is characterized by strong 
flickering up to 0.3 mag in which, however, no 
variability with the orbital period, like a hump, 
can be detected. TT Ari possesses a very pro- 
nounced hump in the light curve, on which 
flickering is superimposed (Figure 3-12a); and 
LX Ser and VZ Scl have eclipse light curves, 
which look very similar to those of UX Ursae 
Majoris stars, and also suffer appreciable 
flickering which mostly disappears during 
eclipse. A hump is visible in VZ Scl which can 
either precede or follow the eclipse (as is the 
case in some UX Ursae Majoris stars) (Warner 
and Thackeray, 1975; Horne, 1980). LX Ser 
usually does not possess a hump, though at 
some times it can be present. In the IR a secon- 
dary eclipse at about phase 0.5 is visible in VZ 
Scl (Sherrington et al, 1984). For LX Serin the 
high s ta te ,  there exist optical  color 
measurements during an eclipse which look just 
like those in quiescent dwarf novae (Figure 
3-13, compare with Figures 2-32, 2-33). 

Photometric observations have been carried 
out for TT Ari during the intermediate state (V 
= 14 mag; V = 10.2 Mag at high state) and 
during the very low state (V = 16.5 mag). The 
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Figure 3-12. Orbital light curves of 
TT Ari: a: during high state (Smak, 
and Stepieri, 1968); b: during 
intermediate level (Shafier et al, 
1985); c: during low level (Shafier et 
al, 1985). 
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Figure 3-13. Color changes in LX Ser during eclipse 
(Horne, 1980). 1981). 

loio state, taken two days apart (Robinson et al, 
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Figure 3-15. Wavelength dependence of the 
UV hump light curve of TT Ari in the high 
state (Janieson et al, 1982b), on the leji the 
effective wavelengths for  the light curves are 
indicated, since in this figure all amplitudes 
are normalized, on the right their actual 
amplitudes are given. 
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Figure 3-17. (left) X-ray phototn- 
etry of TT A ri (Jensen et al, 1983). 

hump and most of the flickering activity disap- 
peared at intermediate state, leaving an essen- 
tially constant light curve (Figure 3-12b). In the 
very low state the flickering is present again 
(Figure 3-12c), and its absolute intensity is 

fainter than at higher state; whether or not an 
orbital hump is present cannot be decided from 
the data available, but clearly the light curve 
is not as smooth and straight as during the in- 
termediate brightness. Measurements of MV 
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Lyr during faint state show strong activity dur- 
ing one night (Figure 3-14a); two nights later, 
no photometric changes in excess of slight ran- 
dom variations can be detected at the same op- 
tical brightness (Figure 3-14b). 

TT Ari has been observed photometrically at 
IR wavelengths during the high state (Jameson 
et al, 1982b). The light curve is highly variable 
on times-scales of hours, though no relation to 
orbital variations is evident; simultaneous light 
curves in the optical and at different IR 
wavebands are only vaguely similar and strong- 
ly change from one night to the next. 

At UV wavelengths, brightness changes in 
connection with the orbital motion can clearly 
be seen. In TT Ari the hump amplitude is seen 
to decrease between 5000 and 3000 A, but then 
increases again with decreasing wavelength, to 
be at least as pronounced at 1500 A as in the 
optical (Figure 3-15), much unlike in dwarf 
novae, in which the hump amplitude strongly 
decreases with decreasing wavelength and is 
only marginally (if at all) detectable in the UV. 
From phase-resolved spectroscopy, a UV light 
curve has been derived for TT Ari in the high 
state (Figure 3-16) which, like the optical light 
curve, clearly reflects the orbital motion of the 
system. 

TT Ari has been observed with the 
EINSTEIN satellite in X-rays and simultaneous- 
ly in the optical (Jensen et al, 1983b). The X-ray 
flux is strongly variable on most time-scales. 
There is some evidence for orbital variation in 
the X-rays, mostly in that the X-ray flickering 
amplitude increases around times of the optical 
hump (Figures 3-17). The hardness ratio, Le., 
the color of the X-ray radiation, remains un- 
changed during the orbital cycle. 

Polarization of the radiation from TT Ari 
and KR Aur of some 0.3% has been measured 
(Popova and Vitrichenko, 1919; Szkody et al, 
1982a), in full agreement with observations of 
dwarf novae. 

OSCILLATIONS 

ABSTRACT: Just as in dwarf novae, flickering is 
also observed in anti-dwarf novae at high as well as 
low states. Only during the high state in some ob- 
jects oscillations occasionally can be seen. 

other nova-like objects: 98, 113, 117, 121, 122, 128, 
141 

dwarf novae: 54, 56 

interpretation: 151, 181, 185, 213 

In all systems, rapid flickering is observed 
with amplitudes of some hundredths to  some 
tenths of a magnitude on time-scales of seconds 
to minutes. It is usually strongly diminished in 
amplitude or disappears altogether during 
eclipses in the high state. No other relation with 
the orbital phase than this could be detected. 
Simultaneous X-ray and optical observations 
of TT Ari during the bright state revealed a 
strong relation between flickering observed in 
both wavelength ranges: The power spectra 
look very similar, the flickering in X-rays is 
delayed by some 58 seconds with respect to 
flickering in the optical (Jensen et al, 1983). The 
flickering amplitude amounts to some 15% to 
20% in the optical and to some 10% to 100% 
of the flux in the X-rays. High-speed 
photometric observations of TT Ari and MV 
Lyr in different brightness stages showed that 
flickering can also be present in low states. Two 
observations of MV Lyr at low state were ob- 
tained two days apart (Robinson et al, 
1981): very pronounced flickering similar to 
that seen during the bright state was present 
during one observing run, while brightness fluc- 
tuations did not exceed photon noise during the 
next run; the overall optical brightness had not 
changed during this time. In similar observa- 
tions of TT Ari, no flickering could be seen at 
an intermediate brightness level, whereas it was 
even more conspicuous at low state than dur- 
ing high state; the absolute amplitude was 
somewhat lower at low state (Figure 3-12). In 
none of these observations could a relation with 
orbital phases be detected. Flickering in the IR 
is about as strong as in the optical (Jameson 
et al, 1982b). 
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Figure 3-18. Optical and X-ray power spectra of TT Ari from simultaneous observations (Jensen et ai, 1983). 

Besides the flickering, there is occasionally 
also a component of quasi-periodic oscillations 
with periods on the order of seconds or minutes 
during high states. No detection during low 
states has ever been reported. The most exten- 
sive investigations have been carried out for TT 
Ari (Mardirossian et al, 1980; Jensen et al, 
1983). The oscillations here are not always pre- 
sent. Periods vary erratically between 32 and 
43 sec. In the power spectra which were ex- 
tended over a lengthy run the peaks of the 
oscillation frequencies are not strictly 
monochromatic, but rather have a narrow 
bandwidth which is again variable from one run 
to another. It is not clear whether the oscilla- 
tions in TT Ari are intrinsically polychromatic 
(which would distinguish it from other 
cataclysmic variables in which the peaks are 
either monochromatic or much broader than 
those in TT Ari), or whether this is merely due 
to the coarse time resolution. Periods and life 
times are on roughly the same order as in other 
cataclysmic variables. 

Simultaneous optical and X-ray observations 
of TT Ari have revealed oscillations at different 
frequencies. A monochromatic 32 sec oscilla- 
tion and a non-monochromatic oscillation 
around 12 sec were seen in both energy regimes; 
in addition, a narrow frequency band was pres- 
ent around 9 sec only in X-rays (Mitrofanov, 
1980; Jensen et al, 1983; Figure 3-18). The 
pulsed fractions are 15 - 25% in the X-rays, 

and some 1.5% in the optical - in close 
analogy to observations of dwarf novae. No 
time relation between optical and X-ray oscilla- 
tions has been reported, but the identical fre- 
quencies at both wavelengths lead one to 
suspect a physical connection between the 
observed phenomena. 

ABSTRACT: During the high state the spectra ex- 
hibit characteristics of outbursting dwarf novae, 
during low state those of quiescent dwarf novae. 
Contrary to dwarf novae, in which the UV is more 
affected by the outburst activity, in anti-dwarf novae 
the optical changes most. The spectrum of MV Lyr 
is highly variable during high state. The spectroscopic 
period of TT Ari is distinctly different from the 
photometric. 

other nova-like stars: 99, 116, 119, 122, 124, 134, 
141 

dwarf novae: 45, 65, 80 

interpretation: 1.51, 192 

The general flux distribution of anti-dwarf 
novae during the high state is not any different 
from that of other cataclysmic variables. Dur- 
ing the high state, characteristics of outbursting 
dwarf novae can be seen. In some of the anti- 
dwarf nova systems, variations of the line pro- 
files with orbital phase have been observed. The 
two systems LX Ser and VZ Scl show changes 
in their spectra during eclipses which affect the 
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Figure 3-19. Phase-resolved spectroscopy of KR Aur 
during the high state (Shafter, 1983). 
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Figure 3-20. Flux distribution of MV Lyr diiririg 
high, intermediate, and low states (Szkody and 
Downes, 1982). 
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Figure 3-21. Spectral appearance of  TT 
Ari: a: optical spectrum in the high state (Cowley 
et al, 1975); b: UV spectrum in the high state; 
c: optical and UVspectra in the high state between 
two successive low states (Jameson et al, 1982b); 
d: optical spectra at (a) high state and (6) in- 
termediate brightness (Voikhanskaya, 1983b); 
e: UVspectrum at intermediate brightness (Kraut- 
ter et al, 1981b); f: Optical spectrum at low 
brightness level (Shafter et al, 1985); g: UV spec- 
trum at low brightness level (Shafter et al, 1985). 
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continuum shape as well as the strengths and 
profiles of the lines, much like UX Ursae 
Majoris systems. S-wave variations in the H 
emission profiles are seen in LX Ser, TT Ari, 
and KR Aur, although in no system, not even 
in the eclipsing* system LX Ser, are the lines 
double-peaked (Young et al, 1981a; Shafter, 
1983; Shafter et al, 1985; and Figure 3-19). In 
the lower states, spectroscopically, the systems 
resemble more quiescent dwarf novae. Changes 
in the continuous flux distribution between high 
and low state, however, are of a different qual- 
ity than in dwarf novae: while in dwarf novae 
most of the flux changes during an outburst 
cycle occur at UV wavelengths, in anti-dwarf 
novae it is the optical which is more strongly 
affected, although clearly the changes occur at 
all wavelengths. Changes in the overall distribu- 
tion between high, intermediate, and low state 
in MV Lyr are shown in Figure 3-20 (compare 
with, e.g., Figure 2-76): the drop in brightness 
affects more the optical wavelengths than the 
UV. During the low state in MV Lyr, as well 
as TT Ari, the secondary component becomes 
prominent at low energies (Chiapetti et al, 1982; 
Shafter et al, 1985). 

The different brightness stages not only show 
effects on the continuum shape, but even more 
conspicuous effects in the line spectra. Changes 
in the two best-studied systems, TT Ari and MV 
Lyr, are described in the following. During the 
high state, before the first recorded spectacular 
low state in fall 1980, the spectrum of TT Ari 
exhibited moderately strong H emission lines 
in the optical, which were placed in wide 
shallow absorptions - strongly reminiscent of 
a dwarf nova during decline from outburst 
(Figure 3-21a). The UV was dominated by the 
usual strong resonance lines in absorption, with 
C IV exhibiting a P Cygni profile (Figure 
3-21b). Between the two minimum states in fall 
1980 (mV = 14.5), and fall 1982 (mv = 16.5), 
there was a time when TT Ari returned to  its 

* 
Normally eclipsing systems show double-peaked lines. 

normal brightness around 12.0 mag. In spec- 
tra taken during this period, no pronounced ab- 
sorption shells around the H emissions are visi- 
ble. In the UV, C IV and Mg I1 were entirely 
in emission, and the other resonance lines were 
in absorption (Figure 3-21c). 

During the intermediate state at mv = 14.5, 
the UV lines all went into emission, and the 
continuum was bluer than in the bright state; 
the optical lines became narrower and much 
stronger in emission, correspondingly the 
Balmer jump was seen strongly in emission 
(Figures 3-21d, 3-21e). Comparing the flux at 
intermediate and low (= 16.5 mag) states, there 
is hardly any change in the UV shortward of 
1500 A; at 3000 A, however, the flux decreased 
by a factor of 5, and in the optical by a factor 
of nearly 100, by which, in total, the spectrum 
has steepened considerably toward shorter 
wavelengths. In line radiation in the UV no 
major changes can be seen; the optical lines 
become even much narrower than during in- 
termediate state, with the H lines, as at high 
state, again placed in absorption shells (Figure 
3-210. 

MV Lyr exhibits a highly variable line spec- 
trum during its bright state. MacRae (1952) 
reports the star to show weak H lines and strong 
He I1 4686 A (it is not clear from his descrip- 
tion whether these lines are in absorption or in 
emission) at a brightness of 12.18 mag. Diffuse 
shallow absorptions were also seen in 1952; in 
1954 MV Lyr exhibited strong H emissions; and 
in 1963 narrow emission lines and rapid radial 
velocity variations were reported (Voikhan- 
skaya, 1980). All this seems to have happened 
at roughly the same optical brightness. In 1977 
through early 1979 Voikhanskaya observed MV 
Lyr several times spectroscopically; all 
throughout this time the AAVSO reports the 
apparent magnitude to  fluctuate around 12.5 
mag. In July 1977, a plain continuum without 
any appreciable lines was observed, which per- 
sisted for at least 8 months. In summer 1978, 
H emission lines were seen which briefly dis- 
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appeared shortly afterwards around mid-July; 
they reappeared and stayed until late October 
when they gradually vanished and left only a 
continuous spectrum. This then seems to have 
lasted at least until mid-January 1979. When 
emissions were present, the line profiles of HP, 
Hy, and H6 were subjected to extremely rapid 
variations in strength and position on time- 
scales of minutes, while Ha  stayed roughly con- 
stant. And over longer time-scales of weeks, as 
it seems, the strength of all these lines, including 
Ha,  changed considerably but differently for 
different members of the Balmer series. Con- 
tinuous spectra at times exhibited wide shallow 
absorption shells of H with some weak emis- 
sion cores. No He could be detected. 

All published spectra of fainter brightness 
states of MV Lyr show strong emission lines of 
mostly H and He which become the narrower 
the lower is the overall brightness level (Robin- 
son et al, 1981; Schneider et al, 1981; Szkody 
and Downes, 1982); and the lower the level is, 
the flatter (cooler) become the optical flux 
distribution, much like the spectra of TT Ari. 
Whether or not spectra at fainter states are 
generally more stable in appearance than at 
high state is not known. Some variability is 
clearly present: in spectra of the very faint 
state absorption shells can be seen at times 
around the H emission lines which are not visi- 
ble at other times when the system has roughly 
the same optical brightness (Schneider et al, 
1981; Szkody and Downes, 1982). MV Lyr has 
been observed on two occasions at mv = 17.3 
mag and 16.5 mag, when the continuum slopes 
were almost identical but the line strengths were 
very different (Robinson et al, 1981). 

In TT Ari the spectroscopic period, as deter- 
mined from the radial velocity, is clearly dif- 
ferent from the photometric period, as deter- 
mined from the repeating hump. Furthermore, 
when all radial velocity data from different 
epochs and brightness stages are taken together, 
no period can be found which fits all the data. 
If, however, observations from high, in- 
termediate, and low states are analyzed 

separately, they all lead to a spectroscopic 
period of 0.d1375511, implying phase shifts of 
the radial velocity of 0.28 and 0.58 orbital 
periods, respectively, between the high and low 
states (Shafter et al, 1985; Thorstensen et al, 
1985). The photometric period was found to 
decrease from 0.d1329 in 1961/2, to 0.d1327 in 
1966, and to 0.d1324 in 1978 (Thorstensen et 
al, 1985). It is not clear what these findings 
mean in terms of a physical model of TT Ari; 
it only is clear that more than just orbital rota- 
tion causes the observed changes. A case of 
similar confusion seems to be the dwarf nova 
CN Ori, for which several photometric periods 
have been determined from various observa- 
tions which may or may not be identical with 
the spectroscopic period (see Chapter 2.11.B.3). 

For TT Ari radial velocities have been ob- 
tained at all brightness stages (Figure 3-22). In 
the high state, the radial velocity curve of Ha  
can be seen to be considerably more distorted 
than that of H6; furthermore, the y-velocity is 
systematically lower for higher-order Balmer 
lines. At intermediate brightness, the radial 
velocity curve is highly distorted and asym- 
metric with a sharp short-lasting drop in the 
velocity at about phase 0.5 of the spectroscopic 
period, while the equivalent width of the line 
stays constant. This is probably not a rotational 
disturbance since, first, TT Ari is not known 
to have an eclipse; second, if the change in 
radial velocity were caused by eclipse effects, 
one would expect to see first a rise in the radial 
velocity followed by a drop, and not vice versa, 
unless the white dwarf in TT Ari would be 
rotating retrogradely; and third, the disturba- 
tion lasts far too long to be related to the white 
dwarf. At the very low state, the curve deter- 
mined from the broad base of the lines again 
has a more sinusoidal shape and is in fairly 
good agreement with the radial velocity deter- 
mined from the high state (as is also the case 
in many other cataclysmic variables, for which 
different radial velocities are determined from 
different parts of the line profile; this effect is 
very pronounced in TT Ari during the low 
st at e). 
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GENERAL INTERPRETATION: Like the UX 
Ursae Majoris stars, anti-dwarf novae can be 
distinguished neither spectroscopically nor 
photometrically from dwarf novae (at some activity 
stage), except for their outburst behavior. Thus anti- 
dwarf novae are also considered to be essentially 
identical to dwarf novae in theirphysical nature. The 
mass transfer rate is assumed to be fairly high and 
stable for most of the time; only at (unpredictable) 
times is it considerably reduced. 

OBSERVATIONAL CONSTRAINTS TO 
MODELS: 

e Dwarf novae, UX Ursae Majoris stars, and anti- 
dwarf novae share most of their characteristics ex- 
cept for  their outburst behavior. 

e Unlike in dwarf novae, the changes between high 
and low state in anti-dwarf novae have a con- 
siderable effect on the f lux at long wavelengths. 

Optical color chaiiges during eclipse in some anti- 
dwarf novae are the reverse of what is seeii in 
dwarf novae. 

0 Also unlike in dwarf novae, the hump is strong 
at UV wavelengths in some anti-dwarf novae. 

IV . 
Observationally the criterion for a cataclysmic 
variable to be classified as a DQ Herculis star 
(intermediate polar)* is the existence of more 
than one photometric period, one of which is 
identical with the spectroscopic period (and this 
is the orbital period), and at least one other 
which is appreciably different from this. In ad- 
dition, all these periods must be strongly 
coherent over all times the system has been 
observed. 

This definition is vague enough to actually 
render the class of DQ Herculis stars highly in- 
homogeneous, comprising objects which are 

also classified as members of, or bear strong 
similarities to, other sub-classes of cataclysmic 
variables (incidentally, the prototype DQ Her 
is an old nova; see Chapters 6 and 8). Two main 
groups within this class can be distinguished. 

The first group consists of stars with one ad- 
ditional photometric period which is some two 
orders of magnitude smaller than the orbital 
period (the systems DQ Her and AE Aqr belong 
to this group; for several years also V533 Her 
had to be regarded as one); originally only these 
stars were called “DQ Herculis stars.” 

The second group consists of stars with ad- 
ditional photometric periods that are only 
about one order of magnitude smaller than the 
photometric period (like TV Col, FO Aqr, 
V1223 Sgr, BG CMi, and EX Hya, although 
the latter system is different from all the 
others); for most of these objects two or more, 
usually fairly similar, additional periods have 
been detected in the optical, one of which often 
also shows up strongly in the X-rays. Original- 
ly these objects were referred to as “in- 
termediate polars,” because their additional 
periods are intermediate between the very short 
periods of the DQ Herculis stars (which are 
understood to be the rotational periods of the 
white dwarfs, see Chapter 4.111.F.2) and the 
synchronous rotation of the polars (Chapter 
3.V). 

Then there is one additional group of 
“related objects:’’ their photometric period is 
different from the spectroscopic period, but 
other than “real” DQ Herculis stars they do 
not have one photometric period which is iden- 
tical with the spectroscopic period, e.g., the 
systems HR Del, V603 Aql, TT Ari, are regard- 
ed as “related” (see Ritter, 1987). These will 
not be regarded here, but rather these objects 
have been dealt with in the context of the other 
sub-classes of cataclysmic variables (see index). 

* 
There is no general agreement as to how these terms shall 

be used: some authors use them as equivalents, others 
distinguish between them according to the definitions given 
below. 

The classification of the systems AE Aqr and 
WZ Sge is controversial: both are at times 
referred to as peculiar dwarf novae or, alter- 
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natively, as some kind of nova-like stars. Since 
the detection of superhumps during the last out- 
burst of WZ Sge, this object is usually classified 
now as a dwarf nova of sub-type SU Ursae 
Majoris, and has been dealt with as such in 
Chapter 2, although the 28 sec pulsation also 
would justify a classification as a DQ Herculis 
star. As for AE Aqr, one striking feature is a 
highly stable pulsation with a period of some 
33 sec, while its dwarf nova activity is restricted 
to mere irregular fluctuations; it will be dealt 
with in this section on DQ Herculis stars. 

Concerning their general appearance and 
behavior, DQ Herculis stars exhibit all 
characteristics common to  cataclysmic 
variables, including even nova outbursts in 
some cases. However, they are fairly in- 
dividualistic as single objects, and except for 
the photometric periods they do not have much 
in common concerning details. 

Polarization in the emitted radiation is 
undetectable or just barely present. 

VARIATIONS  AN^ 
TAL CHANGES 

ABSTRACT: The long-term behavior of all 
members of this class, when considered together, 
comprises the full range of possibilities found in 
cataclysmic variables from nova outbursts to dwarf 
novae and nova-like activity. Respective variations 
are found in orbital photometric variability. 

other nova-like stars: 102, 125 

dwarf novae: 21 

interpretation: I71 

* 
As will be seen, this object cannot really be regarded as 

a DQ Herculis star, but since it bears many features 
characteristic of DQ Herculis stars, it will be dealt with 
briefly in this chapter. 

Long-term variabilities of DQ Herculis stars 
span the entire range of possibilities exhibited 
by cataclysmic variables. Two objects, DQ Her 
and V533 Her* are old novae. DQ Her had a 
12.8 mag outburst in 1934, V533 Her had a 11.3 
mag outburst in 1963; when these outbursts are 
compared to those of other novae, there seems 
to have been nothing unusual about them 
(Chapters 6 and 8). EX Hya more resembles 
dwarf novae in its outburst activity. Normally 
it fluctuates about a brightness of 13 mag with 
occasional flares of some 0.5 to 1.0 mag 
amplitude; in intervals of 450 to 500 days it has 
dwarf nova-like eruptions of some 2 mag 
amplitude which only last for some 4 days 
(Ccirdova and Riegler, 1979). AE Aqr fluc- 
tuates irregularly between some 10 mag and 11 
mag, without any detectable periodicity in this 
behavior (AAVSO Report 29). A 0  Psc fluc- 
tuates about 13.3 mag with amplitudes of some 
0.4 mag (Patterson, 1985); inspection of some 
old photographic plates revealed only one ex- 
cursion to a brightness well below normal 
(Belserene, 1981). TV Col, on the other hand, 
has remained close to 14 mag ever since detec- 
tion, except for one occasion in November 
1982, when it rose by some 2 mag for about 2 
days. And finally for V1223 Sgr, which nor- 
mally can be found near 12.3 mag, a total of 
five drops by 2 - 3 magnitudes have been 
reported (Belserene, 1981). 

Light curves on orbital time scales are highly 
reminiscent of other cataclysmic variables: they 
may or may not show humps and eclipses, and 
suffer substantial flickering. Different from 
what normally can be found in cataclysmic 
variables, the coexistence of several photo- 
metric periodicities often gives the light curves 
a very irregular appearance. Since the systems 
are fairly different from each other photo- 
metrically, DQ Herculis stars and intermediate 
polars, in the stricter sense, will be dealt with 
separately. 
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Figure 3-25. 71 sec oscillation in DQ Her (Warner et al, 1972). 

I I I I 

. .. I 

1 I I I I 
6 8 0 2 

O R B l l i i i  PH451 

Figure 3-26. Phase shift of the oscillations in DQ Her diir-ing eclipse (Patterson et al ,  1978b) 

I CUL 
(in the marrow sense) 

CULIS 

other nova-like stars: 96, 102, 117, 119, 122, 125, 
140 

dwarf novae: 35, 46, 65 

interpretation: 190 

ABSTRACT: The orbital light curve of the prototype 
DQ Her is almost identical to that of UX UMa; the 
color dependence is somewkat different. A 71 sec 
pulsatiori has beeii seeti in all photoinetric observa- 
tions. The spectriirii is in no ways exceptional for- a 
nova-like star. 

The orbital light curve of DQ Her is almost 
identical to that of UX UMa (Figure 3-23), the 
orbital periods are different by only 4.4 
minutes: there is a primary eclipse of about 
one magnitude depth, the exact shape and 
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Figure 3-27. Optical 
spectrum of DQ Her 
(Hutchings et al, 1979). 

ZERO - - - - - ___ - - - --- 

Figure 3-28. Optical spectrum of DQ Her through 
eclipse (Hutchings et al, 1979). 

width of which are variable from cycle to cycle; 
the ingress is substantially more stable in ap- 
pearance than the egress; the egress is asym- 
metric and most of the time, as in UX UMa, has 
a halt lasting for a couple of minutes shortly 
before reaching normal brightness; shortly after 
egress between phases 0.110 and 0.325 (with 
respect to central eclipse) there is a phase of 
extremely-large-amplitude irregular variability, 
the particular character of which again varies 
from cycle to cycle; after that, like in UX UMa, 
the light level decreases until about phase 0.7, 
when it starts rising again and a hump-like 
feature which will be interrupted by the eclipse 

becomes visible; the hump maximum can occur 
before as well as after the eclipse, and the 
amplitude varies strongly with time (e.g., 
Walker, 1957; 1958). Unlike in UX UMa, 
where the eclipse is deeper in U and V than in 
B, in DQ Her in 1978 it was observed to become 
deeper with decreasing wavelength, whereas in 
1954 it became shallower (Walker, 1957; 
Schneider and Greenstein, 1979); this change in 
behavior probably can be ascribed to the in- 
fluence of the surrounding nebulosity which 
had been ejected during the nova outburst. At 
IR wavelengths the effect is partially reversed: 
in I the depth of the eclipse is about the same 
as in U (Mumford, 1976). Furthermore, fea- 
tures are considerably more distorted in the IR 
eclipse than in the optical, and they are sub- 
ject to even stronger temporal changes (Figure 
3-24). No hump can be seen in the IR when it 
is clearly visible in the optical (Nelson and 
Olson, 1976); nor can a secondary eclipse be 
detected. 

The times of eclipse, which are a pure effect 
of binary motion, show a sine-like modulation 
with a period of about 14 years; due to  the 
relatively short time during which this star has 
been observed, it is not clear whether these 
changes are strictly periodic or merely cyclical 
(Patterson et al, 1978b). 
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Figure 3-29. Eclipse profiles of He II 4686 p\ as 
measured at various distances from the line center 
(Young and Schneider, 1980). 

The strong, seemingly irregular brightness 
changes near phase 0.2 in DQ Her encouraged 
closer inspection, which eventually revealed a 
monochromatic periodicity of 71 sec. This can 
be found in all observations in the optical with 
sufficiently high time resolution up to 
wavelengths of at least 8600 A (Figure 3-25) - 
superimposed is an irregular flickering with 
lower frequencies (Chanan and Nelson, 1979). 
The amplitude of this pulsation varies over the 
orbital cycle: it has an amplitude of 0.3 to 0.5 
mag near phase 0.1, and gradually decreases 
until phase 0.6 when it is barely detectable; it 
increases again as the hump becomes visible; 
during eclipse it is again strongly diminished, 
is entirely absent for two short moments around 
mid-eclipse, and then recovers rapidly and is 
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Figure 3-30. IR spectrum of DQ Her outside and 
during eclipse (Young and Schneider, 1981). 

again most pronounced near phase 0.1 (Warner 
et al, 1972; Patterson et al, 1978). In addition, 
the pulsed fraction of the flux seems to vary 
over longer time-scales (Chanan and Nelson, 
1979). Regarding pulse times during the orbital 
cycle with respect to the average ephemeris, a 
change of 360” in phase shortly before mid- 
eclipse can be seen (Figure 3-26). When all 
observations of the 71 sec pulsations since 1959 
are regarded together, a secular decrease in the 
period becomes apparent (Patterson et al, 
1978b). 

No dependence of the pulse times on 
wavelengths could be detected, while the 
amplitude in U is almost 70% of that in V. Only 
the He I1 4686 A and C I11 - N I11 4640 A 
emission lines are much more strongly 
modulated than the underlying continuum. In 
addition, in He 11, there is a phase shift in pulse 
arrival times with respect to the continuum 
pulsations, which increases over the width of 
the line with increasing wavelength: the line 
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center pulsates in phase with the continuum, the 
blue wing lags behind, and the red wing leads 
it; the largest amplitude of the pulsation is 
shifted to wavelengths slightly longward of the 
line center (Chanan and Nelson, 1979). 

In the optical spectrum of DQ Her, all lines 
except Ca I1 K are seen in emission (Figure 
3-27). Carbon lines are unusually strong. There 
are large differences in profiles between H, He 
I, and He I1 and C lines: H, and He I, and, 
weakly, He I1 show double-peaked profiles, 
whereas all C lines are single peaked. There are 
pronounced profile changes over the orbital cy- 
cle, in particular during eclipse when all lines 
are considerably weakened (Figure 3-28). The 
eclipse shape is dependent on the wavelength 
in the line profile and is in general fairly asym- 
metric (Figure 3-29): the curve is roughly sym- 
metric and centered about the continuum 
eclipse for the line center; it becomes asym- 
metric and the center is shifted away from the 
center of the continuum eclipse for higher Dop- 
pler velocities, and ingress and egress occur 
more rapidly at higher velocities; the total width 
of the eclipse is approximately 0.11 of the or- 
bital cycle for all velocities except for the line 
center, where it increases to 0.15 of the total 
rotational period. The blue wings of the Balmer 
lines are eclipsed before the respective parts of 
He I1 4686 A, and similarly the eclipse ends 
later for the red wing of the H lines. During 
eclipse in He I1 4686 A and in the Balmer lines 
there appears a pronounced rotational distur- 
bance (Young and Schneider, 1980). During 
mid-eclipse the spectrum of the secondary com- 
panion becomes visible (Figure 3-30). 

ABSTRACT: For some years the old novae V533 
Her exhibited a stable pulsation like a DQ Herculis 
variable. In AE Aqr, a 33 sec variability could be 
observed ever since its detection. In most otherprop- 
erties AE Aqr appears to be a normal cataclysmic 
variable. 

other nova-like stars: 96, 102, 114, 119, 125, 140 

dwarf novae: 35, 46, 65 

interpretation: 190 

Rapid coherent oscillations of some 63 sec 
have been discovered in the old nova V533 Her 
in 1978 (Patterson, 1979a). They had a mean 
amplitude of 1 %, were purely monochromatic, 
and were visible all through the orbital cycle. 
Observations were extended over a period of 
64 days during which time the pulsations stayed 
strictly coherent. They also seem to have been 
detected in 1982 (Robinson and Nather, 1983). 
- When the system was observed again in 
1982, there was strong flickering, but the 63 sec 
pulsation had entirely disappeared (Robinson 
and Nather, 1983). 

The photometric variability of AE Aqr on 
time-scales of hours has been investigated ex- 
tensively by Chincarini and Walker (1981). A 
photometric period of 9h53m is apparent in 
both the light curve as well as in the radial 
velocity curve. AE Aqr is often found in a state 
of pronounced flaring activity, which also 
seems to be responsible for the observed long- 
term variations (Figure 3-31). Flares occur 
mostly around orbital phases 0.25 and 0.8, the 
times of maximum and minimum radial veloci- 
ty, which are also times of photometric max- 
ima; the continuum light level remains much 
less affected by the flares than are the lines 
(Figure 3-32). Inspection of optical light curves 
taken at different wavelengths demonstrates 
that most of the activity occurs in the U-band, 
less in the B-band, and by far the least in V. 

Investigation of the variability of the spec- 
trum during flares revealed three types of flares: 
those which occur exclusively in the (mainly 
blue) continuum, those which occur in the wide 
components of the H emission lines, and those 
which occur in both together (Chincarini and 
Walker, 1981). 
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Figure 3-32. Orbital light curves of AE Aqr, 
nieasurernents from different epochs (Chincarini and 
Walker, 1981). 

Figure 3-31 (left) Light curves of AE Aqr taken at 
various epochs (Patterson, 1979b). 
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Figure 3-34. Relation between flickering amplitude 
arid ttieari intensity in AE Aqr (Patterson, 1979b). 

Figure 3-33. (le$) Power spectra of AE Aqr 
(Patterson, 1979b). 

Figure 3-35. UV spectrum of A E  Aqr (Jameson et 
al, 1980). 
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Power spectrum analysis of different photo- 
metric brightness levels exhibits the presence of 
a highly coherent oscillation with 33.08 sec 
period over many years, as well as a com- 
parable, often more powerful, oscillation in the 
first harmonic at 16.04 sec (Figure 3-33). In ad- 
dition, far less coherent quasi-periodic oscilla- 
tions containing much less power can be pre- 
sent together with, or even instead of, the 
coherent oscillations - although at those times 
when only quasi-periodic oscillations can be 
detected, the latter are so strong that the 
simultaneous presence of the coherent oscilla- 
tions cannot be excluded. Quasi-periodic 
oscillations only could be detected at times of 
enhanced flaring activity, never during 
minimum normal light. The amplitudes of both 
coherent and quasi-periodic oscillations usual- 
ly are on the order of 0.1 - 0.2 % of the general 
flux level, though during times of strong flares 
they can increase to up to 2% within only some 
two minutes. X-ray observations in the range 
of 0.1 - 4.0 keV revealed the 33 sec periodicity 
to be present also there, agreeing in phase with 
the optical pulsation. Besides these more or less 
coherent variabilities, normal flickering can 
also be observed at much lower frequencies. 
The amplitude is well correlated with the 
general brightness of the system (Figure 3-34). 

The optical spectrum of AE Aqr consists of 
a dKO absorption spectrum as well as H,  He I, 
and Ca I1 emission lines (Chincarini and 
Walker, 1981). In particular, the H lines show 
a very complex structure consisting of a wide 
and a narrow component. Radial velocity 
curves of the narrow component almost agree 
in phase and K-amplitude with those of the ab- 
sorption spectrum, thus suggesting a common 
origin, whereas the wide emission component 
is out of phase by roughly 180". In addition, 
rapid changes in radial velocity are reported 
which are not related to the orbital motion. 

The UV spectrum of AE Aqr is very atypical 
for a cataclysmic variable (Figure 3-35). The 
continuum rises slightly towards the red from 
Lya on. The line spectrum consists exclusively 

of emissions. N V (1240 A), and Si IV 
(1400 A) are strong, whereas C IV (1550 A) is 
remarkably weak; Mg I1 (2800 A) is unusually 
strong; emissions of Si 11, Si 111, N 11, N IV, 
and He I1 are strongly present. There is indica- 
tion for the line flux to be anti-correlated with 
the optical brightness of the system (Jameson 
et al, 1980). 

AE Aqr has been detected at radio wave- 
lengths at 15 mJy by Bookbinder and Lamb 
(1985, see also Chanmugam, 1987). 

1v.e. I 

E 

ABSTRACT: EX Hya is a very unique object. The 
binary period is given by a recurring eclipse; in ad- 
dition there is another period which is shorter by f i ,  
most pronounced in the appearance of a recurring 
hump. X-rays and the line spectrum vary with both 
periods. Optical color variations connected with the 
shorterperiod are different from what isseen in other 
cataclysmic variables. 

other nova-like stars: 96, 102, 114, I1 7, 122, 125, 
140 

dwarf novae: 35, 46, 65 

interpretation: 190 

EX Hya is a very unique object in many 
respects. It is closely related to dwarf novae in 
its outburst activity. As a DQ Herculis star, it 
is the only known object in which the second 
photometric period is close to 2/3 of the orbital 
period. For all other objects this parameter is 
either some one or some two orders of 
magnitude shorter than the binary period. 

Power spectrum analysis of the optical data 
reveals two other periodicities besides the 98 
and 67 min periods, one at 49.1 min which is 
one-half of the orbital period, and one at 46.4 
min which does not have any other correspon- 
dence. 

As in many other cataclysmic variables, the 
orbital period shows cyclic secular variations 
on time-scales of 10 - 14 years. The 67 min 
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Figure 3-36. Optical light curve EX Hya (Warner and McGraw, 1981). 
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Figure 3-37. Eclipse depths of EX Hya at various 
epochs (Warner and McGraw, 1981). 

P n A s t  Figure 3-38. V and K light curves of EX 
Hya (Sherrington et al, 1980). 
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Figure 3-39. X-ray light curves of EX Hya folded with the orbitalperiod and the 67 min period (C6rdova et al, 1985). 
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Figure 3-40. General flux distribution of EX Hya 
(Sherrington et al, 1980). 
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Figure 3-41. (below) Optical spectrum of EX Hya 
X A  (Cowley et ai, 1981). 
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period, however, clearly decreases on time- 
scales of lo6 years (Jablonski and Busko, 
1985). 

The most pronounced photometric changes 
in the light curve occur in connection with the 
67 minute period, which appears with a hump- 
like feature; the brightness at hump minimum 
stays almost constant, although the amplitude 
can vary (Vogt et al, 1980). Superimposed is an 
eclipse phenomenon which recurs with the or- 
bital period of some 98 minutes; furthermore, 
there is strong flickering and flaring activity 
throughout the orbital cycle (Figure 3-36; see 
also Vogt et al, 1980). 

The eclipse has a fairly variable depth (Figure 
3-37) which turns out to be related to the phase 
of the eclipse in the 67 rnin cycle: the bottom 
of the eclipse always reaches approximately the 
same brightness level, thus being shallow or 
almost absent at times of minimum of the 67 
rnin cycle, and deep (up to  0.8 mag) at its max- 

imum. Furthermore, eclipses -2nd to occur 
systematically late by up to 35 sec with respect 
to a mean ephemeris when they occur between 
phases 0.0 to  0.5 of the 67 rnin cycle, and 
systematically early by the same amount of time 
during the second half of the 67 rnin period 
(Jablonski and Busko, 1985). 

Color changes during the 67 rnin hump are 
opposite to  what is observed in dwarf novae 
during hump maximum: it becomes bluer dur- 
ing hump maximum and redder during 
minimum. Similar to dwarf novae, the ampli- 
tude of the hump is largest (-0.4 mag) in U 
and slightly smaller at longer wavelengths. 
Light changes in the IR do not have any ob- 
vious relation to  changes in the optical, 
although there might be a slight dip present at 
orbital phase zero. No real trace of the 67 rnin 
period can be found in the IR (Figure 3-38). 

The 67 rnin optical period is strongly visible 
in soft X-rays in the range of 0.1 - 2 keV with 
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a pulsed fraction of some 30%. The orbital 
period of 98 rnin is visible too, but with a lower 
amplitude of only some 15% (Figure 3-39). A 
narrow dip corresponding to phase and dura- 
tion of the optical eclipse is apparent, and there 
is also a broad dip around phase 0.7 which has 
no correspondence in the optical. The profiles 
of both light curves are asymmetric. At 1-4 keV 
the 67 rnin period is still visible with an 
amplitude of some 36%, and some 24% in 4-9 
keV (Beuermann and Osborne, 1985); the on- 
ly X-ray flux modulation which can be seen 
with the orbital period at these high energies 
is a 30% to 60% deep narrow eclipse at the time 
of optical minimum and with approximately the 
duration of the optical eclipse; again, individual 
eclipses are reported to show pronounced dif- 
ference, in particular in depth, as a function of 
their phase in the 67 rnin cycle as well as the 
orbital period (Beuermann and Osborne, 1985; 
1988). At even higher energies (kT = 8 keV) 
a constant low level flux can be observed 
(Heise et al, 1987). 

The flux distribution of EX Hya decreases 
monotonically from 1200 A to 20000 A (Figure 
3-40); then however, it turns up again. The 
corresponding temperature between 550 and 
750 K responsible for this rise is far too low to 
be ascribable to the secondary star (Frank et 
al, 1981b). 

While EX Hya can by no means be closely 
compared with WZ Sge photometrically, both 
systems are fairly similar spectroscopically. EX 
Hya shows very strong and extremely broad 
( - 7000 km/sec at the base) emission lines of H, 
He I, He 11, and some other species (Figures 
3-41). All H lines are double-peaked with a 
separation of 1000 - 1400 km/sec, He I1 4686 
A is single peaked. The line profiles show a pro- 
nounced S-wave variation with the orbital 
period (Gilliland, 1982b). While there is no cor- 
relation between the equivalent widths and the 
orbital cycle, they vary with the 57 rnin period 
(Vogt and Breysacher, 1980a, Hellier et al, 
1987). The maximum of the equivalent width 
closely coincides with the maximum continuum 

flux and the maximum X-ray flux, so the varia- 
tion is not merely due to variable continuum 
level. Gilliland (1982b) found that the line pro- 
files vary one half of the 67 rnin period as well 
as on the orbital period, while Hellier et a1 
(1987) found no evidence for this from later 
observations. H/3 shows a pronounced rota- 
tional disturbance (Cowley et al, 1981). 

ABSTRACT: Usually more than one photometric 
period in addition to the orbital period can be 
detected in the optical. These periods are all on the 
order of 10 to 20 min and in every object they are 
remarkably similar to each other. Usually the longer 
period turns out to be the beat period between the 
shorter period and the orbital period. In most ob- 
jects, one of the short periods is visible in X-rays. The 
spectra do not look any different from those of other 
nova-like stars. 

other nova-like stars: 96, 102, 114, 117, 119, 125, 
140 

dwarf novae: 35, 46, 65 

interpretation: 190 

The pulsation periods of the remaining DQ 
Herculis stars are short enough to merely ap- 
pear as photometric disturbations of the orbital 
light curves. None of those known so far 
possesses an eclipse, but all do show a hump 
to some extent. The recurrence times of the 
hump correspond to the spectroscopic periods. 
The short-term variability is visible in all op- 
tical wavelengths of all objects. The pulsations 
are monochromatic, although there might be 
some power in the first harmonics (e.g., Pat- 
terson and Steiner, 1983; Agrawal et al, 1984). 
The two pulsation periods of A 0  Psc occur 
with appreciably different power at different 
optical energies: at shorter wavelengths the 
shorter period is stronger than at longer 
wavelengths (Figure 3-42). When photometric 
observations of A 0  Psc are folded with all three 
photometric periods, i.e., 805 sec, 859 sec, and 
the orbital period of 3h 35.5 m, it becomes ap- 
parent that the spectral distribution of the 
shorter pulsational variations has about the 

122 



. 3 - r  . , . I ,  . z  , . . . , , 

Figure 3-42. Power spectra of A 0  Psc in Walraven 
W a n d  V bands (Motch arid Pakull, 1981). 

Figure 3-44. Phase-resolved optical spectroscopy of 
FO Aqr (Shafter and Targati, 1982). 

same flux distribution as the orbital variation, 
while that of the longer pulsational period is 
different (van der Woerd et al, 1984). 

In almost all of the systems, two photometric 
periods of comparable length have been 
detected besides the photometric period, and 
usually the longer of those two turns out to be 
equal to the beat period of the shorter pulsa- 
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Figure 3-43. UVspectrum of A 0  Psc (Hassafl et al, 
1981). 
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Figure 3-45. V1223 Sgr: radial velocity curves 0.f H/3, 
Hy, He II (from top to bottom) plotted against the 
orbital phase (Penning, 1985). 

tion period and the orbital period. In A 0  Psc, 
the two are in phase just after minimum of the 
orbital light variation and out of phase by 
180% at maximum orbital light (Motch and 
Pakull, 1981); in V1223 Sgr the situation is just 
the opposite (Warner and Cropper, 1984). Also 
in A 0  Psc there are some indications that the 
805 sec period is rather a transient 
phenomenon, which seems to be absent at 
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times, whereas the 859 sec period is always pre- 
sent (van der Woerd et al, 1984). In V1223 Sgr 
the 745 sec period is detectable at IR 
wavelengths, not so the 746 sec variation (Watts 
et al, 1985). In V1223 Sgr and FO Aqr a secular 
decrease of the short photometric periods was 
detected with P on the order of several times 
lo-”  years (van Amerongen et al 1987a; 
Jablonski and Steiner, 1987; Shafter and 
Macry, 1987). 

While usually the spectroscopic and one of 
the photometric periods are identical, in TV Col 
there is no photometric period equal to the or- 
bital period of the system (Hutchings et al, 
1981). In this respect it is similar to  the anti- 
dwarf nova TT Ari and, possibly, to  the dwarf 
nova CN Ori (see Chapters 2.11.B.3, 3.111.A.2). 

In TV Col, FO Aqr, A 0  Psc, and V1223 Sgr, 
a pulsation period has been detected in hard 
X-rays. In V1223 Sgr this is a period which is 
not seen in the optical: the optical shows pulsa- 
tions of 14.61 and 13.24 min, in the X-rays only 
a period of 12.4 min can be seen (Osborne et 
al, 1985). In the other three systems the X-ray 
pulsation period is equal to  the shorter of the 
optical pulsation periods (e.g., Lamb, 1983; 
Cook et al, 1984; Schrijver et al, 1985). The 
X-ray pulsation and the respective optical one 
are in phase in all systems within the limits of 
observations. Amplitudes of the X-ray pulsa- 
tion vary between some 20% and some 90%. 
In none of the systems has an appreciable flux 
been found in soft X-rays. 

The optical and UV spectra of the in- 
termediate polars do not look any different 
from “normal” spectra of cataclysmic 
variables, with all lines in emission, and a nor- 
mal continuous flux distribution (e.g., Hut- 
chings et al, 1981; Hassall et al, 1981; Kitamura 
et al, 1983; Warner, 1983; Mateo and Szkody, 
1985; Watts et al, 1985). The UV spectrum of 
A 0  Psc is remarkable only in that there are no 
strong lines besides C IV (Figure 3-43). On one 
occasion when TV Col showed a brief outburst 
in both optical and UV, C IV and Si IV 

developed P Cygni profiles (Szkody and Mateo, 
1984). In all systems, there are line profile 
changes in phase with the orbital revolution. 
FO Aqr shows line profile variations in H a  
which are reminiscent of an S-wave, but they 
are restricted to  only the blue wing of the line 
(Figure 3-44). The line flux in A 0  Psc is 
reported to  be variable also on the 859 sec 
period (Motch and Pakull, 1981). 

Radial velocities in BG CMi and V1223 Sgr 
show different phasings within the orbital 
period for the H, and He I1 lines, respectively 
(Figure 3-45); indications for this to be the case 
are also given in A 0  Psc and FO Aqr (Hut- 
chings et al, 1981; Penning, 1985). The line 
fluxes in FO Aqr vary with the orbital period, 
while there is indication for the line profiles to  
vary on the 21 min pulsation period (Shafter 
and Targan, 1982). The C IV 1550 A line flux 
in TV Col varies with the orbital phase (Mateo 
and Szkody, 1985). 

GENERAL INTERPRETATION: The white dwarf 
in DQ Herculis stars is believed to possess an ap- 
preciable magnetic field. It is not strong enough, 
however, to keep the star in synchronism with the 
orbital revolution, The star accrets preferentially on- 
to its magnetic poles which then become X-ray 
radiators. A s  they sweep around due to the white 
dwarf’s rotation they produce a hot area on the in- 
ner side of the accretion disc and/or on the surface 
of the secondary star, which photometrically are seen 
as further periodicities in the light curves. 

OBSERVATIONAL CONSTRAINTS TO 
MODELS: 

Possible additional photometric periods seem to 
be constrained to values either about one or 
about two orders of magnitude smaller than the 
orbital period. 

EX Hya is an exception to this. 

The shorter photometric period, which is not 
the orbital period, has been seen to  decrease 
secularly in some objects. 

Two or possibly three, systems are known in 
which none of the photometricperiods is iden- 
tical to the spectroscopic period. 
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V. AM HERCULIS STARS 

AM Herculis stars (polars) are distinguished 
from other cataclysmic variables by exhibiting 
very strong optical polarization (up to 30% or 
more has been observed) which is variable in 
strength with the same period as the flux at all 
observable wavelengths, as the radial velocity, 
and as the line intensities. 

V.A. PHOTOMETRIC APPEARANCE 

V.A.l .  LONG-TER 

ABSTRACT: The long-term variability is very 
similar to that of anti-dwarf novae in showing mostly 
high (in the case Of Ah4 Herculis stars they often are 
called “on”) and low (called “‘ofy’) states. 

other nova-likestars: 96, 102, 114, 117, 119, 122, 
140 

dwarf novae: 35, 46, 65 

interpretation: 188 

The long-term variability of AM Herculis 
stars is similar to  that of DQ Herculis stars or 
anti-dwarf novae: most of the time they can be 
found close to some “high” (or “on”) 
brightness level; at irregular intervals of time, 
typically on the order of months or years, the 
brightness drops by about 2 to 3 mag to the 
“1ow~’ (or “off”) state, where it will stay for 
typically a hundred to a few hundred days, 

possibly exhibiting some brightness variation as 
well before returning to  the bright state (Figure 
3-46). In addition VV Pup was once observed 
at a high state that was even brighter by some 
0.3 mag than the normal high state; and AN 
UMa and DP Leo were found in unusually low 
states, which in the case of AN UMa was some 
2 mag fainter than the normal low. DP Leo, 
which is extremely faint in any case, became 
almost undetectable below some 20 mag 
(Liebert et al, 1982a; Biermann et al, 1985). 
Furthermore, VV Pup did not brighten above 
15 mag since 1960, although the “normal” 
bright state until then had been around 14.4 
mag (Liebert et al, 1978). The transition be- 
tween high and low states is not abrupt like in 
dwarf novae, but is instead very gradual, tak- 
ing at least a few tens of days. No periodicity 
in this movement between states could be 
detected in any AM Herculis star. Dexter et al, 
(1976) claim to have found a tendency for drops 
in brightness in AM Her to  occur about every 
670 days; however, investigations by means of 
periodogram analysis carried out by Feigelson 
et al, (1978) and based on observations from 
1890 to 1976 did not reveal any significant 
periodicity in the range between 2 and lo4 days. 

V.A.2 PHOTOMETRIC CHANGES IN 
THE HIGH AND LOW STATES 

ABSTRACT: Orbital variations are very dissimilar 
to those observed in other cataclysmic variables, con- 
sisting mostly of continuous variation, with no clear 
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distinction between hump and interhiimp phases 
possible. The appearance of the light curve is highly 
color dependent. So far only one object is known 
to show a brief total eclipse, the shape of which again 
is atypical for  a cataclysmic variable. Flickering and 
flaring are very pronounced. Quasi-periodic oscilla- 
tions occur. - During off states the appearance of 
an object can vary strongly from one night to the 
next. The strong X-ray radiation varies synchronous- 
ly with the optical light. 

other nova-like stars: 96, 102, 114, 117, 119, 122, 
I40 

dwarf novae: 35, 46, 65 

interpretation: 188 

The stable photometric periods of AM Her- 
culis stars - which turn out to be the orbital 
periods of the systems - are typically on the 
order of one to two hours, although the periods 
of some AM Herculis stars (AM Her, 
H0538 + 608, QQ Vul) lie above the period gap 
of cataclysmic variables. The light curves, 
although they are quite different from one ob- 
ject to another, are mostly very dissimilar from 
those of other cataclysmic variables: a distinc- 
tion between hump and interhump phase is 
hardly possible, since the light keeps changing 
all the time; between one and three minima (or 
maxima) per cycle can be distinguished in dif- 
ferent objects; and, also much unlike in other 
objects, the shape of the light curves is highly 
dependent on the wavelength. Typical optical 
and IR light curves of an AM Herculis system, 
VV Pup, are given in Figure 3-47a (more ex- 
amples can be found in Gilmozzi et al, 1978; 
Raymond et al, 1978; Szkody and Capps, 1980; 
Frank et al, 1981a; Miller, 1982), and a 
schematic set of curves of EF Eri is given in 
Figure 3-47b. As for instance in the examples 
of Figure 3-47, the phases of the minima of the 
light curves in some objects are strongly depen- 
dent on wavelength, which indicates that these 
are probably not eclipses as observed in many 
other nova-like stars and dwarf novae; in 
others, like MR Ser or QQ Vul, they all occur 
at roughly the same phase at all energies. In BL 
Hyi the brightness variability in U seems to be 
anticorrelated to that in V (Thorstensen et al, 
1983). 

Corresponding to the wavelength dependence 
of the light curves, and again much unlike other 
cataclysmic variables in which the optical col- 
ors hardly vary outside the times of eclipse, the 
color curves are highly variable with phase, and 
reasonably well-defined loops in the color-color 
diagram are performed. All systems seem to 
become redder consistently during the brighter 
orbital phases, which merely is a reflection of 
the amplitude increase with increasing 
wavelength. 

The exact shapes of the light curves of all 
these objects are variable from one cycle to the 
next and even more so on time-scales of months 
or years (only referring to  the “normal” high 
state so far); an example is shown in Figure 3-48 
( see also Cropper et al, 1986). Mostly the shape 
and amplitude of the maxima is affected, while 
the minimum light level is much less variable. 
Phase shifts of the minimum in U light by 0.3 
in phase have been reported for AM Her 
(Szkody, 1978; Visvanathan and Wickrama- 
singhe, 1979). 

The amplitudes of the brightness changes 
with orbital phase in all AM Herculis stars are 
smallest in U and increase considerably toward 
longer wavelengths, and the variability in U is 
often only poorly correlated with the more syn- 
chronized behavior at lower energies and is the 
most sinusoidally shaped (Figure 3-47). At very 
low energies the light variation again becomes 
largely independent of that in the optical and 
near IR: The K-light curves (2.2 p)  in VV Pup 
and EF Eri are again almost sine-like. One ex- 
ception to this is the system QQ Vul, in which 
the light curves are very similar in shape and 
amplitude in all wavelengths from U to I 
(Figure 3-49), with the exception of the varia- 
tions around the minimum at about phase 0.4 
which become increasingly ill-defined at longer 
wavelengths. 

The only AM Herculis star which really is an 
eclipsing variable is DP Leo (Figure 3-50): for 
about 4 minutes around phase 0.71 the flux in 
the optical as well as the X-rays drops to zero. 
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Figure 3-48. Variability of the optical appearance of 
QQ Vu1 on lorig time-scales (Mukai et al, 1986). 

Unlike eclipses known in other cataclysmic 
variables, this one is very symmetric, ingress 
and egress both last for equally long times 
(somewhat less than 40 seconds), and there is 
no preceding hump, nor is there any detectable 
hold during ingress or egress, as always occurs 
for total eclipses in other cataclysmic variables. 
The optical light and the polarization are strict- 
ly locked to each other in phase. 
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Figure 3-47b. (above) Schematic optical light curve 
of EF Eri in different colors (Motch et al, 1982). 

Figure 3-47a. (le)) Optical light curve of VV Pup in 
U ,  B,  V ,  R, K ,  H ,  and J light (top and bottom) 
(Szkody et al, 1983). 
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Figure 3-49. Optical light curve of QQ Vu1 in various 
colors (Mukai et al, 1986). 
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Figure 3-50. (a), optical light curve of the eclipsing 
system DP Leo and (b) enlarged presentation of hte 
eclipse shape (Bierniann et al, 1985). 

IO 15 
TIME ( 1 0 0 s )  

Figure 3-51, Optical flaring activity in AM Her 
(Panek, 1980). 

In addition to orbital variations, flickering 
activity is observed in all systems. It is present 
with equal strength at all orbital phases. Similar 
to other cataclysmic variables, amplitudes range 
from just 0.1 to 0.3 mag in AM Her to 0.8 to 
1 .O mag in VV Pup, and time-scales are on the 
order of a couple of minutes. In AM Her the 
flickering at different optical and infrared 
wavelengths has been found to be correlated: 
the main peaks seem to occur simultaneously 
at all wavelengths with U slightly leading the 
lower energies (Bailey et al, 1977; Olson, 
1977; Szkody and Margon, 1980). 
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Figure 3-52. X-ray light curves of EF Eri in different 
energy bands (Patterson et al, 1981a). 

Another sort of irregular activity in AM Her- 
culis stars is the so-called “flaring,” which oc- 
casionally can also be observed in some other 
cataclysmic variables, but then with a higher 
amplitude (e.g., SS Cyg and RW Tri, chapters 
2.11.D.1, 3.11.A.2). This term refers to rapid 
irregular brightness increases by some tenths of 
a magnitude every couple of hundred seconds, 
lasting for about one minute (Figure 3-51). It 
seems to  occur simultaneously a t  all 
wavelengths. The amplitude increases toward 
longer wavelengths. No periodic behavior in 
this phenomenon could be detected over longer 
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Figure 3-53. Phase relations between photometric 
and polarimetric variations of AM Her (Crampton 
and Cowley, 1977). 

Figure 3-55. Optical light curve of VV Pup in the 
low state (Bailey, 1978). 
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Figure 3-54. X-ray light curves of A M  Her in (a) nor- 
mal high and (6) reversed high modes (a: Imamura, 
1984; b: Heise et al, 1985). 

time-scales. The distinction between flickering 
and flaring is one of amplitude and frequency. 
In one object the distinct flares have somewhat 
higher amplitudes than the flickering which is 
always present; their amplitude may, however, 
well be of the same order as the flickering in 
some other object. 

Periodic variabilities on time-scales of 
seconds, which are very strong and common in 
many dwarf novae, occur only rarely in AM 
Herculis stars. Quasi-periodic oscillations in the 
range of 1.25 to 2.5 sec once were found in 
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V834 Cen, in AN UMa, and in EF  Eri with 
powers of a few percent, respectively; whereas 
no trace of this could be detected in AM Her 
(Middleditch, 1982; Larsson, 1987; Cropper et 
al, 1986). Other observations of AM Her 
revealed the simultaneous presence of many, 
though not very strong, monochromatic spikes 
in the power spectra with periods between 62 
and 450 sec, reminiscent of the coherent oscilla- 
tions in dwarf novae; these did not repeat from 
night to night (Berg and Duthie, 1977). Szkody 
(1978) reports oscillations of 197 sec and 512 
sec to have been present during four con- 
secutive nights, while an oscillation of 426 sec 
only could be found around phase 0.3; in ad- 
dition, she also found many highly transient 
monochromatic spikes in the power spectra for 
periods between 27 and 1280 sec. On different 
occasions, a quasi-periodic oscillation near 6 
minutes was found in EF Eri which was also 
seen in X-rays and circular polarization 
(Williams and Hiltner, 1980; Crampton et al, 
1981; Patterson et al, 1981a; Williams and 
Hiltner, 1982). At other times, however, no 
oscillation whatsoever could be seen, or oscilla- 
tions appeared with very different periods, 
similar to  what occasionally is observed in AM 
Her. Furthermore, different oscillations were 
seen in different wavebands (Bond et al, 1979; 
Motch et al, 1982). 

All AM Herculis stars are strong, and 
variable sources of both hard and soft X-rays. 
The variability at all X-ray energies is strictly 
synchronous with the variability in the UV, op- 
tical, and IR, as well as with spectrum and 
polarization changes. The shape of the light 
curve varies with the energy band, as in the op- 
tical (Figure 3-52). Except for relatively minor 
changes, the shape of the light curve at any 
energy seems to be rather stable for a longer 
time; in particular, the phase relation between 
individual features in the optical light curves 
and the X-ray light curves remains constant 
over many years (Swank et al, 1977). The X-ray 
light curves of different objects are remarkably 
dissimilar, often resembling the respective op- 
tical light curves. 

As an example, the phase relations between 
different, periodically variable properties of 
AM Her are shown in Figure 3-53; similar rela- 
tions exist in all other AM Herculis stars as well. 
In the particular case of AM Her, the X-ray 
eclipse, which is total, almost coincides with the 
partial optical secondary eclipse, whereas no 
X-ray minimum occurs at the time of the op- 
tical primary minimum. Similarly, it can be 
seen that at the time of the X-ray eclipse there 
is a hold in circular polarization and ingress 
which coincides with the strong pulse in linear 
polarization (see also below). In the eclipsing 
system DP Leo, the X-rays are eclipsed at ex- 
actly the same time as the optical flux. In DP  
Leo, ST LMi, and VV Pup, the X-ray flux is 
zero for almost half of the orbital period, ex- 
hibiting just one hump for the rest of the time 
(Patterson et al, 1984; Beuermann and Stella, 
1985; Biermann et al, 1985). A dip in the X-ray 
flux occurs in VV Pup around phase 0.94, at 
the same time when a small dip is also seen in 
the optical. In EF Eri, a narrow eclipse feature 
can be seen in J and K around phase 0.42, 
which is not present at  optical wavelengths 
(Figure 3.47b); during this same phase, as will 
be shown later, the emission lines longward of 
5500 A all go into absorption; and at X-rays, 
centered at around phase 0.43, a narrow eclipse 
feature can be seen which is total for energies 
between 0.1 and 0.8 keV, and not visible at all 
for energies above 3 keV (Patterson et al, 
198 1 a). 

Some flickering does occur at X-rays as well. 
In most cases there seems to be no correlation, 
however, with times and amplitudes of flicker- 
ing in the optical. In EF  Eri, however, it was 
found that the correlation between flickering 
in hard X-rays and the optical is very strong, 
while it is much weaker between soft X-rays and 
the optical (Crosa et al, 1981; Crampton et al, 
1981; Patterson et al, 1981a; Singh et al, 1984; 
Beuermann and Stella, 1985; Watson et al, 
1987). 

Two very unusual events have been reported 
for the X-rays of AM Her. In 1976 the optical 
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secondary minimum had disappeared. The 
X-ray flux was variable by about a factor of 
2, but any pattern occurred at random and at 
other times strict periodicity was lost; optical 
and hard X-ray flux were at their average high 
level, whereas the soft X-ray flux had decreased 
by a factor of 3 (Priedhorski, 1986). 

In 1983 and 1984, on different occasions, the 
system was observed to display a previously 
unknown kind of X-ray light curve, shown in 
Figure 3-54: The hard X-rays reached a 
minimum periodically at the same orbital phase 
as was seen in previous observations for 
energies above 1 keV, and the shape of this light 
curve also remained roughly the same. 
However, in former observations of the soft 
X-rays the flux variation had been almost 
sinusoidal with the minimum coinciding with 
that observed in hard X-rays, in this so-called 
“reversed mode” it showed very distinct high 
and low levels, each lasting for about half a 
period, with very short transition times of on- 
ly 2 to 3 minutes. The center of the highly 
variable high phase was seen to coincide with 
the minimum of the hard X-ray flux. Rise to 
the high level occurred at phase 0.95, i.e., 
before maximum of the linear polarization 
pulse (see below). 

Between different events of the reversed 
mode the system briefly returned to  the normal 
mode (still at high level of the optical flux) and 
then to  optically low level. During both the 
reversed and the normal high mode, optical 
photometric observations were carried out 
which in no way appeared peculiar when com- 
pared with each other or former observations 
(Mazeh et al, 1986). 

Osborne et a1 (1987) report remarkably 
similar dramatic changes to have occurred in 
the systems QQ Vu1 in 1985. Here the relative 
fluxes in X-rays, UV, and optical changed ap- 
preciably, together with the shape of all the 
light curves: the x-ray light curve in 1985 looked 
strikingly similar to that of AM Her in reversed 
mode. 

During the rare faint states the optical light 
curves of AM Herculis stars become very ir- 
regular or smoothed out while the IR is much 
less affected (Figure 3-55; see also e.g., Szkody, 
1978; Allen et al, 1982; Szkody et al, 1982b; 
Tuohy et al, 1985). The minima and maxima 
which are easily seen during high state practical- 
ly disappear in the optical, in particular since 
the flickering usually remains strong. In BL 
Hyi, narrow minima appear around phase zero, 
which, however, are not separated by one or- 
bital period and thus have no geometric origin 
(Tuohy et al, 1985). In VV Pup in low state, 
no significant hump in the light curve could be 
seen during observations of one night, whereas 
it was clearly present on the following night 
(Bailey, 1978). Similar behavior has been 
reported for other AM Herculis stars (e.g., 
Szkody et al, 1983). 

During the optically low state the flux in both 
hard and soft X-rays drops as well. The syn- 
chronous variations of the X-rays with the op- 
tical variations remains. In AM Her, the eclipse 
in soft X-rays is reported to  disappear 
(Priedhorski and Marshall, 1982); otherwise, no 
dramatic changes are reported for any other ob- 
ject other than a decrease in flux level (this may 
be due to lack of data since, even for otherwise 
bright objects, the x-ray flux is too low t o  be 
measured accurately during the low state). 

V.B. POLARIZATION 

ABSTRACT: The systems exhibit up to 30% cir- 
cularly and linearly polarized radiation. Strong varia- 
tions in the degree of polarization occur syn- 
chronously with spectroscopic and photometric 
variations. 

other nova-like stars: 98, 106, I13 

dwarf novae: 64 

interpretation: 188 

AM Herculis stars emit very strong and 
strictly periodically variable circularly and 
linearly polarized radiation, very much unlike 
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Figure 3-56. Phase relations between photometric 
and polarimetric variations in (a) QQ Vu1 and (b) 
W Pup (A: Noirsek et al, 1984; b: Cropper and Warner, 
1986; see also Figitre 3-53). 
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other nova-like stars or dwarf novae for which 
the level of polarized flux is typically on the 
order of 0.3% if detected at all. The variabili- 
ty follows the same periodicity as any other or- 
bital variabilities in AM Herculis stars, wherein 
the polarization curve usually exhibits a fairly 
intricate but stable pattern. Examples of 
polarization curves and their phase relations to 
other variable properties are shown in Figure 
3-56 (other examples can be found in, for in- 
stance, Allen et al, 1981; Liebert et al, 1982b; 
Biermann et al, 1985; Cropper, 1986). The cir- 
cular polarization typically varies with an 
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Figure 3-57. Circular polarization of AM Her in the 
low state (filled circles), and the high state (dashed 
line: Bailey and Axon, 1981; solid line: Yoirng and 
Schneider, 1979) (Latham et al, 1981). 

amplitude of up to 10 - 30% of the flux, the 
linear polarization by about half this value. 
With the exception of ST LMi, which exhibits 
two spikes in linear polarization, usually only 
one sharp spike in linear polarization is ob- 
served per orbital cycle in AM Herculis stars. 
By convention, normally the maximum of this 
for all orbital variability is defined as phase 
zero. 

The linear polarization pulse lasts for about 
one to two tenths of the orbital cycle, depend- 
ing on the object. Between two consecutive 
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pulses the linear polarization usually is zero or 
close to this. In EF Eri, Allen et a1 (1981) report 
an occasionally present secondary peak in linear 
polarization around phase 0.4. In ST LMi, the 
linear polarization is strong throughout the 
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Figure 3-58. Wavelength dependence of optical and 
IRpolasization in a: AM Her (Bailey and Auon, 1981); 
b: AM Her (Bailey et al, 1984); c: EF Eri (Piirola 
et al, 1987), all during the high state. 

brighter states of the optical flux during the or- 
bital cycle, displaying a spike at the beginning 
and at the end of it (Stockman et al, 1983; 
Cropper, 1986). Usually though not always, in 
AM Herculis stars the peak in linear polariza- 
tion coincides with either a zero-crossing of the 
circular polarization or with the time when the 
circular polarization is close to zero, which 
usually is also the time of higher optical flux, 
and often coincides with a dip in soft X-rays. 
The position angle of the linear polarization 
periodically performs systematic changes in size 
with the orbital period. 

The shape of the circular polarization curve 
usually is fairly complex, exhibiting several 
relative minima and maxima during one cycle. 
For most objects it is either mostly or entirely 
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either negative or positive, showing polariza- 
tion of the other sign for only a short time and 
with a distinctly lesser degree of polarization. 
Though its shape is characteristic for each ob- 
ject, it is variable over longer time-scales, in 
particular when dropping to low optical flux, 
as has been shown in the case of AM Her by 
Latham et al (1981) and (Figure 3-57). The 
linear pulse is also subject to changes in 
amplitude on longer time-scales. 

Like the optical flux, both the linear and cir- 
cular polarization are strongly color dependent 
(Figure 3-58; see also Figure 3-56, Krzeminski 
and Serkovski, 1977; Bailey et al, 1982; Szkody, 
1985; Piirola et al, 1987). The variability usually 
is small in U, increasing in amplitude toward 
longer wavelengths up to 6000 to 8000 A 
(depending on the object), then slowly decreas- 
ing again, but it still is readily measurable at 
20000 A. In the course of years the shape of 
the polarization curve changes significantly, 
like the light curve (e.g., Figure 3-57; Cropper 
et al, 1986, Remillard et al, 1986). 

ABSTRACT: The general appearance of A M  Her- 
culis stars is not very different from that of other 
cataclysniic variables. Almost pure emission line 
spectra are observed. The hydrogen lines mostly con- 
sist of a broad base and a narrow peak component 
which vary independently of each other. The nar- 
row component still can be seen during the low state. 
Also during low state absorption features become 
visible which are identified with Zeeman lines. The 
absorption spectrum of a cool companion is seen in 
some objects. Radial velocity variations (in high and 
low states) are synchronous with photometric and 
polarimetric variations. 

other nova-like stars: 99, 107, 116, 119, 122, 124, 
141 

dwarf novae: 65 

interpretation: 151, 192 

The overall flux distributions of three typical 
AM Herculis stars are shown in Figure 3-59. 
Statistically the flux distribution is not 

dramatically different from that of other 
cataclysmic variables. Clearly no fit of the en- 
tire spectrum with one black body or a power 
law is possible, even when restricted to  only op- 
tical and UV wavelengths; several different 
components contribute to the observable flux. 
With regard to the transition from high to  low 
state, the effect is different in different objects: 
in VV Pup for instance, strong changes occur 
in the optical, while changes are rather small 
at IR wavelengths; in ST LMi on the other 
hand, changes are most appreciable in the IR, 
while they are a lot smaller in the optical. 

A positive detection at  radio energies has so 
far only been possible for AM Her, although 
several other AM Herculis stars have been 
looked at (Dulk et al, 1983). AM Her was 
detected at 4.9 GHz with no obvious flux varia- 
tion correlated with the orbital phase being pre- 
sent (Chanmugam and Dulk, 1982; Bastian et 
al, 1985). At no time could AM Her be detected 
at either 1.4 or 16 GHz, not even during the 
4.9 GHz outburst. 

The X-ray spectrum of AM Her obviously 
consists of two components: a strong soft com- 
ponent with maximum flux around 0.2 keV, 
and a much weaker hard component which 
fades toward higher energies and becomes 
undetectable below 100 keV (Figure 3-60). 
Similar tendencies, though not measured that 
accurately, are seen in other AM Herculis stars. 
In AM Her and EE Eri, an emission feature at 
6.5 k 1.5 keV is easily visible. Both spectra 
were observed during optical high state. 

Optical and UV spectra of AM Herculis stars 
are shown in Figure 3-61. In the optical as well 
as in the UV, the spectra are characterized by 
either a flat continuum or one which rises 
toward the IR. Superimposed are very strong 
emission lines of the usually visible resonance 
lines, of H ,  He I, and He 11, as well as of C 
11, C 111, C IV, Si IV, N 111, N V, Fe 11, etc.; 
Le., the average ionization potential is 
somewhat higher than for other nova-like stars 
or dwarf novae. In particular it is noteworthy 
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Figure 3-59. General f lux distribution of 
AM Herculis stars: a: VV Pup in high (fill- 
ed circles) and low (open circles) states 
(Szkody et al, 1983); b: STLMi  in high and 
low states (Szkody et al, 1985); and c: MR 
Ser (only high state known) (Szkody et al, 
1985). 
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that the Balmer decrement for H a  and HP 
usually is either very flat or even reversed, and 
the flux in He I1 4686 h is often on the order 
of, or even larger than, that in HP. No forbid- 
den lines are detectable. The UV spectrum of 
H0538+608 was found to have changed 
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Figure 3-60. (left) X-ray spectrum of AM Her 
(Rothschild et al, 1981). 

significantly within one year (Bonnet-Bidaud 
and Mouchet, 1987). 

When traced over a full orbital cycle, the 
spectra show marked variability synchronous 
with the orbital period (Figure 3-62). The line 
flux is strong for about half the orbital period, 
centered at the time of the linear polarization 
pulse, and then it drops considerably, often 
very quickly, around phase 0.4 for some time, 
although ratios of line intensities hardly seem 
to be affected; recovering toward higher inten- 
sities takes longer than the drop (Figure 3-63). 
In EF Eri, lines longward of 5500 h (including 
Ha) even go into absorption for a while around 
phase 0.45 (Biermann et al, 1985). In many ob- 
jects these changes are accompanied by changes 
in the continuum flux (e.g., Visvanathan and 
Wickramasinghe, 1981), as is also reflected in 
the photometric light curves. No pronounced 
intensity changes are observed for faint lines. 
Temporal changes in the behavior of the line 
fluxes have been observed on occasions (e.g., 
Bailey and Ward, 1981; Visvanathan and 
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Figure 3-61. (a) Optical (Thorstensen et al, 1983) arid (b) UV spectra of AM Her stars (Patterson et al, 1984). 

Figure 3-62a. Orbital spectrrtrii chaiiges in VV Pup (Schrieider and Greerzstein, 1980). 
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Figure 3-626. Orbital Spectrurn changes iii QQ Vi11 
(Mirkai et al, 1986). 

Figure 3-63. Changes iri the line jlirx between high 
and low states in QQ Vu1 (Mukai et al, 1986). 

Figure 3-64. Broad and narrow line coitipoiients in A M  Her (Greensteiri et al, 1977). 

Wickramasinghe, 1981; Cowley et al, 1982; Not only the line intensities, but even more 
Mukai et al, 1986), indicating that the drop in the line profiles undergo marked complex, 
intensity probably is not due to an eclipse by S-wave-like changes synchronous with the or- 
a stellar object, the confinements of which bital cycle (Liebert et al, 1982a). In most, 
should be stable over long times. though not all, AM Herculis stars, both the 
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Figure 3-66. Spectral changes between high and low 
states in V834 Cen (Maraschi et al, 1984). 

Balmer lines and He I1 4686 A in particular con- 
sist of two components: a broad base com- 
ponent, stretching out to almost -t 1000 
km/sec Doppler velocity, and a narrow sharp 
peak component (Figure 3-64) - often even 
more components can be distinguished (e.g., 
Rosen et al, 1987). In addition, the peak com- 
ponent can appear with a double-peaked struc- 
ture at some orbital phases, but a single peak 

Figure 3-67. (a) Line profiles of AM Her in the low 
state at magnetic phases 0.58 and 0.60. (b) Spectra 
taken 0.09 orbital phases apart during a strong flare 
event (Latham et al, 1981). 

ing (Figure 3-65). Usually the broad base has 
the larger velocity amplitude. The degree of 
phase lag is different for each object; for in- 
stance, it is almost zero for BL Hyi, 25% for 
EF Eri, 53% for VV Pup, and 133% for AM 
Her (Schneider and Greenstein, 1980; Thorsten- 
sen et al, 1983. As the example of AM Her in 
Figure 3-65 shows, however, this also seems to 

at other times, as the example of VV Pup in 
Figure 3-62a shows. The radial velocities of 
both peak and narrow components are different 
in K and 7-velocity as well as in orbital phas- 

be subject to long-term changes. Similarly, as 
shown in Figure 3-65, velocity phases and 
amplitudes are different for different sorts of 
emission lines. 
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Figure 3-68. Cyclotron absorption 
features in A M  Her (Latham et al, 
1981). 
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During the optically high state, no stellar ab- 
sorption features, as ascribed to the secondary 
star and often visible in other cataclysmic 
variables, can be detected with certainty. 

Changes in the line spectra are related to  
changes in the systems between high and low 
states. The continuous flux distribution 
becomes even flatter, and emission lines are 
either weakened or disappear altogether. In ST 
LMi the UV radiation is hardly affected, 
whereas all emission lines disappear in V834 
Cen (Figure 3-66). The broad base components 
which are visible during optically high states 
disappear. The He and metal lines usually are 
not visible any longer. 

The radial velocities of the narrow H emis- 
sions follow almost the same pattern as those 
of the narrow components seen during high 
state, though they can be slightly out of phase. 
During one night an additional emission com- 
ponent of the H lines was visible in AM Her; 
this was much broader than the emission, 
reminiscent of the broad base during high state, 

Figure 3-69. Secondary spectrum iii A M  Her in the 
low state (Schmidt et al ,  1981). 

though the radial velocities did not correspond 
to those seen during the brighter phase (Figure 
3-67). 

In all AM Herculis stars that have been 
observed during an optically faint state, com- 
plex absorption features are visible at the short 
and long wavelength sides of the H emission 
lines. Those features are only slightly variable 
with the orbital phase (Figure 3-68). In all cases 
they have been identified with Zeeman absorp- 
tion features originating from magnetic fields 
with a strength of some 10 - 20 MG. 

In some objects, the continuum flux increases 
considerably longward of about 5000 A - like 
in other cataclysmic variables - and absorp- 
tion bands of T i 0  and the Na I resonance lines 
at 8183 and 8194 A become visible, indicating 
the presence of an M dwarf secondary (Figure 
3-69; see also Mukai and Charles, 1986; 1987). 

GENERAL INTERPRETATION: The white dwarfs 
in A M  Herculis systems have strong tnagnetic fields, 
strong enough to entirely prevent the forniation of 
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an accretion disc in the systems. Material spilled over 
from the secondary star is funneled directly onto the 
magnetic poles of the primary star; the gravitational 
energy is liberated in standing shocks right above the 
poles, which are the source of most of the obser- 
vable photometric, polarimetric, and spectroscopic 
phenomena. Photometric and polarimetric light 
curves change in appearance when for some reason 
the position of the accretion poles on the surface of 
the white dwarf changes. A temporary decrease of 
mass overflow from the secondary star leads to low 
brightness states. 

OBSERVATIONAL CONSTRAINTS TO 
MODELS: 

A M  Herculis stars exhibit very strong linearly 
and circularly polarized radiation. (See 188) 

Temporal variations of the photometric, 
polarimetric, and spectroscopic appearance oc- 
cur in phase at all wavelengths. (See 188) 

Occasionally the systems’ f lux can drop by 
several magnitudes. (See 188) 

In two systems (AM Her and QQ Vul) the total 
f lux distribution was observed to change ap- 
preciably; in this ”reversed mode” the X-ray 
light curves of both objects looked rather 
similar. 

The optical line profiles have a very complex 
structure in which several independently vary- 
ing components can be identified. 

In the low states, Zeeman absorption features 
appear next to the emission lines. (See 188) 

TIC 

The class of AM Canuni Venaticorum stars 
so far consists of four members only: AM CVn 
(=  HZ29), G P  Com (= G61-29), PG 
1346+082, and V803 Cen. Their most 
characteristic features are the total absence of 
hydrogen in their spectra, colors which are 
typical of cataclysmic variables, and extreme- 
ly short photometric and/or spectroscopic 
periods. 

VIA.  NS 

ABSTRACT: Photometric light curves are highly 
variable, displaying a sine-shaped appearance with 
two almost equal parts in the high brightness states 
and a more irregular appearance in the lower states. 
Strong flickering and at times quasi-periodic oscilla- 
tions are present. 

other nova-like stars: 96, 98, 102, 103, 106, 113, 
114, 117, 119, 122, 125 

dwarf novae: 35, 46 

interpretation: I78 

Photometrically, the most extensively ob- 
served AM Canum Venaticorum star is AM 
CVn itself. A part of its light curve is shown 
in Figure 3-70a. At approximately regular in- 
tervals of some nine minutes, photometric 
minima with a depth of typically 0.2 to 0.4 mag 
repeat; occasionally every other minimum is ab- 
sent, or for a while no minimum can even be 
detected at all (Smak, 1975; Patterson et al, 
1979; Solheim et al, 1984). Strong flickering on 
time scales of 20 sec to  5 min, which in 
amplitude can exceed the periodic photometric 
variations, is superimposed on the light curve. 

There have been arguments over what the 
photometric period of this system would be. 
The occasional disappearance of every other 
minimum, and at the same time the usually 
relatively strong appearance of the remaining 
ones led to the conclusion that the 18 minute 
periodicity might be the orbital period. Assum- 
ing this to be the case, the secondary minimum 
would be placed at phase 0.54. Still, the periods 
change slightly at random about some mean 
value which is referred to  as “phase jitter” 
(Patterson et al, 1979). However, it is not en- 
tirely clear that it is always the same minimum 
(eclipse) which is seen strongly, which then 
leads to aliases in period counting (Patterson, 
1979; Solheim, 1984). Extensive analysis of all 
available photometric observations of AM CVn 
lead to  the conclusion that  the main 
photometric period is 0.0121648423 d ~ or half 
of it - and a period decrease of (- 1.6 k 0.03) 
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Figure 3-70. Optical light curves on orbital time scales of (a) AM CVn (Patterson et al, 1979) and (6) PG I346+ 082 
(Wood et al, 1987) at various brightness levels. 

lo-'' sec-'. Superimposed on this develop- 
ment is a cyclical, but not strictly periodic, in- 
crease and decrease of the photometric period 
(Solheim, 1984). 

Periodogram analysis of AM CVn at higher 
frequencies carried out by Warner and Robin- 
son (1972) revealed the existence of  photometric 
variations reminiscent of transient quasi- 
periodic oscillations with periods of 121, 118.9, 
112.8, and 115.5 sec on three different occa- 
sions. The oscillations do not seem to be 
monochromatic, and during one night two 
periods were present simultaneously in one run 
both, however, might be an artifact due to too 
coarse a time resolution, similar to  results in 
dwarf novae, where quickly shifting 
monochromatic oscillations are observed which 
could not be resolved in a coarse time 
resolution. 

AM CVn so far only was seen at brightness 
levels around 14m, and GP Corn around 16m. 
The other two Canum Venaticorum stars, V803 
Cen and PG1346 + 082, are known to undergo 
brightness changes of some 4 mag amplitude 
(Wood et al, 1987; O'Donoghue et al, 1987). 
In PG1346 + 082, appreciable changes in the 
appearance of the light curve are connected 
with the overall brightness changes (Figure 
3-70b): during the high state the light curve is 
reminiscent of that seen in AM CVn; as the 

light level decreases it becomes more and more 
irregular. Rather stable, though not totally 
coherent, oscillations with periods of several 
hundred seconds and some 25 minutes were 
found in all objects except for GP Corn. 

GP Corn has been reported by Warner (1972) 
to show rapid irregular photometric variabili- 
ty. Nather et a1 (1981) observed the star on 
several occasions, but found hardly any 
photometric changes at all. 

ABSTRACT: No trace of Hcan be detected in the 
spectra of AM Canum Venaticorum stars. 

other nova-likestars: 99, 107, 114, 117, 119, 122, 
134 

dwarf novae: 65 

The spectra of all AM Canum Venaticorum 
stars are similar in that none of them shows any 
trace of hydrogen. In the optical, very strong 
broad helium lines dominate; no hydrogen and 
hardly any lines of other elements can be found. 
In AM CVn, and in PG 1346 f 082 and V803 
Cen during the high states, all lines are in ab- 
sorption, in the latter two during low states; and 
in GP  Com they are in emission (Figure 3-71; 
see also Robinson and Nather, 1975; Westin, 
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Figure 3-71. Optical spectra of (a) PG 1346+ 082 (lower spectrum) and AM CVn (insert); in the top panel the 
spectrum of a He white dwarf is displayed for comparison (Nather, 1985); (b) GP Com (Nather et al, 1981). 
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Figure 3-72. UV spectr~icni o f ( a )  GP Coni (=G61-29) (Lambert arid Slovak, 1981) arid ( h )  AM CVii (Solhein? and 
Kjeldseth -Moe, 1987). 

1980; Wood et al, 1987; O’Donoghue et al, 
1987). In no case do the spectra resemble those 
of He white dwarfs (see Figure 3-71a) and, as 
Robinson and Nather point out, the ratios of 
He line strengths in AM CVn (and thus also in 
PG1346 + 082) and the remarkably asymmetric 
profiles are rather abnormal, not at all like what 
is expected in “normal” stars. 

Time-resolved spectroscopic observations 
were carried out on GP Com (Nather et al, 

1981). They find that the radial velocities 
measured from the wings of the emission lines 
lead to an orbital period of 46.52 min. Between 
the blue and red peaks a third narrow S-wave 
component clearly can be seen to migrate back 
and forth with the orbital period (Nather et al, 
1981). 

In the UV spectrum of GP Com (Figure 
3-72a), NV 1240 is strongly in emission, He 
I1 1640 fL is clearly present, N IV 1790 fL,  N 
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IV] 1486 A, and N 1111 17.50 8, are probably pre- 
sent. There is no trace of C IV 1.550 A, which 
in all other cataclysmic variables is the strongest 
or at least one of the strongest lines in the UV. 
The UV spectrum of AM CVn (Figure 3-72b), 
on the other hand, does not look abnormal for 
a cataclysmic variable: the normally strong lines 
like C IV, Si IV, and He I1 are all seen strong- 
ly in absorption; the lines are symmetric with 
no traces of mass out-flow. 

GENERAL INTERPRETATION: These systems 
are currently understood to be cataclysmic variables 
consisting of a pair of white dwarfs. 

OBSER VA TIONAL CONSTRAINTS TO 
MODELS: 

e The orbital periods of A M  Canum Venaticorum 
stars are decidedly shorter than those of all other 
cataclysmic variables. 

e No hydrogen can be found in the spectra. 

These stars are not known to show any outburst 
activity. (See 178) 
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RELEVANT OBSERVATIONS: For about the 
first 100 years of research in dwarf novae, almost 
only outburst light curves were known. Neither 
photometric nor spectroscopic variabilities on time 
scales shorter than a couple of hours were re- 
solved. Practically no nova-like systems (in the 
modern sense of the word) were known. 

see: 15, 21, 95 

ABSTRACT: The first attempts to explain the 
nature of dwarf novae were based on the assump- 
tion of single-star phenomena, in which emission 
lines were assumed to be caused by circumstellar gas 
shells. The outburst behavior was tentatively ascribed 
to the kind of (also not understood) mechanism 
leading to nova outbursts. The realization that some, 
and possibly all, dwarf novae and nova-like stars 
(and novae) are binaries eventually led to models 
which bore more and more similarities to the modern 
interpretation on the basis of the Roche model. 

The first dwarf nova, U Gem, was detected 
in 1855; SS Cyg followed in 1896; and soon 
afterwards they were joined by ever more 
similar objects. Along with these detections, 
from the beginning of this century on, ever new 
attempts were undertaken to  develop concep- 
tual models of what a dwarf nova may consist 
of physically. The major problem, and the 
reason for the failure of all attempts to arrive 
at a suitable explanation until the 1950’s, was 
that no strictly periodic pattern could be found 
in any of the dwarf nova light curves. Only the 

availability of ever larger telescopes and ever 
more sophisticated technology, finally, in 1955, 
revealed the searched-for periodicity in the 
nova-like star AE Aqr and in the old nova DQ 
Her and thus their binary nature (the strong 
similarity between novae, dwarf novae, and 
nova-like stars meanwhile had well been 
established). This quickly led to the formula- 
tion of the Roche model (Chapter 4.11.A) which 
is still today the only serious model for these 
objects and, in fact, in an ever more 
sophisticated form, seems to be able to account 
for at least the majority of the observed 
features. 

A brief survey is given below of the develop- 
ment from initial tentative interpretations to the 
modern understanding. As we approach the 
present era in the historical summary, more and 
more features in the successive attempts to ex- 
plain these stars emerge which resemble the 
modern explanation, and, in retrospect, the 
development towards the Roche model appears 
to have been rather direct, until, at one point, 
this model must have seemed an obvious next 
step. 

For about the first century of observations 
of dwarf novae, photometric observations were 
mostly restricted to visual brightness estimates; 
spectroscopic measurements were, when possi- 
ble, of very low wavelength and temporal 
resolution. Thus, attention was focused on the 
outburst behavior alone, while the existing 
periodicities, on the order of hours and less, re- 
mained undetected. This led to some immensely 
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valuable statistical investigations of the out- 
burst behavior of the two brightest objects, SS 
Cyg and U Gem, which are discussed in 
Chapter 2.11.A. However, detailed and exten- 
sive as these studies were in revealing some ob- 
vious correlations, they provided but little aid 
for constructing models. Certain observational 
features were particularly puzzling, like the oc- 
casional standstills of Z Camelopardalis stars 
or the temporary suspension of activity in SS 
Cyg (the only known example at that time); but 
in first attempts at interpretation these were 
ignored. 

Eventually the first observations of U Gem 
were almost entirely forgotten. Prejudices due 
to our modern ideas about its nature make it 
hard to believe that there is any basis at all to 
what was historically reported: Hind (1856), 
on December 15, 1855, was the first person to 
detect U Gem as a 9th mag star in the sky, in 
a field which, he claims, he had been familiar 
with for five years (the outburst period of U 
Gem has been between 60 and 150 days ever 
since, and the maximum brightness always has 
been on the order of 9 mag). Did it only in 1855 
start its outburst activity? Some support is given 
to this conjecture by reports of very unusual 
behavior at somewhat later times (van der Bilt, 
1908): Pogson, who was reputed to have been 
a very careful observer, reports having seen 
“the variable subject to strange fluctuations of 
intervals of 6 to 15 seconds, and quite to the 
extent of 4 mgs. The neighboring small stars 
were steady, not at all twitching like the 
variable. The phenomenon. . . . was watched 
for about half-an-hour . . . . ”; and according to 
van der Bilt, other observers also described the 
star as being very variable at that time; no 
similar reports can be found for later times. 
Similar behavior has never been reported for 
any other dwarf nova or nova-like star. 

Van der Bilt (1908) seems to have been one 
of the first persons to attempt to gain some hints 
for a model from inspection of the then already 
huge data base of outburst records of U Gem, 
but he ends his article with a discouraging state- 

ment: “All attempts to detect some law in the 
changes of the period have failed.. . . As the 
material now lies before us, only useless 
speculations can result from it.” But he also 
expresses his hope that, with further careful ex- 
tended observations, “the day may come, when 
Mr. J. A. Parkhurst’s statement of some ten 
years ago ‘predictions in regard to it [U Gem], 
can be better made after the fact’ will be left 
wholly to  oblivion.” 

Van der Bilt (1908) reports a first interpreta- 
tion by Nijland, who tentatively assumes that 
long and short eruptions are essentially iden- 
tical, with only short outbursts due to a super- 
position of an eclipse at the end of the outburst. 
In fact, a subtraction of a short outburst from 
a long one (for SS Cyg and U Gem) leaves a 
curve like that known from Algol variables. It 
is not explained, however, how an eclipse, i.e., 
a geometrical phenomenon, can account for the 
clearly not constant time intervals between suc- 
cessive short maxima, and for the irregular se- 
quence of short and long maxima. 

More usual attempts at explanation were 
based on the appreciation of the features com- 
mon to novae and dwarf novae: a quick and 
sudden rise to maximum, and a slower decline. 
In some cases, similarities in the spectra can be 
noted as well. Common, or at least similar, 
underlying causes for the brightness changes 
were suspected, supported by the realization 
that dwarf novae and recurrent novae seem, 
statistically, to follow the same relation between 
time spent in minimum state and amplitude of 
the outburst (Chapter 2.11.A.3). This relation 
would predict recurrence times of several thou- 
sand years for novae, in full agreement with 
their having been observed only once in 
historical times. And it also is in agreement with 
Gordeladse’s (1938) finding that the mass 
ejected by dwarf novae (supposing the same 
mechanism is at work as in novae), integrated 
over outbursts during some 5000 years, 
amounts to approximately the same mass (he 
derives some lo2’ g) as ejected by a typical 
nova during one outburst. 
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A suggestion by Vorontsov-Velyaminow 
(1934) was based on the apparent similarities 
of the spectra of several types of stars, all of 
which he classifies as “nova-like:” in modern 
terms, these are recurrent novae, dwarf novae, 
nova-like stars, and also R CrB stars, P Cyg 
and others. He supposes that they all are related 
to  novae in some way: when a nova 
undergoes an outburst, he assumes, its at- 
mosphere expands considerably; this, however, 
is not a stable state because the star collapses 
again, and at some state of collapse it reaches 
a new equilibrium; according to  the 
resemblance of their spectra to those of the out- 
bursting novae, the “nova-like” stars are 
regarded as different final states of this collapse 
- recurrent novae, for instance, and symbiotic 
stars (using modern terms) did not collapse very 
far; since this state is not quite stable in the long 
run, one day these stars will undergo an out- 
burst. Dwarf novae and modern nova-like stars 
have collapsed much further and thus are 
moderately stable. That this is no satisfactory 
explanation, in fact no explanation at all, for 
the photometric behavior of dwarf novae is ob- 
vious, since practically none of the then already 
known observational features are explained. No 
further work along this line has been pursued. 

Gerasimovi; and Payne (1932) investigated 
color changes in U Gem and SS Cyg as they 
changed from minimum to maximum state, 
respectively. Since they could find changes in 
the color index by only 0.3 mag, they concluded 
that almost all of the brightness changes must 
be ascribed to changes of the radii of the stars, 
and that temperature changes play only a 
subordinate part. 

This opinion is strongly contradicted by 
Hinderer (1948), who gained extensive 
photometric and spectroscopic observations of 
SS Cyg during various stages of activity. He 
concluded that most of the changes in 
brightness are due to mere changes in 
temperature (from some 5650 to 9600 K), ex- 
cept during the brightest phases of an outburst 
when the star’s radius increases by a small 

amount. From the strong hydrogen emission 
lines during maximum a Zanstra temperature 
of some 20000 to 50000 K (or in some modified 
version of 10000 to 15000 K) would have to be 
derived, values which to Hinderer seemed unac- 
ceptably high; so he concluded that the condi- 
tions for the application of this method are not 
met and that the star’s shell may be more highly 
excited than what corresponds t o  the 
equilibrium value. He also mentioned the ad- 
ditional difficulty that He I1 4686 A was seen 
in emission during quiescence, which also re- 
quired an ionization temperature of at  least 
some 20000 K. During maximum state, only ab- 
sorption lines were observed, with no trace of 
emissions, which led him to conclude that the 
shell producing the emission lines had largely 
disappeared or had at least become fainter with 
respect to the photospheric region. During in- 
termediate stages of decline, a superposition of 
broad symmetric absorption lines and nar- 
rower, but also symmetric, emission lines was 
observed. Since the line centers of both com- 
ponents coincided within the accuracy of these 
measurements and no changes in radial veloci- 
ty could be determined, Hinderer concluded 
that the whole outburst was mostly an effect 
of variable opacity in the atmosphere, not con- 
nected with any relevant motions of material. 
The very broad absorption lines which were 
observed (corresponding to Doppler velocities 
of up to almost i 3000 km/s) do provide 
a problem: if they would result from rota- 
tional motions of the star, this star would be 
torn apart. Elvey and Babcock (1943) argued 
that such rotational velocities may still be possi- 
ble for a short time when the star goes through 
a period of instability during rise. However, this 
would not explain how these velocities could be 
maintained for many days almost all the way 
down the decline. Hinderer rejected this 
possibility altogether. He also discarded the 
possibility of the widening originating from the 
Stark effect, since this would require high 
pressures and thus high densities which cannot 
be reconciled with the existence of emission 
lines. Why there could not be two independent 
regions of line emission from which the two 
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sorts of lines could be emitted, he did not com- 
ment on. So he concluded with only the 
assumption that the lines were broadened by 
turbulent motions in the outer layers of the star, 
without considering any further what turbulent 
motions of the required strength might do to 
the atmosphere, and what might cause them. 

On the basis of these conclusions, Hinderer 
devised a model for the physical processes oc- 
curring in dwarf novae during their outburst cy- 
cle. He emphasized that the observations he 
made of SS Cyg and the conclusions based on 
them were in excellent agreement with the spec- 
troscopic observations of many other dwarf 
novae by Elvey and Babcock (1943), so he con- 
jectured that his model might be applicable to  
the entire class. Noting that there was no con- 
clusive evidence for dwarf novae to be white 
dwarfs (as was suggested by Elvey and Babcock 
and also by Miczaika and Becker (1948)), 
Hinderer, in accordance with Joy (1948), 
assumed that dwarf novae were main sequence 
stars of type G3 to G4 corresponding to a color 
temperature of about 5000 K. In his picture, 
they are surrounded by a shell of thin gas ex- 
tending outward to  some 1.8 stellar radii; this 
shell produces the observed emission lines; the 
cause of the outburst is believed to be the libera- 
tion of some inner energy of the star, as for 
novae, which leads t o  an  increase in 
temperature and a moderate increase of the visi- 
ble radius out to  about the outer limit of the 
emission line region. The importance of this 
region to the emitted radiation is thus largely 
reduced, leaving only the absorption spectrum; 
only slowly, when the star’s radius shrinks 
during decline, does it gain back its old impor- 
tance. The different shapes of the outburst light 
curves are due to  the energy not always being 
liberated in exactly the same way; the similari- 
ty of the brightness changes in all the decline 
phases results from the system properties during 
relaxation, after the energy supply is turned off. 
Duricg the time between outbursts new energy 
is accumulated. The Z Camelopardalis stars are 
regarded as a transition state to  “normal” 
stars. 

The dwarf nova SW UMa was observed spec- 
troscopically by Wellmann (1952) during a 
maximum. Here also very broad absorption 
lines are visible, and Wellmann is concerned 
with their interpretation. He immediately 
discards rotational broadening as a likely 
possibility for the same reason as Hinderer, 
namely, that a stellar rotation of 1600 km/s (in 
the case of a system such as SW UMa) simply 
would not be stable. Turbulent motions as sup- 
posed by Hinderer also do not seem reasonable, 
since, in order to  be strong enough to  account 
for the observed line width, the turbulent 
pressure would inflate the atmosphere up to 10 
to 50 stellar radii, in which case the emission 
line spectrum would have a distinctly different 
appearance. As another possibility, Wellmann 
suggests that very broad absorption lines which 
already possess the full observed line width, 
may partly be filled in by emission originating 
in an extended shell of optically thin material 
surrounding the star. No explanation is pro- 
vided for the questions as to what process may 
produce such strong absorption lines and why 
the emissions almost always just fill in the line 
center and appear as emission profiles of their 
own only in less luminous stages. 

From radial velocity measurements in 1954, 
AE Aqr, classified in modern astronomy as a 
dwarf nova or a nova-like star (Joy, 1954), and 
DQ Her, a nova (Walker, 1954b), were detected 
to be binary stars; and they were soon follow- 
ed by others. This led to the speculation that 
possibly all cataclysmic variables are binaries. 
In fact, the subsequent detection of the binary 
nature of eventually almost all well investigated 
cataclysmic variables finally led to  a quite pro- 
mising model for these stars and represented to 
many astronomers (at least until the present 
time, and there is no real indication for this 
period to be about to end) an end to a long 
search. This new “Roche Model,” first outlined 
by Crawford and Kraft (1955; 1956), is prac- 
tically unchallenged and forms the basis for all 
modern interpretation of all the members of the 
class of cataclysmic variable stars. It will be 
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Figure 4-1. Orbital light curve of the nova-like 
variable UX UMa in V, B, and U -from top to 
bottom (Johnson et al, 1954). The light curve clearly 
is not that of a normal eclipsing binary system. 

presented and discussed in detail in Chapter 
4.11. For its derivation, observations of the few 
known nova-like stars, in particular of UX 
UMa, were of great importance. This star and 
early explanations of its nature shall now be 
presented briefly. 

UX UMa has been known since 1933 to be 
an eclipsing variable star (Beljawsky, 1933). It 
is not just an ordinary eclipsing star, but a very 
remarkable one (Figure 4-1): for a long time 
it was the one system with the shortest known 
orbital period, of only 0.1967 days, but it does 
not show the W UMa-type light curve which 
would be expected if normal stellar components 
are very close together; its light curve looks 
similar to that of an Algol star. Any attempts 
to derive orbital elements failed, however, since 
a hump appears shortly before and extends un- 
til shortly after eclipse, and the exact shape of 
both the hump and the eclipse are available 
from one cycle to the next. Thus it was clear 
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Figure 4-2. The first model for UX UMa (Walker 
and Herbig, 1954). An inhomogeneous gas cloud is 
surrounding one of the binary components. 

that this system was not just two normal stars 
eclipsing each other. Linnell (1950) proposed 
prominences or gaseous streams at some 
distance from the eclipsed star, to account for 
both the hump before and after eclipse as well 
as for a hold seen at rise from minimum light; 
the additional gas was assumed to be hidden 
by one of the stars at times of normal bright- 
ness, and the most active region on one of the 
stars was supposed to  be eclipsed at times of 
the hold; the observed variability of the hump 
might be a sign of either variable prominence 
activity or variable activity in the steam-like 
region. The fact that the hump was decidedly 
more pronounced before than after eclipse 
could be understood as either different cross 
sections of the stream being seen or rather as 
some persistent hot spot which was connected 
with the advancing hemisphere of the bright 
star. (Essentially this same scenario was later 
adopted by Walker and Herbig (1954) and fur- 
ther refined on the basis of more observational 
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material.) A gaseous cloud was proposed with 
inhomogeneous temperature distribution hav- 
ing a hot “head” and a cool “tail” to circulate 
around the bright component (Figure 4-2). As 
will be seen in the next chapter, this interpreta- 
tion of UX UMa bares a striking similarity to 
the modern explanation via the Roche 
model: the gas cloud will be replaced by a 
gaseous disc, the bright “head” by a “hot 
spot,” but otherwise it remains about the same. 

Before turning entirely to the Roche Model, 
one final, though unsuccessful, attempt to  ex- 
plain the outburst behavior of dwarf novae 
should be mentioned. Also inspired by the 
discovery that possibly all cataclysmic variables 
are binary stars and by his own new theory of 
nova outbursts, Schatzmann (1959) tried to ex- 
plain the outbursts of the dwarf nova S§ Cyg 
in terms of a resonance phenomenon between 
binary motion and non-radial oscillations of the 
surface of one of the stars, leading to ignition 
of He burning in locally constrained areas of 
the star’s surface. Based on this theory, Zucker- 
mann (1961) deduced a more elaborate model 
of SS Cyg. §he assumes that the system con- 
sists of a G5 main-sequence star and a blue sub- 
dwarf - the explosive star - which is em- 
bedded in a spherical envelope of ionized gas; 
all the system may be surrounded by a cloud 
of circumstellar material. By this explanation 
the colors of the minimum spectra can be ac- 
counted for. During an outburst, she supposes, 
the outer layers of the shell which surrounds 
the blue dwarf are accelerated outward by the 
hot events underneath, but in the course of the 
process of expansion the shell cools 
appreciably. 

Neither of these concepts on the cause of a 
dwarf nova outburst or on how the system is 
structured and evolves otherwise could stand 
up to further confrontation with observations. 
The light curves of eclipsing dwarf novae dur- 
ing the outburst clearly demonstrate that the 
seat of the outburst cannot be a restricted area 
on the surface of one of the stars; and an out- 
burst is accompanied by a very appreciable 

heating in the system and clearly not by any sort 
of cooling. 

Eventually the Roche model became the cur- 
rently only widely accepted model for a 
cataclysmic variable. This is not to  say that it 
provides the complete solution, and it cannot 
be excluded that one day new discoveries will 
force us to give up this model and to replace 
it with another one; but so far it mostly works. 
Thus a gross model seems to apply to all cata- 
clysmic objects (with the possible exception of 
symbiotic stars), subject to refinements and 
modifications which may account for char- 
acteristics of sub-classes and peculiarities of 
single objects. At the same time, it cannot be 
denied that there are observations which either 
cannot be explained at all within the framework 
of this model, or which can only be explained 
by introducing additional, questionable 
assumptions. 

The history of the first 100 years of obser- 
vations of dwarf novae and nova-like stars was 
reviewed in the previous chapter. Attempts to 
understand the physical nature of these systems 
invariably failed until it was determined that all 
of these objects, including novae, are probably 
binary stars. Now, more than 30 years later, 
there is no observational evidence to contradict 
this hypothesis, and for theoretical modeling 
it has proven to  be extremely useful. 

Not all cataclysmic variables are known 
binaries. In fact, with respect to  the entire 
number of known objects, the proven binaries 
are still the minority, but all the brightest 
variables are in fact known to be binaries. 
Not a single system is known which exhibits the 
usual characteristics of a cataclysmic variable 
and at the same time can be declared with cer- 
tainty to be a single star. Two systems are 
known, the dwarf nova EY Cyg and the recur- 
rent nova V1017 Sgr, in which, in spite of in- 
tensive search, no radial velocity variations 
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have been found; but they still exhibit com- 
posite spectra consisting of a bright continuum, 
an emission spectrum, and a cool absorption 
spectrum. I f  the Roche model is correct, it is 
to be expected that a small percentage of ob- 
jects is viewed pole-on, so orbital motions do 
not make themselves felt as Doppler shifts of 
spectral lines. So even these two systems sup- 
port the hypothesis that all cataclysmic 
variables (with the possible exception of sym- 
biotic stars) are binaries. 

EL 

RELEVANT OBSER VATIONS: All well-studied 
cataclysmic variables turn out to be binary systems 
with orbital periods of typically 90 minutes to four 
hours. One component usually is a cool main se- 
quence star (if the orbital period is not larger than 
some 10 hours), and the other is usually a hot ob- 
ject with a geometry and f lux distribution much 
unlike normal stars. 

see Chapters 2 and 3 

ABSTRACT:  The canonical model of  a 
cataclysmic variable is a Roche lobe-filling cool main 
sequence star which loses matter into the Roche lobe 
ofthe white dwarf. The transferred material has too 
much angular momentum to fall onto the surface of 
the white dwarf, but builds out an accretion disc in 
which it slowly spirals towards the white dwarf to 
eventually be accreted. 

Observational evidence for the various com- 
ponents has been given in the theoretical 
abstracts following major sections in Chapters 
2 and 3. Here, a more detailed description of 
the basic Roche model is given. For every 
binary system it applies that from the combin- 
ed effect of the gravitational potentials of the 
two stars and their motion around each other, 
for each component there is a maximum 
geometrical volume, the Roche volume (or, in 
a two-dimensional picture, the Roche lobe), 
matter contained in which is bound gravita- 
tionally to the respective star; outside of this, 
matter either is bound to  the system as a whole 
or, even further outside, it is hardly affected 
by the system at all (Figure 4-3). If it is further 
assumed that, for the special case of a 

cataclysmic variable binary system, one com- 
ponent is a white dwarf and the two com- 
ponents are close enough to each other so that 
one component (normally, but not necessari- 
ly, a main sequence star) fills its Roche lobe, 
then the model follows immediately. 

Based on the evidence that all cataclysmic 
variables are binaries (as was first expressed by 
Struve, 1955), and making use of promising 
aspects of former models, the Roche model for 
cataclysmic variables was first developed by 
Crawford and Kraft (1955; 1956) and was 
quickly established, mainly due to  extensive 
research by Kraft, Krzeminski, Mumford, 
Walker and co-workers (Kraft, 1962b; 
Krzeminski, Kraft, 1964; Mumford, 1964; 
Kraft, 1965; Mumford, 1966; Mumford, 1967; 
Mumford, 1971). The model became more 
refined and sophisticated in order to be able to  
explain ever more observational details and 
properties of cataclysmic systems, but in 
essence it never was changed. In particular, the 
hypothesis gained increasing support that the 
binary nature is a necessary condition for a 
system to become a cataclysmic variable. 

THE ROCHE MODEL FOR CATACLYSMIC 
VARIABLES: 

One component of the system, the primary 
star, is a white dwarf much smaller than its 
Roche lobe, the other, the secondary star, fills 
its Roche lobe (Figure 4-4). At the inner 
Lagrangian point L,  the secondary star 
slightly overfills this volume, and thus matter 
is spilled over into the Roche Lobe of the white 
dwarf. Since angular momentum has to be con- 
served, and because of the tiny dimensions of 
the primary, this material flying along its tra- 
jectory inside the white dwarf’s Roche volume 
would not hit the star’s surface, but rather 
would meet again the stream of injected matter, 
thus forming a ring around the central object. 
As viscous forces are at work, the matter 
gradually loses angular momentum, and this 
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ring eventually spreads out to form a disc which 
lies in the rotational plane of the system, 
eventually extending down to the white dwarf. 
At its outer rim, where newly incoming material 
hits the disc, the so-called hot spot, or bright 
spot, is formed. When matter is approaching 
the white dwarf it has to  get rid of excess 
gravitational energy, half of which - according 
to  the Virial Theorem - is converted into 
kinetic energy of the disc material, while the 
other half is transformed into radiative energy, 
causing the disc to shine as a luminous object. 
The white dwarf need not rotate at Keplerian 
velocity; thus, at the interface between the in- 
nermost disc area and the white dwarf, the disc 

Figure 4-3.  Roche surfaces. 
Material contained in one of the 
critical surfaces clearly belongs to 
the respective star; the two volumes 
touch each other at the inner 
Lagrangian point L ,  (Kopal, 
1978). 

Figure 4-4. 
cataclysmic 

The Roche 
variables. 

model for  

material will have to be braked down to the 
velocity of the white dwarf, in the process of 
which additional radiative energy will be 
liberated and the boundary layer will be 
formed. 

In this picture, a dwarf nova outburst is at- 
tributed to a sudden collapse of much of the 
accretion disc, induced either by some process 
intrinsic to the disc itself, or by a sudden mass 
outburst from the secondary star. A nova-like 
star is thought to be a dwarf nova in perma- 
nent outburst; and a nova-explosion itself is 
thought to be due to  a thermonuclear runaway 
on the surface of the white dwarf. A special sort 
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of cataclysmic variable originates if the 
primary’s magnetic field is strong enough to en- 
tirely prevent the formation of an accretion disc 
(as postulated in the AM Herculis-type nova- 
like variables). In this case, the matter which 
falls in from the secondary star is funneled 
directly onto the white dwarf. 

1I.B. CONCEPTUAL PROBLE 
BASIC EQUATIONS 

ABSTRACT: The Roche model appears to deter- 
mine the basic physics of cataclysmic variable 
systems. Concerning details, however, the situation 
is not yet clear, but it is probably far more com- 
plicated than can reasonably be handled theoretically 
at this stage. 

It is one thing to devise a conceptual model 
of a cataclysmic variables system and to 
develop plausible explanations for certain 
observed features. It is quite another matter to 
try to reproduce theoretically observed light 
curves or spectra. Allowing the Roche model 
to become “alive” and to consist of physically 
reasonable objects rather than two neatly de- 
fined balls of gas (the stars) and a smooth disc, 
it is obvious that the physical processes in a 
cataclysmic system are very likely to be rather 
intricate. This somehow has to be accounted for 
if computations of the emitted spectrum and 
the outburst light curves are to have any 
relevance. It will turn out, however, that most 
of the physical effects one can imagine likely 
to be present cannot now be dealt with 
theoretically in a satisfactory way, either for 
lack of adequate physical understanding or 
numerical skills, or due to limited computer 
capacity. 

Observations indicate that the secondary 
stars are main sequence stars or at least lie close 
to the main sequence. In some cases their 
temperature and radius can be determined. 
From observations the spectral types are deter- 
mined to be approximately G to M. In analogy 
to what is known about such stars (when they 
are single), magnetic activity brings about spots 

on the surface, surges, prominences, magnetic 
loops, and coronae and mass outflow, all of 
which probably does have some effect on other 
parts of the system and in turn is influenced by 
them. It is not known what effect it has on the 
structure and evolution of the star to be con- 
fined to the non-spherical shape of the Roche 
volume and what influence the dramatic lower- 
ing of the gravitational acceleration in the 
vicinity of the Lagrangian point L, may have 
on the outer layers of the star, and what the 
enforced co-rotation (at a speed much higher 
than normal for this kind of stars) may do to 
the secondary. 

The masses, and thus the radii, of the white 
dwarfs in cataclysmic variables are known only 
with large uncertainty, which probably is of 
only little importance for the dynamics of the 
system, in particular the disc; but this is of great 
importance for the emitted spectrum (Chapter 
4.IV). Furthermore, the white dwarf may 
possess a magnetic field, like many single white 
dwarfs do. Fields with a strength of up to some 
lo6 G normally cannot be measured directly in 
these stars, but such fields are able to push the 
inner disc radius far away from the surface of 
the white dwarf because, at the distance of the 
AlfvCn radius, the influence of the stellar 
magnetic field on the matter circulating in the 
disc becomes strong enough to force the mat- 
ter to co-rotate with the star’s field lines rather 
than follow the motion of the disc, thus disrup- 
ting the disc at this distance from the stellar sur- 
face. For a strongly magnetic white dwarf 
which creates a bi-polar field, the distance of 
the AlfvCn radius from the stellar surface and 
the gross structure of the magnetic field can be 
calculated easily (Lamb et al, 1973). If, 
however, the magnetic field is weak enough so 
that the disc is disrupted relatively close to the 
surface of the white dwarf, the field is no longer 
bi-polar and conditions become rather 
complicated. 

Problems are also severe in the seemingly 
simpler case of a non-magnetic white dwarf. 
For the disc to be stable, matter in the disc is 
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expected to rotate at Keplerian velocity. It is 
fairly unlikely, however, that the white dwarf 
also rotates with this velocity, which for it 
would be at the limit of disruption; indeed, it 
may not be rotating at all. The probable case 
is somewhere between these two extremes. If 
the white dwarf is rotating at a velocity slower 
than its Keplerian velocity, the matter arriving 
from the disc must be slowed down in the boun- 
dary layer before accretion onto the white 
dwarf is possible. According to the Virial 
Theorem the kinetic energy of material close to 
the white dwarf is of the same order as the total 
energy radiated away by the entire disc. Thus 
in the case of a non-rotating white dwarf all this 
energy is liberated in the boundary layer. The 
faster the white dwarf is rotating, the less 
kinetic energy has to be converted into radiative 
energy, and the less spectacular the boundary 
layer and its radiation will be. 

If no frictional forces were at work, the 
material transferred into the accretion disc from 
the secondary would circulate infinitely around 
the white dwarf without ever being accreted. It 
is only the viscosity which causes the particles 
to lose energy and thus to slowly spiral onto 
the white dwarf while the remaining angular 
momentum, carried by a small fraction of the 
material, is being carried away from the white 
dwarf. Thus, the physical parameter which very 
critically determines the appearance and tem- 
poral behavior of the accretion disc is the 

*It should be realized that “viscosity” is just a different 
word to describe the mechanisms of probably turbulent 
angular momentum transport in the disc which are 
suspected to be present. Its parameterization by, for in- 
stance, a quantity a,  defined as the ratio of the turbulent 
velocity to the sound velocity, including the actions of prob- 
ably present magnetic fields (Shakura and Sunyaev, 1973), at 
any point in the disc (thus the often used expression “a- 
disc” which refers to just this way of parameterization) has 
no real physical meaning other than that of a basically free 
parameter which is likely to have different values at dif- 
ferent points in the disc. As for its size, considerations about 
disk stability require it to be on the order of 10l6 cm/sec 
(e.g., Hensler, 1982b), which is decidedly larger than 
molecular viscosity. 

viscosity, which, however, is largely unknown.* 
The viscosity determines how much energy is 
liberated at any point in the disc (Le., the 
temperature); it governs the geometrical and, 
together with the temperature, the optical 
thickness at any distance from the white dwarf; 
and it also probably governs the cause and 
development, the presence or absence, of any 
outburst behavior. Whatever computations in- 
volving the viscosity are carried out, some 
essential, but still somewhat arbitrary, assump- 
tions are needed; and the constraints imposed 
by available observations are not as tight as one 
would like. 

There is one particular assumption - 
although it is certainly somewhat arbitrary - 
which has proved very useful for spectrum 
computations in particular (Chapter 4.IV), 
since it provides a simple analytical formula for 
the radiation emitted by the accretion disc. The 
assumption is that the whole disc is stationary, 
i.e., matter transferred from the secondary star 
is transported at a constant rate all the way 
down onto the white dwarf - in other words, 
the mass transfer rate M is constant throughout 
the disc. In this case the entire energy emitted 
by the disc is 

G MwDM 
L, = (4.1) 

2RWD 

and if a non-rotating white dwarf is assumed, 
that same amount is emitted once more in the 
boundary layer (see Chapter 4.1V.F). Equally, 
under this assumption the effective temperature 
Teff (r) at each distance r from the white dwarf 
can be shown to be 

(all symbols have their usual meaning; for 
details of the derivation see Verbunt, 1982). The 
term in brackets accounts for the transfer of 
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angular momentum between the disc and the 
white dwarf and imposes a certain, though in 
practice probably unimportant, uncertainty on 
the value of the effective temperature. It needs 
to be stressed, however, that the radial 
temperature distribution is not known 
theoretically if accretion occurs in some non- 
stationary fashion: besides irradiation which 
is not considered here, the only energy source 
in the disc is gravitational energy, set free by 
viscous interaction; if material circulates in the 
disc at a constant orbit, no energy is gained. 
In Chapter 4.IV.E, ways will be discussed how 
temperature distributions can possibly be de- 
rived in an empirical way. No matter what the 
viscosity is (unless it is unreasonably large), the 
material in the disc is rotating at Keplerian 
velocity v corresponding to its distances from 
the white dwarf: 

cp’ 

The approximate size of the disc can be 
estimated by, on one hand, the observational 
as well as theoretical result that is smaller than 
some 2/3 of the entire Roche radius and, on 
the other hand, by the total size of the Roche 
radius which is estimated from the orbital 
period and the masses of the two stars as 
approximately 

M 
2 / ~ 0  = 0.959 ’/M. (4.4) 

R 

(for details and inherent assumptions see 
Chapter 4.11.C.1). The inner disc radius is set 
by the white dwarf’s radius in the case of a non- 
magnetic, or weakly magnetic, star; and in the 
case of a magnetic white dwarf, the exact value 
of it at some distance from the surface depends 
on the mass of the star, the field strength, and 
the mass accretion rate. 

The hot spot is the place at which the stream 
of infalling matter from the secondary star hits 
the accretion disc. From observations, its 
azimuthal angle with respect to the line connec- 
ting the centers of the two stars is approximate- 

ly known; not so, however, its radial distance 
from the white dwarf, nor its exact shape. 
Depending on how wide the stream is with 
respect to the geometrical thickness of the outer 
disc, the stream can be imagined to either 
swamp this part of the disc or, if it is much nar- 
rower, to deeply penetrate into it. Clearly both 
the radiation (through the radiation 
characteristics of the spot) and possibly the out- 
burst behavior (through the place and amount 
of energy deposited in the disc - see Chapter 
4.111.C.2) of a cataclysmic system depend on 
the nature of the hot spot. 

One final point is that in a cataclysmic system 
radiation emitted by different components and, 
to the extent they are present, magnetic fields 
will interact with each other and with other 
parts of the system changing conditions there. 
One can imagine that irradiation is particular- 
ly important if strong X-rays are emitted from 
the boundary layer and illuminate, and thus 
heat, the inner disc close to the white dwarf. 
A sort of corona may be formed, which pro- 
bably accounts for the very strong emission 
lines of heavy elements seen in dwarf novae 
during quiescence, as well as strong P Cygni 
profiles seen during outburst in dwarf novae 
and in many nova-like stars. 

ETE 

Absolute values of parameters of many sys- 
tems have been quoted in the literature (e.g., 
C6rdova and Mason, 1983; Smak, 1983, 
Patterson, 1984; Patterson and Raymond, 1985a; 
Ritter, 1984, 1987; Warner, 1987). Since it is im- 
portant to have as reliable values of physical 
quanities as possible, and since it is even more 
important to know how reliable these are, dif- 
ferent methods for determining various of these 
quantities will be described and discussed in the 
following sections. This discussion is not in- 
tended to be totally comprehensive; its aim is 
mainly to caution, and to point out where in 
the determination of these parameters problems 
are likely to occur. 
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II.C.l STELL ASSES, STELLAR 
NATION ANGLES 

ABSTRACT: Great care must be taken in the 
determination of radial velocity curves that in- 
homogeneities in the disc and irradiation of the 
secondary star are properly taken into account. Con- 
straints due to the Roche geometry have proved to 
be important in determining system parameters. 

In a normal detached binary system, absolute 
masses and radii as well as the inclination angle 
can be derived from radial velocity curves and 
light curves, applying well-established standard 
procedures. Prejudice-free (Le., model indepen- 
dent) application of this procedure to 
cataclysmic variables caused much confusion 
in the past before the Roche model was applied 
to cataclysmic variables; and it led to practically 
no useful results. Only two eclipsing double- 
lined spectroscopic binaries are known among 
these systems, so strictly speaking it should only 
be possible to determine masses for these two 
systems. Furthermore, from the shape of the 
light curves it is clear that the system geometry 
is not really that of two detached stellar com- 
ponents, so it is highly questionable whether the 
inclination angles - and radii - of the stars 
could be determined' in a meaningful way us- 
ing the standard procedure for binary stars. 

The establishment of the Roche model 
brought about a considerable improvement in 
this situation. Geometrical considerations and 
the assumption that the secondary star fills its 
Roche lobe impose enough constraints so that 
system parameters can now be derived for a 
large number of cataclysmic variable systems. 
At the same time, however, new problems arise. 

The function M sin3i can be derived from 
the radial velocity curve of each component, as 
in other binary systems. There are, however, 
major problems in the determination of the 
radial velocity curve itself. In the case of the 
primary component (white dwarf), the spec- 
trum emitted by the star itself is only very rarely 

visible, and if so, it is stili heavily contaminated 
by radiative contributions from the disc. In 
most cases the lines which are observable (in 
dwarf novae during the quiescent state these are 
mostly emission lines) are those originating in 
the accretion disc surrounding the white dwarf. 
If the disc were perfectly rotationally symmetric 
in its radiation pattern, its presence should not 
pose a problem, and the orbital motion of, in 
effect, the white dwarf would still be 
measurable. But it is not. Certainly the hot spot 
brings a decidedly inhomogeneous element to 
the radiation pattern (which clearly is visible in 
the line profiles). However, since neither its 
temperature nor its radiation characteristics nor 
its position in the disc are known for sure, it 
is not clear what part of the line profile is due 
to the hot spot and what is due to the disc in 
any single case. So clearly the normal way of 
fitting a Gaussian profile to the wings of a line 
(at least in systems which exhibit a hump) is 
bound to include all the distortions caused by 
the hot spot, and thus will not yield reliable 
results. (Incidentally, Stover (1981 b) suggests 
that the phase shift of some 5-10" between 
emission and absorption components in double- 
lined spectroscopic binaries (Chapter 
2.III.B.l.d) is due to just the effect). The often 
found result that the line centers move with dif- 
ferent velocities than the (extreme) line wings 
is merely a result of inhomogeneities like the 
hot spot. In many, in particular high- 
inclination, systems, the Balmer lines exhibit a 
double-peaked profile which is explained as be- 
ing due to  the rotation of the disc; the peaks 
are ascribed to  the outer edges of the disc and 
often radial velocities are derived from them. 
It is not clear, however, what this outer edge 
is, physically, or whether it is circular -thanks 
to the hot spot it probably is not - so the same 
problem will be encountered as described 
above. 

The most reliable parts of a line profile for 
deriving the radial velocity curve are the ex- 
treme wings. Radiation producing them in a 
Keplerian rotating disc originates in the inner- 
most disc close to the white dwarf. in an area 



where at least the influence of the hot spot 
should be negligible, even though it cannot be 
excluded that inhomogeneities exist also there. 
At any rate, this seems to be the safest way to 
measure the radial velocity of the primary star. 
Shafter (1985) compared radial velocity curves 
of T Leo derived from different portions of the 
line wings (Figure 4-5) and found that the 
results depend dramatically on how the mea- 
surement was carried out. He suggests that the 
most reliable results can be obtained when 
several radial velocity curves are derived from 
different points in the line wings, so the point 
can be determined where the line wings just 
begin to merge into the continuum, believing 
that this then probably reflects most closely the 
motion of the white dwarf. 

As for the secondary star, at first glance there 
should not be any problems; as long as the cool 
absorption spectrum is measurable it probably 
represents the cool star. That things are not that 
simple was first pointed out by Robinson et a1 
(1986) who realized that the seven (!) 
measurements of the radial velocity amplitudes 
K, and K, for SS Cyg (which really should be 
the best measured radial velocity curve of all) 
all yield largely discordant results which do not 
even agree within the indicated errors (Table 
4-1). A closer investigation of this case revealed 
that heating of the secondary star (of that half 
facing the disc) by the accretion disc changed 
the amplitude of the radial velocity curve (K,) 
and also distorted it into a non-sinusoidal shape 
(Figure 4-6). 

If both radial velocity curves, that of the 
emission spectrum (d idwhi te  dwarf) and that 
of the absorption spectrum (secondary star) can 
be measured with some confidence, the orbital 
period P and the ephemeris To can be deter- 
mined; furthermore, it is possible to  obtain the 
“system velocity” y *, the mass ratio q,  the 
distance between the centers of gravity, and the 
individual masses, all as some function of the 
angle of inclination. 

In a double-eclipsing system the angle of in- 
clination can be derived with fairly high ac- 

curacy from geometrical considerations, using 
contact times and system dimensions (Figure 
4-7a), if the eclipses are identified as those of 
the white dwarf in first ingress and first egress 
and of the hot spot in second ingress and se- 
cond egress (Smak, 1979; Ritter, 1980; Patter- 
son, 1981; Vogt et al, 1981; Berriman, 1984; 
Priedhorski et al, 1987). In the case of a single 
eclipse the system geometry can be invoked only 
in combination with the mass ratio to  derive 
some upper and lower limits for the inclination 
angle (Figure 4-7b). If no eclipse can be 
observed, guesses of the inclination angle i are 
much more complicated and mostly rely on the 
presence or absence of a hump in the optical 
light curve. 

As already noted, the constraints imposed by 
the Roche geometry have proved to be a big ad- 
vantage in determining system parameters. The 
radiation of a spherical star filling the same 
volume as a Roche lobe-filling star has been 
computed by Paczynski (1 971) to be 

R,/a = 0.38 + 0.20 log q (4.5a) 

for 0.3 < q < 20 

for 0 < q < 0.8 

with 

Le., R, only depends on the mass ratio and the 
distance between the two stars. Furthermore, 
there is plenty of evidence that the secondary 

*Observations of several dwarf novae during outburst (e.g., 
SS Cyg, SU Ursae Majoris stars - see Chapter 2.111.B.2) 
demonstrate, however, that y can be a convolution of the 
system velocity and something else, since it is observed to 
be variable. 
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Figure 4-5a. Depending at what distance (a, in A) 
from the center of an emission line the radial velocity 
of a cataclysmic variable system is measured 
(here: T Leo), different amplitudes KI are obtain- 
ed; a/K, is a measure for  the noise which increases 
strongly where the line wings merge into the con- 
tinuum. The amplitude variation is attributed to in- 
homogeneities in the accretion disc (Shafter, 1985). 

stars in systems with orbital periods below some 
6 hours are indistinguishable from main se- 
quence stars; for the latter there exists a rela- 
tion between mass and radius which, to a fair- 
ly good approximation, is given by 

M 
'/R, = 0.959 '/M, (4.6) 

R 

(Warner, 1972; 1976) for the range of interest 
for cataclysmic variables. Combining this with 
equation 4.4 and Kepler's third law yields 

2 / ~ o  = 3.18 x P[s] (4.7) 
M 

(Warner, 1976). So the knowledge of MI ,  M,, 
sin3i, q, and the orbital period immediately 
provides a reasonably reliable inclination and 
thus individual masses. 
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Figure 4-5b. The radial velocity curve of T Leo, 
measured from the outermost wings of the emission 
lines (Shafter, 1985). 
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Figure 4-5c. The radial velocity measured from the 
centroid of the Ha emission line (same spectra as for 
Figure 4-56). A satisfactory f i t  is clearly not possible 
(Shafter, 1985). 

The spectrum of the secondary star normally 
can only be measured in longer period 
cataclysmic variable systems, the more normal 
case being that only the emission spectrum, 
originating in the accretion disc, is visible. 
However, in this case too the Roche geometry 
helps to determine more system parameters 
than one normally would expect, although 
results become less reliable as more assumptions 
about system components and dimensions have 
to be introduced. Warner (1973) shows that the 
ratio between the radial velocity amplitude K, 
and v sin i for the equilibrium radius for a par- 
ticle which is newly spilled into the Roche lobe 
is a function of only the mass ratio: 

with 
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Figure 4-6. Theoretical radial velocity curves fo r  a 
K5 V star in SS Cyg for different mass-transfer rates. 
The distortions of the shape and amplitude are due 
to heating of the secondary star by the disc and the 
white dwarf (Robinson et al, 1986). 
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Table 4-1. Determinations of amplitudes of the radial 
velocities, K ,  and K2 in SS Cyg (Robinson et al, 
1986). 

Figure 4-7b. In the case of a single eclbse, only upper 
and lower limits of the inclination angle can be 
obtained, from considerations about the system 
geometry (Robinson, 1974). 

f (4) = 0.500 - 0.227 log q , (4.8b) 

for 0.1 d q < 10 

Figure 4-7a. In a double eclipsing system, the angle 
of inclination can be derived with high accuracy from 
the contact times of the eclipses of the white dwarf 
and hot spot, respectively (Ritter, 1980). 

where (f is the distance between the center of 
the white dwarf and L, (Warner, 1976). 
Furthermore, he shows that 

x P" (0.38 + 0.20 log q), 

which is only weakly dependent on q provided 
0.1 < q < 1 (Warner, 1973). So in combination 
with the mass-radius relation (equation 4.4), the 
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mass of a cataclysmic variable system can be 
determined for every system for which the 
radial velocity curve of the emission lines can 
be measured. 

Difficulties with this method are ob- 
vious: how can v(rd) sin i be measured, and 
what part of the line profile represents radia- 
tion emitted from this hypothetical equilibrium 
radium in the disc? Warner (1976) tentatively 
identifies the half-width of the emission pro- 
files with this value, but the physical 
significance of this is not at all clear. Schoembs 
and Vogt (1 980) suggest a modification of this 
method of mass determination which is based 
on measurements of the far line wings, which 
originate in an area adjacent to the white dwarf. 
Their method probably yields much more 
reliable results since it is based on more reliable 
measurements. Further complications arise, of 
course, from measurements of K,, as discuss- 
ed above, and from the not very well determin- 
ed mass-radius relation. 

Robinson (1976) suggests an alternative to  
determine the masses if either the mass ratio q 
is known (for all double-lined systems) or, in 
the case of single-lined systems, if the inclina- 
tion angle is known. In the first case, use is 
made of the relation between the secondary’s 
mass and the orbital period, similar to equa- 
tion 4.5: 

M,2 = [0.996 lo-* P2 (1 + q )  
(4.10a) 

X (0.38 - 0.2 log q)3]/0.804 

with (!) (4.10b) 
M 

q = ‘/M, 

(Robinson, 1976). In the second case, the above 
equation is solved simultaneously with the 
equation for the mass function for cataclysmic 
variables: 

M, sin3i - P K I 3  
(1 + q)2 27rG ’ (4.11) _ _ _ _  

the right-hand side of which only contains 
known values (in the case of a single-lined 
system). The advantage of this method over the 
method suggested by Warner (1976, see above) 
is that all the necessary input values can be 
determined reliably (while the basic assumption 
about the nature of the system and in particular 
about the secondary are the same). The disad- 
vantage is that the difficulty of measuring the 
radial velocity curve of some ill-defined radius 
at the outer edge of the disc is replaced by the 
not necessarily easier task of guessing the in- 
clination angle. 

Another procedure for determining the 
parameters of the secondary star relies on con- 
siderations of, in particular, IR colors (Wade, 
1982). If the contribution of the disc to the IR 
flux can be estimated - e.g., from the assump- 
tion of a stationary disc with some outer radius 
(a maximum of course is the radius of the 
Roche lobe), or from the optical and IR flux 
distribution, which in some objects shows a 
distinct rise to  the IR that can be ascribed to 
the secondary star - then any excess flux in 
the IR is ascribed to the secondary and thus its 
spectral type can be determined. Assuming that 
it is a main sequence star, the mass and radius 
follow immediately. The obvious shortcoming 
of this method is that the IR flux of the disc 
is extremely poorly known. A more reasonable 
estimate would go the other way, namely, if 
from the size of the secondary’s Roche lobe 
(i.e., from the orbital period - see equation 
4.5) its IR flux is estimated, the contribution 
of the disc at IR wavelengths can be 
determined. 

An unconventional method of determining 
the inclination angle was devised by Horne et 
a1 (1986). They made use of the constraints that 
the mass of the white dwarf must not exceed 
the Chandrasekhar limit and that the secondary 
is a main sequence star, and then used Monte 
Carlo techniques to determine that value of i 

160 



which with the highest probability produced the 
observed values of K, and K,. 

ITU 

ABSTRACT: In principle the spectral type of the 
secondary star can be used to determine absolute 
magnitudes. Relatively well-defined observational 
relations exist between the V-magnitude of a dwarf 
nova in outburst and the orbital period, and between 
the V-magnitude and the equivalent width of the Hfl 
emission line, the UV absorption feature at 2200 A, 
if present, should be indicative of the distance. 

A search in the literature for distances and 
absolute magnitudes of dwarf novae and nova- 
like stars yields a wealth of values for each 
system which, even within the error limits, 
disagree. Since these values were derived under 
various assumptions, this very clearly reflects 
the serious difficulties which are encountered 
in this task, and leads one to suspect the large 
errors reflect a strong model dependence. 

The first determinations of absolute 
magnitudes and/or distances of dwarf novae 
were based on parallax determinations. For U 
Gem and SS Cyg, trigonometric parallaxes were 
derived (Strand 1948; van Maanen, 1938; 
Becker and Mczaika 1948). A mean absolute 
brightness during minimum was derived for U 
Gem, SS Cyg, RU Peg, and EM Cyg from 
radial velocities and proper motions (Kraft, 
1962b). This latter method is particularly 
dubious since, as has been discussed above, 
measurements as well as interpretations of the 
radial velocity curves are very difficult, and it 
is not at all clear what is being measured. 

In many systems, in particular in those with 
longer orbital periods, the spectrum of the 
secondary component is visible in the optical, 
or at least in the IR. Under the (justified - see 
Chapter 4.1V.C) assumption that it is a main 
sequence star, it is in principle possible to deter- 
mine its absolute magnitude - thus that of the 
entire system - from estimating its spectral 

type. This method has been applied to many 
systems (e.g., Wade, 1979, 1982; Berriman et 
al, 1985). If radial velocity measurements of the 
late spectrum are available, a determination of 
the spectral type should be straightforward and 
fairly accurate. If only low-resolution spectra 
or  colors are available, however, it is usually 
not clear what contribution to the observed flux 
can be ascribed to the outer cool areas of the 
accretion disc. The constraint that the secon- 
dary fills its Roche lobe helps to provide a fairly 
reliable guess in cases where the mass ratio and 
the orbital period are known. 

Bailey (1981, see also Warner, 1987) cali- 
brated the surface brightness of the cataclysmic 
variable secondaries in the K-band, arriving at 
the relation 

(4.12a) 
S, = K + 5 log d + 5 log ( R / ~ o )  

with 

S, = 2.56 + 0.508 (V-K) (4.12b) 

for (V-K) < 3.5 

S, = 4.26 + 0.58 (V-K) 

for (V-K) > 3.5 

(Figure 4-8). He points out that the interstellar 
absorption is no problem at these wavelengths, 
and that the K magnitude is relatively insen- 
sitive to the temperature of the cool star. If the 
period and mass ratio of a system are known, 
the secondary’s radius can be derived (see 
Chapter 1I.C). So the main difficulty again is 
to  estimate the contribution of the star in the 
V band - which is a very serious problem for 
most systems, since here the flux from the star 
is probably weak while that from the disc can 
be fairly strong. Unless other information 
about the secondary is also available to con- 
strain possible values, the errors in distances 
derived by this method are expected to  be 
considerable. 
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Figure 4-8. The surface brightness of the secondary 
stars in the K band (22000 A) is a good measure of 
their effective temperature (Bailey, 1981). 

Warner (1987) found that there exists a 
relatively well defined relation between the ab- 
solute V magnitude of dwarf novae, in par- 
ticular during outburst, and the orbital period 
(Figure 2-14; the theoretically inferred relation 
between the absolute magnitudes and mass 
transfer rates in cataclysmic variables is in- 
dicated as well) 

(4.13) 
M, (max) = 5.64 - 0.259 P[hr], 

which then provides absolute magnitudes for 
all dwarf novae for which the orbital period has 
been determined with an accuracy of f 0.23 
mag. 

Finally, the interstellar absorption feature at 
2200 A has been used frequently to derive 
distances since the availability of UV spectra. 
Reddening curves have been published by, e.g., 
Nandy et a1 (1975) and Seaton (1979). In order 
to derive the amount of reddening, the observed 
spectra are corrected for interstellar absorption 
by using successively different values for 
E(B-V) until the absorption feature disappears 
from the spectrum. Normally results derived by 

~ 0 . 1 3  k0.024 

M, OF DISK 

Figure 4-9. An empirical relation has been derived 
between the equivalent widths of the Hp emission 
line and the absolute visual brightness of the accre- 
tion disc of cataclysmic variables (Patterson, 1984). 

this method are not in striking disagreement 
with values determined by other means, 
although error limits are fairly large - since 
the "best fit" is to some degree a question of 
taste. Furthermore, it is not certain that one 
single absorption law is applicable equally 
reliably to all directions in the Galaxy. Also ex- 
perience has shown that great care must be 
taken to use well-exposed spectra for this pro- 
cedure, since otherwise results are unreliable. 
Only an upper limit can be derived for most 
dwarf novae and many nova-like stars, 
however, since due to their proximity to the 
Earth no dip in the interstellar absorption is 
visible in the spectrum. 

Patterson (1984) finds an empirical relation 
between the equivalent width of H/3 and the 
visual magnitude of cataclysmic variables 
(Figure 4-9): 

(4.14) 
EW(H0) = 0.3 MV2 + (Mv-4) ,  

which allows an estimate of the absolute visual 
magnitude within some k 1.5 mag for systems 
with strong emission lines (W, > 15A). 
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TES 

ABSTRACT: It is necessary to distinguish between 
the mass transfer rate from the secondary star into 
the Roche lobe of theprimary, the mass throughput 
through the disc, and the mass accretion rate onto 
the white dwarf. All determinations are strongly 
model dependent. Determinations based on eclipse- 
mapping techniques seem to be the most reliable. 

A distinction must be made between the mass 
transfer rate from the secondary star into the 
Roche lobe of the white dwarf, the mass 
throughput through the accretion disc - which 
need not be uniform throughout the disc but 
well may depend on the distance from the white 
dwarf, and, as observations show, is clearly 
variable with time - and the mass accretion 
rate onto the white dwarf, although this is often 
not done carefully in the literature on cata- 
clysmic variables. Only in the special (though 
theoretically most often considered) case of a 
stationary accretion disc are all these values by 
definition identical. In all other cases they are 
more likely to be different from each other, 
while relative relations can easily change with 
time: e.g., assuming that the mass transfer 
rate from the secondary into the primary's 
Roche lobe is not significantly changed during 
an outburst, then this mass transfer rate is 
probably the largest of the three during their 
quiescent state of dwarf novae, when material 
is preferentially stored in the outer disc rather 
than transported on towards the white dwarf 
and thus the two other rates will be close to 
zero; during outburst, on the other hand, when 
the matter which was stored in the outer ring 
during quiescence is suddenly transferred 
through the disc to  be accreted by the white 
dwarf, the mass throughput is probably largest, 
closely followed by the mass accretion rate*, 
while the mass transfer rate might temporarily 
be smallest. Although one can imagine that dif- 
ferences can be fairly large, normally no distinc- 

*Some mass is lost in stellar wind, observable in the P Cygni 
profiles, and some is carried outward in the disc, taking 
care of the excess angular momentum. 

tion is made when values for M are determined, 
and implicitly either the mass transfer rate or 
the mass throughput are determined. 

All known methods for determining the mass 
transfer rate are strongly model dependent, 
though all give results which agree within sur- 
prisingly narrow limits - as long as systems are 
considered which probably are close to  the 
steady state (Le., nova-like stars in the high 
state and dwarf novae during outburst). Fairly 
extensive discussions of various methods are 
given by (Patterson, 1984; Verbunt and Wade, 
1984). 

The theory of evolution of cataclysmic 
variables (Chapter 4.V.D) assumes that mass 
transfer in the ultra-short period systems, with 
periods shorter than 2 hours, is driven solely 
by gravitational radiation, while above the 
period gap magnetic braking (which results in 
strong mass loss) is at work. Computations for 
the amount of mass loss in short period systems 
yield qualitative agreement with mass transfer 
rates derived from observations (Patterson, 
1984 - see also Figure 4-54), demonstrating 
that these mass transfer rates should be on the 
order of 10.'' to lo-" M /yr. For long period 
systems above the period gap, larger mass 
transfer rates are expected. Thus, in general, 
mass transfer rates significantly lower than 
lo-" M /yr can be excluded for cataclysmic 
variables. For an upper limit, values of M both 
from observations and from computations 
(Figure 4-54), as well as values by other authors, 
suggest that mass transfer rates significantly in 
excess of M /yr are quite unlikely to  oc- 
cur in cataclysmic variables, since then these 
systems would be dynamically unstable. 

There are several ways to derive a mass 
throughput rate for the accretion disc, most of 
which, however, implicitly assume that the disc 
is stationary. 

If somehow the radiation flux from the disc 
can be estimated, the mass throughput rate can 
be obtained from 
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(4.15) G M,, M 
L, = 

RWD 

A determination of the disc luminosity is dif- 
ficult, since the bulk of the radiation is pro- 
bably emitted a t  unobservable EUV 
wavelengths. So even if the disc is really sta- 
tionary (which often is rather questionable), 
and even if the entire accessible wavelength 
range from the IR to the Lyman edge is covered 
observationally, some (largely arbitrary) 
bolometric correction has to be adopted in 
order to determine the luminosity. Correspon- 
dingly worse is the situation if either no UV 
data are available for the system, or  if the disc 
is obviously not in a stationary state, as is the 
case for quiescent dwarf novae, for instance. 

Another way of estimating the mass 
throughput rate is to compare the observed con- 
tinuous flux distribution in the optical and UV 
with theoretical models and then derive values 
for M from this. However, as will be discussed 
in more detail in Chapter 4.IV, the difficulty 
here is that the currently available models for 
stationary, and even less for non-stationary, 
discs are far too unreliable and far too depen- 
dent on details of the assumptions and of the 
program codes with which they were con- 
structed to inspire any confidence, other than 
they might be crude estimates at best. 

In some cases attempts have been made to 
determine average mass transfer rates from 
observed changes in the orbital periods of 
cataclysmic variable systems (e.g., Smak, 1971; 
Warner and Nather, 1971). These authors 
assume conservation of mass and angular 
momentum in the system, which, as Patterson 
(1984) points out, is inconsistent with evolu- 
tionary theories about these systems (Chapters 
4.V.C and 4.V.D). Furthermore, since obser- 
vations show that period changes do change 
their signs occasionally, it is clear that they can- 
not be due to mass transfer in the system. 

In other cases attempts have been made to 
determine the mass transfer rate from the 

luminosity of the hot spot (Krzeminski and 
Smak, 1971; Paczynski and Schwarzenberg- 
Czerny, 1980). The obvious difficulties with this 
approach are that neither the shape nor the 
geometrical radiative characteristics of the hot 
spot are known, nor is its flux distribution 
(from which some kind of sensible bolometric 
correction could be derived), nor is the loca- 
tion of the hot spot in the disc which determines 
the amount of energy that is liberated. 

A possibly reliable method to determine the 
mass throughput was derived by Horne and co- 
workers (Horne and Cook, 1985; Horne and 
Stiening, 1985; Wood et al, 1986) using the 
eclipse mapping method (Chapter 4.1V.E): 
the image of the accretion disc is reconstructed 
from photometric observations during the 
eclipse of a cataclysmic variable, preferential- 
ly in several colors; and from the colors at each 
point the temperature distribution and thus the 
local (!) values of M can be determined. 

I1 C 

Accretion discs have become very 
fashionable in astrophysics for explaining a 
wealth of phenomena which cannot be 
understood in terms of processes occurring, for 
instance, in normal stellar atmospheres. They 
have been applied to quasars, to active galac- 
tic nuclei, to X-ray and cataclysmic binaries, 
to symbiotic stars, to protostars, and to many 
more areas. Only in cataclysmic variables, 
however, does it seem that most astronomers 
are reasonably confident that the brightness 
changes observed in dwarf novae and nova-like 
stars in the optical and the UV are due directly 
to changes in the discs. Thus, the study and 
understanding of accretion discs in these 
systems can, and hopefully will, bear potential- 
ly valuable consequences for many other fields 
in astronomy. 

It should be noted, however, that the un- 
solved or poorly understood theoretical prob- 
lems concerning accretion discs are many and 
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Figure 4-10. Qualitative model of an accretion disc. Indicated are the flow of mass (dotted lines) and angular 
momentum (dashed lines) in the disc; energy is generated by viscous heating which is the reason for  the finite 
thickness oJ and the radiation from, the disc (Katz, 1985). 

difficult. A single particle added inside the 
Roche lobe of the white dwarf revolves around 
the central start in a circular orbit at a distance 
which is determined by the equilibrium between 
its own angular momentum and the gravita- 
tional attraction it experiences. When many 
such particles circulate in this way at the same 
distance from the star, they also interact with 
each other, and the distance-dependent 
Keplerian velocity ensures that shear stresses 
will develop between neighboring regions, 
probably causing many kinds of turbulence, 
while magnetic fields might also be present to 
further complicate the situation. The net effect 
is that mass and angular momentum become 
separated, with the bulk of the mass moving 
in orbits ever closer to the center of gravity as 
this material is deprived of ever more of its 
angular momentum, while most of the angular 
momentum, tied to  very little mass, is 
transported outwards in the disc. (At the outer 
edge it either leaves the system, or, more like- 
ly, through interaction with the secondary star, 
is fed back into orbit as angular momentum.) 
Thus the mass which originally all circulated at 
roughly the same distance spreads out into a 
disc, both increasing the outer radius and 
decreasing the inner radius. Details of the 
strength and nature of the particle interaction 
are not known, but commonly they are covered 
conveniently under the term “viscosity.” To  
understand the nature and the role of the 

viscosity is the harder part, since complex pro- 
cesses of plasma kinetics, (magneto-) 
hydrodynamics, and poorly known radiative in- 
teractions, and other system parameters are in- 
volved. Notwithstanding, the study of the out- 
burst behavior of dwarf novae and the 
brightness changes occurring during times be- 
tween outbursts, might still provide some useful 
constraints on various concepts about, and 
models of, accretion discs. At all outburst 
stages the viscosity determines the size and 
geometrical shape of the disc, its radial and ver- 
tical temperature and pressure stratification, 
the spectrum emitted, and - since the gravita- 
tional potential is the only available energy 
source, made available exclusively by the 
viscosity - all observable (and unobservable) 
temporal changes. The theoretical study of 
these quantities shall be the concern of this 
section. 

The general assumptions in theoretical work 
in the area of cataclysmic variables are: the 
neglect of relativistic effects and of self-gravity 
(Le., the mass contained in the disc is negligi- 
ble compared to the mass of the white dwarf‘); 
a disc which is assumed to be geometrically 
thin, lying flat in the orbital plane of the system 
and rotationally symmetrical with gravitational 
energy as the only energy source, which is con- 
verted into radiation energy by viscous pro- 
cesses which also cause the separation of 
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angular momentum and mass. A certain ver- 
tical thickness structure of the disc is due to 
thermal pressure originating from the 
transformed gravitational energy (Figure 4-10.) 

RELEVANT OBSERVATIONS: Photometric 
observations point to the disc being an essentially flat 
object. 

ABSTRACT: The approximate position of the hot 
spot can be reproduced from computations of par- 
ticle trajectories in the restricted three-body approx- 
imation. Hydrodynamic computations provide in for- 
mation about brightness distributions, surface den- 
sity distributions, and velocity fields in the disc. 

The incentive to  introduce accretion discs for 
the explanation of cataclysmic variables came 
from observations. The first attempts to justify 
this hypothesis by means of computations were 
undertaken in the early 1960’s (for a 
bibliographic overview see Flannery (1975a) 
and Hensler (1982a)), and in the course of the 
following decades the theories became ever 
more elaborate. Still, many properties of the 
disc can be derived from basic physical prin- 
ciples without extensive use of computers. 

The secondary star can safely be assumed to  
co-rotate with the binary orbit (the synchroniza- 
tion time is very short, see Chapter 4.V.C), and 
matter leaving its surface at the inner 
Lagrangian point L, is likely to have a veloci- 
ty on the order of the local sound speed (e.g., 
Lin and Pringle, 1976), which is about an order 
of magnitude less than the orbital velocity of 
the secondary star around the primary. When 
material is spilled into the Roche lobe of the 
white dwarf, it thus has an angular momentum 
with respect to the central star which is high 
enough so that it will pass by the star’s surface 
on its trajectory in the white dwarf’s gravita- 
tional field. The velocity is not high enough, 
however, for the particles to leave the field 
altogether, so they are deflected into an orbit 
around the white dwarf. A “hot spot” is 

formed where the orbit and stream of newly in- 
falling matter collide. Each single particle, were 
it left alone, would settle down into an orbit 
around the white dwarf corresponding to the 
equilibrium between its centrifugal force keep- 
ing it away from the star’s surface and the 
gravitational force attracting it. All velocity 
components perpendicular to  the orbital plane 
of the binary system (which may well be pres- 
ent as the particle enters the Roche lobe) are 
quickly smoothed out by the primary’s gravita- 
tional attraction, which increases away from the 
plane, and thus the orbit will lie entirely in the 
orbital plane (see equation 4.17). Eventually 
many particles will orbit around the white 
dwarf all at (about) the same distance, making 
collisions and other interactions unavoidable. 
Thus some viscous mechanism has to be at 
work which is then able to separate mass from 
angular momentum: most of the material 
moves closer to the white dwarf (having less 
angular momentum), and comparatively little 
mass - ever less as the distance from the white 
dwarf increases - carrying most of the angular 
momentum is transported outward. The 
original torus spreads out (Figure 4-1 1). 

First attempts to verify these considerations 
numerically followed the motion of individual 
particles in the restricted three-body approx- 
imation (e.g., Flannery, 1975a). The predicted 
position of the hot spot was in reasonable 
agreement with the observations, but more 
precise predictions were hardly possible. As 
more powerful computers became available, 
two-dimensional hydrodynamic computations 
were carried out to various degrees of 
sophistication (e.g., Novick and Woltjer, 1975; 
Lin and Pringle, 1976; Hensler, 1982a; and 
references therein). Basically, the motion of 
many individual particles is followed through 
a geometrical grid which covers the entire 
Roche lobe; at consecutive time steps each cell 
is checked for the number and dynamical states 
of particles in it, some adopted numerical 
“viscosity” allows for momentum exchange as 
particles pass close by to  each other, and, as 
ever more mass is fed into the initially empty 
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Figure 4-11. Formation of an accretion disc due to 
mass overflow from the secondary star: initially 
only a ring is formed, which eventually spreads out 
and forms an accretion disc; (d) is a side-view of the 
system (Petrerson, 1983). 
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Figure 4-12. Two-dimensional hydrodynamic computations provide in formation about (a) the column density 
and (b) the radiation intensity of the accretion disc (Hensler, I982a). 

Figure 4-13. Temporal evolution of an accretion disc from first formation to a stationary state at constant mass 
transfer; displayed are the radius of the disc, the time, and (a) the surface density, (b) the temperature, and (c) 
the semi-thickness (Bath and Pringle, 1981). 
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Roche lobe, the process is followed until a sta- 
tionary state builds up. In this way informa- 
tion about the mass density, the velocity field, 
and the radiation intensity* are obtained at the 
same time. Examples of such computations are 
given in Figure 4-12 for the column density and 
the radiation field. Similarly, Bath and Pringle 
(1981) computed the development of the 
temperature and surface density (E = ,f e dz) 
and the geometrical (semi-)thickness of the disc 
(Figure 4-13). Details about these results strong- 
ly depend on the assumptions about the viscosi- 
ty, but the gross features are represented as ex- 
pected from the observations. 

It is also possible to obtain some approximate 
information on how much of the mass in the 
disc is accreted by the white dwarf, and on what 
happens to the mass that is carrying outward 
angular momentum. In principle, the alter- 
native for material in the outermost disc areas 
is to either leave the system carrying away all 
the angular momentum or, exposed to  ever 
stronger tidal forces by the secondary stars as 
it moves away from the white dwarf, to feed 
the angular momentum back into the orbital 
motion (Lin and Pringle, 1976; Papaloizou and 
Lin, 1979; Hensler, 1982a). The action of tidal 
forces on the outer parts of the disc is to try 
to slow down the rotation and to thus feed 
angular momentum back into the orbit. 
Viscosity, on the other hand, tends to 
counteract this and to make the material leave 
the Roche lobe, or even the system. With 
vanishingly little viscosity all angular momen- 
tum would be given back to the system, with 
no tidal forces acting, and 30% to  50% of the 
originally transferred mass would be lost from 
the system (Papaloizou and Pringle, 1977). 
What really will happen depends on the balance 
of the two, and thus also on the mass ratio be- 
tween the components, which determines the 

strength of the tidal forces. Papaloizou and 
Pringle guess that the amount of mass lost from 
a typical cataclysmic variable system is on the 
order of a few percent*. 

A hot spot originates where the stream hits 
the disc and strong velocity gradients occur. 
This feature is clearly present in all two- 
dimensional hydrodynamic computations, and 
it is considered responsible for the hump struc- 
ture present in the light curves of many 
cataclysmic variables. More controversial is the 
geometrical shape and structure of the hot spot 
and its position in the disc. If a hump is seen 
at all in a cataclysmic variable light curve, it 
normally is visible only for about half of the 
orbital period, i.e., when the system is viewed 
from behind the hot spot it must be veiled by 
some material; at any rate the characteristic 
emerging radiation pattern is highly 
anisotropic. Furthermore, it is not clear from 
observations at what distance from the white 
dwarf the hot spot is located. For clarification 
of the structure and location of the hot spot, 
it is essential to know the vertical structure of 
the accretion disc (perpendicular to the rota- 
tional plane), and theoretical details about the 
hot spot depend very crucially on assumptions 
made about this structure or, what is almost 
identical, about the viscosity in the disc. 

It is quite possible that the incoming stream 
penetrates the outer areas of the disc and only 
is stopped comparatively close to the white 
dwarf, where the density of the disc material 
is high enough to stop further penetration. 
Thus it follows that the actual shock may oc- 
cur well within the disc far below optical depth 
one, hidden from direct observations, and that 
only gradually will the excess radiation find its 
way to the surface (e.g., Bath et al, 1983a, and 
Chapter 4.111. C.2). 

* 
At this level of numerical treatment there was still no ver- 

tical component included in the computations, and thus no 
information about the vertical structure could be obtained, 
but only about the integrated values. 

* 
Observations also lead to the conclusion that not much 

matter can be lost from the system, since no traces of gas 
shells have been observed around any system except for 
novae, which represent a different situation. 
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Clearly, in any further investigation of the 
disc structure, and in particular of dwarf nova 
outburst behavior, it will be necessary to take 
into account the third dimension of the prob- 
lem, the vertical stratification of the accretion 
disc - which will be the issue of the next 
section. 

The hydrodynamic computations of accre- 
tion discs described above can provide averaged 
information about the vertical structure, which 
is the assumption underlying the computations. 
In order to  obtain a clearer picture about disc 
properties, it is essential to consider the vertical 
stratifications. Certain properties of flux den- 

The viscosity in the disc usually is assumed 
to be due to shear forces between the differen- 
tially (Keplerian) rotating particles in the disc, 
producing turbulent and/or magnetic interac- 
tion. Both are likely to  be present in an ionized, 
rapidly rotating medium - but although this 
viscosity determines practically everything hap- 
pening in the disc, no clear concept about its 
physical nature exists so far. 

A kind of “effective viscosity” - the only 
physical function of which is to allow matter 
to be accreted by the white dwarf - has been 
suggested by Sawada et a1 (1986a; 1986b; 1987), 
whose hydrodynamic computations show that, 
under the action of tidal forces, shock waves 
are formed in the outer areas of an inviscid disc 
and then travel inwards toward the white 
dwarf. The gas in the disc loses enough angular 
momentum in these shocks for accretion to take 
place without any viscosity due to particle in- 
teractions being at work in the disc. Since these 
ideas are currently quite new, this alternative 
has not yet been pursued more deeply, so it will 
not be considered any further in what follows. 
All other computations of dwarf nova outburst 
behavior, etc., are based on the assumption of 
a turbulent viscosity. 

RELEVANT OBSERVATIONS: Common sense 
says that the disc must be extended to some degree 
in the vertical direction. 

ABSTRACT: Some idea can be obtained about the 
vertical structure of an accretion disc, assuming 
hydrostatic equilibrium in the vertical direction and 
employing the basic equations for stellar atmospheres 
and interiors. The least understood and at the same 
time the most important, parameter in the cotnputa- 
tions is the viscosity. 

sities and surface densities are known from two- 
dimensional considerations. If prescriptions for 
the vertical pressure and density stratifications 
and some viscosity (energy source) are assumed, 
the normal equations for the computation of 
stellar atmospheres and interiors provide a ver- 
tical structure for each point in the disc when, 
as a good approximation, a locally plane- 
parallel approximation is assumed, and the 
gravitational acceleration is the vertical com- 
ponent of the force exerted by the white dwarf 
(equation 4.17). The weakest point in this pro- 
cedure is again the poorly understood viscosi- 
ty, which is generally assumed to be due to tur- 
bulence or small-scale magnetic fields. At pre- 
sent almost any assumption on the viscosity’s 
temperature and pressure dependence, from a 
simple relation with, say, the pressure (”a- 
disc”) to a very intricate dependence, is equally 
conceivable and justifiable. 

Meyer and Meyer-Hofmeister (1 982) carried 
out detailed computations of this sort. They 
assumed hydrostatic equilibrium in the vertical 
direction and the diffusion approximation to 
obtain the vertical temperature dependence; 
energy transport in the vertical direction was 
allowed to  occur by means of radiation and 
convection, whichever was required. In the first 
models, they adopted a constant a throughout 
the disc, which was assumed to be proportional 
to  the local pressure (a-disc); alternatively, 
allowance is made for “magnetic viscosity.’’ 

For different values of the mass transfer rate 
they construct model discs with a constant value 
of M,, = 1 M a .  The geometrical shape of 
the disc surface (T = 1) is displayed in Figure 
4-14. At some radius at the outside of the disc 
these models become convective, which leads 
to a flattening of the disc surface; at smaller 
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Figure 4-14. Thickness of an accretion disc at the height of the photosphere for  various accretion rates as a function 
of the distance from the central object. The solid and dashed line give results for  different viscosities; the crossed 
line represents computations.for the same viscosity as the dotted line, but for  a higher central mass (Meyer and 
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Figure 4-15. Vertical structure of one of the discs in Figure 4-14 i.e., f o r k  = IO-9 Ma /yr; solid line, (a) at 
a distance log r = 10.5 cm, in the outer convective region, (b) at a distance log r = 9.5 cm in the inner radiative 
region. The course of the temperature, density, radiation flux, and, only in (b), the sound speed and the convec- 
tive velocity are given as a function of the vertical height in the disc (Meyer and Meyer-Hofmeister, 1982). 

radii the disc becomes exponentially thicker 
with increasing distance from the white dwarf. 
Figure 4-15 shows the vertical structures for one 
point in the radiative regime and for one point 
in the convective regime, respectively. 

It turns out from these computations that 
neither the exact value of the viscosity (keep- 
ing the general prescription of the dependence 
on only the local pressure) nor the mass of the 
white dwarf have a significant influence on the 
results (Figure 4-14). The viscosity law however, 
(in another paper: Meyer and Meyer- 
Hofmeister, 1983b) turns out to be of decisive 

influence. In Figure 4-16 the surface density vs. 
the effective temperature (the so-called S-curve) 
is displayed for essentially identical models (ap- 
proximately the same as in Figures 4-14 and 
4-15), but computed with either constant alpha 
or with alpha dependent on the ratio of the 
pressure scale height to the radial distance from 
the star, demonstrating that the choice of 
viscosity is a very important factor in the com- 
putations. A similar investigation was carried 
out by Pojmanski (1986), who demonstrates 
that the chemical abundance and the opacities 
used have no dramatic influence on the shape 
of the S-curve - and thus the vertical struc- 
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Figure 4-16. Viscosity - surface density relations (S-curves) at different distances from the central object, where 
models are very similar to those in Figures 4-14 and 4-15. (a): the viscosity parameter alpha is constant throughout 
the disc; (b): alpha is assumed to be variable as a function of the ratio between the pressure scale height and 
the distance from the central star (Meyer and Meyer-Hofmeister, 1983b). 

ture of the accretion disc - while the choice 
of the mixing length does. 

Observations have led to a general concept 
of dwarf nova outbursts in which, during the 
quiescence state, matter is stored in the outer 
areas of the disc and then released by some 
mechanism towards the white dwarf during 
outburst; the sudden liberation of gravitational 
energy leads to the observed brightening. For 
a long time no suitable physical mechanism for 
this behavior could be identified. Then Meyer 
and Meyer-Hofmeister (1981) pointed out that 
the double-valued function of the surface den- 
sity in the log Teff - C diagram (the S-curve 
in Figure 4-16) might be a promising can- 
didate: due to the interplay of viscous heating 
and radiative or convective cooling the viscosity 
might jump from being low during quiescence 
to  being high during outburst, regulated 
through the surface density. This so-called 
limit-cycle instability is the subject of the next 
section. 

One way to obtain more constraints on possi- 
ble values and dependencies of a is to  compare 
the predictions of theoretical models with 
observations. The observations to which the 
value of a is most sensitive are the outburst light 
curves of dwarf novae, in particular their time- 
scales, including the duration of the quiescent 
state and the outburst, respectively, and 
brightness changes during rise, decline, and 
quiescence. 

OUTBUR§T§ 

RELEVANT OBSERVATIONS: Dwarf novae in- 
crease in brightness by two to five magnitudes, in 
semi-regular intervals of time. Characteristic color 
changes occur; the rise at optical wavelengths in some 
objectsprecedes the rise in the UVby several hours, 
while in other objects both rise simultaneously. The 
much slower decline occurs simultaneously in all 
wavelengths. 

see chapter: 21 
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Two possible outburst mechanisms have been 
suggested: viscous instability, or disc instabili- 
ty, in the accretion disc itself (Bath et al, 1974b; 
Osaki, 1974), and a suddenly enhanced mass 
transfer onto the disc from the companion star, 
called transfer instability (Bath, 1973; Bath et 
al, 1974b). Both are discussed in this order in 
the following sections. 

EL 

ABSTRACT: The general, and to some degree even 
the detailed outburst light curves can be reproduced, 
with the assumption that the viscosity follows a 
hysteresis curve as the disc material changes between 
the convective and the radiative state. 

Bath et al, (1974b) and Osaki (1974) sug- 
gested that dwarf nova outbursts might be due 
to “intermittent accretion,” in which times of 
comparatively low accretion onto the white 
dwarf, during which matter infalling from the 
secondary star is stored in the outer disc, alter- 
nate with times of enhanced accretion, trig- 
gered by some instability in the disc itself. 
Following this, Bath and Pringle (1982) then 
suggested that it might be the viscosity which, 
under certain physical conditions, might have 
two stable equilibrium values between which 
the state of the disc can alternate if conditions 
are right. Because the viscosity v is responsible 
for the efficiency of material transport through 
the disc, this implies that the major changes 
really are of the surface density (Figure 4-17). 
For a disc to  be stable, the condition dv/dC > 
0 must be met (Lightman and Eardley, 1974); 
if a condition like the one in Figure 4-17 exists, 
there is a range of viscosity values for which 
no corresponding stable value of the surface 
density exists; the consequence is a limit-cycle 
behavior. Suppose the hypothetical equilibrium 
value of the viscosity (which would lead to  a 
steady state) were vo. An originally low surface 
density increases up to a value C, (in Figure 
4-17). A further increase in C, implies a jump 
in viscosity; since the viscosity v i  (this is the 
condition for the limit-cycle to occur) is higher 

than vo, more material is transported out of 
this particular region in the disc than is fed in, 
and thus the surface density decreases until it 
reaches a value C,. Now a further decrease im- 
plies another jump in viscosity, this time, 
however, to  a value v,, lower than the 
equilibrium value vo. As a consequence the 
surface density increases again and the cycle 
continues, always trying to establish, unsuc- 
cessfully, an equilibrium state. Since in accre- 
tion discs a higher throughput of mass through 
a particular area implies a higher temperature, 
the semi-regular brightness changes in dwarf 
novae can be understood if somehow this limit- 
cycle activity would involve the entire disc, or 
at least a considerable portion of it. If, on the 
other hand, the mass input into the disc always 
is high enough to ensure a surface density for 
which there exists an accessible value of the 
viscosity to maintain an equilibrium between 
mass input and mass output, no “outbursts” 
would have to  occur. This case is assumed to 
apply to UX Ursae Majoris stars and possibly 
to quiescent novae, while Z Camelopardalis 
stars and anti-dwarf novae are believed to be 
boundary cases in which the mass input is most- 
ly just below or just above, respectively, the 
lower limit for equilibrium, and slight changes 
in the mass transfer rate from the secondary 
star have a dramatic effect, by either leading 
to  temporary attainment of an equilibrium or 
by temporarily pushing the disc out of it. 

Meyer and Meyer-Hofmeister (1981) point 
out that the change in surface density due to 
ionization of hydrogen (Figure 4-16), Le., due 
to the change from a convective to a radiative 
state of the disc, is a likely candidate for pro- 
viding the physical background for the limit- 
cycle activity. Thanks to  the opposite 
temperature dependence of the hydrogen ab- 
sorption coefficient for neutral and (partly) 
ionized hydrogen of 

for T <,To 

(4.16a) 
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for T 2 To 

with 

To = 1.2 x (10’ x lo4, (4.16b) 

(= 1 0 4 ~ )  

(Faulkner et al, 1983) either heating or cooling 
prevails in the area. 

More recently, several groups have carried 
out computations of the behavior of accretion 
discs under the assumption that hydrogen 
ionization is the driving mechanism for the disc 
instability, and thus for dwarf nova outburst 
behavior (e.g., Cannizzo et al, 1982; Faulkner 
et al, 1983; Meyer and Meyer-Hofmeister, 
1983b; Mineshige and Osaki, 1983; Papaloizou 
et al, 1983; Meyer, 1984; Meyer and Meyer- 
Hofmeister, 1984; Cannizzo et al, 1985; 
Lin et al, 1985; Mineshige and Osaki, 1985; 
Cannizzo et al, 1986; Mineshige, 1986; 
1988; Meyer-Hofmeister, 1987; Meyer- 
Hofmeister and Meyer, 1987). Mostly these dif- 
fer in their assumptions about the viscosity - 
whether it is assumed to be single-valued all 
over the disc, whether there are two different 
but constant values for the radiative and the 
convective state, respectively, or whether the 
viscosity is radially or  vertically variable in 
some way - and whether, and how, radial in- 
teractions between adjacent parts of the disc are 
taken into account in the computations. The 
reader is referred to the original articles for 
details. It should be stressed, however, that all 
of these efforts succeeded to  some degree in 
reproducing the general features of the outburst 
light curves of dwarf novae, in some cases in 
remarkable detail. Some of these results are 
presented in what follows. 

In general the disc is found to  be optically 
thin in its convective (cool) part, which for 
“typical” dwarf novae comprises most of the 

disc. Depending on adopted numerical methods 
and assumed particular values of the viscosity, 
the temperature of the outer disc is found to  
be between 5000 and 6000K (e.g., Papaloizou 
et al, 1983) or between 2000 and 3000 K (e.g., 
Cannizzo et al, 1986) over large areas. During 
the quiescent state the outer disc slowly 
becomes optically thick, and the temperature 
rises until an outburst occurs (Figure 4-18). 

A very detailed discussion of the physics of 
dwarf nova outburst cycles based on the disc 
instability is given in Papaloizou et a1 (1983). 
It is found that, depending on details of the 
physical conditions, the outburst can start in 
different regions of the disc. A change to the 
ionized state can start from the innermost disc 
(called “type 1” by Papaloizou et al, and “type 
B” by Smak (1984)) if during quiescence all the 
disc is optically thin and cool, and if the viscosi- 
ty is large enough for the inner regions to  
become optically thick first. In this case, the 
increased temperature heats up neighboring 
areas to produce a wave of ionization which 
travels outwards through the disc until the 
whole disc is in “outburst.” If on the other 
hand cy is very small, the material piles up in 
outer disc areas and cannot be transported in- 
wards efficiently, in which case the outburs  
starts at intermediate regions, causing two 
ionizing waves, one traveling outwards (like in 
the example above) and the other inwards (this 
is called a “type 2” outburst by Papaloizou et 
al, and “type A” by Smak). A third type of 
outburst originates if a sizable fraction of the 
central disc is permanently fully ionized and 
transitions are constrained to occur in the outer 
part only; the outburst is then triggered at the 
interface between the temporarily cool and the 
permanently hot region with the transition wave 
traveling outwards from there on (“type 3”). 

Corresponding to these three possibilities for 
initiating an outburst, there are also three ways 
of stopping it. In “type 1,” all of the disc is 
depleted during the outburst since the mass 
throughput is higher than the mass input, the 
outer areas will be depleted first, the 
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Figure 4-1 7. Conditions f o r  occurrence of a limit- 
cycle activity: for the viscosity (vo, C d  which would 
lead to a steady state, there exists no corresponding 
accessible value of the surface density; conditions in 
the disc will oscillate about the equilibriitm value 
between (v,, C,) and (v2, C2) which leads to the 
observed outburst activity (Bath arid Pringle, 1982). 

temperature  falls below the critical 
temperature, and the material becomes neutral 
again. Ongoing depletion in more central areas 
as well as contact with neighboring cool areas 
causes a “downward transition” front to travel 
inwards. If, on the other hand, initially during 
the rise phase, not all of the outer disc was ful- 
ly ionized, this cooling front originates at the 
outer interface between hot and cool areas and 
travels inward from there (“type 2”) .  Finally, 
a “type 3” decay is one during which the cool- 
ing wave can travel through only part of the 
disc, until it meets areas which stay fully ionized 
during quiescence, because the mass input rate 
and the viscosity are high enough. 

Lin et al, (1985) constructed series of out- 
burst light curves and investigated the influence 
of various parameters on the appearance of the 
light curves. They found that the amount of 

rout 
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Figure 4-18. Development of the luminosity of the 
accretion disc and the optical thickness of the disc 
during the outburst cycle: at the end of an #outburst 
tlie disc is depleted; in tlie outer areas it is refilled 
by material coming from tlie secondary star and ever 
larger parts become optically thick, until at some 
point in the disc conditions for a jump in viscosity 
are given, which triggers the next outburst (see also 
Figure 4-23) (Meyer-Hojineister and Meyer, 1987). 

energy which is deposited in the disc at the hot 
spot, rather than being dissipated into radia- 
tion, influences the brightness level during 
quiescence by changing the general temperature 
distribution in the disc, but that it has practical- 
ly no effect on the outburst light curve. 
Likewise the precise radial location and extent 
of the region into which matter is fed by the 
incoming stream (supposing the stream does 
penetrate the disc for some distance before it 
is stopped and forced to deposit its mass and 
energy) has no appreciable effect, unless a part 
of the disc happens to be very close to the tran- 
sition to the fully ionized state during 
quiescence (Figure 4-19a). It is obvious that the 
outburst light curve is determined to a large ex- 
tent by the condition in which the disc was left 
after the previous outburst, so that outbursts 
of considerably different shape may follow 
each other, and only sequences of two or more 
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Figure 4-19. Synthetic dwarf nova outburst light curves on the basis of the disc instability model. (a) a-b: Various 
amounts of energy are inferred into the disc by the hot spot; c-e: effect of location andphysical characteristics 
of the mass stream; f-h: varying the mass input rate from 2.8 100 t? 100. (b): Effect of varying the viscosity. 
(c),(d): Effect of varying the mass input rate (in M,/yr): a: M = 9 b: 1.8 IO-”; c: 3.6 IO-”; 
d: 7.2 IO-”; e: 1.8 10-’o;f: 3.6 g: 7.2 h: 1.44 i: 2.16 W9; j :  3.24 IO-’; k: 3.60 

I: 3.96 m: 4.36 n: 5.76 0: 7.2 p:  8.64 29-9. (See text for  description.) 
(d): Effect of increasing the mass input during decline from outburst (Lin et al, 1985). 
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Figure 4-20. If the outburst starts in the outer disc, 
the rise is fast and it starts later at shorter 
wavelengths than at longer; is the outburst starts in 
the inner disc the rise is slow and simultaneous at 
all wavelengths (Smak, 1984). 

repeat. The shape of the outburst light curve 
depends very critically on both the adopted 
value of the viscosity and the mass input rate. 
In Figure 4-19b, the effect of increasing (each 
time-constant) viscosity is demonstrated. Very 
low values of the viscosity result in occasional 
large, long-lasting outbursts which affect all the 
disc, followed by a long quiescent time during 
which the disc has to be refilled; the next large 
outburst is preceded by a sequence of short low- 
amplitude bursts, between which the disc does 
not return entirely to its quiescent brightness 
level but during which the central area of the 
disc remains fully ionized. At increased values 
of the viscosity parameter a the long outbursts 
become shorter, the short ones become longer 
and more evenly distributed between the long 
ones, and the central disc area remains ionized 
all the time. If the viscosity becomes even larger 
all proper outburst behavior disappears, first 
leaving small amplitude brightness oscillations 
of the outer disc areas, until, at a further in- 
crease in viscosity, they disappear altogether. 

The effect of increasing the mass input rate, 
but keeping it constant in each single case, is 
illustrated in Figure 4- 19c. The characteristics 
of the light curve remain essentially unchanged, 
for larger ranges of the mass transfer rate while 
only the amplitude and duration increase, and 
the frequency decreases, with increasing mass 

- 0 2  0 0 2  0 4  06 
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Figure 4-21. Observed and computed color changes 
during the outburst cycle in the disc instability model 
(Smak, 1984). 

transfer rate. Then suddenly the whole 
character changes at a certain critical value, as 
more areas of the disc become only marginally 
unstable or, finally, remain fully ionized all the 
time. It is to be emphasized that the appearance 
of the light curve can change from being very 
simple and regular to having the most com- 
plicated appearance, simply by varying the rate 
of mass input. Eventually, if all the disc 
becomes permanently ionized, all activity 
ceases. 

Lin et al, suggest that the basic difference 
between old novae and dwarf novae may be a 
different mass transfer rate, a view which is 
supported by observationally deduced mass 
transfer rates and absolute magnitudes - see 
Chapter 4.11.C.3. In their picture, the mass 
transfer rate in novae is high enough to per- 
manently prevent outburst activity and thus 
gives the system a larger intrinsic brightness 
than dwarf novae have. Some other old novae 
like GK Per might then be border cases, being 
at just the lower end of stability, so that they 
can undergo small-scale outburst activity at 
slight variations of the mass transfer rate. 
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Figure 4-22. Use of molecular opacities mainly 
changes the appearance of the S-curve in the cool 
areas of the accretion disc (compare with Figure 4-17) 
(Meyer-Hofmeister and Meyer, 1987). 
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Figure 4-24. The observed vague relation (solid line) 
between the outburst period and amplitude can be 
reproduced with the disc instability model; open 
circles denote models which take into account only 
radiation from the accretion disc, filled circles take 
into account contributions from the hot spot as well 
(Smak, 1984). 

Similarly, nova-like variables can be assumed 
to lie just above the critical mass transfer rate 
for outburst activity to occur. 

Figure 4-23. Development of the temperature in the 
outer disc before outburst, corresponding to Figure 
4-18. The temperature in the disc rises continuously 
in ever larger areas of the disc until conditions for 
an outburst are met at some distance from the white 
dwarf (Meyer-Ho fmeister and Meyer, 1987). 
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Figure 4-25. The observed relation between the or- 
bitalperiod and the rate of decline from an outburst 
can be reproduced with the disc instability model; 
the left panel shows the observed relation, while the 
right panel gives the results from models (Smak, 
1984). 

If certain values of the viscosity parameter 
(Y or of the mass transfer rate alone can bring 
about very complicated patterns of the light 
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curve, it is clear that changes of the mass 
transfer rate at some stage during the outburst 
cycle can also produce patterns of any degree 
of intricacy (Figure 4-19e). Temporary stand- 
stills entered from either a high or a low 
brightness state, as observed in Z Camelopar- 
dalis variables, can also easily be produced. 

In all the above examples, a was kept cons- 
tant throughout the activity cycle. In fact the 
calculated light curves only resemble the ob- 
served light curves in their general appearance. 
The observed feature of a much steeper rise 
than decline cannot be fitted in this way. Most 
other authors assumed a small value of 01 during 
quiescence and a much larger one during out- 
burst (ionization). Under this assumption it is 
possible to fit either a fast or a slow rise (as 
compared to decline), if the outburst starts 
either at the outer (type A or 2) or at the inner 
(type B or 1) disc (Figure 4-20). Even the 
observed delayed rise at shorter wavelengths in 
the case of fast rises and the simultaneous rise 
at slow rises are reproduced with the correct 
time scales (see also Cannizzo et al, 1986). 
Similarly, optical color curves derived for the 
outburst behavior clearly do resemble the 
observations (Figure 4-21). 

From the above results it appears that the 
observations probably best suited for 
distinguishing between different CY prescriptions 
is the early rise phase. Meyer-Hofmeister (1987) 
and Mineshige (1 988) carried out investigations 
of this phase, particularly with respect to the 
influence of molecular opacities on the surface 
density. Meyer-Hofmeister (1987) found that 
the characteristic curve a t  very low 
temperatures might indeed be more com- 
plicated than assumed so far (Figure 4-22) in 
exhibiting an additional halt in the limit-cycle 
Teff - E curve. The effect is that shortly before 
the actual rise to outburst the transition to the 
intermediate point occurs, resulting in a slow 
brightness increase during which a con- 
siderable area of the disc will be heated up to 
some 6000 - 7000 K. Only after this (Meyer- 
Hofmeister’s results show a steady rise for some 

5 to 10 days, Mineshige’s results show a halt 
for about 1 day) does the actual rise occur 
(Figure 4-23, see also Figure 4-18) - in the case 
of the outburst starting from the outer disc. 

Smak (1984) compared two observed rela- 
tions concerning dwarf nova outburst behavior 
with his models: a vague relation between out- 
burst period and amplitude (Figure 4-24), and 
the relation between the orbital period and the 
rate of decline from an outburst (Figure 4-25 
- see Chapter 2.11.A.3. Both theoretical rela- 
tions are in reasonably satisfactory agreement 
with the observations. 

Similar disc-instability computations have 
been carried out for the hydrogen-deficient AM 
Canum Venaticorum variables as for “normal” 
hydrogen rich cataclysmic variables (Cannizzo, 
1984; Smak, 1984). They find that dwarf nova- 
like outburst behavior due to He-ionization in- 
stability is quite possible in these objects as well. 
The disc temperature during quiescence is 
found to be of the order of 10000 K, and the 
disc is marginally optically thin. At outburst, 
Cannizzo (1984) found temperatures between 
20000 and 50000 K in the disc. The system 
brightness rises by about 2 - 3 mag with an out- 
burst period between 16 hours and some 10 
days (in his computations), a value which is 
very critically dependent on the assumed mass 
transfer rate. 

IL 

ABSTRACT: This alternative model assumes that 
instabilities in the atmosphere of the secondary star 
lead to temporarily increased mass transfer into the 
disc, which then causes the outburst. Modeling the 
observed brightness changes also yields satisfactory 
results. 

In the above section, the cause of a dwarf 
nova outburst was assumed to be variable con- 
ditions in the disc itself, while the mass transfer 
rate was usually assumed to be constant with 
time. At any rate it influenced the outburst 

178 



behavior only rather indirectly. Alternatively, 
it has been suggested (Bath, 1973; Bath et al, 
1974b9 that the outburst might be due to  an in- 
stability in the Roche lobe-filling companion 
star which leads to a temporarily increased mass 
transfer into the disc. This latter possibility has 
been pursued by Bath and co-workers (Bath, 
1975; Papaloizou and Bath, 1975; Bath, 1976; 
1977;Bath and Pringle, 1981;Bath et al, 1983b; 
Mantle and Bath, 1983; Bath, 1984; Bath et al, 
1986). 

The basis of this theory is the realization that 
the dynamic equilibrium of a star which is con- 
fined to a Roche lobe is quite different from 
that of a single isolated star, once the star’s sur- 
face comes close to  the confinement of the 
critical Roche surface (Bath, 1975; Papaloizou 
and Bath, 1975). The important difference is 
that the energy required for material to escape 
the surface of a single star must be sufficient 
for the material to reach infinity, while in the 
case of a Roche lobe it is sufficient to lift it on- 
ly above the critical Roche surface, which re- 
quires a lot less energy. Papaloizou and Bath 
point out that there are two possible destabiliz- 
ing effects in the confined atmospheres of a 
cool star: convection in the envelopes, and 
ionization zones in the vicinity of L, at which 
point the net gravitational acceleration is zero. 

The general idea of the transfer instability is 
that once the atmosphere of the secondary star 
becomes unstable in the vicinity of the 
Lagrangian point L,, enhanced mass overflow 
into (mainly) the Roche lobe of the white dwarf 
occurs, leading to an  outburst and at the same 
time depleting the atmosphere. It stops when 
the energy provided by the instabiiity is no 
longer sufficient to lift further material into the 
neighboring Roche lobe (Bath, 1976). Since this 
process has brought the star out of thermal 
equilibrium, the star contracts and detaches 
from the Roche surface, while during its 
“quiescent” state mass overflow is maintained 
only on a low level through normal stellar wind. 
Eventually, with the support of energy supplied 

from deeper stellar layers, thermal equilibrium 
is gained again, and the star expands and is 
ready for the next instability to  occur. 

Computed outburst periods (i.e., relaxation 
times of the destabilized atmospheres) are in the 
range of 10 to  200 days, mass transfer rates dur- 
ing outburst maximum are on the order of 
lOI7 to IOt9 g/sec and amplitudes are of 
several magnitudes - all in accordance with 
observed values. 

Since a lot of material with low angular 
momentum is transferred into the disc, during 
the initial phases of an outburst the disc radius 
is expected to  shrink as this new material mixes 
with material that is already contained in the 
disc, and only later does it expand again as 
angular momentum from the inner disc is trans- 
ferred outward (e.g., Bath and Pringle, 1981). 
This prediction is quite in contrast to what the 
disc instability model predicts, namely, an in- 
crease in the disc’s radius from the very begin- 
ning of an  outburst if the outburst starts at the 
outer disc, or no change at all if it starts at the 
inner disc. Thus, in principle, it should be pos- 
sible to  decide between the two models from 
investigation of the outer disc radius, but since 
the outermost disc may be optically thin, deter- 
minations of the disk radii are not reliable. 

Equally, an increase in the intensity of the 
orbital hump would be expected from enhanced 
mass transfer, while no effect should occur in 
the case of the disc instability. Here again the 
problem arises that neither the shape and posi- 
tion nor the geometrical radiation pattern of the 
hot spot are known. It is possible that the 
enhanced mass flux disappears entirely in the 
disc at the beginning of an outburst, while the 
excess radiation only eventually diffuses out- 
ward; and if the radiation pattern which 
originates then is rather isotropic, no enhanced 
hump would be seen at all - or, if this radia- 
tion is anisotropic, the enhanced hump may 
become visible with considerable delay (Bath 
et al, 1983b). 
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Figure 4-26. Temporal evolution of the accretion disc in response to a inass pulse: (a): evolution of the surface density; 
(b): evolution of the central disc teniperature (at z = 0); (c): corresponding synthetic light curve (Bath and Pringle, 1981). 

The general course of an outburst induced 
by a transfer instability is shown in Figure 
4-26: The mass pulse leads to a brief contrac- 
tion of the radius, then the disc spreads out 
while its temperature increases, and the disc 
slowly relaxes to  its equilibrium state; the cor- 
responding outburst light curve is shown in 
Figure 4-26c. 

A systematic investigation of theoretical out- 
burst light curves has been carried out by Bath 
et a1 (1986). In their computations the mass 
burst profile is a free parameter, since 
knowledge of the atmospheres of the cool com- 
panions is not sufficiently detailed to make 

Figure 4-27. The typical shapes of dwarf nova out- 
burst profiles (solid lines) can roughly be reproduced 
with the transfer instability model; different profiles 
can be obtained when the strength and duration of 
the mass pulse are changed. Dotted lines represent 
the accretion rates on the white dwarf. Occurrence 
of disc instabilities is numerically prevented (Bath 
et al, 1986). 

meaningful predictions. By appropriate choices 
of the pulse profiles they are able to  reproduce 
gross features of the outburst light curves 
(Figure 4-27). In general they find that the rise 
is fast, following essentially the rise time of the 
mass flux, if the time-scale for the rise in mass 
transfer is shorter than the viscous time scale 
of the disc, while the whole behavior follows 
only the mass flux variation if the variations 
are slower than the viscous time scale of the 
disc. In particular, very long-lasting outbursts 
can be produced if the mass transfer goes on 
for a long time. For all these computations a 
viscosity parameter of 01 = 2 was assumed and 
numerically any ionization instability was 
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Figure 4-28. When disc instabilities are allowed for, 
they lead to a flickering-like activity during 
quiescence but not during outburst (Bath et al, 1986). 
When compared with Figure 4-19, this might be due 
to the large alpha used in these models. 

prevented from occurring, so the effects of the 
transfer instability alone would be visible. 

Suppression of the disc instability was aban- 
doned in a further step of the investigation 
(Bath, 1986). Given the high value of alpha and 
the mass transfer rate of loi6 g/sec (= 1.6 
lo-'' Mo/yr),  not surprisingly*, during 
quiescence, minor instability fluctuations were 
found to occur, which tentatively were inter- 
preted as the origin of the flickering, while 
during outburst all this activity was totally 
damped out (Figure 4-28). 

In the case of the transfer instability model, 
the explanation for the vague relation between 
outburst amplitude and time for the next out- 
burst to occur (Kukarkin-Parenago relation, 
Chapter 2.11.A.3) finds a natural explanation, 
since the more depleted the secondary's at- 
mosphere is during the outburst, the more time 
it is likely to take to  recover. As in the case of 

This is in view of results described in the previous section 
where such a high galue of the viscosity reduced all out- 
burst activity to mere small-scale brightness fluctuations 

0.0 0.1 0.2 0 .3  0 . 4  

P ( Days) 

Figure 4-29. A s  in the case of the disc instability 
model, the observed relation between decay time and 
orbital period can be reproduced with the transfer 
instability model (Mantle and Bath, 1983). 

the disc instability model, the observed relation 
between outburst decay time and orbital period 
(Bailey relation, Chapter 2.11.A.3) is repro- 
duced in a fairly satisfactory way (Figure 4-29), 
due to the longer relaxation time of larger ac- 
cretion discs in longer-period systems. 

III.C.3. CONCLUSIONS F 

ABSTRACT: From comparison with observations 
no clear distinction between the two proposed out- 
burst tnodels is possible so far. 

Since the disc instability model and the 
transfer instability model do not produce the 
same light curves, it should be possible to  
distinguish between them by comparing 
theoretical results with observations. Pringle et 
a1 (1986), Verbunt (1986), and Cannizzo and 
Kenyon (1987) tried to  do this in a systematic 
way. In particular, Pringle et a1 compare 
observed optical and UV flux changes which 
occurred during rise to  an outburst in VW Hyi 
and CN Ori with predictions by various models 
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(Figure 4-30). In VW Hyi, a delay of the rise 
in UV with respect t o  the optical of about half 
a day is observed, while in CN Ori the rise pro- 
ceeds simultaneously in all wavelengths. The 
decline in both systems is simultaneous in the 
optical and in the UV. 

Adopting parameters suited for these two 
systems, Pringle et a1 find that the rise phase 
of VW Hyi cannot be modeled satisfactorily 
with a disc instability, whether it is starting 
from the inner or from the outer disc. In light 
of results presented in Chapter 1II.C. 1, it would 
be expected that an instability in the outer disc 
would produce such a delay, but in their com- 
putations the temperature in the outer areas 
rises far too quickly to produce a delay of the 
order required. In the case of CN Ori, an insta- 
bility in the inner disc can produce reasonably 
acceptable agreement with the observations. 
For both systems, the observed flux develop- 
ment can be reproduced by suitable choice of 
the mass flux profile which, given the uncer- 
tainties in that theory, is no surprise. In any 
case the decline depends only on the relaxation 
of the disc, so it is fitted about equally well by 
all three models, though the decline proceeds 
somewhat too fast in the transfer instability 
computations. 

Cannizzo and Kenyon, on a more general 
basis, arrive at similar conclusions. All authors 
note, however, that these results do not imply 
a failure of the disc instability model, given the 
large uncertainties in the prescription of the 
viscosity and its dependence on other physical 
parameters. The only reliable conclusion one 
can arrive at, then, as Pringle et a1 point out, 
is that the dependence of (Y on local physical 
conditions certainly is neither simple nor 
universal if the disc instability is the mechanism 
for driving dwarf nova outbursts. 

Since the decline process is more or less the 
same for all possible types of outburst, the rise 
phase to  the outburst, if anything, should pro- 
vide distinctive evidence for one model or the 
other. 

The outer disc radius is predicted to shrink 
slightly at the very beginning of an outburst in 
the case of a transfer instability, while in the 
case of a disc instability it either increases (if 
the outburst starts in the outer disc) or remains 
unchanged (if it starts in the inner disc). In all 
cases it is expected to increase around the phase 
of outburst maximum and slowly shrinks as 
decline proceeds, so excess angular momentum 
can be carried away efficiently. It is ques- 
tionable whether this predicted shrinking is 
observable. It may not occur at all if the stream 
material penetrates deeply into the disc, or it 
may occur only for a very short time and not 
be very pronounced, so it clearly could escape 
the observations. If shrinking could be observed 
without any doubt in a system, it would exclude 
the disc instability as the cause of the outburst, 
at least for this particular (hypothetical) system. 

An indication in favor of the disc instability 
would probably be the observation of the 
predicted halt in brightness at about 6000 K for 
up to half a day at a level slightly above the 
quiescent brightness level before the real rise to 
the outburst occurs, as predicted by Meyer- 
Hofmeister (1987) and Mineshige (1988). 

As discussed above, the behavior of the or- 
bital hump cannot currently provide the basis 
for distinguishing between models, since it is 
not known how deeply the mass stream 
penetrates into the disc and how isotropic or 
anisotropic the characteristics of the outgoing 
radiation are. In particular, the hump size is not 
a useful discriminant, since it is quite possible 
that, as soon as the outburst starts, triggered 
by a disc instability, the secondary star is heated 
by irradiation and itself reacts with increased 
mass transfer, leading to a delayed increased 
hump (as is also expected from the deeply 
penetrating original mass transfer pulse). Con- 
versely, it also is perceivable that a transfer in- 
stability triggers a disc instability, so again both 
effects become interwoven. The fact that in 
some objects all kinds of different shapes of 
outburst light curves are observed certainly in- 
dicates that the underlying physics is not trivial 
or straightforward. 
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Figure 4-30, Comparison between observed and various computed spectral changes during rise to an outburst 
(see text for  discussion) (Verbunt, 1986). 
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Figure 4-31. Schematic model for a precessing elliptic disc. This model for a superoutburst com- 
bines characteristics of both the disc instability and the transfer instability model; a precessing 
eccentric disc can explain the photometric phenomena observed during superoutburst (Osaki, 198.5). 

RELEVANT OBSERVATIONS: In some short- 
period dwarf novae, besides the normal outbursts, 
so-called superoutbursts are observed which are 
about one magnitude brighter and last considerably 
longer than normal outbursts. A number of char- 
acteristic phenomena are observed only during 
superoutbursts. 

see 28 

ABSTRACT: No single generally accepted model 
exists so far. The most promising of the current 
models combines features of the disc instability and 
the transfer instability which lead to a temporary 
deformation of the accretion disc. 

Since the detection of superhumps occurring 
during superoutbursts in certain dwarf novae, 
the SU Ursae Majoris stars (Vogt, 1974; 
Warner, 1975), almost a dozen models have 
been developed to explain this phenomenon and 
other related phenomena, ranging from strong- 
ly magnetic rotating white dwarfs (Papaloizou 
and Pringle, 1979; Patterson, 1979b;Vogt, 1979) 
to flux tubes emerging from the surface of the 
secondary star and then connecting with the 
disc (Meyer, 1979), spots on the surface of the 
cool star (Vogt, 1977; Haefner et al, 1979), ec- 
centric discs surrounding an inner concentric 
disc (Vogt, 1982b), outer eccentric discs 
(Gilliland and Kemper, 1980) and the response 
of a moderately strong magnetic white dwarf 
to a variable mass transfer rate (Warner, 1985). 
Vogt (1982b) and Warner (1985) present and 

discuss most of these models and show why 
almost all of them are unable to  account for 
all, or even the most important, of the observed 
phenomena. There is no need to repeat this 
here. We will concentrate on only those few 
models which have survived to date. 

Currently there are only two such models 
which seem plausible. The first was proposed 
by Papaloizou and Pringle (1979). They sug- 
gest that the orbits of SU Ursae Majoris stars 
are slightly eccentric (e = Due to 
the then variable distance between the two stars, 
the size of the secondary’s Roche lobe is also 
slightly variable, which leads to a variable mass 
transfer rate with the precession period of the 
line of absides. If dwarf nova outbursts are 
caused by a disc instability, the mass transfer 
rate normally should not be influenced by this, 
so no major effects are expected on the hump 
amplitude either. Only if an outburst induces 
an increase in the mass transfer rate as well 
(e.g., due to  a periodic instability of the secon- 
dary’s atmosphere), do the mass transfer rate, 
and thus the hump amplitude, strongly vary 
with the precession period. Papaloizou and 
Pringle show that such an eccentricity is ex- 
pected to be driven and maintained by tidal 
forces, particularly in systems with a large mass 
ratio (which is the case for all SU Ursae Ma- 
joris stars). The difficulties with this model are 
that neither the variable y-velocity nor the late 
superhump find a satisfactory explanation. 
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A somewhat related model has since been 
suggested by Osaki (1985). He assumes a cir- 
cular orbit and an accretion disc which 
undergoes outbursts due to  a disc instability. 
The secondary star normally transfers material 
at a relatively low rate into the Roche lobe of 
the white dwarf. If the secondary is very cool 
(as is the case in the ultra-short period systems 
with periods less than 2 hours, since the Roche 
lobe is too small to accommodate a larger star), 
the star’s atmosphere reaches a certain degree 
of instability semi-periodically. When a normal 
outburst occurs at about the same time this in- 
stability is reached, then during the outburst the 
hot disc and boundary layer bring the cool at- 
mosphere out of equilibrium by irradiation, 
and for some time mass transfer proceeds at an 
enhanced rate. The first sudden pulse of mass 
causes a non-axisymmetric perturbation of the 
disc which deforms it into an eccentric shape 
(Figure 4-31). For some time, the stream im- 
pact and energy release always are much stron- 
ger when the stream hits the disc near periastron 
(closer to  the white dwarf), thus maintaining 
the elliptical shape and producing a stronger 
hump as long as the enhanced mass transfer 
lasts. Since the disc precesses with some period, 
the observed superhump period is slightly 
longer than the orbital period, and the observed 
decrease in superhump period can be explained 
as due to a slight continuous contraction of the 
disc which leads to a somewhat enhanced 
precession period. Once the mass reservoir of 
the secondary is exhausted, the mass transfer 
rate returns to normal (causing the fast decline 
from superoutburst) and the disc relaxes to  a 
circular shape, during which the late 
superhump (with the correct phase shift or 
about 180 O in 0saki’-s computations) is visible. 

PID OSCILLATIONS 

RELEVANT OBSER VA TIONS: During the op- 
tical& high state (outburst) of some dwarf novae and 
some nova-like stars, low-amplitude brightnessfluc- 
tuations with periods of typically some seconds to 
some minutes and coherence times between a few 
cycles and several hundred cycles can at times be 
observed. 

see 56, 98, 106 

ABSTRACT: Due to the short periods and low 
stability, the origin of the oscillations has to be placed 
either on the outermost surface of the white dwarf 
or in the innermost areas of the accretion disc. No 
satisfactory model is available as yet. 

Rapid brightness variations on time scales of 
some 10 to 100 seconds have occasionally been 
observed in many dwarf novae during outburst, 
as well as in several nova-like systems during 
the high brightness state (Chapters 2.II.D.2, 
3). The emerging picture is very confusing. 
Conventionally, a distinction is made between 
coherent and quasi-periodic oscillations, but it 
is by no means clear whether this reflects any 
real physical differences underlying the ob- 
served phenomena. 

Likewise, the theoretical understanding is not 
very advanced. Patterson (1 981) summarizes 
and comments on most of the suggested 
scenarios. The very short observed periods 
place the origin somewhere on, or in the vicinity 
of, the white dwarf (Le., clearly the secondary 
star can be discarded as a possible source). Fur- 
thermore, the short coherence times and the 
period changes point to  only very little mass be- 
ing involved in the process. 

The latter constraint excludes rotation of the 
white dwarf as the source, since there is no way 
to change its period on time scales of hours, 
and the oscillations clearly cannot be due to a 
spotty surface of the white dwarf due to 
magnetic fields. If the surface were rotational- 
ly decoupled from the white dwarf’s interior 
(Paczynski, 1978) the hypothesis could possibly 
be saved from a dynamical point of view, but 
the question remains why no pulsations are seen 
during quiescence in those systems (e.g., H T  
Cas, Z Cha) which during quiescence seem to 
be dominated by the radiation from the white 
dwarf. 

Non-radial pulsations (g-modes) of the white 
dwarf have been suggested as a possible source 
by several authors (e.g., Faulkner et al, 1972; 
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Osaki and Hausen, 1974). The problem with 
these pulsations is, as Papaloizou and Pringle 
(1978b) point out, that the observed changes in 
period and amplitude require energies and time- 
scales that are far too high for a cataclysmic 
system. Papaloizou and Pringle conclude, 
however, that when the rotation of the star is 
properly taken into account, another kind of 
non-radial oscillations, which they call r-mode 
oscillations, are confined to only the outermost 
surface layers of the star and could be respon- 
sible for the observed oscillations. Even so, the 
resulting phase coherence may still be orders of 
magnitude larger than observed (Cordova et al, 
1980). 

The latter authors tentatively place the origin 
of radial pulsations in the boundary layer be- 
tween the disc and the white dwarf. Variations 
of the thickness and structure of the boundary 
layer would lead to  changes in the period and 
amplitude of the pulsations. 

Bath (1973) suggests inhomogeneities in the 
inner accretion disc as they might originate 
during outburst as possible source of the 
observed oscillations. They are periodically 
eclipsed by the white dwarf as they rotate; after 
a while they would dissolve and others would 
originate at  slightly different radii. Radius 
changes would bring about period changes, as 
the inhomogeneities presumably rotate with 
Keplerian velocity. The large amplitudes and 
the long time scales of some of the observed 
oscillations seem problematic, as well as why 
always only one such blob should be visible. 

Similarly, Sparks and Kutter (1980) invoke 
waves of turbulent condensed material pro- 
duced in the process of accretion onto the white 
dwarf as the source for oscillations in dwarf 
novae. Again the question arises why only one 
such wave should be present at a time, and how 
its (often) long lifetime can be explained, and 
why these waves are not observable during all 
outbursts of all dwarf novae and in all nova- 
like systems with high mass transfer rates. 

The most recent model by Tajima and Gilden 
(1987) supposes the reconnection of small-scale 
magnetic fields generated in the inner disc to 
be the physical cause of the oscillations. The 
problems here are identical with Sparks’ and 
Kutter’s model. 

In general it seems safe to conclude that the 
radiation source of the observed short-period 
oscillations and pulsations is to be sought 
somewhere in the area of the inner disc, bound- 
ary layer, and/or white dwarf. Since this prob- 
ably is the very region in a cataclysmic system 
where the physics and structure are least 
understood, there seems to be no real hope of 
improving our knowledge of the oscillations in 
dwarf novae until a better physical under- 
standing of that part of the system is gained. 
The hope that observations of the oscillations 
might set limits on possible models of, in par- 
ticular, the boundary is clearly greatly dimin- 
ished by the totally confused picture the obser- 
vations currently present. 

RELEVANT OBSERVATIONS: Secular changes 
of the orbital period have been measured in several 
dwarf novae and nova-like stars. In some objects 
these changes seem to be semi-periodic with time 
scales on the order of 10 years or more. 

see 45, 98, I l l ,  115 

ABSTRACT: Several possible explanations have 
been suggested. None of these provide a satisfactory 
explanation of the observed phenomena. It is pos- 
sible that a good deal of the changes are artifacts 
of numerical manipulation. 

Observed secular changes in the orbital 
period of some cataclysmic variable systems 
have been reported. In principle, several 
mechanisms can be imagined to cause a change 
in the observed orbital period: the presence of 
a third (unseen) body in the system, rotation 
of the line of absides, loss of angular momen- 
tum and/or mass from the system, redistribu- 
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tion of mass and/or angular momentum within 
the system, motion of the relative position of 
the hot spot with respect to the other system 
components, or any combination of these 
mechanisms. In addition, it ought to  be kept 
in mind that the determination of the orbital 
period is by no means trivial, and results must 
be scrutinized very carefully before it can be 
concluded that the period is variable at all. As 
the example of the photometric observations of 
CN Ori (Chapter 2.11.B.3) demonstrates, it is 
not necessarily possible to  derive a reliable or- 
bital period from the light curve of a non- 
eclipsing system; and if an eclipse is present, 
it is not obvious what is being measured, say, 
at the deepest point or at mid-eclipse, since the 
shapes of eclipses are known to be variable, and 
slight changes can be misinterpreted as period 
changes. Only the moment half-way between 
white dwarflboundary layer ingress and egress 
of double eclipsing systems seems to give a 
stable reference point; the radius of the white 
dwarf is a stable feature, and, if a boundary 
layer is present, it is likely to be both thin (com- 
pared to the dimensions of the white dwarf) and 
symmetric in the rotational plane, which is what 
is observed in double-eclipsing variables. Final- 
ly, care must be taken of light travel times and 
leap seconds. Spectroscopically determined or- 
bital periods (from radial velocities) which are 
sufficiently accurate have been available only 
for some 15 years and thus do not provide a 
sufficiently long time basis. Also some care 
must be taken in combining photometric and 
spectroscopic data, since for some objects (e.g., 
TT Ari, possibly CN Ori) these are different, 
for as yet unknown reasons. In view of all this, 
none of the published results of orbital period 
changes seem particularly reliable, for one 
reason or another. However, for the sake of 
theoretical considerations, published values are 
taken at face value in what follows. 

To most of the published 0-C data a 
parabolic as well as a higher order function, or 
even a part of a sine curve, can all be fitted 
about equally well, because too few points are 

known. In cases where observations are 
clustered about few epochs with no single 
observations in between, occasional occur- 
rences of sudden changes rather than con- 
tinuous changes cannot be excluded. 

In three of those objects which have been 
observed for a long time (U Gem, UX UMa, 
DQ Her), the change in the orbital period has 
been seen to invert its direction; time scales are 
on the order of 15 years for U Gem and DQ 
Her, and 29 years for UX UMa. Time bases are 
still too short to allow for a decision on whether 
the changes are really periodic or merely semi- 
periodic. The data in the 0 - C  diagram of U 
Gem (Figure 2-45) significantly deviate from a 
tentatively fitted sine curve. In the case of UX 
UMa there is no longer any support for a 
29-year periodicity to be present in 0-C. So far, 
no such conclusions can be drawn for any other 
object for lack of observational data. 

Several mechanisms have been suggested to 
explain period changes in cataclysmic variables. 
To date, however, not a single one can be iden- 
tified that seems likely to work. Among those 
mechanisms suggested is a third body cir- 
culating the cataclysmic system (Nather and 
Robinson, 1974; Patterson et al, 1978b) by 
means of which strictly periodic period changes 
could be explained in principle. However, 
besides the fact that this kind of change is not 
what is observed, constraints on the mass of 
this hypothetical third body are unreasonably 
high for it to be a likely explanation for many 
systems. Rotation of the line of apsides (Pat- 
terson et al, 1978b) again would produce strict- 
ly periodic period changes, and, in addition, the 
predicted time scales are on the order of months 
rather than decades. Redistribution of mass 
within the system, or loss of mass and/or 
angular momentum from the system (Pringle, 
1975) all lead to only either a period increase 
or a period decrease, but clearly not to any kind 
of cyclic or even periodic changes. The only 
mechanism considered so far which might be 
able to explain non-monotonic changes of the 

187 



orbital periods is changes of the relative posi- 
tion of the hot spot in the system, though no 
explanation has been offered why this should 
happen on time scales of tens of years. 

AGNETIC ACCRETION 

GLY MAGNETIC 
HERCULIS STARS 

RELEVANT OBSERVATIONS: In this class of ob- 
jects photometric (at all observable wavelengths), 
spectroscopic, and polarimetric changes all occur 
with the same period. 

see 125 

ABSTRACT: The current model envisions a strong- 
ly magnetic, synchronously rotating white dwarf 
which prevents the formation of an accretion disc, 
so accretion occurs through magnetic funnels along 
the field lines. 

There is a class of cataclysmic variables 
which exhibits very strong linearly and circular- 
ly polarized, Zeeman splitted lines during its 
photometrically low state, and in which all tem- 
poral variations occur with exactly the same 
period that is typical for the orbital period of 
catclysmic variable systems. 

The general interpretation which has been 
suggested for these AM Herculis stars is that 
the rotation of a very strongly magnetic white 
dwarf (field strengths of several times lo7 G 
have been determined from both polarization 
observations and Zeeman splitting) is phase- 
locked with the binary motion, and the strong 
field and correspondingly large AlfvCn radius 
prevent the formation of an accretion disc in 
these systems. (For a recent review see Liebert 
and Stockman (1985).) 

The gross picture is that material leaves the 
companion star a t  the Lagrangian point L, 
and enters the white dwarf‘s Roche lobe. For 
the first part of its journey to the white dwarf 
the trajectory of the material is hardly different 
from that in other cataclysmic variables, but 

eventually the magnetic field increasingly 
governs the flow and channels the matter onto 
one or both of its poles where it is braked and 
then accreted in a strong standing shock (Figure 
4-32). The usual case is that one pole, the one 
closer to the secondary star (the white dwarf’s 
rotational and magnetic axis can have any 
orientation with respect to each other) accretes 
most of the material, while the second, depend- 
ing again on its position, in the extreme case 
may receive no material at all. 

The observed hard and soft X-ray radiation, 
roughly having the shape of a bremsstrahlungs 
spectrum and a black body, respectively, are 
thought to be emitted from the accreting pole, 
whereby soft X-rays result from hard X-rays 
which have been degraded in the white dwarf’s 
photosphere (e.g., Chanmugam, 1986). The 
third continuum component, a cyclotron spec- 
trum which dominates the optical and the IR, 
is conjectured to originate higher up in the 
shock front (Figure 4-33). The observable 
photometric variations are brought about by 
aspect variations and/or temporary eclipses of 
the accreting pole(s), and differences between 
various systems are mostly due to differences 
in the inclination angle, the different orienta- 
tion of the white dwarf’s magnetic axis, and - 
related to this - whether and how strongly one 
or both poles accrete material. The observed 
sharp strong emission lines are believed to 
originate from the heated surface of the secon- 
dary star (e.g., Mukai et al, 1986), while the 
board bases of these lines seem to be emitted 
by the gas stream close to the shock front as 
it approaches the white dwarf. The very broad 
emission features in the optical and IR con- 
tinuum (Figure 4-34a) are understood to be 
cyclotron emission lines (e.g., Wickramasinghe 
and Meggitt, 1982). 

At irregular intervals of time, some AM Her- 
culis systems are seen to drop in brightness by 
three to five magnitudes, an effect which is 
ascribed to  temporary cessation of the mass 
overflow like that in other nova-like stars. At 
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Figure 4-32a. Phase diagram of events around the 
orbit of the A M  Herculis object VV Pup (Patterson 
et al, 1984). 

Figure 4-32b. Schematic model of an A M  Herculis 
system (for description see text) (King, 1983). 
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Figure 4-33. (a) Components of radiation from an AMHerculissystem and (b) loci of origin above the accretion 
pole (Lamb, 1985). 
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Figure 4-34. Model fits to observed spectra (a) and photometric and polarimetric variations (b) of the AM Herculis 
system VV Pup (Chanmugam, 1986; Osborne et al, 1986). 
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these states the X-ray influx is reduced, the 
strong narrow emission lines are strongly re- 
duced or disappear altogether (the secondary 
star is not heated any longer), their broad bases 
disappear (since the accretion column is more 
or less non-existent), and in some systems the 
spectrum of the secondary component becomes 
visible in the IR (e.g., Bailey et al, 1985). At 
this stage several lines in the optical appear to 
exhibit Zeeman absorption components cor- 
responding to the strength of the white dwarf’s 
magnetic field as derived from polarization 
measurements (e.g., Mitrofanov, 1980; 
Schmidt et al, 1983; Bailey et al, 1985). The 
polarization stays unaltered during low states 
- supporting the view that it originates from 
the white dwarf and that mass transfer from 
the secondary star is the cause for the observed 
changes. 

Theoretically a very difficult and controver- 
sial point about AM Herculis stars is the ac- 
tual physical structure and the geometrical size 
and shape of the accretion shock. A wealth of 
literature has been published on this subject 
during recent years, but many points have yet 
to be clarified (e.g., King, 1983; Langer et al, 
1983; Frank and King, 1984; Meggitt and 
Wickramasinghe, 1984; Wickramasinghe and 
Meggitt, 1985a; 1985b; Chanmugam, 1986). An 
extensive review of the current state- of the 
theory of AM Herculis stars, discussing the dif- 
ficulties and prospects, has been given by Lamb 
(1985). 

For conditions found in these systems, the 
main cooling process is optically thin cyclotron 
emission. Model computations based on this 
assumption fit the observed flux and polariza- 
tion fairly well, in spite of the obviously still 
serious theoretical problems (Figure 4-34). 
From such fits the strength of the magnetic 
field, the geometrical size and shape of the ac- 
cretion column, the various inclination angles, 
temperatures of the emitting region, and accre- 
tion rates can be obtained. The still obvious 
disagreements with the observations seem to 

become smaller if a reasonable temperature 
structure for the shock region, other than a 
single temperature, and other cooling effects 
than just cyclotron radiation are considered. 

I11 .F. 2. LY MAGNETIC SYSTE 
ERCULIS STARS 

RELEVANT OBSERVATIONS: These systems ex- 
hibit more than one highly stable photometric period. 
Otherwise their appearance is like that of other (non- 
magnetic) nova-like stars. 

see I12 

ABSTRACT: The magnetic field of the white dwarf 
is of intermediate strength and disrupts the disc at 
some distance from the star; final accretion occurs 
along the field lines onto the magnetic poles. The 
white dwarf rotates asynchronously with the binary 
orbit. Illumination of system components by the hot 
accreting poles, or radiation from the poles 
themselves, produces the additional photometric 
periodicities. 

The appearance and temporal variability of 
most cataclysmic variables can be understood 
satisfactorily without invoking magnetic fields; 
but, as was discussed in the previous section, 
there are others in which strong magnetic fields 
are directly measurable, and these fields deter- 
mine the nature of these systems to a very con- 
siderable extent. If very weakly magnetic, or 
non-magnetic, systems and very strongly 
magnetic systems exist, it seems reasonable to  
assume the existence of systems with moderate- 
ly strong magnetic fields. 

A couple of systems have been observed, the 
DQ Herculis stars, which exhibit two or more 
extremely stable photometric periods. These 
have been tentatively identified with moderately 
strong magnetic systems (Bath et al, 1974a; 
Lamb, 1974; Patterson et al, 1978a; Chester, 
1979; Patterson, 1979b; Patterson, 1980; 
Hassall et al, 1981; Patterson and Prince, 1981; 
Warner, 1983; 1985a; Cordova et al, 1985; 
Warner, 1985b; 1986a. For recent reviews see 
Warner, 1983; 1985a.) Neither polarization nor 
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Figure 4-35. Schematic model of DQ Herculis 
systems (Warner, 198Sb). Variation of the angle of 
inclination can explain the observed differences be- 
tween different system. 

Zeeman splitting in the lines is observable in 
DQ Herculis systems, but if magnetic fields are 
assumed to  be one to  two orders of magnitude 
smaller than those observed in AM Herculis 
stars, one would not expect to  observe any 
direct evidence for these fields with current 
techniques. 

The basic physics of these systems is identical 
t o  that  of non-magnetic cataclysmic 
variables: a white dwarf accretes material from 
a Roche lobe filling secondary star through an 
accretion disc. However, here the magnetic field 
of the white dwarf is strong enough (estimates 
- mostly based on observed spin-up rates of 
the white dwarfs - predict field strengths on 
the order of lo5 to  lo6 G, Le., 1-2 orders of 
magnitude weaker than fields in AM Herculis 
stars (Lamb, 1985)) t o  disrupt the inner edge 
of the disc at some distance from the white 
dwarf. Interior to this AlfvCn radius all material 
is forced to co-rotate with the field lines (i.e., 
with the white dwarf), thus accretion in this 
area occurs through accretion funnels which 
end in two hot regions around the magnetic 

poles on the surface of the white dwarf. Since 
the white dwarf does not rotate synchronously 
with the binary orbit, and since its magnetic axis 
is not in general aligned with the rotational axis, 
a beam of light from each magnetic pole sweeps 
over the system with the rotational period of 
the white dwarf. Thus, what is observable from 
these systems first of all are the normal 
brightness variations of a cataclysmic variable 
system, like humps, eclipses, etc. In addition, 
beams from one or both magnetic poles might 
be seen. Furthermore, the secondary star and 
the inner edge and/or the surface of the accre- 
tions disc or the hot spot are irradiated by the 
magnetic poles which produces radiation that 
is modulated with the rotational period of the 
white dwarf and/or some beat period with the 
orbital motion. Which part contributes how 
much to the observed radiation strongly 
depends on the system geometry, the orienta- 
tion of the magnetic axis, and the position 
relative to the observer. Furthermore, changes 
in the disc geometry in particular, as for in- 
stance due to changes in the mass transfer rate, 
can account for more or less irregular 
brightness (amplitude) variations, or even time 
delays, of the degraded radiation. X-ray radia- 
tion is expected to be emitted from the accre- 
tion poles, which may or may not be directly 
observable depending again on the inclination 
angle; but certainly the X-rays are a powerful 
heat source in the system. 

Warner (1986) carried out a systematic in- 
vestigation of theoretically predicted and 
observed Fourier spectra of photometric 
variabilities in DQ Herculis variables, and was 
able to explain in a consistent way the optical 
and X-ray idiosynchrasies of as different 
systems as V1223 Sgr, FO Aqr, and A 0  Psc, 
and several others by simply assuming different 
inclination angles of the magnetic axis (Figure 
4-3 5 ) .  

Phase shifts of the oscillations (71 sec period) 
of about 180" have been observed in DQ Her 
during the eclipse (Patterson et al, 1978a, see 
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Figure 3-26). Assuming the reflection of a 
rotating beam at the inner edge of the disrupted 
disc, a progradely rotating white dwarf with a 
rotational period of 71 sec, and a system in- 
clination of about go", Patterson (1980) was 
able to theoretically reproduce the observed 
behavior. A similar shift seen in the occa- 
sionally present short-period oscilla- 
tions in the very similar, but probably not 
magnetic, system UX UMa can be explained in 
the same way, if a somewhat larger inclination 
angle is assumed, and if bright blobs circulating 
in the inner disc are assumed to be the source 
for the brightness variations. 

During the past ten years a couple of such 
attempts have been undertaken which are 
discussed in this section. It will be seen im- 
mediately that a reasonably comprehensive ap- 
proach which accounts for all the observed 
features is currently well beyond our physical 
understanding of these systems, not to mention 
the numerical problems to be encountered 
along the way. The problem of computing spec- 
tra for cataclysmic variables is split into basi- 
cally three separate problems: that of speci- 
fying the physical model to serve as a basis for 
the equations and the computations; that of 
computing the continuous spectrum; and that 
of computing the line spectrum. 

IV . 
ODY APPROAC 

The observed spectra of dwarf novae and 
nova-like stars have been presented in the 
previous chapters. They comprise a fairly large 
range: pure emission spectra, pure absorption 
spectra, a mixture of both, asymmetric line pro- 
files, very different slopes of the continuous 
flux distribution - and one single system may 
exhibit all of these features at different times. 
Changes from one sort of spectrum to  another 
have been observed to occur as quickly as 
within one hour or less. Usually, however, they 
occur within a couple of hours or days. 

From considering many of the observed 
properties, a conceptual model has been 
developed of what a cataclysmic variable may 
look like, the so-called Roche model, or a 
canonical model (see Chapter 4.11.A). This 
model makes predictions as to what parts of the 
system emit what kind of radiation. So in prin- 
ciple it should be possible to synthesize a 
theoretical spectrum of a cataclysmic variable 
by means of - probably slightly modified - 
conventional spectrum computations. Agree- 
ment and disagreement between computed and 
observed spectra should show whether or not 
the Roche model is applicable and where it 
probably will have to be modified and 
improved. 

RELEVANT OBSERVATIONS: The observed 
flux distribution of the continuous radiation does not 
resemble that of normal stars. 

see 65 

ABSTRACT: A n  appoximatefit of the observed 
f lux distribution is possible if it is assumed that on- 
ly the accretion disc contributes to the radiation, and 
that at each distance from the white dwarf it radiates 
like a black body with a radial temperature distribu- 
tion derived for  a stationary disc. 

No attempts have ever been made to com- 
pute spectra of cataclysmic variables based on 
a conceptual model other than the Roche 
model, since, in spite of some obvious short- 
comings, no reasonable alternative exists. In 
fact, computations based on the Roche model 
do yield results which bear definite similarities 
to many of the observed features. 

The assumption that the Roche model is valid 
grossly determines which parts and properties 
of the system - i.e., the masses of the stars, 
the orbital period, the inner and outer disc 
radius, and the angle of inclination of the 
system with respect to the line of sight of the 
observer - primarily determine the spectrum. 
Observations impose some further limitations 
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Figure 4-36. For purposes of spectrum computations 
the accretion disc is divided into concentric rings of 
homogeneous physical properties (la Dous, 1989). 

on possible parameter combinations, such as 
minimum and maximum orbital periods of 
some 80 minutes and some 10 to  15 hours, 
respectively, and also the observation that the 
secondary stars are usually close to the main 
sequence. Furthermore, from observed energies 
and velocities it is certainly justifiable to neglect 
all relativistic effects. 

The easiest way to test the suitability of the 
Roche model from the spectroscopic point of 
view, and also to gain some experience and 
understanding of the radiation emitted by an 
accretion disc, is to  assume that every point of 
its surface radiates like a black body. This first 
has been done by Tylenda (1977). He assumes 
a stationary accretion disc and thus can make 
use of the theoretical radial temperature distri- 
bution given by equation 4.2. For numerical 
purposes, the disc is divided into concentric 
“rings” of homogeneous physical conditions 
(Figure 4-36). The radiation of the entire disc 
is obtained from integrating over the contribu- 
tions of all these “rings.” He demonstrates that 
it is possible to qualitatively reproduce the 
observed spectra of the dwarf nova SS Cyg in 
outburst and of the old novae RR Pic and V603 
Aql in a rather satisfactorily way. 

1.6 2.0 2.4 2.8 3 . 2  3 . 6  4.0 4.1 4.8 5 . 2  
log A 

Figure 4-37. Contribution firnctions of a black body 
disc. The log r values correspond to the ureas given 
in Figure 4-36 (la Dous, 1989). The UV radiation is 
dominated entirely by radiation from the central 
disc; the central and middle disc contribute to the op- 
tical; the IR radiation comes frorn the middle and 
outer disc. The dashed line is the integrated 
spectririn. 

This kind of computation proved to be a very 
valuable and straightforward tool for in- 
vestigating the major influences of various parts 
of the system on the integrated radiation (la 
Dous, 1986; 1989). In Figure 4-37, the contribu- 
tion functions of the “rings” of which the syn- 
thetic disc consists are displayed together with 
the resulting integrated spectrum. It is evident 
that in the example given, the UV radiation is 
entirely due to the very innermost 1 - 5 %  of 
the disc area, whereas the optical radiation is 
produced by both the inner and the middle 
areas, and the IR comes from the middle and 
the outer areas. It is particularly important to 
realize that very dramatic changes of the size 
of the cool outer disc hardly affect the optical 
radiation and do not at all affect the UV radia- 
tion. Furthermore, the radius of the white 
dwarf (which is critically dependent on the mass 
(Nauenberg, 1972)) has a very determining in- 
fluence on the UV radiation. Likewise, the rate 
of mass throughput through the disc is by 
definition identical to the mass transfer rate 
from the secondary star (in a stationary accre- 
tion disc) is of crucial importance to the radia- 
tion emitted by the disc. 

The influence of the boundary layer between 
the disc and the white dwarf on the spectrum, 
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is hard to estimate, since the amount and 
wavelength distribution of that radiation 
depends critically on the rotational velocity of 
the white dwarf as well as on the geometrical 
size and physical structure of the boundary 
layer, none of which are known. Computations 
demonstrate that this radiating component may 
or may not be of any importance in the UV, 
depending on local conditions. Clearly, 
however, it can always be neglected at optical 
and IR wavelengths. 

Considering the contribution the secondary 
star provides to the integrated radiation from 
the system, its immediate influence is restricted 
to long wavelengths in the red and IR regions, 
since temperatures typically are on the order of 
4000 K or less, and the projected surface area 
is comparable to the size of the disc. The secon- 
dary’s contribution can become important, 
however, if the angle of inclination of the 
system is such that the disc is seen almost edge- 
on, so that its hot central parts do not con- 
tribute to the observed radiation. 

For a very large accretion disc which com- 
prises a very large temperature range, a spec- 
tral index of aV = 1/3 (ayx = -7/3, respec- 
tively) is predicted analytically by just in- 
tegrating the radiation of a black body disc 
(Lynden-Bell, 1969). It has often been claimed 
in the literature that the observation of such a 
continuum slope is an indication that the radia- 
tion is emitted by a stationary disc. From 
adopting maximum reasonable system 
parameters for the computations, however, it 
becomes immediately clear that accretion discs 
in cataclysmic variables are both too small and 
too cool for the spectral index to be around av 
= 1/3 for more than a very small spectral 
range. Thus, the fact that such an index has 
been observed on occasions has to be taken as 
an indication that the disc emitting that spec- 
trum is not stationary but rather possesses some 
different radial temperature distribution. 

1V.B. CONTINUOUS AND ABS0 
LINE SPECTRA 

RELEVANT OBSER VA TIONS: In dwarf novae 
during outburst, one observes mainly broad absorp- 
tion lines in the optical and UV. 

ABSTRACT: A reasonable first-order fit of the spec- 
Ira of dwarfnovae during outburst is possible, adopt- 
ing current methods of spectrum computations. 

When optical and UV continuous and ab- 
sorption line spectra of cataclysmic variables 
are computed, to a rather good approximation 
it is sufficient to concentrate just on the radia- 
tion emitted by the disc and to ignore contribu- 
tions from all other components of the system. 
Furthermore, as in the case of black body discs 
(see above), it is quite reasonable to numerically 
divide the disc into concentric rings of 
homogeneous physical conditions and compute 
the spectrum emitted by each such ring, in close 
analogy to stellar (absorption) spectra. The 
basic difference between a star and a disc is the 
energy source, nuclear in one case, gravitational 
energy in the other, but as long as the central 
plane of the disc is optically thick, so that it is 
safe to assume that all the energy has been set 
free well below the photosphere, it does not 
matter for the emitted spectrum what the nature 
of the energy source is. 

Spectrum computation requires the knowl- 
edge of the chemical abundance, the effective 
temperature, and the gravitational acceleration 
in the atmosphere. As to the chemical abun- 
dance, to adopt solar composition seems 
reasonable and in agreement with considera- 
tions about the evolutionary status of 
cataclysmic variables. Furthermore, slight 
changes in the chemical abundances show hard- 
ly any effect on the emitted spectra of discs. 
Again, under the assumption that the disc is sta- 
tionary (which has been assumed so far in all 
published computations), equation 4.2 provides 
the radial temperature distribution. The 
gravitational acceleration in the vertical direc- 
tion is determined by the geometrical thickness 
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_.I' Figure 4-38. (below) Spectrum emitted by the 
same system, seen under inclinations of 23 ', 603 
and 83 (la Dous, 1989). The inclination angle is 
of great importance for the received radiation. 

log ' 
". 

1 . 0 .  

Figure 4-39. Log g and Teff values of various disc 
models. The solid line divides the regions in the 
atmospheres where non-L TE conditions are im- 
portant from that where they are not. Non-LTE 
effects can be neglected in accretion discs in 

' 
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z of the disc, and increases with increasing 
distance from the central plane: 

(4.17) 

for z<r MWD 
=5 

r3 

(all the symbols have their usual meaning). The 
disc's photosphere is defined to be at the 
geometrical height zo. From observations it 
can be concluded that zo is small compared 
with the distance from the white dwarf, but its 
actual value is unknown. Slightly different 
assumptions were made by different authors 
about the value of zo, but any of these is essen- 
tially as arbitrary as any other. A comparison 
of synthetic disc spectra with various values for 
zo in the range between 0.05 O d d Q 15 O (0 = 
tan-' zo/r), as well as values which resulted 
from hydrodynamic computations of optical- 
ly thick discs by Meyer and Meyer-Hofmeister 
(1982), revealed that differences in the com- 
puted spectra are too small to be seen in actual- 

ly observed spectra unless the inclination 
becomes very large and the limb darkening law 
makes itself felt, in particular since effects of 
other theoretical parameters on the spectrum 
are much more serious (la DOUS, 1986). Thus 
it can be concluded that for geometrically thin, 
optically thick accretion discs any value of 
zo(r) is reasonable as long as zo(r) << r or 6 d 
10 O. 

Also, in many of the published spectrum 
computations it is assum.ed that the gravita- 
tional acceleration does not vary within the at- 
mosphere. Whether or not this is a justified 
assumption depends on the relative thickness 
of the atmosphere with respect to the underly- 
ing optically thick disc. Again, test computa- 
tions revealed that as long as the disc is really 
(and not just marginally) optically thick in the 
central plane, the assumption that g(z) = con- 
stant is quite justified (la Dous, 1986; 1989). 
The situation of course changes entirely either 
if energy production in the disc atmosphere is 
taken into account, by means of which the at- 
mosphere can become very extended with its 
outer parts then called a "corona," or if the 
disc is optically thin in the central plane. 
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Figure 4-40. Contribution functions froin an accretion disc model: 
the disc rotation; (b) lines broadened by the Doppler velocity. 

(a) lines have not yet been broadened by 
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Figure 4-40. (Continued) Integrated disc radiation (c) in the UV and (d) in the optical (la Dous, 1989). 
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Figure 4-41. Influence of the 
mass-transfer rate on the disc 
radiation: ( I )  I O - 7  M,/yr; 
(2) IO-8 M,/yr; (3) 
M ,  /yr, with otherwise iden- 
tical model parameters. The 
greatest effect is clearly on the 
UV radiation, while optical 

3 . 3  3 . 4  3.5 3 . 6  3.7 3 . 8  colors are hardly changed (la 
Dous, 1989). 

i 

1 .  - 

3 

- - '  

0 .  , 
2 . 9 3.0 3 . 1  3.2 

l o g  h 

Figure 4-42. Influence of varia- 
tion of the inner disc radius on 
the disc radiation: (I) ri = 
1o9J cm; (2) ri = w9 cm; (3) 
r. = I010.3 cm (la Dous, 1989). 
Such effects could result from 
a varying size of the Alfvkn 
radius due to a magnetic field of 
the white dwarf. While dramatic 
changes occur in the UV, the 
optical colors remain 

log !. unchanged. 2 . 9  3 . 0  3 . 1  3 . 2  3 . 3  3 . 4  3.5 3 . 6  3.7 3 . 8  

One further principle difference between at- 
mospheres of stars and atmospheres of discs is 
that, unlike stars, discs are essentially two- 
dimensional objects and thus the angle of in- 
clination i between the normal on the rotational 
plane and the line of sight of the observer is im- 
portant for the observed radiation. This most- 
ly affects the limb-darkening in that mainly the 
radiation emitted by the cooler layers of the at- 
mosphere is received at the higher inclinations 
(Figure 4-38). With respect to computing a 
spectrum this means that, in a disc, it is the 
angle-dependent flux emerging from each part 
of the atmosphere which has to be integrated 
over all the disc rather than the angle-averaged 

flux. Since published stellar spectra (computed 
or observed) all yield only the angle-averaged 
flux, this implies serious limitations to  compar- 
ing computed stellar spectra with observations 
when used as a basis for synthesizing relevant 
disc spectra. 

The parameter ranges covered by accretion 
discs in cataclysmic variables suggest that, with 
the possible exception of the very central parts 
close to the white dwarf (where the boundary 
layer probably has a large influence), LTE is 
a good approximation for atmosphere com- 
putations (Figure 4-39). Radiation pressure can 
well be neglected. Electron scattering, however, 

198 



can become very important in some areas of the 
disc. Convection does become important at 
larger distances from the central object. 
However, irrespective of their large geometrical 
size, the contribution of these cool parts to the 
total radiation of a stationary, optically thick 
accretion disc is negligible in the optical and 
UV, so proper treatment of convection is not 
of crucial importance. 

When line radiation is included, the effect of 
the Keplerian rotation of the disc must be taken 
into account, which leads to  both additional 
line broadening as well as to double-peaked ab- 
sorption profiles (in analogy to emission pro- 
files, see Figure 4-45, Chapter 4.1V.C). The 
main effect on the Balmer lines is that they ap- 
pear double-peaked, particularly at high in- 
clination angles, while the UV lines of heavy 
elements can be broadened by many times their 
pressure-broadened value, and a lot of detailed 
information can be washed out.  . . . an effect 
which is strongly enhanced by the integration 
of radiation from all parts of the disc (Figure 
4-40). 

Spectrum synthesis for  stationary,  
geometrically thin, optically thick accretion 
discs has been performed by several authors 
(Herter et al, 1979; Kiplinger, 1979; 1980; Mayo 
et al, 1980; Pacharintanakul and Katz, 1980; 
Tylenda, 1981a; Wade, 1984; la Dous, 1986, 
1989), using either published sets of, or 
program codes for, stellar atmospheres and 
including, or in some cases not including, 
absorption lines in the computations. The effects 
of parameter changes on the theoretical 
spectra have been investigated (quoted 
references should be checked for details). The 
major results which emerged are that, of 
the possible free parameters investigated 
which might influence the character of 
the computed spectrum (the mass M,, of the 
white dwarf, the mass transfer rate M, the inner 
and outer disc radii ri and ro, respectively, and 
the angle of inclination i), the mass of the white 

dwarf - not considering its influence on the 
star’s radius - and the outer disc radius are 
of practically no importance. The drastic effect 
of the inclination angle i on lines as well as on 
the continuum flux already has been shown in 
Figure 4-38. The mass transfer rate M enters 
the radial temperature profile and thus is a very 
determining factor for the appearance of the 
disc spectrum (Figure 4-41), and variations of 
ri strongly alter the temperature range. If due 
to  a magnetic field which the white dwarf may 
possess, the inner disc radius ri also is a 
variable parameter, this is even more important 
for the disc spectrum than M (Figure 4-42), 
since its variation means including or negleci- 
ing the very hottest areas of the disc which 
entirely determine the UV and also partly the 
optical radiation. 

In general, almost any parameter variations 
have much more pronounced effects on the UV 
than on the optical radiation, so that no useful 
information about the system as a whole can 
generally be obtained from the optical colors 
of cataclysmic variables alone. Including also 
UV colors is of limited use. Meaningful system 
parameters may possibly be derivable from 
high-quality, high-resolution spectroscopic data 
of the optical plus UV range or from con- 
tinuum observations alone, if the mass of the 
white dwarf is known with some confidence (la 
Dous, 1989), but this has not been tried yet. 

Irradiation of the disc by hot central areas 
and/or the boundary layer, or generation of 
energy in the atmosphere, lead to  the forma- 
tion of extended chromospheres and coronae 
above the accretion disc which change con- 
siderably the nature of the emitted radiation, 
even if the accretion disc itself is optically thick 
(Schwarzenberg-Czerny, 1981; K% and 
Hubenq, 1986; Shaviv and Wehrse, 1986). 
Results so far have not led to more than the 
demonstration that such thin extended regions 
are present. 
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1V.C. EMISSION LINE SPECTRA 

RELEVANT OBSERVATIONS: During the 
quiescent state, most dwarf novae are dominated by 
strong emission lines of hydrogen in the optical and 
by strong metal resonance emission lines in the UV. 

see 73 

ABSTRACT: The line emission is attributed to op- 
tically thin areas in the inner and/or outer accretion 
disc, or even to the entire disc. Modeling is con- 
siderably more difficult than for outburst spectra 
since there is evidence that the disc is not stationary 
(Le., no radial temperature law is available ;priori), 
and non-LTE effects might become important, in 
particular in the presence of energy generation in the 
atmosphere. 

The spectra of quiescent dwarf novae, some 
nova-like systems, and old novae, usually ex- 
hibit strong emission lines of H, HeI, HeII, 
and, particularly in the UV, of highly ionized 
elements such as C IV, Si IV, N V. Different 
lines in one spectrum can, and usually do, ex- 
hibit vastly different profiles; in particular, the 
Balmer and He lines often are double-peaked 
if the system is seen under a large inclination 
angle, while normally all other lines exhibit 
single-peaked profiles. The shapes of the radial 
velocity curves are different for different lines 
and species, normally lines are eclipsed if the 
continuum undergoes an eclipse, but different 
lines are eclipsed in different ways, and all are 
affected differently than the continuous radia- 
tion. In general, it can be concluded that emis- 
sion lines originate from the Roche lobe of the 
primary stars (white dwarf); that most emission 
lines originate near the orbital plane, Le., in or 
near the accretion disc; that not all lines are 
formed in the same region of the disc; and that 
some lines, in particular those with the highest 
ionization potential, are formed far away from 
the orbital plane. 

From lines and line ratios seen in the spec- 
trum of the old nova V603 Aql, Ferland et a1 
(1982a) conclude that the line emission probably 
originates in an extenaea corona filling most 
of the white dwarf's Roche lobe which is heated 

by irradiation from the disc. Similarly, Jameson 
et a1 (1980) conclude from the UV spectra of 
the somewhat peculiar cataclysmic variable AE 
Aqr that the cool emission lines, Mg 11, Ca 11, 
and about half of Ly a are likely to originate 
in optically thin parts of the accretion disc 
itself, while the lines of the highly ionized 
elements, in particular N V, Si IV, C IV, and 
He I1 are likely to originate in a chromospheric 
region outside the disc, which again is heated 
by the hot central parts of the disc. 

In general, emission lines in cataclysmic 
variables can originate either in a corona above 
or below the accretion disc, or in optically thin 
parts of the disc itself. Williams (1980) included 
the possibility for the disc to be optically thin 
in the continuum in the outer cool disc areas 
(far away from the white dwarf), while it is still 
optically thick in the lines. The particular 
features of his results are highly dependent on 
the choice of the viscosity and on the assump- 
tion that the entire disc is stationary, but the 
general features are of wider significance. He 
finds that larger areas of the outer disc become 
optically thin in the continuum with decreas- 
ing mass transfer rate while the inner disc is still 
optically thick (Figure 4-43a); at very small 
transfer rates (of the order of M 5 
M /yr in his models) the entire disc becomes 
optically thin in the continuum. The Balmer 
lines remain optically thick throughout almost 
all of his model discs. The intensity ratio he ob- 
tains for the emissions of Ha, HP, and Hy are 
in reasonable agreement with observed ratios; 
however, he does not take into account con- 
tributions from absorption lines produced by 
the optically thick parts of the disc. None of 
his models produce any He lines of appreciable 
strength, from which Williams concludes that 
- for discs of the kind investigated -the lines, 
which are observed to be fairly strong at times, 
originate in some other, hotter, optically thin 
regions of the system. The disc in Bailey and 
Axon (1981) is assumed to be stationary, thus 
the optically thin outer disc has to heat up con- 
siderably over the respective black body 
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Figure 4-43. Continuum optical thickness and temperature of the accretion disc as a function of the mass transfer 
rate and distance from the white dwarf (Williams, 1980). A t  low mass transfer rates (during quiescent state) large 
parts of the outer accretion disc can be optically thin and at approximately constant temperature. 

Figure 4-44. When accretion discs become optically thin with decreasing mass-transfer rate, the emitted flux is 
represented ever more poorly by black body radiators (Tylenda, 198la). 

temperature in order to radiate away all of the 
locally created energy. This results in the 
temperature in these outer regions staying more 
or less constant (atcabout 6500 K for the viscosi- 
ty chosen in William's example) over geometri- 
cally large areas (Figure 4-43b). 

Tylenda (1981a) arrives at very similar results 
from only slightly different computations. He 
stresses the point how increasingly poorly, par- 
ticularly at optical and UV wavelengths, black 

bodies represent the continuous radiation emit- 
ted by accretion discs as ever larger optically 
thin areas are involved, increasing in size with 
decreasing M and increasing outer disc radius 
(Figure 4-44a), but also how sensitive the ac- 
tual temperature reached in the outer disc is to 
the particular choice of the viscosity (Figure 
4-44b). He also finds that the emission line pro- 
files are critically dependent on M and viscosi- 
ty, and also on the inclination angle, as one 
would expect. 
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When it comes to modeling actually observed 
emission line profiles, it is known that they de- 
pend on a wealth of parameters in addition to  
the influences already discussed above in the 
case of absorption lines; on the radial and 
azimuthal brightness distribution in the accre- 
tion disc, on the inner and outer radius of the 
region where the particular line under investiga- 
tion originates, on gas densities in the region, 
on the amount of turbulent motions present, 
on the rotational velocities in the discs and their 
relative size in different regions, on the shape 
and geometrical origin of the continuous spec- 
trum as well as of the absorption lines, and on 
even more parameters, depending on the degree 
of sophistication of the computations. Several 
increasingly promising attempts to model emis- 
sion line profiles have been undertaken so far, 
in particular of the Balmer lines of hydrogen; 
but clearly a lot of research remains to be done. 
The double-peaked lines of high-inclination 
systems are particularly well suited for testing 
of models, since these profiles have sufficient 
structure to impose considerable constraints on 
model parameters. 

Double-peaked profiles are believed to be due 
to the combined effects of the disc being a two- 
dimensional object and Keplerian rotation, in 
the same way double-peaked absorption pro- 
files arise in the computations of optically thick 
accretion discs (Chapter 4.1V.B). In principle, 
the peak separation should be indicative of the 
rotational velocity of the outermost radius in 
the disc, where a considerable contribution to 
the line under investigation originates (Figure 
4-45). Computations indicate that such a peak 
separation should already be visible at inclina- 
tions as low as 15". There are objects on the 
other hand, like BT Mon, LX Ser, and SW Sex, 
which exhibit clear single-peaked hydrogen 
emission profiles, yet they show eclipses of the 
continuous as well as of the line radiation which 
point to fairly high inclinations (Williams et al, 
1988). (One suggestion for solving this problem 
was to assume the presence of an additional 
component in the core of the emission lines, the 
geometrical origin of which was not specified 

further (Smak, 1981). Recently however, Marsh 
(1987) and Williams et a1 (1988) pointed at the 
importance of Stark broadening in smoothing 
out the peaks of theoretical emission line pro- 
files in accretion discs, an effect which is also 
able to explain the presence of very broad wings 
of the Balmer emission lines in some systems 
which are seen nearly pole-on. The actual im- 
portance of the Stark effect depends largely on 
the surface density of electrons and thus on the 
temperature. Due to different ways in which the 
Stark effect acts on H and He, a situation is 
conceivable wherein double-peaked H lines co- 
exist with single-peaked He lines (Williams et 
al, 1987) - a situation which is actually ob- 
served at times (see Chapter 2.11.B.1, Figure 
2-93). Marsh (1987) stresses the point that while 
Stark broadening certainly has a very impor- 
tant influence on line profiles in the inner disc, 
it may not be very important for the formation 
of double-peaked profiles of the H lines if the 
bulk of emission originates in the outer cool 
disc areas where the electron density is low. 
Furthermore, there is an observational indica- 
tion against Stark broadening to  be the cause 
of the single-peaked profiles, at least in the 
nova-like system LX Ser, since the Paschen 
lines should still have double structure if Balmer 
lines appear single-peaked due to Start effect, 
which in LX Ser they do not, when observed 
at sufficiently high wavelength resolution 
(Young et a1 1981a). 

A Keplerian rotating accretion disc implies 
the presence of significant velocity gradients in 
the atmosphere. This does not pose a problem 
for the continuum radiation, nor does it prob- 
ably pose one for absorption lines according to  
Rybicki and Hummer (1983). They elaborate 
on the importance of this additional asymmetry 
when dealing with accretion discs which are op- 
tically thin in the continuum. They discuss in 
particular conditions in the outer cool parts of 
the discs where the strong H emission lines are 
formed. They try to  apply the Sobolev theory 
(a simplified version of the general escape prob- 
ability method, applicable in the presence of 
high velocity gradients), but conclude that 
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Figure 4-45. Geometrical origin of double-peaked 
line profiles in accretion discs (Horne and Marsh, 
1986). 

physical conditions in accretion discs in 
cataclysmic variables at best marginally allow 
for applicability of this particular method. 

Horne and Marsh (1986) deal further with 
this problem, again assuming a condition where 
the disc area investigated is optically thin in the 
continuum and either optically thin or optical- 
ly thick in the lines. In order to show the general 
influence of some physical effects on the emis- 
sion line profiles they still adopt the Sobolev 
approximation for sake of simplicity, fully 
aware, however, of its limitations. They find 
that the local anisotropy can become a very im- 

CPTICALLY THIN I a 
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L 

Figure 4-46b. Profiles of optically thin lines for  
different emissivities in the disc: mostly the line 
wings are affected (Horne and Marsh, 1986). 

Figure 4-46a. (left) Synthetic line profiles of optically 
thin and optically thick lines at various angles of in- 
clination (Horne and Marsh, 1986). Optically thick 
lines yieldprofiles which resemble more those mostly 
seen in dwarf novae (e.g., Figure 4-47b). 

portant factor for the profiles of optically thick 
emission lines, particularly when the disc is seen 
under large inclination angles, while it is of only 
minor importance for optically thin lines, which 
by definition radiate isotropically. The effect 
on optically thick lines is illustrated in Figure 
4-46a: for inclination angles larger than about 
60” the minimum between the two peaks of the 
emission lines becomes considerably deeper if 
shear broadening is taken into account, com- 
pared to the case when it is not. Comparison 
of these computed profiles with an observed 
profile (Figure 4-46b) of Ha in Z Cha 
demonstrates that the fit is decidedly better 
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Figure 4-47. The principle of the line deconvolu- 
tion: when a disc with asymmetric brightness 
distribution is seen under different angles, different 
line profiles result; the deconvolution method tries 
to reconstruct the information contained in the line 
profiles (Marsh, 1986). 

Figure 4-48. Reconstructed emission of Z Cha during quiescence in four Balmer lines: (a) total emissivity. 



Figure 4-48(b) Fractional deviations from symmetry. 
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Figure 4-48(c) Radial dependence of the emission 
line f lux in the Balmer lines. The disc is decidedly 
asymmetric in radial as well as azimuthal directions 
in its physical properties (Marsh, 1986). 

when the effect of this velocity gradient is taken 
into account; a similar situation accounts for 
observed profiles of U Gem (Stover, 1981a). 

In order to compute the profile of a line emit- 
ted by an entire accretion disc some radial 
dependence of the line emissivity has to be 
adopted (like assuming the disc is rotationally 
symmetric). The assumption of a power-law 
dependence: 

f(r) - r -b  (4.18) 

for the radial variation of the emissivity proved 
successful for modeling observed eclipses of H 
and He lines in DQ Her, with b = 0 for the 
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Balmer lines and b = 2 for He I1 4686 A. Ap- 
plying the same hypothesis and analyzing 
observed line profiles of different cataclysmic 
variables, values in the range 1 6 b 6 2.2 pro- 
vided the best fit (Smak, 1981, and references 
therein). Horne and Marsh demonstrate how 
various choices of b mostly affect the wings of 
the theoretical profiles (Figure 4-46b). 

In basically the same way in which Horne et 
a1 (Home, 1985; Home and Cook, 1985; Home 
and Stiening, 1985; Wood et al, 1986 see also 
Chapter V.1V.E) tried to reconstruct the con- 
tinuum brightness distribution of accretion 
discs from UBV observations during eclipses, 
Marsh (1986) attempted to reconstruct the 
brightness distribution within the discs for line 
emission, by relating profiles observed at dif- 
ferent orbital phases (Figure 4-47). The basic 
assumptions for this computation were Roche 
geometry and that the line radiation be emit- 
ted by the stationary, Keplerian rotating accre- 
tion disc. As a first approximation an 
azimuthally homogeneous disc was assumed. 
The resulting radial and azimuthal distribution 
of the emissivity in Ha, HP, Hy, and H6 in the 
eclipsing dwarf nova Z Cha during quiescent 
state (as reconstructed from phase-resolved 
echelle spectra) is displayed in Figure 4-48. Ap- 
proximately the expected pattern is ob- 
tained: the emissivity basically is azimuthal- 
ly (rotationally) symmetric, with the single ex- 
ception of Hy  which for unknown reasons 
departs considerably from symmetry; fractional 
deviations from symmetry indicate the presence 
of the hot spot at about the place where it is 
expected according to theoretical considera- 
tions, which, since it only becomes visible when 
deviations from rotational symmetry are con- 
sidered in turn indicates that the contribution 
of the hot spot to the integrated radiation can- 
not be more than a few percent; and, finally, 
the radial distribution of the emissivity clearly 
does not follow a simple power law (which 
would be a straight line in Figure 4-48c) but a 
more complicated pattern which is unique for 
each of the investigated lines. 

Marsh attempts to reconstruct theoretically 
the observed spectrum with this probably 
reasonable distribution of the line emissivity, 
taking into account Stark broadening and shear 
broadening and using both a fairly accurate 
brightness temperature distribution derived 
from eclipse mapping methods and also a fair- 
ly reliable angle of inclination of the system 
(derived in Wood et al, 1986). He concludes 
that the disc is probably not in a steady state, 
since the mass transfer rate estimated from the 
luminosity of the hot spot is much larger than 
permissible for an optically thin accretion disc; 
an optically thick disc, on the other hand, 
matches the observations decidedly worse than 
an optically thin one; secondly, non-LTE con- 
ditions have to  be assumed in order t o  match 
the high Balmer emissivity observed from the 
center of the disc. 

, WINDS, 

RELEVANT OBSERVATIONS: Strong P Cygni 
profiles or blue-shifted absorptions are seen in C IV, 
and occasionally also in Si IV and N V, during the 
outburst of dwarf novae and in many nova-like stars. 
These profiles are considerably different from those 
of normal hot stars. Systems with very high inclina- 
tion angles exhibit only strong emission profiles in 
these lines. All other lines are seen in absorption as 
usual. 

see 84, 99, 107 

ABSTRACT: The observations can be reproduced 
rather well assuming an optically thick accretion disc 
and a wind driven out from the disc center and/or 
boundary layer. 

In many nova-like stars and in dwarf novae 
during the outburst state the Balmer lines of H 
in the optical are seen in absorption, with pro- 
files that are symmetric about the line center. 
In the UV, however, many systems exhibit ab- 
sorptions in C IV (1549 A), N V (1240 A), and 
in Si IV (1400 A), which are asymmetrically 
blue shifted by 3000 - 5000 km/sec or  more. 
In addition, the C IV line also has an ap- 
preciable red-shifted emission component 

206 



which is often seen at the same time, making 
it a classical P Cygni profile; while no more than 
a slight indication of an emission can be 
detected in the Si IV and N V lines. Other 
systems exhibit spectra with C IV in emission 
during the photometrically bright state, while 
the other lines are either in absorption or in 
emission; but all lines are roughly symmetric 
about line center (Chapters 2.II.B.2.3). When 
compared with system parameters it turns out 
that P Cygni profiles seem to appear exclusively 
in low-inclination systems, while very high- 
inclination systems show at least C IV in emis- 
sion during the outburst state. Eclipse obser- 
vations of RW Tri and UX UMa show that Si 
IV and N V are decidedly less affected than the 
continuum at the time of strong attenuation of 
the continuous flux, while C IV is hardly eclips- 
ed at all (Drew and Verbunt, 1985). From these 
observations in these two stars, it can be con- 
cluded that all of these lines are formed in an 
extended region centered about the white 
dwarf, and that C IV also originates in a much 
larger volume which thus is practically insen- 
sitive to the eclipse. Furthermore, from the 
observation that C IV does exhibit P Cygni pro- 
files while Si IV and N V do not, it can be con- 
cluded that the abundance of the latter two ions 
is much less than that of C IV. 

In analogy to P Cygni profiles observed in 
0, B, and Wolf-Rayet stars, it was inferred 
from their mere presence that mass loss occurs 
from dwarf novae and nova-like stars. Several 
authors (Krautter et al, 1981b; Cordova and 
Mason, 1982; Greenstein and Oke, 1982; Klare 
et al, 1982) tried to derive mass-loss rates for 
cataclysmic systems from comparing synthetic 
P Cygni profiles for 0-stars by Olson (1978) 
or Castor and Lamers (1979) with the observed 
profiles. They arrived at some computed 
values, but most of their computed profiles can 
hardly be matched by any of the observed ones, 
and also, as pointed out by Drew and Verbunt 
(1984; 1985), it is by no means obvious that 
their inherent assumption that the physics 
underlying mass outflow from hot single stars 
is basically identical to that working in 

cataclysmic variables applies. In other words, 
is the geometry of stars and discs different 
enough to be likely to have effect on observable 
line profiles? Drew and Verbunt attempted to 
gain more insight into the problem of mass loss 
from cataclysmic variables by actual modeling 
of line profiles and comparing them with obser- 
vations (Drew and Verbunt, 1984; 1985; Drew, 
1986; 1987). Their findings are reported in what 
follows. 

They start by investigating the properties of 
a wind which is driven away from the vicinity 
of the white dwarf. Such a wind cannot be 
driven thermally by conditions in the inner disc 
or boundary layer, since temperatures of 
around lo8 K would be required to produce a 
wind in that way.* Such temperatures could 
not, however, drop down sufficiently on rele- 
vant time-scales to account for the observed 
ionization states. Consequently, the authors 
assume that the wind is probably driven by 
radiation pressure due to radiation from the 
boundary layer, i.e., by conversion of (E)UV 
photons into kinetic energy of the ions, which 
requires a much lower temperature in the vicini- 
ty of the white dwarf. 

Assuming that the wind is radiatively driven, 
and assuming that the ions were to escape from 
near the surface of the white dwarf to infinity 
- which requires an escape velocity of order 
5000 km/sec, a velocity of the order observed 
in the blue-shifted absorptions of the UV 
resonance lines - an estimate of the mass-loss 
rate from the system can be obtained: 

where M," is the mass loss rate, M is the mass 
accretion rate, vest and v m  are the escape 

*In the boundary layer of a non-rotating white dwarf, a 
considerable amount of energy, equal to the luminosity of 
the entire disc, could be released in principle but there is 
no evidence for lo8 K temperatures there - see Chapter 
4.B.2. 
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Figure 4-49a. P Cygniprofiles from winds above ac- 
cretion discs. (a) profiles for  various mass-loss rates 
for  an underlying stellar source (a and b) and an ex- 
tended disc source (c and d); models in a and c were 
computed assuming coherent scattering in the lines, 
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Figure 4-49b. P Cygniprofiles in discs for  different 
mass loss rates and wind accelerations: profiles 
shown in panel a result from acceleration closer to 
the white dwarf than those shown in panel b (Drew, 
1986). 

velocity and the terminal velocity in the wind, 
respectively, and c denotes the speed of light. 
This result implies that the mass-loss rate 
should not amount to more than a few percent 
of the mass accretion rate. 
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Figure 4-49c. P Cygni profiles in discs f o r  various 
angles of inclination of the system for a) an essen- 
tially optically thin and b) more opaque line form- 
ing regions (Drew, 1987). 

Based on these findings and considerations 
of the physical structure of winds in cataclysmic 
variables, Drew (1986; 1987) carried out a 
systematic investigation of theoretically ex- 
pected resonance line profiles (C IV). She 
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assumed an optically thick, geometrically thin 
accretion disc in which the temperature is 
assumed to decrease with increasing distance 
from the white dwarf, according to equation 
4.2 - i.e., no hot boundary layer is required 
for the production of these profiles. In this case 
the wind originates preferably from the disc 
center and/or boundary layer. The outflow was 
assumed to  be spherically symmetric, unless 
mentioned otherwise below. Computations 
were carried out in the Sobolev approximation, 
which as Drew points out, will yield results 
which may not be accurate in detail, but will 
show gross properties in a reliable way. 

As shown in Figure 4-49, there is a very 
marked difference in P Cygni profiles 
originating from single stars and from extended 
discs, respectively. Due to the much larger ex- 
tension of the geometrical size of the continuum 
source, a mass loss rate higher by an order of 
magnitude is needed in cataclysmic variables in 
order to produce any observable effect in the 
line profiles. The shapes of both the absorp- 
tion and the emission components in P Cygni 
profiles originating from discs look totally dif- 
ferent from those of stars: the emission com- 
ponent is much shallower and the absorption 
component much weaker than for a com- 
parable situation in stars. One consequence of 
this is that, somewhat dependent on the radial 
velocity law in the wind, conditions could ex- 
ist under which the absorption minimum does 
not reach below half of the continuum inten- 
sity even in totally optically thick lines. It is in 
accordance with the observations that the ab- 
sorption minimum lies close to the central 
wavelength in the case of a disc, whereas it can 
be blue-shifted by a considerable amount in the 
case of stars. Furthermore, the amount of scat- 
tering in the winds from discs is found to be 
fairly unimportant for the appearance of the 
line profiles, much unlike the case in stars, 
where it is very important. The effect of the 
radial velocity of the wind on the line profiles 
is demonstrated in Figure 4-49b, which shows 
that at high M slow wind acceleration causes 
the absorption to develop a sharper, deeper 

minimum, while the emission is strongly 
enhanced. Comparison with observations thus 
leads to the conclusion that acceleration in discs 
is likely to occur much more slowly than in 
single stars. The dependence of the profile on 
the inclination angle is considerable (Figure 
4-49c), as expected from observations where, 
as pointed out above, P Cygni profiles are seen 
only in systems where the inclinations are not 
too high; for a small angle in the computations, 
when the disc is seen more or less face-on, on- 
ly blue-shifted absorption components can be 
seen, and only for discs which are seen almost 
edge-on (Le., at inclination angles which most 
likely would produce eclipses of the continuous 
radiation) does the emission become very 
strong. If some limb-darkening of the disc con- 
tinuum is assumed (the exact characteristics of 
which are unknown), or when a bi-polar wind 
outflow is assumed rather than a spherically 
symmetric one, the absorption disappears com- 
pletely for high inclinations, while the profiles 
for low inclinations are hardly affected. 
Mauche and Raymond (1987) arrive at very 
similar results from similar investigations. 

In conclusion, of greatest importance for 
determining the actual shape of the resulting 
line profile according to these calculations are 
the mass loss rate, the velocity profile of the 
wind, and the temperature and the temperature 
profile of the accretion disc. 

4.PV.E. ECLIPSE MA 

RELEVANT OBSERVATIONS: Photometric 
eclipses observed in dwarf novae and nova-like stars 
contain a lot of information about which parts of 
the system are being eclipsed. 

see 35, 96, 103 

ABSTRACT: The surface brightness and 
temperature distribution of the accretion discs can 
be reconstructed from eclbse Observations by meum 
of image processing techniques. The results agree 
well with the concepts of the Roche model. 
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Figure 4-50. Test images fo r  the eclipse mapping 
method: (a) input image is a steady state black body 
accretion disc with a hot spot; (b) the reconstructed 
image; (c) the synthetic eclipse light curve used fo r  
the reconstruction; (d) the reconstructed brightness 
temperature distribution (dots) as compared with the 
input distribution (solid line); the hot spot appears 
as peak in temperature at the other disc radius 
(Horne, 1985). 

0.01 0.1 

RADIUS/R,, 

When trying to compute the spectra of ac- 
cretion discs, the most serious problem en- 
countered is that the temperature distribution 
in the disc is in general not known. However, 
a useful method for the empirical determina- 
tion of the surface-brightness distribution in ac- 
cretion discs has been developed by Horne 
(1985). He applies methods of image-processing 
to  light curves of eclipsing cataclysmic 
variables. The general idea is that an eclipse 
light curve is determined by, and thus contains 
information on, the brightness distribution in 
the accretion disc. Being a one-dimensional set 
of data, it does not contain all the information 
of an essentially two-dimensional object, but, 
provided some additional information is given 
about the system investigated, the range of 

possible solutions and parameters can be nar- 
rowed considerably. The assumptions made are 
that the eclipse is one of an ai-symmetric two- 
dimensional object and that a default image en- 
sures an optimum reconstruction of the radial 
brightness distribution on the expense of 
azimuthal information (i.e., the hot spot will 
cause a bright ring at the outer radius of the 
reconstructed image, and it will appear as a hot 
peak in the derived radial temperature law - 
see Figure 4-50b, d). Out of the several solu- 
tions still possible for image deconvolution, 
that image is chosen which maximizes the en- 
tropy for each element (Horne, 1985, equation 
5). The data shown in Figure 4-50 demonstrate 
that the reconstruction (Figure 4-50b) of the in- 
put disc image (Figure 4-50a) from the "ob- 
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Figure 4-51. Surface brightness and radial 
tetnperature distributions of Z Cha in outburst (a, 
b) and quiescence (c, d), reconstructed by using the 
eclipse mapping method (Horne and Cook, 1985; 
Wood et al, 1986). 

served” light curve (Figure 4-5Oc) is convinc- 
ing. One other input into this test image was 
a radial temperature law as it is assumed to hold 
for stationary accretion discs, T(r) - r-3’4, 
which is reconstructed with 20% accuracy 
(Figure 4-50d). In terms of mass transfer rates 
for stationary accretion discs this translates into 
an accuracy of within a factor of two. 

Possible applications of this method are ob- 
vious for the derivation of any radial 
temperature profile - thus also allowing for 

0 01 0 1  1 

Radlus/RL, 

d) 1 
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Radius/RL, 

the localization of geometrical origin of the 
various line radiations, for the distinction be- 
tween optically thick and optically thin disc 
areas from the analysis of light curves obtained 
in different colors, for tracing the development 
of the disc through the outburst cycle, and, as 
already mentioned, for the determination of the 
mass transfer rates, and finally of distances. 

Some of these possibilities have not been ex- 
ploited yet, but this eclipse mapping method 
has been applied to two objects already, to 
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UBV observations of the dwarf nova Z Cha 
during outburst (Horne and Cook, 1985) and 
in white light during quiescence (Wood et al, 
1986), and to the nova-like system RW Tri. The 
reconstructed images and radial temperature 
profiles of Z Cha are shown in Figure 4-5 1. 
From these it is clear that during outburst the 
radial temperature distribution agrees with that 
of a stationary accretion disc, while this is not 
at all the case during quiescence. Furthermore, 
all the disc is probably optically thick during 
the bright state, while in the low state the in- 
ner disc is probably optically thin (no conclusive 
results can be obtained from measurements in 
merely white light) and the outer disc is optical- 
ly thick, having a much higher mass transfer 
rate than the inner disc. Both results are in 
agreement with the concept that during 
quiescence matter is accreted only in the outer 
disc, while it is accreted onto the white dwarf 
during outburst. Inferred mass transfer rates 

M /yr during the observed out- 
burst, and somewhere between and 

Mo/yr for the outer parts of the 
quiescent disc, down to some 10- M /yr at 
disc center. During the quiescent state the disc 
temperature increases only very slowly from 
some 4000 K at the outer rim to some 7000 K 
in the center; during outburst it ranges from 
some 7000 K at the outer edge to some 35000 
K in the center (it should be kept in mind here 
that optical colors are quite insensitive to UV 
flux, so that the temperature of 35000 K should 
be regarded as somewhat approximate). The 
radial colors for the disc in outburst all fall be- 
tween the theoretical lines for black bodies and 
for main sequence stars for the hot central parts 
of the disc (r 2 0.3 of the radius of the Roche 
lobe), indicating that the vertical temperature 
gradient in the disc is flatter than that of main 
sequence stars. Finally, a distance of 105 rt 20 
pc is derived from the angular diameter of the 
disc, assuming a radial velocity amplitude of 
the red companion star of 400 km/sec. 

are 108.9'0.3 

10- 10.08 

A similar analysis was carried out for U, B, 
R observations of RW Tri (Horne and Stien- 
ing, 1985). This disc is obviously optically 

thick*, and it follows roughly a radial 
temperature dependence as expected for a sta- 
tionary disc. The temperature ranges from 
10000 K to 40000 K, and a mass transfer rate 
of M = 10-7.9'0.4 MD/yr  and a distance of 
some 500 pc are derived. 

4.1V.F. T 

RELEVANT OBSER VATIONS: Hard and soft X- 
ray radiation which cannot be ascribed to the accre- 
tion disc is observed from many dwarf novae and 
nova-like stars, 

see 60, 69 

ABSTRACT: A boundary layer between the disc 
and the white dwarf is assumed to form where the 
Keplerian rotating disc material is braked down to 
the rotational velocity of the white dwarf in order 
to be accreted. The detailed structure of this layer 
is not yet clear. 

A final weak point in current spectrum com- 
putations is that only very little is known about 
the physical structure of the radiation emitted 
from the boundary layer. The current state of 
knowledge is summarized in this section. For 
other recent reviews see e.g., Shaviv (1987) and 
Stanley and Papaloizou (1987). 

Material in the accretion discs of cataclysmic 
variables is assumed to circulate with Keplerian 
velocity at any distance from the white dwarf. 
The white dwarfs, on the other hand, are not 
likely to rotate at the Keplerian velocity cor- 
responding to their surface (which would mean 
just short of brake-up). So, at the boundary 
where the inner disc meets the surface of the 
star, a velocity gradient is likely to be present. 
By some mechanism the excess kinetic energy 
of the disc material has to  be converted into 
some other form of energy so that at least a 
significant fraction of this material can even- 
tually settle onto the surface of the white dwarf. 
This region is referred to  as the boundary layer. 

* 
This combination of colors permits a clear distinction to 

be made between optically thick and optically thin areas. 
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The amount of energy liberated depends on the 
velocity gradient. An upper limit can be obtain- 
ed from assuming a non-rotating star in which 
case no boundary layer would be formed. In  
general the luminosity of the boundary layer is 

G MwD M 
LEX 5 , (4.20) 

RWD 

where all the symbols have their usual mean- 
ing; Le., once again about as much energy as 
that radiated away by the entire disc can be 
liberated in the boundary layer, an energy of 
the order of erg/sec. Given the small 
geometrical size of the boundary layer,* it is 
the probable place of origin of the observed X-ray 
radiation from cataclysmic variables. While 
other places of origin have been suggested, like 
the coronae of the secondary stars or the hot 
spot, these other sites lead to severe theoretical 
problems concerning the amounts of energy 
liberated (Patterson and Raymond, 1985a); thus 
the boundary layer seems the most likely site. 
Observations indicate that during the quiescent 
state the hard X-ray flux obtained from dwarf 
novae can be as high as the optical plus the UV 
flux from the disc, while no soft X-ray flux can 
be seen. During outburst the hard X-ray flux 
increases only slightly, if at all, while the soft 
X-ray radiation increases by one to  two orders 
of magnitude (Chapter 2.111.A.2). The sample 
of observations in the latter case is not really 
statistically significant (three objects: U Gem, 
SS Cyg, VW Hyi), but negative observations 
of other sources do not contradict a generaliza- 
tion of this kind. 

Theoretically, the physical structure and 
luminosity of the boundary layer are not yet 
known reliably. For making estimates, it is 
almost always assumed that the white dwarf is 
non-rotating (consistent with high observed X- 
ray luminosities), in which case hard X-rays are 

* 
Whatever the assumptions or computations are, it can- 

not be considerably larger than the dimensions of the white 
dwarf. 

likely to be due to an optically thin boundary 
layer which has to heat up considerably in order 
to radiate away all of the energy produced. Soft 
X-rays occurring at high accretion rates, on the 
other hand, are attributed to optically thick 
boundary layers where the radiation is ther- 
malized before being able to  escape the system 
(Pringle, 1977; Pringle and Savonije, 1979; 
Tylenda, 1981b; Frank et al, 1985; Patterson 
and Raymond, 1985a; 1985b). Energy is as- 
sumed to  be liberated either by very efficient 
viscous interaction (Tylenda, 1981b) or by 
shocks, as the fast-rotating material approaches 
the surface of the white dwarf (Pringle, 1977; 
Pringle and Savonije, 1979). One problem with 
this latter approach is the necessity to  produce 
radial shocks in a basically azimuthally mov- 
ing material, where shear flows and consequent 
turbulence reduce the efficiency of the shocks 
(Frank et al, 1985). King and co-workers (King 
and Shaviv, 1984; Frank et al, 1985) propose 
that during quiescence, when the turbulence is 
expected to occur, the boundary layer heats the 
gas to  temperatures up to 10' K and also 
causes it to expand out of the boundary layer, 
thus forming a hard X-ray emitting corona 
around the central object. At high accretion 
rates - a value typically considered, in agree- 
ment with the observations, is M 2 10l6 g/sec 
- the expansion is suppressed, thus reducing 
the hard X-ray flux and at the same time in- 
creasing the soft X-ray radiation. Elaborating 
on an idea suggested by Icke (1976) that shocks 
created by turbulent activity in the disc form 
a corona above the accretion disc, Jensen et a1 
(1983) suggest that a dynamo coupling differen- 
tial rotation and convection generates a 
magnetic field, which leads to the formation of 
a hard X-ray emitting corona, in analogy to 
models suggested for the formation of the solar 
corona. By this concept the authors are able to 
explain qualitatively the observed relation be- 
tween oscillations seen in hard X-rays and in 
optical wavelengths in particular. Such a cor- 
ona could also be responsible, at least partly, 
for the UV resonance lines observed in emis- 
sion in most quiescent dwarf novae; it cannot 
be responsible, however, for the P Cygni pro- 
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files seen during outburst, since then the ob- 
served X-ray radiation is softer. Any of the 
scenarios proposed above can be reconciled 
with the tentatively established relationship be- 
tween the angle of inclination and the obser- 
vable X-ray flux (Patterson and Raymond, 
1985a) which suggests an obscuration of the 
source of hard X-rays, thus implying that the 
emitting region must be confined to an area 
fairly close to  the white dwarf. 

How much radiation in X-ray energies is to 
be expected from cataclysmic variables is sub- 
ject to a wealth of assumptions and hypotheses. 
A so-called “mystery of the missing boundary 
layer” has been mentioned a couple of times 
in the literature (Ferland et al, 1982a; Burkert 
and Hensler, 1985; Kallman and Jensen, 1985). 
What is meant by this term is that the observed 
soft X-ray flux from many cataclysmic vari- 
ables is lower by a factor of 10 to 100 than what 
has been predicted from theoretical considera- 
tions. A careful examination reveals that all the 
quoted estimates of expected X-ray flux are up- 
per limits based on the assumptions of a non- 
rotating white dwarf plus a couple of other 
somewhat arbitrarily chosen parameters which 
will be considered below. The “mystery” seems 
to consist of still questionable assumptions, not 
paradoxical results. The amount of observable 
radiation depends on: the geometrical size of 
the boundary layer, which is normally assumed 
to be small, on the order of the thickness of the 
disc near the white dwarf, the rotational veloc- 
ity of the white dwarf, which gives a range to 
the flux of anything between zero and the flux 
of the entire disc; the mass and thus the radius 
of the white dwarf which can make a difference 
of up to  one order of magnitude in the 
predicted flux; the mass accretion rate, which 
is not known at all for quiescent dwarf novae 
in particular, only that it clearly is different 
from the mass transfer rate from the secondary 
star, and the distance of the object from the 
observer, which usually also only is known 
within fairly wide limits. 

Considering that observations, in particular 
of X-rays, are only carried out in certain energy 

bands and do not cover the entire spectrum, the 
wavelength dependence of the emitted spectrum 
also has to be considered when discussing ex- 
pected fluxes. Qualitative considerations clearly 
seem to support the view that a) the boundary 
layer is the origin of the observed X-rays, b) 
the boundary layer is optically thin for low ac- 
cretion rates, Le., for quiescent dwarf novae, 
and c) it becomes optically thick for high ac- 
cretion rates (Patterson and Raymond, 1985a; 
1985b). In no case, however, have self- 
consistent computations of the physical struc- 
ture of the boundary layer been carried out 
predicting any spectrum. Program codes for 
two-dimensional hydrodynamic boundary layer 
computations are being developed by Robert- 
son and Frank (1986), Kley and Hensler (1986), 
and Hey  (1989). The first results from these do 
not contradict the qualitative concepts reported 
above, but they do indicate that the boundary 
layer seems to be much more extended and ex- 
pansive than assumed so far. Papaloizou and 
Stanley (1986) carried out computations of the 
temporal development of the boundary layer 
and found that quasi-periodic oscillations can 
originate due to  small-scale viscosity in- 
stabilities in there - as observed occasionally 
in nova-like stars and in dwarf novae during 
outburst (Chapters 2.11.D.2, 1II.D). 

A 

ABSTRACT: Various determinations of the space 
densities of sub-classes of cataclysmic variables de- 
pend critically on assumptions about outburst time 
scales (for novae and recurrent novae) and about 
observational selection effects. 

In order to understand the context of 
cataclysmic variables in the evolutionary big 
picture of all stars, it is of great importance to 

*Cataclysmic variables in this section are restricted to novae, 
nova-like stars, dwarf novae, and possibly recurrent novae; 
symbiotic stars are not included in the discussion. 
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Figure 4-52. Galactic space distributions of (a) dwarf 
novae, (b) novae, and (c) symbiotic stars (Duerbeck, 
1984). 

THE SPACE DENSITY ( x lo-’ P C - ~ )  OF CATACLYSMIC VARIABLES 

Class This Work Previous Reference 

Dwarf novae .......... 2.4 3 
4 

Novalike ............... 1.5 5 

Novalike ............... 4.4 

Novae ................. 1.4 4 
13 

lo00 
1 

(confirmed only) 

(with candidates) 

Patterson 1984 
Warner 1974 

Warner 1974 

Patterson 1984 
Duerbeck 1984 
Bath and Shaviv 1978 
Warner 1974 

Table 4-2. Determinations of space densities of 
cataclysmic variables (Do wnes, 1986). 

know the space distribution and space density Several attempts have been undertaken to 
of these objects. Whatever the evolutionary derive the space density of cataclysmic variables 
model for cataclysmic variables, their space (e.g., Kraft, 1965; Warner, 1974b; Bath and 
density and distribution must be compatible Shaviv, 1978; Duerbeck, 1984; Patterson, 1984; 
with those of supposed progenitors and Downes, 1986; Ritter and Burkert, 1986) with 
descendants. different results, depending on what assump- 
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tions were made about the absolute magnitudes 
of cataclysmic variables and about the com- 
pleteness of observed samples. An extensive in- 
vestigation of the space distribution of different 
sorts of cataclysmic variables and possible pro- 
genitors has been carried out by Duerbeck 
(1984). Some of the resulting distributions are 
displayed in Figure 4-52. One of the conclusions 
from this study is that novae, dwarf novae, and 
possibly supernovae of type I have very similar 
galactic distributions, which in turn are fairly 
similar t o  those of W Ursae Majoris stars and 
Algol systems. Recurrent novae and symbiotic 
stars have similar galactic distributions, but 
these are distinctly different from the former 
ones. Thus there is support for the view that 
either W Ursae Majoris stars or Algol systems, 
or both, might be progenitors of most 
cataclysmic variables on the basis of their space 
densities; however, since the angular momen- 
tum of W Ursae Majoris stars is too small for 
the formation of a white dwarf, they can be 
discarded (Ritter, 1976). Space distributions of 
dwarf novae are consistent with the hypothesis 
that they might develop into type I supernovae 
(see also Chapter 4.V.E). 

The shape of the galactic distribution of 
dwarf novae and novae (see also Figure 1-1) 
points at their being population I objects. Some 
novae (T Sco, N Oph 1938) and possibly some 
dwarf novae are members of globular clusters, 
however, so they are population II objects 
(Webbink, 1980). 

According to Duerbeck’s study, novae and 
dwarf novae seem to have almost equal space 
distributions, but dwarf novae are some 10 
times as abundant as novae. On the other hand, 
Bath and Shaviv (1978) determined the space 
density of dwarf novae to be 200 times less than 
that of classical novae; Patterson (1984) derived 
the density of dwarf novae and nova-like stars 
together (without AM Herculis stars) to be 
about as high as that of novae; Warner (1974b) 
derived about equal densities for both novae 
and dwarf novae; and Downes (1986) arrived 

at approximately the same distributions for 
novae, dwarf novae, and nova-like stars from 
a survey of UV-excess objects! (Table 4-2). The 
point of disagreement is the completeness of the 
observed sample. On one hand this is a reflec- 
tion of the problem of accurate distance deter- 
mination (see Chapter 4.II.C.2), which, 
however, for statistical purposes is probably not 
too severe in the case of dwarf novae, since all 
those which are observable are relatively close 
by. A much more important question is the 
assumed outburst period of classical novae 
about which nothing is known at all. 

For dwarf novae and nova-like stars alone, 
Ritter and co-workers (Ritter, 1986a; Ritter and 
Burkert, 1986; Ritter and h k a n ,  1986) in- 
vestigated the influence of various system 
parameters on the observable, magnitude- 
limited, sample. They found that the selection 
is rather insensitive to assumptions about the 
assumed galactic distribution function and the 
interstellar absorption, as well as to the 
bolometric correction. By far the strongest 
selection effect was due to the mass-radius rela- 
tion of white dwarfs, according to which the 
star’s radius decreases considerably with in- 
creasing mass, yielding a larger gravitational 
potential and thus a brighter disc. The conse- 
quence is a strong statistical overrepresentation 
of the brighter systems containing massive 
white dwarfs. Finally they found that, since dif- 
ferent effects act in different ways on the 
system’s brightness, selection effects become 
less severe as the limiting apparent brightness 
decreases. Owing to these selection effects, they 
concluded that only a very minor fraction, 
about 1 out of 200, of the existing cataclysmic 
variables are actually observed. 

s 

White dwarfs in catacfystnic variables seein to have 
statistically higher masses than single white dwarfs. 
This difference can be fully accounted f o r  by selec- 
tion effects. 
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The determination of the masses of the two 
stellar components in a cataclysmic system is 
very difficult and not particularly reliable 
(Chapter 4.11.C.1). In particular, there are only 
two relatively highly reliable determinations for 
the masses of the white dwarfs, based on the 
analysis of double-lined spectroscopic eclipsing 
systems: EM Cyg and U Gem. The masses ob- 
tained are 0.57 * 0.08 M o  for EM Cyg 
(Stover et al, 1981) and 1.18 * 0.15 M Q  for 
U Gem (Stover, 1981a). Less reliable masses 
have been obtained for  several other 
cataclysmic systems (Ritter, 1987). With the 
necessary caution, however, this sample may 
be regarded as statistically representative of the 
white dwarf masses in cataclysmic variable 
systems. For the mass distribution of the white 
dwarfs in sub-classes of cataclysmic variables, 
see Figure 1-5. There is no evidence for any 
striking systematic difference in the masses of 
different sub-classes of cataclysmic variables. 
The mean white dwarf mass in cataclysmic 
variables is 0.90 f 0.06 M o ,  whereas that of 
single white dwarfs is only 0.62 * 0.08 M o  
(Ritter, 1987). Even if the masses derived for 
white dwarfs in cataclysmic variables are not 
very reliable, it seems fairly unlikely that such 
a severe distortion can be due to poor data, par- 
ticularly since the two reliable values, for EM 
Cyg and U Gem, fit into the general pattern. 

The white dwarfs in cataclysmic variables, as 
white dwarfs in general, are believed to be 
formed from red giants or supergiants which 
are eventually stripped off their envelopes as 
will be discussed later. The white dwarf is sim- 
ply the He or CO core of the evolved star. Since 
the core mass keeps increasing as long as the 
star still possesses its shell, the mass of the re- 
maining white dwarf depends on the time when 
the surrounding shell is lost. Thus, in the 
geometrically constrained case of the evolution 
taking place within the Roche lobe, statistical- 
ly, the masses of the white dwarfs in 
cataclysmic variables are expected to be even 
smaller than those of single white dwarfs, since 
the shell was lost when it exceeded the Roche 

limit, no matter how little advanced the giant's 
evolution was at that stage. 

Another possible explanation for this large 
discrepancy is to  assume that it is in the nature 
of cataclysmic variables, or rather their pro- 
genitors, that they are formed preferentially 
with massive white dwarfs. Computations have 
been carried out by, e.g., Law and Ritter (1983; 
see also Ritter, 1983) and Livio and Soker 
(1984a) in order to  investigate this question. 
Both these computations must be seen in the 
context of the general concept of binary evolu- 
tion leading to  the formation of cataclysmic 
variables which will be discussed in a later 
Chapter 4.V.E. Here only the basics, relevant 
to the present question, will be outlined. Law 
and Ritter suggest that white dwarfs in close 
binaries cannot only be formed through what 
they call case B,* leading to  low-mass white 
dwarfs, and case C,* leading to  massive white 
dwarfs, events but also through what they call 
case BB. In their case B mass transfer event and 
common envelope evolution, the primary of an 
initially wide binary system loses the binary 
period and thus the size of the'Roche lobe has 
decreased considerably. If conditions are then 
right, i.e., if the mass of the helium star is not 
too high (MH, < 3.4 M a ,  as a larger mass 
would eventually lead to  a supernova explosion) 
and the Roche lobe is not too large, a case B 
mass transfer event may occur, leaving a white 
dwarf near the Chandrasekhar limit of 1.4 
Mo . However, estimates of the abundances of 
possible progenitors for this sort of white dwarf 
leads to  the conclusion that, while they prob- 
ably do exist, their probability of occurrence 
is much too small to provide an explanation for 
the observed discrepancies in the mass spectra 
of white dwarfs. 

*Catastrophic mass transfer in a binary system is referred 
to as case B when it sets in before, and is referred to as 
case C when it sets in after, core helium burning in the more 
massive component. 
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Livio and Soker (1984a) investigate the ques- 
tion whether details of the common envelope 
phase of binary evolution favor massive white 
dwarfs in some way. They show that the two 
stellar components are much more likely to sur- 
vive the spiralling-in process during common 
envelope evolution if the envelope is a relatively 
less dense supergiant envelope - and thus the 
core is a massive white dwarf - rather than a 
denser giant envelope. However, Ritter and 
Burkert (1986) hold against this hypothesis 
observations of detached post-common- 
envelope systems whose mean white dwarf mass 
(0.62 f 0.08 M,) is not any higher than that 
of single white dwarfs. 

Another possibility that has been suggested 
is that the mass of the white dwarf might grow 
secularly due to continued accretion of material 
from the disc. Ritter (1985; see also Ritter and 
Burkert, 1986) discusses this possibility in more 
detail. He rejects it with two arguments: first, 
a much larger number of type I supernovae 
would be expected if the accumulation of a 
significant amount of mass were possible 
whenever the Chandrasekhar limit for the white 
dwarf mass was exceeded (see also Nomoto and 
Sugimoto, 1977); second, analysis of nova 
ejecta* suggests that the white dwarf loses mass 
during the course of a nova outburst. 

Yet another possibility to explain the two dif- 
ferent mass spectra of the white dwarfs is the 
action of selection effects on the observed sam- 
ple. This aspect has been dealt with by Livio 
and Soker (1984b) and Ritter and co-workers 
(Ritter 1986a; Ritter and Burkert, 1986; Ritter 
and Ozkan, 1986). Livio and Soker estimate 
that there are 6.86 lo3 more outbursts for a 
1.3 M o  white dwarf than for a 0.6 M o  white 
dwarf with otherwise identical conditions. Con- 
sidering this theoretical dependence of outburst 

*Nova ejects are overabundant in CNO by up to a factor 
of 100 compared with the solar composition, while the mat- 
ter transferred onto the disc from the secondary star can 
reasonably be assumed to have solar abundance. 

time-scales of novae on the white dwarf masses 
(on which no observational data are available) 
they conclude that these relatively frequent out- 
bursts in novae containing a massive white 
dwarf could account for the excess average 
mass in novae. A little discouraging in this 
respect are the derived masses of novae which, 
while mostly higher than the average of 0.6 
M, for single white dwarfs, are somewhat at 
the lower end of the distribution in cataclysmic 
variables (see Figure 2-3a). 

A selection effect favoring dwarf novae with 
high-mass white dwarfs is the mass-radius rela- 
tion for white dwarfs according to which, as 
the material a white dwarf consists of is 
degenerate, the radius shrinks considerably as 
the mass increases, thus making the respective 
accretion discs much brighter due to the higher 
gravitational potential in the hot inner disc. Rit- 
ter and co-workers (see above) carried out ex- 
tensive computations in order to find out the 
strength of this selection effect, and found that 
this mass-radius relation for white dwarfs can 
fully account for the observed mass spectrum 
of white dwarfs in cataclysmic variables as com- 
pared to that of single white dwarfs. Ritter 
(1986b) investigated a sample of pre- 
cataclysmic objects which is probably not 
strongly biased observationally and found that 
the mean white dwarf mass for these systems 
is 0.6 k 0.08 M, , in perfect agreement with 
the results for single white dwarfs.* 

*One cautioning remark about white dwarf masses in 
cataclysmic variables should be added. A lot of the 
discrepancy between single white dwarf masses and those 
of white dwarfs in cataclysmic variables seems to be due 
to difficulties in deriving the masses from observations, akin 
to the problem of determining the radial velocity curve (see 
Chapter 4.II.C.l). When masses given in the catalogues by 
Ritter from 1984 and 1987 are compared, the average has 
shifted down from 1.04 t 0.3 M a  (1984) to 0.90 * 0.06 
M (1987), largely as a result of a redetermination of 
white dwarf masses using more elaborate techniques. 0 
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4.V.C. THE SECONDA 

RELEVANT OBSERVATIONS: The secondary 
components are seen in the optical range in systems 
with orbitalperiods in excess of some 6 hours; often 
they are also seen in shorter period systems at in- 
frared wavelengths. 

see 78 

ABSTRACT: Observationaily, the secondary stars 
cannot be distinguished from main sequence stars. 
On theoretical grounds, they must originally have 
been considerably more massive, but lost most of 
their mass during the common envelope phase and 
later evolution. After the common envelope phase 
the stars are drawn together by magnetic braking of 
the secondary component until this star comes into 
contact with its Roche lobe. Thereafter, mass 
transfer is driven primarily by magnetic braking 
above the period gap, and by gravitational radiation 
below it. Black dwarf secondaries are expected to 
exist below the period gap but have not been detected 
so far; selection effects can account for this. 

As in the case of white dwarfs, masses of the 
secondary stars can only be determined reliably 
for the two eclipsing double-lined spectroscopic 
binaries, U Gem and EM Cyg (numerical values 
for these and other systems are given in Chapter 
4.11.C. 1). Furthermore, in all those systems 
which have a known orbital period, the radius 
of the secondary can be derived from the 
assumption that the star just fills its critical 
Roche volume. In this case the mass and the 
radius of the star are linked only by an almost 
constant factor the value of which depends 
mainly on the orbital period and only very 
weakly on the mass ratio (Faulkner et al, 1972; 
Patterson, 1984). Furthermore, the spectral 
types of the secondary stars are known for a 
couple of systems. The assumption that the 
radius and spectral type of the secondary ought 
to correspond to each other puts further limits 
on the possible mass of the companion star. 
Finally, dynamical stability of the system re- 
quires that the mass of the secondary star must 
not exceed significantly that of the white dwarf 
(although at least the case of EM Cyg, with q 
= 0.77, demonstrates that nature is not quite 

as restrictive as our theories). From this con- 
straint it immediately follows - and is obser- 
vationally confirmed -that the secondaries in 
systems with Porb 2 10 h must be evolved 
stars. 

Ritter (1983b; 1985; 1986a) derived physical 
parameters for 13 secondary components using 
just the above criteria, in order to test the fre- 
quently made assumption that the secondary 
stars in cataclysmic variables are main sequence 
stars. He compares these results with theoretical 
and observed (from detached visual and spec- 
troscopic main sequence binaries) mass-radius 
relations, as well as with the spectral types and 
mean densities of main sequence stars (Figure 
4-53). From these investigations it becomes ap- 
parent that, observationally, the secondaries in 
cataclysmic variables with orbital periods 
smaller than about 10 hours are very close to 
the main sequence and may not even be 
distinguishable from main sequence stars, 
which in turn implies that they are essentially 
unevolved. As Ritter (1983b) stresses, it cannot 
be concluded from this that they are zero-age- 
main-sequence stars, a point which will be con- 
sidered more closely in a moment. It might be 
useful to emphasize, however, that for cata- 
clysmic variables with orbital periods smaller 
than 10 hours the assumption that the second- 
aries look like main sequence stars provides an 
easy, though not highly reliable, method to 
obtain the masses of both stars. (See Chapter 
4.11.B. 1). 

If the masses of the secondary stars, which 
are typically smaller and may be much smaller 
than 1 M B, are taken at face value, it is not 
likely that they have evolved significantly 
during their lifetimes. On the other hand, the 
progenitors of cataclysmic variables are not yet 
known with certainty, so not much is known 
about the initial mass of these stars. It probably 
can be taken for granted from general evolu- 
tionary theory that the mass of the primary star 
was originally the larger one of the two, and 
that it evolved faster than its companion and 

219 



Z C  

15 

d 
IO 

8 
10 

0 5  

00 

12 

__i_. ~ 

39 38 17 3 6  1 5  3 1  
log le,'lrl 

eventually became a white dwarf. If the secon- 
dary star originally was only slightly less 
massive than the white dwarf, it also should 
have evolved significantly by the time the com- 
mon envelope phase of the evolution was 
initiated by the primary (see below). The mass 
of the white dwarf primary after this stage has 
to be less than the Chandrasekhar limit of 1.4 
M a ,  so, if stability against mass transfer* is to 
be attained, the secondary star also has to lose 
a certain possibly large fraction of its initial 
mass. If this happens after the star has had a 
chance to evolve, the remaining secondary is 
expected to exhibit decided traces of its evolu- 
tion. The effect is expected to be the stronger 
the closer to  unity the initial mass ratio is. In 
fact most secondaries, in particular those in 
systems with orbital periods smaller than 10 

*Mass loss from the secondary star results in a shrinking 
of the star's radius, rather than an expansion. The latter 
would lead to an uncontrolled increase of mass transfer. 

Figure 4-53. Effective temperature vs. mean density 
relation for secondaries in cataclysmic variables 
(numbers 1-20; numbers 21-23 represent low-mass 
X-ray binaries) together with several theoretical com- 
putations of the zero-age main sequence (A-0) (Rit- 
ter 1986~). Observationally the stars i.e., approx- 
imately on the main sequence. 

hours, do not seem to be significantly evolved, 
since, if they resembled normally evolved stars 
they should be found above the main sequence, 
and if they were the chemically homogeneous 
cores of formerly fairly massive stars they 
should lie below the main sequence (Ritter, 
1983b). This situation can only be understood. 
in terms of the typical critical mass ratios 
having originally been larger than two, in which 
case, theoretically, no significant trace of evolu- 
tion is expected to  be present in the remaining 
secondary star. 

The secondary star obviously loses mass con- 
tinuously to the primary at a rate on the order 
of lo-' t o  lo-" M o / y r  (see Chapter 
4.11.C.4). If the star has a comparatively large 
mass, or the system a long orbital period, it 
hardly is affected by this. As the star loses mass, 
its radius shrinks due to  magnetic braking or 
gravitational radiation (Chapter 4.V.D), and 
the Roche lobe shrinks as well, so the star loses 
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still more mass. Mass transfer continues 
without dramatic consequences, since the ther- 
mal time scale for the secondary to  adjust to  
mass loss is much smaller than the time-scale at 
which gravitational radiation proceeds. If this 
process continues for long enough, however, 
eventually the star is driven out of thermal 
equilibrium and becomes a degenerate black 
dwarf. As will be discussed in the next section, 
at the time when the star is out of thermal 
equilibrium the system reaches a minimum or- 
bital period, which at later stages of the evolu- 
tion increases again as the secondary continues 
losing mass. 

Rappaport et a1 (1982) point out that close 
to the minimum orbital period the secondaries 
cannot be assumed to follow the mass-radius 
relation of main-sequence stars any longer, but 
they are expected to have systematically smaller 
masses by eventually as much as 20%, after 
they are driven out of thermal equilibrium. No 
such effect is apparent in observations (Figure 
4-53). However, this might be due to the still 
relatively long orbital periods of the systems for 
which the secondaries have been investigated. 

For systems containing a degenerate black 
dwarf secondary, i.e., systems which have 
evolved through the minimum period, a secular 
increase of the orbital period is predicted. Such 
an increase has been observed in Z Cha (Cook 
and Warner, 1981; for observations see 
Chapters 2.11.B.5, 3.II.A, 3.III.A, 3.IV.A, and 
also Chapter 4.111.E). Faulkner and Ritter 
(1982) investigate whether the assumption of a 
black dwarf secondary is in agreement with 
observational properties of Z Cha and find that 
it is in clear contradiction: the predicted 
amplitude of the radial velocity is smaller than 
observed; the radii of both the accretion disc 
and the white dwarf are smaller than observed 
(Z Cha is a double-eclipsing system which 
allows for fairly accurate determination of these 
parameters); the mass transfer rate of 
M /yr inferred from the system’s apparent 

brightness, would bring it close enough to the 
Sun for it to  show a large parallax and a high 
proper motion, neither of which are observed; 
and, finally, although the sign of the observed 
period change is what is to be expected in the 
case of a black dwarf, the predicted period 
change on a time-scale of some 10 years is in 
strict contradiction to the value of 9.6 -+ lo6 
years claimed by Warner and Cook. By 
analogous arguments Faulkner and Ritter also 
exclude the presence of black dwarf secondaries 
in two other ultra-short-period systems, HT 
Cas and OY Car. 

Rappaport et a1 (1982) estimated that up to 
20% of the ultra-short-period cataclysmic 
variables (systems with orbital periods shorter 
than 2 hours) could contain a black dwarf sec- 
ondary. With such a high postulated percentage 
it is surprising that not a single such system 
could be found so far, although selection effects 
may act strongly against them. When the sec- 
ondary component is a normal undegenerate 
main sequence star, the hot spot is eclipsed 
during the eclipse of the white dwarf at very 
high inclination angles, rendering the system 
with a double eclipse. Since the time interval 
between the two parts of a double eclipse 
depends on the geometrical size of the second- 
ary star, becoming larger as the secondary 
becomes smaller, the two parts of the double 
eclipse should occur with a much larger time 
interval between them in the case of a black 
dwarf secondary, or even be separated into two 
independent eclipses, one immediately follow- 
ing the other (unpublished computations on this 
matter are reported in Ritter (1983a)). This 
means that in principle one should be able to 
identify black dwarf systems from observations 
of eclipse light curves. Nevertheless, the ex- 
pected fraction of double eclipsing systems is 
very low, even among cataclysmic variables 
with main sequence secondaries. It is even lower 
by a factor of up to three in systems with a 
black dwarf, since the probability of occurrence 
of such an eclipse decreases with increasing 
mass ratio between the primary and secondary 
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star. Furthermore, it is the mass transfer rate 
which determines the luminosity of an accre- 
tion disc; just this, however, is lower by one 
or two orders of magnitude from a degenerate 
secondary than from a main sequence star, 
which renders black dwarf systems intrinsically 
a lot fainter than others. Taking all these ef- 
fects into account, only between 0.1 and 3.0 
percent of the observed systems in a magnitude- 
limited sample are expected to contain a black 
dwarf. Finally, it is possible that the outer disc 
as well as the hot spot are optically thin, if the 
low predicted accretion rates are correct. In this 
case, even if the geometry were right for a 
double eclipse, only the eclipse of the white 
dwarf would appear in the light curve, and thus 
the system would be indistinguishable from 
other cataclysmic variables. 

RELEVANT OBSERVATIONS: In the distribu- 
tion of orbital periods of cataclysmic variable 
systems, the period gap between some two and three 
hours and the minimum orbital period of about 80 
minutes are outstanding features. 

see 9 

ABSTRACT: The upper end of the period gap is 
understood to be due to the cessation of magnetic 
braking which detaches the secondary star from its 
Roche lobe so that mass overflow stops. Gravita- 
tional radiation then brings the star and its Roche 
lobe back into contact, by which time the period has 
decreased to some 2 hours. The period keeps decreas- 
ing due to gravitational radiation until, at the 
minimum orbital period, the secondary mass has 
decreased enough so the star cannot maintain nuclear 
energy generation any longer. A t  this point, the star 
rapidly becomes degenerate (a black dwarfl and with 
further mass loss the orbital period increases. 

Figures 1-2 and 2-2, featuring the distribu- 
tion of orbital periods of cataclysmic variables, 
reveal a couple of interesting properties of the 

systems. The orbital period is the physical prop- 
erty of a cataclysmic system which, if 
measurable at all, usually is by far the most ac- 
curately known of all. 

There are mavericks at both ends of the 
distribution: at the short period end they are 
the AM Canum Venaticorum stars. They all fail 
to show any trace of hydrogen in their spectra, 
and thus are assumed to be degenerate. They 
will not be dealt with for the moment, but only 
later in this section. 

At the other end there is GK Per, a somewhat 
peculiar old nova which, in its quiescent state 
as a nova, exhibits brightness fluctuations 
reminiscent of dwarf nova outburst behavior. 
This system is dealt with in detail in Chapter 
8. Since the secondary in this system certainly 
is an evolved star, GK Per also will not be in- 
cluded in the following discussion. 

The bulk of cataclysmic variables have or- 
bital periods shorter than 10 hours, and their 
number rises appreciably toward shorter 
periods. There is a very characteristic gap be- 
tween about 2 hours 50 minutes (TU Men) and 
2 hours 15 minutes (AR And) in which no ob- 
ject has been found, although at both ends 
many objects are known. There is also a very 
sharp cut-off at about 1 hour 16 minutes (AF 
Cam) below which only objects have been 
found which do not possess any hydrogen. 

The sharpness of the two cut-offs, the period 
gap and its width, and the minimum orbital 
period, suggest that they are of real physical 
significance. Furthermore, the tendency for cer- 
tain sub-types of cataclysmic variables to  ap- 
pear preferentially at one or another side of the 
gap (see Chapters 1, 2.1.C) suggests an evolu- 
tionary cause of the observed distribution*. 

*No distinction will be made in the following discussion 
between the different sub-types of cataclysmic variables. 
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Figure 4-54. Dependence of the orbital period on the mass transfer rate in cataclysmic variables (Patterson, 1984). 
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Figure 4-5.5. Same observational data as in Figure 
4-54, with superimposed theoretical relation (solid 
lines), assuming magnetic braking plus gravitational 
acceleration to be at work above the period gap and 
only gravitational radiation below (Patterson, 1984). 
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The most obvious agent of secular evolution 
in cataclysmic variables is the mass loss from 
the secondary star, which is bound to cause 
secular changes in the orbital periods of these 
systems. An extensive literature has been 
published on computations and general 
theoretical aspects of this issue (e.g., Faulkner, 
1971; 1976; Taam et al, 1980; Paczynski, 1981; 
Paczynski and Sienkiewicz, 1981; Verbunt and 
Zwaan, 1981; D'Antona and Mazzitelli, 1982; 
Rappaport et al, 1982; Joss and Rappaport, 
1983; Paczynski and Sienkiewicz, 1983; Ritter, 
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1983b; Spruit and Ritter, 1983; Taam, 1983; 
Patterson, 1984; Verbunt, 1984; Nelson et al, 
1985). The main results shall be reviewed briefly 
in the following. 

For Roche-lobe overflow to occur, either the 
secondary has to expand beyond its Roche lobe 
or the Roche lobe has to shrink. Expansion of 
the secondary can occur either through nuclear 
evolution or through dynamical instabilities in 
the star's outer layers. For stars on the main 
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sequence, mass transfer rates due to nuclear 
evolution are less than lo-'* Mo/yr and are 
thus smaller by at least an order of magnitude 
than the mass transfer rates inferred from 
observations (see Figure 4-54 and Patterson, 
1948)*. Dynamical instabilities, on the other 
hand, produce pulse-like events which might ex- 
plain the outburst behavior of dwarf novae 
(Chapter 4.III.C), but not the continuous mass 
transfer at rates of lo-" to M,/yr oc- 
curring at quiescent state. 

Thus, the more likely cause for Roche-lobe 
overflow is shrinking of the volume available 
to the secondary star, which also implies a 
secular period decrease of the system. Simple 
conservative mass transfer from the (lower 
mass) secondary to  the (higher mass) primary 
as well as mass loss from the system both result 
in a period increase, and thus a growth of the 
secondary's Roche lobe. The only known 
mechanism to counteract the above tendency 
for the period to increase, even leading to a 
period decrease (Le., shrinkage of the primary's 
Roche lobe), is loss of angular momentum from 
the system (Patterson, 1984). Here again two 
possible mechanisms are known: gravitational 
radiation and magnetic braking. 

The concept of gravitational radiation is 
based on the field equations for gravitational 
forces in general relativity which predict the 
existence of gravitational waves and  
corresponding energy loss from every object. 
It was not clear for a long time whether this 
radiation could be of any astrophysical impor- 
tance; estimates for single star evolution sug- 
gested that it was not. The situation is different 
for stars whose geometrical size is determined 
by factors external to  the star itself, like the 
Roche volume in close binary systems. In this 

*For numerical values of mass transfer rates, possibilities 
or their determination, and their reliability, see Chapter 
4.11.C. In the context of this chapter it should be kept in 
mind that the numerical values are not very accurate, but 
they are not likely to be seriously in error either. 

case gravitational radiation can become impor- 
tant enough to control the evolution of the 
system. 

Energy loss from a binary system depends on 
the entire mass of the stars involved as well as 
on the orbital period of the system (Faulkner, 
1976). The time scale 7 for significant changes 
in the system due to this form of energy loss 
is on the order of 

7 = 3 x lo8 P8'3 , (4.21) 

if the two masses are of roughly comparable 
size. This means that the typical time scale for 
changes due to gravitational radiation is shorter 
than 10" years for cataclysmic systems with 
orbital periods smaller than 8 hours, it becomes 
considerably shorter than this for very short 
period systems, and eventually it becomes even 
shorter than nuclear time scales (Faulkner, 
1976). When the secondary's Roche lobe 
shrinks due to  gravitational radiation, the star 
must lose the excess mass which lies outside the 
critical Roche surface, preferentially through 
the zero-gravity point L,, which means into 
the Roche lobe of the white dwarf. The 
theoretically inferred mass-loss rate is of the 
order of 10- 'oto lo-" Mo/yr for low-mass 
main sequence stars, and is nearly independent 
of the orbital period (Rappaport et al, 1982; Pat- 
terson, 1984; see also Faulkner, 1976). If this 
value is compared with observationally inferred 
mass-transfer rates, it is clear that for systems 
with orbital periods in excess of 3 hours, Le., for 
systems above the period gap, this mechanism, 
though probably present, is not strong enough 
to explain the mass-transfer rates which are one 
to two orders of magnitude higher. For systems 
with periods below the gap on the other hand, 
it provides just about the correct mass-loss rate 
(see Figure 4-54). 

Another mechanism which has been sug- 
gested for causing a secular period decrease is 
magnetic braking. This mechanism is at work 
in cool main sequence stars (M 6 1.5 M,) 
which possess a convective envelope and a 
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Figure 4-56. Evolution of a cataclysmic variable into 
and out of the period gap: (a) the relative angular 
momentum loss drops as soon as magnetic braking 
ceases to be at work; (b) the mass transfer rate is high 
above the gap, drops to zero in the gap as the secon- 
dary becomes detached from the Roche surface, and 
is resumed at a small rate below that when gravita- 
tional radiation has brought the star into contact with 
the Roche surface again; (c) corresponding changes 
in the star's radius (solid line), its equilibrium radius 
(dashed lines, and the size of the Roche surface 
(dash-dotted line) (Spruit, Ritter, 1983). 

radiative core; due to solar-like activity these 
stars lose considerable amounts of angular 
momentum in their stellar winds which 
decreases the stars' rotational velocity. In a 
close binary system, time scales of tidal forces 
working to  synchronize the rotation of the 
secondary star are significantly shorter than any 
other time scale of evolutionary significance; 
and thus, in practice, the secondary always 
rotates synchronously with the orbital motion 
no matter how much angular momentum is car- 

ried away by stellar wind. This in turn leads to 
an increase of the stellar wind and drains even 
more angular momentum from the system, thus 
forcing the two stars closer together and the 
Roche lobe of the secondary to  shrink (Huang, 
1966; Mestel, 1968; Eggleton, 1976; Verbunt 
and Zwaan, 1981; Patterson, 1984; see also 
Paczynski, 1985). To estimate mass-loss rates 
to  the primary's Roche lobe from this scenario 
is very difficult since the secondaries in 
cataclysmic variables are rotating much faster 
(at an almost constant velocity of some 130 
km/sec for all systems according to Patterson 
(1984)) than any known single stars of similar 
spectral type due to forced synchronism. 
Assuming that gravitational radiation plus 
magnetic braking are at work above the period 
gap and that only gravitational radiation is at 
work below, sine these stars are fully convec- 
tive, Patterson tries to derive mass transfer rates 
and arrives at values well in agreement with the 
observationally derived values (Figure 4-55). 

A different approach has been undertaken 
by Spruit and Ritter (1983). They point out that 
just at the stage when the stars are assumed to 
become fully convective, a strong decrease in 
indicators of magnetic activity (Ca I1 and H CY 
emission, and X-rays) is observed, pointing to 
break down of the magnetic field - which also 
is expected on theoretical grounds when the in- 
terface between the radiative core and the con- 
vective envelope no longer exists as the star 
becomes fully convective at an orbital period 
of about three hours. Since the star is signifi- 
cantly out of thermal equilibrium due to former 
excessive loss of angular momentum (see 
above), it detaches from its Roche lobe and 
shrinks until it reaches its equilibrium radius. 
Even if no magnetic braking is acting any 
longer, the Roche lobe keeps decreasing due to 
gravitational radiation until, eventually, it again 
meets the star's surface (Figure 4-56). After 
this, mass transfer starts again, proceeding at 
the rate of some 10-'oto lo-' ' M@/yr due to 
gravitational radiation. Choosing appropriate 
parameters, Spruit and Ritter are able to 
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Figure 4-57. Evolution of the secondary star below 
the period gap under the influence of gravitational 
radiation: (a) A minimum orbital period of the 
system is reached as the star becomes degenerate 
(Ritter, 1983 after Paczynski and Sienkiewicz, 1981). 
The exact value of the minimurn orbital period 
depends on the total inass of the system (as indicated 
in the figure); (b) fo r  solar composition it always is 
on the order of 80 minutes (Paczynski and 
Sicnkiewicz, 1981); (c) when the chemical abundance 
is changed, the minimum orbital period changes as 
well (Sienkiewicz, 1985). 

theoretically reproduce the observed period gap 
of the right position and size. Furthermore, in 
analogy to the Sun, it is assumed that 

magnetically active stars possess many star 
spots which disappear together with the 
magnetic activity; this alone can produce a gap 
like the one observed, even if the star remains 
in thermal equilibrium all the time. 

Whichever of these above two scenarios is 
applied to explain the period gap, results still 
depend strongly on the assumed initial condi- 
tions and parameter values, and clearly con- 
siderable theoretical work remains to be done. 

For systems below the period gap there is 
theoretical agreement that mass transfer is 
driven by gravitational radiation alone. The or- 
bital period keeps decreasing as the secondary 
loses ever more mass. When the star's mass ap- 
proaches some 0.1 M o  , corresponding to an 
orbital period of some 120 min, the thermal 
time-scale becomes comparable to the time- 
scale of gravitational radiation. The star can- 
not adjust to  the permanent mass loss any 
longer and is driven out of thermal equilibrium. 
This occurs when its radius becomes distinctly 
larger than the radius of a main sequence star 
having the same mass (see above). The con- 
tinued mass loss causes the nuclear burning in 
the core to be extinguished. Since there is no 
longer any support by nuclear generated ther- 
mal pressure against gravitation contracting the 
star, the star cools off and collapses. As a con- 
sequence it becomes degenerate (Rappaport et 
al, 1982). 

Both the period gap and the strong cut-off 
at a minimum orbital period still need to be ex- 
plained. In principle there are three possible 
ways for producing a period gap: either, a) 
for some reason systems are not formed in the 
gap and also do not eventually evolve into it, 
or b) they move through the gap very quickly 
so the detection probability decreases strong- 
ly, or c) for a while the system is a detached 
binary, mass transfer stops, and thus they are 
not recognizable as cataclysmic variables. Pat- 
terson (1 984) and Verbunt (1984) summarize 
and discuss previous, unsuccessful, attempts to 
explain the gap; these are not reviewed here. 
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Currently, two possible additional scenarios are 
under consideration. The basic idea of one of 
these concepts is (D’Antona and Mazzitelli, 
1982; Joss and Rappaport, 1983) that, as the 
secondary star loses matter and its internal 
structure tries to adjust to the ever new condi- 
tions (staying close to the main sequence, never- 
theless), the convection zone penetrates deeper 
and deeper into the star’s interior while the 
star’s central temperature decreases. Since new 
He 3 is mixed into the core from the outer, 
chemically unconsumed layers of the star, the 
energy production increases conspicuously just 
as the star becomes fully convective at an or- 
bital period of some three hours. The increased 
energy production leads to a temporarily en- 
hanced mass transfer, hence stronger mass loss 
from the star and also a fall of its internal 
temperature which in turn means nuclear 
energy generation becomes less effective. The 
system becomes detached, as nuclear energy 
generation becomes too inefficient and the 
stellar radius shrinks below the Roche radius. 
Only when gravitational radiation has reduced 
the Roche lobe strongly enough for it to reach 
once more the surface of the secondary star 
does mass transfer begin anew. 

The orbital period of a binary system 
depends to first order only on the radius and 
thus on the mass of the secondary star. For a 
non-degenerate star the radius shrinks as it loses 
mass, whereas the situation is opposite in the 
case of degenerate material. Due to this the 
binary period reaches a minimum - the exact 
value of which depends on the total mass of the 
system and its chemical composition -just at 
the time when the secondary star becomes 
degenerate, after which it increases as the secon- 
dary loses even more mass (Figure 4-57a). Pac- 
zynski and Sienkiewicz (1981) and Sienkiewicz 
(1985) investigated the theoretical value of the 
minimum orbital period as a function of the 
total mass of the system (M, -t MJ as well as 
of the chemical composition. They find that, 
quite independent of the entire mass, the 
minimum orbital period for hydrogen-rich 
systems for which they assume X = 0.70, Y = 

0.27, Z = 0.03 is 81 f 6 minutes (Figure 
4-57b), while for hydrogen-poor systems with 
mass fractions down to 0.01 the minimum 
period can be as short as 40 minutes (Figure 
4-57c). Thus the period of GP  Com, 46.5 
minutes, can be explained in this way, while the 
periods of PG1346+ 182 (24.8 min) and AM 
CVn (17.5 min, but somewhat questionable) re- 
quire another, as yet unknown, mechanism. 
Eventually the mass will become too low for 
the star to be degenerate. From this moment 
on the period will decrease again as the star 
loses mass, and only gravitational radiation will 
be at work until the mass of the star will be 
almost entirely lost. What little mass will be left 
is probably just a rapidly spinning white dwarf 
(Nather, 1985). 

ABSTRACT: In general, the progenitors of 
cataclysmic variables must be wide binaries with or- 
bital periods of months or years. No known class 
of stars has been identified with them so far. Alterna- 
tively, a small fraction may be fornied by extensive 
mass accretion onto a planet from a star during a 
common envelope phase. A t  the end of the lifetime 
of a cataclysmic variable, mass overflow f rom the 
secondary star continues until this mass is entirely 
transferred. A single white dwarf then remains. 

All cataclysmic variables contain a white 
dwarf primary which can only have evolved 
from the core of a red giant or supergiant, thus 
from a progenitor whose radius was much 
larger than the dimensions of a cataclysmic 
system. Since most observed white dwarfs in 
cataclysmic variables are rather massive (MwD 
> 0.45 M a ) ,  they must have originated 
through case C mass transfer which implies a 
large angular momentum of the original 
system, most of which (up to 95 %) must have 
been lost during the evolution toward a 
cataclysmic variable (Ritter, 1976). 

N 

This is about all that can be concluded about 
the progenitors from inspection of existing 
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observed systems. Several attempts have been 
made to at least qualitatively model stellar 
evolution before cataclysmic systems emerge 
(e.g., Paczynski, 1976; Ritter, 1976; Webbink, 
1979; Law and Ritter, 1983; Paczynski, 1985). 
Although the details are by no means well 
understood theoretically, there is general agree- 
ment about the following overall scenario: 

The progenitors must be fairly wide binaries 
with orbital periods of many months or years, 
in order to later be able to accommodate a red 
giant or supergiant in the primary’s Roche lobe, 
which in turn is needed in order to eventually 
produce a white dwarf. W Ursae Majoris stars 
can be excluded as possible candidates, even 
though their space density and distribution well 
match those of cataclysmic variables 
(Duerbeck, 1984, and see Chapter 4.V.A), since 
their angular momentum is so small that no 
white dwarf could be formed (Ritter, 1976). No 
other group of stars has been identified as a 
possible class of progenitors. 

Whatever the progenitors are, the two stars 
must evolve independently for most of their 
lives on time-scales dictated by their masses. 
The more massive star eventually becomes a red 
giant, harboring a future white dwarf in its 
core. It will expand and fill its critical volume 
as either a giant or a supergiant, depending on 
the size of the Roche lobe, and, corresponding- 
ly, case B or case C Roche lobe overflow will 
take place onto the still rather unevolved secon- 
dary star, unless q = 1 (Kippenhahn and 
Weigert, 1967). Initially, the mass transfer onto 
the secondary star is very violent with a mass- 
loss rate as high as 0.1 Mo/yr (Webbink, 
1979). The secondary star clearly is not able to 
adjust to this flood of material and possibly as 
soon as within a few orbital periods (Paczyn- 
ski, 1976), blows up to become a red giant-like 
object. Thus both stars together find themselves 
wrapped in a common envelope. Angular 
momentum is transferred to the envelope, and 
the two cores are drawn ever closer together 
while the envelope expands. It is not clear 

theoretically how this binary system and the 

envelope finally become detached from each 
other. If this scenario is qualitatively correct, 
one would expect to observe a close binary 
system consisting of a white dwarf and a main 
sequence star with an orbital period of less than 
2 days to occur inside a planetary nebula. 

Observational support for this scenario came 
from the detection of several close binary 
systems consisting of a white dwarf and a main 
sequence star, ten of which are central stars of 
planetary nebulae (Ritter, 1986b). In particular 
the planetary nebulae must be very young since 
they become invisible some lo4 years after 
their ejection. These so-called pre-cataclysmic 
binaries (or V471 Tauri stars) are considered the 
immediate progenitors of cataclysmic variables 
(Patterson, 1984; Bond, 1985; Ritter, 1986b). 

They are not quite cataclysmic systems yet, 
however, since the orbital periods are still too 
long for the secondary components to fill their 
Roche lobes. Again, the known mechanisms for 
angular momentum loss which are efficient 
enough to act on relevant time-scales are 
gravitational radiation and magnetic braking or 
expansion of the secondary on nuclear time- 
scales. Gravitational radiation is at work in all 
binary systems. It has been mentioned above, 
however, that contraction of these systems due 
to gravitational radiation takes a very long time 
for long orbital periods, so that systems for 
which only this mechanism applies are not like- 
ly to become cataclysmic variables within the 
lifetime of the Galaxy. Magnetic braking, on 
the other hand, only works within fairly nar- 
row limits of physical conditions, namely, a dif- 
ferentially rotating secondary which possesses 
a convective envelope, implying that it must be 
a main-sequence star with a mass between 
roughly 0.3 and 1.3 solar masses in a sufficient- 
ly close binary system which ensures tidal inter- 
actions to be able to force the stars to co-rotate. 
Bond (1985) points out that, given all these con- 
straints, cataclysmic variables may well be only 
a tiny fraction of possible end-products of com- 
mon envelope evolution. 



Evolution toward and through the life of a 
cataclysmic variable was already outlined above 
(Chapter 4.V.D): magnetic braking eventually 
brings the period down to some three hours; 
when this mechanism brakes down, the secon- 
dary detaches from its Roche lobe and mass 
transfer stops. All further evolution is 
dominated by gravitational radiation bringing 
the stars ever closer together until mass 
overflow resumes again. The orbital period 
keeps decreasing until a minimum value is 
reached when the secondary becomes 
degenerate. After this it increases again until 
so much of the secondary’s mass is transferred 
that it is not even degenerate any longer. The 
period then decreases again as further mass is 
lost, until all of this star has finally been can- 
nibalized by its white dwarf neighbor. 

On the way to this stage, however, further 
obstacles can be met. If the white dwarf should 
succeed in crossing the Chandrasekhar limit by 
accreting enough mass (that this can happen 
theoretically is by no means obvious - see 
Chapter 4.V.B), the white dwarf will undergo 
a supernova explosion of type I which may or 
may not destroy the secondary; at any rate such 
an event would seriously influence the further 
fate of the system. Also, it is not clear 
theoretically what repeated nova explosions, if 
they occur at all, might do to a system in terms 
of angular momentum balance and white dwarf 
masses. 

As mentioned earlier (Chapter 4.V.D), AM 
Canum Venaticorum stars, i.e., systems con- 
taining two degenerate stars orbiting around 
each other with periods of less than 40 minutes, 
cannot be explained by the above scenario, 
since the minimum orbital period from gravita- 
tional radiation is larger than the orbital period 
of two of these systems. A possible explanation 
for the existence of such objects was given by 
Livio and Soker (1983, 1984b; Livio, 1983 - 
see also Rappaport et al, 1982). They start out 
from a star-planet system. The star evolves and 
becomes a red giant. The planet is exposed first 
to a strong stellar wind, later it is embedded in 

the envelope and accretes matter, and may, if 
conditions are right, finally become a low-mass 
star of order 0.14 M , . Spiralling-in diminishes 
the distance between the planet/star and the 
white dwarf core of the giant. It depends on 
the initial conditions what the end product of 
this evolution will be. If the initial separation 
is too small (smaller than some 500 R,), the 
planet will spiral into the star before the star 
had lost its envelope and only the star is left, if 
it is too large (larger than some 2000 R,) the 
planet will not be able to accrete a significant 
amount of mass and the separation between the 
two cores will not be reduced. Concerning 
masses, if the initial mass was too small (smaller 
than 0.01 M,) the planet will evaporate during 
the spiralling-in phase; only if the mass is larger 
than some 0.0125 M @  will a low-mass star 
result, of some 0.14 M , , whose mass will be 
determined almost entirely by the mass con- 
tained in the giant’s envelope. 

4.V.F. NOVAE - DWARF NOVAE - 
AND NOVA-LIKE STA 

RELEVANT OBSER VATIONS: Except for their 
outburst behavior and its immediate consequences, 
novae, dwarf novae, and nova-like stars cannot be 
physically distinguished from each other. 

see 19 

ABSTRACT: It is suggested that all systems 
cyclically pass through all these stages of activity. 

In all of the above discussion no reference 
was made to the type of cataclysmic variable 
(novae, dwarf novae, or nova-like star) con- 
sidered. In fact, observationally, no striking 
statistical differences can be found between the 
members of the various sub-classes of cata- 
clysmic variables except, it seems, for the out- 
burst activity. This may be due partly to 
difficulties in determining system parameters 
reasonably accurately (see Chapter 4.11.C). It 
is certainly still an open question why some ob- 
jects appear as novae, others as dwarf novae, 
and even others as different types of nova-like 
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systems. Probably the only clear cases are AM 
Canum Venaticorum systems which contain 
two degenerate stars, and AM Herculis stars 
which are governed by the magnetic field of the 
white dwarfs (these two kinds of systems are 
not considered here). 

Since system parameters of essentially all 
cataclysmic variables seem to be approximate- 
ly identical, the general feeling is that all these 
systems may really be effectively identical, and 
just be seen at different stages of a cyclic evolu- 
tion. A nova explosion is expected to occur as 
soon as a sufficient amount of hydrogen-rich 
material has accumulated on the surface of the 
degenerate white dwarf. The necessary material 
is assumed to come from the secondary star via 
the accretion disc. Furthermore, novae by 
definition only have been observed to erupt 
once, and so far there has been no observa- 
tionally imposed reason to change this defini- 
tion.* Of course this does not mean that all 
novae erupt only once, but only that the out- 
burst interval is in excess of a couple of hun- 
dred years. Since a nova outburst obviously is 
not very traumatic for a cataclysmic system, 
such an event well may happen to  the system 
many times. 

There are a few old novae which occasional- 
ly exhibit small-scale brightness fluctuations 
fairly reminiscent of dwarf nova outbursts (see, 
e.g., Livio, 1987): The most prominent exam- 
ple is GK Per, discussed extensively elsewhere 
in this book. In a tentative scenario, U Gemi- 
norum variables, Z Camelopardalis stars, anti- 
dwarf novae, and finally UX Ursae Majoris 
stars all can be linked comfortably to stages in 
an evolutionary sequence with an increasing 

*Some recurrent novae have been observed. There is plen- 
ty of support, however, for the assumption that they all 
contain evolved secondaries which might have played a part 
in their evolution. At  any rate, they can comfortably be 
excluded from considerations concerning the bulk of 
cataclysmic variables by stating that they are not typical 
representatives of this class, and in fact some of them, like 
T CrB, seem almost indistinguishable from symbiotic 
systems - see Chapters 9 and 11. 

fraction of time spent in the high/outburst 
state. 

Following this general idea, Vogt (1982b, see 
also, e.g., Shara et al, 1986) tentatively sug- 
gested a cyclic behavior in which a nova explo- 
sion blows away the entire accretion disc which 
then eventually is built up again: first the 
system starts to  exhibit dwarf nova-like 
behavior of an old nova; then it becomes a U 
Geminorum star; then, as the torus/disc mass 
increases it will be a Z Camelopardalis star, and 
later an UX Ursae Majoris star, until enough 
hydrogen-rich material has accumulated on the 
surface of the white dwarf for it to  undergo 
another nova explosion. There are observa- 
tional as well as theoretical problems with this 
scenario. Observationally, there is no evidence 
for quiescent novae to be physically significant- 
ly different from other cataclysmic variables at 
least for the first couple of decades after erup- 
tion. In particular there is every indication that 
they all possess accretion discs. Theoretically, 
the mass-transfer rates of typically some 
Mo/yr  in UX Ursae Majoris stars are about 
an order of magnitude too high for ther- 
monuclear reactions to occur on the surface of 
the white dwarfs (Paczynski, 1985). 

The mass-transfer rates derived for quiescent 
novae are of about the same order, some 
Mo/yr or even higher than those derived for 
UX Ursae Majoris stars. This poses the prob- 
lem that in novae new nova outbursts are not 
expected to  occur. On the other hand the 
general feeling is that the nova phenomenon is 
like!y to be a recurrent one. To propose a way 
out, Shara et a1 (1986) and Livio (1987) sug- 
gested that after the nova outburst high mass- 
transfer rates are maintained for some 50 to 300 
years by irradiation of the secondary by the still 
hot white dwarf. The two stars are driven 
somewhat apart by the outburst. (A period 
decrease after, as compared to before, the out- 
burst has been claimed for the old nova BT 
Mon, observed in 1939 (Shaefer and Patterson, 
1983; Livio, 1987). Thus as the white dwarf 
cools and is ever less able to heat the secondary, 
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this star will shrink to  its normal dimensions 
which, due to  the now somewhat enlarged 
Roche lobe, will underfill its critical volume and 
thus mass transfer will either be strongly re- 
duced or be stopped altogether (Livio calls this 
state “hibernation”), until, by magnetic brak- 
ing or by gravitational radiation, the system is 
brought into contact again and dwarf nova ac- 
tivity is resumed until the next nova outburst 

occurs. Observational support for this is an 
observed decrease in luminosity in the old nova 
RR Pic (Nova Pic 1925) as well as very low 
mass-transfer rates for the two very old novae 
CK Vu1 (1670) and WY Sge (1783). 

At any rate, concerning this aspect of under- 
standing cataclysmic variables, considerable 
theoretical work remains to be done. 
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In the preceding chapters an attempt has 
been made to  convey a picture of the current 
state of research in dwarf novae and nova-like 
stars. Chapters 2 and 3 summarize the obser- 
vational appearance of dwarf novae and nova- 
like stars, respectively. The aim in these 
chapters was to present the data independent 
of any interpretation, while at the same time 
to  point out implications these observations 
have for any model. In order to facilitate 
understanding, in particular for newcomers to 
the field, a “general interpretation” of the main 
observed features within the framework of the 
Roche model was given at the end of each 
major section. Finally in Chapter 4 the Roche 
model for cataclysmic variables and the main 
streams of current theoretical work in dwarf 
novae and nova-like stars were presented with 
abstracts of the relevant observations for the 
models preceding major theoretical sections. In 
addition, a system of cross-references should 
enable easy comparison between similar 
features in different sub-classes of dwarf novae 
and nova-like stars. 

The emerging picture is that, in gross 
features and in most respects, dwarf novae and 
nova-like stars, as well as quiescent novae are 
almost indistinguishable. Nevertheless, in addi- 
tion to their different outburst behaviors, there 
appear to be some further differences between 
dwarf novae and nova-like stars such as: 

0 a tendency for the Balmer emission lines 
of hydrogen to  have larger equivalent 
widths in dwarf novae than in nova-like 
stars (see Chapter 2.111.B. 1.a); 

in dwarf novae HP is often of comparable 
strength to, or stronger than, Ha, while in 
nova-like stars Ha is normally the stronger 
line (see Chapter 2.111.B. 1 .a); 

in some nova-like systems the changes be- 
tween high and low brightness states are 
considerably more pronounced at optical 
wavelengths and in the IR than in the UV, 
while in dwarf novae it always is the UV 
that is most strongly affected; other nova- 
like-stars behave in the same way as dwarf 
novae (see Chapters 2.III.A, 3.III.B, 
3.V.C); 

0 in several eclipsing nova-like stars the or- 
bital hump appears at some times before, 
at others after eclipse, while in dwarf 
novae it always appears before eclipse (see 
Chapters 2.II.B, 3 .II.A. 1, 3 .IV.B); 

0 in dwarf novae the hump amplitude always 
seems to be strongest in the optical, 
decreases in intensity toward shorter 
wavelengths, and is practically absent in 
the UV; in some nova-like stars, however, 
it was seen to be strong in the optical, 
decreases around the U filter, and in- 
creases again shortward of this (see 
Chapters 2.II.B, 3.II.B, 3.111.A.2). 

The reasons for these differences are not yet 
mderstood. In fact, hardly any attention has 
been paid to  them so far. Commonly the 
understanding is that nova-like stars can be 
regarded as dwarf novae in a permanent state 
of outburst. There is evidence, though, that the 
differences between these two classes of stars 
go beyond this view. 
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In general it is difficult to make statements 
about “the” behavior of nova-like stars since 
this class is far from being a homogeneous one. 
The definition of a nova-like star is that, ex- 
cept for the outburst behavior, it exhibits all 
the photometric and spectroscopic characteris- 
tics of a dwarf nova; and then, as was discussed 
in Chapter 3, the whole class is divided again 
into various sub-classes according to certain 
observed properties. 

Some comments about this classification 
should be made. As was pointed out in earlier 
chapters, the distinction between dwarf novae, 
novae, and nova-like stars is by no means as 
clear as it may seem at first glance. As examples 
of this, systems like EX Hya and AE Aqr, 
which are classified primarily as nova-like stars 
of sub-type DQ Herculis, occasionally are 
regarded instead as dwarf novae; and the 
system WZ Sge clearly is to be placed some- 
where intermediate between dwarf novae of 
sub-type SU Ursae Majoris and recurrent 
novae. Furthermore WZ Sge clearly exhibits (or 
rather exhibited, since no investigations of this 
have been published for times after the last out- 
burst in 1978) strictly coherent, highly stable 
oscillations which would qualify it as a DQ Her- 
culis stars, and thus a nova-like variable. Final- 
ly, DQ Her itself is regarded as both an old 
nova as well as a nova-like system. This list can 
be extended, and for many objects, it turns out, 
classification is a matter of taste. 

It also becomes apparent that problems of 
classification are encountered most often with 
the nova-like stars of sub-type DQ Herculis. 
This group literally comprises objects of all 
other classes of cataclysmic variables (see also 
Ritter, 1987). The defining characteristic of DQ 
Herculis variables is the occurrence of oscilla- 
tions which, in any object, are present with the 
same periods at all times. From the problems 
over classification, it seems likely that these 
highly coherent oscillations are a rather com- 
mon property of cataclysmic variables as a 
whole, quite independent of outburst proper- 
ties; consequently their observation is probably 

a very unfortunate basis for classification. . . . 
as long as the classification scheme is based 
primarily on the properties of the long-term 
light curves. 

Another difficulty with the currently used 
classification scheme exists in the distinction 
between UX Ursae Majoris stars and anti-dwarf 
novae, since this requires a long and complete 
record of observations. Most of the time the 
objects in both classes cannot be distinguished 
from each other. However, at unpredictable 
times, anti-dwarf novae suffer a drop in 
brightness by 2 to 5 magnitudes, from which, 
after weeks or months, they recover to the nor- 
mal “high” state. The first indication for such 
behavior was found in 1980 in the object TT 
Ari (Krautter et al, 1981a). Since then, a con- 
siderable number of (former) UX Ursae 
Majoris variables were reclassified into anti- 
dwarf novae, based on either direct observa- 
tions or from inspection of old photographic 
plates. It may well be that all UX Ursae Majoris 
stars suffer the fate of an anti-dwarf nova from 
time to time, and thus both classes are really 
identical. The observational proof of this might 
be merely a matter of time. 

Finally there exists a problem in the 
classification of dwarf novae in that the distinc- 
tion between U Geminorum stars, on one hand, 
and SU Ursae Majoris and Z Camelopardalis 
stars, on the other, also requires rather extend- 
ed, and in the case of SU Ursae Majoris stars 
also rather thorough, observations. By defini- 
tion, all systems that are not clearly SU Ursae 
Majoris or Z Camelopardalis stars are referred 
to as U Geminorum stars. Z Camelopardalis 
stars are defined by occasionally undergoing 
more or less extended standstills, a behavior 
which can be detected simply from long-term 
monitoring. The occurrence of standstills seems 
to be restricted to systems with short outburst 
periods, so it becomes clear which U 
Geminorum stars are candidates for being thus 
far unrecognized Z Camelopardalis stars, and 
these can be monitored more closely. Certainly 
the classification should be clear by now for the 
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long-known systems. Amazingly the exact 
classification of the dwarf nova CN Ori, which 
first was detected in 1906 (Wolf and Wolf, 
1906), is still a matter of debate: it is com- 
monly referred to  as a Z Camelopardalis star, 
although except for one hand-drawn light-curve 
in a notoriously unreliable source (Glasby, 
1968, see also Pringle and Verbunt, 1986) there 
is no evidence that CN Ori was ever observed 
to undergo a standstill. 

The occurrence of superoutbursts seems to 
be restricted primarily to dwarf novae with or- 
bital periods below 2 hours (i.e., below the 
period gap), although TU Men is proof that SU 
Ursae Majoris systems can also be found at 
least just above the gap. In any event, short 
period dwarf novae are clearly candidates for 
being SU Ursae Majoris systems, and, again, 
the extensive migration from being classified as 
U Geminorum to SU Ursae Majoris stars in- 
dicates that possibly all short-period dwarf 
novae are SU Ursae Majoris stars. According- 
ly, thorough investigation of the (so far) U 
Geminorum stars below the period gap even- 
tually might be able to  tell whether or not this 
is really the case. 

In light of all these problems with classifica- 
tion, clearly the question arises whether the out- 
burst behavior, which currently is the basis of 
almost all classification, is really a suitable 
criterion for sorting cataclysmic variable into 
physically related groups. The two remaining 
classes of nova-like systems, the definitions of 
which are based on something other than out- 
burst activity, are the AM Herculis stars with 
their strong polarization, and the AM Canum 
Venaticorum stars in the spectra of which no 
hydrogen can be found. These two classes are 
clearly and unambiguously defined. Possibly, 

from a physical point of view, DQ Herculis 
stars are a well-defined class. . . . or maybe the 
occurrence of stable oscillation is such a com- 
mon property that again it is not suitable. 
Nevertheless, it seems that, as more detailed 
observations of cataclysmic variables become 
available, the more pressing becomes the need 
to  revise their classification scheme, a scheme 
which, after all, was designed when nothing but 
the outbursts of cataclysmic variables could be 
observed. 

In spite of all these difficulties, dwarf novae 
and nova-like systems are statistically almost 
identical in most of their properties, and 
theoretically they can be, and have been treated 
together, without - at least at the current level 
of theoretical understanding - the need for a 
more sophisticated distinction arising. To a 
large extent this also applies to  the modeling 
of novae in the quiescent state (Le., a long time 
after outburst). 

All dwarf novae, novae, and nova-like stars 
that were investigated thoroughly turned out to 
be short-period binary systems, and there is no 
contradiction to the hypothesis that all of these 
objects are indeed binaries. The theoretical 
foundation of all modeling these days is the 
Roche model (Chapter 4.11.A), and indeed, 
within this framework, a surprising large frac- 
tion of the observations can be explained. In 
particular, all of the gross features can be ac- 
counted for. Thus clearly it makes sense to re- 
tain this general model for the time being. 
However, agreement between theory and obser- 
vations is so far still restricted to these gross 
features, and our current level of understanding 
is far from inspiring hope that we will soon 
understand the nature of cataclysmic variables 
in detail. 
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In 6.VI1, observations of the final decline 
and of the envelopes appearing several months 
after outburst are reported. Spectra, images and 
radioastronomical observations are the tools 
for studying the envelopes. 

11. PHOTOMETRIC PROPERTIES 

About 170 novae have been observed up to 
now, and 55 of them have been observed at 
minimum light. The known recurrent novae are 
five only. A catalogue of all known novae has 
been published by Duerbeck ( 1 9 8 7 ~ )  giving 
designations, positions and finding charts, 
magnitude at minimum and maximum, light- 
curve type according the classification scheme 
by Duerbeck (198 1) and references. 

1I.A. NORMAL (OR QUIESCENT) PHASE 

A study of all the existent observations has 
been made by Robinson (1975). He observes 
that the ejected material gives little insight into 
the nature of the underlying star. It is important 
to compare pre-eruption and post-eruption 
stages, in order to see if differences exist be- 
tween the two stages, and therefore what has 
been the effect of the explosion on the stellar 
structure or on the stellar atmosphere, or on the 
system as a whole, in case of binary systems. 

Old novae (that we consider as the “normal 
state,” or non-eruptive state of novae) are vari- 
able, and several of them present non-periodi- 
cal short time-scale variability (Mumford, 
1966a, 1966b). Flickering with an amplitude of 
0.1 - 0.2 mag over a time scale of minutes is a 
common feature among old novae, as well as 
among dwarf novae and nova-like stars. 
Walker (1957) noted it first in DQ Her. How- 
ever DQ Her is peculiar in having also periodic 
variations, with P = 71 sec, amplitude of 0.04 
mag (Walker, 1956), which are rarely observed 
in other novae (Robinson and Nather, 1977). 
Another nova, V 533 Her, has presented the 
same phenomenon (Patterson, 1979a) with a 
period of 63 sec. These oscillations disap- 
peared in 1982 (Robinson and Nather, 1983). 
The properties of the oscillations were very 

similar in both stars, although the outburst 
properties were very different. In 1981, Warner 
has observed another nova, RR Pic, presenting 
very short-lived, rapid oscillations with peri- 
ods of 20 - 40 seconds. Rapid coherent oscilla- 
tions (where for coherent oscillations we mean 
that they stay in phase for time long compared 
to the period, that is for several hours, Robin- 
son, 1976) with periods of few seconds are also 
observed sometimes in dwarf novae and nova- 
like. They are not common and seem to appear 
with about the same frequency in all classes of 
cataclysmic variables (old novae, dwarf novae, 
and nova-like). 

Most prenovae, as well as pastnovae, are 
low-amplitude (few tenths of magnitude) vari- 
ables. Robinson (1975) found that the preerup- 
tion and posteruption magnitudes are the same 
for all the 18 stars for which both magnitudes 
are known. The only exception was BT Mon, 
for which m (prenova) was recorded as fainter 
than 16.8 because it was not observable on 
about 150 Harvard patrol plates taken between 
1898 and 1939 (with limiting magnitude of 
about 17), while m (post-nova) is equal to 15.8. 
However, a recent photometric study of BT 
Mon (Robinson et al., 1982) shows that there is 
no compelling reason to believe that the 
preemption magnitude was different from its 
posteruption magnitude. In fact, BT Mon is an 
eclipsing binary with period 8h.01 or 1.0014d/ 
3. Now the eclipse lasts about 1.6 h and is 2.7 
mag deep. The Harvard plates were exposed at 
about the same hour every night, so BT Mon 
was always in eclipse at the epoch of these ob- 
servations. 

Also the light curves for pre and posterup- 
tion, when known, are the same, with one ex- 
ception, V446 Her. In the latter case, the 
pre-eruption light curve has an amplitude of 
almost 4 mag, while the post-eruption light 
curve presents variation of no more than 0.4 
mag. Hence in general, a nova eruption has 
very little effect either on the erupting star or 
on the binary system as a whole. 

Of over 12 stars for which pre-eruption light 
curves were well known, 6 present probable or 
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conclusive changes in the light curves as early 
as 1 to 15 years before the eruption. 

Several old novae have been extensively 
observed and their photometric characteristics 
present many similarities with dwarf novae and 
nova-like stars. In the following sections, we 
will give some examples of the photometric 
behavior of some old novae. 

The binary character of the old nova V603 
Aql (1918) was discovered by Kraft (1964), 
who derived an orbital period of 3h19m.5 from 
Palomar coudC spectrograms. There is evi- 
dence of 3 minima observed with IUE(*) by 
Rahe et al. (1980) and by Slovak (1980) at the 
McDonald Observatory during more than two 
complete cycles. These measurements, as well 
as those made by Slovak, show a period com- 
patible with that derived by the RV curve deter- 
mined by Kraft. The shape of the light curve 
varies from cycle to cycle. The observed mini- 
mum was interpreted by the authors as a partial 
eclipse of the accretion disk around the com- 
pact companion by the late component or as an 
occultation of a hot spot by the disk itself. The 
absence of any secondary minimum may 
probably be due to the fact that the major frac- 
tion of light is emitted by the disk, in case an 
eclipse really occurs. However, the low value 
of v sin i obtained by Kraft (38 km/sec) and a 
detailed study of the nova ejecta made by 
Weaver (1974) suggest a rather low inclination 
and hence make improbable the occurence of 
an eclipse. 

Actually, Cook (198 1) brings arguments 
against the possibility of eclipse, because the 
values of the orbital period and RV amplitude 
of the primary (sdBe according to Kraft) sug- 
gest i<20°. In this case, the light variations 
could be explained by orientation effects, due 
to asymmetric distribution of light in the disk. 
Such alternative explanation of the light vari- 
ation was already suggested by Rahe et al. They 
suggest that the surface of the secondary facing 

"'The Fine Error Sensor (FES) aboard the satellite gives a 
measure of the stellar flux related to the stellar visual magni- 
tude (Holm and Crabb, 1979, NASA-IUE Letter 7). 

the primary is heated by a strong, optically 
unseen (UV and/or X) flux, hence, the light 
variations are explained by varying orientation 
of the secondary. Ultraviolet observations of 
V603 Aql made with OAO 2 (Gallagher and 
Holm, 1974) and by Lambert et al. with IUE 
(1 980) confirm the presence of a large ultravio- 
let flux. 

Because the IUE FES observations give a 
rather coarse temporal resolution, Slovak 
(1981) has made a series of high-speed photo- 
metric observations of V 603 Aql. He does not 
find any evidence for eclipse or other periodic 
features, therefore making it difficult to accept 
the alternative explanation of the varying as- 
pect of the surface of the secondary facing the 
primary and heated by its UV flux. It is sug- 
gested that transient phenomena lasting for a 
few cycles can occur in the accretion disk and 
produce the irregular minima. Random flicker- 
ing of large amplitude (0.20 - 0.30 mag) has 
been observed by all the quoted authors. Search 
for coherent oscillations was made by Slovak 
with negative result. 

Extensive photometric and polarimetric 
observations were made by Haefner and Metz 
(1985). Contrarily to what Slovak found, they 
observe a light curve characterized by the ap- 
pearance of a hump structure repeating with a 
period of 3h 18m.9. Moreover, linear and circu- 
lar polarization are niodulated with a period of 
2h48m.0. We will come back in chapter 7 on 
the model proposed to explain these observa- 
tions (see also Chapter 4.III.F.2). Let us say 
here that they are able to explain the observa- 
tions by assuming an intermediate polar (Le., a 
magnetic degenerate component whose rota- 
tion is not synchronized to the orbit) combined 
with a temporarily existing eccentric disk. 

A field of lo6 gauss in indicated by the 
measured circular polarization. 

The very fast nova V 1500 Cyg presented a 
periodic 3.3-hour variation within one week of 
the outburst, a characteristic never observed 
before for any other nova from broad-band pho- 
tometry, (Tempesti, 1975) and from the H 
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Alpha profile (Campbell, 1975, 1976). The 
period was changing, decreasing by about 2% 
in 10 months in 1976 (Patterson 1978 and ref- 
erences therein). In 1977, the period increased 
again by 1%. Figure 6.1 by Kleine and 
Kohoutek (1979) gives the period length vs. 
time. Photometry through October 1978 estab- 
lishes that the period has stabilized at 0.139617 
+/- 0.000002 days in early 1977 (Patterson, 
1979b). The amplitude of the light variation is 
changing from cycle to cycle, being around 
0.64 - 0.72 mag. Later observations extending 
to 1981 confirm the stabilization of the period 
(Kruszewski et al., 1983). These authors sug- 
gest that the change AP/P = -3.5 x occurred 
between 1977 and 1978 can be caused by the 
slow outflow of matter through the outer La- 
grangian point of the binary system (little more 
than solar masses should be sufficient to 
explain the period change). 

A series of observations made by Pavlenko 
(1983) covering 19 cycles of 3.3 h between July 
25 and October 5 ,  1981 indicate night to night 
changes in the form of the light curve, its 
amplitude (from a minimum of 0.4 to a maxi- 
mum of 1 mag), and the mean brightness. It 
seems therefore very probable that the 3.3 h 

tem. In addition, as in the majority of cataclys- 
mic variables, small amplitude rapid flickering 
(time scale 1 to 10 minutes) is present in the 
light curve of this old nova. 

It is interesting to compare the light curves 
of the two old novae V1500 Cyg 1975 and CP 
Pup 1942. They share the common property of 
having been very fast novae with exceptionally 
large outburst amplitude-larger than 19 mag 
and more than 17 mag respectively-more 
typical of a supernova rather than a nova; 
however, the radial velocities observed during 
the eruption indicate in both cases that they are 
classical novae (V exp.<2200 km/s for V 1500 
Cyg, and < 1400 km/s for CP Pup, while SNs 
have radial velocities larger than 10,000 km/s). 
High speed photometric observations of CP 
Pup were made by Warner (1985b) (Figure 
6.2). The photometric period is 0.06614 d (or 
1 .58736 hours) and differs from the spectro- 
scopic one, as shown in Figure 6.2. The light 
curve is variable in shape, amplitude and mean 
brightness and low amplitude flickering with 
time scale of 1 - 10 min in superposed. CP Pup 
is the classical nova with the shortest known 
period and the only one below the gap in the 
periods shown by the CVs between 2.1 and 2.82 

period represents the orbital period of the sys- hours 
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V1668 Cyg 1978 has been observed near its 
maximum light in the attempt to detect short- 
period variations like those observed in old 
novae (Giuricin et al., 1979). The time resolu- 
tion was 0.01 sec. Rapid flickering (down to 0.2 
sec was observed. No stable periodic bright- 
ness variations were detected, although there is 
strong evidence of the existence of short-lived 
oscillations during the nights of September 14 
and 15, 1978. Precisely during the first night 
(J.D.2443766.5), oscillations with periodicity 
of about 0.067 sec and 0.01 sec, lasting 100 - 
200 sec were seen. During the second night 

(J.D.2443767.4), a different phenomenon was 
observed: the presence of oscillations with a 
period of 5.26 sec monotonically decreasing in 
amplitude and lasting 500 sec (Figure 6.3a, 3b). 

Photoelectric observations with a lower 
time resolution (10 sec) were made by Cam- 
polonghi et al. (1980) during several nights in 
September and October 1978. Superposed on 
the decline following the outburst, they found a 
periodic variation of brightness with a period 
of 10.54 hours and amplitude of 0.15 mag. This 
behavior is very similar to that shown by V 

6112.28 6112.30 6112.32\ 6112.34 ' 6112.36 6112.38 6112.40 6112.42 6112.44 6112.46 6112.48 6112.50 6112.52 6112.54 6112.56 6112.56 

6114.28 6114.30 6114.32 6114.34 6114.36 6114.38 6114.40 6114.42 6114.44 6114.46 6114.48 6114.50 6114.52 6114.54 6114.55 

611526 6115.26 6115.30 6115.32 6115.34 6115.36 6115.38 6115.40 6115.42 6115.44 6115.46 6115.48 6115.50 6115.52 6115.54 6115.56 

HELIOCENTRIC JULIAN DATE: 2440000+ 

Figure 6-2. Light ciwves of CP Pup: Vertical arrows iridicate predicted times of maxima according to the photometric 
ephenieris. Stars indicate times of nzasinia according to the spectroscopic period. f r o m  Warner-, 19858) 
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1500 Cyg 1975. The authors suggest that this 
behavior is probably common to all novae and 
is not due to any eclipse in the system but rather 
to pulsation of the envelope produced by peri- 
odic perturbation of it caused by the binary 
system orbiting inside it. The light curve of the 
almost pole-on old nova system of V603 Aql 
1918 could be explained by this mechanism. 

The slow nova HR Del 1967 was also found 
to present a short period light variability with P 
= 0.1775 d and amplitude 0.16 mag in 1977 and 
0.10 mag in 1979 (Kohoutek and Pauls, 1980). 
The photometric period seemed to be identical 
with the spectroscopic one according to Hutch- 

ings (1979a). However the scatter of the 
photometric data is large and the spectroscopic 
radial velocities were obtained from different 
cycles with a gap of almost one year. More 
recent data by Bruch (1982) give a spectro- 
scopic period (which represents the orbital 
motion of the binary) P = 0.2141674. Kohoutek 
and Pauls also observed that the U, B, V, colors 
suggest a tendency for the system to be redder 
at maximum light, although the presence of the 
nebular emission lines can severely affect the 
colors. From these data, it seems more probable 
that the light curve features are due to the pres- 
ence of an accretion disk of nonuniform bright- 
ness rather than to eclipse (see also Chapter 8). 
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DQ Her 1934 has been extensively observed 
since the epoch of the outburst. We will discuss 
it in larger detail in the chapter devoted to 
single objects. However, it is interesting to 
briefly discuss it here for comparison with the 
photometric behavior of the other old novae. 
DQ Her shows a light curve indicating clearly 
the presence of eclipse of a hot companion. The 
phase interval 0 < + < 0.06 is repeating with 
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slight variation from cycle to cycle, while the 
phase interval 0.06 < + < 0.3 shows strong de- 
viation from one cycle to the other. Less strong 
but still remarkable variations from cycle to 
cycle are observed at phases included between 
0.3 and 0.9. The light curve is very similar to 
those of typical dwarf novae (see Chapters 
2.11.B. 1 and 3.1V.B. 1). Dniitrienko and Chere- 
pashchuk (1980) discuss this curve. They con- 
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clude that the hot companion is a white dwarf 
of abnormally high luminosity (20-200 L, ) 
and temperature of about 1 .O- 1.7 x 1 Os K, prac- 
tically unchanged for some 20 years. Such 
prolongated persistence of this anomalous 
brightness and temperature may imply continu- 
ous accretion of material from the accretion 
disk. Unlike other old novae, DQ Her presents 
the coherent oscillations with a period of 
71.066 sec and a mean amplitude of 0.04 mag. 
One explanation that has been discussed in 
Chapter 4.111.F.2 is that the white dwarf in DQ 
Her is magnetized and that the gas accreting 
into the white dwarf funnels down the magnetic 
field lines, creating bright regions at the poles. 
The 71-sec periodicity is thought to be pro- 
duced by rotation of the white dwarf with a 
period of 71 sec or possibly of 142 sec. (see 
Patterson, 1980). The other nova showing a 
similar behavior, according to observations 
made in 1978 and 1980, was V533 Her 1963, 
which had a periodicity of 63.6 sec, (Patterson, 
1979a, and Middleditch and Nelson, 1980) 
very similar to that presented by DQ Her and 
was therefore explained by the same mecha- 
nism. However, observations by Robinson and 
Nather made in 1982 (1983) indicate that the 
63-sec periodicity has disappeared. Hence, it 
cannot be related to rotation of a magnetic 
white dwarf. A similar behavior was shown by 
WZ Sge-an object whose belonging to the 
class of recurrent novae or of dwarf novae is a 
matter of discussion. Although the mechanism 
explaining the periodicities in WZ Sge is not 
known with certainty, the most probable expla- 
nation is pulsation of the white dwarf (Robin- 
son et al., 1978 and Middleditch and Nelson, 
1979). Hence, it seems probable that V533 Her 
and WZ Sge obey to the same mechanism, dif- 
ferent from that active in DQ Her. We will 
discuss other evidences in favor or against the 
presence of a magnetic field in Chapter 7. 

The old nova GK Per 1901 is exceptional 
among old novae for several reasons: 

a) The orbital period derived by radial 
velocity measurements (Kraft, 1964; Bian- 
chini et al., 1981) is about 1.9 days, much 
longer than those of the other old novae. 

These authors derived an eccentricity of 
0.4, which was also exceptional. However, a 
more recent analysis by Crampton et al. 
(1983) reveals a period of 1.99679 d with a 
circular orbit. 

b) Almost all old novae have an optical 
spectrum dominated by the light of the hot 
primary (white dwarf or accretion disk); GK 
Per, on the contrary, shows the presence of a 
K2IV component (Kraft, 1964; Gallagher 
and Oinas, 1974). 

c) GK Per shows strong fluctuations in 
luminosity together with spectral variations. 

d) GK Per is a transient hard X-ray source 
(King et al., 1979). 

e) GK Per is a nonthermal radiosource 
(Reynolds and Chevalier, 1984). 

All these characteristics will be discussed 
extensively in Chapter 8. Sabbadin and Bianchi- 
ni (1983) have collected all the existing 
photometric observations of this old nova since 
the 1901 outburst (February 22, V=0.2 mag.). 
The light curve from February 1901 to 1904 is 
the typical light curve of a fast nova. During the 
period March through June 1901, a series of 
semiperiodic oscillations are superposed over 
the secular decrease of brightness. The histori- 
cal preoutburst minimum of 15 mag was 
reached again in 1916. The observations at 
minimum show a gradual passage from con- 
tinuous, irregular fluctuations (from 1916 to 
1947) to the present epoch, when the old nova 
is generally quiescent, and at intervals of sev- 
eral hundreds of days, endures outbursts of 2- 
2.5 mag that we will call minor outbursts, for 
distinguishing them from the 1901 typical nova 
outburst. The minor outbursts became evident 
in July 1948 for the first time. 

Details of the behavior of GK Per during 
these quasi-periodical outbursts are given by 
Bianchini and Sabbadin (1982), Bianchini et 
al. (1982, 1986) and by Szkody et al. (1985). 
The outburst that occurred in February through 
April 1981 was particularly large, with an 
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amplitude of 3 mag (Bianchini et al., 1982). 
Spectra obtained at different moments of the 
outburst vary and will be discussed in the rela- 
tive Section 6.111. 

High-speed optical photometry of GK Per 
made during the minor outburst occurred in 
1983 (Mazeh et al., 1985b) shows the presence 
of a small amplitude (4%) periodic modulation 
of 360 +/- 7 sec on September 12, while on Au- 
gust 11 and 18, a 400-sec modulation was ob- 
served, together with a long-term (0.8 hours) 
variation. Similar periodic modulations were 
observed also in the X-ray range (E >2 keV) 
with EXOSAT with a periodicity of 351 sec 
during the same outburst (Watson et al., 1984). 

Another well-studied old nova is RR Pic 
1925. The prenova was observed on several 
occasions since 1889, and i t  always was at 
constant brightness of 12.75 visual magnitude. 
Its present magnitude, 60 years after outburst, 
is 12.3 and is still becoming fainter. 

Van Houten (1966), Mumford (1971) and 
Vogt (1975) have made photometric observa- 
tions and found a light curve with a broad ir- 
regular maximum repeating with a period of 
0.1450255 d, and interpreted this behavior as 
due to orbital motion. The binary nature of RR 
Pic was confirmed by spectroscopic observa- 
tions of Wyckoff and Wehinger (1977). Further 
photometric observations were made by Mar- 
ino and Walker (1982), Haefner and Metz 
(1982), and Kubiak (1984). High-speed pho- 
tometry on 23 nights from December 1972 to 
December 1984 has been made by Warner 
(1986a). These data show that in the 1970s 
there was a strong orbital modulation of bright- 
ness, which has been replaced in the 1980s by 
an irregular, shallow eclipse superimposed on a 
flickering background. The disappearance of 
the orbital modulation coincided with decline 
in mean brightness of the system. The figure 
6.4, taken from Warner, indicates that the 
curves in the 1970s have a double-humped 
shape with one large broad maximum and a 
second lower one, a principal minimum (No. 1) 
at the end of the principal maximum, at phase 
near 0.43 P, and a second minimum (No. 2) at 

phase near 0.74 P. In the 1980s, the first mini- 
mum has become very little, whereas the sec- 
ond minimum is now the dominant recurrent 
feature. The flickering on time scales of 5-10 
min is stronger in the 1980s than in the 1970s. 

Classical novae are often observed to be 
brighter than their prenova magnitude for sev- 
eral tens of years after outburst, sometimes for 
more than 100 years. Hence, to know the true 
state of “old nova,” it should be desirable to 
observe novae that erupted centuries ago. Un- 
fortunately, very few accurate positions of old 
novae erupted before Nova Oph 1848 exist. 
However, two very old novae have been firmly 
identified recently: they are WY Sge 1783 and 
CK Vu1 1670. Nova CK Vu1 was discovered by 
Pere Dom Anthelme, monk in Dijon, on June 
20, 1670, and a month later, by Hevelius on 
July 25 in Poland. By collecting all the existing 
records, Shara et al. (1985) have reconstructed 
the light curve of this object, which reached 
two maxima of visual magnitude 3 in June 1670 
and of magnitude 2.6 in April 167 1. 

To present two maxima is an unusual behav- 
ior, which has been observed in some very slow 
novae, as , for instance, in HR Del. Now at the 
position of CK Vu1 they have found a central 
star of magnitude R=20.7 surrounded by a 
nebulosity with a morphology suggestive of 
equatorial ejection and several bright subcon- 
densations very similar to those observed in 
more recent and well-studied old novae. We 
will come back to CK Vu1 in section 6.111, 
devoted to the spectra of old novae, and in 
Section 6.VI1, on nova shells. No photometric 
measurements of this star have yet been made. 

WY Sge 1783 was discovered by the French 
astronomer D’Agelet when it was of magnitude 
5.4 +/- 0.4. On the basis of the position, the 
brightness, rapidly and irregularly fluctuating 
between 18.6 and 19.5 photographic magni- 
tude, the blue color, and the absence of any 
measurable proper motion (which, if measur- 
able would indicate that the star is nearby and 
the observed fifth magnitude at maximum 
would not be consistent with the brightness 
expected from a nova explosion), Weaver 
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(1951) identified the old nova with a faint blue photometrically and spectroscopically. The 
star less than 6 arc sec from the position given spectrum shows the characteristics expected 
by D'Agelet. Warner (1971) has observed this for old novae. We will come back to this in 
star photometrically with time resolution of 5 Section 6.111.A. 
sec. It presents rapid flickering with time scales 
of 5-15 min and amplitude of 0.1-0.2 mag. This Photoelectric photometry has permitted to 
kind of rapid variation, which is ubiquitous in derive a light curve with a deep minimum (1.5- 
nova remnants, is a strong indication that the 2 mag) lasting about 30 min, rapid egresses (5  
Weaver identification with the Nova Sge 1783 min) and slightly slower ingresses and a period 
is correct. Shara and Moffat (1983) and Shara of 3h41m14s. On one night (June 17, 1982), it 
et al. (1984) have observed it again both was 1.6 mag brighter than normal, and the 
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foiir. tinies brigliter tliari rtsiiol. 

(f,.on7 Sliuro et d., 1984) 

Table 6.la (*) 

Optical o\cilli(tion\ in catacly\mic \,ariahle\ 

Ohject Type Orhiral Cohercnt Qur\ i  period, Additional reference9 
perlodihrl period\(\)  (\I 

ss CYg DN 6.60 

IT Ari NL 1.2 
KU Pcg DN S.Y9 

EM c y p  DN 6.YX 
Z Cam DNZ) 6.96 
V436 Cen DNISUI 1.50 
VW Hyi DNISUI 1.7s 

HT Ca\ DN 1.77 
RR PIC N 3.4X 

KT Pcr 
SY Cnc 
AH Her 
CN Or) 
C D P  -4X" IS77 
PS74 
2 Chs  
WZ Spe 
U S  UMn 
\'3XXS Spr 
AE Aqr 
KS And 
V2OSI Oph 

DN 
DN 
DN 
DN 
NL 
DN(SUI 
DNISUI 
DN 
NL 
NL 
NL 
DN 
DNiSU) 

5.lY3 
3.91 
4.5: 
2.0: 
L7Y 
1.36 
4.72 
4.94 
Y.XX 
5.ox 
I .SO 

VS33 Her N 

DQ Her N 4.65 
L! Gem DN 4.25 
YZ Cnc DN (w l  2.21 
X Leo DN - 
GK Per N. DN 1.99d 
R W  S e i  NL S.Y3 
\'4-12 Cell DN I I :  

7.5-Y.7 
I I .6-l 1.8 

14.6-21.2 
16.1)-1X.X 
19.5-20. I 
20-32 

20.2-20.4 

22.0-29.2 
21.3-33.0 
24.0-38.X 
2-1.3-25.0 
24.6-2Y.l 
27.2') 
24.8. 27.7 

12-36 
-5 I 
-12. -32. -40 
si)- i  i i x )  

23.88.253.413 

~ I00 
20-40 

82-1-17 

-100 

248 

27.87. 28.Y7 
28.5-30.0 
29.32 
33.08 -36 

4il  
36 

63.63 

7 I .i)7 
73- IJh  
75-95 

36Ob3Yll 
62O. I2XO 
925 

~ I hi1 

Robinson and \Varner 
i IYX4l 
\V;imer (unpuhlhhed) 

Schoenih\ and Stolz 

i IYXI1 

Schoernh, i1982) 
\v;,rner et ill. (lYX4) 
Warner iunpubli\hedl 
\Vnrner (onpuhli\hed) 

\Vnrner (unpuhlnhedl 

O'Donoghue and Warner 
(unpuhli\hcd) 
Rohinwn and Nathcr 
i IY7Yl  
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Table 6.1 b 
X-ray oscillations in cataclysmic variables 

Object Type Orhital Coherent Quari periods References 
oeriod(hrs1 Deriod 1s)  1s)  

SSCyg DN 6.h0 9-12 Cordova er ol. (19x4) 
TTAri NL 3.2 9 , 1 2 3  Jenien e r d .  (1983) 
V\V Hyi DN (SU) 1.78 14.06 Heise L'r a/. (1984) 
U C e m  DN 4.25 20-30 Cordove ef o/. (19x4) 
AEAqr NL 9.88 33 Patrerwn (1980) 
YZCnc DN(SU)  2.21 227 Cordova and Mason (198.1) 
GKPer N,DN 1.Y9d 35 1 \Vation er d. ( IYX4i 

expected eclipse minimum was not seen (Fig- 
ure 6.5). One and three nights later, it was back 
at its quiescent brightness. This behavior is 
very similar to that observed in dwarf novae. 
Warner (1986b) gives a list of the cataclysmic 
variables for which rapid coherent or quasi- 
periodic oscillation have been observed (Table 
6.1). He defines quasi-periodic oscillations as 
those in which the coherence length may be as 
short as a few cycles, while coherent oscilla- 
tions last at least for hundreds of cycles. Of the 
over 30 cataclysmic variables exhibiting, or 
which have exhibited, one or both of these 
kinds of oscillations, only four are classical 
novae: DQ Her and V533 Her (coherent oscil- 
lations) and RR Pic and GK Per (quasi-periodic 
oscillations). The latter has presented a coher- 
ent oscillation with period of 351 sec in the X- 
ray range. 

1I.B. ACTIVE PHASE 

Many cataclysmic variables exhibit un- 
predicted and abrupt changes in their luminos- 
ity. We have two aspects of such changes: their 
rise and their fall. On completely unpredictable 
objects like classical novae, we cannot antici- 
pate the epoch of outburst, and therefore we 
have very scanty data on the characteristics of 
their rise to maximum, and these are always 
due to chance. Thus we can classify the light 
curves of novae only on the basis of their fall. 
Dwarf novae, on the other hand, are classified 
on grounds of repetitive features in the outburst 
light curves. 

Both classical and recurrent novae are there- 
fore classified according to the rapidity of their 
decline from maximum in Na: fast novae, t(3) 
< 100 days, rate of decline > 0.2 mag/d; Nb: 
slow novae, t(3) > 150 days, rate of decline < 

0.02 mag/d; Nc: very slow novae: they stay at 
maximum for several years; t(3) is the time 
employed for a brightness decrease of 3 magni- 
tudes. 

A more detailed classification is given by 
Duerbeck (1981) and reported in his catalogue 
of novae (1987~). 

The number of novae in class Na is much 
larger than that on Nb in our Galaxy, while in M 
31 there is evidence of the reverse (Alp, 1956). 
Arp excludes the possibility of any observa- 
tional bias. This result suggests that this prop- 
erty of novae is related to an overall character- 
istic of the galaxy, like, for instance, the chemi- 
cal composition. Unfortunately, the large ma- 
jority of the observational data for extragalac- 
tic novae consist of light curves; no spectra are 
available to check this hypothesis. 

Maximum brightness and rate of decline are 
correlated, in the sense that the larger is the 
absolute brightness of a nova at maximum, the 
faster is its decline (Arp, 1956, from observa- 
tions of novae in M 31; McLaughlin, 1945, 
from observations of novae in our Galaxy). The 
empirical relation found by these authors has 
been recalibrated by Pfau (1976), and more 
recently by Shara (1981) who used 47 well- 
observed novae: 11 in our Galaxy, 26 in M 3 1, 
7 in the LMC, and 3 in the SMC. The impor- 
tance to know such relation is evident, since it 
permits us to derive the luminosity at maxi- 
mum from relatively easily observable charac- 
teristics like the light curve, and because the 
determination of the energy emitted and mass 
ejected depend on our knowledge of the dis- 
tances. 

The recent calibrations give the following 
relations: 
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0 M phot = -10.5 + 1.82 log t(2) (Schmidt- 
Kaler, 1965, based on galactic novae 
only) 

,, M(B) = -11.5 + 1.8 log t(2) (Pfau, 1976) 

., M phot = -11.3 + 2.4 log t(3) (de Vau- 
couleur, 1978) 

* M(B) = -1 1.3 + 2.4 log t(3) (Shara, 

A still more recent relation has been found 
by Cohen (1985) who used a large number of 
observations of nova shells and used the expan- 
sion parallax method''): 

198 1) 

(*) The observed expansion velocity and the time elapsed 
from the outburst permit us to derive the true dimension, in 
kms of the nebula. By comparing it with the observed angular 
size, the distance is derived. 

Mv(max) = -10.70 (+/- 0.30) + 2.41 (+/- 
0.25) log t(2). 

Payne-Gaposchkin (1957), by an examina- 
tion of the light curves observed at that time 
(about 40 cases), is able to describe a certain 
number of typical light curves, which are corre- 
lated with the decline rate. Fast and very fast 
novae generally present a smooth early de- 
cline, and a generally smooth transition, while 
slow novae present oscillations during the 
early decline (and often more than one maxi- 
mum) and they oscillate and dip during the 
transition phase (Figure 6.6). The oscillations 
in magnitude have periodicities of the order of 
few days and amplitudes < 1 mag, Insight into 
the nature of the dip has been,giiven by infrared 
observations, which show that a maximum IR 
luminosity is reached just when the visual dip 
occurs. This can be explained by the formation 

Figlire 6-6. Scliertiatic light curve fo r  fast  and slow riovue. Three typical helm~iors are observed drrririg the trarisition 
stage: oscillatiotis can he present or ahserit both in fast arid slow riovae. The deep niitiiniirni is typically found iri  slori, 
t iowe. The position or i  the light ciirve wheri the varioirs spectra are presetit, is indicated. 
(adapted from Pa)ltie-Ga~~oschkiri, 1957) 

27 6 



of a dust shell or by the heating of a preexistent 
envelope of dust. 

The more detailed classification of nova 
light curves given by Duerbeck (198 1) is based 
on about 100 galactic novae. 

Table 6.2 from Duerbeck gives his classifi- 
cation scheme, and Table 6.3 applies this 
scheme to the galactic novae with sufficiently 
known light curves. Figures 6.7-6.1 1 from 
Duerbeck give some examples of light and 
color curves of the various classes. 

Of the novae with well observed light 
curves, about 3/4 (73 objects) are type Na-fast- 
novae- (t, < 100 d), and about 114 (27 objects) 
are type Nb-slow novae- (t, > 100 d). 

The distribution among the light curve types 
(Duerbeck, 1981) is as follows: 

A. 39%, among them 2% Ar, 29% A, 8% 
Ao. 

type description 

A smooth, fast decline without major 
disturbances 

smooth, fast decline without major 
disturbances, oscillations in the 
transition stage 

smooth, fast decline, recurrent nova 

decline with niinor or major irregularities 

decline with standstills or other minor 
irregular fluctuations during decline 

decline with major fluctuations (e.g 
double or multiple maxima) 

extended maximum, deep niinimum in 
transition phase, with 

sniall variation of visual brightness at 
maximum (< 2'") 

Ao 

Ar 

B 

Ba 

Bb 

C 

Ca 

B. 29%, among them 10% Ba and 11% Bd, 
the rest is unclear. 

C. IS%, among them 6% Ca, 11% Cb, the 
rest is unclear. 

D. 12%, among them 1% DR. 

E. 2%, this low percentage is also due to the 
fact that some type E novae are counted 
among the symbiotic stars. 

Note that 18% of all novae are novae with 
noticeable dust formation (type C). 

Duerbeck gives the following relations: 

M, = -1 2.25 + 2.66 log t, (valid only for light 
curves of type A) 

M, = -6.4 +/- 0.5 (light curves of type B, C, 
D,) 

Cb 

D 

stronger brightness decline during maximum 

slow evolution, extended premaxiniuni, delayed 
maximum, often with several brightness peaks 

recurrent nova with slow evolution and 
delayed maximum 

extremely slow nova with irregular fight 
curve 

DR 

E 

Table 6-2(*) 
A Classification Scheme for Nova Light Curves 

examples 

CP  Pup, v1500 c y g  

GK Per, V603 Aql 

T CrB, RS Oph 

VS33 Her, LV Vu1 

DN Gem, NQ Vu1 

classification of Woronzow-Weljarninow (1953) 

Rs - rapid, smooth star (CP Pup) 

Ro - rapid, oscillating star (GK Per) 

Rd - fast star with a drop in the 
light curve (T CrB) 

Sss - slow, smooth star (V841 Oph) 

Sd - slow star with a drop in the light 
curve (DQ Her) 

T Aur, DQ Her 

FH Ser 

HR Del, RR Pic 

T Pyx 

V99 Sgr, V7 I I Sco 

So - slow, fluctuating star (RR Pic) 

Sss - extremely slow star (RT Ser) 

(*) from Duerbeck (1981) 
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Although it is impossible to say at the first 
recorded outburst if a nova will be recurrent or 
not, a few distinct points of difference in the 
light curve were identified by McLaughlin 
(1960). The recurrent novae return to minimum 
in less than one year, while classical novae 
remain usually brighter than their preoutburst 
magnitude for several years. Of the four recur- 
rent novae classified by Duerbeck, three be- 
long to his class A, Le., show a smooth, fast 
decline, while only one-T Pyx-belongs to 
his class D, i.e., shows a slow evolution and a 
delayed maximum, like the very slow classical 
novae HR Del or RR Pic. The number of known 
recurrent novae is too small for this 3 to 1 ratio 
of fast to slow novae to have statistical signifi- 
cance. 

Duerbeck derives the absolute magnitudes 
for 31 classical galactic novae (Table 6.4) by 
means of different methods: 1) nebular expan- 
sion parallaxes; 2) differential galactic rotation 
(the stellar radial velocity, based on the hy- 
pothesis that it is mainly due to the motion in a 
circular galactic orbit, and the galactic longi- 
tude, permit us to derive the distance; 3) the 
interstellar line strengths; and 4) the interstel- 
lar reddening. Figure 6.12 gives the relation 
M(V) at maximum vs log t(3). The existence of 
two well-separated groups is evident: the 
higher luminosity group includes only fast 
novae and the other slow and very slow novae. 
We will come back to this result in Chapter 7. 
Duerbeck shows that Group I can be interpreted 
by a quasi-instantaneous mass-loss at a lumi- 

Table 6-3(*) 
Classification of Light Curves of Galactic Novae 

type A: 

type Ao: 

type Ar: 

p0ss.A: 

type Ba: 

type Bb: 

p0ss.B: 

type Ca: 

type Cb: 

type D: 

type Dr: 

type E: 

X Cir 
V446 Her 
VYOY Sgr 
V723 Sco 

V528 Aql 
LU vu1 

T CrB 

V368 Aql 
HR Lyr 

EL Aql 
V465 Cyg 
DK Lac* 
RU UMI 

DN Gem 
VI016 Sgr 
NQ Vu1 

VI229 Aql 
1L Nor 
V363 Sgr 

T Aur 
V732 Sgr 

V606 Aql 
EU Sct 
CQ Vel 

DO Aql 
RR PIC 

T Pyx 

n Car 
VY9Y Sgr 

V603 Aql ( X )  

RS Opli (18) 

V604 Aql (24) 
GI Mon (37) 

V500 Aql (42) 
VI668 Cyg (23) 
V400 Per (43) 
LV vu1 (37) 

DI Lac (43) 
VI017 Sgr (160) 

VI301 Aql (78) 
V841 Opl1 (112) 
VI275 Sgr (30) 

v450 Cyg (100) 
V720 Sco (17) 

V726 Sgr* (YO) 
FH Ser (62) 

EL Aql (?) 

X Ser 1'9 

ARCir  (415) 
v711 s c o  (?) 

v476  Cyg 
CP Pup 
T Sco 

DK Lac" 

u s c o  

QZ Aur 
FL Sgr 

OY Ara 
DM Gemx 
V441 Sgr 

VX40 Oph* 
FS Sct 

RS Car 
HS Pup 
V4021 Sgr 

DQ Her 

V707 Sco 
Ser 1978 

V356 Aql 
CN Vel 

V7Y4 Oph 
RR Ser 

v I500 Cyg 
V630 Sgr 
V6Y7 Sco 

GK Per 

DM Gem 
KP Sco 

IV Cep 
V533 Her 
V7X7 Sgr 

VXJY Oph 
v373  Sct 

RR Cha 
FM Sgr 
V368 Sct 

HZ Pup* 

V71Y s c o  
XX Tau 

HR Del 

HS Sgr 
R R  Tel 

Note: the t, time is given in parentheses. Novae with uncertain light curve classification are marked with an aterisk. 

(*) from Duerbeck (1981) 
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nosity far above the Eddington limit and Group 
I1 by continued radiation at the Eddington limit 
from a bloated white dwarf. 

This finding is based only on galactic novae, 
because too few data are available for the 
Magellanic Clouds. Actually, the large extent 
of the Magellanic Clouds requires very long 
programs of surveys with "time resolution" 

V 
NQ Vu1 I 

Figitre 6-9. Light a i i d  color. c u n m  o f N Q  Vitl  (type Bh) 
( f i m i  Direrheck, 1981) 

sufficient to record the maxima and the time of 
decline. The surveys made by Arp ( 1956) and 
by Rosino (1964, 1973) would be suitable for a 
comparison with the galactic relation. How- 
ever, novae of Duerbeck Group I1 can be clas- 
sified only by a small fraction of their light 
curves, which is not sufficient for an accurate 
determination of t(3). Moreover, no very bright 
novae have been found in M 31, and the maxi- 

-05 

U - 8  

00 

+ 0 5  

279 



0.0 -I 

Figure 6-1 I .  Light and color curves of HR Del (type D) 
froin Duerbeck, 1981) 

mum brightness of novae of Duerbeck Group I 
is generally fainter than for galactic novae of 
Group I. A recent work by Van den Bergh and 
Pritchet (1 986) discusses the observations of 
73 novae in M 31 and the possibility of using 
novae as extragalactic distance indicators, if 
novae in all galaxies should turn out to have the 
same luminosity function at maximum light. 

From a study of the nucleus of M 31 in the 
light of H Alpha, Ciardullo et al. (1983) have 
detected four novae and observed that the de- 
cay time of H Alpha emission was much longer 
than the decay time in the continuum. Hence, H 
Alpha emission of novae might represent a 
standard candle for extragalactic measure- 
ments. To be applicable, all these methods 
need disponibility of a very large number of ob- 
servations of novae in nearby galaxies. 

Van den Berg and Youngh (1987) have col- 
lected all the published UBV photometric data 

Table 6-4(*) 
Distances. Absorption Values, and Absolute Magnitudes of 35 Novae 

V35h Aql 
V52X Aql 
Vh03 Aql 
VI??') Aql 
T Aui 
IV Crp 

v450 Cyg 

V15I10 Cyg 
v lh6X c y p  

T CrB 

V476 Cyg 

H R  Del 
DN Geiii 
DQ Her 
VJJ6 Her 
V533 Her 
CP Lao 
DK Lac 
BT Mon 
RS Oph 
VX49 Oph 
GK Per 
RR Pic 
CP Pup 
T Pyx 
V630 Sgr 
VI275 Sgr 
T scu 
u sco 
E U  sco 
V36X Scl 
FH Ser 

LV vu1 
NQ Vu1 

Scr IY7X 

037'.42 -OJ".Y4 
O36.6S -05.90 
033.46 +OIl.X4 
ll40.54 -05.44 
177.14 -111.71 
OYY.6I -01.64 
042.3X +4X. 17 
079.12 -1lh.46 
OX7.37 +12.42 
llX9.82 -00.117 
090.X4 +O6.76 
(163.43 -13.97 
1XJ.OI +14.70 
1173.16 +26.44 
045.41 +01.71 
069.19 +24.27 
102.14 -00.X4 
105.23 -05.35 
2I3.Xh -02.63 
0IY.SO +10.3X 
039.23 +l3.4Y 
ISO.95 -10 .1  I 
272.36 -25.67 
252.Y' -00.X4 
257.20 +09.70 
351.77 -06.0h 
355.07 -116. I7 
352.67 +19.47 
357.h7 +21.XX 
029.72 -02.Y7 
026.h7 -02.63 
033.91 +05.78 
Ol2.Xh +Oh.O4 
Oh3.30 +00.85 
055.35 +01.28 

-6.5 +4.op 
-7.h +3.3p 
-9.6 +3.5\, 
-6,s +5.7p 
-6.7 +4.4" 
-5.8 +4.3\, 
4 . 5  -O.hu 

-Y.5 + 5 2 v  
10.1 [+IO.lB 
-6.2 +7.YB 
-6.5 +1.6\, 
-5.3 +7.0" 
-5.9 +7.5\, 

-6.7 +h.?v 
-9.6 +3Yp 
-7.2 +3.3p 
-6.3: +5.2p 

-5.9 [+4.lp 

4 . 5  +6.Xp 

4 . 7  - 2 . 3 ~  
-5.9: I+I.Xp 
-9.2 +3.7" 
-h.Y +3.9\, 

-7.4! +I.Jv 

-6.2 '! 
-Y.? '! 

11.5 +?.3p 

-9.3 +I.lQ 

-8.7 +z.op? 
-7.0: +O.Y:p 
-5.X +5.9p 
-h.9 13.75, 
-7.0 '! 

-h.3 +SAB 
-h.6 +4.6p 

D 212 
Ao: 3.5 
Ao X 
Ba? 3X? 
Ca IO0 
Ba 37 
Ar 6.X 
Ca I O 0  
A I6  
A 3.6 
Ba 23 
D 230 
Bh 37 
Ca 94 
A I6 
Ba 44 
A 10 
B?Ao? 32 
'! 42 
Ar I X  
Bh 175 
Ao 13 
D I50 
A S  
Dr X X  
A Y  
B?! 30? 
A 21 
Ar 5.2 
Ch 42 
B? 31 
Ch 62 
Ch 5 0  
B;, 37 
Bh 65 

I700 2.04 
2400 - 6OO 2.6-11.6 

330 0.5 
I730  I .6+11.4 
h1l0 1.25+0.25 

205ll + I 5 0  I .65+0. I 
I?50 + 6OO 0.ox 
I X O O  + 400 I .4+0. I 
1650 + 50 0.xs+0.4 
1350 1.25+0.25 
mo+ SOII I . I O  

X X O  0.56 
450 + 711 0.27+0.1 
260 0. I6 
7YO + I70 1.7+0.5 
6SO+ 250  0.25 

I000 + 1Oll I .5+0. I 
I5OIl + 200 I .2+0.2 
1000 + 200 0.63 
I XOII: 2.4: 
3100 0.72 

5250.7 + ll.15 
4OlI 0.04 

l500 O.X+0.2 
3000 + 2000 0.35t0.05 
2l3011 I .h+O.X 
32Ol1 300 1.0+0.5 

I2000 0.6 
I7000? O.Y5? 

1750 + 350 1.6 
650 2.3 

4XOO I .2 
x20 + 5 0  1.2: 

I200: 2.5+0.6 

si160 + 170n 2.6+0.6 

N 
N 
uv 
D.N 
D.N 
D.N 
N 
D 
D.N 
AQP. 
D.N 
D.N 
D.N 
N 
D.N 
N 
D.N 
D.N 
D 

N 
D.N 
N 
D.N 
N 
D.N 
D.N 

N 
N 
N 
N 
N 
D.N 
N 

APP. 

murce of the extinction data: d=Deut\chmati. D i v k  and Scliild 119761. N = Neckct I lYh7) 

(*) from Duerbeck (1981) 

280 



0 log t3 10 15 

Figure 6-12. Absolute magnitude M, vs. log t(3) for 
classical galactic novae. 
@-om Duerbeck, 1981) 

on novae up to November 1, 1986. They have 
obtained two main results from this study: 

1) The intrinsic color of novae two magni- 
tudes below maximum is found to be (B-V), = 
-0.02 +/- 0.04 with an internal dispersion (T (B- 
V) < 0.12 mag. At maximum (B-V),, = + 0.23 +/ 
- 0.06. The (U-B), colors at maximum, on the 
contrary, present a large intrinsic scatter. 

2) Novae with smooth light curves become 
redder both in B-V and U-B centered within 
one day of maximum light. This reddening lasts 
about 5 days for fast novae to 14 days for slow 
novae. That novae are reddest at maximum can 
be understood because at maximum they have 
maximum photospheric radius (and therefore 
minimum surface temperature). 

111. SPECTROSCOPIC PROPERTIES 

1II.A. QUIESCENT PHASE. 

For understanding the reason of the out- 
burst, it would be extremely important to know 
the physical state of the star before and after the 
eruption. Unfortunately, very few data are 
available, especially for the phase preceeding 
the outburst. Low-resolution spectra obtained 

with objective prism in the photographic re- 
gion from before outburst are available only for 
V 603 Aql 1918 (Cannon, 1920), V 533 Her 
1963 (Stephenson and Herr, 1963) and HR Del 
1967 (Stephenson, 1967). 

V 603 Aql: all the spectra were underex- 
posed. The best pre-eruption spectrum was 
obtained on July 1, 1899. The spectrum appears 
to be nearly continuous, but the Balmer series 
is detectable in absorption. The energy distri- 
bution resembles that of Class B or A, and Class 
G can be clearly excluded. 

V 533 Her: the spectrum was recorded 
nearly two years before outburst, on June 16, 
1961. The image is underexposed, and only a 
faint continuum is observable, with no detect- 
able spectral lines, either in emission or in 
absorption. However, since the image is so 
weak, the only positive indication about the 
absorption lines is that there can be neither 
hydrogen lines as strong as those of an A-type 
star, nor H and K lines of Ca 11 as strong as in 
a normal G-type star, nor any of the several ab- 
sorption features that would be seen in a spec- 
tral type later than G. The energy distribution 
between 4800 and 3300 A is very similar to that 
of a little reddened 0 star or early B. 

HR Del: two well-exposed spectra were re- 
corded on objective prism plates seven years 
before outburst, on July 16, 1960. The spec- 
trum is continuous without any definite absorp- 
tion or emission feature (at dispersion 580 A/ 
mm at H Gamma), and the energy distribution 
is clearly that of an unreddened 0 or very early 
B-type star. 

Like photometric observations, also the 
spectroscopic ones, although limited to these 
three cases, suggest that pre and post-outburst 
characteristics remain almost the same. How- 
ever, for V 603 Aql, no absorption lines are 
observed-at the dispersion of 18 A/mm-in 
the postnova spectrum (Greenstein, 1960) 
while the prenova spectrum, according to 
Cannon, showed H I absorption lines observ- 
able at the much lower dispersion of her spec- 
trograms. 

28 1 



Spectroscopic observations of old novae 
generally indicate that they present very blue 
continuous spectra with some weak emission 
lines. A complete review of data on postnova 
spectra was given by Greenstein (1960); see 
Table 6.5 from his paper. In addition to broad H 
I emissions, He I and He I1 emissions are ob- 
servable in several cases, and , when relatively 
close to the epoch of the explosion, nebular 
lines are still observable; in all cases the exci- 
tation decreases with time after outburst. For 
instance, in the spectrum of Nova Her 1963 in 
1967 when the nova was 1.5 mag above its 
minimum, the nebular lines of [0 1111 were 
strong, while in 1969 they were barely visible; 
in 1976 He I1 4686 was fainter than the H 1 
lines, and there was no trace of the nebular 
lines. 

No definite evidence for the presence of 
absorption lines has been found in the spectra 
of past novae. The spectra of all novae at mini- 
mum are sensibly alike and do not appear to be 
correlated with the characteristics of the explo- 
sion. The emission line intensity and width are 
often variable, as indicated, for instance, by the 
extended series of observations made by Wil- 
liams (1983). The lines are generally broad 
with widths of several hundreds of km/s, some- 
times more than 1,000 km/s (Williams, 1983). 

The spectra of five old novae (two slow and 
three fast novae) and one quiescent recurrent 
nova are shown by Wyckoff and Wehinger 
(1977). They present some differences that one 
can imagine to be related to their type: the two 
slow novae have Balmer lines much weaker 
than the three fast novae; the slow recurrent 
nova also has weak Balmer emissions and, 
moreover, does not present the 4640 emission, 
which is a blend of C I11 and N 111 (Figure 6.13). 
It is not clear if these differences are imputable 
to different physical conditions (temperature 
and density), or to a different chemical compo- 
sition (i.e., a different evolutionary stage) or 
consequence of different conditions of the 
thermonuclear runaway, see chapter 7. By add- 
ing to these observations the data given by 
Greenstein (Table 6.5) we observe that gener- 
ally the spectra of past novae of class Na have 
hydrogen lines stronger than helium lines, 

while the reverse is true for past novae of class 
Nb. The only exception is CP Pup 1942, which 
was an exceptionally fast nova and one of the 
brighter ones. This star showed also [0 1111 
lines whose Doppler shift indicated that the 
original ejection velocities were still present. 
However, an extended series of spectroscopic 
observations of past novae, quiescent recurrent 
novae, dwarf novae and nova-like stars made 
by Oke and Wade (1982) and by Williams 
(1983) do not give evidence of systematic dif- 
ferences in the spectra of different classes of 
novae. The differences between spectra of 
single objects seem rather due to different 
physical conditions in the region where the 
spectrum is produced at the moment of the ob- 
servations, and not to the characteristics of the 
outburst. 

Panek (1979) has compared the energy dis- 
tribution of the old nova V 603 Aql with that of 
one nova-like star and two dwarf novae at both 
quiescent and active phase. All spectra are 
similar, except that the old nova shows a very 
small Balmer discontinuity and stronger emis- 
sion lines, especially 4686 He 11. Panek shows 
the position of these objects (the old nova V 
603 Aql, the dwarf novae VW Hydri, and UZ 
Ser just after outburst and in quiescence, and 
the nova-like star V 3885 Sgr) in a two-color 
diagram u-b, b-v (where u, b, and v were 
formed by averaging the linear fluxes meas- 
ured at 3448 and 3636 A (u), 4210 and 4566 A 
(b), and 4990, 5556, 6055 A (v) and compares 
them with the position of black bodies at tem- 
peratures included between 50,000 K and 
10,000 K and of model atmospheres with log g 
= 8 and effective temperatures between 50,000 
K and 8,000 K. The four objects fall either on 
the black body line or between the black body 
and the model atmosphere curve. But we can- 
not generalize these results based on very few 
objects. A more extended sample of spectra of 
CV’s has been collected by Williams (1983). 
He studies the spectra of 69 CV’s including 13 
old novae, (8 fast and 5 slow novae) and 4 
quiescent recurrent novae, 29 dwarf novae, and 
23 nova-like stars. This study indicates impor- 
tant differences in the spectra of the various old 
novae both in energy distribution and emission 
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line strength (Table 6.6 and Figure 6.14 a, b, c, 
and d), but no correlation with the subclass is 
apparent. Using his data, we have compared the 
line intensities of H alpha, H beta, 6678 and 
5876 He I and 4640 C III+ N 111, and their 
widths (in km/s) for the different classes of 
CV's. The line widths in general, (but there are 
exceptions) are an indication of the inclination 
of the system: all CV's show a loose correla- 
tion between i and the line width (Figure 6.15 a, 
b): the broader the emission lines are the closer 
to 90" the inclination of the accretion disk is. 
Warner (1986~)  also found a correlation be- 

tween the equivalent widths of H alpha, H beta, 
and 4686 He I1 and the orbital inclination 
(Figure 6.16). It is interesting to add that by 
using this correlation, Warner was able to esti- 
mate the effect of the orbital inclination on the 
magnitude of old novae, confirming the expec- 
tation given from the spectral characteristics 
that their main source of brightness at mini- 
mum is the disk. In fact, from the best available 
determinations of MVcm,,, and from the range 
mvlnlax,-mvlmin~, he derives Mvcmin, and finds the 
correlation Mv(min) vs cos i (Figure 6.17). The 
frequency distribution of the observed Mv(min) 

Table 6-5 

Characteristics of the Spectra of Old Novae 

V603 Aql 1918 ...... 

TAur 1891 ............ 
T Crb 1866, 

1946 ................ 

Q Cyg 1876 ........ 
V476 Cyg 1920 ...... 

EM Cyg ................ 
DM Gem 1903 ...... 
DN Gem 1912 ...... 

DQ Her 1934 ........ 

DI Lac 1910 .......... 

HR Lyr 1919 ........ 
MacRae + 43-1 ...... 

V841 Oph 1848 ...... 

RS Oph 1898, 
1933, 1958 .......... 

GK Per 1901 .......... 

CP Pup 1942 .......... 

T Pyx 1890, 
1902, 1920, 
1944 ................ 

v Sge .................... 

WZ Sge 1913, 1946 

V1017 Sgr 1901, 
1919 ................ 

Spectrum and Oiher Data 

H>He 11 (Hu 1938; Mc 1950; and G 1957); He I, h 4650 A 

Weak He II>H (Hu 1933, 1937) 
present; Ah=7A; no absortion lines at 18 A/mm 

Symbiotic, red companion, spec. binary; dwarf blue object is 

Em. weak (Hu 1936); sharp and weak (G 1957) 
H=He I I  (Hu 1936, Mc 1938); H>He 11, broad > H (G 1958) 
H>He 11, broad (Burbidge); never seen at bright max; U? 
Continuous? (Hu 1933) 
H weak (Hu 1933); He II=H (Mc 1933); He 11 broad > H 

He a>H, broad, Ah=20 A, double em. lines (G 1956); variable 

nova; recurrent U? 

(G 1958) 

in qhr period (Kraft); ratio of high-low series members changes 
at quadratures; eclipsing binary; shell still contributes 

emission H>He 11, sharp (G 1959) 
Continuous (Hu 1936); broad absorption lines, like white dwarf, 

Continuous (Hu 1936); weak He11 (G 1959) 
H>He I, variable ratio to continuum; Ah=7 A(G 1953); 

Continuous (Hu 1936); He II>>H, He I weak (G 1956); 
never seen at bright maximim 

lines sharp 

Symbiotic red star; complex em.; atypical; recurrent 
He s>H, He I, Ah=16 A (Hu 1937); H>He 11, He I I  = 

He II>>H, He I weak; [0 1111 persists in shell and shows 
He I; A k 1 7  A (G 1953) 

original ejection velocities still present (G 1956); velocity 
structure absent in H and He I I  

He IPH, [0 1111 (Hu 1934); He II>>H, sharp (G 1956, 1958) 
He ii>H, V/R  variable; Ah=40 A; shortward-displaced core 

(Elvey and Babcock); never seen at bright maximum; (U?) 
Continuous (Hu 1934); white dwarf absorption lines; Be type, 

H emission (G 1956) 

Continuous (Hu 1936) 

Type 

Na 

Nb 

RN 

Na 
Na 

Na 
Nb 

Nb 

- 

Na 

Na 
__ 

Nb 

RN 
Na 

Na 

RN 
- 

RN 

RN 

* (i = Greenwin: Hu = Humason: Mc = McLnuphlin. Date\ given are rhow of ohsewation, of \pectra. U ?  = Ohjeci ma). be related lo U Gem ilars or oiher 

now like \tars: Ah = width ofemi\\mn 81 half-inlenwy. 
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agrees with the theoretical distribution ex- 
pected for randomly orientated disks (Figure 
6.18). 

The Figures 6.14 a, b, and c, give the equiva- 
lent widths for H alpha, H beta, 6678 and 5876 
He I, 4686 He I1 and 4640 C III+ N I11 for all 
classes of CVs. When several measurements 
for a same star have been made, we have plot- 
ted the average values. The values are gener- 
ally dependent from the state of the object (qui- 
escent or in outburst for dwarf novae, while 
several old novae and nova-like stars may pres- 
ent line variability). In order to judge the de- 
gree of variability, we have given in the Table 
6.6 the mean value and, in parenthesis, the 
standard deviation s, both for the line intensi- 
ties and the line widths. We also report the 
intensity ratios H alpha/6678 He I, H beta14686 
He 11, H alpham beta, and 4686 He II/5876 He 

I, in order to ascertain if the spectra of the 
members of the different classes present some 
systematic characteristics permitting us to dis- 
tinguish one class from the other. As shown 
from the Figures 6.14, no clear systematic dif- 
ference is evident. The comparison may be 
biased by the fact that the number of individu- 
als among novae is much lower than among 
dwarf novae and nova-like. Hence the samples 
are not comparable. Anyway, we can say that 
6678 and 5876 He I are generally stronger in 
dwarf novae and nova-like than in novae and 
recurrent novae. The intensities of H alpha and 
H beta are in large part included in the same 
interval of values for all classes, although very 
high values (W > 80 A) are found only among 
dwarf novae and nova-like stars. The same can 
be said for 4686 and 4640, although very high 
values for 4686 (W > 30 A) are found only 
among the nova-like stars. The 4640 line is 
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I 4.39 b 
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0.20 
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He II I HP 

I c 111 

V 841 Oph 1848 Nb : weak 
H I  

V 603 Aql 1918 Na 

RR Pic 1925 Nb : very weak 
H I  

CP Pup 1942 Na 

CT Ser 1948 Na 

T Pyx 1966 Nr : 4640 
C 111 + N 111 is missing 

Figrcre 6-13u. Spectrcr ? fo ld  iiovue 
(f,.om Wyckoff uiid Wehiiiger, 1977) 
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6678, 5876, crrid 4686 for. classical arid rwwretit tiovae, dwarf tiovae atid tiova-like stnix. 
( d u t i i f r m i  Willinnis, 1983) 
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generally absent or not measurable in dwarf 
novae. The ratio H alpham beta for the major- 
ity of novae and dwarf novae is included be- 
tween l and 2, and few have values between 2 
and 5. About 50% of nova-like stars on the 
contrary, have values between 2 and 3. This 
value is a measure of the Balmer decrement, 
which is a well-known indication of the physi- 
cal mechanisms at work in the gas, depending 
on the physical conditions of it (optical thick- 
ness and temperature). 

The line widths for novae are included in the 

EA 

40 

0 
0 20 40 EA 

same range of values as those for dwarf novae 
and nova-like (but the highest values-AV > 
1000 km/s-are found among dwarf novae and 

Figure 6-1 6 .  Correlutions hetween emission-line 
equivalent width and orbital inclination. The triangles 
ure data fioni Willianis (1983), the othei..sfioni Wurrier 
( I  986). 

nova-like stars. (uduptedfioni Wuixer, 1986) 

293 



cos I 

Figure 6-1 7. Correlation betweeti ahsolirte tnagriitirde 
M, and orbital (or disc) i~iclinatiori for old novae. 
(jkoni Warner, 1986 c )  

WY Sge 1783 also shows a typical old nova 
spectrum with a faint blue continuum and 
strong emission of H I, He I and He 11, C III+ N 
111, variable with the orbital phase (Shara and 
Moffat, 1983; Shara et al. 1984) (Figure 6.19 a, 
b). The central object of the very old nova CK 
Vu1 1670, on the contrary, is too faint to be 
detectable. Only the nebulosities ejected from 
the nova are observable, and they present a 
spectrum characterized by a strong H alpha 
emission (Shara et al., 1985). 

0 1 2 3 4 5 6 7 8  

t"+" 

Figirw 6-18. Freqiiericy distrihirtioii of ahsolirte niag- 
iiiriides (histograni) coinpared with rheorerical distri- 
hiition (coiitiiiiiorrs ciriw) for rariclonily o r i e ~ t a t e r l  
discs broadened by a Gairssiari with I ri iqq dispet:Fio/i. 
(fr-oni Warner, 1986 C) 

X 
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ANGSTROMS 

Fi,qirre 6-190. The sl~ectr-itni of the old I I O I W  WY Sge 
( I  783), orbit averuged. 
(fi-oni Sharcr m d  Moffat, 1983) 

No trace of absorption lines and in particular 
of lines of a late-type companion is generally 
found in classical post-novae spectra, even in 
the case of GK Per, whose color is that of a K- 
type star and whose orbital period is exception- 
ally long among novae, 1.99 days. 

Among dwarf novae, on the contrary, the 
spectrum of the late companion is generally 
visible when the orbital period is longer than 
about 6 hours, because then the orbital size is 
large enough to house a sufficiently bright red 
star. This rule is apparently not valid among old 
novae; beside GK Per, also the cool component 
of BT Mon - orbital period 8.01 hours - contrib- 
utes only about 6% to the total luminosity of the 
system (Robinson et al. 1982). The other past 
novae with known orbital period larger than 6 h 
are V 1668 Cyg (P = 10.54 h) and Nova Lac 
1910 (P = 13.05 h). No evidence of a late-type 
companion is found in the spectrum of the for- 
mer. while no data are available for the latter. 

Although the spectrum of GK Per in quies- 
cent phase does not show the strong blue con- 
tinuum and the strong flux at 4686 He I1 and at 
4267 C I1 generally present in old nova spectra, 
during its minor recurrent outbursts the spec- 
trum becomes more similar to those of the 
majority of old novae. Spectra obtained at dif- 
ferent moments of the minor outbursts (Figure 
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6.20, Bianchini et al., 1982) indicate that the 
ratio 4686 He II/H beta increases regularly with 
increasing brightness. Hence, during these out- 
bursts, the spectrum of GK Per becomes more 
similar to those of the other old novae. The line 
width measured at zero intensity in outburst 

and in quiescence has about the same value- 
40 A (Szkody et al., 1985). 

In the case of DQ Her, which is a well-ascer- 
tained binary, as indicated by the occurrence of 
eclipses, Kraft (1959) was able to show that 

SHARA ET AL. 
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4oM) 5ooo 6 0 M ) A  

Figure 6-2Oa. Mean light ciirw of GH Per oftlie 1975 
aricl 1981 oitthiirsts. The positions wheii the spectra 
S ~ O M W  in h) have been taken is indicated. h) Density 
tracings of spectra ohtairied in viciniv aiicl diwiiig the 
1975 arid 1981 oiithiwsts. 
(j'rotn Biaiichini et al., 1982) 

both the line and continuum emission arise 
mainly from a region near the compact compo- 
nent. In fact, the rotational disturbance") in the 
radial velocity curve of h 4686 (Kraft, 1958) 
and the onset of the eclipse begin at the same 
moment, indicating that the He I1 emission and 
the continuum originate in the same region. 
From the Balmer jump, the He I1 intensity, and 
the observed colors, an electron density Ne = 3 
x10" ~ m - ~  and a Tcolo, 40,000 K are derived. 
These values support the picture that much of 
the light comes from a rather dense disk or ring 
surrounding the nova. 

The very slow nova RT Ser (1909) is proba- 
bly an exception among classical novae. Spec- 
tra taken in the red region in 1975 and 1978, in 
addition to the nebular emission lines, show 
T i 0  absorption bands. Spectra taken in the blue 
region in 1964 show only nebular emissions, 
but probably this is not due to a real variation of 
the spectrum but rather to the fact that the cool 
companion becomes more easily detectable in 
the red region (Fried, 1980). Another very slow 
nova-RR Tel-shows the presence of a red 
giant component as indicated by its spectral 
characteristics. The two recurrent novae T CrB 
and RS Oph also show a symbiotic spectrum 
with evidence of a red giant companion. Hence, 
it seems that the visibility of the two spectra 
and the luminosity of the red companion - class 
I11 - are characteristics common to symbiotics 
and to some recurrent novae and some very 
slow novae, which are often also called symbi- 
otic novae. 

1II.B. SPECTRA DURING THE OUTBURST 
AND DECLINING PHASES OF NOVAE 

Several indicators of nonthermal phenom- 
ena are observed in the spectra of the majority 
of novae during their explosive phases: 

(*) We remind that the rotational disturbance consists in 
a deviation of the orbital radial velocity curve occurring just 
at the beginning and at the end of the eclipse. The radial ve- 
locity of the eclipsed star shows an excess of positive velocity 
at the beginning of the eclipse (when the part of the stellar 
disk, rotating toward us, is eclipsed: the reverse occurs at the 
end of eclipse (in the hypothesis that, for mechanical reasons, 
rotation and revolution occur in the same directions). 
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Anomalously high ionization, which 
probably requires nonradiative heating 
(e.g., presence of coronal lines), 
Nonthermal widths of spectral lines (up 
to 3000-4000 km/s). 
Nonthermal atmospheric extent (from 
less than 1 solar radius up to several hun- 
dreds solar radii as derived by the prod- 
uct of the expansion velocity by the time 
elapsed from outburst). 
Mass-flow, as indicated by the line-shifts 
and the asymmetric line-cores and 
wings. 
Simultaneous presence of high and low 
excitation + ionization features. 

Hence, we have macroscopic evidence of 
mass-flux and mechanical heating of the at- 
mosphere. 

1II.C. DEVELOPMENT OF THE SPEC- 
TRUM DURING THE OUTBURST 

The spectra at maximum are generally simi- 
lar to those of an A- or F-type supergiant. V 
1500 Cyg 1975 had one of the earliest type, B2 
Ia and V1148 Sgr 1943 the latest (K-type). 

Although the absorption spectra of novae at 
maximum are similar to those of supergiants of 
Classes B, A, or F, they are not identical to 
them. However, if we consider the violence of 
the outburst, it is rather surprising that they are 
so similar. 

The spectra are characterized by absorption 
and emission lines (P Cygni profiles). 

Several typical absorption systems have 
been identified. Figure 6.6 shows schemati- 
cally the shape of the light curves for fast and 
slow novae and indicates when the various 
spectral systems are present. 

The PREMAXIMUM spectrum is observed 
during the light increase until just after maxi- 
mum. It generally resembles a spectral type of 
a B or A supergiant. The PRINCIPAL spectrum 
replaces the premaximum within a few days 
after maximum and persists until the nova has 

faded by about 4 mag. The principal spectrum 
closely resembles the premaximum spectrum 
and it is often difficult to distinguish the one 
from the other. However, in general, the pre- 
maximum spectrum tends to be hotter than the 
principal spectrum. Generally, the latter is 
similar to that of an A or F supergiant with Ca 
I1 lines stronger than normal and strong lines of 
0 I and C I. The Mg I1 line at 4481 A weakens 
rapidly, while the lines of Fe 11, Ti 11, and Mg 
I, with lower levels in a metastable state, per- 
sist along with the H I lines. Hence, there is 
evidence of increasing dilution of the radiation 
incident on the expanding principal shell. The 
expansional radial velocity is larger than that 
indicated by the premaximum spectrum. The 
DIFFUSE-ENHANCED spectrum appears 
later than the principal one; it reaches maxi- 
mum strength at about two magnitudes below 
maximum. It presents strong and wide lines of 
H I, Ca I1 and usually Fe 11, 0 I, and Na I. Slow 
novae have richer diffuse-enhanced spectra, 
with lines of Ti I1 and Cr 11. In the later stages, 
the hydrogen lines can present several compo- 
nents. The expansional radial velocity is about 
two times larger than that indicated by the prin- 
cipal spectrum, and it is often variable with 
time. The ORION spectrum (so called because 
it is similar to the spectra of the B-type stars in 
the Orion nebula) appears when the diffuse- 
enhanced is strongest and reaches its maximum 
intensity at three magnitudes below maximum. 
It resembles that of an early-type star with 0 11 
and N I1 relatively strenghtened. Hydrogen 
lines can be either present or absent. The radial 
velocity is variable and equal or higher than 
that of the diffuse-enhanced spectrum. 

These four systems account for all but a few 
absorption features. To each absorption sys- 
tem, a corresponding emission system is corre- 
lated. In fact, all the absorption and corre- 
sponding emission features form the character- 
istic P Cyg profiles, which are typical of the 
expanding envelopes. Moreover, another emis- 
sion system-the NEBULAR system-appears 
when the nova has weakened by four magni- 
tudes and is completely developed when the 
nova is still three magnitudes weaker; i.e., 
seven magnitudes below maximum. At first it 
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consists of lines typical of nebulae, like [NI], 
[OI], [NII], [OII], [OIII] and later on of coronal 
lines. We  define “coronal lines” those with 
upper potential higher than 125 eV, corre- 
sponding to the ionization potential of Fe VII. 

The nebular emission lines have the same 
width as the emissions associated with the prin- 
cipal spectrum: this means that when the shell 
is diluted enough to become optically thin in 
the continuum (and therefore when the absorp- 
tion lines disappear), it is still optically thick in 
the lines and produces the nebular spectrum. In 
this sense, one says that the nebular spectrum 
“replaces” the principal spectrum. 

The postnova system is observable when the 
nova envelope is dissipating in the interstellar 
medium. Nebular and coronal lines are present. 
The nebular spectrum is characterized by the 
permitted emissions of H I, He I, He 11, N 11, N 
111, N IV, 0 11, 0 111, 0 IV, C 11, Si IV, and by 
the forbidden emissions of 0 I, 0 11, 0 111, N 11, 
Fe 11, Fe V, Fe VI, Fe VII, Fe XIV, Ne 111, Ne 
IV, Ne V, A X, Ca V, S 11, K V, Ni VIII, Ni XIII, 
Ni XVI, and Na IV, with ionization potentials 
ranging between 13 and 500 eV. Hence, the 
regions where the coronal lines are formed are 
similar to those observed in the solar corona. 
The temperature of these regions is much 
higher than that of the stellar photosphere 
(required electron temperature Te > lo6) and 
still much higher than that of the dusty enve- 
lope surrounding the majority of past novae, 
and which is indicated by their infrared spec- 
trum. Several mechanisms of heating of the 
“corona” have been proposed and will be dis- 
cussed in Chapter 7. 

The coronal lines become observable a few 
months after outburst and remain observable 
sometimes for years. A few examples are given 
by Malakpour (1980). Very slow nova HR Del 
1967: the outburst occurred on June 6, 1967; 
the coronal lines were observed in November 
1972, 4 years after the onset of the nebular 
phase. Fast nova V 433 Her 1960: the outburst 
occurred on February 26, 1960; the coronal 
lines became observable already on March 20, 
1960, but became almost invisible in August 
1960. Fast Nova Her 1963: the outburst oc- 

curred between the 19th and the 28th of January 
1963. The coronal lines became visible on 
February 1 1 ,  1963, and were observed until 
July 1963. Slow Nova FH Ser 1970: the out- 
burst occurred on February 1 1, 1970; only one 
coronal line, 5534.6 [A XI, was observed in 
August 1970 and was not present on May 25, 
1970. Slow nova V373 Sct 1975: the outburst 
occurred on April 4, 1975. The coronal lines 
were observable from July 14 to the end of 
August. Very fast nova V 1500 Cyg 1975: the 
outburst occurred on August 25; the coronal 
lines were not present on September 12, but 
they were present on September 29, and were 
still present in January 1976. 

The mechanical energy liberated by mass- 
loss during the explosion is comparable to the 
radiative energy produced: both are of the 
order of lOj4 ergs. 

1II.D. EXPANSION VELOCITIES 

The expansion velocities are correlated with 
the speed class and with the spectral type at 
maximum. Moreover, the expansional veloci- 
ties of the various absorption systems generally 
increase from premaximum to orion system. 
Figure 6.21 gives the relation between speed 
class and expansional velocity of the principal 
spectrum. The two recurrent novae for which 
these data are known are T CrB, which obeys to 
the general relation, and T Pyx, which deviates 
strongly. Too few data are available to say if 
recurrent novae do  obey or do not to the same 
relation of classical novae. Typical expan- 
sional radial velocities of the various spectral 
systems are indicated in the following Table 
6.7, based on novae representing various speed 
classes. 

C. Payne-Gaposchkin (1957) has observed 
that spectral type and expansional radial veloc- 
ity of the principal spectrum are correlated: the 
earlier the spectral type, the higher the radial 
velocity. Since we are dealing with a shock 
front, it is plausible that it is “the velocity 
which determines the spectrum” ( C .  Payne- 
Gaposchkin, 1957, in The Galactic Novae, p. 
82). 

298 



- 1  

1500 

/ 
/ w o  I- 

/ 

I.-’ 

I 
I 
I 
I 

OI 

I 
I 
I 
I 

I 
I 

” /  
I 
I 
I 

/ 0 

vs S Mod F VF 
TYPE 

Figwe 6-21. Relation betweeti the speed class arid the 
expansion velocity of the priiicipal specti~ini. VS=iwy 
slow; S=slow; Mod=nioder.ately fast; F=fast; VF=very 
fast. Opeii circles: clmssical novae; black dots: i‘eciir- 
1-erit novae (T Py,v aid T CrB). 

Similar relations exist also between spectral 
type at maximum and the radial velocity differ- 
ence between the diffuse-enhanced and the 
principal spectrum. 

The data by C. Payne-Gaposchkin are given 
in Table 6.8. 

A loose relation also exists between the 
expansion velocity and the absolute visual 
magnitude at maximum (Figure 6.22). Data 
from Mustel (1978) shows that the expansion 
velocity of the “photosphere” (i.e., the layers 
where the continuum and absorption spectrum 
are formed, or where T -- 1) grows with time, 
and the growth is particularly rapid in the latest 
periods of expansion, just before light maxi- 
mum. For instance, in V 603 Aql, the expansion 
velocity during the day before tmax was twice 
that of the previous day; the same picture was 
shown by DQ Her. V 1500 Cyg 1975 had V exp 
of -1300 km/s on August 29, -1700 on August 
30 (epoch of maximum) and -2200 on August 
31. The slow nova RR Pic had the first maxi- 
mum on June 7, 1925. From June 6 to June 7, 
the expansional velocity came up to 250 km/s, 
while between June 4 and 5 it was only 40 km/ 
s. Hence, the rate of energy generation in the 
inner subphotospheric layers increases just 
before light maximum; the velocity of the gas 
on the photospheric level records a sharp in- 
crease due to a second shock wave that hits the 
first expanding layer. It is the accelerated 
matter that forms the principal envelope. 

The spectra of recurrent novae seem to show 
a different behavior than that of classical no- 

TABLE 6.7 

EXAMPLES OF EXPANSIONAL RADIAL VELOCITIES. 

Object Type Expansional velocity (km/s) 
Premax. Princ. D-E Orion 

N Aql 1918 Fast -1300 -1500 -2200 -2700 
N Gem 1912 Average - 400 - 800 -1400 - 1600 
N Her 1934 Slow - 180 - 300 - 800 - 500 

-1000 
N Cyg 1975 Very fast - 1300 -1700 -3000 

-4000 
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TABLE 6.8 

CORRELATION BETWEEN SPECTRAL TYPE AT MAXIMUM AND EXPAN- 
SIONAL VELOCITY OF THE PRINCIPAL SPECTRUM. 

Spectral Type Corresponding 
Temperature 

F8 
F5 

A5 
A2 
A0 
B9 
B5 
B1 
N I11 lines 
N V lines 

FO-F2 

6,000 K 
7,000 
8,000 
8,500 
9,000 

10,000 
1 1,000 
15,000 
25,000 
50,000 

200,000 

Average RV Number of Objects 
(km/s) 

- 142 
- 168 
- 268 
- 618 
- 560 
- 600 
- 600 
-1000 
-1210 
-1378 
- 1950 

2 
2 
4 
4 
3 
2 
2 
1 
1 
7 
3 

These are mean values. We add here a few examples for some individual objects, which may deviate 

The very slow nova HR Del 1967: Sp. A, V = -625 m / s  
The fast nova V1668 Cyg 1978: Sp. F, V = -600 m / s  
The very fast nova V1500 Cyg 1975: Sp. B2 la, V = - 1,700 Km/S 

from the average values: 

vae. We remind the reader however that only 
four of them have been observed spectroscopi- 
cally, and among them T Pyx (the only known 
slow recurrent nova, which has been observed 
fragmentarily) behaves like classical novae. T 
Cr B and RS Oph do not show systems corre- 
sponding to the diffuse-enhanced and the orion 
spectrum, and during the light decrease present 
strong coronal lines of [Fe XI, [Fe XIV]; U Sco, 
on the contrary, does not show highly ionized 
forbidden lines. 

Details on the spectral behavior of single 
objects will be given in Chapters 8 and 9. 

IV. INFRARED OBSERVATIONS OF 
NOVAE 

A dozen novae have been observed from the 
ground in the infrared (from about 1 pm to 20 
pm). Moreover, the infrared satellite IRAS has 
observed some recent, old and very old novae. 
Infrared observations are important because 
many novae are known to produce dust shell 
few weeks after outburst. 

The first evidence for the formation of a dust 
cloud around a nova was given by Geisel et al. 
(1970) who observed the decline of FH Ser 
I970 between 1 and 22 pm. They observed that 
when the visual light curve showed the dip 
typical of slow novae, infrared emission started 
to increase (see Figure 6.23 and 6.24). The 
infrared emission was very similar to that of a 
black body at temperatures varying between 
1,300 to 900 K. Circumstellar dust was the 
natural candidate for interpreting this emis- 
sion. The lack of any spectral feature at 10 pm 
suggested that silicate grains are absent and 
that the dust may be formed of graphite. 
McLaughlin (1935, 1937) was the first to sug- 
gest that the diminution of about 9 mag ob- 
served in the visual light curve of D Q  Her was 
due to a cloud of dust formed from the ejecta. 
Now the recent infrared observations of novae 
confirm his prediction. 

Bode and Evans (1983) review the evidence 
for the presence of dust in novae and classify 
them, according to their infrared development, 
in three classes, as follows: 
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“Class X: novae for which the infrared the so-called isothermal phase. Typical 
luminosity = luminosity of the underlying 
object. These novae invariably have a pro- 
nounced discontinuity in the visual light “Class Y: novae for which the infrared 
curve, which coincides with infrared flux luminosity < 10 per cent that of the underly- 
rise. The temperature of the dust shell at- ing object. The visual light curve is smooth 
tains a minimum before rising to a plateau - and the dust shell temperature decreases 

member, NQ Vul” (see figure 6.25). 
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monotonically. Typical member, V 1668 
Cyg” (Figure 6.26). 

known with certainty to date is V 1500 Cyg” 
(Figure 6.27). 

“Class Z: novae with little or no infrared It is important to note that these different 
excess, i.e. little or no dust. The visual light infrared behaviors are correlated with the 
curve is usually smooth. The only member speed class: slow novae generally belong to 
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Class X, intermediate novae, to Class Y, and 
very fast novae, to Class Z. Of course these 
conclusions are based on a relatively small 
number of observations, and exceptions could 
be revealed when a larger sample will be avail- 
able. 

More detailed description of the infrared 
behavior of some typical novae is given in the 
following. 

The best studied novae are FH Ser 1970, 
V1301 Aql 1975, V 1500 Cyg 1975, NQ Vu1 
1976, V1668 Cyg, LW Ser 1978, Nova Aql 
1982. 

Slow novae of the DQ Her type, which ex- 
hibit a deep minimum in the visual light curve 
and then recover before starting their smooth 
decline (the visual transition stage), form a 
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thick circumstellar dust shell. They belong to 
the Class X. FH Ser, LW Ser, NQ Vu1 belong to 
this type. The very fast nova V 1500 Cyg, rep- 
resentative of Class Z, on the contrary, radiated 
like an optically thin expanding plasma for 
nearly one year; there is some weak evidence 
that a small amount of dust was formed after 
one year from outburst. 

V 1668 Cyg, representative of Class Y, is a 
moderately fast nova. After an initial expan- 
sion of the hot gas shell, an optically thin dust 
shell was formed, and it reached its maximum 
visual optical depth of 0.1 about 60 days after 
outburst. 

The very slow nova HR Del 1967 represents 
an exception to the correlation between speed 
class and infrared behavior. In fact, it has not 
formed a thick shell. When the dust shell re- 
mains optically thin or does not form at all, no 
deep minimum is observed. This is the case of 
HR Del, whose light curve presents a slow, 
smooth decline and no dip. 

1V.A. COMPARISON OF INFRARED AND 
VISUAL LIGHT CURVES OF SOME 

TYPICAL NOVAE 

The visual and infrared light curves of sev- 
eral novae are plotted in Figures 6.25, 6.26, and 
6.27. 

The visual and infrared (1.2 to 10 pm) light 
curves of the extremely fast nova V 1500 Cyg 
(Figures 6.27a, b) exhibit about the same be- 
havior: all reach a maximum and then decrease 
smoothly. However, the maximum brightness 
is reached at progressively later epochs with 
increasing wavelength; e.g., the visual maxi- 
mum was reached on August 30, 1975, and that 
at 10 pm on September 2, 1975. The energy 
distribution is typical of a black body with tem- 
peratures varying from 10,000 K to 5,000 K 
until day 3.2 after outburst; then the energy 
distribution changes gradually to that typical of 
free-free radiation (Figure 6.27 c). Only 300 
days after outburst, a slight infrared excess, 
which can be attributed to the formation of 
dust, is observable at wavelengths equal to or 
larger than 3.6 pm. These data show the nova to 
present a thick “pseudophotosphere” until day 

3.2 and then to consist of an expanding mass of 
ionized gas. 

The visual and infrared light curves of FH 
Ser, LW Ser, and NQ Vu1 (Figures 6.23, 6.24, 
and 6.25) all have the common property that 
they are almost the mirror image of one an- 
other; when the visual brightness starts to de- 
crease, the infrared curves show increasing 
brightness. The energy distribution in infrared 
is that of a black body at temperatures of the 
order of 1,000 K and decreases with time from 
the outburst (Figure 6.23) Hence, we have a 
clear example of the different behavior of V 
1500 Cyg with its thin electron shell and FH 
Ser, LW Ser, and NQ Vu1 with their thick dust 
shell. 

,In the case of FH Ser, Hyland and Neu- 
gebauer (1970) and Geisel et al. (1970) ob- 
served the commencement of infrared emission 
about 60 days after discovery, coincident with 
the rapid decline in visual light. Ultraviolet 
observations up to day 57 and infrared observa- 
tions by day 90 indicated that the total luminos- 
ity remained equal to that observed at outburst 
(see section 6.V on ultraviolet observations for 
more details). 

Infrared observations were continued by 
Mitchell et al. (1985) and continued until day 
529 after discovery. Figure 6.28 from Mitchell 
et al. shows the infrared light curves at 1.25, 
1.65, 2.2, 3.5, 4.8, and 10 pm. It must be noted 
that the discontinuity in the light curves, oc- 
curred between day 1 11 and day 129; after that 
event, fading occurred in all bands (except at 
J=l.25 pm, where, however, the observations 
are very uncertain and data are lacking). The 
energy distribution at various epochs is shown 
in Figure 6.29, together with approximate 
black body fits. The temperature decreases 
from 960 K on day 70 to 760 K on day 91. The 
discontinuity in the light curves is reflected by 
the slight increase to 800 K on day 154. Later 
on, it is difficult to represent the observations 
by a single black body only. Instead, there is 
evidence for a cool black body component, 
responsible for the major part of the infrared lu- 
minosity, and an excess in the 1-3 pm region. 
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The cool component decreases in temperature 
from 700 K on day 210 to 400-500 K after day 
400, while the short wave excess increases in 
relative strength and temperature. 

The interpretation of these data will be dis- 
cused in Chapters 7 and 8. We anticipate here 
that to explain these observations and espe- 
cially the discontinuity in the light curves, we 
must assume that the dust grains grow from day 
60 to day 11 1 and undergo a significant reduc- 

J 1.25 pm 

'1 M4.8 

% 
50 70 100 150 200 300 400 500 

tion in size between day 11 1 and day 129. The 
excess flux at the shorter infrared wavelengths 
may probably be due to increasing line emis- 
sions as the shell expands. 

V 1668 Cyg differs from V 1500 Cyg, as 
well as from the three class X novae, because it 
shows two distinct phases in its infrared light 
curves: a first phase with a thin electron shell, 
when the infrared light curves decrease 
smoothly, as does the visual one, thus resem- 

+ 
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Figirre 6-28. Iifiared light ciirves of FH Sei-. Dotted arid dashed h i e s  correspoiid to the predicted light cio'ves for con- 
tirirtiiig g ra in  growth beyond day 1 I I ,  arid for. coristarit bolometric litniiriosity arid contitiired grain size reclirctiori beyond 
day 200 respectively. 
f rom Mitchell et al., 1985) 
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bling V 1500 Cyg (Figure 6.26) and a second 
phase with an optically thick dust shell, as 
indicated by the infrared increasing brightness 
reached when the visual brightness is almost 
gone back to the preoutburst magnitude. 

covered by Honda (1982) on January 27, 1982. 
The initial decay was of 0.3 maglday, typical 
for a fast nova, as well as the relatively smooth 
early light curve. On day 37, it had developed 
an infrared excess characteristic of a dust shell 
at T = 1100 K. 

A different case is represented by the fast 
Nova Aql 1982 (Bode et al., 1984). It was dis- 
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and infrared light curves: no dip in the visual 
light curve, a smooth brightness decrease in the 
infrared curve. Figure 6.31 shows the fit of the 
infrared flux to the black body curves. Ultra- 
violet observations suggest that the bolometric 

luminosity was not maintained (differently 
from FH Ser; see Section 6.V). A very interest- 
ing observation made on July 3-4, 1982, 156 
days after discovery shows the presence of an 
emission feature peaking near 10 pm (Figure 
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6.32), which can be attributed to S ic  grains, 
and which has never been detected before in the 
other novae observed in infrared. It was the 
absence of this silicate feature that suggested 
that generally dust is formed of graphite grains. 
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Beside the emission feature, one spectrum 
observed on April 18, 1982, in the range 1 to 4 
pm (Figure 6.33) shows one broad and shallow 
absorption at 3.9 pm, which is also often seen 
in the spectra of oxygen-rich stars (Rinsland 
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Figure 6-31, Eiiergjl distrihictioii ofNova Aql 1982 aiid conipurisoii Miitli black hod)) ciciws.  The time iiz cluys after. oiit- 
hiirst is iiidicated. 
(ffoni Bode et al., 1984) 
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and Wing, 1982). It is identified with S i 0  in the 
gaseous phase. These emission and absorption 
features suggest that in this case, grains are 
formed in an oxygen-rich environment. Hence, 
the formation of graphite grains is improbable. 
It is more probable that dust grains are formed 
of iron composites. In fact, if carbon is slightly 
less abundant than oxygen, oxygen makes 
composites with the other elements and leaves 
no free atoms to combine with carbon. The 
composition of the dust grains in the shell of 
Nova Aql 1982 is unique among novae studied 
in the infrared. The sample, however, is still 
very small. Thermonuclear runaway models 
suggest that CNO are overabundant in nova 
ejecta and that C > 0 (Starrfield et al., 1978). In 
the case of Nova Aql 1982 it appears, on the 
contrary that 0 > C. 

These kinds of observations are important 
because they can give a clue for deciding which 
is the origin of grains. Two main theories have 
been proposed. They are a), Grain growth in 
nova ejecta .d b) Pre existing grains. In case 
a), we expect that grains reflect the composi- 
tion of the interstellar medium. 

Another emission line was observed in the 
infrared spectrum of nova Vu1 1984 No 2, 140 

days after outburst. A very strong emission was 
observed at 12.8 pm, which is identified with 
[Ne 111." It is the strongest 12.8 pm line ever 
observed in an astrophysical source (Gehrz et 
al., 1985, their Figures 1 and 2). A suggestion 
for the presence of the same line in the infrared 
spectrum of V1500 Cyg one year after outburst 
was made by Ferland and Shields (1978b) in 
order to explain the excess observed in the 10 
pm band. 

The Infrared Astronomical Satellite (IRAS) 
has observed the field of several novae (Table 
6.9). The IRAS point source catalogue gives 
the opportunity to 1) search for emission from 
novae of different speed classes at various 
phases of their evolution, and 2) to search at 
longer wavelengths (12, 25, 60, and 100 pm) 
than is possible from the ground for finding 
evidence of very cool dust. 

Search for infrared emission from CK Vu1 
1672, V 1370 Aql 1982 and MU Ser 1983 was 
negative (Callus et al., 1986). 

The spectra of several novae, obtained by 
plotting the fluxes given in the IRAS Point 
Source Catalogue versus the wavelength are 
given in Figures 6.34a and 6.34b. The symbi- 
otic nova RR Tel and the very slow nova V 605 
Aql present a flux that is an order of magnitude 
higher than that from the other observed novae. 
The flux for V 605 Aql fits the black body curve 
for T=50 K, while that RR Tel fits the black 
body curve for T=290 K. The measurements at 
60 and 100 pm for the other novae are not reli- 
able. Their maximum flux falls at wavelengths 
shorter than 12pm indicating color temperature 
higher than 300 K. Dinerstein (1986) has per- 
formed a more detailed study of four classical 
novae (two relatively young-V 4077 Sgr 1982 
and GQ Mus 1983-and two relatively old- 
FH Ser 1970 and HR Del 1967) with well-deter- 
mined optical positions, which seem to have 
true infrared counterparts (Table 6.10 a and b). 
The criterion adopted for positive identifica- 

* Ultraviolet observations have identified a few novae 
which are Ne-rich. They could belong to a subclass of novae 
where the white dwarf is a 0-Ne-Mg star instead of a CO star. 
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Figure 6-33. Near iifiaredfliis distributioii of Nova Aql 1982 oii April 18.1, 1982. A broad shallow absorptioii is pres- 
ent at 3.9 pi. 
(from Bode et a]., 1984) 

tion is that the difference between optical and 
infrared position is smaller than the quoted 
error ellipses for IRAS measurements. Search 
for infrared emissions from other novae was 
made by coadding the data from the original 
IRAS survey in order to increase the sensitiv- 
ity. By this method, positive detection was 
obtained for DQ Her and for the recurrent nova 
T CrB. V 4077 Sgr was observed with IRAS 
161, 169, and 357 days after maximum. Its 
spectrum fits the black body curves for T = 
1000 K, except at 60 pm when the observed 
flux is lower (Figure 6.35 from Dinerstein, 
1986). It is interesting to remark that the dust 
temperature apparently does not vary from 6 to 

12 months after maximum. From the tempera- 
ture and the observed flux, and the absolute 
luminosity derived from the speed class-lumi- 
nosity relation (Duerbeck, 1981) a rough esti- 
mate of the mass of the emitting dust can be 
made: this one is found of the order of 
solar masses. 

The fast nova GQ Mus has a flux lower by 
two orders of magnitude than V 4077 Sgr. By 
using the technique of coadding fluxes, it is 
possible to see that its IR spectrum is flat, 
characteristic of free-free emission, in agree- 
ment with previous data obtained from the 
ground at 5 and 10 pm (Krautter et al., 1984; 
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TABLE 6.9 

Novae observed by the Infrared Astronomical Satellite (IRAS). 

NOVA Outburst 

CQ Vel 
EU Sct 
FH Ser 
HR Del 
KP Sco 

RR Tel 
RS Oph 
T Cr B 
V 1016 Sgr 

LQ Sgr 

V 605 A 4  
v 949 Sgr 
NQ Vu1 
DQ Her 
V 4077 NovzSgr 
GQ Nova Mus 

1940 
1949 
1970 
1967 
1928 
1897 
1948 
Rec. N 
Rec. N 
1899 
1919 
1914 
1976 
1934 
1982 
1983 

Whitelock et al., 1984). There is no evidence 
for a dust component. 

This result is a confirmation of the correla- 
tion between the speed class of a nova and the 
efficiency for the formation of a dust shell 
during its early phases of expansion: slow 
novae have generally dust shell, while fast 
novae do not. We remind that HR Del, how- 
ever, is an important exception to this rule. 

FH Ser was detected in the Point Source 
Catalogue at 12 pm only. Coaddition of the 
data permits detection at 25 pm too. The result- 
ing color temperature is 500 K. However the 
dust appears much hotter than expected for an 
optically thin expanding dust shell of constant 
thickness. In fact, if the central luminosity 
source remains constant, the IR flux should 
decline with time as t-2 and the dust temperature 
as t-'I3 (Gehrz et al., 1980a). Hence, for log t = 
3.8, T dust should be one order of magnitude 
lower. It is suggested a contribution from IR 
fine structure lines. 

HR Del was detected in the 25 pm band but 
not at 12 and 60 pm. This result suggests that 

Type of light curve (Duerbeck). 

Cb 
Cb 
Cb (1986, Dinerstein) 
D (1986, Dinerstein) 
A 
? 
E 
Ar 
Ar (1 986, Dinerstein) 
? 
D 
? 
Bb (1985, Evans) 
Ca (1986, Dinerstein) 
Bb (1986, Dinerstein) 
A 

we are not observing the thermal continuous 
spectrum, but rather line emission. We remind 
that [Ne TI] emission at 12.8 pm was observed 
in Nova Vu1 1984 N. 2 and probably also in 
Nova Cyg 1975. In the case of HR Del, candi- 
date lines falling in the 25-pm band are [SIII] 
19 and 34 pm, [NeV] 24 pm, [OIV] 26 pm, and 
[SiII] 35 pm. 

DQ Her was detected at 60 and 100 pm by 
coaddition of data. A color temperature of 60 K 
was found consistent with the upper limit at 25 
pm. Evans (1985) reports that non survey mode 
observations give a lower temperature, 34 K. 

T CrB is detected in the Point Source Cata- 
logue. However, coaddition of data gives more 
precise results (Table 6.10 c ). The flux at 12 
and 25 prn gives a dust temperature of 900 K. 

The detection of such hot dust in a recurrent 
nova is interesting, because it cannot be the 
remnant of the last outburst that occurred in 
1946, but rather an indication of continuous 
dust-rich mass loss. This is a plausible possibil- 
ity, because T CrB is a well-known binary 
system where the M giant member is almost 

3 12 



Table 6. I O  

TABLE a) Data for nova Sgr 1982. 

Uncorrected flux density (Jy) 
Color-corrected j7ii.t- density ( J y )  

IRAS band Mass of 
Date Days after hot dust 

HCON (1983) maximum t12 ml 1 2 5 ~ 1  t 6 0 w I  I 1  00~lml ( M  0) 

1 25 Mar 161 24.0f2.1 9.2fl . l  1.3f0.2 <2.8 4.2X IO" 
18.9+_1.6 6.9kU.2 I .UkO.2 <2.6 

2 1 Apr 

3 7 Oct 

169 21.8f1.6 7.5f0.7 0.94fO. 13 <2.8 3.4 x l W  
I7.2kI .3 5.6k0.5 0.7k0.1 <2.6 

357 2.5f0.2 0.84f0.14 <0.4 <4.0 3.8 x 10-7 
2.0k0.2 0.63k0.10 < 0.3 < 3.7 

* Assuming d = 2.5 kpc (see the text) 

TABLE b) Catalog and coadded fluxes for detected novae. 

Flux density (Jy) 

Object h(qm) Catalogd Coaddedh Corrected' 

GQ Mus 12 
25 
60 

IO0 

FH Ser 12 
25 
60 

100 

HR Del 12 
25 
60 

100 

0.24 f 0.06 0.26 f 0.03 
0.31 f 0.97 0.26 f 0.03 

<0.30 0.30 f 0.04 
<3.0 4 . 7 2  

0.32 f 0.04 0.32 f 0.03 
<0.30 0.18 f 0.03 
<0.60 <0.29 
<3.7 <1.2 

<0.30 <0.08 

<0.40 <o. I 1 
< l . O  <0.32 

0.36 f 0.06 0.34 f 0.03 

0.29 f 0.03 
0.14 f 0.03 

<0.23 
< 1 . 1  

Catalog values corrected for detection rate. 
Uncorrected coadded values. 

' Coadded values corrected for color effects. 

TABLE c). Additional coadded novae. 

Optical position 
Uncorrected flux density (Jy) 

IRAS band 

Object Date a( 1950) 6( 1950) [12 ~ l m l  125 ~ l m l  t60 pml [loo PI 
T Aur 1891 5h28"46 +3024'36" <O. I O  <0.14 <O. 16 <0.88 
RR Pic' 1925 6h33"32' -6247' 17" 1.22 f 0.05 0.29 f0.02 <0.40 <1.0 
T Cor recurrent IP57"'25' +2@02'32" 0.72 f 0.03 0.26 k 0.03 <0.12 <0.34 
DQ Her 1934 1 8h06"05' +45"5 1'01" <0.06 <0.05 0.58 f0.08 0.61 f 0.07 
V1370 Aql 1982 I 9h20"50 +02"23'35" <O. I O  <o. I O  <0.15 <OX7 
CK Vu1 1670 19h45"'32' +27"11'22" <0.11 <0.10 <0.37 <3.7 
E2000+223 ? 20h00"'39 +222000" <0.09 <0.09 ~ 0 . 1 4  <0.77 

* Source at nominal position of RR Pic as given by Wyckoff and Wehinger (1978); appears to correspond not to the nova, but rater to a field S A 0  star (see the 
text). 
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filling its Roche lobe. We can expect that dust 
will condense in the envelope produced by the 
M giant wind. 

Evans (1985) reports the results of the ob- 
servtions of NQ Vu1 1976. This nova produced 
an optically thick dust shell 60 days after out- 
burst. The expected temperature of the shell, 
derived by assuming that it decreases as t-'I2 

(case of free expansion, and constant luminos- 
ity of the remnant), is 240 K. The observed dust 
temperature, on the contrary, is 72 +/- 5 K. This 
result can be understood if we assume that the 
bolometric luminosity in 1983 was 7.6 x 
times that of the constant bolometric luminos- 
ity, which was maintained during the first year 
after outburst. 
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V. ULTRAVIOLET OBSERVATIONS OF 
NOVAE AND RECURRENT NOVAE 

(written by Selvelli) 

V.A. INTRODUCTION 

The far UV and X-ray radiation of novae 
originates from regions that are much hotter 
than those where the optical and infrared radia- 
tion is formed. 

Thus, space observations of novae are com- 
plementary to the ground-based optical ones, 
and have given and are still giving a new, fun- 
damental contribution to our knowledge on the 
nature of these objects. 

The importance of UV observations of the 
continuum and line emission of CVs is mani- 
fold: 

The bulk of the continuum radiation emitted 
by quiescent novae (QN) falls, with very few 
exceptions, in the satellite UV spectral region. 
The study of this radiation provides fundamen- 
tal information about the physical processes 
that take place in the hot regions of the system, 
generally associated with the innermost disk 
part and the white dwarf surface. Estimates of 
T, L and of the mass accretion rate in QN, a 
parameter of basic importance for the under- 
standing of the nova phenomenon, are crucially 
dependent on the observations in this wave- 
length range. 

For novae in outburts, observations of the 
UV continuum are essential for the determina- 
tion of the bolometric luminosity and of its 
variations with time from the first outburst 
(OB) phases until the nebular stage. 

In the satellite UV region of the spectrum, 
several important, strong resonance lines be- 
longing to abundant elements (such as CIV h 
1550, SiIV h 1400, NV h 1240) are observed. 
Most of these ions lack strong lines in the opti- 
cal region. High excitation lines produced by 
recombination such as He I1 h 1640 or by fluo- 
rescence such as the 0111 Bowen nebular lines 
near h 3000 are also observed in CVs. More- 
over, nebular lines (such as Si111 h 1892, CIII h 
1909, 0111 h 1666, NIV h 1486, etc.) are ob- 
served in novae during the nebular stage, in 

recurrent novae, and in a few old novae. The 
study of all these classes of lines provides valu- 
able information on the excitation processes, 
the region(s) of line formation, the presence of 
outflow phenomena, and the intensity of the 
radiation field in the scarcely accessible EUV 
spectral range. 

If semiforbidden or forbidden lines are pres- 
ent, they provide a useful tool for the diagnosis 
of the physical conditions (Ne, Te) in the low 
density regions of the system. In addition, in 
several cases, especially in novae in the nebu- 
lar stage, the presence of lines of different 
ionization states of a given element has also 
allowed a careful determination of the chemi- 
cal abundances in the ejecta, a parameter of 
paramount importance for testing the various 
theories on the processes that lead to the nova 
phenomenon and for understanding the evolu- 
tionary state of the system. 

An accurate determination of the parameters 
above mentioned, together with the knowledge 
of their variations with time, can be used to set 
severe constraints on the various physical 
models of nova, both for the quiescent phase 
(Q), in which especially T and L are important, 
and for the eruptive one, where the dynamic, 
density, and chemical composition of the 
ejecta are concerned. 

In the present section the behavior of novae 
in the UV is subdivided in two parts: 1) novae 
(classical and recurrent) in quiescence, and 2) 
novae (classical and recurrent) during outburst 
and post-OB phases. This subdivision might 
seem somehow artificial but it has a physical 
ground: UV observations of novae in Q provide 
important clues on the hot components of their 
radiation field and, therefore, on those proc- 
esses that take place near the compact compo- 
nent. Little information is gained about the 
physical conditions in the outer regions since, 
with a few exceptions, the envelope ejected at 
the time of the outburst is no more detectable. 
On the other hand, observations made during 
the various OB and post-OB phases are related 
to the physical structure of the extended 
pseudophotospere formed in early OB phases, 
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and to the physical conditions ( ne, Te, chemical 
composition, and velocity fields) in the ejected 
envelope. 

V.B. ULTRAVIOLET OBSERVATIONS OF 
POST NOVAE 

The launch of the IUE satellite (Boggess et 
al., 1978) has opened a new era in the UV 
observations of post novae, allowing the acqui- 
sition of about 200 UV spectra for a dozen 
objects with mV up to 15. 

Table 6.11 lists the postnovae observed with 
IUE until November 3, 1987. 

Two comprehensive reviews on the UV 
observations of classical novae by Starrfield 
and Snijders (1987) and by Friedjung (1988) 
have recently appeared. The reader is referred 
to them for a detailed description of the OB 
phenomenology and for specific considera- 
tions on the abundances of the ejecta. 

V.B.l. THE UV CONTINUUM 

After correction for the interstellar redden- 
ing, which is usually determined from the h 
2200 absorption feature, a general characteris- 

tic of most objects is the presence of a hot 
continuum as indicated by the flux increase 
toward shorter wavelengths. The origin of this 
continuum is commonly attributed to the dissi- 
pation, through viscous processes in the accre- 
tion disk formed around the compact compan- 
ion, of the gravitational energy released when 
mass is transferred from the companion onto 
the surface of the white dwarf. 

A possible contribution from the white 
dwarf itself, still active and hot a long time 
after the OB, cannot be ruled out, and this 
possibility must be kept in mind when compar- 
ing data with the theoretical models. 

The interpretation and modeling of the UV 
continuum is not a well established operation 
like, for example, that of fitting a stellar contin- 
uum with a model atmosphere. While a steeper 
slope toward shorter wavelengths is commonly 
interpreted as an indication of higher tempera- 
ture, the actual value depends a lot on the de- 
tails of the model chosen. The accretion disk 
spectrum is calculated as the sum of the contri- 
butions of the individual surface elements 
(annuli), each one emitting with a different 
temperature. Generally these models are based 
on sums of emissions of Kumcz’s models or on 
sums of black bodies. A deeper criticism on the 

TABLE 6.1 t 

NOVAE and RECURRENT NOVAE Observed with IUE during Optical Quiescence. 

OBJECT R.A. (1 950) DECL (1950) 

GK Per 
T Aur 
RR Pic 
BT Mon 

T Pyx 
T Cr B 
V841 Oph 
RS Oph 
DQ Her 
V 533 Her 
V 603 Aql 
HR Del 

CP Pup 

03 27 47 
05 28 46 
06 35 10 
06 41 16 
08 09 52 
09 02 37 
15 57 25 
16 56 42 
17 47 32 
18 06 05 
18 12 46 
18 46 21 
20 40 04 

+43 44 05 
+30 24 36 
-62 35 49 
-01 58 09 
-35 12 04 
-32 10 47 
+26 03 37 
-12 48 59 
-06 41 39 
+45 51 02 
+41 50 22 
+00 31 36 
+l8 58 52 
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assumptions and limitations of the models and 
on the advantages and disadvantages of the 
various methods can be found in Wade (1984) 
and in Chapter 4.1V.B. 

Generally, the power-law UV continua can 
be better reproduced using sums of contribu- 
tions of stellar atmospheres. It is rather diffi- 
cult, however, to produce a good agreement of 
the models with data that include both the UV 
and the optical continuum. 

Wade (1984) has pointed out that a disk 
model with a range of temperatures has the 
same slope, for a given wavelength range, as a 
model with a single temperature. In other 
words, it is possible to associate with the flux 
ratio at, say, 2880 A and 1460 A, a correspond- 
ing temperature of a model atmosphere. The 
slope of the classical Lynden-Bell (1969) dis- 
tribution (F ( h ) c~ h-2.33) is the same as that of 
a Kurucz model with T=17.000” K, while that 
of a power-law distribution with (~=2.0,  quite 
common for cataclysmic variables (CVs), 
corresponds to a model with T=14.000” K. 

In practice, in several cases, the observed 
continuum has been fitted equally well by a 
single component (i.e., a power law or a black 
body) or by two components (i.e., two black 
bodies or a black body and a power law). As a 
consequence, it is not surprising that different 
authors have proposed for the same objects fits 
with quite different temperature components; 
compare, for example, the determination of the 
temperature in HR Del made by Hutchings 
(1979a), Krautter et al. (1981), Rosino et al. 
(1982), Dultzin-Hacyan et al. (1980), and 
Wargau et al. (1983) (Table 6.12). 

It is remarkable that with few exceptions 
(Verbunt, 1987) the slope of the continua of the 
different classes of CV s (dwarf novae, novae, 
nova-like) is rather similar. In the more lumi- 
nous and best studied old novae (i.e., V 603 
Aql, RR Pic, HR Del), the continuum slope in the 
UV (after correction for reddening) is very 
close to the slope of an F ( h ) h-* distribution, 
in fair agreement with the “standard” h-2-33 dis- 
tribution. (Figure 6.36) 

It is not clear, on the basis of the IUE obser- 
vations alone, how correct it is to extrapolate 
toward shorter wavelengths the continuum 
slope found from the IUE observations. Voy- 
ager data on V 603 Aql (Figure 6.37) led Car- 
one et al. (1985) to conclude that for this object 
(but its trend is common to all other CVs ob- 
served with Voyager), the rising IUE flux dis- 
tribution does not continue into the EUV. 

It is remarkable that the EUV region (900- 
1200 A) is rather flat (flattening begins near h 
1300 A) for almost all CV s observed, while the 
EUV continuum (500-900 A) is extremely 
weak ( < 5 x Carone et al. (1985), on the 
basis of these data, conclude that models that 
fit the IUE UV fail to fit the EUV region. 
Exceptions to the general trend F ( X) h-“ with 
a-2 are GK Per, DQ Her, BT Mon and T Aur. 

GK Per (Rosino et al., 1982) is quite pecu- 
liar, since its UV continuum, unlike that of 
other old novae, shows an energy distribution 
curve that is not peaked toward the extreme 
ultraviolet but around h 3600 (figure 6.38), an 
indication of a lower temperature. However, 
high excitation and ionization lines are present. 
Even from the IUE low-resolution spectra, a 
larger line width than in other old novae can be 
appreciated. Moreover, unlike in other old no- 
vae, there is some contribution in the UV from 
the K2 IV-V companion. GK Per is also a copi- 
ous hard-x-ray emitter, and this emission 
shows a strong coherent modulation with a 
period of 351 s (Watson et al., 1984). This is a 
signature of the “intermediate polars” or DQ 
Her class of CVs, characterized by the presence 
of a rather strong magnetic field, of the order of 
lo5 - lo6 gauss. Probably, the magnetic field 
causes the disruption of the innermost disk 
part, where the missing UV continuum would 
otherwise be produced. (See Chapters 
4.111.F.2.) Another intermediate polar is DQ 
Her, a system seen at quite high inclination, 
which shows periodic eclipse phenomena. Its 
far UV continuum is nearly flat and can be 
represented by a power law with spectral index 
a close to zero over the whole UV spectral 
range. 
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TABLE 6.12 

Temperature Estimates in HR Delphini 

Rosino et al. 

Duerbeck et al. 

Andrillat et al. 

Friedjung et al. 

Hutchings 

Dultzin-Hacyan et al. 

Krautter et al. 

Hutchings 

Wargau et al. 

The same for V 603 Aal. 

Dultzin-Hacyan et al. 

Duerbeck et al. 

Krautter et al. 

Wargau et al. 

Lambert et al. 

Ferland et al. 

The Same for RR Pic 

Krautter et al. 

Wargau et al. 

Rosino et al. 

Duerbeck et al. 
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(1982) 

( 1980a) 

(1 982) 

(1982) 

(1980) 

(1980) 

(1981) 

(1 979a) 

(1982) 

(1980) 

( I  980a) 

(1981) 

(1982) 

(1980) 

(1982a) 

(1981) 

(1982) 

(1982) 

(1 980a) 

E(B-V) 
0.1 

0.19 

0.17 

0.17 

0.10-0.15 

(0.18) 

0.15 

0.23 

0.15 

0.07 

0.07 

0.00 

0.07 

0.07 

0.01 

0.03 

35000+20000 BB'S 

28000°K BB 

and BB with T=47000"K. 

16000°K model atmosphere. 

40000°K BB plus power-law (far UV) 

45000"K+25000"K BB or power 
law with a=-2.09 

15000°K or 50000°K BB plus 
power-law at h 1500 A. 

80000°K plus 15000°K BB's. 

50000°K plus 8000°K BB's. 

30000°K BB 

45000°K plus 25000°K BB or 
power-law with a=- 1.99. 

200000°K plus 11000°K BB's. 

Thick disk 

Power-law: V' + v'.~. 

Power-law with a=l .8  1 or 40000°K 
plus 28000°K BB's. 

90000°K plus 14000°K BB 

33000°K plus 22000°K BB's. 

27500°K BB. 
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Figure 6-37. Voyager ohsei-vations of V 603 Aql, dereddened by 0.07. 
(from Carone et al., 1985) 
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Figure 6-38. The continicimi distribution of CK Per at 
qiriescence. 
Ifi.0171 Rosino et al., 1982) 

It is tempting to ascribe this peculiarity in 
the continuum slope in DQ Her to an inclina- 
tion effect that causes the disk to be seen in its 
outermost coolest components. This sugges- 
tion is supported by the nearly flat continua of 
BT Mon (i-84") (Figure 6.39) and T Aur 
(i-68"), and is in agreement with an optical 
study of Warner (1986~)  who has found a 
strong correlation between the absolute visual 

magnitude and the inclination of the system. 
Warner has interpreted this result in terms of 
darkening of the disk limb when viewed at 
different inclination angles. Verbunt (1 987), 
however, from a statistical study of the UV 
spectra of several CVs has concluded that the 
continuum slope does not show a definite de- 
pendence on the system inclination; his disk 
models show instead that the slope of the con- 
tinuum depends strongly on the white dwarf 
mass. 

V.C. THE MASS ACCRETION RATE AND 
LUMINOSITY OF OLD NOVAE 

The disk luminosity is linked to the mass 
accretion rate A ,  a quantity whose knowledge 
is essential for understanding the evolution of 
the system and physics of the outburst. In prin- 
ciple, & can be determined after a comparison 
of the slope of the continuum with theoretical 
models: a steeper UV slope indicates an higher 
A .  Unfortunately, as pointed out by Verbunt 
(1987), theoretical disk models show that the 
slope of the continuum depends also, and criti- 
cally, on the white dwarf mass. Because of this, 
the fi values reported in the literature might be 
affected by this uncertainty if the white dwarf 
mass was not previously well determined. 
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Figwe 6-39. The flat coritiriirimi of BT Mor1 (i=9Oo). 

An alternative, less model-dependent 
method for the determination of rjI is simply 
based on an estimate of the accretion luminos- 
ity from the observed UV (mainly) and optical 
fluxes. Once the luminosity is known, a lower 
limit for M can be assigned from the relation 
L(disk)=1/2 GMM R-' where M-M . (See 
also Chapter 4.11.C.2.) 

The considerable differences in the L(UV) 
estimates for the same object by different au- 
thors are due to two main reasons: 1) uncertain- 
ties with the distances, and 2) uncertainties in 
the fitting of the observed continua with mod- 
els. Wade (1984) has shown that luminosities 
deduced from fits with stellar atmosphere 
models are much lower (by factors from 10 to 
100) than those obtained from blackbody fits to 
the same data. 

The uncertainties in L are reflected in the 
uncertainties in Q, and quite serious discrep- 

3200.0 

ancies between the fi values proposed in the 
literature for the same objects are present. 
Thus, for HR Del, Friedjung et al. (1982) de- 
rived $I- 10 s M, yr-' , while Krautter et al. 
(1981) found $I -4.6 M, yr , and Hutch- 
ings (1 979a) gave indication of a value in ex- 
cess of 10 *. Kenyon and Webbink (1984) have 
suggested determining rjI by fitting the ob- 
served flux at different wavelengths to models 
of disks seen at different inclinations and emit- 
ting like the sums of blackbodies. With this 
method, they obtained for HR Del a 6l of the 
order of 4 x M , yr-' in fair agreement with 
Krautter's et al. (1981) value, which is a lower 
limit based on the "observed" UV luminosity 
only. 

A compilation of mass accretion rates can be 
found in Verbunt and Wade (1984). 
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V.D. THE LINE SPECTRUM OF OLD NO- 
VAE 

V.D. 1. P CYG PROFILES IN OLD NOVAE 

A common characteristic of the line spec- 
trum of cataclysmic variables in quiescence is 
the presence of strong emission lines of high 
excitation character like NV 1240, SiIV 1400, 
CIV 1550, and He11 1640. 

Intercombination lines like NIV 1486, NIII 
1750, Si111 1892 and CIIJ 1908; or lines of low 
excitation like 0 1  1303, CII 1335, and reso- 
nance lines of Si11 are generally much weaker 
or absent except in the case of the recurrent 
novae T Cr B and RS Oph and in the case of 
those few old novae who still show evidence of 
the shell ejected at the time of the outburst. 
Table 6.13 lists the most common emission 
lines usually found in old novae. 

TABLE 6- 13 

List of common UV Lines in Post-Novae. 

h 

1240 
1260 
1300 
1335 
1400 
1486 
1550 
1575 

- 11.0 

-11.5 

- 12.0 

- 12.5 

ION h 

N V  1640 
Si I1 1750 
Si I11 1815 
c I1 1860 
Si IV 1892 
N IV 1909 
C IV 2800 
Ne V 

ION 

He I1 
N 111 
Si I1 
A1 I11 
Si I11 
c 111 
Mg I1 

Krautter et al. (1981) have reported the pres- 
ence of P Cyg profiles in the spectra of the old 
novae HR Del, RR Pic, and V 603 Aql. Al- 
though the presence of some of the P Cyg pro- 
files is questionable (e.g., h 1640 in HR Del, 
CIV in RR Pic, etc.), they are clearly present in 
HR Del at CIV (Figure 6.40). The presence of 
such profiles indicates that material is still out- 
flowing a long time after the outburst, and this 
poses several questions about the nature of the 
mechanism that originates the wind and the 
duration of the processes related to the out- 
burst. Hutchings (1979a) has reported marked 
differences in the P Cyg profiles in the several 
spectra available. He suggested the presence of 
two absorption components of varying strength 
that could be consistent with mass loss in the 
form of a spiralling wind. 

A more complete set of observations was 
obtained by Friedjung et al. (1982) who related 
the variations to the orbital phase of the obser- 
vations. (See also the next section.) 

Krautter et al. (1981) estimated the mass 
loss rate in HR Del by fitting the absorption 
component of the CIV doublet with the grid of 
theoretical profiles of Castor and Lamers 
(1979). Assuming a spherically symmetric 
wind and all carbon=CIV and taking V edge = 
4,000 km s-', they derived fi-2.6 lo-' ' M, yr-'. 
The uncertainty in this value is due to the rather 
crude assumptions that have been made. The 

HR Del 

LOG WAVELENGTH IN 8, 

Figiire 6-40. The P Cyg profiles iri  the spectr.irni o f H R  Del. 
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terminal velocities in the HR Del wind are of 
the order of 3 x lo3 kms-' for CIV. Hutchings 
(1979) and Rosino et al. (1982) give 2320 km 
s-I, while Dultzin-Hacyan et al. (1980) give 
2,900 and 3,500 km s I and Krautter et al. 
(1981) give 4,000 km s-I. For NV Hutchings 
gives 2,800 km s I and Rosino gives 2,900 km 
s-'. It must be pointed out, however, that in the 
low resolution IUE mode, a wide Ly (Y absorp- 
tion of circumstellar or interstellar origin, 
which can extend up to A1230, could mimic a 
shortward displaced absorption for the NV 

Chapter 4.1V.D.) 

A marginal wind detection has been claimed 
by Cordova and Mason (1985) in the CIV dou- 
blet of DQ Her also. A comparison of the 
eclipse profile of CIV with the out of eclipse 
one showed that the latter is fairly symmetric, 
while the former appears to be skewed to the 
red. They suggest that a wind may be present 
but contributes only part of the total line emis- 
sion. 

doublet, thus contaminating the true one. 

In a study of dwarf novae, Cordova and 
Mason (1982) have suggested the presence of a 
conical outflow, perpendicular to the disk 
plane. They have also suggested that the 
mechanism responsible for the wind is radia- 
tion pressure in the resonance lines, as in hot- 
star winds. It is not clear, however, if this 
model might be applied to HR Del and why 
among old novae such P Cyg profiles have been 
clearly detected only in HR Del. (See also 

16.0 

12.0 

X 

u. 3 8.0 

If the wind geometry in old novae is similar 
to that of dwarf novae in OB, this result seems 
to contradict the indication by Cordova and 
Mason (1985) that P Cyg profiles in dwarf 
novae are more common in objects with low 
inclination (unlike DQ Her). 

Recent observations of V 841 Oph (Cas- 
satella et al., 1988), indicate the presence of P 
Cyg profiles in its UV spectrum also (Figure 
6.41). 

4.0 

0.0 
1200.0 1700.0 2200.0 

LAMBDA (A) 
2700.0 3200.0 

Figure 6-41. The UV spectrirni of the post-riova V 841 Opli. 
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V.D.2. HIGH-RESOLUTION LINE PRO- 
FILES 

Observations of emission line profiles in the 
UV spectra of old novae in quiescence are 
limited by the IUE performance. These objects 
are fainter than m, 11.5, and although very hot, 
their far UV flux does not permit IUE observa- 
tion in the high-resolution mode. Such observa- 
tions would be of invaluable importance for the 
acquisition of high-resolution profiles, which 
would allow a deeper study of the region where 
the lines are formed and of their dynamical 
structure. V 603 Aql, the brightest nova 
remnant, is the sole object in this class that has 
been just barely observed in the high-resolu- 
tion mode (Selvelli and Cassatella, 1981). The 
two spectra, (SWP + LWR) although at about 
50% of the optimal exposure, clearly show 
emission lines of Si IV, CIV, and He 11. These 
emissions are wide and shallow and centered 
on the nominal wavelength (Fig. 6.42). There is 
no trace of any P Cyg absorption. Their FWHM 
indicates v-1,800 km s-' and FWZI give, v - 
4,000 km s-I. These profiles and velocities are 
those expected by lines formed in the inner- 

I 
I Extrapolation 111 

Y MlcroDhonics 4- S a k t e d  ITF 603 

X Reseau Mark 
* ,  

1520.00 1524.00 1528.00 1532.00 

most region of an accretion disk orbiting a 
white dwarf. 

It is notable that over the whole spectrum, 
there is no evidence of sharp (and more easily 
detectable) nebular lines. This indicates that the 
envelope ejected at the time of the outburst has by 
now vanished. 

V. E. THE UV SPECTRAL VARIATIONS 

The time resolution between successive IUE 
spectra has an intrinsic lower limit of about 20 
minutes also if the exposure time is much shorter, 
because of the cameras read-preparation times. 
However, even when the proper exposure time 
(typically 20 minutes for the brightest old novae) 
is added, still a rather satisfactory time resolution 
as compared with the orbital period can be 
achieved. 

V603 Aql. Rahe et al. (1980) and Drechsel et al. 
(1981) have detected variations of the emission 
intensities and of the continuum both in the op- 
tical and in the UV range. These variations 
seem to be related to the orbital period. The in- 
tensity of the CIV, SiIV, and He11 emissions is 

1536.00 1540.00 1544.00 1548.00 1552.00 1556.00 15M).00 
WAVELENGTH (VACUUM) 

Figure 6-42. The high-i~esolitriori profile of the C IV 1550 dirblet in V 603 Aql.  
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highest during maximum light at phase 0.5, and 
lowest near orbital phase 0.0. Similar results 
were found by Selvelli and Cassatella (1981) 
on less homogeneous material. Both Drechsel 
et al., and Selvelli and Cassatella have resorted 
to occultation or partial eclipse effects to ex- 
plain the variations, but the small inclination of 
the system sheds serious doubts on this hy- 
pothesis. 

Selvelli and Cassatella (1 982) have also studied 
the variations in the 3L 2000 - 3200 region. Max- 
ima in the line emission and continua occur near 
phase 0.0, in disagreement with the previous 
results. This all suggests that the variations might 
be due to transients, and not to phase-related 
phenomena. 

The results of Hutchings (1979a) suggested UV 
spectral variations in HR Del, although a quite 
large scatter is shown in his graphs. Andrillat et 
al. (1982) have considered these effects as phase- 
related. They found minima near phase 0.0 both 
in the 1200 - 2000 and in the 2000 - 3200 regions. 
In a study based on more homogeneous material, 
Friedjung et al., (1982) detected clearly phase- 
related variations both in the continuum and in 
emission and absorption lines. Fig. 6.43 (from 
Friedjung et al.) gives the observed variations. 
Inspection of this figure shows a periodic vari- 
ation in the NV emission with a minimum around 
phase 0.9. The CIV emission seems to vary in 
antiphase with respect to NV, but possibly, its 
variations are more complex. A minimum seems 
to be present in all cases, except for CIV, 
around phase 0.9 both for lines and continuum. 
Note that phase 1.0 is that of maximum radial 
velocity. 

The authors interpret the minimum as due to 
an occultation of the central part of the disk by a 
splash where the stream of accreted gas reaches 
the disk. The wind, which is responsible for the 
P Cyg profile variations, has evidently more 
complex variations. 

A behavior similar to that of V603 Aql and HR 
Del is also present in RR Pic. Significant vari- 
ations, both in the lines (by a factor up to six) and 
in the continuum (by a factor 1.5) are clearly 
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Figure 6-43. The variations with phase of the eniissioti 
line i~itetisities iti a series of successive IUE spectra of 
HR Del. 
(from Friedjung et al., 1982) 

evident in spectra taken by Selvelli (1982) in a 
close sequence of alternate exposures with the 
SWP and LWR cameras during a 6-hour monitor- 
ing. The observed variations are in disagree- 
ment with the photometric behavior in the 
optical, reported by Vogt (1975) and by Haefner 
and Metz (1982). In addition, UV spectra taken at 
nearly the same phase in two different cycles 
show very different characteristics, thus confirm- 
ing the reality of transient phenomena. It seems 
reasonable to suppose that both phase-related and 
transient phenomena contribute to the observed 
spectral variability, and that the transient phe- 
nomena are more evident in the UV region since 
the three best studied objects present this behav- 
ior. These results are in agreement with the con- 
clusion of Verbunt (1987) that all systems for 
which time-separated observations are available 
show UV variability with time scale of the 
order of hours. He also suggests that these vari- 
ations are probably not of orbital origin, since 
observations at different periods but at the 
same orbital phase show significant spectral 
changes. 
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V.F. CONCLUDING REMARKS 

To conclude this section on classical old novae, 
it is important to emphasize that of the dozen 
old novae that are accessible to IUE, only a few 
have been studied in some detail. Selection 
effects could be very serious, considering the 
scarceness of the sample, and thus we might 
risk drawing general conclusions (for example, 
on L , T, Ph , etc.) based on the behavior of the 
more luminous members of the class. It is 
therefore mandatory to improve these rather 
poor statistics by observing carefully all ob- 
jects that are accessible to IUE. 

V.G. THE UV SPECTRUM OF 
RECURRENT NOVAE IN QUIESCENCE 

Recurrent novae represent a small class of ob- 
jects whose recurrence time between outbursts 
is intermediate between classical novae and 

arf novae. 

The major problem for the understanding of re- 
current novae is the nature of their outbursts and 
the nature of the accreting objects. Recently, 
Webbink et al. (1987) have reviewed the proper- 
ties of the rather different members of the “class” 
and have suggested the existence of two sub- 
classes on the basis of their OB mechanisms: 

1)Those powered by TNR on a white dwarf 
(T Pyx and U Sco) as in classical novae. In 
this case theoretical consideration 
(Stanfield et a1.,1985) show that in order to 
produce outbursts with recurrence time 
scales compatible with those of T Pyx , the 
white dwarf must be very massive 
(Mw,-1.38 Ma ) and the accretion rate must 
exceed 2 ~ 1 0 - ~ M @  yr-’, that is, much higher 
than accepted for classical novae. 

2) Those powered by the transfer of a burst 
of matter from the red giant onto a main se- 
quence companion (T Cr B and RS Oph). In 
this case, the inter outburst accretion rate is 
expected to be rather low. 

T Pyx. This regularly recurrent nova (P, 20 f l  
years) has been observed by Bruch et al. 

(1981). Because of its faintness and of the 
severe reddening (0.35), the IUE spectrum was 
underexposed. However, a hot continuum is 
clearly evident, together with emission lines of 
CII, CIV 1550, HeII 1640, and NIII 1750. It is 
notable that, unlike in other recurrent novae 
(T Cr B and RS Oph), the MgII doublet is ab- 
sent. This is interpreted as indication of the 
absence of the red giant in the system. 

The three existing sets of IUE data of T Pyx in 
1980, 1986, and 1987, show that the UV contin- 
uum is very hot (Fig. 6.44) and practically con- 
stant, an indication of a very high accretion 
rate, which seems to support the thermonuclear 
powered model. The suggestion by Webbink et 
al. (1987) that the OB of T Pyx is nuclear 
powered is based mainly on the difficulty en- 
countered by the accretion-powered model in 
explaining the behavior of T Pyx during the OB 
phases and the dominance of a hot continuum 
source during quiescence, although some unre- 
solved problems remain with the luminosity 
and the unusually blue color at minimum. 

The recurrent nova T Cr B has been observed 
from the early phases of IUE’s life until very 
recently (Cassatella et al., 1986). The UV contin- 
uum distribution can be represented, at the vari- 
ous epochs by a single power-law spectrum F (A) 
DC over the entire IUE range, a ranges from 
0.7 to 2.2 with a mean value of about 1.3. 

In general, when the flux is higher, the con- 
tinuum is steeper. A distinctive peculiarity of T Cr 
B is that significant UV variations correspond to 
very small changes in the visible light. The UV 
emission line spectrum shows wide range of ion- 
ization and excitation with the presence of ions 
from 01 to NV and HeII. Radial velocity studies 
of Kraft (1958), Paczinski (1965), and more re- 
cently by Kenyon and Garcia (1986) have indi- 
cated that the companion of the red giant is a main 
sequence star, since its mass is about 1.8 Ma. 
However, the UV and X-ray observations seem to 
suggest a white dwarf companion. In fact: 

1) The disk luminosity is radiated mostly in 
the UV, with a negligible contribution to the 
optical, contrary to what is expected from a 
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main sequence accretor. 
2) A quite strong HeII h 1640 emission 
generally present, with an average luminosity 
of 1.3 x 10” erg s I .  This emission is an in- 
dicator of temperatures of the order of lo5 OK 
3) The x-ray luminosity in the range 0.16 to 
4.5 Kev is of 5 x 10” erg s I, with the same 
order of magnitude of the few other detec- 
tions of “classical” novae in quiescence. 
(Cordova et al. 1981b). 
4) A recent high-resolution spectrum 
(Selvelli et al. 1988) has shown that the CIV 
h 1.550 emission is wide and shallow. The 
half-width at zero intensity (HWZI) indi- 
cates a velocity larger than 1500 km s I ,  and 
the shape resembles that observed in the 
CIV h 1.5.50 emission in a high-resolution 
spectrum of V 603 Aql. See Chapter 9 for a 
more expanded discussion. 

RS Oph. In the UV, it is quite faint because of 
the strong reddening E(B - V) = 0.73, and only 
underexposed spectra were obtained (Rosin0 et 
a]., 1982). The continuum is quite flat (Fig. 
6.45), and the only spectral feature that is 
clearly evident is the NIII h 1750 semi-forbid- 
den line. CIV, HeII, and the other common 

6.00 

4.00 

X 

L 
3 

2.00 

0.00 
1:: 

emissions are not detectable. (See next section 
for the UV spectrum in outburst). 

V.H. UV OBSERVATIONS OF NOVAE 
AND RECURRENT NOVAE IN OUBURST 

Unlike old novae, for which there is a substan- 
tial similarity in the UV spectroscopic signa- 
tures (a hot continuum and high excitation 
lines), the UV behavior of novae during the 
outburst phases can hardly be reconducted into 
a common scheme. In this respect, each nova 
outburst represents a unique phenomenon with 
its own specific characteristics. 

Since the launch of IUE, a dozen novae have 
been observed in the UV during their decline after 
the visual maximum. Only in a few cases was the 
nova monitored in the various post maximum 
phases until the detection limit. 

Table 6.14 lists all novae and recussent novae in 
OB observed with IUE. The studies of these ob- 
servations were generally aimed to obtain infor- 
mation on the physical and chemical parameters 
of the ejecla (from spectra in the nebular phase) 
and on the dynamic and energetic of the outflow 

T PYX 060927 
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phenomenon. phases following the OB. In particular, these 
data have made it possible to obtain reliable 
estimates of the bolometric luminosity and an 
accurate determination of the outflow veloci- 
ties in the ejected envelope. 

For some of these objects enough IUE data 
have been available to permit an adequate study 
of their spectroscopic changes in the various 

RS Oph July 1986 
60.0 

40.0 

X 
3 
d 
U 
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11 60.0 2560.0 
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TABLE 6.14 

NOVAE and RECURRENT NOVAE in Outburst Observed with IUE until 1987 

NOVA 
NOVA 
U 
RS 
NOVA 
v 394 
NOVA 
v 4077 
NOVA 
V 1370 
PW 
NOVA 
NOVA 
NOVA 

OBJECT 

Mus 
Cen 
sco 

Ser 
Cr A 
Cr A 

Her 

vu1 
vu1 

And 

OPh 

Sgr 

A d  

CY& 

1983 
1986 

I983 

1981 
1982 
1987 
1982 
1984- 1 
1984-2 
1978 
1986 

R.A. (1950) 

1 1  49 35 
13 17 42 
16 19 37 
17 47 32 
17 53 02 
17 56 58 
18 38 33.6 
18 31 33 
18 41 26.6 
19 20 50.1 
19 24 03.5 
20 24 40.5 
21 40 38 
23 09 47.5 

DECL ( 1950) 

-66 55 39 
-55 34 30 
-17 45 43 
-06 41 39 
-14 00 56 
-39 00 27 
-37 34 09 
-26 28 27 
15 16 15 

+02 23 35 
+27 15 55 
+27 40 48 
+43 48 10 
+47 12 00 

328 



Moreover, observations made during the nebu- 
lar stage have made possible a reliable determina- 
tion of the chemical abundances in the ejecta. This 
parameter is of paramount importance for testing 
theories on the nova phenomenon and for under- 
standing the evolutionary state of the system. 

The physics of the nebular state is relatively 
simple and quite well understood. The methods 
and principles of the studies of gaseous nebulae 
have been successfully applied also to the study 
of the symbiotic stars, whose emission spectra are 
nebular-like; see the recent review by Nuss- 
baumer and Stencel (1987) for details and the 
Section VI1 on the envelopes in this chapter. 

The most important features of novae in 
outburst in the UV are reported here. 

FH Ser, the first nova to be detected in the UV, 
was observed with OAO-2 over an interval of 53 
days, starting about the time of visual maximum, 
and another observation was made about a year 
and a half later. (Code, 1971). 

During the observed period, the spectrum 
changed from an absorption-like, spectrum, simi- 
lar to that of an F star, to a strong emission-like 
spectrum. While the star in the optical was stead- 
ily fading in luminosity, both the UV continuum 
and the UV emission lines continued to brighten. 

During the first 60 days after the OB, the energy 
distribution from 1000 to 6000 A indicated an ap- 
proximately constant integrated luminosity, 
where the decline in the optical was compensated 
by a progressive shift toward the UV. These re- 
sults supported a model of nearly constant bolom- 
etric luminosity in novae after outburst. 

VI500 Cyg 1975 was observed with Copernicus 
just after maximum and was too cool to be de- 
tected at h 2700 A (Jenkins et al, 1977). It be- 
came unobservable for Copernicus about 100 
days after maximum. Measurements made af- 
ter that date with ANS made it possible to de- 
rive that the bolometric luminosity at maxi- 
mum and 100 days after outburst varied by a 
factor of 20, while the visual luminosity (meas- 
ured in the y band) decreased by a factor of 

6600, and the effective temperature increased 
from about 10,000 to 65,000 OK. 

NOVA Cyg 1978 was the first nova observed with 
IUE: thanks to the capability of the IUE Observa- 
tory of a prompt reaction to any event considered 
worthy of observation, it was monitored from the 
first phases immediately following the outburst. 
The first IUE image was taken on September 14, 
1978, by Cassatella et al. (1979) one day after 
visual maximum. The continuum looks like that 
of an F-type supergiant. 

The main line features are FeII absorptions and 
emission of FeII, CrII, MnII and'OIII (Bowen 
fluorescence mechanism). The MgII doublet 
consists of a P - Cyg profile with a strong 
emission component. A high-resolution spec- 
trum taken two weeks later shows the same 
emission features with widths indicating ex- 
pansion velocities of about 400 Km s-' . 

The 0111 lines show larger (525 Km s-I) expan- 
sion velocities, while the two components of the 
MgII 2800 doublet appear blended due to their 
broadness (FWHM 815 km S I  ). The narrow FeII 
and MnII absorptions of this high-resolution 
spectrum were studied also by Friedjung 
(1981b). He concluded that most of the absorp- 
tion was circumstellar rather than interstellar 
and estimated the column densities. 

A significant redistribution of energy toward 
the UV and IR is observed both in the continuum 
and in the lines during the phases of the decline in 
the optical. The maximum brightness at h 2740 is 
reached about 20 days after OB and at h 1450 
about 45 days after OB. The total bolometric 
luminosity, obtained from UV + opt. + IR obser- 
vations, reached its maximum about six days af- 
ter the visual maximum with a value of about 3 
times the Eddington luminosity for a 1 Ma star 
(Stickland et a1 1981). Between days 13 and 27 
the total luminosity remained approximately 
constant at about 1 L Edd - 1.7~10' Lo and then 
started to decline (Figure 6.46). 

The behavior of Nova Cyg 1978 from the early 
OB phases until the nebular stage was monitored 
by Stickland et al. (1981) who provided the first 
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Figirr-e 6-46. Light cim'es (UV,  optical, IR and holo- 
riietr-ic) qf Novu Cyg 1978. 
($.om Sticklami et d., 1981) 

complete coverage of the UV outburst of a nova. 

They performed a very detailed quantitative 
study of the physical conditions in the ejecta dur- 
ing the nebular phase by applying standard and 
original methods for the analysis of nebular spec- 
tra. The nebular spectrum in the UV shows emis- 
sion lines of OV], NV, 01, 011, OIV, CII, OIV], 
NIV], CIV, HeII, 01111, NIII], CIII], and MgII. 
The nebular continuum is due to contribution of 
recombination and free-free processes of H and 
He mainly, plus a hot photosphere with T - 1.5 
Y. 10 "K and R - 0.13 R . 

The expansion velocity of the nebular shell, 
estimated by the widths of the nebular lines is 
1270 Km s-I, when deduced from the extreme 

widths, and 760 Km s-', when estimated from 
the widths of the flat-topped plateau regions in 
the centers of the line profiles. 

Stickland et al. (1 98 1) derived the electron tem- 
perature Te in the nebula from the emission lines 
ratios CII 1335/CIII] 1908, CIII 2297/CIV 1550, 
and NIV 1718/NV 1240, where the first line in 
each pair is produced by dielectronic recombina- 
tion via low-lying autoionizing states and the 
second line is produced by the more usual mecha- 
nism of collisional excitation. Te values are 
arouncj 9000 "K in the CHI region, around 1 1,500 
"K in the CIV region and around 14,500 "K in the 
NV region. 

The electron density Ne was determined from 
the ratios NII] 2140/[NII] 5755, and 01111 1663/ 
[0 1111 5007, which yielded Ne - 8 x 10 ' el. 
Abundances were then determined relative to H. 
The CNO abundances are enhanced, with respect 
to the solar ones, by a factor of 20 for total CNO 
and by 200 for N. 

This indicates a TNR origin of the outburst. 
The value of the ionized ejected mass is of the 
order of IOz9 g, and the corresponding kinetic 
energy is 6 x 10"" ergs, in agreement with the 
estimates for other classical novae. 

Cassatella and Gonzalez-Riestra (1988) have 
included N Cyg 1978 in a study of the behavior of 
the FeII UV lines in novae in the early post maxi- 
mum phases, using the extensive IUE material 
available. 

During about one month after the maximum 
(near September 12, 1978), the object showed 
strong FeII lines, especially from multiplet UV 1, 
which appeared with a P Cygni structure particu- 
larly prominent in the low-resolution spectra of 
September 1 1. In the subsequent days, the violet 
shifted absorption components of FeII UV 1 pro- 
gressively fainted, while the emission compo- 
nents became stronger, reaching a maximum 
probably near September 23. Finally, in the 
spectra of middle October, the emission com- 
ponent also disappeared, and FeII UV 1 was 
only visible in absorption, probably produced 
by the zero voltage lines 2599.4 and 2585.9 A. 
These changes were accompanied by the ap- 
pearance, at the later date, of nebular lines and 
by a dramatic change of the UV energy distri- 
bution, as shown in (Figure 6.47.) 

Nova CI. A 1981. IUE spectra of Nova Cr A have 
been obtained during 6 months on 11 dates begin- 
ning from the outburst in April 1981 up to mid- 
November 1981, when it entered the sun con- 
straints of IUE (Sparks et al; 1982). These spectra 
cover the whole IUE range and are mostly at low 
resolution. It is noteworthy that the initial spectral 
evolution, immediately after the OB, is quite 
similar to that of Nova Cyg 1978. The strongest 
line in the first spectrum is 0 1  1303. The emission 
lines cover a range in ionization potential from 
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8 eV (MgII) to 80 eV (NV). Forbidden emission 
lines of high ionization character such as [MgVII] 
and (AlVI] were present for short periods in May 
and June 1981. (Figure 6.48) These lines seem 
to be produced by photoionization and not in a 
high temperature coronal region because of the 
absence of high excitation “auroral” emissions, 
which would be expected under coronal condi- 

On May 25, the FWHM of CIV emissions was 
4500 km s-’, a value quite uncommon for a mod- 
erately fast nova. At 200 days after maximum the 
nebular stage was not yet reached. 

Williams et al. (1985) have made a quantitative 
study of the emission lines present in the spectra, 
with the purpose of determining accurately the 
physical conditions and the chemical composi- 
tion in the gas ejected during the outburst. The 
ratio NIV 17 19/NV 1240 yielded T,-1 1,000 “K. 
Abundances relative to He have been determined 
for several elements by applying a quite elaborate 
method. (Figure 6.49) illustrates their results, 
which indicate that CNO elements are en- 
hanced relative to He and, presumably, relative 
to H also. What is noteworthy is the very high 
enrichment of neon, together with that of Mg 
and Al. The study suggests N/C-20 and Ne 
more overabundant than CNO (!). 

(The overabundance of neon is indicated by the 
strength of the [NeIV] 1602, [NeIV] 2422, and 
[NeIII] 18 15 lines). 

Nova Aql1982 has been observed with IUE for 
the first time on February 24 and then on several 
dates up to June 30, 1982 (Snijders et al., 1984, 
1987b). 

Figure 6.50 (from Snijders et al., 1987) shows 
the estimated fluxes in the UV, optical, and IR. 
The total flux declined rather slowly with time, 
with a dominant contribution from the IR re- 
gion. It is remarkable that the combined UV 
plus optical continuum [after correction for 
reddening: E(B-V)-0.55-0.601 varies at vari- 
ous epochs as F( h ) = I - ’  from at least 1,400 
to 6,000 A and that these fluxes vary approxi- 
mately in phase, unlike in other novae. A dip in 
the UV flux was observed near d=77, probably 
because of absorption by dust internal to the 
nova shell, while the IR contribution becomes 
dominant. 

Figure 6.51 shows IUE spectra at various 
epochs after the outburst. 
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The first IUE observation (d=29) showed the 
presence of dramatic P Cyg features with velo- 
cities of up to lo4 km s-’. If this edge velocity 
is interpreted as a terminal velocity, it is very 
high; only supernovae show such values, while 
the highest velocity observed in the Orion system 
of novae is -3800 km s-’ (Payne Gaposchkin, 
1957). 

N Aql 1982 was characterized by a remarkably 
composite structure in the UV lines which 
show: 

1) Quite “narrow” emissions of semiforbid- 
den and permitted lines (FWHM 2000 kni s-’ ). 
2) Broad absorptions up to -4000 km s-’ in the 
common resonance lines like NV and CIV. 
3) An unusually high-velocity component 
with edge velocity at -10,000 km s-I (system 
b); this high-velocity gas has been detected 
onls i r i  the UV and was evident on February 
24 and March 2 (days 29 and 36 after OB). 
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It is notable that systems a and h are observed 
in the resonance lines of CIV and SiIV, while only 
system LI is observed in the resonance doublet of 
A1 111 and only system h is observed in an excited 
line of NIV, which has high excitation. This 
might suggest that system h is formed closer to 
the pseudophotosphere, and the slower system CI 

consists of material ejected earlier and swept up 
by system h. 

The electron density of the medium velocity 
gas has been determined using the ratio Si111 1892/ 
CIII 1908 yielding Ne-1 x 10“’ el. cm-j. Another 
set of emission line ratios provided a separate 
determination of Tz and Ne that resulted in these 
ranges: 9600 C Tc G 11,000, and 1.6 x 1OX S Ne 
C 5 x 10‘ with a best estimate for the diagnostic, 
in which Te=104 K and Ne=2.5 IO8  cm-3. 

Using the above parameters, abundances of 
several elements have been calculated by Snij- 

ders et al. (1987b) for the medium velocity gas 
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on d=156. The high overabundances of 
sulphur, nitrogen, and neon are remarkable: 
(N/H=0.2 1,  Ne/H=0.73, S/H=0.064). 

These overabundances resemble those found 
in the shell ejected by Nova Cr A 198 1. 

The mass of the medium velocity gas was 
estimated as 7 x M, indicating that the total 
mass ejected was about 10’ less than in other 
novae. 

Due to the great intensity of the neon lines in its 
spectrum, N Aql 1982 has been labelled as a 
“neon nova.” However, as pointed out by 
Friedjung ( 1  988), the gas-phase abundance of 
neon was larger than that for other abundant ele- 
ments only because neon is a noble gas and 
does not condense into grains. 

U Sco. The outburst of this recurrent nova was 
first recorded on June 24, 1979. This OB was 
much faster than either the OB of N Cyg 1978 or 
N Cr A 198 1 ;  it was an extremely rapid, burst-like 
event. The IUE observations started on June 24 
and continued until 11. The spectrum (Williams 
et al., 1981; Sparks et al., 1980) was initially a 
mixture of both high-ionization and low-ioni- 
zation lines. NV 1240 was strong, HeII, CIV, 
SiIV, N IV] 1486 were present, with PCyg 
profiles in CIV and Si IV lines. Unlike in other 
recurrent novae in outburst, no forbidden coronal 
lines have been observed. (Figure 6.52). After 
June 30, the absorptions disappeared and the 
general level of ionization increased. 

The emission and absorption features were all 
very broad, characteristic of expansion velocities 
up to -7500 Km s I 

It is noteworthy that there was no change in the 
color temperature over the period covered by the 
observations of Williams et al. The observed 
ratio FVls/F1300 remained nearly constant around 
the value of 0.5. 

According to Barlow et al. (1981), over a large 
part of the dereddened optical and UV ranges, the 
continuum of July 6 could be fitted by a power- 
law F (1) - h -z4.  However, this index should be 

12W 1400 1600 1800 20 
WAVELENGTH (A) 

taken with caution because of the uncertainties in 
the reddening correction. 

A detailed analysis of the emission lines shows 
that the ejecta are very rich in N, although the 
combined CNO abundance seems essentially so- 
lar, because carbon is very underabundant with 
respect to nitrogen. A depletion of H is indicated 
by the optical spectra which suggest that H e m  is 
about 2 (in number density). 

The amount of ejected mass was only M , 
about 10’ smaller than that usually ejected in-a 
classical nova outburst. 

It is noteworthy that both U Sco and N Aql 
1982 have shown an unusual spectral evolution 
during outbursts: no color changes (no flux redis- 
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tribution toward the IR and UV), similar spec- 
tral indexes ( in N Aql 82, in U Sco), 
ejection of a less massive envelope than the 
other novae (-10 -' f 10 -' M , instead of -IO4 

M, ). 

The fifth recorded OB of U Sco occurred in 
1987, only 8 years after the previous one. Such a 
short recurrence time cannot be easily explained in 
terms of the present TNR theories for the OB of 
recurrent novae. 

N Sgi- 82. The OB was discovered on October 
4, 1982, and the visual maximum was reached on 
October 15. The IUE observations of this fast 
nova started on October 18, when the object was 
in the early decline. The continuum was that of an 
early F-type object with T around 9000°K 
(Mazeh et al., 1985a). It was similar to that of 
N Cyg 1978 in the corresponding stage (Figure 
6.53). The UV continuum of October 18 was very 
weak and started increasing at the end of October 
as a consequence of the commonly observed flux 
redistribution toward UV (and IR) after the visual 
maximum. The line spectrum was initially char- 
acterized by emissions and absorptions of low 
ionization like FeII, 01, and other neutrals. The 
MgII doublet showed a P Cyg profile with v 
edge = -1700 Km/s. 

In the following stages, the evolution was quite 
similar to that of N Cyg 1978, and the nebular 

N Sgr 1882 
2.00 

1200.0 1700.0 2200.0 2700.0 3220.0 

Figure 6-53. Observed UV energy distrihirtiori of N Sgr 
1982 017 Oct. 14, 1982 (ahoict four days after maxi- 
niirm). Tlie spectrimi is very similar- to that of N Cyg 
I978 shortly after masimum. 
(jironi Cassatella mid Gonzales Riestr-a, 1988) 

stage was reached about 210 days after out- 
burst. 

N Sei- 1983. This is a very fast nova with t,-5. 
The first IUE observations were made 11 days 
after maximum. A peculiarity of its UV spec- 
tral behavior is the wide ionization range with 
the presence of ions ranging from FeI to NV. 
CIII] 1908 is also present. (Drechsel et al., 
1984) (Figure 6.54). 

The emissions are strong and broad and the P 
Cyg profiles in the CIV and MgII doublets in- 
dicate extremely high outflow velocities of 
-9000 km s-' and-1000 km s-' respectively. These 
velocities are comparable with those reported by 
Snijders et al. (1987b) for N Aql 1982. 

N Miis 1983. The outburst of this moderately 
fast nova was reported on January 18, 1983. IUE 
observations started on February 19, 1983, 
(Krautter et al. 1984, Krautter, 1986) and con- 
tinued for several months, covering the Orion 
to nebular phases. The first spectra showed a 
wide excitation range and the presence of sev- 
eral semiforbidden lines also (Krautter et al., 
1984). The overall evolution was quite similar 
to that of N Cyg 1978, and ionization increased 
while the spectral evolution was approaching 
the nebular phase (Figure 6.55). From August 
1985 to June 1986, the [OIII] line fluxes de- 
creased substantially, while high ionization 
species like [Fe VI11 showed an increase of the 
line intensities. 

In the early spectra, the stsucture of the MgII 
lines is complex with components at -320 and +540 
Km/s. The HeII, Si1111 and C 1111 emissions shows 
also a composite structure and have FWZI of 
about 1500 Km s-' (Figure 6.56). 

The total luminosity near maximum (January 
21) was estimated at about 1.5 LE,, (for a 
lM, white dwarf), assuming that the UV flux 
distribution decreased in the UV as it did for N 
Sgr 1982 early in the decline. For March 4, 
1983, a SWP IUE spectrum and mv permit a 
rough estimate of 0.5 L,,,, with the assumption 
that the F = h-* distribution still holds for the 
optical and IR range. 
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An abundance analysis has led to the determi- 
nation of considerable nitrogen enrichment with 
respect to carbon and oxygen [N (N) = 80 times 
the solar value]. From the strength of CNO lines, 
an overabundance of all these elements seems 
indicated. It is noteworthy that more than one 
year after OB ( on April 20, 1984), soft x-ray 
emission was detected by EXOSAT (Ogelman, et 
al., 1984). 

At that epoch also FeX 6374 was detected in the 
optical. The values of temperature (3.5 lo5 K) and 
L ( loT7 erg s-I) derived from this emission suggest 
its origin from the surface of a very hot white 
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dwarf. 

Nova Vir1 1984 1 (PW Virl) 

High resolution spectra of PW Vu1 (Visual 
magnitude at maximum 6.4) have been obtained 
two months after maximum. The spectra are 
crowded with absorption and emission lines from 
Si 11, N I1 and Fe 11. The absorption lines have at 
least three separate components at different expan- 
sion velocities: at about 0 km/s, -750 km/s and 
-1550 kms. Figure 6.57 shows the profiles of mul- 
tiplet 191 of Fe I1 and multiplet l of Si I1 in the 
region 1780-1820. A, and the region 1710-1770 
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Figure 6-54. Dererlrlerted IUE spectru ofthe classical novae N Sgr 1982 aizd N Ser 1983. 
Ifrom Drechsel et al., 1984) 
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where several lines of Fe I1 and Ni I1 are present. 
The three absorption components are clearly de- 
tectable in the lines of multiplet 191 of Fe I1 and in 
the ground multiplets of Si I1 and Ni 11. 
6-75 

RS Oph 1985 An outburst of this recurrent 
nova was announced on January 26, 1985, and 
IUE osbservations started on February 8 and con- 
tinued for about two months (Cassatella et al. 
1985). The UV spectral evolution after OB has 
collowed the trend of increasing ionization level 
with time. In a graph emission intensity versus 
time, the emission intensity from highly ionized 
species peaks at a much later stage in the decline 
than emissions from low-ionization species. A 
decrease of Ne with time was deduced by using the 
Ne sensitive ratio SiIII] 1892 /CIII] 1908. 

The UV FeII emission lines of RS Oph have 
been studied by Cassatella and Gonzalez-Riestra 
(1988). 

Figure 6.58 shows how the fluxes of the FeII 
emission lines from multiplet UV 1 (around 2600 
A) vary with time during the 1985 outburst of RS 
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Oph, compared with other strong emission lines 
of different ionization level such as 0 1  1300 A, N 
IV] 1487 A, NV 1240 A, and [FeXI] 2648.7 A. 
The figure shows clearly that the FeII lines peak 
in intensity very soon after the outburst, like the 
low-ionization line 0 1  1300 A (and MgII 2800 A, 
not shown in the figure). Emission lines from 
higher ionization species, on the contrary, reach a 
maximum at later stages: NIV], for example, is 
maximum around day 35; NV, around day 43; 
while the [FeXI] line is maximum in a plateau 
between days 42 and 62. The time of maximum is 
then correlated with ionization potential of the 
line considered. 

Apart from the UV 1 multiplet, other FeII lines 
are present, although fainter, in the postmaximum 
spectra of RS Oph: the ones which could be iden- 
tified with more confidence are those from multi- 
plet UV 19 1 around 1786 A and those from UV 62 
and 63. 

In the later decline stages, forbidden emissions 
from [FeXI] 1467 and 2649 and from [FeXII] at 
1350, 2406, and 2568 (Figure 6.59) were de- 
tected. The time evolution of the profile of the 

1 I I I I I I I I I I 

10-l~ [erg cm-*  A-’ s- ’  1 
Nova Muscae 1983 
(March 4.2, 1983) 01 

NV 

Hell ’ I 
I I  

NIII] 

c Ill] 
I 

NII] 

I Mg II 
,-.:,,,. 1 I 

1200 1500 1800 2100 2400 2700 

Figure 6-55. The UV spectriini of N Miis 1983 
Ifr-om Kruictter- et al., 1984) 
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[FeXI] 2648.7 A line is shown in (Figure 6.60). 
Such data can provide important clues to the 
understanding of the dynamics and geometry of 
the ejection. The complex profile of [FeXI] is 
probably indicative of a non-spherically symmet- 
ric and, perhaps, discrete ejection process. It is 
worth recalling that RS Oph is the first astro- 
physical source in which so strong high-ioniza- 
tion lines were detected in the ultraviolet, apart 
from the solar corona. 

Snijders (1987a) made an estimate of the mass 
of the ejected shell and, using the method devel- 
oped by Pottash (1959), obtained M(eject)- 5 x 
10-7 M,. 
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Figlire 6-60. High-resolictioti dota of the recirrreiit 
1 1 0 1 ~ ~ 7  RS Opli (oirthiirst of 1985) showitig the time ei'o- 
liction of the pi.ofle of [Fe X I ]  2649 A .  

This quite low value is in agreement with 
previous estimates and theoretical expectations 
(Starrfield et a]., 1985) from a recurrent nova 
outburst. Snijders also made an estimate of the 
luminosity after OB and found a peak value of 
about 4 LE,, and a plateau value L = LE,, for a 
massive white dwarf. 

A considerable enrichment of nitrogen seems 
to be present in the ejecta, as was found in other 
novae. The ratio N(He) / N(N) is in the range 3- 
40. 

The cause for the recurrent outbursts of RS Oph 
(every 9 to 35 years since the first event was dis- 
covered in 1898) may be different from the 
thermonuclear runaway invoked for classical 
Novae (Livio, Truran, and Webbink, 1986). Also, 
it is possible that important differences exist, for 
example, in the total mass ejected and in the ejec- 
tion velocity, compared to classical novae. In any 
case, RS Oph offers a unique opportunity to study 
one important phenomenon: the interaction of 
ejected matter with the stellar wind from the cool 
giant companion and with the surrounding 
circumsystem material, not yet dissipated at the 
time of the new outburst. 

The appearance of strong emission lines from 
very high-ionization species observed shortly af- 
ter the outburst both in the optical (Joy and 
Swings 1945; Rosino, Taffara, and Pinto, 1960) 
and in the ultraviolet (Cassatella et al. 1985), as 
well as the detection of a strong x-ray flux (Mason 
et al. 1987) is a demostration of the effectiveness 
of such an interaction. 

Intense soft x-ray emission (1 - 6 keV) has been 
detected with EXOSAT in March 22, 1985. The 
characteristic temperature (Mason et al. 1987) 
is of the order of a few million degrees, and the 
total flux, after correction for the interstellar 
medium (ISM) absorption is of the order of 
10.' erg cm-7 s-I. 

It is noteworthy that this strong emission is seen 
a long time after OB and that there is no short-time 
variation associated with it. 

Moreover, a weak, but significant, residual 
x-ray emission was still detected in October 1985. 
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This much weaker emission is consistent with 
temperatures of the order of 3 - 5 x lo5 K as found 
for Nova Mus 1983 (Ogelman et al., 1984). 

V. I. CONCLUDING REMARKS 

6-79 
As it has emerged from the description of indi- 

vidual objects, each nova in OB has shown 
some peculiar characteristics that have made it 
different from the other novae; however, in 
spite of these individualities, the study of the 
UV data, both in the continuum and in the emis- 
sion lines, has been of fundamental importance 
for the determination of some basic common 
properties in the behavior of novae in,OB. The 
studies of the UV observations have led to two 
important results: 

1 )-Acczirate deterininations of chemical conipo- 
sition of the ejecta 

No one object has ejected material of solar- 
like composition. Large enrichments of 
CNO have been found in practically all ejecta, 
while, in a substantial fraction, a large over- 
abundance of Ne has been found. Several 
considerations (see, for example, Truran, 
1985), have led to the conclusion that the 
enrichments in the ejecta are not a direct 
consequence of nuclear reactions in the nova 
envelope, but rather reflect the composition of 
the envelope at the onset of the TNR. The 
most likely mechanism responsible for this en- 
richment is outward mixing of core matter 
from the interior to the surface of the white 
dwarf, a consequence of the shear-induced tur- 
bulence produced by the accreted material 
when it strikes the dwarf surface layers. Thus, 
CNO over-abundances can be explained in 
terms of TNR in a shell already enriched of 
these elements in a C O  white dwarf. The 
enrichment of Ne (as detected from the 
anomalously high intensity of the ?L 1602 A 
line four novae) has been an important and un- 
expected result, indicating that the ejected ma- 
terial was processed to Ne during the previous 
evolution in a very massive 0-Ne-Mg white 
dwarf (Law and Ritter, 1983). Iben and 
Tutukov (1984), from theoretical consider- 
ations, estimated a ratio of approximately 35 

for systems containing a CO white dwarf to 
systems with an (0-Ne-Mg) white dwarf. The 
reason for the observed higher percentage of 
(0-Ne-Mg) white dwarfs in novae is not clear 
and could be explained on the basis of selec- 
tion effects, since nova OBs are expected to be 
more frequent in the more massive (0-Ne-Mg) 
white dwarfs. The implications of the presence 
of this kind of white dwarf on our under- 
standing of the nova phenomenon and the 
evolutionary state of the system are still to be 
investigated. 

2)-Reliable estiniates of the bolometric Iiminos- 
ity and of its variations with tinie. 

IUE observations of the continuum of novae 
in outburst have confirmed the general trend of 
the redistribution of the flux toward the UV 
(and the IR) as the outburst progresses, and 
shown that the bolometric luminosity in the 
early postmaximum phases remains nearly 
constant or declines more slowly than the 
visual one. 

The total luminosity is generally closed to the 
Eddington limit for a IM, star(-1.55.10” 
erg s-I), but the exact value depends critically on 
the distance that has been assumed. 

The possibility that L exceeds LE,, would 
have as a consequence the formation of a 
supercritical wind, accelerated by the high 
radiation pressure corresponding to that super- 
Eddington Luminosity. 

Before the launch of IUE, it was not clear 
whether the ejection of mass from the “nova” was 
instantaneous (Le., occurring in a short time inter- 
val as compared with the typical time scale of the 
“nova” phenomenon) or continuous. Friedjung 
(1 977a) suggested that even using only ground- 
based observations, there was a good evidence 
for continued ejection decreasing with time, al- 
though most mass was probably ejected near vis- 
ual maximum. The smallness of the decline in 
L ho, after visual maximum, as found using UV 
(and IR) observations, has been interpreted as a 
suggestion that nuclear burning continues on the 
white dwarf surface after the initial explosion, 
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thus producing a continuous ejection of mass 
(after the sudden ejection of the first shell). The 
presence of very high-velocity components (up to 
IO4 kni s I )  in the UV spectrum of Nova Aql 1982 
and in other novae in OB has been interpreted by 
Friedjung as an evidence of the presence of super- 
critical winds accelerated by radiation with su- 
per-Eddington luminosity. 
6-80 

There are, however, several problems related 
with the continuous ejection model that are still 
unclear, as, for instance, the interpretation of all 
the absorption systems. Collisions between enve- 
lopes at different velocities are expected, leading 
to x-ray emission observable in the late outburst 
stages. The x-ray emission detected in N Muscae 
(Ogelman at al., 1984) could be due to this mecha- 
nism. 

VI. THE X-RAY EMISSION OF NOVAE 
AND RECURRENT NOVAE 

(Written by Selvelli) 

Accretion, which is the main source of the UV 
radiation emitted by novae in quiescence, is also 
responsible for the x-ray radiation emitted by 
these objects. In the standard picture (a geometri- 
cally thin, optically thick accretion disk) a rough 
estimate of the energy dissipation indicates that 
about one half (that is G h' h' ) of the accretion 
luminosity is released in the disk as optical and 
(mainly) UV radiation, while the other half is 
released as soft/hard x-ray radiation in the 
boundary layer, the region at the interface be- 
tween the innermost disk part and the surface of 
the white dwarf. 

Generally, the keplerian or nearly keplerian 
velocity of the material in the inner disk is much 
greater than the velocity at the surface of the 
white dwarf but, as it approaches the white 
dwarf, it must become slower, and the excess of 
mechanical energy will be dissipated. Simple 
calculations (see, for example, Kylafis and 
Lamb (1982), Ferland et a1 (1982b) show that if 
the boundary layer is assumed to be optically 
thick, for parameters typical of a CV ( h- IOix 
gr si, M, mlMo, R, m10-2R,), it will have 
temperatures of the order of 2-5 x lo5 OK and, 
therefore, will emit most of its radiation in the 
EUV-soft-x-ray range). The boundary layer 

can be defined as the region between the point 
where the angular velocity deviates from the 
keplerian one and the surface of the white 
dwarf. (See Chapter 4. IV. F.) The presence of a 
hard x-ray component (E-a few keV) with a 
much lower luminosity than that expected for 
the EUV-soft-x-ray component, and the lack of 
detection of the soft component (this absence, 
however, can find a natural explanation in 
terms of interstellar absorption) indicates that 
the real picture is more complex and that a 
more detailed modelling of the boundary layer 
is required. See, for example, Ferland et al. 
(1982a,b), Patterson and Raymond (1985a,b), 
and Jensen 1984. It must also be pointed out 
that the presence of the boundary layer as de- 
scribed above, depends critically on the ab- 
sence (or weakness) of the magnetic field in the 
white dwarf. 

If a strong magnetic field (2 IO' gauss) is 
present, the accreting material will flow along the 
lines of the mainetic field and the accretion disk 
will be disrupted at a radius of the order of the 
Alfven radius. In this case, the accretion material 
will form accretion columns at the magnetic poles 
of the white dwarf. In this chapter, only the x-ray 
behavior of classical and recurrent novae, in 
which the magnetic field intensity is less than 
IO6 gauss and therefore not so high as to affect 
seriously the disk structure, will be described, 
leaving out the magnetic CVs (polars or AM 
Her stars, magnetic field - IO8 gauss). 

V1.A. X-RAY OBSERVATIONS OF POST- 
NOVAE 

The HEAO-1 X-ray survey of cataclysmic vari- 
able stars (Cordova at al, 1981a) revealed that 
quiescent novae were, at best, low luminosity 
sources with fluxes, in the 0.18 - 2.8 keV range, 
below the HEAO -1 A2 detector thereshold (of 
the order of 2 -3x 10.' I erg cm-' s-'). Thanks to the 
higher sensitivity of the instruments onboard 
HEAO-B (EINSTEIN), a positive detection of 
about ten sources and the assignment of upper 
limits for a few other ones has been possible. 

Several old novae are indeed X-ray sources but 
erg s-') with at a quite lower level (L - IO3' 
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respect to the UV and optical fluxes. Table 6.15 
is a compilation of data from the observations 
made mainly by Becker and Marshall (1981), 
Cordova et a1 (1981a,b) and Cordova and 
Mason (1984). A description of the EINSTEIN 
imaging proportional counter (IPC) detector 
used to make the observations is reported in Gi- 
acconi et a1 (1979). The data of table 6.15 refer 
to the energy interval 0.16 - 4.5 keV. The con- 
version from counts s-' to intensity is a critical 
point, since it depends on the adoption of a 
spectral distribution. Generally, since most 
data are indicative of a quite hard thermal 
component, a nominal IO-KeV thermal 
bremsstrahlung spectrum, and N, - lo2" cm-' 
have been assumed. With these assumptions, 
one IPC count s-' from a source with such spec- 
trum corresponds to a flux at the Earth of 3.6 x 
lo-'' erg cm-2 s-' in the 0.15 - 4.5 keV range (Pat- 
terson and Raymond, 1985). This conversion 
factor is not very sensitive to kT and N,, how- 
ever. In most studies a conversion factor of 2.7 
was assumed, but in the last processing of the 
IPC date the conversion factor 3.6 was sug- 

gested (Patterson and Raymond 1985), and, in 
the compilation of Table 6.15, this last value 
has been used. It is evident from Table 6.15 that 
the mean 0.1 - 4.0 keV luminosity of old novae 
is of the order of 6 x lo-" erg s-'. We recall that 
their UV luminosity is instead much higher, of 
the order of -los5 erg s-'. Old novae are 
generally "hard" x-ray emitters with hardness 
ratio HIS (counts above 0.55 keV to counts 
below 0.55 keV) larger than one (from 2.2 & 0.9 
for RR Pic to 37.6 for GK Per). The "hardness" 
of GK Per has been confirmed by Cordova and 
Mason (1984) who found a distribution with kT 
> 8keV. The recurrent nova T CrB is the weak- 
est source detected. A very soft component (kT 
- 50 e V), such as that observed in U Gem and 
SS Cyg during optical outburst, is not present in 
quiescent novae. It is also remarkable that a 
weak "hard" X-ray emission is a common char- 
acteristic of all classes of cataclysmic vari- 
ables. This fact is an indication that the same 
mechanism is responsible for the X-ray emis- 
sion in all these systems. 

Object 

GK Per 

RR Pic 

CP Pup 

T CrB 

V 841 Oph 

V 1017 Sgr 

V 603 Aql 

V 10.59 Sgr 

HR Del 

TABLE 6.15 

X-Ray Fluxes and Luminosities of the Post-Novae Detected with EINSTEIN 

Data of FLUX (0.16-4.5 KeV) Lx (0.16-4.5 KeV) 
Observation JPC countsls in lo-" erg s-' cm-? in erg s-' 

5611979 0.310 11 1.60 3.06 
23911979 0.174 64.08 1.73 

29811979 0.03 1 11.20 0.3 1 

32811979 0.060 21.60 1.27 

5711979 0.0083 2.99 0.60 

26511979 0.0 19 6.84 0.6 1 

9811980 0.022 7.92 

26511979 0.279 100.00 
0.7 1 220.00 

29511979 0.0 14 5.04 

31 1/1979 0.0084 7 .OO 

1.70 
4.50 

1.13 

0.20 
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The brightest sources of Table 6.15 are GK Per 
and V 603 Aql, which have also provided enough 
photons for time variability studies. Becker and 
Marshall (1981) reported a short-lived flare in V 
603 Aql during which the x-ray intensity doubled. 
GK Per was found to be variable (during optical 
quiescence) by Cordova and Mason (1984) in 
data taken during three consecutive days. They 
detected variations by a factor of 2 on a time scale 
of hours and, in addition, significant variations on 
time scales of about 100 s. 

No evidence was found for extended X-ray 
emission corresponding to the 60-arcsecond size 
of the optical remnant. GK Per was detected as a 
transient x-ray source by the Ariel V SSI (2-18 
KeV) at a time (June 19 to July 31, 1978) of an 
optical brightening by about 1 magnitude (King 
et al., 1979). After the launch of EXOSAT, Wat- 
son et al. (1984) reported observations of GK 
Per during an optical brightening on August 9, 
1983. During these activity phases, GK Per is 
the brightest x-ray source among CVs, with a 
quite hard spectrum and a 2 - 20 KeV luminos- 
ity of about 10’j erg s-’ (Figure 6.61). 

1 0 e  

1 2 5 10 

ENERGY [keV] 

Figiire 6-61. The spectixni of CK Perfin. tlie i m g e  1 
to 20 keV. 
(fioni Watson et al., 1984) 

Interestingly, this hard X-ray emission shows a 
strong coherent modulation with a period of 
351 s. The pulse wave form is nearly sinusoidal 
(Figure 6.62). 

X.RAY FLUX OF GK Per 1 
X 

U 
3 
t z 
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Figirre 6-62. The X-raj~flii.\ cwiv of CK Per observed 
by EXOSAT (2-10 keV) diu-irig an optical brighteriirig. 
The ciirve is a niodirlnted siriirsoidal with a pitlsatioii 
period of 351 s. 
If/-on? Watson et al., 1985) 

It is still unclear how bright GK Per becomes 
bolometrically during these activity phases, 
because the X-ray spectrum is complex with 
evidence for two hard components above 2 
KeV and a soft component below 0.1 keV. Thus 
a substantial part of the X-ray luminosity lies 
outside the spectral range accessible to EX- 
OSAT. 

V 603 Aql was reobserved in 198 1 (by Drechsel 
et al., 1983a, b) with the IPC and MPC instru- 
ments on board the EINSTEIN observatory. 
Periodic phase-related flux-variations were de- 
tected. The maximum X-ray luminosity in the 
0.15 -20 keV range was of about 3 x 10” erg 
s-l with indication of a hard spectrum. 

Although the sample of old novae observed 
with EINSTEIN was small and liable to selec- 
tion effects, it has been possible to look for cor- 
relations between Lx and other parameters. 
Becker (1981) suggested a possible correlation 
of the X-ray luminosity with the inclination of 
the system, in the sense that in highly inclined 
systems (e. g. , DQ Her, T Aur) there was a 
substantial lack of X-ray emission, while the 
low-inclination system V603 Aql was one of 
the most luminous. RR Pic, which probably has 
a high-inclination angle, as derived from the 
presence of photometric eclipse-like effects 
(Vogt, 1975), is, however, an X-ray emitter and 
shows a hot UV continuum. Becker, alterna- 
tively, suggested that the speed class of the 
nova outburst was correlated with Lx in the 
sense that the four most luminous old novae 
were all “fast” novae with Lx -loT2 erg s ’ ,  
while those old novae with the most severe 
upper limits were all “slow” novae with L < 5 
x lo3’ erg s I .  
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At variance, Cordova and Mason (1  984) noted 
that the two old novae which pulse optically 
(DQ Her and V 533 Her) both lack X-ray emis- 
sion (F, < ~ x I O - ’ ~  erg cm-2 s-’ in the 0.16 - 4.5 
keV range), and the orbital inclination of V 533 
Her is not high, since no evidence of eclipses 
has been found (Patterson, 1979a). 

It is notable that fast old novae, with Lr N 10’’ 
erg s-l, had a high probability of being acciden- 
tally detected by EINSTEIN. However, the 
EINSTEIN observatory has not been successful 
in locating previously unidentified cataclysmic 
variables (Becker, 1981), thus leading to a dis- 
crepancy between the assumed space density of 
classical novae sys:ems ( I O 4  pc-’), (Bath and 
Shaviv, 1978), and the accidental detection 
rate of CVs by the IPC. The scarceness of X-ray 
emitting old novae could be attributed either to 
a much lower actual space density, of the order 
of IO-’ pc”, or to a large decrease in Lx occur- 
ring many years after the nova outburst. 

V1.B. X-RAY OBSERVATIONS OF NOVAE 
IN OUTBURST 

Nova Mus 1983 has been the first classical 
nova to be detected in the X-ray range during 
outburst phases (Ogelman et al., 1984). A few 
previous attempts with earlier X-ray satellites 
gave negative results, e.g., Nova Cyg 1975 
(Hoffmann et al., 1976) using Ariel (2 - 18 keV, 
threshold limit - 3.5 erg cm-* s-I). The lack 
of detection was probably due to the fact that 
X-ray observations were made soon after out- 
burst, when the high-density envelope ab- 
sorbed the soft X-ray emission. The initial dis- 
covery of soft X-rays from Nova Mus 1983 was 
made using the EXOSAT satellite, on April 20, 
1984, about 460 days after optical maximum. 
Other observations were made on July 15, 
1984, and December 22, 1984 (Krautter et al., 
1985). The spectrum was quite soft and was 
observed with the LE telescope in the 0.040 - 2 
keV range. No flux was detected with the ME 
detector (1 -50 keV). 

- 

The X-ray flux was roughly constant from 
April to December 1984, while the optical magni- 
tude decreased significantly. The measured low- 

energy count rates resulted in fluxes on the detec- 
tor of blackbody-type input spectra in the 0.01 - 
0.40 keV temperatures range, or thermal brem- 
strahlung spectra in the 0.30 - 3 keV tempera- 
tures range. Column densities N, - 3 x 10” [cm-*] 
were assumed. 

A further observation (July 17, 1985) showed 
a decline by a factor larger then two in the X-ray 
flux (Ogelman et al., 1987). 

The data reported above were interpreted as 
compatible either with a shocked shell of circum- 
stellar gas emitting lo7 OK thermal 
bremsstrahlung at luminosity of about erg 
s-‘, or with a hot white dwarf remnant emitting 
3.5 x lo5 OK blackbody radiation at about 
erg SI. 

Considerations on the cooling time for a circum- 
stellar plasma at IO7 K lead to values of the order 
of 30 - 60 years, a time scale which contrasts with 
the drop in the X-ray flux in the 1985 observa- 
tion. 

One additional indication in favor of the origin 
of the X-ray emission from the central star (which 
became very hot after outburst) and not from the 
shell is the fact that Nova Vu1 1984 became ob- 
servable with EXOSAT only a few months after 
the outburst. (Ogelman et al 1984). However, 
optical spectra of Nova Mus showed the strong 
coronal line of FeXIV 5303, which requires tem- 
peratures of the order of 2 x IOh OK. 

The discovery of soft X-rays from Nova Mus 
1983 stimulated EXOSAT observations of 
other novae during outburst phases. (Ogelman 
et al., 1987). 

Nova Vul 1984-1 and Nova Vu1 1984-2 were 
observed in various epochs, from the onset of 
the outburst until the first year after the out- 
burst. 

The data indicated intensity values and rise 
time values that are consistent with those expected 
from a constant bolometric luminosity model of a 
hot white dwarf remnant. 
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With the assumption that Nova Mus 1983 and 
Nova Vu1 1984-1 and -2 had similar X-ray light 
curves, Ogelman et al. (1987) suggested that 
the X-ray emission from novae increases from 
zero at outburst to a plateau in a time scale of 
about 400 days; it remains constant for ap- 
proximately 400 days and then decays with ap- 
proximately the same time scale. The X-ray 
life time of the remnant is thus of the order of 
2 - 3 years. 

The EXOSAT observations of RS Oph in 1985 
have provided the first X-ray recording of a recur- 
rent nova in OB. RS Oph was one of the brightest 
sources recorded by EXOSAT LE telescope. 

Mason et al. (1987) reported intense soft X-ray 
emission with a characteristic temperature of a 
few million degrees approximately 2 months 
(March 22, 1985) after the January 1985 optical 
outburst. The intensity steeply decreased be- 
tween 60 and 90 days after the OB (April and May 
1985). A lower limit for the total flux between, 1 
-6 keV in March 22, 1985, was estimated at about 
1.5 x lo-'" erg cm-* s-', Bode and Kahn (1985) 
have interpreted this X-ray emission in terms of 
the interaction of the ejecta with the envelope 
produced by the wind of the red giant. A weak 
residual X-ray emission was detected with the 
LE telescope about 250 days after OB, in Octo- 
ber 1985. This flux is indicative of a tempera- 
ture of - 300.000 OK and is consistent with the 
presence of a hot white dwarf of L - erg 
s-', R - lo9 cm at a distance of -1.6 Kpc (NH- 
3 ~ 1 0 ~ '  cm-'). 

It is remarkable that these values for L and T are 
in agreement with those proposed by Ogelman 
et al. (1987) for the soft X-ray emission from 
Nova Mus 1983. 

VII. FINAL DECLINE AND NOVA 
ENVELOPES. 

(written by Duerbeck and Hack) 

VILA. THE FINAL DECLINE OF NOVAE 

From the theorist's side, who wants to check 
predictions of current nova models, the final 
decline of novae is interesting because it pre- 
sumably encompasses several decisive mo- 

ments in the development of a nova outburst: 

1) The shell should be depleted, either by a 
strong wind or by dynamical friction in the 
shell by the secondary star, to such an extent 
that nuclear burning is halted in the shell. 
The remaining material should then settle 
down on the surface of the white dwarf. 

2) The accretion disk should be rees- 
tablished, possibly only for a short time 
(hibernation model, see Chapter 7). 

From the observer's side, in the past, spectro- 
scopic investigations were, in most cases, re- 
stricted to the emission lines, leaving the contin- 
uum underexposed. The use of linear receivers 
has improved the situation recently. 

The situation is somewhat better for photomet- 
ric observations. Light curves that cover the late 
decline for some bright objects are available. The 
interpretation of such light curves is complicated 
by the fact that the flux of the nova is composed 
of several components: the light of the central 
object (a continuous spectrum, in first approxi- 
mation a blackbody spectrum), the nebula 
(emission line spectrum plus free-free and 
bound-free continua), and, in some cases, 
wavelength-dependent obscuration represents 
modulation of the continuum by circumstellar 
dust. 

Most available light curves have the disadvan- 
tage that they are broadband (e.g., visual, photo- 
graphic, Johnson filters) and thus include both the 
continuum and strong nebular lines. More useful 
data are obtained in spectral regions isolated by 
medium-or narrow-band filters (e.g., Stromgren 
y ) .  Absolute spectrophotometry from objective 
prism spectra or with digital receivers calibrated 
by spectrophotometric standards is, of course, 
ideal, because it gives both information on emis- 
sion line strengths and the continuum energy dis- 
tribution. 

The decline of a nova becomes more difficult 
to interpret if excessive dust formation occurs in 
the shell. A good example is FH Ser, which 
remained at a constant bolometric luminosity 
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until about 200 days after maximum; in the be- 
ginning, the visual decline was caused by a 
shift of the maximum of radiation to the ultra- 
violet. In later stages, dust formation shifted 
the peak of radiation to the middle infrared (3 - 
6 pm). In such a case, spectrophotometry in the 
optical does not at all give an indication of the 
total energy output of the nova and its vari- 
ation. 

This example shows that the sum of the con- 
tributions of all radiation sources in the visual 
band is not very helpful in describing the develop- 
ment of the outburst in its late stages. Even if all 
contributing sources in the optical region can be 
clearly disentangled, the problem is still there 
that the overall energy distribution is only in- 
completely known. Observations in the infra- 
red and ultraviolet, as well as in the x-ray 
region, have in recent years improved the situ- 
ation quite a lot; how scarce they might be for 
some objects or at some phases of the outburst. 
Indeed, the late decline is covered least by such 
multifrequency observations, and more or less 
regular observations of a future (bright) nova 
might remedy the situation somewhat. 

As mass loss is decreasing with time, the photo- 
spheric radius decreases and, since the energy 
source has not yet turned off completely, the 
photospheric temperature rises. The associated 
hardening of the radiation causes the nova to 
become a UV, an EUV, and ultimately a soft x-ray 
source (detectable with EXOSAT or equivalent 
X-ray facilities). Infrared emission of x-ray 
heated grains should also be detectable during 
the soft X-ray phase. 

In the past, a description of the (broadband) 
decline of light curves in the optical region was in- 
troduced by Vorontsov-Velyaminov (1940, 
1948, 1953). He approximated a nova light 
curve by 

m(t) = mo + b, log (t -to), (6.1) 

where t is measured in days, and, if a disconti- 
nuity occurs in a later stage, by 

m(t) = m, + b, log (t - to) (forb, b,). (6.2) 

For the average nova, b, has the value 2.5, and 
thus the luminosity in the visual region can be 
described as L = A/t. Discontinuities occur 
mostly at Am = 3.8 (counted from maximum), and 
at Am = 6.3. They indicate the onset and end of the 
transition stage. 

A large collection of m / log t curves has been 
compiled by Vorontsov Velyaminov (1 948, 
1953) (see Figure 6.63) and by Gershberg (1964). 

Most of the better observed objects, where con- 
tinuum and line intensities are available, are dis- 
cussed below. 

V1500 Cyg. The data used are those of Lock- 
wood and Millis (1976), based on Strdmgren y pho- 
tometry. Another illustration of the usefulness of 
well - defined spectral regions is the plot of con- 
tinuum and line fluxes (continuum at 0.479 pm 
and 2 pm, as well as HP and [O 1111 fluxes). 
While the continuum fluxes and HP decline at 
a more or less equal rate, the [0 1111 flux de- 
creases more slowly. Also, the visual flux de- 
creases more slowly in late phases, when it van- 
ishes as does also the IR flux, which originates 
from optically thin free-free emission, but 
comes from the remnant (Figure 6.64, Ferland et 
al., 1986). In the first phase, the slope in the 
relation m(t) = a log t is 4.5. Here, as usual, the 
zero-point of the time is the moment of maxi- 
mum light. 

Similar data are available for V 1668 Cyg. Kaler 
(1986) used Strdmgren and HI3 wide filters to 
study the decline in late phases. The continuum 
slope is first 3.5, then 6.5, possibly even steeper in 
the very late phases. The HR flux (which also 
includes some contribution of [0 1111) declines 
much more slowly. 

The light curve of V446 Her, also studied with 
a narrow-band filter in a relatively line free 
spectral region by Gyldenkeme, Meydahl, and 
West (1969), gives a slope of 4.11. Pioneering 
spectrophotometry by Meinel (1963) is also 
available for this object. The light curve of 
V533 Her, from spectra calibrated by broad 
band photometry, and derived continuum 
fluxes by Friedjung and Smith (1966) yields a 
slope of 3.57. 
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Spectrophotometry of “historical” novae by 
means of objective prism plates was carried out 
by Payne-Gaposchkin and collaborators: DQ Her 
(Whipple and Payne-Gaposchkin, 1936, 1937, 
Payne-Gaposchkin and Whipple, 1939); RR Pic 
(Payne-Gaposchkin, and Menzel, 1938), and GK 
Per, V603 Aql, and others (Payne-Gaposchkin 
and Gaposchkin, 1942). 

The spectrophotometry of HR Del by Drechsel 
et al. (1977) is also based on objective prism spec- 
tra. The continuum magnitude yields, after an 

burning proceeds at a luminosity of approxi- 
mately 3 x IO4 L a ,  thus the nuclear burning time 
scale is approximately 300 years. MacDonald, 
Fujimoto, and Truran (1985) think that the time 
scale of classical nova systems is of the order I O  
- 30 years. The spectrophotometric analyses (es- 
pecially the study of FH Ser over a wide wave- 
length band) indicates that turnoff for this fairly 
slow nova occurs 200 days after outburst. 

Turnoff requires fuel exhaustion either by 
nuclear burning (which appears not to be the 

unusually long plateau with a practically negli- 
gible slope, an extremely rapid and nonlinear 
decline of about 8.3, which is faster than that of a 
fast nova, because it occurs at a much later time as 
counted from maximum. (see Figure 6.65). 

case, in view of the quoted time scales), some 
sort of quenching of the nuclear reactions, or 
some mechanism of mass loss. This can be the 
“thick wind” of outbursting novae (Bath, 1978; 
Ruggles and Bath, 1979), or the loss of the shell 
through the outer Lagrangian points of the bi- 
nary system as a result of dynamical friction 

The physical reason for the time scale of the during the common envelope phase 
return to the prenova state is not yet understood. A (MacDonald, Fujimoto and Truran, 1985; 
Ma is required to trigger a runaway. Nuclear MacDonald, 1986). 

E 

0.0 0.5 1 .o 1.5 2.0 2.5 3.0 3.5 4.0 Igt 

Figure 6-63. A I Z  ni-log t diagranz of visital nova light ciirvcs 
(fiotn Voroi~tsoi~-Vel)~ar~i i i i~~~,  1953) 
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oittbiirst. The H P  line follows the coritiriiiiini strength closely, while [O I I I ]  5007 and 4957 line declines niiick more 

(from Fer.lniid et al., 1986) 
slololy. 
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VI1.B. THE POSTNOVA PHASE WITH 
SURROUNDING NEBULOSITY 

When the nova has declined to its preoutburst 
state, the only remaining sign of the outburst is 
the surrounding expanding nebulosity. This 
seems to be a comparatively short-lived pheno- 
menon, since no “past nova” or “nova-like ob- 
ject” without recorded outburst could be iden- 
tified as a nova because of an observable 
shell. A few counter examples, e.g., 
E2000+223 (Takalo and Nousek, 1985) and 
623+71 (Krautter et al. 1987), are extremely 
dubious. This can be explained by the fact that 
nova shell masses are fairly small and are eas- 
ily lost several decades after outburst when 
their surface brightness becomes very small. 
This has to do  with the fact that the “central 
stars” are not very powerful in exciting the 
surrounding nebulosities, and most energy is 
drawn from the interaction with the interstellar 
material. Thus, in the course of time, nova 
shells are decelerated, interaction becomes less 
powerful, and the shells are less excited and 
fade in optical light. 

Combined spectroscopic and direct observa- 
tions can give information on their distance, on 
the mass lost in the outburst, and on their chemical 
composition and physical structure. 

One of the best methods for deriving the dis- 
tance of a nova is to measure the angular size of the 
nebula formed around it as the result of the explo- 
sion. By knowing the expansion velocity and the 
time elapsed since the explosion, we can compute 
the real dimension of the nebula and derive its 
distance. The distance determined by this method 
can be used for calibrating the relationship 
between absolute magnitude at maximum and 
rate of decline. 

McLaughlin (1960) and Cohen and Rosenthal 
(1983) have studied twelve old novae in order to 
measure the surrounding nebula. Cohen ( 1985) 
added eight new spatially resolved nova shells. 
The data relevant for the determination of the 
size of the envelope, and therefore for the the 
distance, are given in Table 6.16 (adapted from 
Cohen and Rosenthal, 1983, and Cohen, 1985, 

while Table 6.17 (from Cohen and Rosenthal, 
1983) gives the observed and expected radii of 
the shells. The majority of these shells have 
nonspherical shape. The expansion velocities 
from McLaughlin, from Cohen and Rosenthal, 
and from Cohen (1985) are in rather good 
agreement, with the exception of V603 Aql and 
CP Lac. For these objects, the radial velocities 
are supposedly those of the accretion disk. The 
shells are too faint to be discovered by those au- 
thors. 

Cohen (1985) has observed all classical novae 
that exploded before 1976, which were at maxi- 
mum brighter than V = 6.6 mag, and are observ- 
able from Mt. Palomar. Of the 18 objects, 9 
showed no detectable shell. Since the shells emit 
especially in the light of H a  + [N 111, interference 
filters centered at Ha ,  having a full width at half 
maximum (FWHM) of 16 and 30 A were used. 

Like supernova shells, the expanding nova 
shells interact with the surrounding interstellar 
material. The kinetic energy of a nova shell 
shortly after outburst is, however, already 
much smaller; it lies between 2 loJs and 1 l0jJ 
erg (e.g., Chevalier, 1977). The snowplow 
model, put forward by Oort (1946, 1951), has 
been applied to old supernova remnants and 
nova remnants with satisfactory results (see 
Chapter 7). 

Recently, by comparing outburst photographs 
and CCD frames of nova shells taken at different 
times, Duerbeck (19874 found noticeable de- 
celerations with time, as postulated by the 
snowplow model. 

The temporal variation of the shell radius r (in 
arc seconds) is approximated by 

(6.3) r(t) = c,, + cI  t + 0.5 c, t’ 

where c,,, the size of the shell at the time of out- 
burst, is assumed to be zero. c I  is the initial ex- 
pansion rate, measured in arc sec yr-’. c, is the 
deceleration parameter (in arc sec yr-’), which 
can be converted into the braking b (in km S - I  

yr-1): 
C 

b = 1 Vexp. (6.4) 
c,  

35 1 



TABLE 6-16a NOVA CHARACTERISTICS 

Nova Expmte Expansional velocity Distance ni,,,Jx 
"ly ( I )  knils (2) pcs 

V 603 Aql 

T Aur 

V476 c y g  

DQ Her 

CP Lac 

GK Per 

RR Pic 

CP Pup 

HR Del 

V533 Her 

B T  Mon* 

FH Ser 

,956 1700 

. I  17 460 

,093 700 

.27 290 

.25 1600 

5 4  1200 

.I8 410 

.2 1 700 

255 

65 5 

790: 

315 

295: 

I200 

475 

710 

520 

580 

800 

5 60 

376 

830 

1590 

230 

1340 

470 

480 

700 

- 1 . 1  

+4.2 

+2.0 

+1.4 

+2. I 

+0.2 

+1.2 

+0.4 

+4.8 

+3.5 

+4.4 

10.8 .2 .2 

15.4 .7 1.5 

16.1 .6 .6 

15.1 .2 .2 

5.3 .x .8 

3.5 .3 .3 

3.3 .2 .2 

7.5 .3 .3 

.2 

.2 

2.8 

*) BT Mon was discovered only in its late decline stage 
( I )  Data by McLauphlin (1960). 
(2)  Data by Cohen and Rosenthal (1983) 

TABLE 6-16b. NOVA LUMINOSITIES AND LIGHT CURVES (from Cohen, 1985) 

-9.2 

-6.2 

-9.6 

-5.6 

-9.3 

-8.5 

-7.4 

-9.1 

-9.15 

-7.9 

-9.85 

-6.2 

-9.35 

-8.55 

-7.3 

-9.55 

-5.05 

-7.45 

-7.55 

Min 

+2.7 

+5.0 

+4.5 

+8. I 

+3.9 

+4.8 

+4.7 

+8: 

Vs,,p Source of A ,  m,,(max)a I, Light Curve M,(max) M>(15)  
(mag) (days) Source (mag) (mag) Object ( k m s ' )  (mag) 

Novae of Paper I1  (Cohen, 1985) 

v1229 Aql 1970 ........ 
v500 Aql  1943 .......... 
*v1500 Cyg 1975 ...... 
" ~ 4 4 6  Her 1960 ........ 
*v533 Her 1963 ........ 
DK Lac 1950 ............ 
XX Tau 1927 ............ 
RW UMi 1956 .......... 
*LV Vu1 1968 .......... 

575 
1380 
1180 
1235 
1050 
1075 
650: 
950: 
860 

1.2 * 0.5 
3.0 5 1.5 

I .2 
0.8 
0.6 
I .4 
1.3 
0. I 
I .2 

6.5 
6.5: 
I .x5 
2.75 

3.5 
5 .0 
6.0 

G6.0 
4.5 

I 8  
20: 
2.4 

5 
26 
19 
24 

200: 
21 

7 -6.6 -4.8 
8 -10.35 -8.85 
9 -9.95 -5.1 
7 -8.7 -5.55 
I O  -7.7 -6.6 
5 -9.35 -7.35 
I I  -8.05 -6.75 
12 c -7 .85  ... 
6 -6.75 -5.25 

Novae Discussed in Paper I (Cohen and Rosenthal,l983) 

*603 Aql I918 .......... 
T Aur 1891 ................ 
v476 Cyg 1920 .......... 
HR Del 1967 ............ 
*DQ Her 1934 .......... 
*CP Lac 1936 ............ 
BT Mon 1939 ............. 
*GK Per 1901 .......... 
*RR Pic 1925 ............ 
*CP Pup 1942 .......... 
T Sco 1860 ................ 
FH Ser 1970 .............. 

.... .... 

.... .... 

.... .... 

.... .... 

.... .... 

.... .... 

.... .... 

.... .... 

.... .... 

.... .... 

.... 
I .2 2 0.5 

.... 

.... 

.... 

.... 
0.6 

4 .... 
8 0 .... 
7 .... 

4.6 > I 5 0  .... 
67 .... 
5 .... 

6 .... 
80 .... 
5 .... 

4 2  .... 
7.0 9 13 

-9.15 -5.35 
-7.4 -7.0 
-9.95 -6.85 
-5.25 -5.25 
-6.2 -5.2 
-9.35 -5.95 

-8.55 -5.75 
-7.3 -6.0 
-9.55 -5.55 
-8.9 -6.5 
-7.55 -6.55 

NOTE--Sources of data in cols (3) and (7) are as follows: ( I )  Vcv from double spectrograph observations at current epoch; (2) Sanford 1943; 
(3)Vc,,, from Cohen's measurements ofspectra from plate vault of Mount Wilson and Las Campanas Observatories; (4) Baschek 1964; ( 5 )  Larason- 
Leander 1953, 1954; (6) Hutchings 1970; (7) AAVSO (Mattei 1984); (8) Gaposchkin 1943; (9) Young et al. 1976; ( I O )  Chincarini 1964; ( I  I )  
Cannon 1928; (12) (Kukarkin 1963, Ahnen 1963; (13) Sawyer 1938. 
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The half-lifetime is determined by The observational results of four shells are listed 
in Table 6-18. 

The deceleration is larger for higher expansion 
velocities, the mean half-time, after which the 

TABLE 6-16~.  SHELLS NOT DETECTED (from Cohen. 1985) 

Seeing 
(FWHM) Central Pixel ni$(max)a S H a  

Object (arcsec) (DN) (mag) (mag) (mag) 

IVCep1971 .............. 1.3 13,200 7.5 16.08 16.14 
Q Cyg 1876 ................ 1.0 30,700 3.0 14.93 14.94 
v450 Cyg 1942 .......... 1.0 5,600h 7.8 16.48 16.58 
DILac1910 .............. 1.0 58,675‘ 4.6 14.58 14.90 
HRLyr1919 .............. 1.0 18,300 6.5 15.95 15.99 
v841 Oph 1848 .......... 2.5 1 1,700 5.0: .... .... 
v368 Sct 1970 ............ 1.0 9,070 7.0 .... 12.7 1 
v373 Sct 1975 ............ 1.0 3,600h 6.0 18.07 16.98 
WYSge1783 ............ 1.0 4,120 6: 18.10 17.89 

’ From Payne-Gaposchkin 1957, 1977. 
Faint star(s) closer than 4” to postnova star. 
Cental pixel saturated. Its value was extrapolated using the point-source image profile. 

TABLE 6-17. SIZES OF NOVA SHELLS 

RADIUS (arcsec) 

NAME Observed (1981) Expected NOTES 

V603 Aql ._ not detected 60 
T Aur ........ 9.5 10.5 1 
V476 Cyg _ _  5.7 5.7 
DQHer ...... 10.5 12.7 1 
CP Lac . .____ not detected 11.3 
GKPer ...... 41.5 43.2 1 
CP Pup ...... 7 8.2 2 
RR Pic ...... 11.5 9.7 1.3 
HR Del ...... 1.8 .... 1.4 
FHSer .___.. 2.0 
V533 Her .. 1.6 
BT Mon _ _ _ _  3.8 

NOTES+l) Shell non-spherical. (2) Radius from Williams 
1982. (3) Radius from Williams and Gallagher 1979. (4) Radius 
from Kohoutek 1981. 

(From Cohen and Rosenthal, 1983) 

expansion velocity has dropped to half its initial 
value, is 75 years. The expansion of a pronounced 
feature of the shell of GK Per, the “bar,” is illus- 
trated in Figure 6-66. The results are in accor- 
dance with expectations from the snowplow 
model put forward by Oort (1946, 1951). 

This braking must be taken into account in the 
determination of nebular expansion parallaxes. 
Errors can be as large as 20 to 30%, which is about 
as large as the uncertainty of choosing the “true” 
expansion velocity of the shell, derived from the 
Doppler displacement of absorption lines at 
maximum. Usually, it is assumed that the “true” 
velocity is that of the principal spectrum, which is 
lower than that of the diffuse-enhanced and of the 

TABLE 6-18. EXPANSION A N D  DECELERATION OF NOVA SHELLS 

nova Ve,p (km s I) C I  (“yr I) b (km s I yr I) t lR  (Yr) d (PC) 

V603 Aql 1700 1.09 13.2 65 330 

GK Per 1200 0.65 10.3 58 390 

V476 Cyg 725 0.10 3.1 1 I7 1500 

DQ Her 335 0.26 2.4 67 265 
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rate also reaches a maximum, and the main por- 
tion of the shell is formed. 

An estimate of the masses of the shells is made 
by Cohen and Rosenthal (1983) by using sev- 
eral assumptions. The absolute flux of HP, cor- 
rected for interstellar absorption, gives the 
electron density. The electron temperature is 
assumed to be IO4 K. It is also assumed that the 
shell thickness u is 10% of the shell radius, and 
that the filling factor b of this shell is 10%. 
With these assumptions, the masses of the 
shells are computed and the values are found to 
range between 1.9 x 10.' Mefor V1500 Cyg and 
1.3 x 10' M e  for V476 Cyg. These data are 

0 20 40 60 80 t(a) given in Table 6-19, together with other values 
for the same and different objects, determined 
by different methods. The uncertainty in mass 
determinations is clearly seen. Masses of the shells 

0 

Figure 6-66. Deceleration of the bar in the shell of GK 
Per, irsirig data of Duerbeck (1987a). 

Orion spectra. At visual maximum, when the 
principal spectrum is dominating, the mass loss 

of classical novae cluster between 1 - 10 x 10.' M(. 

TABLE 6-19. DETERMINATIONS OF NOVA SHELL MASSES (in 10.' Me ) 

Type Object Mass Reference Method 

F V603 Aql 

F V1301 Aql 
F T Crb 
F V478 Cyg 

F v1500 c y g  

F VI668 Cyg 

S HR Del 

DN Gem 

10 
14 
1 
10 
0.2 
13 
4.5 
24 
14 

6.1 
I .9 
1.7 
0.9 
25 
9 
1000 
- <145 
8.6 
11 

2.2 
0.2 
0.4 

Gordeladse (1937) 
Pottasch (1959d) 
Snijders et al. (1984) 
Gordeladse (1937) 
Gordeladse (1937) 
Cohen, Rosenthal (1983) 
Neff et al. (1978) 
Hjellming et al. (1979) 
Seaquist et al. (1980) 
Duerbeck (1  980) 
Cohen, Rosenthal (1983) 
Duerbeck (1980) 
Peimbert and Sarmiento (1 984) 
Malakpur (19734 
Anderson, Gallagher (1977) 
Antipova (1977) 
Robbins, Sanyal (1978) 
Hjellming et al. (1979) 
Duerbeck (1 980) 
Cohen, Rosenthal (1983) 
Solf (1983) 
Gordeladse (1937) 

wind model 
H a  flux 
UV spectrum 
wind model 
wind model 
HP flux 
opt. spectrophotometry 
Radio 
Radio 
wind model 
HP flux 
wind model 
UV spectrum 
HP flux 
HP flux 
optical spectroscopy 

Radio 
wind model 
HP flux 

wind model 
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S 

F 

S 

S 

S 

F 

F 

DQ Her 9 

0.7 

4.6 

4.8 

V533 Her 2.0 

CP Lac 3.6 

RS Oph 0.5 

0.02 

0.05 

GK Per 0.3 

3.8 

RR Pic 14 

10 

T Pyx 8 

FH Ser 4.3 

3.1 

4.5 

6. I 

2.0 

LV vu1 7.8 

NQ Vu1 13 

Gordeladse (1 937) 

Pottasch (1 959) 

Mustel, Boyarchuk (1970) 

Ferland et al. (1984) 

Cohen, Rosenthal (1983) 

Pottasch (1959) 

Sayer (1937) 

Folkart et al. (1964) 

Pottasch (1 967) 

Snijders et al. (1987) 

Gordeladse (1 937) 

Pottasch (1 959) 

Gordeladse (1937) 

Pottasch (1959) 

Seitter (1987) 

Seaquist, Palimaka (1977) 

Seaquist, Palimaka (1977) 

Hjellming et al. (1979) 

Duerbeck (1 980) 

Cohen, Rosenthal (1983) 

Duerbeck (1980) 

Duerbeck (1980) 

wind model 

H a  flux 

optical line flux 

UV, optical spectrum 

HP flux 

H a  flux 

wind model 

H a  flux 

wind model 

H a  flux 

H a  flux 

Radio (spherical) 

Radio (polar) 

Radio 

wind model 

HP flux 

wind model 

wind model 
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V1I.B. l.  MORPHOLOGY OF NOVA 
SHELLS 

of Mustel and Boyarchuk (1970). Weaver’s mo- 
del is shown in Figure 6.67. 

A general overview of nova shell morphology 
is given by Mustel and Boyarchuk (1970). They 
found, from a study of a handful of objects, that 
most shells have an oval shape, exhibit “polar 
blobs” at the end of the major axis, and an “equa- 
torial belt”, which coincides with the plane of the 
minor axis. 

DQ Her.: The system is seen perpendicular to 
the major axis; the shell is oval. “Polar condensa- 
tions” are situated at the very ends of the large 
axis, and an equatorial belt is visible. 

V603 Aql: The system is seen nearly parallel to 
the major axis; the shell appears nearly circular. 
An approaching polar condensation is seen in 
spectra and on direct images of 1933 and 1940. A 
system of several (two to three) rings seems to 
exist in the equatorial region. A thorough study of 
spatially resolved spectra in the nebular phase by 
Weaver (1 974) confirmed largely the findings 

TOWARDS 
THE SUN 

1 .  
:. 

SLIT 
0 R l  ENTATl ON 

(position angle)  

112“ 

2 0 2 ”  

Slit spectrographic images of V603 Aql taken in 1919. 
The lines shown are M and N2 of [O m). 

S l i t  O r i e n t o f  on 

p a  112” 

p a  157” 

p a  2 0 2 ”  

Figirre 6-67. a )  Drawirig of n thr-ee- 
dinierisioiial model of the shell of V 
603 Aql, derivedfr-on? 13) space- 
resolved spectrogr.cmi.7 taken at 
Lick Observatory iri 1919. 
(from Weaver, 1974) 
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T Aul- (See Figure 6.68): The system may 
have the same orientation as DQ Her, because 
eclipses of the central object also occur. The 
shell appears oval. Polar condensations and the 
equatorial belt seem to be missing, possibly 
due to the old age of the remnant. Generally, 
the authors argue that the equatorial belt is in 
the equatorial plane of the binary and polar 
blobs perpendicular to that plane (see also 
Chapter 7). 

RR Pic (See Figure 6.69): The shell appears 
nearly circular, but this may be due to an inclina- 
tion effect: it is oval when looked at in the plane 
of the binary. The absence of eclipses and the 

presence of periodic features in the light curve are 
in agreement with this assumption. A double-ring 
blob system is obvious, which can be explained 
by precessional motion of the erupting object in 
the course of the extended outburst. Deep CCD 
frames indicate the presence of high-velocity 
clouds surrounding the brighter parts of the shell, 
which could be material from the diffuse-en- 
hanced mass outflow (Duerbeck, 1987b). How- 
ever, a spectroscopic investigation of this faint 
halo is necessary to prove whether it is outflowing 
nova material or shocked interstellar material. 

CP Pup (See Figure 8.30): The shell appears 
circular, but may be inclined by an angle of 30" 

Figure 6-68. CCD fr-anie oj'the shell of T Aiir-, taken thi.oirgh nil Ha filter with the Calar- Alto 2.2 111 telescope. 
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with respect to the celestial plane, as revealed 
by radial velocity determinations. The circular 
belt is fragmented into at least 11 condensa- 
tions, which apparently were already present a 
few months after outburst, as noted in high- 
dispersion spectral studies of CP Pup in the 
nebular stage. 

Seitter (1971), Hutchings (1972), and Malak- 
pur (1973a) have modelled nova shells from 
the nebular spectra of HR Del, FH Ser, and LV 
Vul, respectively. They also yield a ring/shell- 
type structure, which was confirmed for the ob- 
jects Hr Del and FH Ser by direct imaging in 
later phases. 

Hutchings (1 972) discussed this nonspherical 
distribution of the matter in the nebula as a conse- 
quence of the binary nature of the nova system. 
He observes that the time scale of the mass loss 
during the outburst is longer than the orbital pe- 
riod (days or months as compared with hours). 
The interaction will occur in a ring around the 
equatorial region of the expanding nova photo- 
sphere. The interaction with the companion by 
purely gravitational forces will have the effect to 
reduce the original spherical symmetry to two 
polar cones and to give rise to a) a faster-moving 
ejecta that move out initially in all directions from 
the outer parts of the equatorial band and later 
either disappear or are more concentrated to the 

Figlire 6-69. The shell sirrr-oiriidiiig RR Pic, taken tlir-ougk ail H afilter, with a CCD canier-a at the ESO 2.2 in telescope. 
For this composite, the central section of the 1iighl.y amplified pictiire was set to zero, arid a low niagiiificatioii image oj 
the ceiitr.al riebzrla was inserted. 
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equatorial plane, and b) some slower-moving 
equatorial remnants (Figure 4 from the paper by 
Hutchings). The comparison of the observed 
emission line profiles with those computed for 
different geometry and inclination to the line of 
sight of the nova envelope will be discussed in 
Chapter 7. 

In recent years, direct imaging and spatially 
resolved spectroscopy of nova shells has pro- 
gressed quite much, due to the advance in de- 
tector technology. The following Table 6-20 
summarizes such work. 

It should be noted that the morphological 
description given in the table is extremely scarce. 
More detailed discussions of the shape of V603 
Aql is given by Weaver (1974); that of GK Per is 
described in Duerbeck and Seitter (1987); those of 
RR Pic, CP Pup, and T Pyx by Duerbeck and 
Seitter (1979) and Duerbeck (1987b). A detailed 
discussion of several envelopes will be found in 
Chapters 8 and 9. 

TABLE 6.20 NEBULAR SHAPES, 

nuclear reactions occurring during the explosion, 
and hence to check the theories of the outburst. 
According to the theory proposed by Starrfield et 
al. (1977; see also Chapter 7), a fraction of the 
accretion disk material reaches the surface of the 
degenerate star (assumed to be a carbon-oxygen 
white dwarf) building up a layer of H-rich mate- 
rial on the surface. Eventually, compression of 
the accreting gas causes heating up to tempera- 
tures at which nuclear burning sets in. According 
to their calculations, if the CNO nuclei are en- 
hanced in the envelope (as a consequence of the 
previous history of the material), a thermonuclear 
runaway occurs, producing a fast nova. Other- 
wise, a slow nova outburst occurs. A knowl- 
edge of the element abundance in novae is fun- 
damental to understand the nature of the out- 
burst and to check the theories. 

A discussion of various methods for deriving 
the chemical composition of novae is given by 
Williams (1977). He shows that many causes of 
uncertainty affect the abundances derived from 

TEMPERATURES, AND ABUNDANCES 

nova T (K) abundances morphology 

T Aur (1892) low CNO high elliptical 

DQ Her (1934) 500 [CNO/H]= 100 elliptica1,pol. blobs 

GK Per (1901) 2 2 0 0 0 0  N enh. single blobs; complicated 

structure 

RR Pic (1925) 16500 He,N,Ne? enh. ring + blobs 

CP Pup (1942) 800 [ N/H] = 1 000 many blobs 

T Pyx (recurr) z-20000 solar? several shells 

VII.B.2. SPECTRA AND ABUNDANCES IN the absorption spectrum around maximum 
light. Such a rapidly changing spectrum is very 
far from the usual conditions in a stable atmos- 

Besides the possibility to derive their distances phere; the abundance of CNO depends upon an 
and to measure their masses, nova shells are assumed temperature distribution in the 
important because their spectra offer more pre- pseudophotosphere, which is highly uncertain. 
cise methods to measure their chemical composi- Emission line spectra in early decline give also 
tion and therefore to verify if this is affected by uncertain results, because emission and ab- 

NOVA SHELLS 
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sorption components are blended together, 
making uncertain the measure of the emission 
line intensity, and because of the uncertainties 
of the parameters of the emitting gas. One can 
hope that more reliable abundance determina- 
tions can be obtained by the study of the spec- 
tra of old extended shells that behave in a 
similar way to young planetary nebulae. At the 
time when the shells become spatially re- 
solved, the density is so low that self-absorp- 
tion and collisional de-excitation should be 
negligible. The distance bztween the shell and 
the stellar object plus accretion disk make im- 
possible any confusion with these regions hav- 
ing very different physical conditions. 

Table 6-21 (Tylenda, 1979) compares the aver- 
age abundances of novae with those of planetary 
nebulae and the solar values. 

Anyway, the physical and chemical properties 
of nova shells are difficult to determine and sub- 
ject to controversy. We will quote the results of 
several investigations of the shells of DQ Her, RR 
Pic, and CP Pup. A more detailed discussion is 
given in Chapter 8. 

Several models of the shell of DQ Her have 
been presented in the last decade, and every time, 
the previous results (or predictions) have been par- 
tially discarded. Williams et al. (1978) carried out 
spectroscopy in the visible region, and obtained 
the following results: 

The electron temperature, Te, of the shell must 

be low because of the narrow Balmer continuum 
emission at 3644. Most of the hydrogen emis- 
sion and the C 11, N 11, and 0 I1 recombination 
lines originate in the cold, ionized gas. The line 
strengths of CNO are much greater, as com- 
pared with the Balmer lines, than in ordinary H 
I1 regions or planetary nebulae, indicating a 
high abundance. Lines of [N 111 indicate a hot 
(T, > 5000 K) component of gas. 

Spectra at the ends of the major axis differ from 
those at the ends of the minor axis. While the line 
strengths of H, [0 111 and [N 111 are similar, C 11, 
N I1 and 0 I1 are weaker or absent along the minor 
axis. Williams et al. estimate that the CNO 
abundances might be 100 times solar at the 
polar blobs and still 10 times solar in the equa- 
torial (minor axis) region. 

The source of excitation of the nebula remains a 
controversial topic. Williams et al. had postulated 
a “frozen-in ionization,” but this could not ex- 
plain a lower C- abundance in an earlier nebular 
phase, because C++ recombines Z2 times faster 
than H+ in a time-dependent model, thus C++/H+ 
should decrease with time. 

A model of the nebula which is photoionized 
by the X-ray radiation from the central object was 
proposed by Ferland and Truran (198 l), which 
showed better consistency with the observed 
lines in the optical regions. It predicted line 
strengths in the UV, which could not be verified 
in a subsequent study of the UV spectrum of the 
nebula (Ferland et al. 1984). A careful analy- 
sis of the energy distribution of the central 

TABLE 6.21. CHEMICAL COMPOSITION (IN NUMBER OF ATOMS) OF NOVA DEL 1967 AND OTHER OBJECTS* 

References: [ l ]  Collin-Souffrin (1977); [2] Aller (1978); [3] N and 0 from Lambert (1978); 
He/O and Ne/O from Bertsch et a/. (1972); [4] Allen (1973). *from Tylenda (1979) 
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object was made (which contradicted many 
previous models because of its deficient far UV 
and X-ray flux). Using the deduced continuum 
flux, photoionization models of the nebula are 
calculated and showed that the low observed 
electron temperature is the result of the very 
high metal abundances which are characteristic 
for nova shells. Infrared fine-structure lines are 
efficient coolants, and low temperatures are 
achieved for a wide variety of radiation fields. 

The authors find that the 88-pm and 52-pm 
lines of [OIII] are extremely efficient coolants, 
provided that the gas density is below the critical 
density for the J = 1,2 sublevels of the 0 + * l 3 P  

ground state (N = 670 and 4900 cm-3, respec- 
tively, see Osterbrock 1974). At high densities, 
only UV resonance lines are efficient coolants, 
and the gas equilibrates at T around 10" K. When 
the optical [0 1111 lines begin to cool the gas (at N 
< IOh cm-'), the temperature falls to about 6000 K.  
Finally, the temperature falls to below 1000 K 
when the infrared fine-structure lines are no 
longer collisionally deactivated (N < 10' cm-'). 
They postulate that these cold nova shells should 
be powerful radiators of IR lines. Together, the 
[0111] fine-structure lines should have an ob- 
served flux of 2.7 x lo-'* erg cm-* s-l. Indeed, 
Dinerstein (1986) found for the 60-pm and 
100-pm bands of the IRAS satellite the follow- 
ing fluxes: 

F(lambda, 60 pm) = 4.8 x lo-" erg cm-* s-' 

F(lambda, 100 pm) = 1.8 x 10." erg cm-* s-' 

Dinerstein states that Ferland postulates 
several lo-" W m-2, while IRAS measured lo-'* 
W m-* in the 60 pm band. Emission in the 88-pm 
line is similar to that in the 52-pm for densities 
lower than about lo3 cm-'. 

Spectroscopy of the blobs in the shell of RR 
Pic was carried out by Williams and Gallagher 
(1979), and by Duerbeck (1987b). They noted 
that the spectra are similar to those of high-ex- 
citation planetary nebulae, such as NGC 2022. 
The spectra show strong [Fe VI, [Fe VI], and 
[Fe VII] lines, which were also prominent in 
the first years after outburst (Spencer Jones, 
1931). An ionization model with T, = 2.5 x lo5 
K and L, = 2.2 x erq s - '  was applied. The elec- 

tron temperature was determined to be 16,500 K. 
A comparison with the observed line strengths 
leads to an enhancement of the elements He, N, 
and Ne. Helium is at least twice as abundant as 
in the sun, oxygen seems to be normal, N is en- 
hanced by at least a factor of 10, and Ne possi- 
bly also by a factor of 10. 

The large value of N/O in RR Pic is unusual, 
but could possibly be accounted for if equilibrium 
CNO burning has occurred and- converted most 
of the C and 0 into N. This is predicted for slow 
novae by current models. However, spectros- 
copy of the ring yields strong [0 1111 lines. 

The shell around CP Pup was also studied by 
R.E. Williams (1982). He noted similarities with 
the shell of DQ Her, a similar low temperature 
(800 K), and a high N abundance (N/H = 0.1). 

Seitter (1985) pointed out that the [0 1111 lines 
are much stronger in the polar blobs than in the 
equatorial ring of RR Pic. Such inhomogeneities 
were studied in the following years by comparing 
CCD frames of nova shells taken through interfer- 
ence filters isolating the [0 1111 and the [N I1 = Ha] 

l)A bipolar structure is seen in the shell of 
RR Pic; the blobs radiate more in [0 1111. 

2)A bipolar structure is seen in DQ Her; the 
polar regions radiate in the [0 1111 filter region, 
while no [0 1111 has been found spectroscopi- 
cally. 

3)A bipolar structure is visible in the recurrent 
nova T Pyx (Duerbeck 1987b). 

4)A bipolar structure is visible in the shell of 
GK Per. This shell has often been classified as 
irregular, but the chemical inhomogeneities 
show a regular pattern. IUE spectroscopy of 
different parts of the shell gave good argu- 
ments for the reality of chemical inhomogenei- 
ties (Bode, Duerbeck, and Seitter, 1988). 

Thus, chemical (or excitation) inhomogenei- 
ties are well established in nova shells. 
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Spectra of RR Pic taken with the Cassegrain 
spectrograph and a CCD receiver at the ESO 
2.2 m telescope are shown in Figure 6-70. 

In addition to several classical novae, Cohen 
(1985) discusses the spectrum and the image of 
the nebula around CK Vu1 1670, which was re- 
covered by Shara and Moffat 1982). 

Associated with the central object, which is 
below the limit of the Palomar charts (Shara and 
Moffat, 1982), are two faint nebulosities at 5" or 
6" from the nova candidate, displaying spectra 
similar to those of the nova ejecta, plus other 
fainter nebulosities. Two images obtained in the 
light of H a  and in the nearby continuum show 
that the nebulae are visible only in the first one; 
i.e. (Figures 6.71 a,b) the continuum is absent 
or too faint (Shara et al., 1985). 

The nebulosities in the light of H a  and S 11, af- 
ter subtraction of the continuum are shown in Fig- 
ures 6.72 and 6.73 together with their isointensity 
maps. The spectra of the nebulosities indicated in 
Figure 6.72 with 1,2,3, and 5, are shown in Fig- 
ures 6.74 a-d. Figure 6.75 shows an expanded part 
of the spectrum of nebulosity 1 in the region of 
H a .  The strength of [N 111 6584 is impressive. 
It is the strongest line, followed by a blend of 
H a  and [N 111 6548. Also the intensities of [S 
111 6716, and 6730 are remarkable. According 
to Cohen ( 1 9 8 3 ,  these spectral peculiarities 
are rather more characteristic of a supernova 
remnant than a nova. However, the low expan- 
sion velocity and the small size of the shell 
(less than 10") indicate that CK Vu1 is a slow 
nova. Cohen suggests that the similarity with 
the supernova spectrum can be due to the fact 
that CK Vul, being much older than all the 
other novae for which the nebular spectrum is 
known, has swept up more than its own ejected 
mass (estimated to be about 10-4 solar masses, 
see Cohen and Rosenthal, 1983) in the inter- 

stellar material. Hence, the emission may be 
from shock-heated gas at the interface between 
the expanding shell and the interstellar me- 
dium, rather than from the standard mecha- 
nisms prevailing in low-density nova shells. 

According to Shara et al. (1985), the spectra of 
the equatorial and polar ejecta are similar to 
those of the slow recurrent nova T Pyx, but with 
lower excitation. 

Shara et al. (1985) discuss the possibility that CK 
Vu1 is a different kind of object than an old nova. 
In fact, its very low luminosity is comparable to 
those of the faintest dwarf novae (MR = 10.4+/- 
0.8) and certainly much lower than that typical of 
old novae (M, = +4.5, Warner, 1976; Patterson, 
1984). This luminosity can be explained by a 
normal red dwarf M3-M5 with no contribution 
from the white dwarf or from the accretion disk. 
This may indicate that mass transfer has probably 
stopped in the system. This luminosity could also 
be explained by an accretion disk with mass-ac- 
cretion rate as low as solar masses /year. 
Shara et al. examine the possibility that CK Vu1 is 
a young planetary nebula, or a Herbig-Haro ob- 
ject. But in the first case, the central star would be 
fainter by two orders of magnitude than any other 
known nucleus of planetary nebula, and the neb- 
ula mass is two orders of magnitude lower than 
that typical of planetary nebulae. In the second 
case, although the expansion velocity is similar to 
that of jets around HH objects, there are no young 
objects in the vicinity of CK Vul; moreover, its 
chemical composition, e.g., the nitrogen over- 
abundance, indicates that CK Vu1 is an evolved 
object. The conclusion is that CK Vu1 has been a 
genuine classical nova, and if it is typical of clas- 
sical novae in the thousand years between erup- 
tions, their faintness makes them very difficult to 
find. Hence, our statistics on the space density of 
old novae may be grossly underestimated. 
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Figirre 6-71. The iiehiilosities in the viciiiity of the old nova CK Vir1 1970. hiage in the light of H a .  
(from Sliara et al., 1985) 
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Figitre 6-72. The sariie riebirlosities showii in Figicre 6-71, after sirhstractiori oftlie contiriiiiini, in the light of H a ,  and the 
relative isoiriterisity rnap. 
(from Shara et al., 198.5) 
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VIII. RADIOASTRONOMICAL OBSERVA- 
TIONS OF NOVA ENVELOPES 

(written by Hack) 

Radioemission from novae has been observed 
in few cases: Wendker (1978 and successive 
updating) has collected data published before 
1980. Positive detections have been obtained 
for the very slow nova HR Del 1967, the excep- 
tional fast nova V 1500 Cyg 1975, the fast nova 
V 368 Sct 1970, and the moderately slow nova 
FH Ser 1970. Other novae have been searched 
for radioemission, (T CrB, DQ Her, V 533 Her, 
Nova Cep 1971), but with negative results. 

A high-sensitivity radio survey of classical novae 
has been made with VLA by Bode et al. (1987a) 
at 1.5 GHz and 4.9 GHz. Of the over 26 objects 
observed, including very old novae like CK Vu1 
1670 and recent novae like V 1370 Aql 1982 and 
V 4077 Sgr 1982, only two were detected: NQ 
Vu1 1976 and V 4077 Sgr 1982. The radio “light 
curves” for HR Del, FH Ser, and V 1500 Cyg are 
given in Figure 6-76. The spectra are consistent 
with thermal radiation of expanding envelopes of 
ionized gas at high emission measures (where the 
emission measure E is given by Ne2 x s with s 
dimension of the emitting body, Ne electron den- 
sity, and is measured in pc cm-6) as shown by 
Hjellming and Wade (1970). Altunin (1976) has 

measured a flare at 989 MHz from V 1500 Cyg. It 
exceeds by more than three orders of magnitude 
the flux expected at the same frequency and about 
the same date from the thermal spectrum; it can be 
explained by nonthermal synchrotron radiation. 

An extended discussion of the radio observa- 
tions for these three best studied novae is given 
Hjellming et al. (1979). The most important 
conclusion from this study is that the radio 
emission comes from the nova shell, as indi- 
cated by the fact that it reaches its maximum 
much later than the optical and also than the in- 
frared maximum. If we identify with t(o) the 
beginning of the outburst, the maximum radio 
emission from the very fast nova V 1.500 Cyg is 
reached at t-t(o) between 100 and 200 days, and 
for the moderately slow nova FH Ser, between 
400 and 600 days. The observations of the very 
slow nova HR Del started almost at the epoch 
of maximum radioemission, which can be 
placed at a t-t(o) of about 1000 days. 

In no case was the radio emission observable 
earlier than 50 days after outburst. 

Hjellming et a1 (1 979) show that a spherical 
symmetric isothermal model defined by three 
parameters-mass, inner velocity, and outer vel- 
ocity-fits reasonably well the observed “radio 
light curves.” Masses of 8.6 x 4.5 x and 
2.4 x solar masses, inner velocities of 200,48, 
and 200 km/s and outer velocities of 450, 1000 
and 5600 km/s have been found for HR Del, FH 
Ser, and V 1500 Cyg, respectively. A detailed 
discussion of these models will be given in Chap- 
ter 7. 

We remark that slow novae like FH Ser and very 
fast novae like V 1500 Cyg present very similar 
radio “light curves” and radio spectra. Hence, 
the way their gas shells expand is very similar. 
Their dust shells, on the contrary, behave very 
differently as indicated by their infrared fluxes 
and their variation with time from outburst. 

Chevalier (1977) predicted that also old novae 
should be observable radio emitters, but at rather 
low levels (<1 mJy). In the attempt to verify this 
prediction, Reynolds and Chevalier (1 984) have 
observed GK Per 1901 with the VLA at wave- 
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lengths of 20.5 and 6.2 cm. They detected an 
extended radio source within 40 are seconds of 
the nova position at both wavelengths (Figure 6- 
77). The nova was in eccentric position but within 

43' 00" 

mh 27m 56' 52' 48s 44s 
RIGHT ASCENSION (1950.0) 

Figure 6-77. VLA niup ut 6 cni of the shell of GK Per. 
The plits sign indicated the position of the star GK Per 
itse,f. 
(fi.oni Reyiolds arid Chevalier, 1984). 

the radio source. The radio source has the shape 
of a partial shell and strongly resembles the 
optical nebulosity observable on the Palomar 
Observatory Sky Survey. The flux density de- 
pendence on the frequency is given by the rela- 
tion S va, with a = 0.67 indicating that the 
emission is clearly non-thermal (differing from 
that observed from classical novae a few 
months after outburst). Although the dominant 
emission is synchrotron radiation, a thermal 
component at 6 cm cannot be ruled out. The 
shell ridge has several peaks qualitatively cor- 
responding to thr hrimht knots in the optical 
image. 

The VLA survey by Bode et al. (1987a) of 26 
classical novae has indicated no positive detec- 
tion at 1.5 GHz over 18 objects observed, and 
two positive detections at 4.9 GHz over 8 ob- 
jects observed. The value of the flux densities 
is the same for the two objects- the slow novae 
NQ Vu1 1976 and V 4077 Sgr 1982- 0.6 mJy, 
Le., of the same order as those observed previ- 
ously by Hjellming et al. for HR Del, V 1500 
Cyg, and FH Ser at similar frequencies. This 
fact, together with the high frequency at which 

the detection has been made, suggest the ther- 
mal origin of the radio emission. Since V 4077 
Sgr is more distant (= 4100 pcs) than NQ Vu1 (= 
1200 pcs), the radio luminosity of V 4077 Sgr 
is about one order of magnitude larger. This 
difference can be attributed to the fact that NQ 
Vu1 was observed when about 2000 days more 
than for V 4077 Sgr were elapsed from the date 
of the outburst. Figure 6-76 actually shows that 
the decline in the flux density in 2000 days for 
HR Del, FH Ser, and V 1500 Cyg is of one order 
of magnitude. However, a recent nova like N 
Sct 1981 placed at half the distance of V 4077 
Sgr shows no measurable flux at 4.9 GHz. 

As we have noted above, radio emission from 
classical novae has been observed not earlier than 
50 days after outburst. 

Observations of the recurrent nova T Cr B gave 
negative results. The first recurrent nova for 
which radio emission was detectable is RS Oph 
(Padin et al, 1985). The observations begin 
only 18 days after the recent outburst of 1985 
and show a radio "light curve" different from 
that of classical novae. The brightness tem- 
perature is about lo7 K, against the value of loJ 
K observed in classical novae, and therefore 
indicates a nonthermal origin for the radio emis- 
sion. From this unique representative of recurrent 
novae, it seems that their radio properties are very 
different from those of classical novae. It is pos- 
sible that the ejecta interaction with circumstellar 
material produces acceleration of electrons and 
enhancement of magnetic fields necessary to 
produce the synchrotron radiation. A similar 
mechanism was invoked by Chevalier (1982) for 
explaining type I1 supernovae. This interaction 
would explain also the presence of very strong 
coronal lines generally observed in the spectra of 
recurrent novae. Hence, the main difference be- 
tween radio properties of classical novae and 
recurrent novae could be explained by the ab- 
sence of circumstellar material in the first case 
and presence of it in the second case. This absence 
or presence of circumstellar material would be 
correlated to the fact that binary systems that 
explode as classical novae are composed of a 
white dwarf and a red dwarf, while over five 
recurrent novae, at least three have a late-type 

368 



companion, which is a red giant whose wind 
produces the circumstellar matter. A model for 
the radio and X-ray emission of RS Oph is pro- 
posed by Bode and Kahn (1 985) and will be dis- 
cussed in Chapter 7. 

In concluding our discussion on radio observa- 
tions of novae, we note that the data are for a very 
sinall number of objects for permitting us to 
generalize these results. We can just say the fol- 
lowing: 

1)  the few novae observed months after out- 
burst become thermal radiosources (expand- 
ing gas at T= lo4). Their behavior is similar if 
they are either slow or fast novae, in contrast 
with their IR behavior. 
2) the old nova GK Per shows a radio spectrum 
S v+’ v+l, which is typical of synchrotron 
radiation. No other novae have been found 
with similar properties. GK Per might be a 
special case since there might be interaction 
with strong interstellar or circumstellar mat- 
erial. An ancient planetary nebula surround- 
ing GK Per was suspected recently in IRAS 

data (Bode et a1 1987b). 
3) the recurrent nova RS Oph shows a bright- 
ness temperature of lo7 K in the radio range. 

Only one recurrent nova has been detected in 
the radio spectral range and we cannot say if the 
high brightness temperature (T - lo7 against 
the value of lo4  observed for four classical 
novae is a common property of all recurrent 
novae, distinguishing them from all classical 
novae. However, it is possible that this differ- 
ence between the observed classical novae and 
RS Oph is related to the fact that all classical 
novae, known to be members of a binary sys- 
tem, have for companion a cool dwarf, while 
RS Oph (as well as T CrB and V 1017 Sgr) have 
a red giant for companion. Now red giants are 
known to have winds, which, interacting with 
the ejecta, could explain the high brightness 
temperature and nonthermal emission (White, 
1985). Hence, the negative result for T CrB 
may probably be related to the long interval 
elapsed from the last outburst. 
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We first need to explain the light curve of 
novae, or, to be more precise, the variation of 
flux, integrated over all wavelengths, as well as 
its spectral distribution, with time. The variety 
of light curves observed for different novae (or 
even the differences between the light curves 
of two outbursts of a recurrent nova!) must be 
explained. The rise of the rate of nova energy 
production, the global optical decline, and the 
shift of the maximum of the distribution of 
radiation are compatible with a central object 
undergoing a thermonuclear runaway and suf- 
fering a strong mass loss, where matter is ex- 
hausted after a shorter or longer time. The 
detailed physics and the fine structure of a nova 
light curve are, however, hardly understood. In 
a few cases, brightness fluctuations with ap- 
proximately the period of the underlying binary 
in early stages of the outburst are observed 
(Vl500 Cyg, probably also V1668 Cyg). Re- 
peated brightness (and possibly mass ejection) 
bursts, leading to secondary maxima and to 
short fadings and shifts of the energy distribu- 
tion towards shorter wavelengths in the course 
of a prolonged maximum, are found in some 
novae (NQ Vul, QU Vul). Light oscillations in 
the transition phase occur mainly in a fraction 
of fast novae (GK Per, V603 Aql). Final de- 
clines show different gradients in the visual. 

I.C. THE SPECTRAL EVOLUTION 

The spectrum of a nova in outburst consists of 
superposed P Cyg profiles of different expansion 
velocities. In the early stages, the hliteshijted 
absorption lines dominate; in intermediate stages, 
the spectrum has a typical P Cyg character; in the 
late stages, the continuum fades much more than 
the emission lines. The general evolution of the 
spectrum of a nova can be explained by the ejec- 
tion of a large amount of mass, which starts at 
a well-defined time and declines in strength 
more or less slowly. This is indicated by the 
blueshifted absorptions, which are explained 
by the Doppler effect. The occurrence of lines 
of higher excitation and ionization in later 
stages of the outburst can be understood by the 
shrinkage of the photosphere, which becomes 
hotter at smaller radii if no large decrease in 
bolometric luminosity occurs. The gradual 

thinning of the shell leads to the emergence of 
nebular lines, as will be seen in Sections I1.D 
and 1V.E. Complications occur, as can be noted 
from the observation of superposed P Cyg pro- 
files of different expansion velocities, because 
of the interaction of material ejected at differ- 
ent times with different velocities (higher exci- 
tation lines, higher velocity components ap- 
pear later.) The main bulk of matter, however, 
is ejected at the time of maximum: the line widths 
in the nebular stage correspond to velocity shifts 
observed in the principal spectrum. A velocity4,- 
relation, and therefore a velocity-luminosity rela- 
tion. exists. 

An interpretation of the spectroscopic gener- 
alities derived from a comparative study of seven 
novae was carried out by McLaughlin (1943), 
where the spectral stages of the nova outburst are 
clearly described in much detail. A summary is 
found in McLaughlin (1942). This sequence was 
also adopted as a classification scheme by the 
IAU (Oort 1950). The systems listed in Table 7- 1 
seem to be normal in ordinary novae. Q indi- 
cates a spectral classification scheme, where 
each nova has a spectral Class Q, while sub- 
classes are reached at various stages of the 
outburst (some may be skipped). A detailed de- 
scription is found in Chapter 6. 

I.D. THE EXPANDING NEBULA 

For a small group of generally bright novae, 
expanding nebulae were observed in late stages. 
Structures at low resolution are, in general, 
spherical (contrary to jet-shaped). At high resolu- 
tion or at later phases, they exhibit a wealth of 
detail: deviations from spherical symmetry are 
frequent; the shells appear often elliptical. The 
majority of shells shows the existence of equato- 
rial rings and polar condensations. Additional 
structures are observed, e.g., the fragmentation of 
the shell into many cloudlets, or extended haloes. 

Observational evidence shows that spherical 
symmetry for mass loss and velocity, often as- 
sumed in outburst models, is, in most cases, not 
correct. The observed ellipticity of the shell and 
the ringblob structure may be connected with the 
underlying binary system, the fragmentation, 
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TABLE 7- 1. SPECTRAL STAGES OF NOVAE 

Spectrum Absorption Emission Q 

Prenova 

Premaximum 

Principal 

Diffuse enhanced 

Orion 

N I11 (4640) 

Eta Car = [Fe I11 

Nebular 

Wolf-Rayet 

Final 

I 

I1 

I11 

IV 

V 

I 

I1 

I11 

IV 

V 

VI 

VI1 

VI11 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9=0 

with some sort of instability occurring in the LE. THE EXNOVA 
ejected shell, the outer shell, with the survival of 
high-velocity material ejected in late stages of the 
outburst or with shock waves extending into the 
interstellar material. 

Results of the few novae that have been ob- 
served at minimum are best interpreted in the 
framework of a close binary composed of a white 
dwarf and a low mass main sequence star. The 

The deceleration of nova shells observed in 
very late stages, decades after outburst, s e e m  to 
be established. It is presumably caused by the 
interaction of the shell with the surrounding inter- 
stellar material. 

It is often found that different regions of a nova 
shell have a different spectral appearance. A ca- 
reful analysis must establish whether this is due to 
a different chemical composition, a different 
physical property (temperature, density), or, 
closely connected with it, different excitation 
conditions by the radiation field of the central 
object. This field probably has an axis of sym- 
metry, but certainly deviates from spherical 
symmetry. Such “directional excitation” was 
suggested as early as 1937 by Grotrian in the 
case of DQ Her. 

nova explosion is a thermonuclear runaway in the 
electron degenerate hydrogen rich material close 
to the surface of the white dwarf, which was ac- 
creted (via a disk) from the late-type companion 
that suffers a Roche lobe overflow. It is usually 
assumed that the disk luminosity dominates all 
other contributions (white dwarf, late-type com- 
panion, hot spot) in classical nova systems at qui- 
escence. Indeed, disk luminosities appear to have 
only little scatter if the different observational 
aspects are taken into account. 

Recent detailed studies of the minimum visual 
magnitude of classical novae by Warner (1 986, 
1987) indicate that they have the same absolute 
magnitude at minimum, but are seen at different 
accretion disk inclinations. Warner showed that 
the histogram of minimum magnitudes can be 
explained by a mean absolute magnitude [MJi 
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= 0”) = 3.31, a random distribution of inclina- 
tions, and a scatter (intrinsic or observational) 
of 1”. He argues that the minimum magnitude 
does not depend on nova speed class, or orbital 
period, or any other parameter besides the in- 
clination i. 

A study by Duerbeck (1986) indicates that mini- 
mum magnitudes do depend on speed class or 
light curve type, e.g., that slow novae (light curve 
Type D) are generally several magnitudes 
brighter than the rest. The very old novae CK Vu1 
and WY Sge (Kenyon and Berriman, 1988) ap- 
pear to be much fainter than an average, more 
recent exnova. 

Spectroscopic studies of novae at minimum are 
only carried out for a very small percentage of the 
now identified objects at minimum. For some of 
them, radial velocity studies have been carried 
out. Preliminary results of a spectroscopic survey 
were reported by Duerbeck and Seitter (1987). 
The continua are frequently heavily reddened by 
interstellar extinction; weak to strong emission 
lines, mostly of the Balmer lines and notably He 
I1 4686. are observed. 

I.F. THE MANIFOLD OF NOVAE-SIMI- 
LARITIES, DIFFERENCES, AND THEIR 

POSSIBLE CAUSES 

Despite the variety of light curve forms, spec- 
troscopic development, and other features, there 
are similarities between different objects. Rela- 
tions exist between the absolute magnitude at 
maximum and the (,-time and, less clearly, be- 
tween the absolute magnitude at minimum and 
the light curve form, or between the velocity of 
expansion of the shell and the t,-time. This indi- 
cates that underlying systematics exist in novae. 
Possible “hidden parameters” that determine 
absolute magnitudes at maximum, ejection 
velocities, forms of light curves or shells are 
e.g.: 

- The mass of white dwarf. 
- The chemical composition of the white dwarf. 
- The mass of accreted material. 
- The accretion rate. 
- The degree of mixing of white dwarf material 
into accreted hydrogen-rich shell material (or a 

deviation of the composition of accreted material 
from the solar value). 
- Orbital elements. 
- The presence and strength of a magnetic field in 
the white dwarf. 
- The inclination of the orbit. 

Unfortunately, the statistics of data derived 
from minimum observations (orbital elements, 
properties of the binary components, and the shell) 
are poor, contrary to data on light curves and 
spectroscopic data obtained during outburst, or to 
minimum data for dwarf novae. Thus, hardly any- 
thing can be said about the importance of the 
above parameters for the characteristics or evolu- 
tion of the outburst. 

11. SHORT HISTORY 

1I.A. EARLY IDEAS TO 1930 

Because of their sudden, spectacular appear- 
ance in the sky and their fading into oblivion, 
novae have been the object of speculation and 
theoretical approaches since earliest times. Quite 
often, the most advanced physical theories were 
used to explain the nova phenomenon. As an early 
example, Newton (17 13) might be quoted, who, 
investigating the stability of cometary orbits, pro- 
posed that novae are old, burnt-out stars, whose 
supply of combustible material is replenished by 
the impact of comets. Another proposal that an 
aging star undergoes a nova event is due to 
Zollner (1865). He thought that cracks in the 
surface of a cooling star allow magma from the 
interior to reach the surface, leading to a bright- 
ening. We see that novae were no more consid- 
ered as “new stars” by some astronomers of the 
18th and 19th centuries. 

Theories of the nova phenomenon can be di- 
vided into two categories: one is the attempt to 
explain the underlying cause of the nova out- 
burst; the other, the attempt to explain the 
photometric and spectroscopic features ob- 
served during outburst. We will first deal with 
the second question. 

Increasing observational evidence, especially 
the availability of more and more detailed spec- 
troscopic material, led to a reduction of the 
large number of explanations of the nova phe- 
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nomenon that were at hand in earlier centuries. 
When observing visually the spectrum of the 
(recurrent) nova T CrB, Huggins and Miller 
(1 866) noted the appearance of bright and dark 
lines in the spectrum, without being able to 
note that the dark lines are blueshifted. They 
interpreted the bright H lines as a result of a gas 
explosion, a chemical combustion of hydrogen. 

Blueshifted absorption lines were first observed 
in T Aur by Huggins (1892), Campbell (1892) 
and Vogel (1 893), and shortly afterwards in IL 
Nor (Pickering 1894). Among the numerous col- 
lision scenarios, which were proposed to explain 
the two sets of lines of different radial velocity in 
nova spectra, the most influential one is that of 
Seeliger (1892,1893,1909). He assumed the 
penetration of a star into an interstellar gas or 
dust cloud, a scenario that won much favor 
after the light echo phenomena observed in the 
vicinity of nova GK Per (1 901). The simultane- 
ous occurrence of blueshifted absorption and 
stationary emission line as being caused by an 
extended, expanding envelope of gas was first 
proposed in a somewhat obscure way by Pick- 
ering (1894), then by Halm (1901) and finally 
by Lau (1906). However, in the early decades 
of nova spectroscopy, the blueshift of the dark 
lines was not unequivocally thought to be 
caused by the Doppler effect. A good survey of 
early theories is given by Stratton (1928). 

The suddenness of the brightening, in combina- 
tion with the different radial velocities of the 
dark- and bright-line spectrum, was always 
used as an argument for the collision hypothe- 
sis, i.e., the collision of a star and an interstel- 
lar cloud, two stars, a star and a comet, an aster- 
oid, or a whole solar system. The extended pre- 
maximum stage of RR Pic and the postmaxi- 
mum appearance of bright lines led Hartmann 
(1925) to the view that a single star “expands, 
explodes.” In his second note, Hartmann 
(1926) states: “we conclude that the nova phe- 
nomenon is one which has its cause in the inte- 
rior of certain stars. It is a disturbance of the 
physical-chemical equilibrium which occurs, 
without exterior cause, in a critical point of 
evolution, and leads to a rapid, explosive trans- 
formation of the whole celestial object. This 

disturbance is possibly a radioactive transfor- 
mation of atoms.” Previous theories, especially 
the collision scenario, could not explain the 
delayed maximum of RR Pic and quickly fell 
into oblivion. 

II.B. THE SEARCH FOR THE UNDERLYING 
CAUSE 

After the external cause of a nova explosion 
had been discarded, and stellar structure became 
tractable, several outburst mechanisms were pro- 
posed. A good historical summary is found in 
Schatzman (1 965). 

Milne (193 1) thought that the energy for the 
outburst is that of a star collapsing into a white 
dwarf. The energy is given (order of magnitude) by 
AE = G M*2 ( l/R2 - l/R,), which is lo3 to 10“ times 
higher than that observed. From the frequency of 
nova explosions, one can derive that a star must 
undergo about 10 nova explosions; i.e., a subset 
must show even more frequent eruptions. The hy- 
pothesis by Milne was relaxed by Vorontsow- 
Veljaminow (1940), who assumed that a se- 
quence of nova outbursts of different strength 
leads to a transformation of a main sequence 
into a white dwarf. 

Unsold (1930), in investigating layers near the 
stellar surface for stability against convection, 
argued that the nova phenomenon is caused by 
the sudden onset of convection. One of his ar- 
guments was that the energy released in a nova 
explosion is much too small to be caused by 
dramatic changes in the interior, but he argued 
for a surface phenomenon. 

Biermann (1939) thought that the explosion oc- 
curs because of an instability in a hydrogen-poor 
subdwarf. An instability develops at a certain 
depth where radiant equilibrium changes over to 
adiabatic equilibrium. In this case, the star should 
be poor in H and He, and the changes occurring 
lead to a release of ionization energy. 

In 1946, Rosseland (1946), Lebedinskii (1946) 
and Schatzman (1 946) thought of the nova explo- 
sion as a shock wave in the stellar interior, and 
Rosseland came up with some sort of atomic 
bomb explosion, specified later by Schatzman 
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(1950, 19.51), who postulated as the energy 
source the conversion of 3He into jHe. Gurevich 
and Lebedinskii (1 947a,b) assumed that a nova 
explosion results from explosive low-tempera- 
ture nuclear reactions taking place in the periph- 
eral layers of a star, which produces energy by the 
CNO cycle. 

Mestel (1952) examined accretion of interstel- 
lar matter onto hot white dwarfs and postulated 
either continuous burning or supernova-type 
explosions. 

The discovery by Walker(19.54) that the famous 
nova DQ Her is a close binary was soon general- 
ized by Struve (1955) and Huang (1956) to the 
possibility that all novae and nova-like stars are 
binaries. Kraft (1963, 1964) came up with the 
still-favored model: that the nova is a close binary 
composed of a white dwarf and a low-mass main 
sequence star. The nova explosion is a thermonu- 
clear runaway in the electron degenerate hydro- 
gen-rich material close to the surface of the white 
dwarf, which was accreted (via the accretion 
disk) from the late-type companion overflowing 
its Roche lobe. The binarity and the inclusion of 
an accretion disk led nova research out of a di- 
lemma that still intrigued Payne-Gaposchkin 
(1957): novae at minimum are blue objects at 
M,, = +4; this always leads to objects below the 
main sequence, but above the white dwarf re- 
gion, Le., to subdwarfs, similar to the central 
stars of planetary nebulae. 

An early nova model including a close binary is 
due to Schatzman (19.58). He suggested that in 
one of the components, nonradial forced oscilla- 
tions are produced by orbital motion. If there is a 
resonance between the orbital period and one of 
the periods of nonradial oscillation, the amplitude 
of the force oscillation is finite unless the damp- 
ing constant vanishes or is negative. When this 
happens (as a consequence of the secular evolu- 
tion of the star), the forced oscillation may be- 
come an explosive process. The damping con- 
stant can vanish if the energy sources are close 
enough to the surface of the star. One can predict 
the ejection of matter along polar caps and one or 
several belts or zones. The pole of the system is in 
the direction of the perturbing star. This is one of 

the first models (and nearly the only one) that 
make predictions about the directional depend- 
ence of mass loss. 

In the 1960s, a clearer understanding of the 
structure of the binary components in nova 
systems led to a more realistic scenario for 
nova explosion: A Roche-lobe overflowing, 
unevolved star is losing H-rich material, and a 
fraction, if not almost all, of this material is ac- 
creted by the white dwarf companion. As ac- 
cretion continues, a layer of H-rich material is 
built up on the surface of the white dwarf, and 
the bottom of this layer will be gradually com- 
pressed and heated until it reaches ignition 
temperatures of H-burning reactions. Hydrody- 
namic studies [Giannone and Weigert (1 967), 
Rose (1 968), S tarrfield (1 97 1 a, 197 1 b)] have 
shown that a thermonuclear runaway will occur 
in the H-rich envelope, which can produce the 
observed energies and can reach temperatures 
and energy-generation rates at which dynamic 
effects become important (Starrfield 197 la ,  
197 1 b). 

1I.C. MECHANISMS OF MASS EJECTION 

Despite the fact that the energy source for the 
nova explosion remained obscure for a long 
time, different mechanisms for mass ejection 
were investigated: shock ejection, pressure 
ejection, radiation pressure, and pulsational 
mass loss. It is now believed that the first three 
can act during various stages of the nova out- 
burst. While shock ejection seems to play a 
predominant role in fast and recurrent novae, 
thick stellar wind driven by radiation pressure 
is important for slow novae. 

1I.C. 1. MASS EJECTION BY EXPLOSIVE 
EVENTS 

Rosseland (1946) proposed a central explosion 
(due to some “subnuclear mechanism”). The 
observed phenomena (several maxima) can be 
interpreted by the effects of a shock wave rea- 
ching the surface. Shock ejection was also pro- 
posed by Lebedinsky (1946). Schatzman (1946, 
1949) also assumed that mass loss of novae is due 
to the propagation of a shock wave. 
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When energy is generated in a region in a time 
interval that is shorter than the sound travel time 
across that region, a shock wave is generated at 
the bottom of the region, which propagates out- 
ward. As the wave moves outward into less dense 
material, the shock wave accelerates. After the 
passage of the shock, the ejected material is left 
with a steep velocity gradient (Figure 7-l), see 
also Hazlehurst, 1962; Sparks, 1969). Shock 
ejection mechanisms lead to a temporal behav- 
ior of mass loss velocities, which shows a 
marked decrease of speed. In general, this is 
contrary to observations of classical novae, 
except perhaps for material of the premaximum 
absorption system. 

Figure 7-1. A three-dinierisioiial plot of the velocity of 
material as afiirictioii of time in various zones oj a star 
for shock ejectrori. The increase of the shock velocity 
and strength and the steepening of the shock frotit caii 
he seen, as the shock wave propagates oiitward to 
zones of lower density. After tlie shock wave has 
passed tliroiigh, the material has a large differeritial 
velocity. The trough on the left is diie to material ~ h i c h  
did not reach escape velociO1 arid is falling hack onto 
the star (Sparks, 1969). 

II.C.2. PRESSURE EJECTION 

If the energy is deposited in a region during a 
time interval that is longer than the sound travel 

time across that region, but shorter than the time 
interval of radiation diffusion of the region, a 
“pressure” wave develops, which ejects all the 
material above the region with roughly the same 
velocity; i.e., the velocity gradient is much smaller 
than in the case of shock ejection (Figure 7-2). 
This mechanism was investigated in detail by 
Sparks (1 969). 

NERGY INPUT 
ZONE 

Figlire 7-2. A thi-ee-dinie,isional plot of the velocity of 
matei.ial us aficnctioii of time iii varioris zones of a star 
for pressiire ejection. A pressiire f iont is formed which 
ejects all material above the energy-input zoiie with 
roirghly the sunie velocity. The slight increase in the 
velocity of the outer zones is dire to tlie oiitward-propa- 
gating shock wave (Sparks, 1969). 

II.C.3. RADIATION PRESSURE 

The importance of radiation pressure by elec- 
tron scattering for stars of high luminosity was 
pointed out by Eddington (1921). Radiation pres- 
sure in spectral lines was studied by Milne 
(1926), who derived limiting velocities of the 
order of 1600 km s I .  It was further discussed by 
McCrea (1937), and in more recent times by 
Friedjung (1966a,b,c), Finzi (1973), and Nariai 
(1974), and in the optically thick wind models by 
Bath and Shaviv ( 1  976) and Bath (1978). 
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II.C.4. PULSATION MASS LOSS Her show that the intensity of the H lines in- 
creased. 

Problems encountered with shock ejection led 
Rose (1968) to investigate pulsational instabili- 
ties. Assuming thermally unstable H burning, a 
hot white dwarf becomes pulsationally unstable. 
The dissipation of pulsationally produced shock 
waves appeared to be a plausible means of surface 
heating; however, the calculations do not show 
how this extended envelope is ejected (Rose and 
Smith, 1972). In a later study, Sastri and Simon 
(1973) investigated multimodal radial pulsa- 
tional instability in a prenova model. Predictions 
to test these models are, however, lacking. 

H.D. CONTINUOUS ETECTION 

First ideas on continuous ejection and the exis- 
tence of a photosphere that shrinks in the later 
stages of the outburst, while the temperature in- 
creases, are found in Halm (1 904) and Pike (1 928, 
1929). Whipple and Payne-Gaposchkin (1936) 
applied the theory of continuous ejection to DQ 
Her. These early studies found it difficult to dis- 
tinguish observationally the process of continu- 
ous ejection from the expansion of a shell, both 
processes suggested already by Halm (1904). The 
process of continued ejection is favored by 
Whipple and Payne-Gaposchkin for the follow- 
ing reasons: if the continuous spectrum and the 
absorption lines are both produced in an ex- 
panding shell, the smallness of the observed 
changes in the absorption spectrum and in the 
energy distribution of the nova in its rise to 
maximum would require a continuous balance 
between the total radiation and the radius of the 
initial shell, unless one considers the shell so 
thick that it dams back the radiation for a con- 
siderable time. If the shell were as thick as this, 
one should expect the absorption lines to be 
broadened, because they would be formed near 
the surface of the rising photosphere. On the 
other hand, the observed narrowness of the 
lines indicates that the absorption must be pro- 
duced so far above the effective photosphere 
that only a small solid angle is subtended at the 
center of the star by the material producing the 
absorption spectrum. For a thin shell, the inten- 
sity of the absorption lines might be expected 
to decrease with time but observations of DQ 

1I.E. SUPER-EDDINGTON LUMINOSITY 

Finzi (1973) showed that the radiant energy of 
a nova in the course of its outburst cannot be 
stored and released by the ejected evelope, and 
concludes that the energy radiated in a nova out- 
burst, Le., loJ5 erg, is released after the explosion 
by the central star. The luminosities of some no- 
vae at maximum exceed the “critical” or Eddington 
luminosity 

4 n c G M , ~  1 M  -=6.5~10~-- 
LCRIT = KTH M a  1+X MOL@ 

where X is the relative H abundance in the exter- 
nal shell of the nova and K~,, = 0.2 ( 1  + X) is the 
Thomson opacity, the opacity of fully ionized 
matter at low density, c = 3 x loio cm/s, G = 6.67 
. dyn cm2/g2, and M, = 2 . g. The 
corresponding limit to the absolute bolometric 
magnitude is about -6.8 - 2.5 log,,, (M/M,) for 
X = 0.7. The critical luminosity is an upper 
limit to the luminosity of a star in hydrostatic 
equilibrium (Eddington, 192 1). Finzi found 
that the luminosities of all postnovae (at least 
shortly after outburst) are larger than the criti- 
cal luminosity and that their photospheres are 
steadily flowing out. Below this radiative at- 
mosphere, Finzi assumed a convective hydro- 
gen-rich shell. The concept of novae radiating 
above or near the Eddington luminosity plays 
an important role in subsequent nova wind 
models by Bath and Shaviv (1976) and Bath 
(1978). 

0.F. HISTORY AND RESULTS OF MOD- 
ELLING(FROM 1930) 

Grotrian (1930), and Menzel and Payne (1933) 
found evidence, mainly from the appearance of 
forbidden lines, that diminishing pressure, rap- 
idly rising temperature of the region in which the 
ionizing radiation originates, and dilution of ra- 
diation can account for the order of appearance of 
spectral lines of successive stages of excitation 
and ionization, as well as the appearance of lines 
originating by transitions from metastable levels. 
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The interpretation of observational results of 
nova DQ Her (1934) led to a new approach to the 
question of the time interval during which shell 
ejection occurs. Practically at the same time, and 
likely independently, Gordeladse ( 1937), Grot- 
rian (1937) and Whipple and Payne-Gaposchkin 
(1936) put forward models with continuous mass 
outflow to explain some of the features of the 
slow nova DQ Her. 

McLaughlin (1943) pictured the rise to maxi- 
mum as an eruption of a spherical shell of gas 
sufficiently dense and deep to be opaque and to 
behave like an expanding star. The photosphere is 
only an optical level in the outward-rushing cloud, 
and as it expands, the individual atoms migrate 
from subphotosphere through the photosphere to 
the reversing layer. Finally, at maximum light, the 
cloud, which is now detached from the star, sud- 
denly becomes transparent. In the early postmaxi- 
mum stage, there are conspicuous bright bands 
that originate in gases located all around the star. 
The emission originates, however, mainly in the 
inner layers of the shell-almost on its inner sur- 
face-while absorption is produced throughout a 
great depth. 

McLaughlin thought that the rate of mass ejec- 
tion shows a variation similar to and almost in 
phase with the light curve, anticipating the 
latter very slightly. The model involves a main 
burst, followed by continuous expulsion of 
matter at a steadily decreasing rate. It requires 
a sharp reduction of the rate at the end of the 
main burst. The mass loss then drops slowly 
and continuously. 

Qualitatively, this model has expansion ac- 
companied by cooling. The shell acts initially as 
an (expanding) photosphere and mimics, after a 
short time from outburst, a spectral type of late B 
or early A with extended atmosphere. In a short 
time, T~~~ in the shell becomes less than unity; 
the shell becomes optically thin and ceases to 
radiate like a photosphere. The visual contin- 
uum fades and its color temperature increases. 
Further expansion of the shell produces 

a. Less absorption of stellar radiation, thus 
transformation of P Cyg profiles into emission 

profiles. 
b. Dilution of radiation, with accumulation of 
atoms in metastable states. 
c. Time intervals between collisions greater 
than the lifetimes of metastable states: forbid- 
den lines can be formed. 

There is also formation of a subsequent system 
of shells, closer to the star, that are explained as 
being due to the tail of the ejection rates after the 
main burst (see Figure 7-3a and 7-3b). McLaugh- 
lin's model is indeed one with continuous ejec- 
tion over a period of years (1943, p.188 ff.) 

On the other hand, Pottasch's model (1959 
a,b,c,d) is based on a spherically symmetric main 
burst only. Thus it offered the possibility to be 
tractable. The following assumptions were made: 

a. The geometrical thickness of the shell is 
small compared to the radius of the shell. 

Figiire 7-3a. Cross sectioris of a nova dirririg the rise 
to niasirnirtn, as erivisaged by McLaicghliri (1950). Tlie 
observer is lookirig froni the top of tlie figioe. The 
large black dot is the niain body of the star. Stippled 
area I-epreserits the derisest part of the ejected shell, 
coriceiitric circles represeiit the optically thiririei- pho- 
tospheric layers, which t?ier;qe irito the cloirdy forxis 
that represent tlie trire atniosphere. On each drawing, 
a heavy dashed line oictliries tlie regioii that is effective 
in prodircirig the observed ahsoiptioti spectrim. Siec- 
cessively ejected atonis A ,  B,  arid C are shonvi. With 
espansion, the layer coritairiirig A ,  arid later. that cori- 
tairiirig B ,  become trarisparerit. B y  light masiniimi, tlie 
ejection has diniiriishecl arid the shell, still opaqice, has 
become detached $.om the star. 

b. The density of the shell is always uniform 
and varies inversely as the volume of the 
shell. 
c.The photosphere of the star remains at the 
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Figlire 7-3h. Cross sec’tioris of a riovu diiririg early 
rledirie, US erivisugecl liy McLriirghliri (1950). Synihols 
have the smie riieariiri,g u s  iti Figwe 7-3n. Iri sectiori 6 ,  
the shell has j i t s t  hecome trmspurerit. A t o m  B arid C ,  
oivirig to acceleratiori of the ititier. layers, haw oiw- 
tukeri A ,  and the resirltatit shell is the pr-iticipal one, the 
pi-emaxiniiini spectrxni hcivirig disuppeurerl with tlie 
erigirlfnietit of the oiitei‘ Iuyer-s (A) iri tlie accelerated iri- 
tier oties (B  atid C ) .  Atom D is c~ritribirtiri~g to the df- 
fuse eriharicerl ahsorptiori. I t i  section 7 ,  the iririer cloiid 
lias become inore e.i-terisi,*e ntid the cli’j$rse etiharicerl 
uhsorptiori is e~ot~re.~p~iiidiri~gl~ strmger. Atom E is en- 
teririg the r-egiori of ahsorptiori. 111 sectiori 8 ,  the gas 
ejected iri the diffuse etihuriced stage is in the for-ni o j  
hzlo detached shells, oi,er.tukirig the priricipul shell, 
wliile the iririer c.loiicl has cle\ieloperl irito tlie Orion rind 
the 4640 spec,ti.ul stuge. 

initial temperature of the shell. As a result 
the inner surface of the shell receives stellar 
radiation diminishing as the inverse square 
of the time. 
d.Energy is transferred by radiative proc- 
esses. 

A numerical solution was carried out for the 
following conditions: shell mass M = 5 .  M,, 
velocity = 800 km/s, central star temperature = 
200,000 K, and radius 0.3 Ro. The computation 
was carried out until the shell has an optical depth 
low enough to question the basic assumptions. 
The model reproduces the essential features of a 
(fast) nova light curve with even the premaximum 
halt. 

Pottasch’s results are 

1)The absolute magnitude of about -8.0, which 
the light curve attains before the shell 
becomes optically thin, is reasonable for a fast 
nova. 

2)The temperatures observed during days 2 
and 3 are similar to those observed. 

3)The initial “bump” may be identified with 
the premaximum halt, the physical reason 
being that the shell is assumed to be initially 
isothermal at the surface temperature of the 
star from which it came, and the shell initially 
cools faster than the radiation can be trans- 
ferred through the shell. Thus, the initial loss 
of energy occurs quickly and then subsides. 
The transfer of the energy of the star to the 
surface occurs more slowly; the combination 
of the two curves has a bump (more details are 
given in section 1II.A). 

1I.G. VELOCITY GRADIENTS 

A plot of measured radial velocities of absorp- 
tion versus time tends to increase, also when the 
feature is attributed to the same “system,” which 
may form in a given layer. Furthermore, later 
spectral systems (diffuse-enhanced and Orion) 

always show larger radial velocities of absorp- 
tion lines or wider emission lines. Thus, differ- 
ent parts of the shell move with different ve- 
locities. The diffuse-enhanced and Orion sys- 
tems are attributed to the inner region sur- 
rounding the nova, while the original emission 
and absorption systems belong to the principal 
shell, which has moved outward in the mean- 
time. Thus, we expect interactions with previ- 
ously ejected material. 

Arguments for the “inside origin” of the dif- 
fuse-enhanced and Orion feature have been 
outlined by McLaughlin (1947): 

1 )Some novae have secondary light variations, 
and the diffuse-enhanced absorption under- 
goes marked changes of intensity and of struc- 
ture and position related to the light variations, 
while the principal spectrum responds only 
slightly with changes of intensity or excitation, 
but without changes of displacement. 

2)The broad emissions of the diffuse-en- 
hanced system extend across the emission and 
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absorption of the same lines from the principal 
shell. Nevertheless, the principal absorption 
remains strong and well-defined, without the 
filling-in that would occur if the atoms that 
produce the diffuse-enhanced spectrum were 
outermost. 

3)There are numerous examples of partial or 
complete obliteration of absorption lines of the 
diffuse-enhanced spectrum by overheating 
emissions of the principal spectrum (further 
discussed in Section 1V.A). 

4)The same arguments apply also to the Orion 
spectrum. 

According to McLaughlin, the high-speed at- 
oms must eventually overtake the principal shell. 
Those that produced the Orion spectrum form a 
haze so rarefied that it would probably have no 
observable effects.Those of the diffuse-enhanced 
spectrum are present early enough to overtake 
the principal shell, while absorptions are still 
distinct. The collision of clouds should cause 
sudden disappearance of components of the 
diffuse-enhanced system, the appearance of 
new components, and acceleration of the prin- 
cipal shell. The principal shell is probably 
more massive than all the matter ejected later, 
so that large accelerations by collision are not 
to be expected. The principal shell continues to 
move outward until it becomes a quasi-plane- 
tary nebula. After a few decades, this has be- 
come too faint to be observable. 

II.H. DETERMINATION OF T coL, T T u(c, 
TE?N E 

The appearance of the bright nova DQ Her, in 
1934, marked a decisive point in the study of 
novae, since at that time, the tools of stellar and 
nebular diagnostics were already well developed. 
Color temperatures Tco, were most extensively 
determined (see McLaughlin, 1960, for a sum- 
mary). Ionization temperatures Tion were deter- 
mined using Zanstra's (1 93 1) method; the first to 
use it was Beals (1 932) for V603 Aql, later deter- 
minations were made for CP Lac (McKellar, 
1937) and DK Lac (Larsson-Leander, 1953, 

1954). As a general rule, ionization temperatures 
are systematically much higher than color tem- 
peratures, and values based on He I1 and N I11 are 
approximately double those of H, while the nebu- 
lar lines give values somewhat lower than hydro- 
gen. 

Excitation temperatures T,,, are calculated 
mainly from the relative intensities of [O 1111 and 
H lines (Stoy, 1933) and from the ratio He I1 
4686/Hp (Ambarzumian, 1932). Both methods 
yield temperatures near or larger than the Zanstra 
temperatures. Oehler (1936) applied these meth- 
ods to the nebular spectrum of DQ Her. 

Electron temperatures Te traditionally were 
mainly derived from the ratio of the [0 1111 lines 
(5007 + 4959)/4363. For all novae in which the 
ratio has been measured, Te ranges between 6000 
and 10,000 K, with a tendency to decrease as the 
nova fades (gain of strength of the nebular lines 
over the auroral transition 4363). Early appli- 
cations to novae were made by Popper (1940) 
and Gaposchkin and Payne-Gaposchkin 
(1942). 

The electron density is derived from the linear 
size of the nebula, and the surface brightness (or 
flux) of a hydrogen line with negligible self-ab- 
sorption (Ambarzumian Kosirev, 1933; Sayer, 
1940; Whipple and Payne-Gaposchkin, 1936, 
Payne-Gaposchkin and Gaposchkin, 1942), 
which turned out to range from lo9 cm3 in the 
early postmaximum stage to loh in the early 
nebular stage. With the assumption of Ne = N,, 
the density of hydrogen ions, total nova masses 
were calculated by the above-mentioned authors. 

11.1. ABUNDANCE DETERMINATIONS 
BY CURVE OF GROWTH OR 

NEBULAR LINES 

The similarity of some nova spectra at maxi- 
mum with those of supergiants led Mustel and 
Boyarchuk (1959) to attempt coarse analysis of 
nova spectra to determine excitation tempera- 
tures, microturbulent velocities, and chemical 
abundances. A number of analyses, mainly on 
slow novae, were carried out in subsequent years. 
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Another way of determining abundance of nova 
shells is by analyzing their nebular emission line 
spectrum. A wide range of ionization conditions 
is commonly observed in nova envelopes. Be- 
cause of the large ejection velocities, emission 
lines are often wide, making line identifications 
sometimes problematic. The procedure em- 
ployed to determine the chemical composition of 
nova shells is the same as that employed in abun- 
dance analyses of planetary nebulae. The first 
large-scale analysis of nebular spectra of the 
novae V603 Aql, RR Pic, GK Per, CP Lac, and 
DQ Her was carried out by Pottasch (1959e). He 
found that the abundances of 0, N, S, Ca, and Ne 
seem to be a factor of 5 greater than cosmic. 

m. SIMPLE MODELS TO EXPLAIN OBSER- 
VATIONS 

Various simple models to explain the observed 
light and spectral observations during post op- 
tical maximum activity are conceivable. Such 
models were described by Friedjung (1977a). 
They all describe stars that eject high-velocity gas 
during a limited time and that have a temporary 
increase in brightness. The geometry and the 
kinematics differ from model to model. As will be 
seen, the true situation is more complex, and 
though one simple model may be more helpful 
in explaining many phenomena, others may be 
needed to interpret other aspects. However, 
each of these models is conceptually very use- 
ful. Five of these models will be described. 

III. A. INSTANTANEOUS ElECTION I 

In instantaneous ejection models, all or nearly 
all material is ejected in a time that is short, com- 
pared with the duration of postoptical maximum 
activity. The observed changes occur in previ- 
ously ejected gas, which at first is optically thick 
in the continuum (an expanding atmosphere is 
seen), and which later becomes optically thin. 
Instantaneous ejection type I models are those 
where the ejected material is in a fairly thin shell, 
the thickness of which remains small. Supposing 
that the outer radius of the shell at optical maxi- 
mum is ro and its thickness is Aro, while the corre- 
sponding values at a time near the end of activity 
are r l  and Arl, instantaneous ejection type I sup- 

poses that, as ro << r l ,  

Aro and A r,  both are << rl  - ro= r l  (7.1) 

To satisfy this condition, it is necessary for the 
expansion velocity of the shell to be much larger 
than the velocity of increase of thickness of the 
shell. 

Assuming spherical symmetry and density of 
the shell to vary as l/volume, this density will 
vary as r2/ Ar, r and Ar being the shell radius and 
thickness at any time. For a constant expansion 
velocity, the density will vary as t-2 at time t from 
outburst, as long as Ar is constant; it will vary as 
t-3 if Ar increases with a constant velocity from 
a value of zero at time zero. The shell surface 
area will vary as t2 for a constant expansion 
velocity. 

It can be supposed that the ejected shell is op- 
tically thick in the beginning; its surface area is 
then that of an expanding photosphere. After 
optical maximum, the bolometric luminosity 
does not increase, so if instantaneous ejection 
Type I with an optically thick shell were true, 
one would expect the temperature of the latter 
to fall. Once it became optically thin, the cen- 
tral object would become visible. The emission 
measure at this later stage varies as r-*/ Ar, so 
for a constant expansion velocity and shell 
thickness, it varies as t-*; when Ar also increases 
from zero with a constant velocity from time 
zero, the emission measure varies as P. 

Instantaneous ejection Type I was extensively 
studied by Pottasch (1959 a,b,c,d). The shell 
thickness was supposed to increase from zero at 
ejection with a velocity equal to 2a/(y - l ) ,  
where a is the speed of sound and y, the ratio of 
specific heats equal to 513. This is a theoretical 
rate of expansion into free space. 

In spite of the shortcomings of the model, which 
will be described later, Pottasch had some suc- 
cesses in explaining observations. First, he was 
able to explain the shape of the light curve before 
optical maximum including the premaximum 
halt, taking account of the fact that in early 
stages the optically very thick shell should not 
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be in radiative equilibrium (Pottasch 1959b). 
Moreover, this result appeared in a calculation 
for a shell mass of lo2’ g ejected at 800 km s-’ 
surrounding a central star with a constant tem- 
perature of 2 . los K and radius of 2 . l o io  cm 
(Figure 7-4). In Pottasch (1959c), early theory 
(largely neglecting velocity fields) was used to 
calculate the flux of the H a  line, when it was 
optically thick, as a function of electron den- 
sity. He used the thickness of the shell given by 
this model to compute its mass, which could be 
compared with a mass calculated in late stages 
when the shell is expected to be optically thin 
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Figirre 7-4. Light citrve r$ the expanding tiova shell 
accorditig to cotnpirtatioris b y  Pottascli (19596). Tlie 
etiergy emitted by the shell is showti as a cotititiitoiis 
line as visual niagriititde, the broken line gives the 
bolometric magnitude. Tlie siriface temperatitre is 
given at different stages. Note the presence of a pre- 
niaxiniimi halt in the visual light citrve. 

in the Lyman continuum (all hydrogen ionized) 
and in H a .  In spite of the various assumptions 
and approximations (including, for instance, 
that the H a  flux was three times that of HP, 
which unlike H a  was observed in all the stud- 
ied novae), order of magnitude for the two 
masses determinations was reached for four 
out of five novae. 

It may be noted that even Pottasch’s (1959d) 
calculations indicate that part of the story was 
missing from his model. Temperatures of the 
central objects were found from the ratio of line 
emission emitted by ionized helium to that 
emitted by hydrogen, assuming photoioniza- 
tion by a Planckian continuum. The radius of 
the photosphere could then be determined from 
the total flux of photons emitted shortwards of 
9 12 A, taken as equal to the total flux of Balmer 
emission photons. The calculated photospheric 
radii, for dates as soon as 10 days after ejection 
of the postulated shell, were much smaller than 
the latter, which for consistency needed al- 
ready to be optically thin longwards of the 
Lyman limit. In addition, these radii decreased 
with time, suggesting that a constant radius 
“nova remnant” was not seen. It is this varying 
central object that first suggested that another 
sort of model needs to be invoked. 

1II.B. INSTANTANEOUS EJECTION TYPE I1 
(SOMETIMES CALLED “HUBBLE FLOW”) 

In this model, a thick envelope is ejected instan- 
taneously. This envelope remains thick as differ- 
ent parts have different velocities. In the simplest 
situation, where the velocity of any particular 
mass remains constant, the distance travelled by it 
at a particular time is proportional to the velocity. 
Thus, the outermost parts of the envelope have 
the largest velocity and the innermost parts, the 
smallest one. As expansion occurs, the optical 
thickness decreases, and the radius below which 
the deeper layers are not visible (which equals the 
photospheric radius) shrinks. It can be much 
smaller than the envelope. 

When different parts of the envelope have the 
same density and each part a constant velocity, 
the density will vary as t-3 and the emission will 
measure as t-3, t being the time since ejection. 
This behavior is the same as that of a thin shell 
whose thickness uniformly increases from zero 
at the time of ejection. 

In the framework of instantaneous ejection Type 
11, one can imagine a much higher density in inner 
than in outer parts of the envelope. In this case, 
inner regions could remain optically thick for a 
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long time. However, they would produce 
strong line emission, because emission due to 
recombinations (and also collisional excita- 
tion) is proportional to the square of the den- 
sity. As the radius of the photosphere de- 
creases, regions with lower and lower expan- 
sion velocities would become visible, and the 
emission line profile would be more and more 
dominated by slowly expanding material. One 
might then expect the FWHM of emission lines 
to decrease with time, and the violet shift of P 
Cyg absorption components to decrease as 
well. 

The type of situation just described is believed 
to be true for supernovae. Violet shifts of ab- 
sorption lines have been seen to decrease in 
Type I1 supernova spectra (Chugai, 1975). 
Supernova 1987A in the LMC is a very good 
example (For instance, see Hanuschik and 
Dachs, 1987, and Henbest, 1987). The model 
has been reasonably successful. However, this 
situation does not seem to be true for nearly all 
classical novae, except perhaps before optical 
maximum, when the premaximum system can 
have behavior characteristic of instantaneous 
ejection Type 11. 

In spite of this, such models have sometimes 
been suggested for classical novae, including, for 
instance, Sobolev (1960). Nariai (1974) calculated 
the position of the photosphere, taking into ac- 
count gravitational deceleration. In early stages, 
when the radius of the photosphere is large and 
the effective temperature is low, hydrogen is 
not ionized, and the radius of the photosphere is 
predicted to vary as t-O.’. At a later stage, hydro- 
gen is predicted to become ionized and the 
photospheric radius, to decrease very rapidly, 
as shown in Figure 7-5. Instantaneous ejection 
Type I1 or a “Hubble flow” was invoked by 
Seaquist and Palimaka (1977) to explain the 
radio emission of FH Ser. It may be noted that 
the regions from which radio emission is de- 
tected are much larger than those of the optical 
and ultraviolet photosphere (because of the 
free-free absorption coefficient), thus a simple 
model as the one given here gives a better 
description for the radio observations, as com- 
pared to optical and ultraviolet observations. 

LOG TIME 

Figlire 7-5. This sclieniatic diagram gives the position 
of the photosphere, assuming constant luniinosity, ac- 
cordiiig to Nariai (1974). His Atirdy describes the slope 
of the ciirve fioni niminziini to the transitiori phase, 
arid also the sudden decline. After truiisitioii, the light 
ciirve is prodiiced by the siiifuce of the reinriurit in 
qiiasi-static coiltraction. 

111. C. CONTINUED EJECTION A 

Continued ejection models emphasize the im- 
portance of winds from the nova after optical 
maximum. When continued ejection A occurs, 
most of the emission of the continuous spectrum 
in the optical and ultraviolet comes from an opti- 
cally thick wind. The photosphere (sometimes 
called quasi-photosphere) is located in the wind. 
The radius of this photosphere is directly re- 
lated to the mass loss rate. The optical fading is 
readily associated with a drop in this mass loss 
rate, leading to a smaller photospheric radius, 
and if the bolometric luminosity does not de- 
crease very rapidly, the photosphere will be- 
come hotter as it shrinks. The photosphere is 
much smaller than the ejected envelope for 
continuous ejection A, except near optical 
maximum. Material ejected near optical maxi- 
mum will produce what is later an optically 
thin density peak near the outer edge, while the 
density will also be high in the inner regions 
containing material that has not expanded very 
much. This kind of model for instance, has 
been supported by Whipple and Payne-Gapos- 
chkin (1936), Friedjung (1966 a,b,c), Bath and 
Shaviv (1976), and by Bath (1978). 

Early quantitative formulations of contin- 
ued ejection used the theory of Kosirev (1934) 
and Chandrasekhar (1934) for extended grey 
atmospheres in Local Thermodynamic Equi- 
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librium (LTE). Simple opacity laws were as- 
sumed such as a constant opacity (electron 
scattering dominant) or a mean photoelectric 
opacity law. As suggested by observation, the 
time scale of variations was supposed to be 
long, compared with the time for ejected mate- 
rial to travel from the mass losing star to the 
photosphere; therefore, the density in optically 
thick regions was supposed to vary as r2, r 
being the radial distance from the centre. 

Making an Eddington approximation, one ob- 
tains 

where B is the intensity of black body radiation 
emitted at a distance r from the centre, nF is the 
radiation flux, and 7 is the optical depth. In 
LTE, 

1 nB = -acT4, 
4 (7.3) 

with T being the temperature. Supposing that 
the mean absorption coefficient is given by 

K= K~ Pe T-" , (7.4) 

with Pe the electron pressure, and that the num- 
ber of free electrons per nucleus is a constant 
lla, one obtains that 

T varies as (7.5) 

In an electron scattering case, K is replaced by 
a constant 0, and 

T varies as r3/" 
(7.6) 

Having obtained a temperature law, one can 
calculate the flux that should be observed at 
each wavelength by integrating emission from 
different directions at different optical depths, 
if one supposes that local emission is always 
Planckian. It may be noted that in regions 
where electron scattering dominates, this 
would not be correct even if all other hypothe- 
ses were valid. The result of such calculations 

is a way to interpret observations of continuum 
flux and color temperature in terms of photo- 
spheric radii and effective temperatures. Put in 
another way, one can correct temperatures and 
radii determined, assuming that the photo- 
sphere has a Plankian energy distribution. 

If one knows the photospheric radius and 
temperature, the mass flux can be calculated. 
Putting the outflow velocity equal to V (as- 
sumed constant), the photospheric radius and 
temperature equal to RP and TP, respectively, 
and assuming for a first approximation an opti- 
cal depth at the photosphere of 2/3, the mass 
loss rate is 

(photoelectric K) (7.7) 

m=-v-R,, 8n W (electron scattering) (7.8) 
3 0  

Here R is the ideal gas constant, and p the 
molecular weight. 

This highly simplified theory illustrates 
some important features of continued ejection 
A. The characteristics of the continuous spec- 
trum are directly related to the mass loss rate. If 
fading is rapid, RP and m decrease rapidly. The 
time variation of the ejection rate derived from 
a good theory of an optically thick wind can be 
compared with other constraints to test contin- 
ued ejection A. Such constraints, as shall be 
seen later, are connected with collisions be- 
twen different parts of a nova envelope moving 
at different velocities, accelerating, for in- 
stance, the slower material. 

Bath and Shaviv (1976) considered contin- 
ued ejection A from a slightly different point of 
view. They supposed that during post optical 
maximum activity, the luminosity is close to 
the Eddington limit. The luminosity needs to 
reach this limit for radiation pressure to accel- 
erate an optically thick wind, while a larger 
luminosity would lead to a breakdown of hy- 
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drostatic stability of the central mass losing 
star. In the case of constant luminosity L, 

T, = R,’/* (L/.nac)’/4 , (7.9) 

with T, the photospheric temperature, taken as 
equal to an “effective temperature” for the 
present approximation. The density in the photo- 
sphere pp is given by 

(photoelectric K) (7.10) 

or 

2 1  p = - - .  
3 0 R P  

(electron scattering) (7.11) 

Combining Equation (7.9) with Equation 
(7.10) or (7.11), one sees that if L is constant, 
there are one to one correlations between pho- 
tospheric density, temperature, and radius. 
These physical conditions are for constant L, 
which if LTE is valid, is also correlated with 
visual luminosity. In this way Bath and Shaviv 
(1976) were able to explain the frequent corre- 
lations of physical quantities with visual 
brightness during the decline of a nova from 
visual maximum. 

Other models including continued ejection 
A were developed. Bath (1978) improved 
opacities. When electron scattering dominates 
(as is generally the case), he assumed an effec- 
tive opacity of (KO) l i z  in our notation, K being 
a Cox and Steward opacity, quoted by Bath, as 
taking account of the fit and extension due to 
Christy (1966). The difference between scat- 

tering and absorption was thus taken into ac- 
count, and some results are shown in Figure 7.6 
Harkness (1 983) calculated radiative transfer 
rigorously for non-grey optically thick winds; 
results are shown in Figure 7-7. However, these 
winds were not only in LTE, but they also had 
a solar composition and a constant luminosity 
at the Eddington limit. Such assumptions are at 
least partially wrong, as shall be seen. 

Friedjung (1966~) showed that the optically 
thick winds required for continued ejection A 
could be accelerated by radiation pressure at 
very large optical depths. More detailed hydro- 
dynamic calculations were performed by 
Ruggles and Bath (1979), while Friedjung 
(1981) studied observational consequences for 
acceleration of a wind for a luminosity far 
above the Eddington limit. We shall return to 
these questions later. 

Figure 7-6. Variatiori of photospheric derisity, pres- 
sitre, radiits arid tenzperature for oiitflowirig riova 
wirids as a jhctiori of delta MI), the declirie iri visital 
~?iagtiitudes, for a blackbody coiitiriiiitni at coristant 
hi inosi ty  iri a I I O I W  rnodel of Bath (1978). Three litnii- 
riosities, 0.5 L ,,‘,, L,<,, arid 2 Le,<!, are considered. 
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111. D. CONTINUED EJECTION B 

A form of continued ejection is possible, 
where most luminosity arises from previously 
ejected material, ejected at a time when the 
mass-loss rate was very high. Such a model, 
therefore, resembles instantaneous ejection 
Type I with an envelope of constant thickness, 
if the ejection velocity is constant at the time 
when most of the ejection takes place. The 
observational consequences are very similar. 

Continued ejection B can be expected to 
occur when the mass-loss rate decreases rap- 
idly. A necessary (but not sufficient) condition 
for continued ejection B can be derived from 
Friedjung (1966a), if the mass-loss rate A varies 
as the power of ejection time t,, from optical 
maximum (except of course for times close to 
the latter), then 

In the case when continuum emission in op- 
tically thin regions is due to recombinations at 
constant temperature and is proportional to the 
density squared, the necessary condition for 
continued ejection B to be valid for continuum 
radiation is 

2 a  
(7.13) 

Here R, is either the outer radius of the part 
of the envelope where hydrogen is completely 
ionized, or the radius at which the power law of 
Equation (7.12) breaks down when the latter is 
smaller. Ro is the outer radius of the envelope. 
When Ro - R, > R,, condition (7.12) requires a 
> 0.5. In addition, condition (7.13) suggests 
that continued ejection B is unlikely unless the 
hydrogen in the envelope is ionized almost to 
the outer edge. 

The conditions for line emission need not be 
the same as for continuum emission. Strong 
lines, including in particular Balmer lines, 
though formed by recombination, may be opti- 
cally very thick. Photons scattered many times 
in optically very thick lines can be lost through 

other processes. In view of such effects, line 
emission from outer parts of the envelope 
might dominate, even in situations where the 
continuum from such regions is relatively 
weak. 

1II.E. CENTRAL STAR DOMINANT 
MODELS 

Ejection is supposed to occur from one of 
the components of the central binary, and one 
can imagine a general swelling of one of the 
components, so that something resembling a 
normal, almost stationary, stellar photosphere 
is observed after optical maximum. In this 
case, the high velocity expanding layers whose 
presence is deduced from the spectrum must be 
optically thin in the continuum. This type of 
model, which played a role in the history of 
nova models, more recently became attractive 
to those theoreticians who do not examine ob- 
servational constraints in great detail. 

A summary of older work on central star 
dominant models was given by Mustel, (1957). 
Figure 7.8 is taken from his work to illustrate 
the model. A fundamental change was sup- 
posed to take place at optical maximum with 
the detachment of the outer parts of an ex- 

"0 4 
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Figure 7-8. A r.epi.esetitatiori of Mustel's ( I  957) model, 
iri whiclz the oirter parts of the extended reversiiig layer 
of the rzova coritiriite to rise in the form of an envelope, 
while the star. coiitracts. 
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tended reversing layer. Mustel considered the 
reason for the detachment to be a different 
radiation pressure, though in a later paper 
(Mustel 1962), cosmic ray pressure was pro- 
posed. In this model, the shell sweeps up preex- 
isting premaximum system material, the shell 
itself being where the principal system is 
formed. The star itself then contracts after 
optical maximum. 

Theoretical work to be described later sug- 
gests that the white dwarf component of the 
underlying binary expands during an outburst. 
Such a white dwarf can reach giant dimensions 
after having engulfed its companion, and its 
photosphere could give rise to the continuum 
emission. Any continued ejection would re- 
semble the winds of “normal” hot stars, which 
are optically thin in the visual continuum. In- 
deed, in view of the large luminosity of a nova 
for a long time after optical maximum, strong 
winds of this kind are expected to be present. 

Central star dominant models run into a 
major difficulty because of the usual lack of un- 
shifted absorption lines and of relatively nar- 
row unshifted emission lines from the region 
where the wind might be accelerated. One 
might expect to most easily observe photo- 
spheric absorption lines at times and for lines 
for which the line emission due to the expand- 
ing layers is relatively weak. One attempt to 
detect the strong unshifted absorption lines 
expected for FH Ser, if it had the photosphere 
of a normal giant with the same temperature 
and luminosity, indicated that such lines were 
not present (Friedjung (1977b). 

In the framework of a central-star-dominant 
model, as well as for continued ejection A, the 
change in the energy distribution of a nova as it 
fades needs to be interpreted by an increase in 
photospheric temperature. In fact, lines of 
more highly ionized states are seen later. If a 
central-star-dominated model were true, one 
expects to see the lines of a high state of ioni- 
zation formed in the photosphere (unshifted 
absorption lines) or in a chromosphere (narrow 
emission lines), at stages when no contribution 
to the line profiles from expanding material is 

seen. In fact, such a situation is never observed, 
and, as we shall discuss later (and have dis- 
cussed before), the most central regions have 
the highest velocities. 

According to McLaughlin (1943), faint non- 
displaced absorption lines briefly existed 
around maximum light in the spectra of DN 
Gem, GK Per, and perhaps also V603 Aql. 
McLaughlin considered such lines circumstel- 
lar (seen because of radiative excitation of their 
lower levels near nova maximum), and in any 
case, one might expect their appearance in a 
much more systematic way, if they were the 
photospheric absorption lines of central-star- 
dominated models. Narrow line emission was 
seen in the spectrum of HR Del before optical 
maximum. One can wonder whether during this 
stage, not seen for other well-observed novae, 
a central-star-dominant model may not be the 
best way of describing the situation. 

If we summarize the discussion of these 
simple models, instantaneous ejection Type I1 
and central-star-dominant models put strong 
constraints on the velocity distributions; ac- 
cording to them, the lowest velocities must be 
near the centre of the envelope. The velocity 
distributions of such models encounter obser- 
vational objections, which will be mentioned 
in more detail later. Instantaneous ejection 
Type I would require the continuum to be 
formed either in a thin shell or in a “nova 
remnant”; blueshifted P Cyg absorption com- 
ponents should be very wide in the first case 
and very narrow in the second one. In the first 
case, one would not expect to see absorption of 
the continuum by expanding material inside 
the shell; as will be seen, major difficulties are 
encountered for this type of model. Continued 
ejection A has also strong constraints; the con- 
tinuum brightness is directly related to the 
mass-loss rate, and, if the inner regions have 
higher velocities than the outer ones, collisions 
between faster and slower moving material 
should accelerate the later following momen- 
tum transfer. 
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1II.F. COMBINATION OF SIMPLE 
MODELS 

The foregoing discussion suggests that the 
most fruitful way of making progress is to 
combine the approaches of continued ejection 
A and the presence of a thin shell. In many 
cases, at least, most radiation of the continuous 
spectrum is understood most easily as coming 
from an optically thick wind, while most line 
radiation may, at least sometimes rather come 
from a shell. Other reasons and considerations 
will be given later. 

It can be noted that it is possible to combine 
continued ejection A with a central-star-domi- 
nant model, if electron scattering is much 
larger than pure continuous absorption. In such 
a case, P Cyg lines would only be seen clearly 
for those layer that are optically thin to electron 
scattering, while the continuous spectrum 
would come from deeper layers, which would 
have a lower velocity. Such a situation was 
proposed by Turolla et al. (1988) to occur in 
Wolf-Rayet stars. Presently, reasons will be 
given against this type of interpretation in the 
case of novae, but its possibility should be kept 
in mind in future studies. 

It may be useful in this connection to empha- 
size the differences between novae and Wolf- 
Rayet stars, which like novae in outburst, also 
appear to have a very large mass-loss rate. In 
particular, Wolf-Rayet stars show signs of a ve- 
locity gradient in their winds. The shifts of the 
violet-displaced absorption components are 
correlated with line excitation potential but not 
so simply related to the ionization potential. 
This can be understood if the lines are formed 
in an accelerated wind (Willis and Garmany, 
1987). A tendency is thought to exist for ioni- 
zation to be frozen in such winds, explaining 
the contradictory results when one attempts to 
correlate velocity with ionization potential. As 
shall be seen, the picture that emerges for 
novae is rather different, though the lines of the 
Orion absorption system need to be studied in 
more detail to completely eliminate the possi- 
bility of such effects for them. 

The higher velocities of later ejected mate- 
rial observed near the centre of the envelope 
suggest another model (Friedjung, 1987b), 
which can be considered a theoretical develop- 
ment of the consequences of continued ejection 
A, to be compared with the observations. A 
high-velocity wind is supposed to interact with 
slower moving material ejected before optical 
maximum, the latter being expected to produce 
the premaximum absorption system. A thin 
shell is formed by a snowplough effect associ- 
ated with the collision of the two regions. This 
shell is assumed to be the seat of the principal 
absorption system and its associated emission, 
and when the postoptical maximum activity of 
a nova ceases, this shell can be expected to 
contain most of the ejected mass. 

The model described is in many ways a com- 
bination of the simple models described previ- 
ously. The premaximum system material, 
ejected before optical maximum and then 
swept up, might be partly described at least by 
instantaneous ejection Type 11, the shell by in- 
stantaneous ejection Type I, and the wind by 
continued ejection A. 

To predict the consequences of the model, 
the theory of the interaction of a stellar wind 
with the interstellar medium, described, for in- 
stance, in the review of McCray (1983), can be 
used. In early stages, densities are high, and the 
shocked material cools rapidly, directly trans- 
mitting momentum to the shell. In later stages, 
the time scale for cooling becomes longer than 
the characteristic time for the density of the 
wind near the shell to decrease because of the 
expansion of the latter. Shocked plasma then 
stays hot, exerting a thermal pressure on the 
shell, and also tends to fill a large proportion of 
the volume inside the shell. The condition for 
the transition between the two situations is 
estimated using order of magnitude arguments 
by Friedjung (1987b) as 

with t% being a mean mass-loss rate for the 
wind; T, the hot plasma temperature; m,,, a 
mean mass for the atoms and ions present; V,", 
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the wind velocity; and V,, the shell velocity. t:, 
is the time since ejection when the transition 
takes place, the hot plasma then filling a frac- 
tion f of the volume inside the shell. In this ex- 
pression, the formula of Kahn, (1976), which 
approximates the cooling rate of Raymond et 
al. (1976) was used. Taking f = 0.3, and V, = 
V,v - V, = 1 * 10* cm s-', ta is found to be 5. x lo5 
s. In this calculation, I%= loz2 g s-', T = 3 x lo7 
K and mp = 3 x g. Such a result however, 
is sensitive to both the numerical values and the 
physical assumptions used. 

A model of this kind leads to a number of 
predictions. The shell should be accelerated by 
the pressure exerted on it. In addition, one can 
explain why the velocity of the premaximum 
system appears to increase after optical maxi- 
mum. For instance, if the ejection of the mate- 
rial of this system takes place according to in- 
stantaneous ejection Type 11, the fastest mate- 
rial is at the outside and is swept up last. One 
can precisely calculate when material, having 
the velocity of the last seen premaximum sys- 
tem, should have been ejected, assuming that it 
suffered no acceleration. The result can be 
compared with the time when material having 
this velocity was first seen before optical maxi- 
mum for the few novae well observed in this 
stage. Finally, the shocked plasma should emit 
X ray and coronal emission lines: the former 
might be expected to be strongly absorbed by 
the shell in earlier stages. Calculations of the 
predicted X-ray and coronal line emission that 
should be observable indicated that they might 
be rather weak, being so masked by emission 
produced by other processes. 

Other models involving collisions have also 
been previously proposed. Bychkova and 
Bychkov (1976) considered the collision be- 
tween principal and premaximum system mate- 
rial, with the production of inward and outward 
propagating shocks. Bychkova (1982) later 
considered collisions between continuously 
ejected material and that of the principal sys- 
tem. Both regions were supposed to be ex- 
tremely inhomogeneous, so collisions occurred 
between fast and slow-moving blobs. The dif- 
fuse-enhanced and Orion absorptions were 
supposed to be produced in shocked plasma, 

while most of the radiation of the continuous 
spectrum was also supposed to be produced by 
the colliding material. Therefore, the observed 
phenomena would be due to processes near the 
outer edge of the envelope. It would then be 
difficult to explain rapid variations such as 
those observed for DK Lac several months af- 
ter maximum, over time scales of the order of 

of the time elapsed since maximum. In ad- 
dition, the author of these lines has difficulty in 
understanding how an apparently optically 
thick continuum energy distribution for emit- 
ted radiation could then be produced for novae. 

In any case spherically symmetric collision 
models are probably too simple. The observed 
deviations from spherical symmetry need to be 
taken into account. An early attempt to do this 
was made by Hutchings (1 972). Certain veloci- 
ties were supposed to occur only in certain di- 
rections in order to explain the observed emis- 
sion line profiles. Slow-moving principal sys- 
tem material, after interaction with the com- 
panion star, might only occur in polar cones. It 
should be noted, however, that the principal ab- 
sorption system is always seen in the spectra of 
classical novae; this suggests that the material 
associated with it is present in all directions 
around a nova. The densities etc. are, of course, 
presumably dependent on the directions, and 
the orientation of the structure of the envelope, 
with respect to the observer, needs to be taken 
into account much more than in the past. 

1II.G. RECURRENT NOVA MODELS 

The observed characteristics of recurrent 
novae in general, and of RS Oph and T CrB in 
particular, are rather different from those of 
classical novae; thus, models for these stars 
need not be the same. Let us recall that, in the 
course of an outburst, the observed expansion 
velocity of the absorption lines and the associ- 
ated wide emission lines of RS Oph and T CrB 
decrease with time. Narrow emission compo- 
nents seen in the spectrum of RS Oph disappear 
during the same development. 

These observations led Pottasch (1967) to 
propose a different kind of model for RS Oph. 
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An ejected shell was slowed down by a pre- 
existing circumstellar envelope, the latter 
being where the narrow emission lines were 
formed. He made quantitative estimates of the 
envelope mass assuming the same type of in- 
creasing envelope thickness as for a classical 
nova (the electron temperature and the shell 
thickness increase were assumed to be slightly 
higher). Knowing the thickness and the radius 
of the shell, hydrogen and helium fluxes gave 
the total mass, following theoretical expres- 
sions for the emission line intensities, Assum- 
ing momentum conservation, the density distri- 
bution of the preexisting circumstellar enve- 
lope could be determined. Pottasch found that 
it appeared to be in hydrostatic equilibrium, 
with a density distribution characteristic of a 
temperature of lo4 K in inner regions and 10’ K 
in outer regions. The resulting mass of the 
central star was 0.7 M,. 

T CrB and RS Oph are at present thought to 
be closely related to symbiotic stars, which are 
now considered to be binaries consisting of a 
cool giant and a more compact companion. 
Cool giants have strong winds, and the material 
of this wind would be swept up by the ejected 
material of a nova explosion. The basic idea of 
Pottasch’s (1967) model is therefore attractive, 
even though details may be considerably dif- 
ferent. 

Pottasch’s ideas were further developed by 
Gorbatskii (1972, 1973). The formation of a 
shock in the circumstellar envelope ahead of 
the shell was considered. Coronal line emission 
was studied, taking into account the different 
time variation of electron and ion temperature 
of the model. Gorbatskii (1 977) suggested that 
similar ideas could also explain the narrowing 
of emission lines in the classical novae V1500 
Cyg and CP Pup; red giants, however, are not 
present in these objects, and instantaneous 
ejection Type I1 may best describe the develop- 
ment of a large part of the envelopes of these 
exceptionally fast classical novae. Hydrody- 
namic calculations of what happens when high 
velocity ejection takes place in a low velocity 
wind were performed by Bode and Kahn 
(1 985). They considered a model similar to that 

of supernova remnants: A spherical envelope 
expands into the wind of a cool giant, and for- 
ward and backward shocks are generated. 
Matter that has passed through the reverse 
shock is well cooled, forming small condensa- 
tions following a Rayleigh-Taylor instability. 
In what the authors call Phase 11, the movement 
of the backward shock confines unshocked gas 
to a progressively smaller volume in the 
middle, while, at the outside, a blast wave 
advances into the wind. The newly shocked 
outside gas is very hot and does not radiate 
much of its energy. In Phase 111, cooling of the 
outer shock dominates and condensations are 
again formed, which can break loose and move 
at high velocity in the wind. The model was ap- 
plied to explain X-ray and non-thermal radio 
emission. 

The authors calculated that the first X-ray 
observations were made at a transition between 
Phase I1 and Phase 111, the temperature from the 
shock being between 0 and 5.7 x 106K. Analy- 
sis of the X-ray observations seemed to require 
a “metal” overabundance of about 5 in the red 
giant wind. The authors also concluded that the 
presence of optical emission lines throughout 
the development of RS Oph requires parts of 
the shocked gas to cool earlier; they supposed 
that denser condensations were produced by a 
magnetic field. This giant wind magnetic field 
was calculated to be 0.01 G ahead of the shock, 
and 0.04 G in the shocked gas; relativistic elec- 
trons moving in the field would then have pro- 
duced the radio emission non-thermally. 

Even if this type of model stands the tests of 
more observations and can be developed fur- 
ther, it probably cannot be applied to all recur- 
rent novae. Not all of them appear to have cool 
giant companions; however, it is not clear to 
what extent classical nova models can be ap- 
plied to recurrent novae without giants. 

IV. EMPIRICAL APPROACH 

At this point, we need to see whether obser- 
vational results can be pushed further, in order 
to give a more precise indication of what is hap- 
pening. Without already having a detailed 
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model, is it possible to do basic diagnosis? 
This type of approach will now be described. 

1V.A. VELOCITY STRATIFICATION FOR 
CLASSICAL NOVAE 

The different absorption components ob- 
served, which can sometimes be very numer- 
ous, suggest that motions are not simple. 
However, observations do suggest a definite 
stratification, often not taken into account in 
models. 

Evidence from the study of the optical lines 
was summarized by McLaughlin (1947). He 
stated that in practically all detailed studies of 
classical novae, four absorption systems can be 
recognized, which are the pre-maximum, the 
principal, the diffuse-enhanced, and the Orion 
systems. These systems can be split into sub- 
systems, so that in certain situations the total 
number is much greater, but this does not in- 
validate McLaughlin’s classification. In any 
case, this classification is both chronological 
and in order of velocity; the premaximum sys- 
tem appears first with the lowest velocity and 
the Orion system last with the highest velocity, 
already indicating that low-velocity material is 
ejected first and so is further from the ejecting 
star at a given time than high-velocity material 
ejected at a later time. 

McLaughlin (1947) was guided by three 
main considerations: (1) superposition of line 
profiles of different systems, (2) response to 
disturbances originating in the ejecting star, 
and (3) excitation and other physical processes. 
Considerations of the first type could be ap- 
plied when diffuse-enhanced or Orion compo- 
nents of line profiles were superposed on lower 
velocity components. Principal system absorp- 
tion components were not filled in by diffuse- 
enhanced or Orion emission from the profiles 
of other lines: a striking example was that of 
DQ Her, where the principal absorptions of Sc 
I1 4247 8, remained strong and sharp when 
superposed on the longward wing of the Fe I1 
4233 8, diffuse-enhanced emission; similary, 
Orion N I11 emission did not fill in principal 
and diffuse-enhanced absorption. On the other 

hand, diffuse-enhanced absorption lines were 
often partially or completely obliterated by 
overlying principal emission. McLaughlin 
quotes examples for DQ Her. Cases of Orion 
absorption being disturbed by overlying princi- 
pal emission were also quoted; in the case of 
V603 Aql, each Orion absorption component of 
the N I11 pair near HS weakened in turn as it 
coincided with the maximum of 0 I1 principal 
system emission. All this clearly suggests that 
higher velocity material is below that of lower 
velocity. 

The other considerations of McLaughlin 
(1947) also pointed to the same conclusion. 
When secondary oscillations of light occur, the 
Orion absorptions, unlike other absorptions at 
such stages, show close wavelength correla- 
tions with brightness changes; as will be seen, 
this is also true if the brightness of the continu- 
ous spectrum is considered. In the framework 
of a continued ejection A model, this would 
suggest a correlation of a Orion system veloc- 
ity and the ejection rate. Finally, the higher 
ionization of the Orion system suggests an ori- 
gin in the inner parts of the envelope, if pho- 
toionization by radiation from the central pho- 
tosphere dominates. McLaughlin explained the 
disappearance of high ionization bands in the 
principal spectrum during “flaring” of the 4640 
A and other bands, supposing complete absorp- 
tion of high-frequency radiation by the inner 
envelope during such stages. 

As a careful experienced analyst of optical 
spectra, McLaughlin’s arguments carry great 
weight, and his conclusions are very probably 
correct. However, future studies of line super- 
positions need to be quantitative. The interpre- 
tation is not always obvious. In addition, it may 
also be noted that emission not only fills in 
absorption lines produced in deeper layers, but 
can also fill in absorption lines in another line 
of sight. Large deviations from spherical sym- 
metry are necessary for this to be important. 

Since the classical work of McLaughlin, 
very high-velocity absorption components (up 
to lo4 km s-’) have been detected in the satellite 
ultraviolet spectra of some novae. It is not yet 
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completely certain whether they can be fitted 
into the classification for optical spectra. 
However, the highest velocity systems of 
VI370 Aql varied on a time scale of a few 
hours, suggesting line formation in the inner 
envelope. 

Other points concerning velocity stratifica- 
tion need to be made. Absorption components 
of the principal absorption system are always 
seen for classical novae; this means that devia- 
tions from spherical symmetry do not appear to 
be large enough to prevent the formation of the 
system in any direction. High-velocity systems 
are also generally seen; there has been some 
uncertainty in the case of VI500 Cyg; however, 
even in the case of this exceptionally fast nova, 
Duerbeck and Wolf (1977) identified the pres- 
ence of diffuse-enhanced absorption about one 
day after maximum. Therefore, limits are also 
placed to possible deviations from spherical 
symmetry for the high-velocity systems. 

If the velocity identification of McLaughlin 
is accepted, this places strong constraints on 
the region of production of the continous spec- 
trum. A large part of the continuous spectrum 
ut least must be produced below the level 
where any strong absorption line is formed. 
Therefore, when strong Orion N 111 absorption 
components are seen, at least a large part of the 
continuum must be produced in more inner 
regions, a condition compatible with continued 
ejection A or central-star-dominant models. 
Such was the case for V603 Aql (Friedjung 
1968). However, extrapolations of such con- 
clusions to other epochs of nova development 
carry some uncertainty; as will be seen below, 
the best way is to reason from regularities in the 
time variation of the continuum flux. 

1V.B. ANALYSIS OF THE REGIONS 
WHERE THE CONTINUOUS SPECTRUM 

IS PRODUCED 

In continued ejection A and central star 
dominant models, most of the continuum is 
emitted by a photosphere, although in the for- 
mer case, one has a “quasi-photosphere’’ 
foimed by an optically thick wind. However, i t  

should be noted that infrared emission is not 
included in such considerations; the outer parts 
of the envelope may be expected to be optically 
much thicker in the infrared than in the optical 
because of free-free (and sometimes dust) 
opacity. 

The basic ideas of analysis have already 
been given in Section 1II.C. Photospheric tem- 
peratures and radii can be found, which, when 
continued ejection A is assumed, can be con- 
verted into mass-loss rates. However, all calcu- 
lations made up to now are extremely approxi- 
mate and of dubious physical consistency. 
Among temperature determinations, color 
temperatures are probably the easiest to inter- 
pret; other methods such as Zanstra-type tem- 
peratures do not only make assumptions about 
the relation of the energy distribution of emit- 
ted radiation to the photospheric effective 
temperature, but also about the excitation of 
emission lines. The latter temperatures assume 
production of line emission by photoioniza- 
tion, followed by recombinations and cascades 
to the ground state, all ionizing photons being 
absorbed by the line-emitting medium. 

In view of this, we shall emphasize analysis, 
which is close to observational data and which 
should be easily reinterpretable in the future 
using better theory. The first step is to see what 
optical continuum fluxes (expressed as magni- 
tudes) can tell us. When continuum magnitudes 
are plotted against log time from maximum, the 
graphs obtained have often linear portions; this 
means that flux varies as a power of the time 
from maximum (or perhaps rather from the ini- 
tial explosion, which occurred not much ear- 
lier). Such graphs are shown in Figure 7.9, 7.10 
and 7.11. The first two of these are for V603 
Aql and GK Per, which showed oscillations 
during their declines; these oscillations were 
between parallel lines associated with early 
and late decline. The difference between the 
continuum flux magnitude and the visual mag- 
nitude, which includes the effects of emission 
lines, can be seen by comparing Figures 7.9 and 
7.12, the lines not being parallel in the latter 
figure. The linearity of such graphs for visual 
magnitudes was shown by Vorontsov- 
Velyaminov ( I  940). 
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For novae such as V603 Aql and GK Per, one 
can conclude that when, during the decline, the 
continuum magnitude varies as the same power 
of the time, the basic physics and hence the 
most suitable model very probably do not 
change. In addition, if oscillations occur be- 
tween parallel lines, as in that graphs described 
in the last paragraph, it is tempting to conclude 
that similar physical processes occur at both 
maxima and minima. However, the last conclu- 
sion is much less certain. 

Continuum magnitudes combined with Zan- 
stra temperatures were used by Friedjung 
(1966b) to derive radii, assuming a Planckian 
energy distribution for the photosphere. These 
radii appeared to have the same type of power 
law variation as the continuum fluxes. In spite 
of the doubts that can be cast on such a calcu- 
lation, it may be that the conclusion concerning 
the power-law time variation is not strongly 
dependent on the assumptions. Such a hypothe- 
sis needs obviously to be confirmed. If the radii 
follow a power-law time variation, there is 
moreover a good chance that the same is true 
for the mass-loss rate. 

In view of the lack of a reliable theoretical 
model to give the whole distribution of energy 
emitted by a nova, the observations in other 
spectral regions are needed for the determina- 
tion of basic data, e.g., those concerning the to- 
tal luminosity. The combination of observa- 
tions in different spectral regions shows that 
the total luminosity declines much more slowly 
than in the optical, and indeed may stay almost 
constant for a long time. Gallagher and Code 
(1974) studied the time variation of the radia- 
tion from FH Ser between 1550 and 5480 A, 
and found it almost constant for more than a 
month after optical maximum (Figure 7.13). 
However, if one attempts to correct for emis- 
sion in other spectral regions indications of a 
decline are seen (Friedjung 1977b) while, in 
any case, conclusions are sensitive to the red- 
dening corrections. More recent results for 
other novae are shown in Figures 6-46 and 6- 
50. The slowness of the decline of integrated 
flux is obvious. 

The total luminosity of novae was also stud- 
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ied by Duerbeck (1980), using ground-based 
data. Absolute magnitudes were determined 
from newly found distances and interstellar ex- 
tinctions. A bolometric correction correspond- 
ing to a mean spectral type of F5Ia (-0.25) at 
optical maximum was used to obtain the lumi- 
nosity at optical maximum. Duerbeck found 
that fast or moderately fast novae with smooth 
declines (except for transition-stage oscilla- 
tions in some cases) had luminosities well 
above the Eddington limit, while slower novae 
had luminosities in the region of the Eddington 
luminosity. In any case, this type of calculation 
is still extremely approximate. 

Novae for which multifrequency observa- 
tions are available can be studied further. One 
can not only attempt to determine the total ra- 
diative luminosity, but also the luminosity as- 
sociated with the kinetic energy of the wind, 
which is large for continued ejection A, Such 
an attempt was made by Friedjung (1987a) for 
FH Ser, using rather approximate theory. The 
energy distribution had been studied from the 
infrared to the ultraviolet, and an examination 
of observed energy distribution indicated that a 
blackbody fit was not too bad, thus enabling a 
photospheric color temperature to be defined. 
A corresponding blackbody photospheric ra- 
dius RP could then be derived. If the optical 
depth in the photosphere is assumed to be 213, 
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the kinetic energy flux is 

(7.15) 

with Vi, the ejection velocity, and K the opacity 
supposed to be dominated by electron scatter- 
ing. VP was taken to be the higher of the ob- 
served absorption component velocities, be- 
cause, as seen above, higher velocity material 
appears to be closer to the photosphere. 
Friedjung (1987a) obtained what are probably 
rather minimum values of FK, as the measured 
VP corresponding to the mean absorption com- 
ponent radial velocity was an average of ejec- 
tion velocity components in the direction of the 
observer, while a maximum K of 0.15, sug- 
gested by the calculation of Bath (1978), was 
taken. The total radiative and kinetic energy lu- 
minosity found and shown in Table 7-2 appears 
to remain for a long time above the Eddington 
limit of 2.07*107x erg s-' for a 1 Ma star with a 
chemical composition characteristic of a nova 
as given by Stickland et al. (1981). This result 
however, is approximate in view of the assump- 
tions mentioned, while it is also clear that the 
maximum K is sensitive to the various element 
abundances. Therefore, this type of calculation 
needs to be repeated with better theory in the 
future. 

Other conclusion that can be drawn from 
Table 7-2 should also be emphasized. The ki- 
netic energy flux is of the same order as, and 
indeed somewhat larger than, the radiative 
flux. In view of the fact that the velocity of the 
continuously ejected wind appears to be of the 
order of 0.005 the velocity of light, the ratio of 
the momenta of radiation emitted in unit time 
to that of material ejected in unit time is of the 
order of 3 x 10.'. The ratio of the radiative en- 
ergy per unit volume to the kinetic energy per 
unit volume is not much larger near the photo- 
sphere. This suggests that, unless the estimates 
of Table 7-2 are wildly wrong, acceleration of 
the wind by radiation pressure to the observed 
velocities cannot be produced at small optical 
depths. Acceleration by radiation pressure in 
the lines appears to be quite insufficient. 
However, radiation pressure can act in another 
way. Equations 7-5 and 7-6 indicate that the ra- 
tio of energy densities can be much larger at 

large optical depths; when electron scattering 
dominates, Equation 7.6 leads to a variation as 
r-I for a constant velocity, so the ratio would be 
of order unity at to of the photospheric 
radius. 

It is at such radii that radiation pressure 
migh be responsible for accelerating the con- 
tinuously ejected material. It is for this type of 
reason, that the combination of continued ejec- 
tion A and the formation of the continuous 
spectrum in a low-velocity photosphere, de- 
scribed above, is hard to reconcile with accel- 
eration by radiation pressure. 

Similar conclusions were previously 
reached by Friedjung (1 966c), these being, 
however, based on temperatures and radii de- 
duced only from ground based observaticns. 
The improved multifrequency photospheric 
temperatures and radii have not changed the 
situation radically, and one might perhaps 
doubt whether better diagnostics could rea!ly 
make such a large difference, in spite of the 
present approximations. 

The velocity variations of the absorption 
lines of the Orion system can be closely related 
to the behaviour of the continuous spectrum. 
Very often there seems to be a correlation be- 
tween the velocity of the Orion system and the 
brightness of the continuum. Correlations of 
velocity squared with l/radius from Friedjung 
(1966~)  are shown in Figures 7-14, 7-15, and 7- 
16. The radii of V603 Aql and RR Pic derived 
from Zanstra temperatures assuming a black- 
body energy distribution and those from color 
temperatures of DQ Her show almost linear 
correlations. What is also very striking is that 
the velocity at infinite radius corresponds to 
that of the diffuse-enhanced system. This sug- 
gests that both absorption systems are due to 
the same physical process, best understood as 
continued ejection. 

It may be noted that GK Per, another nova 
showing like the previous ones postoptical 
maximum oscillations, did not appear to have a 
velocity-radius correlation, according to 
Friedjung (1966~) .  It now seems (Bianchini et 
al., 1988) that its velocity at a given time has 
oscillations with twice the instantaneous pe- 
riod of the postmaximum light oscillations. 
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TABLE 7.2 PHOTOSPHERIC PROPERTIES OF FH SER 

day from L Tc RP mean measured 
1970 Feb. in lo3* lo i2  high vel. low vel. F,(min) F,(min)+L 

14.0 [erg s-'I [KI [cml [ lo2 km s-'1 [ erg s- 11 

6.39 
8.41 

15.85 
22.05 
27.34 
29.34 
3 1.87 
49.83 
57.49 

2.65 
2.39 
1.32 
1 .os 
0.92 
1.39 
0.91 
0.73: 
0.64 

5250 22.0 
5370 20.1 
7410 7.8 
9120 4.6 
9770 3.7 
8320: 6.3: 
9200 4.3 

14800: 1.5 
18600: 0.84: 

most hydrogen neutral 

13.1 6.7 4.9 
15.1 7.1 4.4 
16.3 7.3 4.5 
16.8 7.4 8.3: 
17.2 7.4 6.1 
18.5 7.6 2.7: 
18.7 7.7 1 .5: 

- - - - 

6.2 
5.5 
5.4 
9.7: 
7.0 
3.4: 
2.2: 

L = radiative luminosity; TC = color temperature, RP = photospheric radius; vel. = (expansion) veloc- 
ity; FK = kinetic energy flux. 
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Figure 7-14. The relation betweeti velocioi s41ccrred atid reciprocal radius for GK Per 
(Friedjimg, 1 9 6 6 ~ ) .  
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if it exists, cannot be thermal! Its possibility 
will be discussed later. 

IV. C. ELEMENT ABUNDANCES IN 
NOVA EJECTA: CURVE OF GROWTH 

METHOD 

Study of emission and absorption lines in 
principle, can give information about abun- 
dances. Sometimes, extremely abnormal abun- 
dances have been determined. Nevertheless, 
such determinations have traps, which should 
not be neglected. 

I ?  -m OW 003 001 001 00‘ 005  om 001 O D &  ow o m  c o  

RBslpracsl radlur (sotar radii) 

Figitre 7-16. The relatiori hehveeri tvlocity squared 
arid reciprocal rndiits for DQ Her 
( F r k l j i u i g  1 9 6 6 ~ ) .  

Two types of method can be considered. The 
first uses absorption components of lines, and 
applies curve of growth methods to derive 
abundances. The second uses emission lines, 
which, particularly in the nebular stage, should 
be formed under conditions similar to those of 
planetary nebulae, for which one knows how to 
determine abundances. Older work is summa- 
rized by Collin-Souffrin (1977) and by Wil- 
liams (1977). The subject has expanded very 

The most attractive picture that emerges 
from these considerations seems to be one of 
wind acceleration by radiation pressure at large 
optical depths, where the total luminosity, at 
least in a limited region, is above the Eddington 
limit. Part of this total luminosity is converted 
to kinetic energy. It is clear that such a process, 
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much since these reviews. 1974) shows the abundances of DQ Her com- 
pared with solar ones. 

In the analyses of Mustel and his coworkers, 
using absorption lines and the curve of growth 
method, nova spectra were compared with 
those of stars with “similar spectral classes” (F 
supergiants). The narrowness of the observed 
nova absorption components suggested that 
they could be treated in the same way as the 
lines or normal stars, in spite of the blueshift 
due to the expansion (in fact, such narrowness 
could be produced when absorption lines are 
formed in an envelope where most line absorp- 
tion is at a radius much larger than that of the 
photosphere). A systematic introduction to the 
curve of growth method can be found in Mustel 
(1964). The partial curves of growth are con- 
structed, using equivalent widths of certain 
ions, are shifted in abscissa to make them coin- 
cide, and then are compared with theoretical 
curves of growth. A problem is encountered 
with the excitation temperature, Texc. The 
diagram showing multiplet strength versus 
excitation potential does not result in a straight 
line, whose slope is given by Texc, but shows 
an overexcitation of levels with high excitation 
potential, which might be explained by a tem- 
perature variation in the extended layer, or by 
isolated high-temperature cells in the extended 
atmosphere. 

The curve of growth method was applied to 
the novae DQ Her, HR Del, and V1500 Cyg. 
Mustel and Boyarchuk (1959), Mustel and Ba- 
ranova (1965), Antipova (1974) and Mustel 
(1 974) based their analysis on the premaximum 
system of DQ Her, Mustel and Baranova (1966) 
analyzed the principal absorption system of 
this nova one week after optical maximum. HR 
Del was analyzed by Ruusalepp and Luud 
(1971), Antipova (1974) and Yamashita 
(1 975). Premaximum and maximum spectra of 
the fast nova VI500 Cyg were analyzed by 
Boyarchuk et al. (1977). Another approach, 
based on simple synthetic premaximum spectra 
assuming LTE, was carried out by Stickland 
(1983). Generally, overabundances in C, N and 
0 were found [though Stickland (1983) found 
C solar], while the heavier elements had almost 
normal abundances. Figure 7- I7 (Antipova 
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Figure 7-1 7. The cheniical composition of the envelope 
o j  DQ Her, derived fioni oictbicrst spectra, arid cotn- 
pared with solar values (Antipova 1974). 

It is rather dangerous to apply classical 
curve of growth theory in a situation where 
non-LTE and nonthermal effects can be ex- 
pected. The similarity of the nova spectrum 
with that of an F supergiant may be deceptive, 
as can be seen when the above discussion of 
possible models is kept in mind. The more 
detailed examination of Williams (1 977) leads 
to other criticisms. The CNO abundances were 
derived from very few lines (at most, 5 per 
element); indeed, there were only enough lines 
to construct separate curves of growth for the 
ions Fe I, Fe 11, Ti I1 and Cr 11. Mustel and his 
co-workers assumed the same curve of growth 
for all ions with the same “microturbulent” 
velocity, and the same law of atom/ion popula- 
tion variation with excitation potential. They 
had to assume that the latter deviated from a 
Boltzmann distribution, Texc increasing with 
excitation potential. Such assumptions can 
lead to very uncertain abundances, especially 
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when derived for H, C, N, and 0, with lines 
having a high excitation potential. Though the 
measurements appear to be consistent with the 
mentioned assumptions and also with the use of 
the Saha equation, results derived from the 
curve of growth method should be viewed with 
much caution. 

The absorption spectrum of DQ Her has also 
been studied in another way by Sneden and 
Lambert (1975). This nova showed CN absorp- 
tions during early postmaximum development, 
and spectral synthesis could be used to obtain 
information about isotopic ratios. The CN lines 
of the first six vibrational bands of the A u-1 
sequence of this molecule were analyzed, as- 
suming formation in a scattering layer (frac- 
tional transmission proportional to e-? wirh T 
being the optical depth). Thermal equilibrium 
was assumed for the molecule, with an arbi- 
trary microturbulence of 5 km s-I, atomic lines 
being neglected. The isotopic ratios obtained 
were 12C/13C 2 1 .5 and l4N/I5N 2 2, which can be 
compared with the corresponding solar system 
values of 89 and 273. 

1V.D. ELEMENT ABUNDANCES IN NOVA 
EJECTA: NEBULAR LINES 

In the post maximum stage, the spectrum of 
a nova exhibits a large number of emission 
lines, which in principle, can, be used to derive 
physical and chemical properties of the ejected 
envelope (or merely, the ejected shells that 
may be interacting), as well as properties of the 
central object. In general, lines originating 
from transitions requiring lower densities and 
higher levels of ionization appear at later 
stages of the development. 

When the nova enters the nebular stage, it is 
generally not spatially resolved. Integrated in- 
tensities of different emission lines, which re- 
fer to the entire envelope as if it were a homo- 
geneous nebula, are used for the analysis. This 
assumption is certainly not correct and leads to 
the most serious objection to an uncritical ap- 
plication of plasma diagnostics. A remedy 
would be a high resolution spectrophotometric 
study of emission lines, resolving at least the 
structure in the line of sight. Previously such 

observations have been very scarce. 

The flux emitted by any line depends on how 
it is excited; knowing the physical conditions, 
one can deduce the abundance of the ion to 
which it belongs. Basically one uses the follow- 
ing equation (Collin-Souffrin, 1977): 

(7.16) 

where I, is the absolute flux of the line (ergs 
cm-* s-I) at the earth, d is the distance of the 
nova, V is the volume of the envelope, n(X,,) is 
the number density of the ion X, in the jth state 
of excitation giving rise to the line, and f,, is the 
emissivity of the line at an electron tempera- 
ture Te and an electron density ne. This equation 
needs to be corrected for reddening and line 
self-absorption when present. It is clear that the 
observed inhomogeneities can pose very seri- 
ous problems when trying to apply Equation 
(7.16). In addition one needs to know the abun- 
dances of all ions of an element in order to 
determine the total abundance; states of ioniza- 
tion not giving rise to lines in observed spectral 
regions are difficult to include in calculations, 
particularly when there are uncertainties con- 
cerning the ionization. The values of Te and ne 
are derived from line ratios that are sensitive to 
either of the parameters, e.g., ([0 1111 4959, 
5007)/([0 1111 4363,([0 1111 4959, 5007)/[Ne 
1111 3869), ([0 1111 49.59, 5007)/(He I 5876). 
The ionization fractions are assumed to be 
time-invariant (Seaton, 1975; Ferland and 
Shields 1978b; Lance et al., 1988). The rele- 
vant atomic constants can be taken from a com- 
pilation by Mendoza (1983). 

Studies of abundances, like studies of the 
physical conditions in general of regions of 
emission line formation, are best based on re- 
sults from many different parts of the spectrum. 
Combinations of satellite ultraviolet observa- 
tions with optical ones are better than those 
based only upon the latter. 

Filling factors in nova shells appear to be 
low, since most of the high-density material re- 
sponsible for the emission is in clumps, fila- 
ments, of thin sheets, while the material in 
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between is at much lower densities and pre- 
sumably higher temperatures. Masses in the 
past might have been overestimated by a factor 
of 10 (Peimbert and Sarmiento, 1984). How- 
ever, the in-between material would be hard to 
detect, and its mass could be underestimated. 

1V.E. INTERPRETATION OF INFRARED 
OBSERVATIONS 

Infrared observations in different stages 
yield the following results: 

Around optical maximum, the infrared flux 
of a nova yields the Rayleigh-Jeans tail of the 
pseudophotosphere, usually at a temperature of 
7,000 - 10,000 K. In early decline, it transforms 
into an optically thin free-free (thermal 
Bremsstrahlung) flux distribution. At this 
phase, emission lines (or emission bands) often 
are superimposed on the continuum (see below 
for details). In many cases, this free-free emis- 
sion is replaced by blackbody radiation from a 
circumstellar dust cloud of a temperature of 
typically 1,000 K. It condenses from the nova 
ejecta, or (as an alternative explanation, which 
encounters more difficulties), is a cloud of 
preexisting dust, heated by the radiation of the 
outburst. 

Soon after the peculiar drop in the light 
curve of DQ Her, McLaughlin (1935, 1937) 
suggested that a cloud of dust had suddenly 
formed from the ejecta, producing the dramatic 
fading of the visual flux. However, since no 
infrared observations were made at that time, 
the suppression of the redshifted components 
of the emission lines, which is also today con- 
sidered as a good criterium for dust formation, 
was then the only evidence for the existence of 
such a dust cloud. 

Only in 1970, with the thorough study of the 
energy distribution of FH Ser in different 
stages of the outburst did the explanation of 
light curve disturbances by dust won accep- 
tance: a fading of optical and ultraviolet flux 
coincided with the emergence of strong infra- 
red continuum emission, balancing the energy 
output completely. 

Bode and Evans (1983) sorted the novae ac- 
cording to their infrared development into 
three classes: 

Class X: novae for which, at a certain stage, 
the infrared luminosity is nearly the lumi- 
nosity of the underlying object. These novae 
invariably have a pronounced discontinuity 
in the visual light curve, which coincides 
with the onset of infrared development. The 
temperature of the dust shell attains a mini- 
mum before rising to a plateau-the so- 
called isothermal phase (example: NQ Vul). 

Class Y: novae for which the infrared lumi- 
nosity is below 10% that of the underlying 
object. The light curve is smooth and the 
dust shell temperature decreases monotoni- 
cally (example: V1668 Cyg). 

Class Z: novae with little or no infrared 
excess, Le., little or no dust. The visual light 
curve is usually smooth. The excess can 
easily be attributed to line emission in the 
infrared (example: V1500 Cyg). 

As has been shown by Bode and Evans 
(1981), the onset of infrared excess occurs (if it 
occurs) usually when the nova has declined by 
4 magnitudes, and shortly after the transition 
phase of spectral development. 

IV.E.l GRAIN GROWTH 

In the model of Clayton and Wickramas- 
inghe (1976), grains can only condense from 
ejecta once the temperature of condensation is 
such that the saturated vapour pressure of the 
grain material is less than the partial pressure 
of the ambient monomer gas. This condition is 
fulfilled at 2,000 K, and grains begin to grow. 
Their temperature declines for two reasons: 
first, the distance to the central object is in- 
creasing, and second, the absorption efficiency 
of the grains increases as grains grow. Growth 
of an individual grain is essentially complete in 
a few days, and maximum grain size is 2 pm. 

Because the photospheric temperature of 
novae increases after outburst, the distance at 
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which grains can condense recedes from the 
nova. Dust formation thus depends on the ques- 
tion whether the ejecta, which are obviously 
also receding, can overtake the condensation 
distance. If so, grain formation is possible; oth- 
erwise, the nova environment is always too hot. 
Futhermore, as the ejecta disperse, their den- 
sity declines, and unless grain growth is initi- 
ated at an early stage, the amount of dust even- 
tually formed is negligible. 

Gallagher (1977) developed an idealistic 
model by assuming that the condensation of 
grains is controlled by the radiation field of the 
nova, which radiates at constant luminosity. Its 
surface temperature can be estimated to be 

T, = 5 100 (LcL/L, )I/'' K, (7.17) 

where LCL is the luminosity at outburst. The 
temperature of a grain can be written as 

where Q is the Planck mean absorption cross 
section for grains of radius a and temperature 
Tg in a radiation field characterized by the stel- 
lar photospheric temperature T,. Assuming that 
the early grains are simple, 

T" = (LcL/~  nor*)'/'' , (7.19) 

This can be written in terms of the time td at 
which dust initially becomes observable: 

(7.20) 

where V is the expansion velocity. 

Calibrating this formula with FH Ser, adopt- 
ing Tg(0) = 1300 K, this yields: 

td=(320/V) d m  days, (7.21) 

Fast novae have several properties that limit 
grain formation. First, the ejection velocities 
are larger than in slower novae, producing 
lower gas densities at a given time (especially 

since there is no evidence for the ejection of 
larger masses in fast novae). Second, fast novae 
produce substantial stellar winds, i.e., high- 
velocity material, that may give rise to shocks 
that might disrupt the grain nucleation process. 
Third, ionization might be higher. 

The ionization time scale is given by Gal- 
lagher to be 

(7.22) t,= 2.20 IO"/V(LCL/L, )'"days. 

The ratio of t/td is independent of the expan- 
sion velocity and depends only on the luminos- 
ity or speed class of novae. For fast and very 
fast novae, t, < t,, and dust does not form. In 
moderately slow and slow novae, the equation 
for t, gives a reasonable estimate for the time of 
dust formation. In this picture, HR Del, as well 
as most other slow novae, are not understood, 
because they form too little dust for their slow 
speed. 

IV.E.2. LINE OR BAND EMISSION 

The most spectacular line in the infrared ob- 
served until now is the 12.8 pm [Ne 111 emis- 
sion in QU Vul, originating from the transition 
P W  - PVZ, which amounted to 0.1% of the out- 
burst luminosity at a given date (Gehrz et al., 
1985, 1986). From Ne I11 and Ne IV lines in the 
ultraviolet simultaneously present, a high over- 
abundance of Ne could be derived. Together 
with S i 0  features observed at 10 pm and the 
suspicion that an overabundance of Mg is hid- 
den in the 10 and 20 pm features, QU Vu1 is a 
good candidate for a TNR on an 0-Ne-Mg 
white dwarf (see Chapter 7, Section V.A.) with 
a large amount of white dwarf material mixed 
into the ejected shell. 

Less spectacular features are the 5 pm emis- 
sion, a short-lived feature in the early free-free 
phase, which was observed in V1668 Cyg and 
LW Ser. It is attributed to CO (Ferland et al., 
1979). A fairly mysterious broad emission fea- 
ture around 10 p m  occurred in V1301 Aql, 
which is attributed to SIC or possibly CS. 
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1V.F. INTERPRETATION OF RADIO OB- 
SERVATIONS 

Radio emission from novae (HR Del and FH 
Ser) was first discovered in 1970 (Hjellming 
and Wade, 1970). 

The radio light curve for novae develops 
much more slowly than the optical one. Let us 
assume a thermal absorption coefficient k,, 
which should take into account the usual 
chemical composition of the nova shell (e.g., 
Scheuer, 1960). 

The radial optical depth is given by 

T”= kv dr. (7.23) 

At a fixed date t, TY(t) behaves like v2, and at 
a fixed u, it behaves like t-5, assuming expan- 
sion in the form of a Hubble flow (instantane- 
ous ejection 11). 

For u and t sufficiently small, Le., at radio 
wavelengths, we have TY(t) >> 1, and the nova 
radiates like a blackbody: 

(7.24) 

(thermal emission for G>> l), 

where R is the outer radius of the shell and r, the 
distance. For u and t sufficiently large, T” << 1, 
and 

(7.25) 

(thermal emission for T,, << 1) 

Thus, for Hubble flow expansion, at this 
stage, S,, - D-3. 

Hjellming et al. (1979) have calculated the 
radio development of an outburst and com- 
pared models with observed radio light curves. 
From this comparison, they derived informa- 
tion regarding mass, velocity, and radio thick- 
ness of the shell of V1500 Cyg. The assumed 
model is spherically symmetrical, with sudden 
ejection of an isothermal (Te = 10,000 K) shell 

with a velocity gradient. For V1500 Cyg, the 
model gives a mass of 2.4 M,, the veloci- 
ties are 200 and 5600 km s-’ at the inner and 
outer radii, respectively. The shell becomes 
radio thin after some 100 days. Infrared fluxes 
and their evolution in time are also well pre- 
dicted. 

Hjellming et al.’s models of slower novae 
give lower velocities of ejecta, lower masses of 
the shell, and greater time elapsed from out- 
burst for the shell to become radio thin. 

1V.G. STRUCTURE OF NOVA SHELLS 

For a few nearby old novae, shells have been 
observed in quite some detail, and deviations 
from spherical symmetry are always encoun- 
tered. Nonspherical envelopes were explained 
by 

- Magnetic guiding of material (Mustel and 
Boyarchuk, 1970). 

- Nonradial stellar pulsations, which is still 
a very debatable assumption (Warner, 
1972). 

- Interaction of the expanding nebula with 
the secondary component: blobs ejected 
perpendicular to the orbital plane (Hutch- 
ings, 1972; Pilyugin, 1986). 

- Interaction of the expanding nebula with 
the accretion disk (Gorbatskii, 1974; 
Sparks and Starrfield, 1973). 

- Effects of stellar rotation, gravitational 
braking, and radiative acceleration (Phil- 
lips and Reay, 1977) 

- Rayleigh-Taylor instabilities at the begin- 
ning of the expansion (Chevalier and 
Klein, 1978) 

- Stellar rotation only; TNR proceeds at the 
same rate at all latitudes; radial ejection 
velocity is the same at all latitudes. The 
oblateness of shells of about 1.5 can be 
explained with a rotating white dwarf with 
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a period of the order of minutes. No radia- 
tive acceleration is needed; it could also 
be shown that the accretion disk, hardly, 
and the secondary, only to a small extent, 
influence the kinematics of the (principal) 
ejection. As the shell expands, it must 
initially cool rapidly and may be subject 
to thermal instabilities. This tends to form 
concentrations of characteristic size about 
(c/vc,eLt)r. Since the Mach number of the 
ejecta is probably initially about 1, the 
shell should contain only a few condensa- 
tions (Fiedler and Jones, 1980). 

V. CAUSES OF NOVA OUTBURSTS 

The theory at present accepted by almost all 
workers in the field is one where hydrogen is 
accreted by the white dwarf component of the 
binary from its companion, and where this 
hydrogen undergoes a thermonuclear runaway. 
The detailed description of the theory is be- 
yond the scope of this book devoted to atmos- 
pheres; what will be emphasized is the impact 
of it on observable properties. More details will 
be found in the reviews by Sparks et al. (1977), 
Starrfield and Sparks (1987), and Starrfied 
(1988). 

V.A. MODELS FOR CLASSICAL NOVAE 

Hydrogen accreted by a white dwarf will 
tend to be ignited, and as this process acceler- 
ates, a thermonuclear runaway can eventually 
occur. This is possible because there should be 
no significant transport of energy into the inte- 
rior of the white dwarf from the outer regions 
where hydrogen is burning. The strength of the 
outburst is deteimined by a proper pressure at 
the core-envelope interface of the white dwarf 

(7.26) 
GM AM 

P = F 4 1 1 R "  

the right-hand side being the gravitational at- 
traction multiplied by the mass of the accreted 
material per unit area. In this expression, AM 
is the envelope mass, M is that of the white 

dwarf, and R its radius. MacDonald (1983) and 
Fujimoto (1982) found that a value of p of 10'" 
dynes cm-* is necessary for a fast nova outburst. 
Using a white dwarf mass-radius relation, one 
deduces a relation between the envelope mass 
and the white dwarf mass required for a fast 
nova outburst; the envelope mass decreases as 
the white dwarf mass increases. It becomes 
easier to produce a nova outburst when the 
white dwarf is more massive. 

In reality, the situation is less simple. The 
mass accretion rate, the chemical composition, 
and the white dwarf luminosity all influence 
the evolution of what will give rise to an out- 
burst. The influence of the mass accretion rate 
on the development of accreting white dwarfs 
having a solar composition will be discussed in 
chapter 12, where possible models for symbi- 
otic stars are considered; the theory is not rele- 
vant only for classical novae. When the accre- 
tion rate of the white dwarf component in- 
creases, the mass of the accreted envelope de- 
creases (cf., MacDonald, 1980) because of the 
gravitational compression of the accreted ma- 
terial, which produces energy that accelerates 
the thermonuclear runaway. It appears, more- 
over, that classical nova explosion are not pro- 
duced for high accretion rates above 
M yr-' unless the white dwarf mass is very 
close to the Chandrasekhar limit; in view of the 
observational evidence for such accretion 
rates, this poses a problem we will discuss in 
more detail. 

While variation in the mass accretion rate is 
associated with variation in the energy release 
due to gravitational compression of accreted 
material by white dwarf components, the abun- 
dances of CNO are also very important for the 
physics of nova explosions. This can be under- 
stood theoretically because of the influence of 
the b unstable nuclei I3N, ''0, lSO, I7F. At first 
their lifetimes (863, 102, 176, and 925 s) are 
shorter than the CNO nucleus lifetime against 
proton capture, so the b unstable nuclei can 
quickly decay without holding up the following 
nuclear reactions. At later stages in the devel- 
opment of a prenova, the temperature rises, the 
proton captures that precede and succeed p de- 
cays are more rapid, and a b decay bottleneck 
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can build up. The energy generation is propor- 
tional to the CNO initial abundance at this 
point, where the temperature is approximately 
108 K, as new CNO nuclei are not created but 
only redistributed. We should also note that the 
time delay between the creation of the p un- 
stable nuclei and their decay leads to the stor- 
age of energy, so energy can be released after 
the envelope has begun to expand ( 1  O2 - 10’ s 
after production of the p unstable nuclei). In 
fact, the calculations suggest that an overabun- 
dance of CNO is necessary for a fast nova out- 
burst, Le., mixing of CNO into the envelope 
from the interior occurs. This is perhaps the 
place where theory and observation of novae 
come closest, and where many would begin at 
least to suspect that they are not talking of 
completely different things. 

According to present theory, the initial lu- 
minosity of the white dwarf has no influence on 
the amount of accreted mass, when it is low. 
Energy is then generated from the proton-pro- 
ton chain for which secular evolution of the en- 
velope is very slow. When the time scale for 
nuclear burning is larger than that for accre- 
tion, the rate of evolution of a prenova is deter- 
mined by the rate of mass accretion. However, 
for a higher initial luminosity, nuclear burning 
is from CNO reactions and their time scale can 
be shorter, thus influencing the mass accreted 
before a thermonuclear runaway. 

For a thermonuclear runaway to produce 
ejection, the material of the shell source must 
be electron degenerate. The kinetic tempera- 
ture of the gas must rise and exceed the Fermi 
temperature before expansion can occur and 
cool the gas. The Fermi temperature is given by 
Starrfield et al. (1985) as equal to 

with p3 the density in units of 10’ g cme3 and pE 
the mean molecular weight multiplied by the 
ratio of the number of all particles to that of 
electrons. If the temperature is rising rapidly, 
expansion only begins to stop the temperature 
rise when the temperature is much larger than 

T, The calculations indicate that convection is 
present during evolution to the peak of the out- 
burst. The convection turnover time scale is of 
the order of lo2 s, and p unstable nuclei reach 
the surface before decaying. Fresh unburnt ma- 
terial is brought into the hot shell source by the 
convection, and the p unstable nuclei are the 
most abundant of the CNO nuclei at outburst 
peak. 

Very many calculations of models have 
been carried out and will not be described here. 
Detailed calculations, for instance were carried 
out by Starrfield et al. (1978), Sparks et al. 
(1979), and by Starrfield et al. (1985, 1986). 
Realistic velocities and ejected masses were 
obtained; however, this is not sufficient to 
demonstrate the validity of these models. Their 
description of postoptical maximum develop- 
ment will be perhaps a more sensitive test of 
future models. 

Up to now, calculations suggest an expan- 
sion of the white dwarf component after the 
initial explosion. This component should en- 
gulf its companion and radiate at a luminosity 
not far from the Eddington limit for quite a long 
time. Therefore, this type of theory appears to 
be most compatible with central star-dominant 
models describing postoptical maximum evo- 
lution. Such a central star could have a strong 
wind like more “normal” hot stars; however, as 
already described, novae generally appear not 
to be like this. Another effect can be expected 
if the secondary revolves inside an extended 
white dwarf. Gravitational stirring would take 
place with extra energy generation, and per- 
haps the total luminosity could then exceed the 
Eddington limit. This last situation has been 
discussed by MacDonald (1980) and Mac- 
Donald et al. (1985), but such calculations are 
still too simple. In particular, deviations from 
spherical symmetry need to be properly taken 
into account. It is in the framework of such con- 
siderations that there is a possibility of under- 
standing the production of an optically thick 
wind at large optical depths. Future work may 
or may not confirm this. 

Various developments of thermonuclear 
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runaway theory have occurred in the 1980s. 
The observed apparent overabundances of Ne, 
Mg, etc., for some novae have lead to a certain 
amount of work on this second class of nova 
outburst. Delbourgo-Salvador et al. (1985) and 
Starrfield et al. (1986) explain them by nova 
outbursts of 0-Ne-Mg white dwarfs. Such 
white dwarfs are expected to have masses close 
to the Chandrasekhar limit, the lower limit to 
their masses being somewhat uncertain. Only a 
small proportion of white dwarf components 
(on the order of a few percent) should be of the 
0-Ne-Mg class. The calculations indicate, 
however, that nova outbursts would be more 
frequent, so as many as 20% of observed out- 
bursts could be of this type. Material of the 
white dwarf, as for other types of novae, would 
be mixed into the envelope. These stars are 
expected to be more massive, leading to run- 
aways with less accreted mass and so occurring 
more frequently. 

V.B. NONSPHERICAL MODELS 

Accretion is not spherically symmetric, and 
this lack of spherical symmetry should play a 
role in the development of a prenova. Kippen- 
hahn and Thomas (1978) considered the forma- 
tion of a rapidly rotating belt following accre- 
tion; its chemical composition and angular 
momentum are then mixed with the underlying 
white dwarf material. Marginal stability, with 
respect to the Richardson criterion for shear in- 
stability, was assumed to be maintained by 
mixing, the amount of mixing at a certain time 
depending on the position and depth inside the 
belt. Hydrogen would be eventually ignited at 
the bottom of the belt according to this sce- 
nario. Kutter and Sparks (1987) and Sparks and 
Kutter (1 987) considered accretion of material 
possessing angular momentum with fewer as- 
sumptions than Kippenhahn and Thomas, but 
still including marginal instability against 
shear mixing. Various cases between radial ac- 
cretion and material accreted having a full 
Keplerian orbital velocity were considered. 
Unfortunately,a 1 M, white dwarf did not pro- 
duce nova-like mass ejection under these con- 
ditions. The authors explain this lack of suc- 
cess, compared with other types of model, to 

the support the centrifugal force gave to the ac- 
creted matter, diminishing pressure confine- 
ment and the strength of the runaway. Kutter 
and Sparks considered that other physical ef- 
fects needed to be taken into account in later 
work. 

Shaviv and Starrfield (1987) considered an- 
other aspect of deviation from spherical sym- 
metry. The boundary layer between the accre- 
tion disk and the white dwarf can (and was also 
supposed to) cause heating-a nuclear burning 
region in the whole accreted envelope was 
produced, and the latter become completely 
convective. Unfortunately, “no dynamical ef- 
fect occurred during the evolution.” By adding 
another badly known parameter, the degree of 
heat flow inward from the boundary layer, the 
authors admit to “have complicated an already 
cloudy situation.” It is clear that much work 
needs to be done. 

V.C. OTHER EFFECTS AND HIBERNA- 
TION 

Another feature of some models of the mid- 
1980s for classical novae also needs to be dis- 
cussed. Some observational and statistical evi- 
dence suggests that novae “hibernate” during 
outbursts, i.e., that very old novae become very 
faint for millenia and brighten again before the 
following thermonuclear runaway. Such ideas 
were suggested by the accretion rates in old no- 
vae, deduced from their energy distribution, 
which appear to be too high for nova explo- 
sions, according to the simple model previ- 
ously discussed. In addition very old novae 
appear to be fainter than more recent novae, 
while, at one time, the lack of X-ray sources 
expected for a large population of old novae 
was considered to be a problem. 

Hibernation models have been reviewed by 
Livio (1987). It is supposed that, following a 
nova explosion, the separation of the binary in- 
creases. At first, the secondary continues to 
transfer mass because it is strongly irradiated. 
This mass transfer then strongly decreases 
because the secondary underfills its Roche 
lobe, allowing previously accreted material to 
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cool, diffuse, and become degenerate so that a 
strong thermonuclear runaway is possible at a 
later time. The separation of the binary how- 
ever, is reduced by magnetic braking (if the 
period is above the cataclysmic binary period 
gap) and returns to its original value and a high 
mass accretion rate on a time scale 

(7.28) 

Here f is a parameter of the order of 0.7, and 
rs is the gyration radius of the secondary. Rm,, is 
the radius of the white dwarf in cm, M is the 
total mass of the system in M , and P, is the 
period in units of 4 hours. It is after such a time 
that the white dwarf resumes accretion to pro- 
duce a new thermonuclear runaway. At stages 
when the mass transfer is still relatively low, 
dwarf nova outbursts should be possible if disk 
instability models are a valid explanation for 
them, so classical and dwarf novae would be 
the same objects. Livio (1987) indeed lists 
eight old classical novae with post outburst 
eruptions similar to those of dwarf novae. 

According to Shara et al. (1986), the separa- 
tion increase of the binary is due to the mass 
ejection in the nova explosion, and this effect is 
larger than that due to angular momentum loss 
produced by interaction of the revolving secon- 
dary with the mass ejected by the nova. This 
was supposed by the period increase observed 
for one nova (BT Mon); suitable data do not ex- 
ist for other novae. Such a discussion clearly 
neglects the possibility of the white dwarf ex- 
pansion and the engulfment of its companion. 

The present situation concerning the rele- 
vance of hibernation models is not clear. Re- 
cent results may indicate a much smaller effect 
on the mass transfer than previously thought. If 
the atmosphere of the companion is isothermal 
due to irradiation by the white dwarf, a mass 
transfer decrease by a factor of the order of 10 
- 100 can be expected, but if the atmosphere is 
convective, the decrease is at most by a factor 
of 2. In the former case of “mild hibernation,” 
the mechanism still works (Livio 1988a). If 

there is no hibernation, it may be necessary to 
suppose the accretion rates deduced from the 
luminosities of old novae wrong; the white 
dwarf could be exceptionally bright before and 
after the explosion, and its radiation could be 
reprocessed by the accretion disk (Friedjung 
1985, Livio 1988b). 

If we consider thermonuclear runaway theo- 
ries in general, some success has been 
achieved. As predicted, fast novae have over- 
abundances in CNO, the overabundance being 
correlated with the speed of development of a 
nova. Even the CNO overabundances of the 
slow nova DQ Her can be explained by the 
exceptionally low mass of the white dwarf. 
Postmaximum activity is probably also com- 
patible with such models, but detailed predic- 
tions do not exist. However, when one attempts 
to take account of other physical effects, diffi- 
culties are encountered. A theory that explains 
most observations is still far away. In any case, 
theoretical prejudices should not be used as a 
pretext for rejecting models based on observa- 
tions. 

Unlike with other types of variable stars, the 
determination of the space density of novae is 
extremely difficult to determine, since year 
after year, new nova explosions are discovered. 
Thus, a straightforward density of observed 
novae that showed outbursts would be an ever 
increasing function of time. A parameter that 
can more easily be determined is the space/ 
time density p*, that is the number of nova 
explosions per cubic parsec per year. A deter- 
mination of this parameter, as well as the scale 
height of the nova distribution in the Galaxy, is 
given by Duerbeck (1984). 

To derive the true space density p, the mean 
time interval AT between two nova outbursts 
must be known. This value is extremely uncer- 
tain, and the only safe statement is that it is ob- 
viously larger than 100 years for classical 
novae. 

If we assume that the nova state is a steady 
one, with the matter ejected during outburst 
being equal to the mass accreted between out- 
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bursts, values of AT between 1,000 and 10,000 
years are derived for the observed shell masses 
and accretion rates. However, Prialnik (1986) 
and Kat0 (1 988) have argued from calculations 
of nova outbursts that a secular loss of matter 
from the white dwarf that undergoes nova 
explosions takes place, thus shortening the 
interval between explosions. On the other 
hand, theoretical arguments for orbit changes 
during outbursts, the impossibility of TNRs 
under highly degenerate conditions at the ac- 
cretion rates observed, and observational find- 
ings from the (unfortunately few) very old 
novae lead to the suspicion that mass transfer 
rates may diminish noticeably or may even 
cease. Thus, for a shorter or longer time be- 
tween outbursts, the exnova transforms into a 
cataclysmic binary with possible disk instabili- 
ties (ix., a dwarf nova), or even in a detached 
system, consisting only of the red dwarf and the 
white dwarf, with the accretion disk com- 
pletely absent. Such systems would appear as 
red dwarfs with UV excess (possibly eclipsing) 
and rapid rotation, properties that are not obvi- 
ous in low-dispersion spectral surveys. Such a 
decrease in mass transfer rate would increase 
the outburst interval. 

Taking a mean outburst interval (without hi- 
bernation) to be 3,000 years, a space density of 

po = 1.27.10-' PC-' (7.29) 

is derived for classical novae, which can be 
compared to that of dwarf novae, 0.95 x 
pc3, and symbiotic stars, 0.00094 x PC-~ ,  
the scale height of the latter however, being 
very different from the first two groups. 

If these assumptions are correct, one should 
find, if the nova brightness between outbursts 
stays at V = +4.2, 6 x objects in the bright 
star catalogue (brighter 6"), 5 - 6 objects in the 
Durchmusterung catalogues (brighter 9.5"), 
and 36 objects brighter than 11'". While there 
are some 'novalikes' in the brightness range of 
9"' - 11"' their number and type makes them not 
too well suited for nova candidates. 

However, the hibernation scenario is not a 

good scenario out of the dilemma. Decreasing 
the accretion rate means decreasing the abso- 
lute magnitude, thus decreasing the volume of 
space where the objects are found. On the other 
hand, a lower accretion rate means that the 
intervals become longer, and the space density 
of the objects must be increased to result in the 
same-observed-outburst density p*. 

V.D. CAUSES OF RECURRENT NOVA 
OUTBURSTS 

Recurrent novae to a certain extent are inter- 
mediate between classical and dwarf novae. In- 
deed, there has sometimes been a certain 
amount of confusion about whether a particular 
star is a recurrent nova or a dwarf nova. To 
clearly make the distinction, Webbink et al. 
(1987) consider that a recurrent nova has two or 
more recorded outbursts with a maximum abso- 
lute magnitude comparable to that of a classi- 
cal nova (Mv 5 - 5.5) and ejection of a discrete 
shell in outburst with an expansion velocity of 
2 300 km si. These criteria also distinguish 
recurrent novae from various types of symbi- 
otic stars. Even with such criteria, recurrent 
novae seem to be rather heterogeneous; the 
outbursts of some are now explained by theo- 
ries similar to those for classical novae, while 
the outbursts of others are explained by theo- 
ries bearing some resemblance to those of 
dwarf novae. 

If we try to invoke a mechanism similar to 
that for classical novae, Le., involving a 
thermonuclear runaway, rather stringent condi- 
tions need to be fulfilled. One can see from 
equation (7.26) that the pressure at the core 
interface is inversely proportional to the fourth 
power of the radius of the white dwarf; this 
will increase very rapidly near the Chan- 
drasekhar limit, where the white dwarf radius 
becomes very small. Hence, a runaway will be 
produced for a relatively small amount of ac- 
creted mass, so if the accretion rate is supposed 
not to change very much, much shorter recur- 
rence times are possible near the Chan- 
drasekhar limit. In this way, short recurrence 
times are possible without the accretion rate 
becoming too high, to produce a strong out- 
burst. 
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An increase of the white dwarf luminosity 
also leads to shorter recurrence times. 
Starrfield et al. (1985) for a limiting mass of 
1.38 M ,, a luminosity of 0.1 L, and an accre- 

tion rate of 1.7 x 10.' Ma yr-', were able, to 
obtain a recurrence time of only 33 years. A 
rather high accretion rate would lead to a high 
accretion disk luminosity, detectable between 
outbursts, supposing naturally that accretion 
proceeds via a disk, Webbink et al. (1987) give 
for a 1.38 M, white dwarf 

(7.30) 

L,, GMwDM 160(Mw~/1.38Mw~) M 
L, RWD R w ~ / l . 9 . l O ~ c m  /yr'  

with &I the accretion rate, L the stellar lumi- 
nosity, MWD the stellar mass and RWD the stel- 
lar radius. 

As in the case of dwarf novae, recurrent 
novae, in principle, can, also be produced by 
accretion events. Such events might be pow- 
ered by an instability of the cool component, or 
by a disk instability, or they might occur at 
periastron if the companion had an eccentric 
orbit. In the last case, the eccentricity must 
exceed the ratio of the pressure scale height 
near the inner Lagrangian point at periastron to 
the radius of the star losing mass by Roche lobe 
overflow. It can be noted that when accretion 
events occur, unlike in a thermonuclear run- 
away, the accretor need not be a white dwarf 
with a mass below the Chandrasekhar limit. It 
can be a main sequence star, as is indeed indi- 
cated by the most probable compact star mass 
above the Chandrasekhar limit for T CrB (see 
Chapter 9 of this volume). 

Different accretion event mechanisms for 
recurrent novae can be examined in more detail 
as was done by Livio (1988). According to him, 
the accretion rate &I must obey the condition for 
disk instability to occur: 

M 2 3 1 0 - 9  (!))'.' M, yr-1, (7.31) 

with P, the period in units of 4 hours. So for a 
period of 230 days (T CrB, RS Oph), &I I 

M a yr-'. Disk instability models, however, 
may run into recurrence time problems; to 
obtain times of the order of those observed, a 
viscosity parameter a of the order of 10.' is 
required (for the cold state of the disk). 

A more relevant accretion event mechanism 
according to Webbink et al. (1987) and Livio 
(1988a) for some recurrent novae involves a 
sudden instability of the cool component with 
ejection of to lo4 Ma. This mechanism is 
supposed to be particularly relevant for T CrB 
and RS Oph, and according to Edwards and 
Pringle (1987) to be possible for Roche lobe 
filling giants. The collision of the ejected ma- 
terial with itself, with the cool giant wind, or 
with the accreting star can be associated with 
high-velocity shock ejection, when no well-de- 
veloped accretion disk exists before the event. 
According to Livio et al. (1986), the shock 
velocity is given by 

(7.32) 

The first factor, giving the free fall velocity 
from zero at distance R from a star of mass M, 
is multiplied by the second factor, including 
the ratio of the density of circumstellar mate- 
rial pCi,,,, to that of the stream of accreted 
material pslrean,, which collides with it. As usu- 
ally, y is the ratio of specific heats, and G, the 
gravitational constant. Therefore, the highest 
shock velocity occurs if the stream collides 
with very low-density material in the vicinity 
of the accreting star. The accreted material can 
then form a temporary bright disk (whose ab- 
sence before outburst would pose a problem for 
thermonuclear runaway models), explaining 
the secondary maximum of T CrB, or it can 
easily collide with the accreting star if it is 
bloated, following considerable accretion at a 
high rate (suggested for RS Oph). It should be 
noted that lo-, of the accreted material (accord- 
ing to the low envelope mass estimate of Bode 
and Kahn (1985) for RS Oph) needs to be 
ejected at a velocity of 10 times the free fall ve- 
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locity of RS Oph (of the model of Livio et al., 
1986, with R equal to 8.2 x 10" cm), so then 
requiring only a high efficiency for the conver- 
sion of the kinetic energy of the accreted mate- 
rial of the order of lo-'. This type of mechanism 
clearly needs to be studied in more detail. 

Webbink et al. (1987) support thermonu- 
clear runaway models for T Pyx and U Sco. The 
former, to some extent, resembles a classical 
slow nova. The presence of bright accretion 
disks, characteristic as an accretion rate pre- 
ceding a thermonuclear runaway, is compatible 
with observations for both these recurrent 
novae, though Webbink et al., suggest that 
most of the quiescent luminosity of T Pyx has 
another source (continuing nuclear burning?). 

In a later paper, however, Truran et al. (1988) 
are not so certain about U Sco; observations 
appear to indicate a high H e m  ratio for which 
it is difficult to produce a nova-like outburst 
following a thermonuclear runaway. These 
authors suggest that a high helium abundance 
could favor an accretion disk instability even 
for a hot accretion disk. 

One can conclude that models for recurrent 
novae need to be compared with results for in- 
dividual stars. The situation for recurrent no- 
vae is not clear; one may wonder whether other 
possible mechanisms for outbursts have not 
been neglected. One tends to gather the impres- 
sion that at a give time, theorists are too certain 
about their mechanisms. 
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T Aur 1891, slow nova.$ = 100 d. 
Am 4 . 2 ~ - 1 5 . 2 ~ ;  light curve type Ca. 
Characteristics: Great similarity with DQ 
Her. 

RR Pic 1925, slow nova. t, = 150 d. 
Am = 1.0V-11.9~; light curve type D (slow 
development, extended premaximum, maxi- 
mum often with several brightness peaks). 
Characteristics: Spectroscopic binary, P = 
0.1450255d. 
Light variations with the same period; 
eclipses shallow or absent. 

HR Del 1967, very slow nova. t, = 230 d. 
Am = 3.5 V-12.0 V; light curve type E). 

Spectroscopic binary, P = 0.2141674. 
Characteristics: Extremely slow nova, with 
no appreciable forniation of dust. 

A catalogue of all observed novae, from the 
two oldest ones, CK Vu1 1670 and WY Sge 
1783 to Nova Cyg 1986, has been prepared by 
Duerbeck (1987~).  For most objects, bright- 
ness ranges, accurate positions, finding charts, 
and bibliographies on light curves, spectros- 
copy, UV, IR, radio observations, nebular 
shells variability in quiescence and evidences 
for duplicity are given. 

11. VI500 CYGNI 1975: A VERY FAST 
NOVA 

(written by Hack) 

It was discovered on August 29, 1975, and it 
is one of the most extensively observed novae. 
A large number of spectroscopic and photom- 
etric observations are collected in the issue of 
the Astron. Zh.54, May-June 1977 (Sov. As- 
tron. 21, No.3). At maximum brightness, 
reached on August 30, V was equal to 1.7. Nova 
Cyg 1975 is peculiar for several reasons: a) It is 
an extremely fast nova, with t, = 3.9 days, t, = 
45 days (Figure 8.1). b) It presented a very 
large light amplitude, V = 19 mag, with an 
absolute visual magnitude at maximum of 
about -10 (as derived by Becker and Duerbeck, 
1980, from its nebular expansion parallax), 
which makes it the brightest of all galactic and 
extragalactic novae ever observed, with the 

Figlire 8-1. V 1500 Cygiii: cotititiiiiini light czirve, 
(from Ferlmd et al., 1986) 

exception of CP Pup, which reached MY = - 1 1.5 
(Duerbeck and Seitter, 1979). Generally, novae 
at maximum are less bright than M, = -8.5. The 
amplitudes of the outburst of both VI500 Cyg 
and CP Pup are more typical of supernovae 
than novae; however, their expansional veloci- 
ties have the typical values of very fast novae. 
c) The absolute magnitude of V1500 Cyg at 
minimum before outburst was about +9 or 
fainter, which makes it similar to the U Gem 
stars, while the majority of novae are about 5 
mag brighter. This value of M, at minimum 
was deduced from the fact that superposition of 
the blue Palomar survey with the field of 
V1500 Cyg (Beardsley et al., 1975) indicates 
no star brighter than mag 21 on the print. 
However, the outburst started when the star 
was 5 mag brighter than the normal prenova 
luminosity, This increase in luminosity was ob- 
served on August 5 ,  1975. The color, during the 
pre outburst phase was B-V = 1.3 and V-R = 
2.5, suggesting a color temperature of about 
4,000 K, Le., a K- or M-type star. d) At maxi- 
mum, the spectral type was B2 Ia, the earliest 
spectral type ever observed for novae. e) The 
absorption spectrum shows broad diffuse 
bands; the two systems, diffuse-enhanced and 
orion, were not evident. 

In fact, the diffuse-enhanced spectrum ap- 
peared at 0.3 days after optical maximum with 
an expansion velocity of -3,850 kmls; it 
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reached its greatest strength 0.9 days later and 
lasted slightly more than 1 day as an absorption 
feature. For this reason, many observers have 
not detected it (Ferland, 1977a). Also, the high 
value of the Doppler broadening can make the 
detection of the various components difficult, 
blending them together. 

The penetration of the principal shell by the 
diffuse-enhanced occurred without any no- 
ticeable interaction, because the principal 
spectrum did not show any appreciable vari- 
ation. The interpretation may be that the great 
majority of the material was expelled in one ex- 
plosive event almost instantaneously. f) The 
expansional velocity of the principal spectrum 
was very high, much higher than in normal 
novae (Boyarchuk et al., 1977), as indicated 
below: 

August 29: absorption expansional velocity V 
= -1300 km/s, 
Total (Emission + Absorption) Doppler broad- 
ening AV =2200 km/s 
August 30: V = -1700 km/s, AV = 4000 km/s. 
August 31: V = -2200 km/s, AV =6100 km/s. 

1I.A. MASS LOST IN THE OUTBURST 

A lower limit of the mass ejected in the out- 
burst has been computed by Wolf (1977). From 
the equivalent widths of the Balmer absorption 
lines, the column density no2 Ar (*) is com- 
puted, and from the observed temperature at 
maximum, by assuming a plausible value of the 
electron density, one gets nI Ar = 4.2 x 
cm-2 using the Boltzmann and Saha equations. 

From n I  Ar and Nc=n,, a value of Ar = 4.2 x 
10" cm = 600 solar radii is derived. Hence, the 
mass lost in the outburst is given by Am = 
4 n(Ar)'hrn, mH = 1.5 x lo2* g m , . As we 
shall see later, infrared observations by Gal- 
lagher and Ney (1976) and by Ennis et al. 

Axe2 
(*) WA=- mc2 fn,, Ar valid for an optically 

thin layer (Doppler branch of the curve of 
growth). 

(1977) estimate m, < Am < 10-3 m, . 
From this value of the mass lost in the outburst 
and the expansional velocity, it follows that the 
kinetic energy liberated in the explosion is E,,, 
2 g x (2 x lox cm/s)2 = 4 x loJ4 erg com- 
parable to the energy radiated away, Erad = loJ5 
erg. 

1I.B. SPECTRAL VARIATIONS 

The spectral variations were as follows: Au- 
gust 29 B2Ia+, T (pseudo-photosphere = T 
continuum) f 30,000 K,T(envelope) 1 20,000 
K. August 30-31 A2Ia+. The lines show P Cyg 
profiles with faint emission wings; the latter in- 
crease fast in intensity. 

September 1, almost all the absorption fea- 
tures have disappeared. From September 1 to 
September 10, metallic emission lines appear 
first and He I, He 11, N 111, plus several forbid- 
den lines later on. The nebular stage was 
reached 9 days after maximum (Figure 8-2). 
From September 2, 1975, to January 5, 1976, 
the Balmer emission lines present several 
peaks at almost constant velocity: -1050, -580, 
+150 + 600 km/s. A similar behavior is shown 
also by the 0 I 8446 A permitted line and 6300 
A forbidden line. The four peaks have a differ- 
ent relative intensity and they are not all ob- 
servable in the high excitation lines of [Fe XI, 
Fe XI], and [S VIII] (Figure 8-3, 8-4, and 8-5). 
High dispersion spectra of the photographic 
range have been obtained from September 2 to 
October 2 by Sanyal and Willson (1980). Rush 
and Thompson (1977) have made spectro- 
photometric observations with time resolution 
of 3-15 minutes. All the hydrogen lines ob- 
served from September 7 to 11 show that the 
relative intensity of the four peaks change si- 
multaneously in each Balmer line on a time 
scale of 5 minutes. Following a model sug- 
gested by Weaver (1974) for V603 Aql, they as- 
sume that four blobs of matter were ejected si- 
multaneously in two opposite directions, two at 
higher velocities and two at lower velocities. 
Since each peak is produced in a separate blob, 
a sudden change in the radiation from the stel- 
lar pseudophotosphere will produce a change 
in the ionization of the hydrogen in the blob. 
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Figiire 8-2. The spectrim of V 1500 Cyg: a )  Aiigitst 29 arid 30: the absorption lines domitiate the spectrim. P Cyg pro- 
files appear 011 Airgirst 30; h) Augitst 31 and Septeniher 2: the enzissiori lines domiriate the spectrimi Vrom Voloshiiia 
and Doroslienko, 1977); c )  The spectruni from the beginning of Septeniher to the eiid of October (from Rosirio and 
Tenipesti, 1977); d )  Lbie iiitensity vciriatiori with tinie after t?iatiniiiin light @om Ferlartd et al., 1977). 
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However, the assumption that all the blobs are 
ejected toward and away from the observer in 
the direction of the line of sight seems not very 

plausible. It seems more plausible to assume 
that the blobs are ejected in several directions 
at about the same velocity and that the ob- 
served differences in radial velocity are rather 
due to projection effects. 

- 1620 - 1080 -540 0 540 1080 1620 
v (Krns- ')  

, , 8 , , 1 , 1 , , ,  

NOVA CYGNl 

VELOCITY (krnlsec) 

Figure 8-3a. Line profiles of H P  at different epochs 
(from Sanyal and Willson, 1980). h) Line profiles of H a  
and 0 1 8446 (from Strittmatter et ai., 1977). 

I 1  I , C ? - l l ,  I I I 

RADIAL VELOCITY (krn s-')  

Figure 8-4. Line profiles for [Ol] 6300 (Oct. 9), [Fe X ]  
(Oct. 5 and 9) ,  [Fe X l ]  7892 (Oct. 2 , 5  and 9) ,  [S Vlll] 
9911 (Oct. 5 , 9 ,  12, 15, 19, 27 and Noli. 7 )  
(from Ferland et al. 1977). 

Figiire 8-5. Line profiles for [Or] 6300 (Oct. 9 ) ,  [FeX] 
(Oct. 5 ,  19, 23, and 27), [Fe X I ]  (Oct. 15, 19, 23 arid 
2 7)  
(fi.oni Ferland et ai. 1977). 
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1I.C. PERIODIC LIGHT AND RADIAL VE- 
LOCITY VARIABILITY 

V1500 Cyg has shown periodic light vari- 
ability with a period of 3.3 hours since early 
postmaximum (Hutchings, 1979b). The ampli- 
tude has remained in the range 0.15-0.5 mag, 
while the mean brightness was changing by a 
factor of 60,000 (about 12 mag). As we have 
seen in Chapter 6, the period decreased by 2% 
during the first year from outburst and then 
increased slightly and then stabilized. Flicker- 
ing with time scale of 100 s was observed, i.e., 
a behavior typical of cataclysmic variables 
(Figure 8-6). Ultraviolet observations made 
with the photometric Astronomical Netherland 
Satellite (ANS) confirm the light variability 
with P = 0.14 days (Wu and Kester, 1977). 

Spectra taken in 1977 (Hutchings, 1979b) 
show the characteristic nebular emisssion lines 
of [0 1111 4959 + 5007 and 4363, [Ne 1111 at 
3868 and 3967 and, in addition, several permit- 
ted emissions of H I, He 11, N 111. The permit- 
ted lines, and especially 4686 He TI, present 
radial velocity variations with a period of 3.3 
hours like the photometric period and semiam- 
plitude K of 3.50 km/s. Such a large value of K 
in a simple binary model would imply a large 
value of the mass function, and therefore-for 
reasonable values of the mass ratio-of the 

masses, which is not in agreement with the 
typical low masses of novae. Moreover, the 
Balmer lines present a different radial velocity 
variation than 4686 He 11. These observations, 
therefore, suggest that they do not represent an 
orbital motion only, but rather stream motions 
or a combination of the two. A mass function 
consistent with the expected masses would 
give K = 150 km/s. Hence, the line emissions 
appear to originate in fast-moving streams and 
confirm the binary nature of the object but do 
not reveal anything about the orbital parame- 
ters. This is a problem common to several 
classes of close binaries, where streams, accre- 
tion disk, and envelopes surrounding the whole 
system, produce their own spectra with their 
own peculiar motions superposed on the orbital 
motions. 

The system appears to have a mean radial 
velocity about 400 km/s more positive than the 
mean velocity of the nebular lines, which, 
therefore, indicate that the region where they 
are formed is an expanding envelope. 

A model for explaining the behavior of the 
binary V1.500 Cyg has been proposed by 
Hutchings (1979b). He suggests that the light 
variations can be linked to the disk, which is 
probably the most luminous element of the 
system, and the period changes may be linked 
to a precession of the bright and dark side of the 
accretion disk, partly due to nonsynchronous 
rotation of the white dwarf after the nova out- 
burst. In fact, the irregularity of the light curve 
suggests that an eclipse of the white dwarf from 
the companion is not the most plausible hy- 
pothesis. 

1I.D. ULTRAVIOLET OBSERVATIONS 

As we have seen in Chapter 6, VIS00 Cyg 
was observed with the ultraviolet satellites 
ANS and Copernicus. The channels at 1800, 
2200, and 2500 A of ANS are free from strong 
emissions, and the continuum radiation from 
the nova shell is negligible. Hence, the contin- 
uum of the hot nova remnant could be observed 
and the interstellar reddening estimated from 
the dip at 2200 A. A color excess E(B-V) = 0.69 
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has been found, nearly equal to that determined 
for 55 Cyg, which is nearby VI500 Cyg. From 
a comparision of the intensity of the emission 
lines of the Balmer and Paschen series, Ferland 
(1977b) found E(B-V) = 0.50 +/- 0.05 consis- 
tent with the strength of the interstellar lines. 
This value gives a distance of 1.95 kpc +/-0.02 
kpc, higher than the value of 1.35 kpc given by 
the nebular expansion parallax. The latter is 
probably more reliable, because methods based 
on the interstellar extinction and interstellar 
lines are affected from the irregular distribu- 
tion of the dust and gas in the interstellar 
medium. 

Copernicus observations, at a spectral reso- 
lution of 0.4 A, were made from September 1 to 
September 9 (Jenkins et al., 1977). The spec- 
trum was not detectable at h < 2700 A. Broad 
Mg I1 emissions were observed. After the 9th, 
the nova was no longer detectable with Coper- 
nicus. These authors discuss the absence of 
measurable ultraviolet radiation at shorter 
wavelengths: it suggests that the Mg I1 lines are 
formed by collisional excitation in the outer 
layers of the shell at T _= 4,000 K, and the ab- 
sence of emission lines of the abundant multi- 
ionized atoms indicate that the material at 
temperature between 25,000 and 50,000 K is 
less than 0.001 that producing the Mg I1 emis- 
sion. They point out also that it is strange that 
no emission was observable as h 1302 A, corre- 
sponding to the 0 I resonance line, while 8446 
0 I is a strong emission line. In fact, both these 
lines are explained with Ly Beta fluorescence: 
Ly Beta emission (1025.72 A, upper E.P. level 
12.04 eV) overpopulates the upper level of 
1025.72 0 I (upper E.P. level 12.03 eV), and 
from that level 3d’ Do a cascade down to 3p’ P 
and then to 3s’ So explains the emissions at 
11287 A and at 8446 A; then a cascade down to 
2pJ ‘p will produce the 1302 A emission. Now 
from the infrared observations of Gallagher and 
Ney (1976) and from the ultraviolet spectro- 
scopic observations of Jenkins et al. (1977), 
one derives that the flux at the Earth of h 8446 
is of about 4 x 10’ photons cm-2 s-I, while the 
upper limit for h 1302, after correction for the 
interstellar extinction is less than 31 photons 
cm-z s-’. 

These two fluxes are irreconcilable. From 
the average luminosity of the central remnant 
of novae Strittmatter et al. (1977) estimated the 
number of ionizing photons emitted by the cen- 
tral source of VI500 Cyg and the optical depth 
of Ly Alpha. This is so high that a random walk 
of photons in the nebula will be accomplished 
in a time long compared with the age of the 
nova. For this reason, no strong Ly Alpha emis- 
sion is expected, in agreement with Copemicus 
observations. For the same reason, one also ex- 
pects that the optical depth at 1302 0 I is high 
enough for the 1302 photons to have an escape 
time that is long compared with the age of the 
nova at the time of Copemicus observations, 
therefore explaining why this emission was not 
observable. 

I1.E. INFRARED OBSERVATIONS 

observations at 2 pm (Ennis et al., 1977) 
show that the Brackett Gamma line changes 
from absorption to emission about 5 days after 
maximum. It is in absorption when the 1-20 pm 
continuum is that of a black body and changes 
to emission when the continuum becomes that 
typical of free-free radiation. 

Starting on September 16, several coronal 
lines were detected: [Fe XI 6374, [Fe XI] 7892 
and [S VIII] 991 1 are present from late Septem- 
ber 1975 to January 1976; [Fe XIV] was not ob- 
served (Ferland et al., 1977) Hence, according 
to them, the temperature was placed between 
IOh and less than 2 x lo6 K. As the coronal lines 
became fainter, the [Fe VII] 6087 strenght- 
ened, indicating T = 2 x lo5 K. 0 I and H Alpha 
are clearly foimed in the same region of the 
envelope as indicated by the strict similarity of 
the profiles (see Figure 8.3) while the forbid- 
den lines of multiionized iron have different 
profiles and must be formed in different layers 
(see Figure 8.4 and 8.5). 

As we have seen in Chapter 6, the infrared 
light curves of VI500 Cyg indicate that the 
energy distribution until 3.2 days after outburst 
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is that typical of a blackbody with T varying 
from IO4 to about 5,000 K. Later, the energy 
distribution curve changes gradually from that 
typical of a blackbody (approximated in the 
infrared by the Rayleigh-Jeans relation FV 0~ u2) 
to that typical of free-free radiation (F - con- 
stant). Figure 8-7 gives the flux at the Earth of 
Nova Cyg 1975 and, for comparison, the flux of 
Alpha Cyg. 

The spectral energy distribution from near 
UV (as measured by Copernicus) to IR on Sep- 
tember 2 is shown in Figure 8-8. The position of 
the maximum at about 0.8 pm indicates a color 
temperature of about 4,000 K. 

The maximum in the light curve is reached 
at progressively later epochs with increasing 
wavelengths, according to the empirical rela- 
tion Fmax = 31.31 August 1975 (UT) + 0.681 

( w ) .  

During the phases of the thick shell, it is pos- 
sible to estimate the distance of the nova by the 
following considerations (Gallagher and Ney, 
1976): the flux at the Earth F, is known directly 
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from the observations; the flux B, emitted per 
surface unit by the shell is found by fitting the 
observed energy curve with the planckian 
curve for the corresponding temperature. 
Hence, it follows: F, = 8* B, with 8 angular 
radius of the shell. Now 8 = R/d, dO/dt = (l/d) 
dR/dt = v/d, where R is the linear radius of the 
shell, d is the distance of the nova, and v, the 
expansional velocity of the shell. The observa- 
tions give 8, d0/dt, and v; hence, the distance d 
can be derived. Since the expansional veloci- 
ties range from 1300 to 2500 km/s, it is found 
1.2 kpc < d < 2.3 kpc (i.e., a value including 
that derived by the nebular expansion as well as 
that derived from the 2200 d i p s e e  Chapter 8, 
Sections 1I.D and I1.G. Figure 8-9 gives the val- 
ues of T and 8 and the absolute magnitude com- 
puted for a distance of 1.5 kpc. At 3.2 days after 
outburst, when the shell is still optically thick 
and fits the blackbody curve for T = 5,000 K 
from 0.5 to 5 pm, the radius (for a distance of 1.5 
kpc) is equal to 3 AU and the area of the 
shell is 3 x cm2. If G is the mass above each 
cm2 of photosphere, since the shell is optically 
thick, but just about to become optically thin, it 

0.5 1 2 3 4 67810 20 
WAVELENGTH (Microns) 

Figure 8-7. Energy spectra fo r  V 1500 C J J ~  near- muxiniimi and drrring early decline. A:Alcg. 29.8; I :Airg.30.3; 
2:Sep.l . I ;  a:a Cygni shifted by -2.5 mag; 3:Sep.Z.O; 4:Sep. 2.4; 5.Sep.4.0; 6:Sep.6.1.; 7tSep.9.1; 8:Sep.16.2; 9:Sep.24- 
25; 10:0ct.18-21. The ti-ansitionfiom Black Bodj7 tofiee-fiee radiatiori is eviderit by conipariiig spectra 110.3 and No. 5. 
(from Gallugher et al. 1976). 
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Figitre 8-8. Spectral energy distrihittiori for V 1500 
Cyg measiri.ed on Sep. 2 ,  1975. 
(from Jerikiris et al., 1977). 
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Figitre 8-9. Black hodj t e n p r a t i t i ~  arid aiigitlar di- 
ameter versiis day from the zero espansioii date (Airg. 
28.9) arid corresponding ahsohtte magriitude (V+IR) 
for  d= I .5 kpc. 
(from Gallagher et al., 1976). 

is reasonable to assume z = KO = 1. Hence, the 
mass of the ejected shell is about 3 x 10'' x 
(T/K). For temperatures of about 5,000 K and 
density of the order of lo9 cm-3, k = 0.01. If the 
gas in the outer parts of the shell becomes ion- 
ized, then k 1 2 .  Hence, the two limits for the 
mass of the ejected shell are obtained: 1.5 x 

g < m < 3 x IO3O g; the lower limit is in good 

agreement with the value derived by Wolf 
(1977) from the Balmer lines. 

By combining all the available observations 
in the different spectral ranges at different 
epochs it is found that the luminosity of VI500 
Cyg passed from 5 x los La at maximum to 3 
x lo4 L, 100 days later, These values give a 
bolometric amplitude Ambol = 3.05 against a 
visual amplitude Amv = 7.5. Figure 8-10 gives 
the infrared light curves. The infrared energy 
distribution from August 30 to October 15 is 
shown in Figure 6.27~.  

Although V1500 Cyg is generally consid- 
ered a dustless nova, it shows a slight IR excess 
at 10 bm about 100 days after outburst. An ex- 
cess is detectable also at 3.5 pm (Ennis et al., 
1977; Szkody, 1977; Tempesti, 1979). 

According to Bode and Evans (1985), this 
excess is consistent with the heating of dust 
close to the nova during the eruption. No sig- 
nificant excess is observed for t < 120 days. 
Between days 200 and 400, the excess in- 
creases monotonically. The dust temperature is 
of the order of 200 K. A previous interpretation 
of the IR excess at 10 pm was given by Ferland 
and Schields (1978a) who attributed it to a [Ne 
111 emission at 12.8 pm; in this case, however, 
the excess at lower wavelengths is not 
explained. A summary of all the observations 
made at the McDonald Observatory since the 
outburst through one year later is given by Fer- 
land et al. (1986) (see Figure 6.14 ). They found 
that the remnant became a dominant contribu- 
tor to the optical continuum only one year after 
outburst, while it was detectable in the ultra- 
violet, with the Astronomical Netherland satel- 
lite (ANS) by day 100 (Wu and Kester, 1977). 
Both the UV continuum on day 100 and the 
optical continuum on day 368 fit the same 
Rayleigh-Jeans tail (Fy a v') indicating: a) that 
the underlaying hot body radiates like a black- 
body at T > lo5, and b) that the hot body main- 
tained almost constant luminosity and energy 
distribution for at least 268 days. The contin- 
uum emission in the optical and infrared, on the 
contrary, shows a flat distribution (F = con- 
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Figirre 8-10, Iilfiwed light ciirws j b i .  '1' 1500 Cyg. After- day 300 from oirtbirrst a11 irfiared excess is observed, espe- 
cially evideiit at 10 pin,  sirggestiiig the foi.matioii of a diist shell. 
(from Eiiiiis et al., 1977). 

stant) (see Figure 8-1 1 from Ferland et al., 
1986) dominating the nova spectrum from day 
10 to day 100. Ferland et al. show that the gas 
at T = loJ responsible for the nebular spectrum 
is insufficient to explain this continuum and 
suggest that a contribution from the coronal 
line region, as well as the central object, must 
be added. In fact, from the H Alpha intensity, 
one can derive the combined free-free + bound- 
free emission of a low-density gas at tempera- 
tures t=T/104 for 0.5 5 t 5 2 : vF(4800 A) / 
F(Ha) = 1.23 t2 (see Osterbrock, 1974). 
Now Figure 8-12 from Ferland et al. shows that 
the free-free + bound-free contribution pre- 

dicted from the intensity of H Alpha is lower by 
a factor of about 3 than the observed continuum 
emission. The hot underlying body gives also a 
contribution, which, by comparing the ampli- 
tude of the 3-hour-period light variation when 
the continuum is produced by the hot body only 
with that when the flat continuum was present, 
can be estimated to be of 10%. The only other 
contributor to the flat continuum is then 
bremsstrahlung from the hot gas (T = IO6) origi- 
nating the coronal lines. Figure 8-13 from Fer- 
land et al. shows that the contributions of the 
hot body, the nebular, and the coronal gas are 
able to explain the observed continuum. 
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Figure 8-1 I .  The coniposite energy distribution of the nova contniiiiini is shown throiighoiit the decline. The data are 
corrected for instei.stellar reddenirig, and are takeri from Ferlaiid et al., 1986,froni Wir and Kestei-, 1977 and from Eli- 

nis et al. 1977. The days after olitbiirst are indicated. The sqiiares arid error bars are the data for day 368. 

Figure 8-12. Ratio of tlie 4800 contiiiiciini to H a  as a 
fictiction of time. The infensity of H ct is used to predict 
the contributioii of the nebida, aiid the iiitensify of the 
remnant continirrrm is predicted fi-om Zanstra argil- 
ments. It is evident that a third contribution is required 
to firlly account for  the optical continicuni. 
(from Ferland et al. 1986). 
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Figure 8-13. Continicurn decotivolution for day 34.6. 
Reddenitig-corrected iilfi-qred and optical data are 
plotted. The contribution of a warm gas at 9300 K ,  
plotted as a dashed line is predicted from the strength 
of H a .  A similar contribution fr-om coronal gas at 
T=lO'K, plotted as dotted line is fitted by matching tlie 
infrared continuirni poinfs; a hot Rayleigh - Jeans tail 
is added to f i t  the UV observations (solid line). The 
slim of all these contributionsfits the observed data in 
a very satisfactoiy way. 
(jironi Ferland et al. 1986) 
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1I.F. RADIO SPECTRUM OF V1500 CYG 

V1500 Cyg was observed at different fre- 
quencies with different radiotelescopes (see 
Figure 6.76 ): at 0.6, 1.4, and 5.0 GHz with the 
Westerbork Synthesis Radio Telescope, at 2.7 
and 8.1 GHz with the Greenbank interferome- 
ter, at 10.5 and 22.5 GHz with the Algonquin 
46-meter telescope, and at 90 GHz with the 
NRAO 11 m radiotelescope on Kitt Peak. 
Seaquist et al. (1980) show that the data are 
consistent with thermal bremsstrahlung from 
an expanding cloud of ionized gas. Radio and 
infrared observations can be interpreted not in 
terms of a shell of constant mass, but rather as 
an ionized zone moving outward through the 
shell. 

1I.G. THE SHELL OF NOVA CYG 1975 

The shell became observable for the first 
time on direct photograph on August 27, 1979 
(Becker and Duerbeck, 1980). The image of the 
nova (Figure 8-14) displays an extension into 
the NW quadrant, Since Beardsley et al. (1975) 
have excluded the existence of any star 
brighter than 21 mag in a circle of 10 inches 
around the position of the nova, this feature 
cannot be a close companion, but must be iden- 
tified with the brightest part of the ejected 
shell. Hence, the mass ejection was strongly 
asymmetric, a behavior seen in other novae, in 
particular, in the fast nova GK Per. The mean 
expansion rate of 0.25 inch per year, compared 
with the expansional radial velocity of the prin- 
cipal spectrum, gives the distance of 13.50 pc 
quoted above. Speckle interferometry of 
V1500 Cyg made by Blazit et al. (1977) 45 days 
after outburst gives an expansion rate of 0.26 
inch per year in excellent agreement with the 
value obtained at a distance of 4 years from the 
outburst. 

1I.H. THE ELEMENT ABUNDANCE IN 
THE SHELL OF V1500 CYG 

Ferland and Schields (1978b) have derived 
the chemical composition of the envelope by 
comparing the measured intensities of the 

emission lines of the nebular spectrum (ob- 
served between days 40 and 120 after the out- 
burst) corrected for interstellar reddening E(B- 
V) = 0.51 with those predicted for an equilib- 
rium photoionization model. The authors ob- 
serve that the steady-state assumption is rea- 
sonably good during this phase of the outburst, 
because the recombination time scale is always 
short compared with the rate of decline of the 
nova. Several line ratios are indicators of the 
electron temperature and electron density, 
which vary between about 9500 K and 8400 K, 
and between 1.5 x 10* and lo7 cm", respec- 
tively, The model successfully predicts the 
intensities of He I, [OIII] and [Ne 1111, but un- 
derestimates the strengths of [Ne V] and [Fe 
VII], which may be produced in a mechanically 
heated "subcoronal" region. Table 8- 1 gives 
the abundances derived from the nebular spec- 
trum. Moreover, Ferland et al. (1986), using 
the determination of electron temperature and 
density made by Ferland and Shields (1978b) 
derive the abundance of argon from the only 
line present in their spectra, 7136 [Ar 1111. 

Table 8-1. Chemical abundances of V1500 
CYg 

Element log N(V1500 Cyg)/N, 

He/H 
C/H 
N/H 
O/H 
Ne/H 
A/H 
Fe/H 

0.0 
1.4 +/- 0.2 
2.0 0.2 
1.3 0.1 
1.3 0.2 
<0.9 
0.1 0.3 

Hence, helium and iron have solar abun- 
dances, while carbon, nitrogen, oxygen, and 
neon are strongly overabundant, and argon is 
less than a factor of eight of the solar value. The 
normal helium abundance is a characteristic 
common to several novae and not easily recon- 
cilable with the excess of CNO. Colvin et al. 
(1 977) suggest that the overabundant C,O,Ne 
are the result of convective mixing of the outer 
layer of the white dwarf with its carbon core. 
Helium and iron, on the contrary, would have 
the abundance of the material transferred from 
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Figure 8-14. Density profiles (left) and deconvolved iniages (right) of the bright comparison star, the nova and the 
fainter- comparison star- (j?oni top to bottom). North is up, west is to the right. 
(j?om Becker and Direrbeck, 1980). 
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the companion to the white dwarf. The large 
abundance of nitrogen may result from proton 
capture during the thermonuclear runaway. For 
a complete discussion of these suggestions and 
theories of the origin of the outburst, see Chap- 
ter 7. 

111. V603 AQL - AN HISTORY SURVEY 
(written by Selvelli) 

1II.A. THE LIGHT CURVE 

V603 Aql is the brightest member of the 
“classical” nova class having reached my = - 1.1 
at maximum and having now my - 11.6. 

The light curve of its outburst, which started 
near June 9, 1918, was studied by Campbell 
(1919). Figure 8-15 illustrates the light curve 
of V603 Aql in the first 100 days after maxi- 
mum. The “very fast” nova character of V603 
Aql is based on the very short (2-day) time 
interval between the prenova phase and the 
maximum phase. 

It is noteworthy that the maximum luminos- 
ity phase lasted a few hours only and was an- 
ticipated by a premaximum halt. The first de- 
cline phases were quite smoothed, with t, of the 
order of 10 days, and were followed by the os- 
cillation phase, which lasted about 100 days 
and was characterized by the regularity of the 
oscillations with P-11 days. The last decline 
phases were instead characterized by a con- 
stant or weak variation in the light curve. 

The luminosity of V603 Aql during the out- 
burst phases has been studied by Payne-Gapos- 
chkin (1941, 1957). Since the ejected shell is 
optically thick and Teff lo4 K near maximum, 
the visual maximum luminosity provides a 
good estimate of the peak bolometric luminos- 
ity; the bolometric correction is small at this 
stage. 

Figure 8-16 (from Gallagher and Starrfield, 
1976) shows that if the maximum luminosity is 
to be maintained for a time of 100 days after 
maximum, the bolometric correction must be 

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 .o 1.1 1.2 
LOG TIME FORM MAXIMUM (days) 

LOG TIME FROM MAXIMUM (days) 
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Figitre 8-16. Snioothed photograpliic light citrves of V 
603 Aql arid allowed range o f  bolometric absolirte 
magiiitzrdes. (From Gallagher arid Starrfield, 1976). 

higher than 6 magnitudes. Gallagher and 
Starrfield interpreted this as an indication of a 
decline in total luminosity, although the total 
amount of energy radiated under the assump- 
tion of constant Lho, of the order of L,,, was es- 
timated at about 8 x loJs erg, a value which is 
approximately three times the total amount of 
kinetic energy and is similar to that found for 
slow novae (-10 times). Only the assumption 
Mho, -7 during the interval from 10 to 100 days 
after maximum would give a ratio radiative 
energykinetic energy larger than one. If no 
bolometric correction is applied, this ratio is 
only one-tenth. 

1II.B. THE SPECTRUM IN OUTBURST 

Objective spectra of the pre nova were re- 
ported by Cannon (1920). The energy distribu- 
tion seemed to indicate a rather high tempera- 
ture, but there was no evidence of emission 
lines. Several sharp absorption lines were seen, 
probably of hydrogen, and the spectral type 
was classified near Class A I. V603 Aql was 
also observed spectrographically during the 
first outburst phases. Absorption lines at maxi- 
mum were violet-shifted by about - 1300km s-]. 
This specti-um was followed by the principal 
absorption spectrum, which showed similar 
features (resembling an F I star) but with higher 
velocities voul --1500 km s-l , thus producing an 
aspect of duplicity in the lines. Nearly at the 
same time with the presence of the principal ab- 
sorption, bright emission lines of low excita- 
tion (H, NaI, CaII, Fell, etc.) appeared as su- 

perimposed to the absorption spectrum. This 
principal emission was gradually replaced by 
lines of increasing ionization and excitation. 
Ultimately, emission lines of NIII, NeIII, 0111, 
HeII, etc., appeared in the emission spectrum. 

Gallagher and Starrfield (1976), using se- 
lected spectral features reported by Wyse 
(1939), have outlined the increasing level of 
ionization with the decline in luminosity (Fig- 
ure 8-17). Lines from ions which appear shortly 

[O Ill] 
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JULIAN DATE - 2,421,wO 

Figicre 8-1 7 .  The appeararice tinies for liiiesfi-om tna- 
jor ioizs are compared with tlie l l i S i 4 d  light curve for 
V603 Aql .  All of the data are fioni Wyse (1939). The 
patter-ti of increasirig excitation with declining light is 
observed iii  niost novae arid sirggests that itltraviolet 
energy redistribirtioii f o l l o ~ i n g  nia.~inzimi C~nilliOli~~ 
occiirs. 
@.om Gallagher- and Star$ield, 1976). 
after maximum have excitation and ionization 
potentials of the order of 20 eV or less, while 
later features require much higher potentials 
(>50 eV). 

The new system of lines of the diffuse-en- 
hanced spectrum showed absorption features 
which were violet-shifted by about -2200 km 
s ' , almost twice as much as in the premaximum 
spectrum. An even higher outflow velocity was 
present in the Orion Spectrum, which showed 
absorption lines (typically HeI, NII, 011) with 
velocities up to -4000 km s - I  Figure 8-18). 

Payne-Gaposchkin (1957) has given a de- 
tailed description of the complex behaviour of 
the various absorption and emission systems. 
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As the nova faded, forbidden emissions be- 
came prominent, with a progressive strength- 
ening with respect to the permitted ones. 
McLaughlin (1960), has provided a compre- 
hensive description of the postnova emissions 
of V 603 Aql, including a detailed description 
of the behaviour of the HeII h 4686 Paschen 
line emission. Nitrogen flaring, a secondary 
fluorescence originated from HeII Lyman al- 
pha h 303 was related to the increase in inten- 
sity of the 4686 emission line and was evident 
from the appearance of two wide and hazy 
emissions at 4100 A and 4640 A. It is remark- 
able that, as noted by Wyse (1 940), most of the 
nebular light in 1919 and 1920 came from the 
0111 h 4959-5007 doublet and, in second place, 
from the NII h 6548-6584 doublet. 

Payne-Gaposchkin and Gaposchkin (1 941), 
from the absolute intensities of some lines and 
from the distance derived from the nebular ex- 
pansion, have estimated the line luminosity for 

i o  JUNE 20 N) 10 JULY m 31 AUG 10 

Figure 8-18, Radial velocities of Orion absorption sys- 
ten1 of V 603 Aql, correlated with light ciirve. 
(from Friedjung, 19666). 

H delta (log H, 36.65, A m = 3, and 35.85, A 
m = 6 with Am counted from maximum) and 
for the [OIII] h 5000 emission (36.99 at maxi- 
mum). 

Electron temperatures have been calculated 
from the usual 0111 ratio (5007 + 4959) / 4363, 
and values of about 6500 K were derived. Esti- 
mates of the electron density, based on the 
surface brightness of H delta and the nebular 
radius, gave values ranging from 1 x 10' cm-7, 
in the early phases, to 1 x lo6 cm" in the early 

nebular stages. With the assumption Ne-N,,+ , 
a lower limit to the mass of the shell ejected in 
the outburst was estimated in lo2' g. 

Friedjung (1966b) has given a set of deter- 
minations of temperatures and radii of the 
ejected shell in the first months after the out- 
burst. The estimates of the temperature were 
made using the methods developed by Zanstra, 
Ambartzumian, and Stoy and data from the lit- 
erature and from archives. From this study, 
Friedjung found support in favour of an inverse 
T-R correlation. A clear relation between the 
characteristic velocities of the diffuse-en- 
hanced and Orion spectra and the correspond- 
ing radii was also found (Figure 8-19). 

1II.C. THE STRUCTURE OF THE EJECTED 
SHELL 

The expansion of the ejected shell and the 
nebular structure has been studied quite care- 
fully by various authors. About 4 months after 
maximum, Barnard (1919) detected a nebular 
shell with a diameter on the order of 1" that ex- 
panded at a uniform rate. Wyse (1940), in his 
protracted photographic and spectroscopic 
monitoring, showed that the expansion rate was 
at about 1"OO per year during some 20 years. 
Wright (1919), from a series of exposures made 
by rotating the spectrograph, was able to dem- 
onstrate that the expanding shell was not 
spherically symmetric. From studies on spec- 
trograms taken at Lick Observatory with the 
slit at different position angles, Baade (1947) 
proposed the presence of a system of three rings 
(equatorial belts) in parallel plans, and of two 
very large polar caps (blobs, condensations) 
that were apparently ejected in opposite direc- 
tions along a common symmetry axis pointing 
nearly (16") toward the sun. 

Weaver (1974) has made the most exhaus- 
tive study on the development of the shell. 
From the slit-spectrograph images taken with 
the slit in a number of different position angles, 
he reconstructed the structure of the ejecta. The 
model he derived describes the nebula in terms 
of cones of emitting material and two polar 
jets. The axis of the cone system and the line of 
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sight are nearly perfectly aligned (angle less 
than I O ). Figure 8-20 gives a sketch of the mor- 
phology of the ejecta. 

To the Sun 

l a  

l a  

Figure 8-20. Morphological riiodels of the priricipal 
envelopes of V 603 Aql and DQ Ner.pp is the polar 
axis arid aa the equatorial belt. (fioni Mitstel arid 
Boyarchuk, 1970). 

1II.D. UV AND X-RAY OBSERVATIONS 
OF V 603 AQL 

The first UV observations of the old nova 
were made by Gallagher and Holm in 1974 
(1974), using the 8-inch photometric tele- 
scopes of the OAO-2 Wisconsin Experiment 
Package (WEP). 

They attempted also to observe other quies- 

cent novae, but only V 603 Aql and RR Pic 
were positively detected. From the observed 
distribution, after correction for EB.” = 0.07, 
Gallagher and Holm were able to estimate an 
empirical color temperature of about 25,000 K. 

From the observed continuum distribution 
and the knowledge of the distance, a lower 
limit for the luminosity of about 8 L o  was 
derived. 

After the launch of IUE, V603 Aql was ob- 
served by several authors: Selvelli and Cas- 
satella (1981), Drechsel et al. (1981), Lambert 
et al. (1980), Duerbeck et al. (1980a), Krautter 
et al. (1981), Ferland et al. (1982a), etc. (Figure 
6-36 shows a typical IUE spectrum of V603 
Aql.) 

The remarkable differences from author to 
author in the temperature fitting to the contin- 
uum distribution have already been mentioned 
in Chapter 6. In this respect, it is worth men- 
tioning that Lambert et al. (1980) in the first 
IUE observations of V 603 Aql noted a system- 
atic disagreement between the OAO-2 and IUE 
values shortward of h 1600 and suggested real 
variability in the continuum of the hot compo- 
nent. 

Duerbeck et al. (1980) reported that the CIV 
1550 emission was accompanied by a blue- 
shifted absorption indicating mass outflow. 
Selvelli and Cassatella (198 1) used low-resolu- 
tion archive data and original high-resolution 
spectra to look for a possible phase dependence 
in the continuum distribution (which could ex- 
plain the differences in temperatures found in 
previous works) and to check the reality of the 
presence of P Cyg profiles in the resonance 
lines of CIV and SiIV reported by Krautter et 
al. (1981). One of the results of this study was 
the suggestion of the presence of rapid vari- 
ations in the far UV and “eclipse-like’’ effect in 
the near UV for the high excitation lines, which 
seemed correlated with the orbital phase. 

The high-resolution SWP spectrum was 
slightly underexposed. However, three emis- 
sions were clearly present, i.e., SiIV 1400, CIV 
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1550, and He11 1640. They all present the same 
kind of profile, which appears to be a wide and 
shallow emission centered at the nominal 
wavelength. The half-half widths indicate ve- 
locities of around 900 km s-’ that cannot be 
ascribed to the orbital motion, which has lower 
velocities. It is remarkable that this high-reso- 
lution, deep-exposure spectrum (420 minutes) 
has not revealed any additional emission line 
besides the three emissions mentioned above 
(see also Figure 6-42) that are clearly evident in 
the low-resolution spectra. The absence of 
(sharp) intercombination emissions was inter- 
preted as an indication that the nebular shell 
had essentially vanished. 

The main shortcoming of this study was in 
the inhomogeneity of the data: the IUE spectra 
used were taken at different epochs, and phases 
were reconstructed assuming Kraft’s (1964) 
period. Drechsel et al. (1981), instead, made an 
extensive set of observations monitoring the 
nova during almost two complete cycles, one 
entire IUE shift. A total of 8 SWP and 2 LWR 
spectrograms were obtained. UV (and optical) 
changes with a period in agreement with that of 
Kraft were detected and interpreted as related 
to the phase of the binary system. The emission 
line spectrum consists of two distinct groups: 
quite strong resonance lines such as SiIV, CIV, 
AlIII, MgII, and much weaker semiforbidden 
lines such as NIV 1486, NIII 1750, CIII 1908, 
and CII 2326. The presence of these latter lines, 
if confirmed, would indicate that the system is 
surrounded by highly diluted (nebular) matter. 
The strongest feature is the CIV resonance dou- 
blet h 1550. Phase-dependent variations (by a 
factor of up to two) in the line intensity are 
clearly evident, especially for CIV, SiIV, HeII, 
and NIV 1486. The most pronounced changes 
occur near maximum light at about + = 0.5. The 
intensity is instead minimum near orbital phase 
0 (Figure 8-21). The continuum variations with 
phase are smaller than the 0.3 mag observed in 
the visual (FES) light-curve. The fact that the 
variations in the optical continuum, UV contin- 
uum, and UV line emission are strongly corre- 
lated suggests that the main source of UV and 
optical radiation are located in about the same 
region of the system. This behaviour is in 

agreement with the optical photometric obser- 
vations of Panek (1979), who showed gray 
variations in the light-curve. “Eclipse-like’’ 
effects (near phase 0.0) are not evident in the 
semi forbidden lines. This was interpreted as an 
evidence for the presence of diluted gas sur- 
rounding the whole system. These results are in 
disagreement with those by Selvelli and Cas- 
satella (1981) who did not show presence of 
nebular lines. 

A study similar to that of Drechsel et al. but 
focused on the LWR range (which was covered 
by two observations only in that study), was 
performed by Selvelli and Cassatella (1982). 
Five LWR spectra at low resolution were taken 
in a close sequence, to monitor the phase-re- 
lated variations (since they covered about one 
orbital period), and one high-resolution LWR 
spectrum was taken in order to provide correct 
identifications and information on the emission 
lines shape. Actually, no stellar lines, either in 
emission or in absorption, were detected in the 
high-resolution spectrum, probably partly be- 
cause of the fact that it was underexposed by a 
factor of about two, and mainly because the 
possible features, being very broad and shallow 
as in the high-resolution SWP spectrum de- 
scribed previously by Selvelli and Cassatella 
(1981), were not detectable. The five low-reso- 
lution spectra, on the contrary, have permitted 
an easy estimate of the presence or absence of 
spectral features. These data indicate that the 
emission lines are probably fornied in the ac- 
cretion disk and that there is no trace of any 
nebular contribution from the envelope ejected 
at the time of the outburst. (Figure 8-22) 

About three fourths of the emission lines 
have been identified or tentatively identified as 
belonging to permitted, semiforbidden, and 
forbidden transitions of medium-high ioniza- 
tion species. The strongest emissions are Mg I1 
h 2800, 0111 h 2320, 011 h 2470, AI I1 h 2669, 
probably Fe XI1 h 2568 and 2578, 0 I11 h 3047 
and a few unidentified lines. In addition, all the 
lines of the He I1 Paschen series are present, 
together with the 0 111 lines produced by the 
Bowen flourescent mechanism involving He 
Lya  h 303. 
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Figitre 8-21. a )  Two selected IUE short waveletigth 
spectrogranis of V 603 Aql obtained at orbital phase 
OS2 arid dicring the supposed eclipse at phase 0.94. 
Pronoiriiced variations of the stiwigths of C IV 1550, 
Si IV 1400 atid He II1640 as well as N IV I 1486 - hiit 
in the opposite sense are eviderit. b )  Comparison of the 
visual light ciirw (obtained with the Fine Error. Sensor 
on board of W E ) ,  at the bottom, with tlie emission line 
f l i t s  of four iotis (top) and irltraviolet continiiimi light 
ciirws (center). c )  IUE short wavelengtli spectrograms 
obtained during more than two coniplete orbital 
cycles. d )  optical observations obtaiiied with the ESO 
3.6 meters telescope. Variations in tlie line strengths 
( e g .  He II 4686) and line profiles (e.g.  H gamma) are 
noticeable. 
groni Drechsel et al, 1980: Figs a ,  d;  Drechsel et al. 
1981: Figs b, c.) 
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Actually, of the dozen coronal lines reported 
in the near UV range of the solar spectrum, all 
but one (Fe XI 2649) might be present in V603 
Aql. 

Figure 8-23 reports the values (not corrected m c  

for reddening) of the total flux below the con- 
tinuum (i.e.,lii! F i  dA in ergs cm-2 s-') of the 
Mg I1 emission intensity (erg cm-2 s-I) and of the 
visual magnitude derived from the FES counts 
as function of the orbital phase (seeTable 8-2). 

For the ephemeris, the value of P=0.1383d 
and the time of the principal minimum given by 
Herczeg (1 982) have been assumed. 

There are variations both in the lines (by a 
factor of = 2) and in the continuum (by a factor 
of 11.3)  in spectra taken in close sequence. It 
is questionable, however, whether these vari- 
ations are intrinsically phase-related. The ob- 

\ CONTINUUM 

TOTAL ENERGY 
BELOW THE CONTINUUM 
(10- '2erg ~ r n - ~  5 - 0  

Figure 8-23. The variatioiis observed in 5 spectra 
taken in strict seqiteizce, in the lofig waveleiigth region. 

served maximum of the Mg I1 emission and of 
the continuum around phase - 0 might be at- 
tributed to a transient phenomenon. This might 
explain the disagreement with the visible data 
and the previous far UV observations. 
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TABLE 8-2. 

VALUES OF VISUAL MAGNITUDE 
MJFES), MG I1 EMISSION, AND TOTAL 
FLUX BELOW THE CONTINUUM, FOR V 
603 AQL AT DIFFERENT ORBITAL 
PHASES. 

MgIl Emission Total Flux 
below the 
continuum 

( IO-”  erg cm-? st) 

Phase* mu (FES) (lo-’? erg cni-? s-I) 

0.28 1 
0.325 
0.479 
0.522 
0.678 
0.722 
0.899 
0.942 
1.097 
1.140 

12.1 1 

12.03 

12.00 

12.04 

12.09 

5.75 235 

6.70 253 

5.10 252 

11  .OO 285 

10.25 242 

Surprisingly, the maximum in the near UV 
total flux and in the Mg I1 emission intensity 
occurs near phase = 0 (principal minimum in 
the visible), while at the other phases, the val- 
ues of the quantities under study do not differ 
very much from each other. 

Ferland et al. (1982) have made a quantita- 
tive analysis of the physical conditions in the 
continuum and line-emitting region of the sys- 
tem. After correction for E(B-V) = 0.07, the 
continuum follows a power-law close to the 
P3’ value expected from a “standard” disk. If 
the distance is of 380 pc, the total luminosity is 
of the order of 5 x erg s-’. If this luminos- 
ity is generated in the accretion disk, the mass- 
accretion rate can be derived: &f-IO’* gr s-’. 

A study of the emission lines from ions like 
H, He, C, N, 0, has led the authors to suggest 

*+=0 corresponds to the principal minimum of the visible 
light curve. The phase associated with m (FES) is that corre- 
sponding to about 2 minutes before the beginning of the 
exposure. The phase associated with the spectral quantities is 
that of mid-exposure. (4 June 1981, GMT = 23y 09m 35s = 
JD 2444760.4652). 

that these lines are formed in a circumstellar 
“corona” with size comparable with the binary 
separation. The “corona” is heated by the hot 
radiation from the accretion disk. The large ra- 
dius of the “corona” is required by the emission 
measure of the gas and by the presence of the 
NIV 1486 line, which has a critical density of 
about 10iO~s. Ferland et al. (1982a) pointed out 
that several features of the model, in principle, 
were open to direct observational test. For He11 
(produced across much of the corona) they ex- 
pected a broad line with a fill-in center, while 
for lines such as C IV (produced only across an 
annulus), they expected a narrower, saddle- 
shaped profile. 

Ferland et al. (1982) studied also the optical 
spectrum of V 603 Aql (Figure 8-24). The hy- 
drogen emission lines show a flat Balmer dec- 
rement: 

Ha=0.99, H,=1.00, Hy=0.86, Hd=0.92, 
etc . 

7Qx 
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- 
2 8 -  

06 $ 0  1 4  $ 8  22 
Y 110‘5 HZ1 

Figitre 8-24. The lower. panel shows the observed opti- 
cal - rtltraviolet coiitiriirorrs eiier.gy distributiori. Tlie 
ripper. panel shows the eriergy distr-ibirtioii after apply- 
ing uti iriterstellur reddeiiiiig cor-r-ectiori E(B-V)=0.07 
mag. This redderiirig cor~r~ectioii, wliicli is corisisteiit 
with the object’s galactic positiori, bririgs the contiti- 
itrtni to the fortii predicted for an optically tliiii accr-e- 
tiori disk. 
(from Ferland et ai, 1982~)  

434 



This anomalous behavior was interpreted in 
terms of emission from a small volume of dense 
gas (10" cm-') on the surface of an accretion 
disk. The presence of N IV 1486 (Necri' = 
however, is disturbing. 

1II.E. V603 AQL IN QUIESCENCE: HOW 
MANY PERIODS IN V 603 AQL ? 

The binary character of V 603 Aql was dis- 
covered by Kraft (1964), by using high-resolu- 
tion Palomar coude spectrograms at 38 &mm. 
From the RV changes in the Hy and H6 emis- 
sions, he determined a period of 3h 19.5" 
(0.13854 days). The RV curve has 2K = 75 km 
s-', and the emission lines have an intrinsic 
broadening of approximately 240 km/s (half- 
half width). The low 2K value suggested low 
system inclination, and, therefore eclipses or 
occultation effects were not expected. 

The first photometric observations never 
covered one entire period; they just  revealed 
strong flickering activity. (Walker, 1963; 
Robinson and Nather, 1977) 

Time-resolved spectrophotometry (Panek, 
1979) has shown that differences of 0.3 mag 
over time scales of -10 minutes are common in 
V603 Aql. These variations are gray. 

Rahe et al. (1980), during an 8-hour observ- 
ing run with the IUE satellite, monitored the 
optical photometric behavior of V603 Aql by 
using the FES instrument (5.1-second integra- 
tion times and about 20 points in the curve, 
separated by intervals of about 20 minutes). 

The light curve they found (Figure 8-25) re- 
veals the presence of three pronounced minima 
separated by a time interval, which is in agree- 
ment with the spectroscopic period found by 
Kraft. The presence of these minima was tenta- 
tively interpreted in terms of a partial eclipse of 
the accretion disk around the white dwarf by 
the late main-sequence component, or as an oc- 
cultation of the hot spot by the disk itself. 

Slovak (1981) made high-speed photometric 
observations of V 603 Aql starting on 15 June 
1980, 5 days after Rahe's observations. The 
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Figure 8-25. Visital light cur've obtained ~ v ' t h  the FES 
Ifr-om Dreclisel et al, 1980) arid RV curve (only H 
gariinia and H delta have been measirred) (from Dre- 
chsel et al,  1983b). 

new data were reduced, using a cross-correla- 
tion analysis, and power spectra were calcu- 
lated to search for low-amplitude rapid oscilla- 
tions, of the kind detected in DQ Her and V533 
Her. 

During the five observing runs, no evidence 
for regular eclipses or any other periodic fea- 
ture was found. (Figure 8-26) This fact led to 
the conclusion that the variations reported by 
Rahe et  al. (1980) may arise from the formation 
of transient features in the accretion disk. 

This failure in the attempt to find regular 
eclipses was interpreted as a support to the in- 
dications of low system inclination derived 
from the spectroscopic data of Kraft and from 
the study of the nebula by Weaver (1974). 
Similar arguments were also adopted by Cook 
(1981) to reject the eclipse explanation of the 
minima observed in the light curve. 

Surprisingly, new photometric observations 
by Haefner (1981) in summer 1981, revealed a 
repeating hump structure in the light curve. A 
periodogram analysis gave a period of 
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Figiire 8-26. Light ciirves of V 603 Ayl obtained diir- 
iiig several nights, with a resolution of 6 s per point. 
Solid arrows denote predicted time of niinimum light. 
011 Jiily 25 a hump occiirs rather than ail eclipse. 
(from Slovack, 1981). 

0.144854 days, about 5% larger than the spec- 
troscopic one. Haefner suggested that periodic 
features only can be identified when the mean 
light level of the system is low (V-11.9); oth- 
erwise, they might be masked by a strong flick- 
ering activity. In this respect, it is worth re- 
marking that the observations by Slovak indi- 
cated V-l 1.4. New observations were made by 
Herczeg (1982) who also used data obtained in 
previous works in his attempt to clearly define 
the photometric period. He found, beyond any 
doubt, clear evidence of minima in the light- 
curve and suggested 0.13816 days as the best 

" :  I )  - - 
, , . . , . . . I  I I . I I . . I I . I I * I I  

value for the period, leaving, however, a possi- 
bility for P = 0.13822 and P = 0.13828. Also, he 
pointed out the considerable observational dif- 
ficulties produced by the strong photometric 
disturbances the star presents. 

More recently, Haefner and Metz (1985) 
have presented a careful analysis of the data 
taken in mid summer 1981 with the ESO 50 cm 
telescope during long observing runs. The pre- 
liminary results presented by Haefner (1981) 
were confirmed: hump-like features instead of 
eclipse-like features, and a period of 3" 28.8 
(0.144854 days), which is about 10 minutes 
(5%) larger than the spectroscopic one [Kraft 3h 
18"'.9]. 

No periodic variations during the whole ob- 
serving time interval, which covered 117 peri- 
ods, were detected. The observed hump struc- 
ture (Figure 8-27) in view of the low inclination 
of the system, cannot find an easy explanation. 
Haefner and Metz have made also polarimetric 
observations. The measurements of linear and 
circular (Pc-2.7 1 0-4) polarization revealed an 
unexpected, new period of 2h 48". 

There are, therefore, at least three periods 
that characterize the various observing modes 
of V 603 Aql. 

On the basis of these results, Haefner and 
Metz (1985) have proposed a detailed model of 
intermediate polar, combined with a transitory 
eccentric disc to explain the different perio- 
dicities present in the system. A magnetic field 
of the order of lo6 Gauss was derived from the 
degree of circular polarization. 

Optical observations obtained in 1980 and 
with the ESO 3.6 m. telescope (Drechsel et al., 
1983b) together with previous data taken by 
Kraft, have been used to determine more pre- 
cisely the spectroscopic period. (Figure 8-28). 

The power-spectrum analysis yielded P = 
Od.1381545 in good agreement with the early 
determination of Kraft: P = 0.13854. 
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Figlire 8-28. a )  Radial wlocity cirrve of the primary 
component of V603 Aql (crosses H Beta and H Ganinia 
emission h i e s  nieasirred by Dreclisel et al, 1983b), 
while the dots are earlier nieasicretnents by Kraft. b) 
eqiiiiialent widths of He I1 4686 12s the phase. The 
dashed line is the RV ciirve shown in a). 
(ji.oni Dreclisel et al, 19836). 

IV. CP PUP 

(written by Bianchini) 

1V.A. INTRODUCTION 

CP Pup is one of the two brightest galactic 
novae ever observed; the other one is nova 
Cygni 1975. It reached photographic magni- 
tude 0.5 on JD 2430675, rising from fainter 
than 17th magnitude. A large outburst ampli- 
tude, a very rapid development, though with 
modest expansion velocities, high terminal 
excitations with the simultaneous presence of 
very low excitation lines, such were the first 
peculiarities observed in nova Puppis 1942 
(Payne-Gaposchkin, 1957). At light minimum, 
the nova has been found to be a close binary 
system having an unusually short orbital period 
below the 2-3 hour period gap for all cataclys- 
mic variables (Bianchini et al., 1985a,b; 
Warner, 1985; Duerbeck et al., 1987). 

We shall report here some relevant data for 
this nova at outburst and at minimum. 

IV.B. THE OUTBURST 

The outburst light curve of CP Pup shows a 
smooth early decline and a transition phase 
without oscillations (Figure 8-29). The star 
rose from fainter than 17th magnitude and so, 
at least after the rise, it had the largest range re- 
corded for a nova. Now the old nova standstills 
at mv-15. The nova at maximum reached abso- 
lute magnitude - 11.5 (Duerbeck,l981), so that 
it radiated for a large fraction of the outburst 
with a luminosity that surpassed the Eddington 
luminosity by two orders of magnitude. The ve- 
locity of decline of the light curve was as high 
as 0.37 mag/day. Such a large velocity of de- 
cline has been reached by the more recent very 
bright nova Cygni 1975 and also by the far less 
energetic recurrent nova T CrB, which also pre- 
sented a similar rapid spectral development. 

2 

0 1  

00 

0 2  I 

Figure 8-29. Above, the light ciirve of CP Pup 1942 in 
the photographic (dots), the visual (small circles), and 
the continuirni (large circles). Middle, radial velocities 
fioni absorption lines (dots), red edge (half-Ji:lled 
circles) and violet edge (also lialf-filled circles) of 
bright lines. Ordinates are shown oii the right. 
Bottom, logarithm of the ratio C-IPIHy (dots and broken 
line), the ratio VIR for  tlie Hel l  4686 (circled crosses) 
arid for  the Balnier lines (circle). Note that the cirrve of 
the Hell  lines changes in tlie opposite seiise to those of 
the Balniei. lines. (from Payne-Gaposchkin, 1957). 
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Soon after the maximum, the spectra of CP 
Pup showed the presence of high-excitation 
lines of [0111], [CaVII], [[CrIII], [MnVI], 
[FeVIII], [FeX] and [FeXI]. However, the same 
spectra revealed bright lines of [OI] 01, Na, 
CaII, Si, FeII, and [FeII], indicating the pres- 
ence of a stratification of the ionized atoms 
around the star. We recall here the fact that 
high-excitation coronal lines are observed also 
in recurrent novae like, for example, T CrB. 
This demonstrates that the velocity of the 
photometric and of the spectroscopic develop- 
ment and the appearance of high-excitation 
emission lines are not related only to the rate of 
the energy output by the explosion. In fact, 
low-energy outbursts with large expansion 
velocities of very thin envelopes should also 
favor the formation of high-excitation lines. 
Moreover there exists only a very general cor- 
relation between the velocity of decline and the 
expansion velocity of the envelope of classical 
novae. Actually, the velocities derived from 
the diffused-enhanced spectrum and the Orion 
spectrum of CP Pup were not particularly large: 
-1600 km/s and -2000 km/s, respectively. 
When the envelope became optically thin, we 
observed a doubling of the nebular lines, due to 
the layers expanding towards us and those 
expanding in the opposite direction. These 
emission lines yielded an even lower value of 
the expansion velocity: 1100 km/s. The veloc- 
ity derived from P Cyg profiles was of 1400 
km/s. These differences can be attributed to the 
fact that the expansion velocity of the observed 
nebula is often lower than that derived from the 
blue-shifted absorption features that character- 
ize the so called continuous wind-ejection 
phase of the decline. It is then possible that the 
bulge of the matter lost by the nova was not 
principally formed by the high-velocity wind 
produced during this relatively well-extended 
phase of the nova outburst. 

However, the spectral development of CP 
Pup was really very fast. The diffuse-enhanced 
spectrum appeared four days and the Orion 
spectrum, five days after light maximum. The 
absorption spectrum was recorded for only fif- 
teen days: it disappeared at the beginning of the 
transition phase, when the spectrum of a nova 

starts changing from a more stellar to a purely 
nebular one. This could suggest that the ex- 
panding envelope of CP Pup was not very mas- 
sive. 

The behaviour of the V/R reversals for the 
Balmer lines and for the HeII h4686 emission is 
peculiar. The V/R ratio of the HeII line changes 
with time in the opposite sense to that of the 
hydrogen lines, but with the violet edge always 
the stronger. All this is shown in Figure 8-29. 
The V/R ratios for the H lines are initially 
larger than unity and become unity at approxi- 
mately the end of the transition phase, just 
when the HeII h 4686 emission becomes visible. 
It is then evident that hydrogen and HeII lines 
are produced in different regions around the hot 
central object. All these phenomena are actu- 
ally the consequence of a unique basic physical 
process, that is the dilution of the expanding 
envelope and the consequent variation of the 
optical depths and the velocities of the regions 
that are responsible for the emission of the 
different ions. In 1947, the nebular spectrum 
was still strong, with very structured emission 
lines. 

1V.C. THE NEBULA 

The expanding nebula was for the first time 
observed by Zwicky (1956) when it had a ra- 
dius of 2.78”. Distance determinations based 
on several methods, including the nebular par- 
allax, have been discussed by Duerbeck 
(1981), who gives the revised value of 1500 pc, 
based on new photographs of the nova (Duer- 
beck and Seitter, 1979). The nebula is shown in 
Figure 8-30. Its structure is, according to Wil- 
liams (1982), “moderately symmetric, reminis- 
cent of a wheel with spokes emanating from the 
center and extending out to a roughly circular 
rim.” Williams (1982) has given a detailed 
spectroscopic study of the nebula when it was 
14” in diameter. Two hours of exposure spectra 
of the nebula, taken in the blue and in the red 
spectral region, are presented in Figure 8-31. 
Table 8-3 gives the emission line fluxes. 

Williams emphasized two peculiarities of 
the spectrum of the nebula. 
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Figure 8-30. The shell of CP Pup 1942. H a  + [Nl l ]  CCD image taken by H W .  Diierbeck with the 2.2 rn ESO telescope. 

The first is the presence of a broad emission 
feature at about h3600, which might originate 
from Balmer continuum recombination of low- 
velocity electrons. If it is that, then the tem- 
perature of the nebula would be rather low, T = 
800 K, for collisional excitation of the ob- 
served forbidden lines. 

The second observed peculiarity is that the 
nebula contains permitted and forbidden lines 
of NII with comparable fluxes. Normally, for- 
bidden lines of nebular spectra are lo’ times the 
intensities of the permitted lines. The solution 

suggested by Williams is that excitation of all 
the levels occurs by recombination. Table 8-4 
lists those transitions of the C,N,O elements 
which may produce the strongest optical lines 
in the recombination spectra of each of the five 
lowest ionization stages. Quantitative esti- 
mates can be made for the relative abundances 
of the H, He, and N elements, since line identi- 
fications and fluxes were well determined for 
ions of these elements. Assuming that lines are 
formed by recombination, and that the reso- 
nance lines are optically thin due to the very 
large differential expansion velocities for nova 
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CP PUP SHELL 

4oM 4 5 w  

TABLE 8.3 (*) 

EMISSION-LINE FLUXES FOR THE CP PUPPIS SHELL 

Measured Line Relative Flux 
Wavelength (A) Identification (HP=100) 

3638 ...................... H I Balmer cont. 
3720 ...................... [0 111 h3727 (ISM) 

3969 ...................... HE 
4101 ...................... HF+N I I I  A4099 

4380 ...................... N 111 h4379 
4608 ...................... N I V  h4606 
4640 ...................... N 111 14640 
4682 ...................... He 11 14686 
4860 ...................... 
5004 ...................... N 11 A5005 

... 
21 
20 3886 ...................... H<+He I h3889 

434 1 ...... . . . . . . . . . . . .. . . . Hy 

HP 

13 
28 
26 
19 

52 
92 

100 
44 

5407 ...................... He 11 h541 1 
5672 ...................... N I I  15678 
5875 ...................... He I h5876 

7 
9 

19 

Figwe  8-31. Blue (top) arid red (bottom) spectral 
S C U ~ I S  of the expatidiiig shell of CP Pup obtaitied by R 
P Willianis. Line flicses are ,?iveri in Table 1. (From 
Williams, 1982). 6233 ...................... He 11 h6233 (?) 23 

6560 ...................... Ha 300: 
200: 6580 ...................... [N II] h6584 

'Fluxes of lines in the red (scan ( h >5300 A) 
have been arbitrarily normalized such that H a  = 
300. The absolute H f3 flux of the portion of the 
shell we sampled (-20% of the entire shell) was 
F,, = 5.8 x 
(*) From Williams (1982) 

ergs cnx2 s-!. 

TABLE 8.4(*) 
STRONGEST OPITCAL RECOMBINATION LINES FROM CNO IONS\ 

Carbon Nitrogen Oxygen 

c I (2p' ' f ) :  

c I1 ( 2 p  'P"): 

Triplets: none in visible 
Singlets: 2p' ' f - 'D  1198491 

Doublets: 3d' D 4 f  ?F' 14267 

c 111 (2s2 IS): 
Triplets: 4f 'F-Sg 'G M069 

c I V  (2s 3): 

c V ( I s '  1s): 

Doublets: S g  ' G 4 h  'H" 14660 

Triplets: 6/1 'M1-7i3 I )14946 

N I (21)' "P): 
Quartets: 3s4P-3p4DD" 18692 
Doublets: 211' JS"-'D1' [hS200] 

Triplets: 3p7 D-3d ' F' 1500.5 
Singlets: 2p2 ' F ' D  [16584] 

Doublets: 4f 'FI-Sg 'G 14379 

N I I  (2p' 3 f ) :  

N 111 (2p' P"): 

N IV (2s' IS): 

N v (2.7's): 
Triplets: S g  ' G ~ / I  'MI 14606 

Doublets: 611 'H"-7i2/ 14946 

0 1(2p4 ' f ) :  

o II (21)7499: 

0 111 (2p' T): 

0 IV (2p ' f l ' ) :  

0 v (2s' IS) 

Quintets: 3.srS0-3p'P 17773 
Triplets: 3s 3S'-3/~ ' f  18446 

Quarters: 3s "f-3p "D" h4652 
Doublets: 2p' 4S"-LD" [A37271 

Triplets: 317 'D-3d 'F' h3266 
Singlets: 2p' 'P-ID [hS007] 

Doublets: Sg 'G-611 ?H" 14633 

Triplets: 611 'H"-7i'I 14932 

"The ground-state configuration of each ion is given in parentheses. 

(*) From Williams (1982) 
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shells, Williams found that, for T=103 K, the 
He/H relative abundance of the CP Pup enve- 
lope is 0.12. Similarly, it resulted in N/H > 0.1. 
The strong abundance of N is characteristic of 
every classical nova. 

1V.D. THE NOVA AT LIGHT MINIMUM- 
THE BINARY SYSTEM 

The postoutburst apparent magnitude of CP 
Pup is - 15.0 mag; that is, at least three magni- 
tudes brighter than it was before the outburst. 
This fact seems to be an exception, since 
Robinson (1975) has shown that the luminosi- 
ties of novae before and after the outbursts are 
essentially the same. It is quite interesting, 
however, to note that a similar situation is 
occurring also to nova Cyg 1975. Why should 
these two very fast novae take such a long time 
to reach light minimum? It is possible that after 
an outburst, these systems remain for some 
time in a perturbed state either due to the sec- 
ondary (high mass-loss), or to the white dwarf 
component. 

CP Pup is a strong soft X-Ray source 
(Becker, Marshall, 1981; Cordova, et al., 
1981a) and might be also variable by a factor of 
10, at least, with a softer spectrum associated 
with a higher flux. 

The old nova is now known to be a very- 
short-period binary system having the charac- 
teristics of the intermediate polar subclass of 
cataclysmic variables. This situation might 
perhaps explain the suggested excited state of 
the system, since one of the characteristics of 
intermediate polars is the presence in the sys- 
tem of some particular active regions that 
greatly contribute to the emitted radiation 
field. 

Spectroscopic observations of CP Pup were 
carried out at the European Southern Observa- 
tory, La Silla, by Bianchini et al. (1985 a), 
Duerbeck et al. (1987) and Krautter (unpub- 
lished data). 

The orbital period of CP Pup was independ- 
ently discovered by the spectroscopic observa- 

tions performed by Bianchini et al. (1985 a, b; 
see also Figure 6-2), and by the photometric ob- 
servations carried out by Warner (1985b). Due 
to the poor signal to noise ratio of the spectra 
and also to the intrinsic strong variability of the 
nova, the modulation observed in the radial ve- 
locity curve couldn’t give a precise determina- 
tion of the period. For this reason, Bianchini et 
al. used several methods: line baricenters gave 
P = 0.0605 and P = 0.057 1 days while line peaks 
gave 0.06115 days. The latter fit was probably 
clearer than the other ones and was adopted. 

High-speed photometry performed by 
Warner (1985b) revealed a light curve whose 
morphology looks very similar to that of V 
1500 Cyg (nova Cygni 1975), having a period 
of 0.06614 or 0.06196 days, that is slightly 
longer than the spectroscopic one (Figure 8- 
32). 

0.0 0.2 0.4 0.6 0.8 1.0 
PHASE 

Figirre 8-32. The radial velocity ciirve for- the emission 
lines of CP Pup. (from Direrbeck et al., 1987). 

Duerbeck et al. (1987) used Bianchini et 
al.’s (radial) velocities and 29 other ones deter- 
mined from IDS spectra taken in December 
1982. The spectroscopic period could then be 
refined to 0.061422 f 0.000025 days, which is 
definitely shorter than the photometric period 
(1% and 7% shorter than the shorter and, re- 
spectively, the longer period found by Warner, 
and close to the original period proposed by 
Bianchini et al., see Figure 8.32). Thus, the 
behavior of CP Pup reminds us of Su Uma sys- 
tems during superoutbursts, when the observed 
photometric periods of superhumps are system- 
atically different by a few percent from the 
spectroscopic (i.e., orbital) ones (Warner, 
1985b). Warner and Livio (1987) have sug- 
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gested that the period distribution of CVs be- 
low the period gap is characterized by a cluster- 
ing of SU Uma’s and Polars into separate pe- 
riod ranges. According to this scheme, the 
observed orbital period of CP Pup would fall in 
one of the period ranges favored by polars. 

The amplitude of the radial velocity curve is 
determined by Duerbeck et al. (1987) to be 91.6 
rf: 17.6 Km/s (new data only), or 68.3 f 11.0 
Km/s (all radial velocity data). If this period 
and amplitude are interpreted as orbital mo- 
tion, and since no eclipses were observed by 
Warner, Duerbeck et al. derive the following 
masses: 

M (secondary) = 0.14 Ma , approximately an 

M (primary) G 0.86 M, (all data) 
M7 V star 

G 0.50 Ma (new data only). 

If the inclination of the system is estimated 
to coincide with some nebula features, i = 30 rf: 
5”, then these authors obtain 

M (primary) = 0.27 M, (all data) 
= 0.12 Ma (new data only). 

These values are very low, much too low for 
any theoretical model of a white dwarf experi- 
encing a TNR. 

V. GK PER 1901 
(written by Bianchini) 

V.A. INTRODUCTION 

Nova GK Per 1901 has been the first classi- 
cal nova to be adequately observed from the 
early to the late stage. It was discovered by 
Rev. T. D. Anderson on February 21, 1901, 
before the light maximum, which was reached 
two days later, at visual magnitude 0.2. A de- 
tailed comparative description of all the avail- 
able observational data of the nova during the 
outburst has been given by McLaughlin (1969). 
The photometric and spectroscopic evolution 
was that of a fast nova, with a speed of decline 
of about 0.13 magnitudes per day, an outburst 
amplitude of about 13.0 magnitudes, and an 

expansion velocity of the ejecta which ranged 
from 1000 km/s, for the Absorption I system, to 
3800 km/s, for the Orion system. During the 
“transition phase”, Le., between 3.5 and 6.0 
magnitudes below the light maximum, the nova 
presented strong light fluctuations which, un- 
like for other novae, were not correlated with 
the variations of the Orion absorption system 
velocity (Friedjung 1966~).  The nebular shell 
surrounding the old nova presents an asymmet- 
ric shape, probably due to its interaction with a 
dense and structured circumstellar environ- 
ment in which Bode et al. (1987b) have discov- 
ered the presence, around the nova, of an an- 
cient planetary nebula remnant. The return of 
GK Per to light minimum was complicated by 
strong light fluctuations that lasted until the 
forties. Later, the old nova settled down to a 
more quiescent state, at about magnitude 13.0, 
but, since that epoch, the nova has shown occa- 
sional well-defined optical outbursts. Several 
of the peculiarities of GK Per at light minimum 
have been reviewed by Bianchini et al. (1986). 

Probably, the most peculiar characteristics 
of GK Per as an old nova are its relatively long 
orbital period, almost two days (but this is still 
subject of controversy), and its dwarf nova-like 
behavior, which would place this object be- 
tween the classical novae and the dwarf novae 
subclasses of cataclysmic variables. 

From the beginning, GK Per was 
seen to be an exceptional object, and we can 
assert today that the study of the many peculi- 
arities shown by this nova, both during the 
main outburst and at quiescence, has strongly 
contributed to the understanding of the nova 
phenomenon and of the long-term evolution of 
cataclysmic variables. 

We wish here to emphasize some of the 
more unique aspects of this important nova. 

V.B. PECULIARITIES OF GK PER DUR- 
ING THE 1901 OUTBURST 

Following the chronology of the events, the 
first peculiarity can be found by analyzing the 
behavior of the nova during the so-called tran- 
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sition phase which started at 3.5 magnitudes 
below maximum, when strong light fluctua- 
tions with a range from 1 to 1.5 mag and a 
period from 3 to 5 days suddenly appeared 
(Figure 8-33). This phenomenon lasted for 
more than 3 months. At each minimum of the 
light curve, the spectrum of the nova changed 
towards the nebular type with a weaker contin- 
uum and stronger high-excitation emission 
lines of [NeIII], [OIII] NIII, HeII, and the un- Two aspects of the oscillatory phenomenon 
identified band at h4726.  At light maxima, in GK Per however, are, quite unusual and then 
these lines were weaker or even disappeared, worthy of note. The first is that the time inter- 
indicating decreased temperatures and in- vals between successive light maxima varied 
creased densities in the line-emitting region. In with time in a sinusoidal fashion and that the 
particular, the [NeIII] h3869 and the [OIII] period, amplitude, and mean value of this sinu- 
h5007 emission showed variations of two soid increased with time. In other words, the 
kinds: (1) they invariably weakened at light light fluctuations had a period that was oscillat- 
maxima and became very strong in coincidence ing between two extreme values that were 
of the minima; (2) at each succeeding light monotonically increasing with time, as shown 
minimum, these forbidden lines emerged in in Figure 8-33. 

greater strength, and at each succeeding light 
maximum, their extinction was less complete. 

At the end off the transition phase, the spec- 
trum of the nova was purely nebular. 

These phenomena are believed to be com- 
mon to all those novae that show oscillations 
during their transition phase. 
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Figirre 8-33. The oscillatory pherionieriori ditring the trarisitiori phase of GK Per. Top purlriel: the light cio-ve of tlie early 
declirie show small aniplitirde oscillatioris, wliicli niight he correlated with the stroriger oscillations of tlie trarisitiori 
pliase. - Central patiriel: the vnr-intioris of Orion velocities (jirom McLnitgliliri, 1969) show that the iiegutive niasinia of 
the velocity of the ejected wirid occw every hvo miriinia of the light citrve. - Bottom panriel: the siriusoidal variatiori with 
time of the period oftlie oscil1atiori.s. The period oscillates hehveeri hvo estrenie valires (dashed lilies), which coirlcl rep- 
reserit the firridanierital period arid the first overtone of ari Ii=3 radially pithtirig, ~ 1 o ~ ~ l y  esparidirig (11-2 K i d s )  poly- 
trope. 
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The second peculiarity of the transition 
phase of GK Per is that the radial velocity vari- 
ations of the highly blueshifted absorption 
components of the diffuse-enhanced spectrum 
and of the Orion spectrum are not correlated 
with the light oscillations in the same way as 
for other novae. Friedjung (1966~)  showed that 
the observed negative Orion velocities and the 
calculated photospheric radii-or the magni- 
tudes-of some novae during the oscillations 
of the transition phase were inversely-di- 
rectly, respectively-correlated; the only 
known exception seemed to be GK Per (see 
Figures 7-14, 7-15, and 7-16). A reanalysis of 
the photometric and spectroscopic data has re- 
vealed that a correlation similar to that known 
for other novae is still possibe for GK Per, pro- 
vided that we assume that the negative maxima 
of the Orion velocities of this nova have a pe- 
riod that is all the time twice that of the light 
fluctuations. In Figure 8-33, we can, in fact, see 
that the negative maxima of the Orion veloci- 
ties occur every two minima of the light curve. 
We can also note that the first decline of the 
light curve is not smooth but shows small 
amplitude oscillations that might represent the 
ideal backward extrapolation of the stronger 
oscillatory phenomenon of the transition 
phase. In fact, both the dependence with time 
of the maxima during the early decline and the 
correlation between the light minima and the 
negative maxima of the Orion velocities seem 
to have the same character as observed during 
the transition phase. Besides their different am- 
plitudes, the principal difference between the 
small light fluctuations of the early decline and 
the larger ones of the transition phase is the 
appearance during the deeper minima of the 
latter phase of a genuine nebular spectrum. 
Thus, what we probably observe is the com- 
bined effect of an oscillatory phenomenon that 
starts immediately after the explosion of the 
nova and of the constant decrease with time of 
the density of the expanding shell. When a 
critical value of the density is reached, the 
outer expanding envelope becomes optically 
thin and the underlying pulsating object, what- 
ever it might be, can be finally observed. This 
picture could actually agree with the fact that 
the two portions of the light curve immediately 

before and after the transition phase cannot be 
reconciled with a unique continuum slope. In 
fact, the first decline would fit only the max- 
ima, while the second portion of the light curve 
seems to follow the slope indicated by the min- 
ima. 

Since the light oscillation are not correlated 
in a simple way with the velocity changes of the 
Orion spectrum, we suggest that, at least in the 
case of GK Per, the light variations cannot be 
directly caused by changes in the velocity' of 
the continuously ejected optically thick wind, 
as it is usually suggested for the other novae. 
The fact that the radial velocity changes of the 
Orion spectrum appeared rather large, even 
during the early decline, when only minor light 
oscillations were observed, could support the 
previous conclusion. Looking at Figure 8-33, 
one could even argue that these light oscilla- 
tions start soon after the explosion with a pe- 
riod of about 2 days, which is close to the or- 
bital period of the underlying binary system. 
Thus, the possibility arises that the luminosity 
fluctuations are triggered by binary motion 
inside a pulsating extended atmosphere, which 
is sustained by the radiation pressure produced 
by the hot central object. However, we do not 
observe the spectrum of such an expanded 
object but, more probably, that produced by a 
structured optically thick wind. We must then 
conclude that the physical mechanism respon- 
sible for the particular photometric and spec- 
troscopic behaviours so far described is still not 
understood. 

After the transition phase, GK Per settled 
down to a very slow decline towards its mini- 
mum light, which was reached several years 
later. As we have said, the spectroscopic evolu- 
tion was typical of a fast nova with the normal 
sequence of slow changes from the nebular 
spectrum, where the [OIII] lines are predomi- 
nant, to that typical of a cataclysmic variable, 
leaving the h4686 and the Balmer emission as 
the strongest lines. A rapid fading of the nebula 
relative to the star was observed at the end of 
1903 and during 1904, as shown by the weaken- 
ing of [Ne 1111 relative to hydrogen and by the 
disappearance of [0 1111. The historical mini- 
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mum of the visual light curve of the nova, mv 
-15, was reached in 1916. However, as we will 
see later on, since the mid-forties, the magni- 
tude of the quiescent nova has remained at 
about my -13.1. 

V.C. THE PECULIAR EXPANDING NEB- 
ULA AND CIRCUMSTELLAR ENVIRON- 

MENT 

Another peculiarity of GK Per appeared in the 
autumn of 1901, when an apparent shell was 
seen to be expanding from the star at roughly 
the speed of light, such a high velocity being 
inferred from the apparent expansion velocity 
of the shell and an estimate of the lower limit of 
the distance to the nova that does not show any 
parallax effect. This shell is distinct from the 
shell of gaseous ejecta that was clearly seen 
only two decades later. Ka-pteyn first proposed 
that the high-velocity shell was due to a "light 
echo" from the burst of the nova light being re- 
flected by interstellar dust. In all generality, 
such an apparently expanding nebula could be 
produced by the illumination of a sheet of 
material anywhere either beyond the nova or 
between it and the earth. In 1939, Couderc 
(1939) refined this model, showing that the il- 
luminated dust seen by the earth at any time 
must describe an ellipsoid of revolution whose 
foci are the nova and the observer. On this 
principle, Couderc had calculated the location 
of the illuminated nebula, which resulted in a 
plane sheet placed between the nova and the 
observer at about 46 light-years from the nova 
and inclined about 4.5" to the line of sight. 
Actually, the presence of much circumstellar 
material is confirmed by the measures of the 
reddening, which can be easily determined 
from the intensity of the h2200 dip observed in 
the UV spectra of the nova (Bianchini et al., 
1986). The E(B-V) result was of the order of 
0.35. The light echo was mainly visible south 
of the nova. 

But the important discovery by Bode et al. 
(1987b) of an ancient planetary nebula sur- 
rounding the old nova has provided the basis 
for a new interpretation of the circumstellar en-. 
vironment and, obviously, of the evolutionary 

history of this interesting close binary system. 
The nebula was discovered by analysing sev- 
eral Infrared Astronomical Satellite (IRAS) 
images of the GK Per region. Extended emis- 
sion was detected in both the 60- and 100-pm 
bands. Figure 8-34 shows the 100-pm map of 
the region with a superimposed sketch of the 
disposition of the mentioned 1901 light-eco. 
Bode et al. (1987) have estimated a grain tem- 
perature of about 22°K a density of 2.2 g cm ' 
and a total mass of the emitting dust of 0.058 
M a  , which would imply a large mass for the 
gaseous component. Actually, new 21-cm HI 
observations performed by Seaquist et al. (in 
preparation) led to an HI mass of 20.6 M,. This 
mass is 10" - lo5 times greater than that found in 
classical nova envelopes. According to Bode et 
al. (1987), the C5 Km s-' expansion velocity of 
the gas would suggest that GK Per, as a nova, is 
a relatively young object, not much older than 
10' years, and the 1901 outburst might have 
been the first one from this system. 

03h 30rnin 29 min 28 rnin 03h 27rnin 
RIGHT ASCENSION (1950) 

Figure 8-34. IRAS 100;rmz niap of the region aroicnd 
GK Per. Contoirrs range fi'oni I .5 MJJ sr-' to 55 M J y  
SI-.'. The position of the nova is marked. The inset 
shows a 5-GHz radio niap of the rionthernial radio 
emission of the central interactioii region of the e.v- 
pariding shell. Sirperiniposed is also a sketch of the dis- 
positioii of refection nehirlosity froin a Lick Ohserva- 
tory plate taken on 12-13 November 1901 (from Bode 
et ai., 1987h). 

The nebula ejected by GK Per during its 
nova outburst is also peculiar. It has the shape 
of a prolate ellipsoid (Figure 8-35), but with 
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Figiir-e 8-35, The tiebitla of GK Per. The distr-ibiitioti of matter is asyiiinietric arid the niaterial iJ coriceritrated itito blobs. 
The iriter-action of the shell with the iiiterstellar niediimi is resporisible for the for-matiori of the S-Wf,.oiit 

the matter non equally distributed, the south- 
west portion of it being the more luminous. The 
material of the shell looks concentrated into 
blobs of variable size whose trajectories during 
the expansion can be determined by compari- 
son of plate images taken at different epochs. 
The interaction of the expanding nova shell 
with the interstellar medium was discussed by 
Duerbeck (1 987a) who determined the decel- 
eration of the shell and more reliable distance 
to the nova: 390 pc. A detailed reconstruction 
of the three-dimensional image of the shell of 
GK Per was obtained, using more than 200 
blobs, by Seitter and Duerbeck ( in “An Atlas of 
Nova Shells”, in preparation; see also Seitter 
and Duerbeck, 1987). Monochromatic images 
of the nebula taken by these authors revealed 

differences in the distribution of light concen- 
trations from the different ions that do not 
exclude different chemistries for polar and 
equatorial regions as shown in Figure 8-36. 
Radio (Reynolds and Chevalier, 1984) and op- 
tical (Williams and Ferguson, 1983) observa- 
tions revealed the presence on the nebula of 
shocks and turbulent processes which are simi- 
lar, although far less energetic, to those acting 
in supernova remnants. In particular, the radio 
map of the shell (see Figure 6-77), shows that 
the emission is concentrated in the southern re- 
gion of the sky around the nova, in complete 
analogy with all the preceeding results. It is 
then possible that the interaction of the ejecta 
with the interstellar material is, at least par- 
tially, responsible for the observed energetics. 
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Figwe 8-36. The [OIII] iinage sitbtructedfioni the Ha +- / N  I I ]  iiiinge of the iiehula of GK Per. North is to the le$, wesi 
to the top (fi.oni Seitter arid Diieiheck, 1987). 

V.D. PECULIARITIES OF GK PER AS A 
CATACLYSMIC BINARY 

The old nova GK Per was discovered to be a 
Close Binary System by Kraft (1964). 

The results obtained by several authors have 
demonstrated that, among classical old novae, 
GK Per can be considered an exceptional ob- 
ject for the following reasons: 

1) The most probable orbital period is un- 
usually long. It has been subject of controversy 
(Kraft, 1964; Paczynski, 1965). Bianchini et al. 
(1981) found an eccentric orbit (e=0.4) and an 
orbital period quite close to that given by Kraft 
(P = 1.904 days). A more extended and detailed 
spectroscopic study of the radial velocity vari- 
ations of both the white dwarf and the K2 sec- 
ondary, done by Crampton et al. (1986), re- 
vealed circular orbits and a period of 1.996803 
days (Figure 8-37). According to these authors, 
since no eclipse has ever been observed, the 

inclination of the system should be < 73" so that 
the most probable masses for the two compo- 
nents are M(K2) = 0.25 Ma and M(WD) = 0.9 
M , (Figure 8-38). Thus, apparently, only about 
one-quarter of the original mass of the K star 
remains. This also implies that the secondary is 
a slightly evolved star, perhaps stripped to its 
helium core. 

More recently, this already uncertain scenario 
has been further complicated by a reanalysis of 
Crampton et al.'s original data carried out by 
Kurochkin and Karitskaya (1986). These au- 
thors found that the two-day variation itself is 
modulated with a period of 0.131623 days. The 
amplitudes of these smaller radial velocity 
variations are of only 15 Km/s for the absorp- 
tion lines and 20 Km/s for the emission lines. If 
this shorter period is orbital, the masses of the 
two components could be 0.8 M , for the white 
dwarf, and 0.6 M, for the K star. Should this 
result be confirmed, then the two-day periodic- 
ity could be tentatively ascribed to the preces- 
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sion of the eccentric, e = 0.4, orbit or to the 
presence of a third body. Needless to say, fur- 
ther detailed spectroscopic observations are 
badly required. 

d 

2) The nova at quiescence presents an out- 
burst activity reminiscent of that of certain 
long-period dwarf novae, e.g., BV Cen. As an 
example, Figure 8-39 shows the light curve of 
the novae in the years 1969-1983. The duration 
of the optical outburst of GK Per is one or two 
months. The amplitudes range from one to 
three magnitudes. The outburst profiles tend to 
be symmetric, especially for the largest out- 
bursts. The observed recurrence times are vari- 
able, but all of them seem to be submultiples of 
2400 days. This sort of quasi-periodicity is il- 
lustrated in Figure 8-40. A classification 
scheme for the outbursts is suggested in Figure 
8-41. 

According to Bianchini et al. (1986) and 
Cannizzo and Kenyon (1986), most of the ob- 
servational characteristics of the optical out- 
bursts of GK Per can be explained by disc insta- 
bility episodes starting from the inner edge of 
the accretion disc, where an unstable transition 
region is formed if the mass transfer rate from 
the secondary is slightly larger than 10I6gs I .  

However, as we will see, some observational 
facts are suggesting that we are probably still 
missing the correct interpretation of the out- 
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Figirr-e 8-39. The light ciwve of GK Per iri the years 1969-1983. Optical oicthirrsts occitrr.irig it, 1970, 1973, 197S, 
1978. arid 1981 are clear.ly visible ( f i m ~ i  Sahhadiri arid Bia1ichbii, 1983). Circles: B ;  dots: 11. 

burst phenomenon in GK Per. The phenome- 
nology connected to this important property of 
the old nova will be discussed further on in this 
review. 

3) While most old novae are completely 
dominated in the blue spectral region by light 
coming from the accretion disc and the bound- 
ary layer, the spectrum of GK Per at light 
minimum (Figure 8-42), shows also the pres- 
ence of a K2 IV-V companion (Kraft, 1964; 

Gallagher and Oinas, 1974). We note that the 
spectroscopic detectability of the secondary 
might be consistent with the assumption of the 
longest orbital period, since this would require 
the presence of a larger and brighter Roche- 
lobe filling secondary. It might be consistent 
also with the suggested low mass accretion 
rate, since this would imply a relatively low lu- 
minosity of the disc, at least compared to that 
of other classical old novae (Warner 1987a). 
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Figure 8-40. The AT=n(400?40) days relation be- 
tweeii siiccessive outbursts; otily the 1981 outbirrst is 
clearly outside the error bar of t 4 0  days (from Biaii- 
chini et al., 1986; escept the poirit relative to tlie 1986 
oiitbiirst). 

4) In spite of the presence of high excitation 
emission lines. the UV continuum from the 
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nova is unusually weak and flat. Bianchini and 
Sabbadin (1983) showed that the UV to IR con- 
tinuum energy distribution, corrected for E(B- 
V) = 0.15, is peaked at 13600. However, even 
applying a correction for E(B-V) = 0.35, as 
derived from the UV spectra of the nova in 
outburst, the continuum energy distribution in 
the UV remains rather flat and approximates 
that expected from the standard model of a 
semiinfinite accretion disc, i.e., F proportional 
to 1 - 2 . 3 3  , only during the optical outbursts (see 
Figure 8-43). Bianchini and Sabbadin (1983) 
suggested that the particular spectrum emitted 
by GK Per could be explained by assuming that 
the accretion onto the white dwarf is controlled 
by a magnetic field that is strong enough to dis- 
rupt the inner part of the accretion disc. Bian- 
chini et al. (1986) suggested that the probable 
value of the mass transfer rate at quiescence is 
about IOi6 gs-'. This value of the mass transfer 
rate is rather low for a classical nova, but it 
would correspond to that needed by the theory 
if we assume that the outburst is produced by 
the disc instability mechanism starting near the 
inner edge of the disc and propagating outward 
as explained in Section V.E.4. 

b) 
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Figure 8-41. a )  Average photometric properties ofthe foiir types of oiitbiirats identified in tlie light crrrve of GK Pel- (fi.oni 
Biancliini et al., 1986). b) two color diagrani. 
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Figure 8-42. Portion of the niean spectriini of GK Per 
(iippei-) compared to that of a KO 111 star (lower) 
(fioni Cranipton et al., 1986). 
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Figure 8-43. The UV to 1R coiitiiiiiiini eizergy distrihu- 
tioii of GK Per at quiescence, corrected for E(B-V) = 
. I ,  and during the 1986 light peak, corrected for  E(B- 
V )  = 0.35. I f  we adopt E(B-V) = 0.35 also at light 
niininiiini the coiitiiiiiiini in the UV heconies f lat  (see 
text). The A ’ arid the k4 slopes are also shown. 

5) GK Per is a hard x-ray transient. Al- 
though the near UV is faint, the x-ray emission 

from the nova is particularly strong and in- 
creases during the optical outbursts (King et 
al., 1979; Cordova et al., 1981b; Watson et al., 
1985). The hard x-ray luminosity of the old 
nova at quiescence is between 2 x erg s I 
(Cordova and Mason, 1984) and 7 x 1013erg s I 
(Bianchini and Sabbadin 1983). During an 
optical outburst, it can amount to about loq4 erg 
s-’ (King et al., 1979; Watson et al., 1985). 

6) The old nova GK Per is an intermediate 
polar. During the 1983 large outburst, the nova 
was observed with the EXOSAT instrument by 
Watson et al. (1985), who detected a strong 
coherent modulation of the hard x-ray flux of 
about 80%, having a period of 351 s. Super- 
posed to this, a longer term modulation on time 
scales of 0.8t1.5hr was also observed (see 
Figure 8-44). The detection of the shorter 
highly coherent periodicity would then identify 
GK Per as a member of the so called ‘interme- 
diate polar’ subclass of magnetic cataclysmic 
variables. 

7) Part of the infrared radiation emitted by 
the system could come from the outer cooler 
regions of the accretion disc. Infrared observa- 
tions (JHKL) performed by Sherrington and 
Jameson (1983) were interpreted in terms of 
the infrared radiation coming from the cool 
companion. However, several JHKL flux de- 
terminations secured at Asiago and TIRGO Ob- 
servatories by F. Stafella and D. Lorenzetti 
show that, at some epochs, the nova may vary 
on time scales of few hours over a range of a 
few tenths of magnitude. As shown previously 
in Figure 8-43 the slope of the continuum en- 
ergy distribution in the infrared does not 
change too much during an outburst and ap- 
proximately fits that of the “standard” accre- 
tion disc model (a quite different behavior is 
observed in the UV). So we argue the infrared 
continuum is not principally produced by the 
cool secondary component of the binary sys- 
tem; most probably, the cooler outer regions of 
the large accretion disc, which is formed 
around the collapsed object, may give a signifi- 
cant contribution to the IR radiation field also 
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Figitre 8-44. The EXOSAT hard X-ray light citrve of 
GK Per during the 1986 oittbuiat (from Watson et al., 
1985) compared to the optical one (Stagni et a]., in 
preparation). The 351 s coherent nioditlation is oh- 
served only in the X-ray region. The flickering oh- 
served in the U band, in fact, does not show aiiy clear 
arid steady periodicity. A .8-I .5-hr niodrilatiorr rail he 
seen both in the x-ray and in the optical. 

at quiescence. This would again play in favour 
of the longest orbital period. 

V.E. THE SMALL POSTNOVA OPTICAL 
OUTBURSTS OF GK PER 

The most striking characteristic of the light 
curve of GK Per at quiescence is its nonquies- 
cent character and, in particular, its “dwarf- 
nova-like” behavior. The amplitude, duration, 
rise, and decay times of the optical outbursts 
vary from case to case. As shown back in Fig- 
ure 8-41, we can identify four types of out- 
bursts. The rise to decay-time ratio is about 0.5 
for “small” outbursts, like those that occurred 
in 1973 and 1978 ( Am - 1.0 mag); 0.7 for 
“medium” outbursts, like those of 1949, 1966, 

and 1970 ( Am -1.0 mag), 2.0 for “large” out- 
bursts, like those of 1967, 1948 (?), and 1950 
(?) ( Am - 2.0 mag); and 1.0 for the “very 
large” ones, like those observed in 1975, 1981, 
1983, and 1986 ( Am -3.0 mag). 

The best studied outbursts are those of 198 1, 
1983, and 1986. In particular, during the last 
one, coordinated UV, optical, and IR observa- 
tions have been performed. In the following, 
we will discuss some of the main observational 
results so far obtained, pointing out those as- 
pects of the known phenomenological scenario 
that we feel are more relevant to a physical 
interpretation of the outburst phenomenon. 

Due to the long time intervals between two 
subsequent outbursts and the nonstrictly peri- 
odic nature of the phenomenon, most of our 
knowledge of the long-term light curve of GK 
Per comes from visual, photographic, and even 
photometric observations by amateur astrono- 
mers whose precious collaboration should be 
emphasized more often. 

V.E. 1. ON THE MULTIWAVELENGTH 
BEHAVIOR DURING THE OUTBURSTS 

The only outburst for which extensive x-ray 
monitoring of the nova has been performed is 
that of 1978 (King et al. 1979). A reanalysis of 
all the available x-ray and optical data showed 
that, at least in that case, the x-ray flux reached 
its maximum level about 30 days before the rise 
in the optical (Bianchini an Sabbadin 1985). 
This cannot be simply explained as the effect of 
enhanced mass transfer rate produced by the 
disc instability mechanism. In fact, for inside- 
outbursts, like those observed in GK Per, the V 
and the x-ray light curves should present al- 
most contemporary rising branches (Cannizzo 
et al., 1986). 

Another peculiarity of the x-ray behavior is 
represented by the fact that during the 1978 
one-magnitude outbursts, the luminosity of the 
nova in the 2 - 10 KeV range was = 5 x 1033erg 
s-I (King et al., 1979), which is comparable to 
that observed by EXOSAT, in the same energy 
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interval, during the larger outburst of 1983, 
that is when the star was two magnitudes 
brighter than in 1978! 

IUE spectra of the nova taken by A. Cas- 
satella during the 1986 outburst revealed that, 
although this optical maximum, in the visual, 
was only 0.2 - 0.3 magnitudes brighter than that 
of 1981, the UV fluxes of the continuum were 
brighter by a factor of two. The same occurred 
for the UV emission lines whose intensities 
resulted, on the average, twice as much as those 
observed in 1981. 

These results are not completely accounted 
for by the standard disc instability model. In 
general, they only fit in the already proposed 
phenomenological scenario in which the out- 
bursts should occur mainly in the inner, denser, 
and hotter regions of the accretion disc, proba- 
bly starting near the boundary layer and the 
surface of the mass-accreting white dwarf (see 
also Section V.E.4.). 

The visual and infrared light curves of the 
1986 outburst are shown in Figure 8-45. No 
time delay between the two light curves can be 
clearly detected. We recall that no time delay 
was seen also between the visual and the UV 
light curves of the 1983 outburst (Bianchini et 
al. 1986). IUE observations of the nova during 
the 1986 outburst confirm this result. 
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Figitre 8-45. Visual, J ,  H ,  and K light ciirves of the 
1986 optical oiitbio-st. No time delay is observed. 

The UV to IR continuum energy distribu- 
tions of the nova at quiescence and at the 1986 

light peak, corrected for E(B-V) = 0.1 and E(B- 
V) = 0.35, respectively, arz shown in Figure 8- 
43. At light maximum, the slope is not too far 
from that predicted by the theory for a semi- 
infinite disc even in the infrared, suggesting 
that the accretion disc of GK Per is quite ex- 
tended and that a large portion of it has low 
temperatures also during an outburst. Alteina- 
tively, part of the infrared emission could come 
from the secondary, from the cold outer rim of 
the accretion disc and from the circumstellar 
material. 

The pattern of the nova in the U-B vs B-V 
plane looks rather complicated, as shown by 
Bianchini et al. (1986). (Figure 8.41b). 

V.E.2. SPECTRAL CHANGES DURING 
THE OUTBURSTS 

Few optical spectroscopic observations are 
available for the 1986 outburst. More data were 
given for the 1981 and 1983 events. A descrip- 
tion of the main spectroscopic changes ob- 
served in the optical region is given by Szkody 
et al. (1985) and Bianchini et al. (1986). The 
general trend is that of a strengthening of the 
central intensities of the high-excitation emis- 
sion lines together with a general decrease of 
their equivalent widths. In other words, the out- 
bursts occurred more in the continuum than in 
the emission lines. Bianchini and Sabbadin 
(1982) suggested also that the observed change 
in the width of the H a  profile might indicate 
that the radius of the outer optically thin por- 
tion of the accretion disc is about 8 x 10'Ocm at 
quiescence, and 2 x 10"cm during an outburst 
(Bianchini et al. 1982), as required by the disc 
instability model. In fact, a burst of the mass- 
transfer rate from the secondary would cause 
the disc to shrink and not to expand. 

A particularly interesting behavior of the 
nova during light maxima is suggested by two 
optical spectra taken at the Asiago Observatory 
during the 1975 and 1983 light peaks. These 
two spectra show the presence of an unusual 
emission feature at 14842. This does not seem 
to be a high radial velocity component of HP, 
since it is not observed at Ha;  it can be tenta- 
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tively identified as the A 1 0  head, similar to 
what is observed in Miras at maximum 
(Iwanoska et al. 1960). A portion of one of the 
two spectra indicating the line is displayed in 
Figure 8-46. Figure 8-47 reproduces a cali- 
brated spectrum of the nova at light maximum 
taken by Szkody et al. (1985) in which the 
14842 emission might perhaps appear blended 
with that of H,. We estimate that the line has a 
width of about 14 A (FWHM) and an intensity 
about 0.3 that of H,. The line has never been 
observed in any of the spectra taken after light 
maxima and at quiescence. 

0 I I I I I I 
4w A (A) m 

Figirre 8-46. Portion of the plate spectriini taken with 
the 182-cni reflector of the Asiago Observatory ditring 
the light peak of 1975. The itriirsiial eniissioii at A4842 
is ShOM’Ii. 

40W 4200 44M) 4MK) 4609 5cCO 
WAVELENGTH 

Figure 8-47. The spectriini of GK Per at the 1983 oiit- 
bitrst niaxiniiiin on 1983 Aiigirst 15 UT Ifroni Szkody et 
al., 1985). 

IUE spectra of the nova taken during the 
1981 (Bianchini et al., 1986) and the 1986 
(Cassatella et al., work in preparation) large 
optical outbursts confirm the main character of 
the spectroscopic variability already observed 

in the optical region. In fact, only the central in- 
tensities, and not the equivalent widths of the 
principal UV emission lines, follow the out- 
burst profile. An exception is represented by 
the NIV, SiIV, and 0111 lines which have a dip 
at the very beginning of the rise; whereas, the 
UV continuum has a flare. Traces of [NeIV] 
2423 and OV 1371 are observed during the rise 
and the light maximum. In general, the indica- 
tion is that of an increase of the ionization 
during the rise to maximum. The constant pres- 
ence throughout the outburst of the lower-exci- 
tation emission lines of [OIII] 12471, [NIII] 
11750, [NIV] 11487, and MgII 12800 demon- 
strates that a stratification of the ionized ele- 
ments is produced at all times. This requires the 
presence of an extended circumstellar enve- 
lope and /or of an anisotropy in the high-tem- 
perature ionizing source. We note, however, 
that the MgII chromospheric emisssion was al- 
most absent during the UV spectra of the 1986 
outburst, perhaps due to the presence of a much 
stronger UV ionizing radiation field. An IUE 
spectrum of the nova taken at the 1986 light 
peak is shown in Figure 8-48. 

I I I 

GK PER 2 DEC 66 
6oo I 

0.0 I , I .  I I 
1200.0 1700.0 2200.0 2700.0 3200.0 

LAMBDA (A) 

Figure 8-48.lUE spectritni of GK Per diiriiig the 1986 
light niasiniiini taken by A. Cassatella. The U200 dip 
siiggests E(B-V)=0.35. At light niiriiniitni the dip seenis 
to be less pronoiinced hirt the spectritm presents a 
rather poor signal to rioise ratio so no coricliisioii can 
be driveii. 

Analysis of the behavior presented by some 
of the UV emission lines can give important in- 
formation on the physics of the small outbursts 
of GK Per. The intensity ratios of resonance 
lines CIV (11549): NV (11238):SiIV (h1394, 
11403) are changing during the outburst being 
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1:0.4:0.28 at light minimum, and 1:1:0.4 at 
light maximum. Bianchini and Sabbadin( 1987) 
have tentatively explained this behavior by 
assuming that at light minimum, these three 
resonant lines are produced in a small volume 
around the white dwarf, having a radius of the 
order of that of the inner edge of the accretion 
disc, a temperature of a few 10‘ K, and a density 
of Ne > IO”cm-’. At light maximum, instead, a 
stratification of the ionization would imply for 
the different ions much larger but different 
emitting volumes. 

Additional information about the physical 
mechanism of the outbursts is provided by the 
behavior of the 0111 hh3047,3133 and the 
[ArIII] 13109 lines. The I( 13133)/I( 13047) 
intensity ratio is about unity at light minimum, 
at the start and at the end of the outburst, and 
about 6.0 during the rise and light maximum. 
For the 0111 lines coming from the excitation of 
the oxygen by the He11 h303.8 Ly, (Bowen 
fluorescence mechanism), a typical I( 1 3  133)/ 
I( 13047) ratio is about 5.6 (Saraph and Seaton, 
1980). Our results suggest that the Bowen fluo- 
rescence mechanism might be operating only 
during the rise and the light maximum, while at 
quiescence and at the start of the outburst, the 
0111 energy levels could be selectively excited 
by collisions. In the spectrum of February 14, 
taken at the start of the 1981 outburst, we ob- 
serve a bright emission of [ArIII] 13109. This 
line is virtually absent in all the other spectra. 
Seven IUE spectra taken by A. Cassatella 
throughout the 1986 outburst (Cassatella et a]., 
work in preparation) seem to confirm this par- 
ticular behavior of the nova, because the 
[ArIII] 13109 emission is detected only in one 
spectrum of the early rise. Since the ionization 
potential of ArIII is close to that of 0111, the 
ArIII forbidden line should come from the 
same region that also produces the 0111 permit- 
ted line. However, collisions will prevent ra- 
diative decays from the ArIII metastable level 
for densities Ne > 10’ cm ’. For this reason, 
Bianchini and Sabbadin (1987) suggested that, 
at quiescence and during light maxima, the 
0111 emission lines are emitted by regions 
where the density is high enough to prevent the 
production of the ArIII forbidden lines. In par- 

ticular, at quiescence, the 0111 line-emitting re- 
gion should be more concentrated around the 
white dwarf and the inner regions of the accre- 
tion disc, where densities can be relatively high 
so as to prevent the formation of the ArIII for- 
bidden line. At the start of an outburst, instead, 
the luminosity and temperature of the central 
ionizing source increase, and the 0111 ioniza- 
tion regions should be immediately pushed 
further out, towards lower-density regions, 
where the AI11 forbidden line can be finally 
produced. This situation could be also favored 
by the suggested existence in the system of a 
very hot region, which explains the observed 
high-energy precursor to the 1978 optical out- 
burst. However, if we assume that an outburst 
can also produce an increase of the wind from 
the inner regions of the accretion disc it is then 
possible that, soon after the start of an outburst, 
a substantial increase of the wind and, conse- 
quently, of the density of the circumstellar 
material might again prevent radiative decays 
from the ArIII metastable level. We note here 
that the lack of a P Cyg profile in the resonant 
lines during light maxima can be understood if 
we recall that a wind is predominantly emitted 
in directions perpendicular to the disc plane 
and that it can be observed only if the accretion 
disc is seen almost pole-on, i. e., the inclination 
of the binary system is rather low. 

The 1986 IUE observations of the nova con- 
firm the large color excess derived from the 
obervations of the 1981 outburst (Figure 8-48). 
The E(B-V), derived from the intensity of the 
12200 dip of the continuum, is about 0.35. It is 
not clear, however, whether such a reddening 
can be attributed also to the nova at light mini- 
mum (Bianchini et al. 1986). 

As already mentioned, a rather peculiar dif- 
ference was found between the UV spectra of 
the 1981 and the 1986 outbursts, that is the 
almost total absence in the 1986 outburst, of the 
MgII 12800 chromospheric emission and its 
only appearance during the late decline. This 
particular behavior is perhaps understandable 
for what already has been said. In fact, the 1986 
outburst implied much stronger UV, and possi- 
bly also x-ray, fluxes than the 1981 one. This 
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must have produced a higher level of ionization 
in most of the line-emitting regions included, 
perhaps, the region responsible for the chro- 
mospheric emission, Le., the disc or the cool 
secondary star. 

V.E.3. SHORT TERM PHOTOMETRIC 
VARIABILITY DURING THE OPTICAL 

OUTBURSTS 

High-speed photometry of the old nova GK 
Per has been occasionally performed by differ- 
ent observers (Nather; Robinson; Bianchini; 
unpublished data), and the result was that the 
light curve could appear either smooth or flick- 
ered. Unfortunately, no systematic photometry 
has been performed before the 1983 optical 
outburst, when Mazeh et al. (1985b) and 
Steinle and Pietsch (1987) tried to detect the 
optical counterpart of the x-ray 351 s coherent 
modulation discovered by Watson et al. 
(1985) during the same outburst. Some small 
amplitude (m3 %) periodicities in the optical, to 
be compared with the 80% modulation ob- 
served in the x-ray region, were actually de- 
tected, more often at slightly larger frequencies 
(360, 390, and 410 seconds), or close to the 350 
s period but lasting only for a few cycles. High- 
speed photometry of the nova during the 1986 
outburst (Stagni et al. 1987, work in prepara- 
tion) didn’t show any clear evidence for the ex- 
istence of such periodicities. However, inspec- 
tion of the light curves obtained in the different 
nights (an example is given in Figure 8-44) re- 
veals the presence of periodicities of the order 
of 400 seconds lasting only for a few cycles, as 
found by Steinle and Pietsch. 

This behavior means that the region produc- 
ing the 351 s oscillations is very small and hot, 
as expected for the emission coming from the 
polar caps of a rotating magnetic white dwarf. 
The smaller amplitude of the modulation seen 
in the optical and its nonstrictly periodic nature 
could be attributed to the fact that the optical 
modulation originates from x-ray heating of a 
feature of the accretion disc that is not com- 
pletely fixed or stable in the rotation frame. 

The EXOSAT observations of the 1983 out- 
burst (Mazeh et al. 1985b) revealed also the 
presence of a modulation of the x-ray flux on 
typical time scales of 0.8 hour. High-speed 
photometry performed by Stagni et al. during 
the 1986 outburst definitely confirms the pres- 
ence of such a modulation as shown in Figure 8- 
44. Mazeh et al. (1985b) suggested that it might 
be generated by a bulge inside the disc, rotating 
around the compact star with its Keplerian 
velocity, and reprocessing the x-ray oscillation 
in the optical wavelengths. The observed perio- 
dicity should then be the beat frequency of the 
bulge orbital period and the x-ray one. Altema- 
tively, Duschl et al. (1985) suggested the onset 
of the inner disc of a region that is unstable with 
respect to the mass flow rate which crosses it. 
The theoretical time scale of the modulation of 
the accretion rate should be of the order of 0.7 
hour. 

V.E.4. THE ORIGIN OF THE OPTICAL 
OUTBURSTS 

Whether the optical outbursts of GK Per are 
to be considered as a genuine dwarf nova-like 
behavior is still a matter of discussion. Obvi- 
ously, much depends on the definitions, classi- 
fication schemes, and also on the particular 
theoretical models adopted to explain the 
dwarf nova phenomenon. 

Two basic competing models are proposed 
to explain the dwarf-nova phenomenon (see 
also Chapter 4). The first model (Bath, 1973; 
Bath and Pringle, 1981) explains the brighten- 
ing of the accretion disc as due to a sudden 
increase of the mass-transfer rate from the 
secondary component. The second model sug- 
gests that accretion discs themselves may be 
unstable (Smak, 1971; Osaki, 1974; Hoshi, 
1979; Meyer and Meyer-Hofmeister, 1981, 
1982; Cannizzo et, al., 1982; Mineshige and 
Osaki, 1983; Faulkner et al., 1983; see also 
Chapter 4.111). 

We have already said that the disc instabil- 
ity model can account for most of the observa- 
tional properties of GK Per during the optical 
outbursts. Cannizzo and Kenyon (1986) pro- 
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posed for GK Per an accretion disc limit cycle 
mechanism and placed the transition region, 
which is responsible for the onset of the out- 
burst, at the very inner edge of the disc. Bian- 
chini et al. (1986) proposed that the mass-trans- 
fer rate within the binary system is modulated 
by the presence in the secondary of some kind 
of activity, and that the unstable transition 
region in the inner regions of the accretion disc 
could be formed only when the mass-transfer 
rate from the secondary becomes larger than 
10'6gs-' . 

For bursts starting at small radii of the disc, 
the light curves observed at different wave- 
lengths should have more rounded and sym- 
metric profiles with no relevant time delays 
between them (Cannizzo et al. 1986). Actually, 
the outbursts of GK Per tend to be symmetric, 
and no appreciable time delay has been ob- 
served between the UV, the visual, and the 
infrared light curves. We know that smaller 
outbursts have a more asymmetric profile but, 
unfortunately, only their visual light curves 
have been observed so far. 

However, we have seen that some observa- 
tional results seem to contradict the standard 
disc instability model. For example, the detec- 
tion of strong hard x-ray fluxes prior to the 
onset of the 1978 optical outburst strongly 
indicates that the outburst originates in the 
hotter central regions of the accretion disc or on 
the surface of the white dwarf, but also contra- 
dicts the theoretical prediction that no relevant 
time delay of the outburst profile should be 
seen at any wavelength. Other important dis- 
crepancies between the theory and the observa- 
tions have been already pointed out in Section 
V. A. 

The T = n(400 T 40) days relation (n = 
1,2,3,.5; as we have seen, 4 seems to be absent), 
which gives the observed time intervals be- 
tween two consecutive outbursts, suggests the 
existence of a mechanism capable of producing 
these particular recurrence times. This mecha- 
nism could be represented by the presence in 
the secondary of cycles of activity that modu- 
late the mass-transfer rate and trigger the onset 
of the disc instability mechanism with the 

observed recurrence times. 

However, we must be very cautious when 
applying the standard disc instability model to 
the very inner regions of the accretion disc of 
GK Per. In fact, the inner radius of the disc is 
controlled by the magnetic field and could be 
close to the corotation radius (Duschl et al., 
198.5). Thus, the physical situation in this re- 
gion must be rather complicated, and much 
more refined models are required. 

V.F. THE LONG TERM LIGHT OSCILLA- 
TIONS OF GK PER AT QUIESCENCE 

The return of the nova to light minimum did 
not occur monotonically but through a number 
of strong light fluctuations. The historical light 
curve covering the years 1901-1983 is dis- 
cussed by Sabbadin and Bianchini (1983). The 
main characteristics of the long-term light 
curve of GK Per at minimum can be summa- 
rized as follows: 

1 )  The preoutburst light curve (Robinson, 
197.5) shows that the nova was fainter than 13.8 
mag for several years and that it brightened in 
the range of 12.8-13.4 mag in the two years just 
prior to its eruption. We can then conclude that 
the nova had essentially the same luminosity 
before and after the explosion and that vari- 
ations of, at least, 2 magnitudes were probably 
present also in the preoutburst light curve. 

2) The historical minimum, m,, -15, was re- 
ached in 1916, but this low luminosity does not 
correspond to that of the normal quiescent state 
of the nova, which is 2 magnitudes brighter. 
Instead, it is surprisingly close to the reddened 
apparent visual magnitude of a K2 IV-V star at 
the distance of the nova. Thus, we suggest that 
GK Per, at the end of the explosive episode, 
passed through a sort of mini-hibernation phase 
with little or no mass-transfer rate from the sec- 
ondary. In fact it is possible that the strong 
heating of the deep layers of the secondary by 
hard radiation emitted during the nova explo- 
sion enhanced the mass loss from the secondary 
so much that at the end of the explosion the star 
had to shrink inside its Roche-lobe. The light 
fluctuations observed at that time should then 
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be mainly caused by intrinsic variability of the 
secondary while it was trying to fill again its 
Roche-lobe. 

3) During the twenties and thirties, the vis- 
ual magnitude of the nova was continuously 
fluctuating between magnitudes 14.2 and 12.0 
on typical time scales of 40, 80, and 400 days. 
During this period of time, we observe an in- 
crease of the nova mean luminosity and, during 
the forties, the nova was hardly found fainter 
than magnitude 13. 

4) From 1948 till the present time, we see a 
very slow decline of the luminosity; now the 
nova spends most of its time in quiescence and, 
at intervals of hundreds of days, shows en- 
hanced outbursts. As an example, Figure 8-39, 
shows the light curve of the nova in the years 
1969- 1983. 

5 )  The analysis of the data, including the 
more recent 1986 outburst, indicates that the 
observed optical maxima present a particular 
type of semiperiodicity, in the sense that the 
intervals, AT, between two consecutive out- 
bursts can be expressed by the relation: A T = 
n(400 k 40), where n ranges from 1 to 5 ,  al- 
though 4 seems to be excluded. Figure 8-40, 
presents the suggested relationship and shows 
that all points, except the 1981 outburst, which 
occurred 984 days after the 1978 one, are 
within their error bars of = 40 days. 

6) The plot of the annual mean magnitude in 
the period 1917-1986 (see Figure 8-49) might 
suggest the presence of a longer term modula- 
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Figiire 8-49. Aiitiital meaii visital nicrgiiitiide of GK Per 
in the years 191 7-1986. Foirrier analysis reveals the 
presence of CI quasi periodicity at aboirt 2400 days. 
S~17iihr periorlicities have been foioid also iti orher 
Catcrclysiiiic. Variables. They coirld he ascribed IO the 
eflect of s o h - v i l e  cycles iri the secotidary. 

tion of the outburst activity of GK Per. Fourier 
analysis revealed the presence of a main cycle 
of about 2500 days, but a smaller modulation at 
about 1300 days is also possible. This result has 
been tentatively interpreted by Bianchini 
(1  988) as the effect of the presence in the sec- 
ondary of a solar-type cycle capable of chang- 
ing the mass-transfer rate within the binary 
system by a factor of 2.8. The cycle is more 
evident in the light curve of the period 1917- 
1940, that is, while the nova was recovering 
from the historical minimum. This might be 
due to the fact that solar-type cycles in CVs are 
better observed in systems having low-mass 
accretion rates (Bianchini, 1988). During the 
seventies and the eighties, the magnitude of the 
nova has been around 13.15, still oscillating on 
time scales of 1300 and 2600 days between 
magnitudes 13.0 and 13.2. However, in the pe- 
riod 1950-1988, a slow decline of the out of 
outburst-luminosity, at a rate of 0.0 18 mag/yr, 
could also be suggested. We note here that the 
observed 2400-, 1200-, 800-, and 400-day, 
time intervals between the optical outbursts of 
GK Per could well be connected with the 2400- 
and 1300-day modulations observed in the long 
term light curve of the nova. In other words, it 
is probable that all these periodicities are 
physically correlated. For example, they could 
be explained as the effect of the presence in the 
secondary of solar-type cycles. Bianchini et al. 
(1986) proposed that since 1950, the accretion 
disc of GK Per, due to the particularly low- 
mass transfer rate from the secondary, is fully 
convective and stable most of the time and that 
a cyclic increase of the mass transfer rate from 
the secondary is responsible for the onset of the 
unstable transition region near the inner edge 
of the accretion disc. In particular, a cyclic 
increase of the mass transfer rate might be 
caused by the periodic alignment of nonradial 
g-modes on the surface of the cool star. As a 
consequence, several periodicities should be 
observed, in coincidence with the periodic 
alignments of different groups of sets of modes. 
These periodicities should result in submul- 
tiples of the time interval between two con- 
secutive alignments of all the sets. Such a long 
period could be tentatively identified with the 
observed 2400-day light modulation. 
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VI. V1668 CYGNI 1978, A MODERATELY 
FAST NOVA 

(written by Hack) 

V1668 Cyg 1978 was discovered on Septem- 
ber 9, 1978, independently by Collins (1978) 
and by Shao (1978). It is the first nova whose 
development has been followed completely, 
from premaximum to the nebular phase, both in 
the ultraviolet with IUE and in the infrared. 

-0.20 

8-v 

V1.A. PHOTOMETRIC OBSERVATIONS 
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It reached maximum brightness on Septem- 
ber 12, 20 with V = 6.2 (Kolotilov, 1980). The 
absolute magnitude is very uncertain; from the 
degree of interstellar reddening, values ranging 
between -6.2 and -8.3 are derived (Klare et al., 
1980), while the relation between the fastness 
of light decrease and absolute visual magnitude 
MV = -1 1.5 + 2.5 log t, gives Mv = -8. In about 
3 months, the nova decreased from V = 6 to V 
= 11, and the energy radiated amounted to 
about 3 x loJJ ergs. The photometric observa- 
tions in U,B,V by Duerbeck et al. (1980b) show 
how the position of the nova varies in the two- 
color diagram (Figures 8-SO and 8-51). The 
temperatures derived by the colors, together 
with the values of the luminosity, permit to 
derive the loci occupied by the nova in the 
logT-logR diagram (Figure 8-52), where T and 
R represent the values of the pseudophoto- 
sphere. During the first 8 days after maximum, 
T varies from 8,000 K and 18,000 K, and R, be- 
tween 100 and 25 solar radii, while the lumi- 
nosity remains almost constant. On September 
12-14, the UV and visual continuum energy 
distribution is similar to that of an FS star. 

Photoelectric observations in UBV were ob- 
tained in 1978 by Piccioni et al. (1984) from 2 
to 60 days after outburst , and others were ob- 
tained in August 1981, when the magnitude 
was about 17, showing the presence of fluctua- 
tions of a few hundreths of magnitude (Figure 
8-53) and time scales ranging from a few min- 
utes to 2 hours. 

Kaler (1986) has made simultaneous obser- 

vations in the visual continuum (y magnitude in 
the Stroemgren system) and with the wide H 
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Figure 8-50. Light arid color ciirves of Nova Cygiii 
1978. 
(from Direrbeck et al., 1980b). 
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Figure 8-51. Path of Nova Cygiii 1978 in the two-color 
diagram, corrected for interstellar extinction. Super- 
giaiit aiid blackbody sequences, and lilies of coiistant 
temperatiire (in lo-' K are showti. 
(from Duerbeck et al., 1980b). 

460 



LOG T 

4.4 

4.3 

4.2 

4.1 

4.0 

0.8 1.0 1.2 1.4 1.6 1.8 2.0 LOG R 

Figioe 8-52. N o w  Cygni 1978 in the T-log R rlirrgrani. 
For- 8 days after- niasiniiini the nova striys at constant 
Iiinzinosir~ (coiwsponding to a line with a slope of 45"). 
(fi-oni Diier-beck et al., 1980h) 
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Figirre 8-53. Exuniples of B light vuriutions of N o w  
Cygni I978 during its eurly rlecliiie. Euch dot repre- 
sents the nieuii niugnitiide over- one tninirte. 
(f,-oni Picciorii et ul., 1984). 

Beta filter w (including the H beta and [0 1111 
emissions). The two light curves separate rap- 
idly after SO days from outburst (Figure 8-54). 
At 31 1 days after outburst, the continuum has 
declined by 9 mag while the w emission has 
declined by 4.7 mag only. Hence, the decline of 
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F i g i i w  8-54. HP-vc>irle (AMI) onrl Sti~oenigreii y (Ay) 
light ciir-\*e.s for N o w  Cygni 1976'. The or~liriute.~ are 
the novu niiniis coniparisori niugnitirrle rliflei.ences. The 
Ay ciirve is scrilerl to Aw for. Septeniher 26, 1978, to 
show [lie differences between the two. The decline of 
HP is niirch slower tlicrri tliut oftlie J continiiirni, 
(jkm Kaler, 1986). 

the star (indicated by y) is much faster than that 
of the nebula where [OIII] is produced. 

Polarization measurements have been made 
by Piirola and Korhonen ( I  979) from 6 to 55 
days after outburst. They observe an increase 
of polarization from 1.6% to 1.9% between 
October 1 and 11, 1978. Le., in the same period 
when the dust formation phase (October 7- 1 3 ,  
indicated by the infrared observations (Gehrz 
et al. 1978) started. 

V1.B. SPECTROSCOPIC OBSERVATIONS 

Spectra obtained near maximum and for sev- 
eral weeks after outburst have been obtained by 
Kolotilov (1980), Ortolani et al. (1978) and by 
Klare et al. (1980). The latter show the full se- 
quence of spectra from September 13 to De- 
cember 18, giving an instructive example of the 
kind of variations occurring in the spectrum of 
a nova (Figures 8-55 and 8-56). Three main 
emission components at about -500,- 45, and + 
500 km/s are observed for several weeks on 
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Figiri-e 8-55. The photograpliic spectrirni of V 1668 
Cyg:  a)fr-oni September 13 to October 9. CL = Eniis- 
sions dire to city light. b) The sanie spectral region, 
fr-om October 11 to December 18. A P Cyg profile is 
still visible on October 11 at H Beta, Gamma, arid Delta 
arid is conipletely disappeared oil November 5.  The 
niirltiple strirctiire of the ernissions is eviderit. 
(from Klare et al., 1980). 

Figure 8-56. The red spectrum of V 1668 Cyg. a)fr-oni 
September 13 to September 25, b) froni October 8 to 
December 6 .  CL = emissions dire to city light. 
(from Klare et al., 1980). 

October and November (Kolotilov, 1980), and 
more complex structures, indicating the pres- 
ence of two main shells expanding at about 500 
and 150 km/s, are evident along the 3 months 
after outburst (see Klare et al. 1980). During the 
first few days from outburst, P Cyg profiles are 
evident, with expansion velocities increasing 
from -600 km/s (principal spectrum), to -1700 
(diffuse-enhanced) and -2 100 km/s (Orion 
spectrum). 

Comparison of the visual and ultraviolet 
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spectra show that lines of comparable excita- 
tion appear at about the same epochs in both 
wavelength ranges. The only exception is 1640 
He I1 (E.P. 48.3 eV), which is present already 
on the spectrum of September 19 (7th from the 
outburst), while 4686 He I1 (E.P. 50.8 eV) only 
appears at November 5 (54th from the out- 
burst), reaches maximum intensity on 
November 21, and is still strong on December 
18. However, the low-resolution spectra of IUE 
show that on September 19 (Figure 8-57a), the 
0 I line at 1302 is present. Hence, it is possible 
that the emission at 1640 is due, totally or 
partially, to the semiforbidden line of 0 I at 
1641. Figure 8.57 and 8.58 show the low-reso- 
lution UV spectrum on September 19 and Octo- 
ber 17, 1978. The great strength of the ultravio- 
let nitrogen lines is noticeable. Comparison of 
the nebular spectrum of the nova with those of 
planetary nebulae suggests that nitrogen is in 
excess in the nova ejecta by a factor of 200 
(Stickland et al., 1981) relative to the solar 
abundance. 

Ultraviolet observations were made on the 
early phases of the outburst by Wu et al. (1978), 
who observed the nova on September 13.4 and 
then from September 15 to October 8; by Cas- 
satella et al. (1979), who observed it on Sep- 
tember 14.98 and then on September 28 and 
October 10 (Figures 8-59, 8-60, 8-61), and by 
Stickland et al. (1979), who obtained an ex- 
tended series of spectra from September 11.7 to 
March 24, obtaining spectra preoutburst, at 
early decline, in the transitional stage and the 
nebular stage, which are the object of the 
quoted paper (Stickland et al. 1981). From 

visual data obtained on September 12-14, Orto- 
lani et al. (1978) estimated a spectral type F5 
Ib, which agrees with the UV energy distribu- 
tion. On the same dates, the narrow absorption 
lines have an expansion velocity of -630 km/s. 
On September 16-17, Ortolani et al. observe 
only wide diffuse absorptions at the blue edge 
of the emissions with velocity of -630, -700 
km/s. On September 28, emission lines of Fe 11, 
Cr 11, and Mn I1 are broad and symmetric. The 
half width (FWHM) of the Balmer lines indi- 
cates a larger expansion velocity, -1550 km/s. 
At least another system of emission lines, char- 
acterized by an expansion velocity of 525 km/ 
s is present through the 0 I11 fluorescence lines 
at 2688, 2984, and 3333 A. The structure of the 
Mg I1 resonance doublet (Figure 8.61) is com- 
plex, with two absorption components, one 
sharp (FWHM = 55 km/s) and shortward 
shifted by - 80 km/s; the other is broader 
(FWHM=270 km/s) and shortward shifted by - 
1160 km/s with an emission wing. The pres- 
ence of a few resonance lines of Mn 11, Fe 11, 
Mg I, which are very sharp (FWHM = 30 km/s, 
just slightly above the resolving power of the 
IUE camera) and shortward shifted by -95 km/s, 
suggests that an outer shell is present. 

The spectrum in October shows a higher de- 
gree of excitation and ionization ( as indicated 
by the presence of emissions of 1640 He 11, Fe 
111, Si 111, 0 111) and the flux in the continuum 
is about twice as strong as that in September, 
indicating the usually observed shift of the flux 
to the ultraviolet, probably due to the unveiling 
of the hot object as the ejected envelope be- 
comes optically thin. 
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Figitre 8-57. The ultraviolet spectrirni (obtained ~ i t h  IUE) of V 1668 Cyg iri the early decline stage (day 7fi-om ma.\-i- 
mimi). a )  short-wave range, b) lorig-waw runge. 
(from Stickland et al., 1979). 
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Figure 8-58. Short-wave spectriini of V 1668 Cyg ill the trailsition state (day 35). 
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Figure 8-59. The absolicte eiiergy distribution (not corrected for reddening) in the IUE long-wave range, two daysfi-om 
niasimicni. (jironi Cassatella et al., 1979). 
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Figure 8-60. Tlie absolute energy distribiitioti (not cor- 
rected for reddening) iti the IUE short-w~ai~e 1-arige on 
Octobel- 10. (fi-oni Cassntella et ai., 1979). 
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Figure 8-61. Tlie M g  11 doublet featiire from the IUE 
high-resolution spectrum of Septeniber 28. Tlie hvo 
broad M g  II litzes at -1 160 knils are w r y  broad, with a 
half-width at half niasiniutii of 81.5 knils. 
( f imi  Cassntella et al., 1979). 

V1.C. THE NEBULAR PHASE 

The results of the study of the nebular spec- 
trum (the first nebular spectrum was observed 
on November 6, 56 days after maximum) are 
summarized by Stickland et al. (1981). Their 
main results are the following. The reddening 
derived by the 12200 feature is E(B-V) = 0.40 
+/- 0.10 in good agreement with the value de- 
rived by the optical observations, which gives 
a mean value of 0.35 +/- 0.08. Electron tem- 
perature, electron density, and abundances are 
derived by the ratios of several nebular emis- 
sion lines. 

Collisionally excited lines are sensitive to 
the electron temperature while recombination 
lines are only very slightly dependent on Te. 
Hence, the ratio between a line formed by re- 
combination and another formed by collisional 

excitation of a same ion is independent of the 
abundance and of Ne (if collisional deexcita- 
tion is negligible), and dependent only on Te. In 
the case of forbidden lines, which are present in 
the visual spectrum of novae, collisional deex- 
citation is not negligible; hence, the ratio of 
permitted to forbidden line of a same ion de- 
pends also on Ne. The situation is better in the 
UV. Stickland et al. (1981) used the following 
ratios to derive Te: C I1 1335/C I1 2326 and CIII 
2297/C 111 1909, where the permitted lines are 
formed by recombination and the intercombi- 
nation lines are formed by collisional excita- 
tion. Temperatures in the range 2 x 104and 5 x 
los K are found. Although this method may 
seem the best way to derive the electron tem- 
perature, the application of it to planetary 
nebulae gives too high values. Another method 
is to use the ratio of the recombination line of 
1717 N IV to the collisionally excited line 1240 
N V. These three ratios give values of the elec- 
tron temperature ranging from 9200 to 13,300 
K on day 70 from outburst; from 9810 to 15,100 
K on day 88 and from 8440 to 13,700 K on day 
304. 

Electron densities are derived by the ratios 
of intercombination lines to forbidden lines. 
Since intercombination lines fall in the ultra- 
violet and forbidden lines in the visual, lines 
from the two spectral ranges must be used. The 
ratios 2140 N II]/ 5755 [N IT] and 1663 0 1111 / 
5007 [0 1111 give Ne = 8 x lo7 cm-3 on day 88. 

The abundances of C, N, and 0 relative to 
He are obtained from the UV spectra, while the 
optical observations by Klare et al. (1980) have 
been used to derive the helium ionization and 
the Hem ratio. From these data, it is found that 
the ratio of CNO atoms in the shell relative to 
H is larger than the solar value by a factor of 
30.N, in particular, is enhanced by a factor of 
200. 

Figure 8-62 shows the UV nebular spectrum. 

Starrfield et al. (1978) have predicted that 
the rate of energy produced during the runaway 
is determined by the initial abundance of the 
CNO elements, and that the ejection of a shell 
becomes possible only if the CNO abundances 
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are substantially larger than the solar abun- 
dances. If this mechanism is operative, their 
computations show that the ejected material 
will have enhanced CNO abundances, and the 
abundance of N will be relatively enhanced to 
C and 0: hence, the results found for Nova Cyg 
1978 seem to confirm the theory of the thermo- 
nuclear runaway. The total luminosity of the 
remnant has an approximate constant value L = 
1.7 x IO" La from day 13 to day 27 after out- 
burst, with an output of radiant energy of 8 x 
IOJ3 ergs. A total energy of about 3 x lodJ ergs 
has been emitted since the instant of the out- 
burst. The mass of the ionized gas in the ejected 
shell is about IOz9 g, and its kinetic energy of 
the order of 6 x IOJJ ergs. 

V1.D. INFRARED OBSERVATIONS 

Gehrz et al. (1980b) have monitored V 1668 
Cyg from the visual band V to 19.5 pm for 120 
days after outburst. We have seen in Chapter 6 
that V1668 Cyg is an intermediate case be- 
tween slow novae-like FH Ser or NQ Vu1 (type 
DQ Her) which exhibit a transition phase with 
a deep minimum in their light curve and very 
fast novae-like VI500 Cyg. V1668 Cyg pres- 

ents an intermediate behavior also in the infra- 
red. In fact, infrared observations have shown 
that the formation of a thick dust shell in slow 
novae explains the deep minimum during the 
transition phase of the light curves. While the 
majority of slow novae form a thick dust shell, 
and fast novae do not show evidence of it, 
VI668 Cyg gives evidence of the forniation of 
a thin dust shell. Figure 8-63 shows the infrared 
light curves. At the beginning of the expansion 
(4.5 days after outburst), the energy distribu- 
tion was characteristic of emission from an op- 
tically thick photosphere at T = 7400 K (see 
Figure 8-64), and the luminosity in this phase 
varies as t : in fact the flux at a given wave- 
length is F , = 47cR?B,, where B, is the Planck 
function and R = vt with v expansion velocity; 
it follows that F- t2. Then the expansion con- 
tinues and the envelope becomes optically thin. 
Now in a thin shell of constant thickness and 
expanding at constant velocity, the flux varies 
at t->. In fact, the radius is still given by R = vt; 
the volume of the shell V = 4xRZ dR = 
4n(vt)*dR; the density of the shell p= M/V- 
t-?. Now, the flux of a thin shell is proportional 
to its optical depth and therefore to its density; 
it follows F - t-?. Hence, we have a first period 
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Figure 8-64. Following the expansion of the optically thick gas (the pseudophotosphere-when the energy curve is well 
fitted by a 7400K blackbody), three niajor phases follow: a )  free-fi'ee developmerit; the shell b'ecanie optically thin at 
short wavelengths on day 6. During day 6 to day 10 the Rayleigh-Jeans tail ah~ances ton~ards the lorig nm)elerigtks as 
the shell density decreases because of the expansion. By day 12.5 the spectrum I .2 pi to 20 pi is that of a thin free-flee 
emitting gas. b) Dust formation phase; dust grains are condensing by day 35 when the shell temperature has fallen to 
11OOK. From day 35 on the spectrum is that of a cool blackbody. c )  late dirst shell decay: after maxiniimz infrared light, 
theflfi,xfiom the shell decays because grain growth ceases and the shell optical depth decreases dire to expansion. The 
shell has cooled to 850 K by day 11 0. 
gram Gehrz et al., 1980b) 

469 



when the pseudophotosphere emits like a 
blackbody at T = 7400 K. The temperature re- 
niains constant, and the radius increases until 
day 6. From day 6.5 to day 12.5, we have a free- 
free emission phase; the energy distribution 
gradually evolves into spectrum typical of an 
optically thin gas. Since the absorption coeffi- 
cient of a thin gas increases with the wave- 
length, the gas of a given density behaves like 
a thin gas at short wavelengths and as a thick 
gas at long wavelengths. Hence, the Rayleigh- 
Jeans tail moves toward longer wavelengths as 
the shell becomes less dense because of the ex- 
pansion. Figure 8-64 shows that on day 6.5, the 
Rayleigh-Jeans tail starts at about 3.5 pm, 
while on day 9.5, the Rayleigh-Jeans tail start 
at about 8.7 pm, and 12.5 days after outburst, 
the spectrum has the characteristic shape of 
that of a thin shell in the whole observed infra- 
red range. After day 35, we observe the start of 
the grain condensation phase: the flux in- 
creases again with time (see Figure 8-63) and 
the energy curve is represented by a blackbody 
curve for T = 1100 K (Figure 8-64). Hence, the 
angular diameter 0,, can be derived by the ob- 
served flux at the earth F and the blackbody 
flux B: F = B (R/d)* = B e* (Figure 8-65). As 
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Figirre 8-65. Shell teniperatirre and angirlar diameter 
variations. 
(from Gehrz et al., 1980b). 

grain growth progresses, the shell flux reaches 
a maximum on day 60. After maximum infra- 
red flux, there is a decay as the grain growth 
ceases and the optical depth of the shell de- 
creases due to the expansion: the flux de- 
creases again as t-* (see Figure 8.63). 

VII. FH SER 

(written by Duerbeck) 

VILA. THE LIGHT CURVE 

The outburst of FH Ser (N Ser 1970) was dis- 
covered on February 16, 1970 by M. Honda. It 
is a moderately fast nova with a DQ Her-type 
light curve, fairly similar to the nova XX Tau, 
and it is the first nova to be observed in the UV, 
optical, infrared, and radio regions more or less 
continuously. 

The prenova magnitude was V = 16.1. FH 
Ser was discovered on its rise to maximum, 
which was reached at visual magnitude 4.4 on 
February 18.5. The decline occurred smoothly 
until about April 16, when it became very dra- 
matic. An UBV light curve between outburst 
and 1979, making use of all previously pub- 
lished data and new ones, is shown in Rosino, 
Ciatti, and della Valle (1986) (Figure 8-66, 8- 

VI1.B. SPECTROSCOPY 

67, 8-68). 

Spectroscopic studies of FH Ser were car- 
ried out by Wagner et al. (1971); Anderson, 
Borra, and Dubas (1 97 1); Burkhead, Penhal- 
low, and Honeycutt (1971); Walborn (1971); 
Hutchings, Smolinski, and Grygar (1971); 
Ciatti and Mammano (1972); Stefl and Grygar 
(1981); Rosino, Ciatti, and della Valle (1986). 
The absorption spectrum shows two main 
components, the principal and the diffuse-en- 
hanced spectrum. Each of these has two sub- 
components. (Figure 8-69). A general increase 
of the radial velocity was observed in the first 
60 days, Le., before the onset of dust formation, 
with an acceleration of about 0.02 m s-*. The re- 
dshifted emission components of the Balmer 
and nebular lines lost much of their strength 
during the dust-forming phase, and in most 
other lines (0 11, Fe 11, N I1 ...), there were no 
detectable redward components (Hutchings 
and Fisher, 1973; Rosino et al., 1986). This 
indicates that the dust formation occurred in 
the shell itself, Le., the radiation from the re- 
ceding layers was severely absorbed by dust in 
the approaching layers. 
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A coronal line, [A XI 5535, was suspected 
by Anderson et al. (1971) on a spectrum taken 
August 13, 1970. Rosino et al. (1986) note that 
the nova attained its highest degree of ioniza- 
tion in March 1971, when they suspect lines of 
[Ni VIII] 4446, 4493, [Ni 1x1 4332, 4404, [Fe 
XIV] 5303, and [A XI 5535. [O 1111 were also 
very strong in that phase. 

time when the light decreases at shorter wave- 
lengths, which can be explained by formation 
of dust, which is heated by the central source. 
At peak infrared luminosity, the nova can be 
described as a spherical shell of unit emissivity 
radiating at 900 K, and having a diameter of 6.5 
x IO'' cm (= 0.07") at a distance of 1.2 kpc, 
which may be an upper limit. Data taken from 
a more recent study are found in Section V1I.F. 

V1I.C. INFRARED OBSERVATIONS V1I.D. RADIO OBSERVATIONS 

Infrared observations were carried out by Radio observations of FH Ser by Hjellming 
Hyland and Neugebauer (1970) and Geisel, were analyzed by Seaquist and Palimaka 
Kleinmann, and Low (1970). Geisel et al. pres- (1977), and by Hjellming et al. (1979). They 
ent light curves for .5, 1.25, 1.65, 2.2, 3.4, 5, assumed a model in which the entire shell is 
10, and 22 pm, which show clearly that the ejected instantaneously and thickens as a con- 
luminosity longward of 2 pm increases at the sequence of velocity dispersion in the shell 
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(Hubble flow model). Two different geometri- 
cal assumptions, a spherical model and one 
consisting only of two polar caps, lead Seaquist 
and Palimaka to acceptable fits to the observed 
temporal change of radio radiation at 8.1 and 
2.7 GHz, and to the spectral distribution of the 
nova remnant at a given moment (see Figure 6- 
76). 

From the radio data and a Hubble flow 
model, a mass of 4.3 x Me is deduced for 
the spherical shell, which has a temperature of 
lo4 K and a distance of 730 pc. 

VII. E. ULTRAVIOLET OBSERVATIONS 

Ultraviolet filter photometry in the ranges of 
1430 and 4250 A and low-resolution spectral 
scans in the range of 2500 - 3600 A was carried 
out by the OAO-2 satellite (Gallagher and 
Code, 1974). The measurements were obtained 
from maximum to the onset of the rapid decline 
in April. (Figures 8-70, 8-71, 8-72, 8-73). Some 
additional UV lines are identified here. 
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Figirre 8-70. Flirs distribirtion of FH Ser as nieasirred 
by WEP photonietry on hoard of OAO-2, corrected for  
an extinction o fE(B-V)  = 0.8. Crosses and dots refer 
to old and new calibrations (Gallagher and Code 
1974). 

Figure 8-71. Integrated total f l i r s  as measured between 
1550 aarid 5460 A and corrected fo r  extinction (open 
squares), and V f l i x  (open triangles) (Gallagher and 
Code 1974). 
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Figitr-e 8-72. Spectral scam of FH Ser made with the 
spectrometer I on hoard of OAO-2 for times up to and 
inclirdirig the "flare" in the light cicrve. The data have 
been corrected for the relative response of the scanner 
(Gallagher arid Code 1974). Additional lines are ideii- 
tified. 

VI1.F. DISCUSSION 

The most important result is that the nova 
did not decrease in total luminosity by a factor 
of 10 some 53 days after visual maximum, as 
implied by the V observations, but continued at 
almost constant luminosity. As the visible light 
declined, a compensating redistribution in flux 

474 



20 

10 

20 I-0 Mg II -I 

10 

0 
0.26 0.28 0.30 0.32 0.34 0.36 

WAVELENGTH (MICRONS) 

Figure 8-73. Spectral scaris of FH Ser made with tlie 
spectrometer Io11 board of OAO-2 after the flare stage 
showing the increased doniiriance of Mg 11. Tlie data 
have been corrected for the relative response of the 
scanner (Gallagher and Code 1974). Additional lilies 
are identified. 

to the ultraviolet occurred (the correction for 
interstellar reddening must be accurate). The 
increase in IR flux, e.g., the peak in luminosity 
at wavelengths between 2.2 and 22 pm, which 
occurred about lood after maximum, is ex- 
plained in terms of the observed trend for more 
energy radiated at shorter wavelengths, if effi- 
cient conversion of far-UV flux in the heating 
of grains occurs (see Figure 8-74). 
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Figure 8-74. Smoothed energy birdget for FH Ser as a 
firriction of time based on iiltraviolet, optical arid infi-a- 
red data. The data show the postniaximiini luminosity 
plateau, arid the correlation between optical light 
cirrve as well as spectral features and the development 
of the thermal iifrared excess (Gallagher and 
Starrfield 1978). 

A more detailed study, taking into account 
infrared observations obtained more than 500 
days after outburst, shows that from day 60 to 
11 1, the light curve can be explained by rapid 
grain growth, and from day 11 1 to 129, by grain 
destruction. The luminosity appears to remain 
constant until day 200, after which it fell in- 
versely proportional with t (Mitchell et  al., 
(1985). (See Figures 6-28 and 6-29). 

FH Ser is a good example for a nova to be a 
constant-luminosity system for a period of at 
least 10' sec after visual maximum. The hy- 
pothesis that the light curve changes are pri- 
marily due to the effective photosphere of the 
star, which in term is dominated by the mass- 
ejection rate, can explain the observed fea- 
tures. 

From the strength of the IS lines, Huchings 
et al. estimated a distance of 750 pc, and an 
interstellar extinction AV = 1.5; thus, the abso- 
lute magnitude of the nova was MY = -6.5. 

VI1.G. THE REMNANT 

A CCD image of the resolved shell of FH Ser 
is given by Seitter and Duerbeck (1987). The 
frame taken in mid-August 1984 shows an oval 
shell (with some indications of polar condensa- 
tions at the end of the larger axis with a size of 
3.9" x 3.1". The nebular expansion parallax is 
ambiguous due to the variable radial velocity 
observed during outburst; a good guess of 550 
km/s (also based on emission line widths) leads 
to a distance of 825 pc. If the fairly strong ex- 
pansion velocity component with 1100 km/s is 
used, the distance would not be reconcilable 
with other distance estimates (see Section 
VI1.F.). 

The orbital motion of FH Ser is unknown. 
Vogt (1 98 1) estimates from the dereddened 
colors of the nova that the orbital period is of 
the order of 7.5 hours. 

VIII. DQ HER 1934: A SLOW NOVA 
(written by Hack) 

DQ Her - a typical slow nova - has been 
observed very extensively, and its history has 
been reported in great detail by Beer (1974). 
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F i g w e  8-75. The light ct4rve of N o w  D Q  Her ,  covering the period 1934-1936. (from Beer, 1935, 1936). 

This history is very instructive as a detailed 
example of the complexity of the spectrum of a 
nova. 

The magnitude before outburst was about 
15. It rose to mag 3 on December 13, 1934, and 
reached maximum brightness 10 days later 
with mag 1.3. It went back to mag 3 on Decem- 
ber 25 and then decreased slowly, with several 
oscillations, to reach mag 5 at the beginning of 
April, when the deep minimum, which is a 
common feature of the light curves of several 
slow novae, started. At the beginning of May, 
the magnitude was about 13, then the light 
increased again, and on June 15, it was about 
7.5 and the phase of smooth decline began 
(Figure 8-75). 

V1II.A. SPECTRAL VARIATIONS DURING 
OUTBURST 

The premaximum spectrum (Abs.1 and 
Em.1) changed from type B to type A during the 
day of discovery. A second shell (Abs.11 and 
Em.11) was seen on December 23, a day after 
maximum brightness. Then several shells ap- 
peared: 111 and IV with multilple components; 
shell V, on January 13; shell VI on January 23; 
shell VIII, on March 23-25; shell IX, in the 
second half of March; shell X, on March 20-24; 
shell XI, in January. These shells are identified 
by the various systems of lines having the same 
radial velocities and are subject to different 
interpretations. For instance, McLaughlin, in 
his study (1937), identified shells 11, I11 = VII, 
IV, V, VI, VIII, IX, X, and XI, while in his 
successive interpretation of 1954, he identified 
just shells 11, 111 with several components, IV 
and V. 

The expansional velocities range between 
300 and 1000 km/s. Shortly before the start of 
the deep light minimum, the emergence of 
[FeII] emissions was observed. The same phe- 
nomenon was observed in other novae having 
the same type of light curve. It is evident that 
the expanding envelope has reached a suffi- 
ciently low density for the forbidden lines to 
appear. 

It is interesting to recall that Struve in 1947 
expressed the idea that the nebulosity where 
[Fe 111 is formed is not purely gaseous but 
contains also iron-rich dust particles; Stratton 
(1945) suggested that the deep minimum in the 
nova light curves is due to an obscuring cloud 
formed inside the main outer shell. Now infra- 
red observations have shown that these sugges- 
tions were fundamentally correct and that a 
dust shell is actually formed in moderately 
slow novae, just coinciding with the dip in the 
light curve. 

Before the deep minimum, the emission 
bands in DQ Her spectrum started to show two 
maxima (Figure 8-76). During the deep mini- 
mum (from the beginning of April to the end of 
May), the longward components faded and 
disappeared, suggesting that the increasing 
opacity of the shell permitted the observation 
only of that part of the envelope expanding 
toward us. At the end of the deep minimum, the 
longward emission reappeared. 

Interactions between different shells seem 
evident from the observational data. These are 
described in detail by Beer (1974). Let us con- 
sider just one significant example, quoting 
from Beer: 
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Figure 8-76. DQ Her: the sti~iictiire of H a  between Janziary 12, 1935 and Maid? 24, 1935 
(adaptedfiom Stratton and Manning, 1939). 

“With regard to the later shells McLaughlin 
(1947) pointed out that while the atoms of the 
shells giving the Orion spectrum were so rari- 
fied as to be unlikely to produce any results on 
the outer shells, the atoms from the diffuse 
enhanced shells 111 and IV might overtake the 
principal shell I1 before they get too rarified. 
We might observe an acceleration of the prin- 
cipal shell and possibly the disappearance or a 
retardation of the later component. McLaugh- 
lin (1954, p. 135) has discussed in more detail 
the problem of shells overtaking each other 
with special reference to shell I11 and shell IV 
overtaking shell 11. The view that the particles 
in the different clouds continue to move out- 
wards at a constant or slightly increasing speed 
is strongly supported by the presence of sepa- 
rate narrow components in the second half of 
March ... Let us first consider the question on 
what date shell 111 should have collided with 

shell 11. McLaughlin gives 1934 December 26 
as the date of emergence of shell 11. An inde- 
pendent study of early plates (Stratton, 1936, p. 
148) suggests December 24. Let us accept 
December 25. Taking a mean velocity of 317 
km/s for 1934 December 25 to 1935, January 
15, of 323 km/s for January 15-25, and of 333 
km/s for Jamuary 25-29, we find that by Janu- 
ary 29 the original particles of shell 11 would 
have travelled outwards 9.6 x lo8 km”. 

“For shell 111 McLaughlin gives January 8 as 
the date of emergence; a study of the Stratton 
and Manning Atlas (1934) and of the Cambr- 
idge plates suggests January 10. Let us accept 
January 9, the date of a maximum in the light 
curve. Then with an average velocity of 569 
km/s the original atoms of shell 111 would have 
travelled 9.7 x los km by January 29. We may 
note also that the largest increase of velocity of 
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shell I1 occurred between January 26 and 30. It 
seems reasonable to accept the view that shell 
I11 overtook shell I1 on or a little before January 
29. McLaughlin’s date for this event is January 
23 . In support of January 29 we may add that 
according to Rottenberg (1952), when an inner 
shell overtakes an outer shell, the peaks in the 
emission bands should strengthen relatively to 
the centres of the bands. Emission maxima in 
the Fe I1 bands shortward of H Beta are first 
detected on January 29 and rapidly strengthen 
though they are visible in the H and K bands of 
Ca I1 a few days earlier, suggestive again of 
stratification, the Ca I1 atoms being ahead of 
the Fe I1 atoms. We may further note that Ab- 
sorption I11 faded out on January 25 and did not 
reappear until February 3”. 

“This was probably mainly due to the 
strengthening of the emission from shell IV: 
The emission bands widened on both wings 
during the last few days of January. By this 
time the leading atoms of shell I11 and shell IVi 
were closely intermingled with each other and 
with shell 11. Taking the date of emergence of 
shell IVi as January 12 and its mean outward 
velocity as 674 km/s, the date of collision of 
shells I11 and IVi becomes January 28. By this 
date Absorption IVii had become the strongest 
absorption”. 

“1935 January 19 (another maximum in the 
light curve) is McLaughlin’s date for the emer- 
gence of shell IVii and his mean velocity is 800 
km/s. Cambridge plates give January 20 and 
779 krn/s. Both sets of figures agree in giving 
February 5 as the date when shell IVii over- 
takes shell 11, by which date absorption IViii 
had become the strongest component. During 
the first week of February there was a further 
increase of velocity of shell 11.” 

“Absorption IViii was measured on Mount 
Wilson plates as early as January 20, but it was 
not clearly separated on Cambridge plates un- 
til January 28. McLaughlin gives January 24 as 
the date of emergence and 900 km/s as the 
mean outward velocity. This gives February 10 
as the date on which the initial particles of shell 
IViii would overtake shell 11, a date coinciding 

with another increase of velocity of shell 11. If 
shell V can be regarded as starting on January 
27 with a velocity of 1100 km/s, it would over- 
take shell I1 about the same time as shell IViii, 
thus accentuating the effect on the outward 
velocity of shell 11. By this time, however, the 
picture is getting very complicated and the con- 
clusions to be drawn from these figures must be 
regarded with considerable caution”. 

“Shell VI would not have reached shell I1 
before deep minimum : Absorption VI11 was 
too fitful in appearance and strength to be dis- 
cussed in connection with collisions; all that 
can be said is that its shell was outside shell VI 
late in March, as its absorptions completely 
wiped out emissions of shell VI. Shell XIi, if it 
started on February 16, would have overtaken 
shell I1 about March 5, and it was in the first 
week in March that shell I1 increased again in 
velocity. Shell XIii which emerged early in 
March would not have reached shells I11 and IV 
by March 18, and its emission might have pro- 
vided the background for the narrow absorption 
lines of shells I11 and IV measured around that 
date. But this is a hazardous speculation and 
would require the spectroscopically active 
region of shell XIii to be close to the star. All 
that can really be said on the idea of shells over- 
taking one another is that it is a crude simpli- 
fication of “what is really a very complicated 
state of affairs, but that it is not inconsistent 
with a number of changes during the first three 
months of the observed history of the nova.” 

This decription of the spectral evolution of 
DQ Her gives an idea of how complicated the 
spectrum of a nova can be and how difficult is 
its interpretation. 

Spectra taken after 1942 show a strong ultra- 
violet continuum due to the central star and line 
emission profiles showing double maxima, 
clearly indicating that they are produced in the 
expanding optically thin envelope. The double 
maxima are especially clearly observable for 
the hydrogen lines and for 4686 He I1 (Figure 8- 
77). 
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Figirre 8-77. The central star of DQ Her in 1955. 
(from pictures taken by G. Herbig, Lick Observatory) 

V1II.B. CHEMICAL COM 
EXTENDED ENVELOPE 

TICS 

POSITION AND 
CHARACTERIS- 

Curve of growth analysis of the absorption 
lines in the pre-maximum spectrum (Abs.1) and 
in the principal spectrum (Abs.11) were made 
by Mustel (1956, 1958, 1963), by Mustel and 
coworkers (1958, 1959, 1965, 1966, 1972), by 
Gorbatsky (1958, 1962) and by Gorbatsky and 
Minin (1963). The chemical composition of the 
absorption-line region at maximum light and at 
other dates is practically the same and it is 
compared with the average chemical composi- 
tion of normal stars. The relative abundance of 
metals is normal; instead, carbon, nitrogen and 
oxygen are more than 100 times higher than in 
normal stars. Although this kind of analysis is 

very uncertain, because the intensity of the 
absorption lines may be seriously affected by 
the presence of the emission components and 
especially because the pseudophotosphere is 
very far from the condition of LTE, Pottasch 
(1967) confirmed this result by measuring the 
emission forbidden lines of these elements. He 
gave the average abundances of CNO for five 
novae including DQ Her, and found an excess 
by at least a factor of 10. 

Direct photographs of DQ Her taken on July 
6, 194.5, in the light of [OIII] lines of 49.59 and 
5007 A and in the light of [NII] lines at 6.548 
and 6584 A, look very different from each 
other. Both are similar to a planetary nebula, 
but the image in the light of [OIII] (Figure 8- 
78) shows an elongated ring surrounding the 
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Figure 8-78. The erivelope of DQ Her in the light of the IO 1111 liries ut 4959 A and 5007 A ,  photographed by W.  Baade 
o r 1  July  6 ,  1945 with the M. Wilsori 100 iiich telescope. 

central source, with two slightly stronger blobs 
in the direction of the major axis; the image in 
the light of [NII] (Figure 8-79), on the contrary, 
shows three strong condensations along the 
minor axis. Spectra taken with different orien- 
tations of the slit indicate that each line shows 
longward and shortward displacements, high- 
est at the center of the slit and least at the two 
ends of the slit: expansional velocities of the 
order of 70 km/s and of 300 km/s were found at 
the border and at the center of the expanding 
nebula respectively. 

Figure 8-80 shows the monochromatic image 
of the nova shell surrounding DQ Her in the 
light of H Alpha obtained more than 40 years 
after outburst. The circles indicate the regions 
where the spectra given in Figure 8-81 were 
taken (Williams et al., 1978). These spectra are 
very similar to those of a typical planetary 

nebula. However, certain permitted recombin- 
ation lines of C and N are unusually strong for 
a typical planetary nebula, while 5007 [OIII] is 
not present. A strong emission feature at 
3646 A is attributed to the Balmer continuum, 
formed at the very low electron temperature 
of about 500 K. 

Mustel and Boyarchuck (1970) noted that 
the 4959, 5007 lines of [OIII] weakened al- 
ready during the 1940s and had practically 
disappeared by 1950. This weakening was at- 
tributed to a drastic decrease of the tempera- 
ture, as confirmed by the strong Balmer jump 
observed by Williams et al. (1978) indicating 
Te = 500 K. The gas in the envelope presented 
the sharp Balmer jump already in old spectra 
obtained in 1956-58 (Greenstein and Kraft, 
1959). On the other hand, the emissions of C I1 
4267 and N I1 4237 and 4242 indicate an elec- 
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Figure 8-79. Same as Figure 8-78, but iii the light of I N  11 I lines at 6548 aiid 6584 A .  

tron temperature of about lo4 K, and their 
strength is about one or two order of magnitude 
greater than in planetary nebulae. 

These data suggest that the shell contains 
two regions: one that is hot and the other that 
is cold. The C I1 and N I1 permitted lines are 
pure recombination lines, because they origi- 
nate in levels high above the ground state (20 
eV), which are not directly coupled to the 
ground state by permitted transitions. Hence, 
radiative or collisional excitation from the 

ground line is very unlikely. Since the emission 
coefficients of the C I1 and N I1 lines have about 
the same temperature and density dependence 
as the Balmer recombination lines, the relative 
intensities depend only on the relative abun- 
dance of the emitting ions integrated over the 
emitting region. It is found that C/H = and 
N/H lo-*. Hence, C and N appear to be en- 
hanced relatively to H by factors of 20 and 100, 
respectively, in comparison with the solar val- 
ues. The He abundance derived by 4471 He I 
appears to be essentially solar. The determina- 
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Figirre 8-80, Moriocl~romatic photograph of the shell siri.roiciicliiig DQ Her. i r i  the light of Ha. The circles iiidicate the re- 
gions where spectra were obtained. (jironi Wil l iam et d., 1978). 

tion of the oxygen abundance is difficult be- 
cause no recombination lines are observable, 
but only forbidden lines whose intensity de- 
pends strongly on the assumed electron tem- 
perature. 

Now the problem is to understand why the 
electron temperature in the shell is so low as in- 
dicated by the sharp Balmer jump and by the 
absence of collisionally excited forbidden lines 
and why strong (C,N) once-ionized recombina- 
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tion lines are present, which indicate a tem- 
perature of at least lo4. 

One can think of various possibilities: the 
ionization of the gas is a relic of an earlier 
phase, the gas expands more rapidly then it 
recombines as suggested by Williams et al. 
(1978). 

Or alternatively, the radiation field emitted 
by a hot central object (e.g., an X-ray source 
produced by matter accreting on the white 
dwarf) ionizes the shell producing very little 
heating, as suggested by Ferland and Truran 
(1981). However, both these hypotheses have 
been discussed by Ferland et al. (1984), who 
were able to show that both are not acceptable. 
On the contrary, the large overabundance of 
heavy elements indicated by the nebular spec- 
trum explains the low temperature and the 
strength of the recombination lines. 

But let us see in more detail the conclusions 
of this latter work. Ferland et al. have used the 
infrared, optical, ultraviolet and X-ray obser- 
vations of the nebula and the central object. 
The composite spectrum is derived by ground- 
based observations in the optical and infrared 
range obtained by Schneider and Greenstein 
(1979) by ultraviolet observations obtained 
with IUE and x-ray observations obtained by 
Cordova et al. (1981b) with EINSTEIN. Ac- 
cording to the generally accepted model, the 
continuum is essentially due to the central 
object and is shown in Figure 8-82 (corrected 
for interstellar extinction). The emission line 
spectrum is due to an accretion disk and to the 
shell. The UV emissions originating in the 
shell are spatially resolved on the two-dimen- 
sional image obtained through the large aper- 
ture of IUE (10" x 20"). The only feature 
clearly originating in the shell is 1335 C 11. The 
optical emissions and their intensity relative to 
H Beta are given in Table 2 of Ferland et al. 
(1984). From these data, the authors show that 
the recombination time for 4686 He 11, which 
has been always present in the nebula spec- 
trum, is of the order of 20 years (for Te = 500 K 
and Ne = 100 cm-3). The low value of T is con- 
firmed also from the ratio of the two lines of C 
11: I (1 335)/ I(4267). For temperatures included 
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Figiire 8-82. a )  Coniposite irltrai,iolet-iifrared contin- 
iiuni. Tlie poiiits are reddening-corrected jlixes and 
are averages over eniissioii-line f l e e  contiriiiiini inter- 
vals. A line corresponding to n power law with spectral 
index -2 is drawri for coniparison, it fits well the UV 
contiriiiiini. b) The dereddened observed continiiiini, 
for E(B-V) = 0.12, corrected for the assirnied geometry 
(ajlat disk seen at inclination of 80") is conipared with 
the tlieoretical continirinn for aii accretion disk with 
niass ti-aiisfer- of IO" g s I .  

Ifrom Ferlaiid et al., 1984). 

between 7000 and 15,000 K, this ratio varies 
only from 56.3 and 59.8 (Storey, 1981; Seaton, 
1978b). It becomes much lower for T<103. 
Since the observed ratio is 9, the value of Te = 
500 K is confirmed. The value of Ne is indicated 
by the volume of the shell and the H Beta 
luminosity. The expansion time for the nebula 
is of the order of 50 years. Hence, the continu- 
ous presence of 4686 He 11 indicates that the 
gas is being ionized continuously since the 
epoch of the outburst, contrary to the assump- 
tion by Williams et al. (1978). 
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The observed continuum for the central 
object (Figure 8-82b) is very different from 
that expected from an accretion disk and a 
mass-transfer rate of 10” g S - I  (Smak, 1982) and 
also the following section), and especially the 
EINSTEIN observations have shown that DQ 
Her (as well as the other quiescent novae) are 
not strong X-ray sources. Hence, the model by 
Ferland and Truran (1981) is not acceptable. 
Instead, photoionization calculations indicate 
that for a wide variety of ionizing radiation 
fields, the nebula will stay at T< 10 K if the 
heavy elements are overabundant and the den- 
sity low enough. 

Actually Ferland et al. (1984) show that the 
low density and an enhanced oxygen abun- 
dance permit the production of low electron 
temperature. Infrared fine-structure lines of 
carbon, nitrogen, and oxygen are very efficient 
coolants for low-density nebulae. It is shown 
that at the ionization conditions and chemical 
composition of the nebula surrounding DQ 
Her, the IR lines at 88 p m  and 52 p m  of [0 1111 
can easily cool the gas at 500 K. Table 3 from 
their paper and Figure 8.83 show the electron 
temperature which is reached for different 
oxygen overabundances through these two IR 
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Figure 8-83. Dependence of the electronic temperatiire 
on the gas density in the shell. The temperatitre falls 
dramatically at N<1000 particles per cc because the 
it$-ared fine stritctiire lines become efficient coolants. 
(adaptedfr-om Ferland et al., 1984). 

lines. For O/H varying between 10 and 100 
times the solar value, the electron temperature 
varies between 1150 and 180 K. The graph 
gives the electron temperature versus the den- 
sity, computed for a given fi= lot7 gs-’ and a 
ratio U of photon density to electron density 
equal to (Here U =Q(H) / 471 r2Nc.) Q(H) is 
the number of ionizing photons emitted by the 
central object per second, r is the separation 
between the source and the nebula, (which is of 
the order of 4 x 10Ih cm, as estimated from the 
angular diameter of the nebula and the distance 
of the system), and N and c are the density of 
the gas and the speed of light. 

In fact, for a luminosity of the central object 
of the order of erg/s, and assuming that the 
ionizing photons correspond to wavelength 
lower than 3500 A, it follows that L = h v x Q 
(H), Q (H) = 7 x IO4’, U = The observed 
photoionizing continuum and the observed 
electron density permit us to predict the inten- 
sities of the emission lines and to compare them 
with the observations (see Tables 2 and 3 of 
Ferland et al. (1984)). The agreement is satis- 
factory and gives a positive test of this model. 
However, the predicted intensities of the 88 
p,m and 52 p m  lines should be revealed by the 
IRAS observations. Instead, very few of the 
observed novae show measurable far IR flux. 

The hydrogen emission in the envelope has 
been used by several investigators to derive the 
mass of the envelope; its value is found to be 
included between 1.4 x and lo2’ g (7 x 

solar masses). If we estimate 
the mass fraction of carbon, oxygen, nitrogen, 
and neon, we find that half of the mass is due to 
these elements. 

and 5 x 

VII1.C. DQ HER PARALLAX FROM 
NEBULAR EXPANSION 

Observations of the nebula made by Wil- 
liams et al. (1978) in 1977 have been used by 
Ferland (1980) for deriving the distance of the 
nova from the nebular expansion. The distance 
derived in 1940, when the size of the nebula 
was estimated at about 3“, gave d = 230 pcs. 
According to Feyland, this value was probably 
overestimated, because the value derived about 
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40 years later was 15”, implying a deceleration 
on the expansion. Such a deceleration due to 
interaction with the interstellar medium should 
produce high temperature in the nebula. How- 
ever, the absence of coronal lines through 
1940 rules out high temperatures. Ferland 
concludes that the size of the nebula was over- 
estimated in 1940. On this assumption, the 
present size gives a distance of 420 +/- lOOpcs, 
i.e., considerably larger than that previously 
estimated. This new value of the distance 
brings the absolute magnitude of DQ Her at 
maximum light to Mv = -7.1 +/- 0.7 and Mv on 
the broad plateau at -5.9 +/- 0.7. With this 
revision of the distance the luminosity at maxi- 
mum become close to the Eddington limit for 
one solar mass star. 

VIII. D. THE ECLIPSING BINARY DQ 
HER 

In 1954, Walker discovered that the nova is 
an eclipsing binary of the Algol type with the 
very short period of 4h39m (Figure 8-84). After 

this discovery, Ahnert (1960) measured 27 
Sonnenberg plates taken in the years 1930- 
1934 in the field of the prenova, and found that 
DQ Her was an eclipsing binary with a period 
of 0.1932084 days, while, according to Walker, 
after the explosion, the period was 0.19362060. 
From this value of dP/dt, Ahnert estimates a 
mass ejection during the eruption of 1.6 x 
solar masses, two orders of magnitude larger 
than that derived by the spectral emissions. 
However, we remark that if there are both mass 
loss and mass exchange, as is probably the 
case, it is impossible to derive them simply 
from dP/dt. Moreover, Schaefer and Patterson 
(1983), using the archival plates of Harvard 
college Observatory, did not confirm the pe- 
riod given by Ahnert for the prenova. The 
Fourier transform of 50 prenova observations 
does not have any significant peaks. According 
to them, this is because there are too few obser- 
vations with too long exposures to detect the 
eclipse. The same authors were able to derive 
the mass of the ejecta for another nova, BT 
Mon, by comparing its orbital period before 
(0.3338010 d) and after (0.3338141 d) erup- 
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Figure 8-84. Photonietr-ic ohservntioris of DQ Her (fPoni Walker, 1956). 
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tion. They found a reasonable value, 3 x 10.' 
solar masses. However, the variation of the 
period depends also on the mass lost from the 
system and not only from mass transfer. Hence, 
these determinations are not very reliable. 

According to the Ritter catalog (1987), the 
masses of the two components are 0.62 +/- 0.09 
for the hot primary and 0.44 +/- 0.02 for the 
secondary. 

Spectra of the old nova obtained by Herbig 
(see Figure 8.77) in 1955 show that the permit- 
ted lines of C 11, C 111, NII, and He I1 and the 
continuum are greatly weakened during pri- 
mary eclipse, while the Balmer lines H Alpha, 
H Beta, H Gamma, and the forbidden lines of 
[OII] and [OIII] do not change in strength and, 
therefore, are formed in an extended envelope 
or in an expanding gas unaffected by the 
eclipse. 

The variation of the emission lines H Beta, 
H Gamma, and 4686 He I1 during eclipse has 
been studied by Young and Schneider (1980), 
who took spectra with an exposure time of 300 
seconds at phases included between 0.80 and 
0.15 P. The radial velocity curve given by 4686 
He I1 presents the classical rotation distur- 
bance: the velocity jumps to -1-400 km/s before 
eclipse, when only part of the eclipsed body 
(which can be an accretion disk) that is rotating 
outward from us is not yet eclipsed, and to more 
than -200 km/s after the eclipse, when the part 
of the eclipsed body rotating toward us is al- 
ready out of eclipse. The Balmer lines are 
eclipsed slightly before the He I1 lines, and go 
out of eclipse slightly later, this fact suggesting 
that they are formed farther out in the disk. 

The UV spectrum of DQ Her has been ob- 
served with IUE at various phases. In contrast 
to other old novae, it is flat, F i ~ h o .  

This flat continuum may indicate that, be- 
cause of the high inclination of the system 
(according to Ritter, 1987, i = 70" +/-17"), we 
are observing the outer and cooler parts of the 
disk. 

The UV line spectrum shows strong emis- 
sions of N V and C IV and fainter emissions of 
He I1 and Si IV. All these features vary with the 
orbital phase, being all fainter at phase zero. He 
I1 practically disappears during the eclipse. 

We recall that a peculiarity of the photomet- 
ric behavior of DQ Her is the presence of coher- 
ent oscillations with a 71-second period. These 
are low-amplitude sinusoidal variations re- 
maining coherent for several years. The recip- 
rocal of the period variation ( P)-' = loi2 sug- 
gests that we are dealing with the rotation of a 
solid body, e.g., the white dwarf. Now a pecu- 
liar behavior of these oscillations is shown 
during the eclipse: at eclipse ingress (phase 
0.9 l) ,  the oscillations begin to come earlier and 
earlier, until at mid eclipse, they jump from 90" 
early to 90" late, and then gradually come back 
to the phase they had originally when the 
eclipse ends (phase 1 .OS). Petterson (1 979, 
1980) proposes the following model to explain 
this behavior: He suggests that the oscillating 
light is not coming directly from the white 
dwarf, but the illuminating beam on the white 
dwarf surface is reflected by the accretion disk. 
This is because the phase shift has the same du- 
ration of the eclipse itself. Moreover, the vari- 
ation of the phase shift can be explained by as- 
suming that the reflecting point is located in the 
backside of the disk. By assuming different in- 
clinations of the orbital plane, the phase shift 
and the oscillation amplitude vary (see also 
Chapter 4. Section III.F.2). 

IX. THE OLD SLOW NOVA T AUR 1891 

(written by Hack) 

T Aur is the oldest galactic nova for which a 
complete record of the outburst is available and 
which was observed by photographic spectros- 
copy (see Payne-Gaposchkin, 1957, pp. 93-97, 
for complete references). The visual magni- 
tude range is VmaX = 4.1 and V,,, = 15.8; the ab- 
solute magnitude at maximum-derived from 
the nebular expansion parallax- is -4.2 or -5.7, 
if we assume the expansion velocity equal to 
500 or to 1000 km/s-' (Le., velocities included 
between those oberved for the more recent 
observed novae; in fact, in 1891 no high-reso- 
lution spectra were obtained, permitting us to 
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measure the expansional radial velocity), and 
neglecting the interstellar extinction. 

T Aur is very similar to DQ Her, concerning 
both the light curve and the spectroscopic ap- 
pearance and spectral variations. It was this 
strict similarity which suggested to Walker 
(1963) to search whether it was also an eclips- 
ing binary like DQ Her. He was successful in 
his expectatiorp and found that T Aur is an 
eclipsing binary with period of 0.2043786 
days. The eclipsing light curve is in many ways 
reminiscent of dwarf nova light curves. Its 
main characteristics are: 

1) short period, 

2) Algol type, 

3) absence of detectable secondary eclipse, 

4) asymmetry of the rising branch of the 
eclipsing curve, 

5) occurrence of a bright shoulder before 
and somtimes after eclipse, 

6) occasional presence of a depression in the 
light curve at 0.7 P, 

7) occurence of intrinsic variations outside 
of eclipse (Figure 8-85). 

Moreover, the colors B-V = +0.28 and U-B 
= -0.64 place it in the same position as dwarf 
novae in the two-color diagram and correspond 
to the colors of a composite object sdO+dK. 

The distorted light curve does not permit 
one to find any geometrical solution of the kind 
obtained for detached binaries, but only indi- 
cates that both components must be small and 
dense. Differently from DQ Her, T Aur does 
not show any coherent oscillations, but just 
rapid flickering. 

The spectrum of the nova at minimum was 
described by Humason (1938) as dominated by 
weak emission lines of hydrogen and He I1 and 
a continuum well extended in the ultraviolet. 
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Figure 8-85. a )  Light cwves of T Alii-; b)  Coniposite 
light curve. Zero point of the magnitude scale is the 
average brightness of the system outside the eclipse. 
The phases are computed fiom the elenierits derived by 
Walker (1963). 
Ifrom Walker, 1963). 

No other detailed spectroscopic observations 
were made since the recent ones by Bianchini 
(1980). Study of the variations of the 4686 He 
profile along the 4h54m period shows that the 
emission lines reach a maximum at phase 0.85, 
when the light curve presents, a hump, and a 
minimum at phase 0.53 (Figures 8-86 a,b). 
Phases 0.0 is at the epoch of the Algol-type 
minimum. This behavior indicates the presence 
of a hot spot observable in its full size at phase 
0.85 in the light of He 11. A broad absorption 
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Fipr-e  8-86. a) He I I  4686 eniissiori h ie  profiles at 
selected orbital phases. b) Plot of the ratio W(4686 He 
II)IW(HP) versiis the orbital phase. Observations made 
dicririg the same orbital phase are connected by the 
dashed lines. 
(froni Biarickirii, 1980). 

line is detectable, underlying the emission, and 
suggests the presence of an optically thick body 
(stellar atmosphere or  accretion disk). This 
absorption line is more evident around phase 
0.00 (Figure 8-86a). Low-resolution (R = 6A) 
ultraviolet spectra have been obtained with 
IUE (SWP 21454 and 21456, LWP 2268) and 
combined together (Figure 8-87), The expo- 
sures needed to obtain a measurable signal are 
too long to detect spectral variations related to 
the phase. 

The S/N is low, but it is evident that the flux 
increases toward shorter wavelengths, and the 

energy distribution is very different from the 
flat spectrum of DQ Her, in spite of the other 
many similarities of the two objects. 

An interesting spectrophotometric study of 
the faint nebula surrounding T Aur has been 
made by Gallagher et a1 . (1980). The nebula is 
faint and has an ellipsoidal ring-like shape with 
a major axis of 26" (see Figure 6-68). This 
nebula is very similar to that produced by DQ 
Her. In both nebular spectra, recombination 
lines dominate over forbidden lines: The spec- 
trum of T Aur presents recombination lines of 
once-ionized helium, twice-ionized nitrogen 
and oxygen, while forbidden lines are faint 
(Figure 8-88). 

After correction for interstellar extinction, 
the abundance ratio of helium to hydrogen can 
be evaluated from the ratio I (5876)/ I(4861) 
according to the relation 

where the 01 are the effective recombination- 
line coefficients at electron temperature Te 
(Osterbrock, 1974). Helium is found to be over- 
abundant by a factor of 2 or 3, like most slow 
novae. Also, nitrogen and oxygen are found 
overabundant by factors of 60 and 25 (by 
number), respectively, over cosmic abun- 
dance. 

Like DQ Her, T Aur also shows regions of 
the nebula where the electron temperature is 
low, but not so extremely low as in the case of 
DQ Her. From the ratio 4651 0 II/5007 [0 1111, 
a value of Te lower than 3000 K is derived. The 
nebula surrounding T Aur has a substantially 
lower content of heavy elements than that 
around DQ Her, in spite of the great similarity 
of the two novae, which is reflected not only in 
their light curve, but also in the manner in 
which their ejecta have evolved. 

The evolution of the nebulae of old novae 
presents several problems. For instance, T Aur 
and DQ Her extend their similarities in the out- 
burst to the similarities in how their nebulae 
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Figirr-e 8-87. The low imolittioii IUE spectrirni of T Air,., obtairied coiiihiiii i ig the s1ior.t ttwe spectra SWP 214.54 at 
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A toitvr-d shorter- wa~derigths.  
(jmi the IUE data haiik). 

evolved. RR Pic, on the other hand, is an older 
nebula than DQ Her, but presents higher Tc and 
high ionization. Therefore, it is very important 
to follow the development of nebulae of recent 
well-observed novae. 

3 
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WAVELENGTH (A) 

X. RR PIC 

(written by Selvelli) 

X.A. THE HISTORICAL OUTBURST 

The outburst of RR Pic was first noticed by 
R. Watson, on May 25, 1925, when the star 
reached magnitude 2.4, while the maximum 
(m= 1.0 - 1.2) was reached on June 9, 1925. The 
light curve was characteristic of a "slow" nova 
with t, - 150 (182) days. The light curve has 
been studied by several authors: e.g., Spencer 
Jones (1931), Campbell (1929) and Payne- 
Gaposchkin (1 957). Characteristic were the 
large oscillations during the early decline, with 
several maxima of nearly equal magnitude 
(Figure 8-89). It is notable that the preoutburst 
magnitude ;was estimated as 12.8 (12.7, 13.3) 
and that the present magnitude is 12.3 (12.1). 
Sixty years after outburst, the star has not yet 
returned to its preoutburst magnitude. This 
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Figure 8-89. The light cui-ve of the slow nova RR Pic, 
and, for coniparisoii, the light crrrve of tlie other slow 
nova DQ Her. The typical dip in tlie light curve, char- 
acteristics of several slow iiovae, is niissirig iri RR Pic, 
as well as in the e.ttreniely slow nova HR Del (see nest 
sectioii 8-11). 
(fi.otti McLaughlin 1960). 

behavior seems in contrast with the general 
conclusion by Robinson (1975) that novae 
before and after outburst are characterized by 
the same mV value. 

The spectral type of the nova at the time of 
the first spectroscopic observations was esti- 
mated as F2, while at maximum it was F8. This 
behavior reflects that of slow novae, which 
near maximum display a later spectral class 
than fast novae (F2-F8, instead of AO-A5). 

The premaximum and maximum spectra 
have shown outflow velocities of the order of 
-100 km s I ,  while velocities of up to -400 km 
s-' have been observed at the end of the evolu- 
tion of the principal spectrum during the first 
10 months after outburst. 

The spectral behavior after maximum has 
shown a very complex behavior and has been 

b) 
I 

Figiire 8-90. a )  RR Pictoris, changes in the spectrirni near. Hd 4101 over about 320 clays; trucitigsj?oni Lick spectra, not 
r.edrrcecl to intensities. Left strip, top to bottom: JD 24309 (date of nicrsiniiin~;for clarity the deep ceriter of the hydrogen 
line is omitted), 24314, 24316, 24319; center strip; JD 24453, 24469, 24520; right strip: JD 24541, 24627. The 
developnient is siniiliir to that showri in Figure 4 ,  birt the Inter spectra are less coniplicated by eniissioris other than that 
of hydrogen. Note that crll the dates on the hvofigirres are not identical. Violet is to the left . 
(from C.P. Gaposchkiri iri HP 51 I 752) 1958. 

b) RR Pictoris, cliaiiges in the spectrirni iieeir Hg 4340 over aborrt 320 clays; traciiigsfr.oni Lick spectra, riot vedirced to 
intensities. Left strip, top to bottom: .ID 24309 (date of niciriniirni), 24314,243 16,24319; niiddlestrip: JD 24453,24469, 
24474; riglit string .ID 24520, 24564, 24627. The first tiucing shows only the pre-ninsinirrni spectrirni. In tlie srtbseqrreiit 
tracings, the priiicipnl spectrwi enierges aiid streiigtlieiis to the violet of the pre-ninsiniirni spectrirni, which gi~aclirnlly 
fudes. lr i  the second strip the principal spectrrini, arid the interise, niore highly-displaced spectra of Iiydrogeri cloniiiiate 
the obsorptioris, arid tlie briglit iwlwnrd edge, associiited priiicipally with the Iiighl~l-i~isplri~ied specti.rini, beconies 
conspiciroirs. By JD 24469 the bright lirie lius developed a distirictive strxti tre,  with a strong reelward edge; the 
violetward errid reelward edges of the Fe 11 liiie at I4351 have also beconie proniiiieiit. Iii the third strip, the hyclrogeri 
absorptioiis are diniiriishirig iri intensiw, the bright liries displaciiig more strricfirre. 011 JD 24564 the nbsoiptioiis are 
almost gone, and the iYoletward ancl redward edges oftlie (0 III] lirie I4363 are sirper-iniposed on those oftlie Fe I I  line. 
011 JD 24627, orily the lilies of hydrogen mid [0 I I I ]  w e  disceixihle, each with coniples sti'rictiii'e. Note that the two last 
traciiigs cross. Violet is to the left. 
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described in great detail by H. Spencer Jones 
(1931), by W.H. Right (1925), and by C. 
Payne-Gaposchkin (1957). Outflow velocities 
were lower than in other novae, and the Orion 
spectrum showed absorption displacements of 
up to -1500 km s-’. A peculiarity of RR Pic has 
been the extreme weakness of the N I11 h4100 
lines during the Orion stage. These lines are 
usually associated with the “nitrogen flaring,” 
the secondary fluorescence produced after the 
excitation of the 3d Po level of 0 I11 by He I1 
Lya. 

Another distinction between fast and slow 
vovae during the Orion stage is the presence of 
numerous [FeII] emissions in slow novae and 
their weakness or absence in fast novae 
(McLaughlin, 1960, p.585). It is also remark- 
able that RR Pic, during the nebular stage, has 
shown unusually weak lines of [0 1111 A4957 
and 5007. 

The nebula surrounding RR Pic has shown 
an expansion rate of 0.18 arc sec yr-I. The fact 
that the nebula of RR Pic was not strictly 
spherically symmetric was reported by Payne- 
Gaposchkin (1957). In a direct photography of 
the remnant, taken by Duerbeck and Seitter 
(1979) at the prime focus of the ESO 3.6 m. 
telescope, the ex-nova is surrounded by a struc- 
tured nebulosity; an equatorial ring(s) and 
double “polar caps” or “knots” are clearly evi- 
dent on opposite sides of the remnant, in a 
structure which somehow resembles that sur- 
rounding the slow nova DQ Her (see Figure 6- 
69). 

Williams and Gallagher (1979) have studied 
the nebula surrounding RR Pic using the Cerro 
Tololo Vidicon spectrometer. The filaments 
have spectra very similar to those of high exci- 
tation planetary nebulae, and show also promi- 
nent [Fe VI emissions. The source of excitation 
of the nebula is in the UV radiation field of the 
hot component of the system (Figure 8-91; see 
also Figure 6-70). 

Photoionization models suggest tempera- 
tures of the order of 2.5 x lo5 K and L(Star) - 
4.4 x IO3‘ erg. s-I. An enhancement of Helium 
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Figure 8-91. Spectral scans of the nehirlar condensa- 
tioris to the NE and SW of RR Pic. The zero flus levels of 
the scans are indicated on the ordinate axis. 
(from Williams and Gallagher, 1979). 

by at least a factor of two over the solar abun- 
dances is required to explain the He I1 h4686 
emissions flux. 

Moreover, the fact that the low-ionization 
line [N 111 h6584 A is seen with moderate 
strength indicates overabundances of nitrogen 
by a factor of at least 10, while oxygen is proba- 
bly underabundant. 

The dimensions of the nebula are presently 
18” x 23”. 

X.B. RR PIC IN QUIESCENCE: OF 
HUMPS AND DIPS IN THE LIGHT CURVE 

The first photoelectric observations of RR 
Pic were made by Van Houten (1966), who 
found a light curve with a period of approxi- 
mately 3.5 hours and suggested the presence of 
an eclipse. This period was confirmed by the 
observations of Mumford (1971). Vogt (1975) 
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made an extensive set of observations with the N Vogl 

purpose of determining a more accurate period 
and confirming the presence of eclipse. The 
determination of the photometric period by 

features repeating at equal phases. The light 
curve was characterized by a broad hump with 
amplitude 0.3 magnitudes that lasted more than 
half period. The low amplitude and the singular 

Vogt was made difficult by the near absence of :",: 

-::I 

ow - 

-004 - 

shape of this hump made difficult its use for the -E v determination of the period. Fortunately, the 
hump was found to always end in a sudden dip, 

-004 

0 0 0 2 0 4 0 6 0 8 1 0  

near minimum brightness; this feature was 
used to determine the period: 
JD (MAX) =2 438 815 379 + 0.1450255 
cp= 0 corresponds to the main brightness maxi- 
mum. 

The (B-V) and (U-B) curves show that the 
bluest parts of the curves are reached near 
phase 0.0, the reddest, near phase = 0.5 (Figure 
8-92). 

A drop near cp = 0.4 seems to be always pres- 
ent, also in the V curve. Since this behavior re- 
peated fairly well from cycle to cycle, it was as- 
sociated by Vogt to orbital motion. 

It is remarkable for what follows that in 
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Figure 8-92. Mean colors as a jiriictiori of phase dur- 
irig December 1972. 
(from Vogt, 1975). 

Vogt observation, a blue peak, especially pro- 
nounced in (B-V), is present near phase 0.75 
(Figure 8-93). Vogt also found that, generally, 
a flickering was superimposed on the light 
curve with a typical time-scale of 5-15 min and 
amplitude of 0.05 + 0.10 magnitudes. Also 
time-resolved observations by Warner (198 1) 
have revealed the presence of occasional multi- 
periodic rapid oscillations, which were present 
in about one-quarter of the observing runs. The 
periodogram analysis showed periods in the 
range of 20-40 s, with a more persistent one 
with P = 32 s. Schoembs and Stolz (1981) have 
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0.05\ 

0.00- 
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0.75 

Figure 8-93. Left: Mean light curves arid colors versiis phase for all observations of Dec. I972 averaged in 0.02 P iiiter- 
vals. Right: the phases are indicated in this scheniatic niodel for RR Pic. 
Urom Vogt 1975). 
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confirmed the presence of such rapid oscilla- 
tion with P=32 s. 

New UBV measurements by Haefner and 
Metz (1 982) have confirmed the period of Vogt 
and have also indicated the high stability of the 
period, with dp = 1.4 x lo-”. 

P 

However, they found a quite different be- 
havior in the light curve with a “w” shape as a 
characteristic feature of all light curves (Figure 
8-94), and much more pronounced than in 
Vogt’s observations. Different curves behave 
similarly and show minima near phase 0.43 and 
phase 0.74 (deeper). This behavior is in con- 
trast with that described by Vogt who reported 

the presence of a blue peak near cp=0.7.5. Spec- 
troscopic observations by Wyckhoff and 
Wehinger (1977) have revealed the presence of 
radial-velocity variations in the He I1 14686 
emission. These variations are nearly sinu- 
soidal with 2K -120 km s-’. The minimum in 
this spectroscopic curve is quite close to cp = 0, 
the principal maximum of Vogt’s observations. 
Combining their photometric results with these 
radial-velocity observations, Haefner and 
Metz (1982) have suggested that, since cp = 
0.7.5 corresponds to the orbital condition in 
which the red component is in front of the white 
dwarf, the minima they observed near cp= 0.74 
were caused by occultations (eclipses) of the 
hot component (white dwarf, accretion disk). 
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Figure 8-94. Top:B intensity derived by averagiiig the 
B light cici.ve within a phase interval of 0.05 aiid iepre- 
seiited by arbitrary cotitit mnibers. Middle and bot- 
tom: the hot spot polarization percentage and angle, 
respectively. Solid h i e :  derived from the observations, 
dashed line: riirtner-ical appmiiniatioii (0 is indefinite 
for phase 0.OP). 
(fi-oni Haejiei  arid Metz, 1982). 

This suggestion was supported by the fact 
that optical spectra showed that the HP emis- 
sion was weaker near cp =0.7. (But He I1 X4686 
remained constant.) 

The suggestion reported above is in contrast, 
however, with the indications of Vogt (1975) 
who found the presence of a blue peak near cp = 
0.75. 

New observations by Kubiak (1984) con- 
firmed the shape of the V curve found by Vogt. 
The U curve, however, suggested the presence 
of an eclipse beginning near cp = 0.8 and lasting 
until cp= 0.96. In the V and B bands, the eclipse 
was less evident. The system appeared bluest at 
the beginning of the “eclipse.” 

Kubiak claimed the presence of coherent 
brightness modulation in all bands with a pe- 
riod of about 15 min. A study by Haefner and 
Schoembs (1985) of a large amount of photom- 
etric data has not confirmed the permanent ex- 
istence of this period. They suggested that the 
15-min period found by Kubiak was attribut- 
able to transient phenomena in the disk. 

The new observations by Warner (1986a) 
have not confirmed the periodicity either. 
Power spectra of its extensive observations 
have not detected the periodicities found by 
Kubiak, nor the presence of any other period 
larger than 1 min (except for the orbital one). 
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Probably most of the contradictory indica- 
tions reported above are attributable to real 
intrinsic changes with time in the photometric 
behavior. Warner (1986a) has also recently 
pointed out that in the last years, the variations 
in the light curve have had a smaller range and 
that more evident flickering activity has been 
present (see Figure 6-4). A comparison of these 
curves clearly indicates that from 1975 to 1984 
there has been a reduction both in the anipli- 
tude and in the phase interval of the hump. This 
has coincided with a decline in the mean bright- 
ness of the system. 

RR Pic is currently at ni, -12.3 and is still 
declining in luminosity. 

The light curve i n  recent observations 
(Warner 1986a) is characterized by repetitive 
but singular “eclipse-like” features superim- 
posed on a highly variable background.. The 
minimum near (p-0.42 reported by Haefner and 
Metz (1982) is now scarcely evident; whereas, 
that near (p-0.74 is the dominant feature. The 
interpretation of this complex behavior is not 
straightforward and unequivocal. The origin of 
the hump, its progressive decay, the reality of 
the interpretations of the dips (minima) as 
eclipses needs further investigations. 

X.C. THE UV BEHAVIOR OF RR PIC 

UV observations of RR Pic can set some 
constraints on the physical parameters and the 
location of the region where the (hot) radiation 
emitted by the system is produced. 

Optical observations by Vogt (1976) 
showed that the ex-nova had a blue continuum 
with He I1 4686 as the strongest emission line, 
with W - 8A. 

Other (fainter) emissions are the hydrogen 
Balmer lines, the Pickering series of He 11, and 
the CHI 4650 line. These features are typical 
signatures of a high-temperature object. 

The first UV observations of RR Pic were 
made by Gallagher and Holm (1974) using the 
8-inch photometric telescope of the OAO-2 
Wisconsin Experiment Package. Fair data were 
obtained for RR Pic, which indicated a quite 

high (color) temperature, in excess of 35,000 
K, and a bolometric luminosity of the order of 
10 L . Variations of the order of 0.5 mag in 
two observations separated by about 1.7 hours 
( - 0.5 P) seemed also to be present. 

Duerbeck et al. (1980a) and Krautter el al. 
(1981) have reported on the first IUE observa- 
tions of RR Pic (see Figure 6-36). Krautter et al. 
estimated UV temperatures of about 28,000 K 
and suggested the presence of P Cyg profiles 
(although much weaker than in HR Del) in the 
N V  1240, CII 1335, and AI III 1860 lines. 

He I1 1640 and NV 1240 are the strongest 
emissions in the spectrum, confirming the 
high-temperature character revealed in the 
optical emissions. 

Krautter et al. (1981) have found tempera- 
tures on the order of 28,000 - 40,000 K,  or, al- 
ternatively, they have made a fitting to the 
continuum distribution with a power-law h-l‘ , 
where a = 1.81 -+ 0.03. 

The UV luminosity was estimated at 4.4 Lo. 
Krautter et al. (1981) noliced the presence of 
two absorption components in the P Cyg pro- 
files with velocities of -2500 km s-’ and -4600 
km s-I, respectively. 

Wargau et al. (1982), using the same spec- 
tra, attempted an alternative fit to the contin- 
uum distribution and suggested a superposition 
of two blackbodies, one with T = 14,000 M 
(originated in the disk) and the other with T = 
90,000 K (attributed to the boundary layer). 

RR Pic has been also studied by Rosino et al. 
(1982). The continuum distribution has been 
interpreted as a combination of two blackbod- 
ies with temperatures of 20,000 K and 35,000 
K. They detected the presence of (pure) absorp- 
tion lines of Si 11, Si 111, Si IV, and S 11, but did 
not confirm the presence of the P Cyg profiles. 
The width of the emission lines was interpreted 
in terms of expansion velocity of the shell, and 
a value of about 1700 km s-’ was derived. 

RR Pic has been the target of an UV monitor- 
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ing that covered almost two complete cycles 
(Selvelli, 1982). A sequence of alternate expo- 
sures with the short h and long h cameras has 
made i t  possible to obtain 12 low-resolution 
spectra in about 6.5 hours, thus providing a rea- 
sonable time-resolution for the detection of cp- 
related variations. (The typical exposure time 
was 18 min). After correction for reddening (E 
(B-V)- 0.05), the continuum fits quite closely 
the h-7/3 relation, although the index 01 ranges 
actually from 1.7 to 2.1 for different spectra. 
Figure 8-95 shows two fits to the continuum at 
different phases. Note that the mean time sepa- 
ration between two successive SWP and LWR 
spectra (which are merged together) is of about 
30 min., which corresponds to Acp- 0.14. 

Having several (6) spectra at disposal for 
each range, i t  is easier to detect faint lines 
(which in a single spectrum could be masked 
by noise) and to ascertain the reality of doubt- 
ful features. A careful examination of the spec- 
tra has led to the detection of a wealth of emis- 
sion lines over the entire range. 

The spectrum is characterized by strong per- 
mitted transitions of high-ionization species 
such as N V 1240, Si IV 1400, C IV 1550, He I1 
1640. Among the low-ionization species, only 
Mg I1 is present, while 0 I 1300, A1 I1 1670, C 
I1 1335, Si I1 1810 and similar species are defi- 

nitely absent. The intersystem lines are rather 
weak: 0 VI 1218, N IV] 1486, 0 1111 1666, N 
1111 1750, AI 111 2669, or absent: Si 1111 1892, 
C 1111 1909, CII] 2326). [Ne VI 1575. [0 111 2469, 
and [Mg VI 2784 are probably present although 
faint. 

The lines of the He I1 Paschen series are 
clearly present (note that the line of the Picker- 
ing series were reported in the optical by Vogt), 
together with some 0 I11 lines, notably 2836, 
produced in the Bowen fluorescent mechanism 
originated by He I1 Lya. 

Some emission features lacking any reason- 
able identification, such as A 2515, A 2405, A 
1446, have been attributed to “coronal lines,” 
although the absence of a few of the strongest 
coronal lines in the solar spectrum, such as Fe 
XI 2648.73 and Fe XI1 2565.99, poses a serious 
problem regarding the reality of these proposed 
identifications. 

There is definitely no evidence of P Cyg pro- 
files, neither for the lines proposed by Krautter 
et al. (1981) nor for any other line. Nor is there 
evidence of the absorption lines reported by 
Rosino et al. (1982), except for the feature near 
h 1295, attributable to Si 111 UV 4, which seems 
to be variable. 
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X.C.1. THE UV SPECTRAL VARIATIONS 

The continuum, as well as the emission 
lines, shows significant variations in the vari- 
ous spectra that have been taken. 

As is customary, the various spectral quanti- 
ties have been ordered as a function of the 
phase cp, using the ephemeris given by Vogt 
(1975). The continuum does not vary signifi- 
cantly in shape, and, therefore, only the total 
flux in the continuum for the SWP asn LWR 
regions, respectively, has been reported. Vari- 
ations as large as 1.5 have been found between 
the weakest and the strongest continua. The 
line spectrum shows stronger variations, espe- 
cially in the near UV region, where variations 
around a factor of 5 have been observed for 
some lines. 

Figure 8-96 reports the phase-related vari- 
ations of the following quantities: m, (FES), 
2ooo F,C dX and j;i:i FAC dX (in erg c m 2  

SI), line-emission intensities (in erg cm-’ s-’) 
for N V, C IV, He 11, Mg 11, and 0 111 2836. The 
phase cp associated with each spectrum is that 
of mid-exposure. The phase associated with the 
m(FES) is that of - 2 min before the beginning 
of the exposure. In accordance with Vogt 
(1975), cp = 0 corresponds to the main maxi- 
mum in the visible light curve, which has a 
minimum around cp = 0.42 (center of the 
eclipse). Schoembs and Stolz (1981) have 
found minima also around cp = 0.6. Haefner and 
Metz (1982), on the other hand, give cp = 0.75 
for the primary eclipse (in accordance with the 
He I1 R.V. curve). 

I, 200 

The mean continuum flux in the hh1200 - 
3000 range is of 6.8 x 10-’” erg s-’. Assum- 
ing a distance of 440 pc, the mean UV luminos- 
ity results in 1.7 x erg s-’ - SL,. 

From the IUE data, it is easy to see that a 
maximum common to the above-mentioned 
quantities falls between cp = 1.6 +- 1.9, while a 
minimum for most quantities occurs around cp 
= 1.1. -+ 1.5. These results are in partial agree- 

ment with those of Vogt (1975), who found 
minima around cp - 0.4. but the occurrence of 
maxima centered around cp = 1.75 is in com- 
plete contradiction with all previous findings. 
In addition. the different behavior of the above 
quantities at about the same phase in two differ- 
ent periods is remarkable. See, for instance, the 
dramatic changes for Mg I1 and 0 I11 between 
cp = 0.687 (deep minimum) and cp =1.752. 

On the other hand, Kubiak (1984) claims 
that the “eclipse” occurs between cp = 0.80 and 
9 = 0.95. 

The UV data are in contradiction with con- 
clusions drawn from the behavior in the optical 
and clearly rule out possible eclipse of the hot 
component. If the interpretation based on the 
R.V. curve of the He I1 h 4686 line is correct, 
such eclipses are expected near cp= 0.75 when 
the companion is in front of the hot component. 
The UV data, on the other side, indicate that 
neither the continuum nor the emission lines, 
which are likely to be formed close to the hot 
component, become weaker near cp = 0.75. One 
more indication against a high inclination of 
the system comes from the considerations of 
Warner (1986b). Systems with high inclina- 
tion, seen edge on, are expected to have a flat- 
ter UV continuum that RR Pic actually has. 
Probably, a key to understand both the behavior 
in the UV and the discrepancies about the 
phases of the various humps and dips in the 
light curve at different epochs is the presence 
of transient phenomena, which are superim- 
posed to the periodic-phase-related changes. 

Simultaneous IUE and ground-based obser- 
vations covering at least two cycles are re- 
quired. 

The x-ray luminosity of RR Pic in the range 
(0.15 - 4.5 Kev) has been determined by Becker 
and Marshall (1981) using the Einstein IPC 
value 2.3 x lo3’ erg s-’, which is close, although 
weaker to the mean value of the few old novae 
detected in the x-ray range. 
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Figitre 8-96. Pliase variutioiis of the f l i t s  in the eniissiori h ies  of 0 111 2836, the 2800 resoiiaiice doicblet of M g  11, 
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Figii1.e 8-97. The photoelectric mid the viJiial coiititiiiiim liglit c i m v  of HR Del (Dvechsel et nl., 1977). 

XI. HR DEL 

(written by Duerbeck) 

X1.A. THE LIGHT CURVE 

The outburst of HR Del ( N Del 1967) was 
discovered by G. Alcock on 1967 July 8. The 
brightness of the star .increased, starting from 
1967 June 3, from the prenova magnitude of 
12.0 to to a premaximum halt at 5.0; the peak 
brightness of 3.4 was reached on 1967 Decem- 
ber 12. A secondary maximum of 4.3 occured 
in May 1968, and thereafter, the nova declined 
gradually. By 1975, it had returned to nearly 
12.0 The light curve is well-covered, it shows 
similarities to that of the slow nova RR Pic, 
whose early rise however, was, missed. 

A visual light curve from the beginning of 
the outburst to the end of 1971 is given in 
Drechsel et ai. (1977). It shows the broadband 
V magnitude, which includes continuum + 
emisssion line light, as well as the continuum 

magnitude. The continuum magnitude de- 
clined much more rapidly, reaching 12.0 in 
mid-1971 (Figure 8-97). 

X1.B. SPECTRAL STUDIES 

High-dispersion spectroscopic studies were 
made by Sobotka and Grygar (1979), by Hutch- 
ings (1969), by Yamashita (1968, 1975), by 
Barlt and Szumiejko (1975), and by various as- 
tronomers using coude spectra of the Haute 
Provence Observatory (Andrillat and Houziaux 
1970a, 1970b, 1971, Andrillat, Fehrenbach and 
Hou-ziaux 1974, Andrillat and Fehrenbach 
198 1, Friedjung ( I977), Malakpur ( 1973), 
Antipova, 1977). Medium-dispersion studies 
were made by Galeotti and Pasinetti (1970), 
and by Rafanelli and Rosino (1978). Low-dis- 
persion studies were reported by Seitter (1969, 
1974) and Woszczyk et al. (1968). Spectro- 
photometric studies based on objective spectra 
were published by Drechsel et al. (1977). 
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X1.C. THE REMNANT lax yields a distance of 850 t SO pc. 

Models of the evolutionary remnant were 
computed and compared with observations by 
Tylenda (1977, 1978, 1979). 

The nebular remnant was spatially resolved 
on direct photographs by Kohoutek (1981). Ob- 
servations in 1981 show an oval shell with a 
size 3.7" x 2.5". The nebular expansion paral- 

A kinematical model was developed by Solf 
(1983) from the study of spatially resolved 
coude spectra. The main body of the material is 
found in an equatorial ring and two "polar" 
rings (rings at higher azimuthal angle). The 
polar axis is seen at position angle 45" and has 
an inclination of 38" with respect to the celes- 
tial sphere (Figure 8-98). 

Dotar cane 

Figirr-e 8-98. A geoiiietricnl mid kiiieiimticul iiiodel oftlie shell of HR Del, coiisistiiig of two polar cups (sketched by triol 
cuted coiies) rind u i i  eyitrrtor.ia1 i .iiig (r.adiril tliickiiess iiot sketched). Radial ( V , )  aiicl tuiigeiitiul (W,,) conipoiierits oftlie 
polcir uiid eqltutorial (V,) espuiisiori velocities, occ~ri~riiig oii rhe iieur (-) o r  the fur (+) side of the shell. Also inrli- 
cuted ure the velocity conipoiierits oftlie bitlk niotioii oftlie cups (V,-, W,). The cups uiid the riiig ni.efilled with mutter 
which is heavily clirniped (Soy 1983). 

50 1 



X1.D. HR DEL AS A CLOSE BINARY 

The most complete study of the binary mo- 
tion was made by Bruch (1982), using his own 
and previously published material. The period 
is unambiguously determined to be 0.2141 674 
days; the amplitude of radial velocity of the He 
I1 4686 line is 104 km/s, and only 34 km/s for 
Hp (Figure 8-99). No trace of the secondary 
could be detected. The orbital inclination was 
estimated to be near 41", which yields for HR 
Del the most plausible properties of a cataclys- 
mic binary (e.g., mass ratio). This inclination is 
in good agreement with the results of the study 
of the nebular shell, assuming that the polar 
axis of the nebula is perpendicular to the orbital 
plane. A combination of Kepler's third law, 
Paczynski's (197 1) analytical expression for 
Roche-lobe geometry, and Lacy's (1977) mass 
radius relation for low-mass main-sequence 
stars yields for the late-type component 

with P measured in seconds, M, in solar masses. 
In the case of HR Del, M, = 0.58 t 0.01 M . 

c3 

RV 
Ikmlsec) 
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- 150 

0.0 0.2 0.4 0.6 0.8 1.0 PHASE 

Figure 8-99. Rudial velocity ciirves of HR Del for He 
II 4686 arid HP. Filled aiicl opeii r i d e s  are data from 
val-ioirs soiirces (Rixch 1982). 

From the observed radial velocity amplitude 
and the inclination angle, for the compact com- 
ponent, M,  = 0.9 5 0.1 M a .  

X1.E. EVOLUTION OF THE OUTBURST 

As is typical for slow novae, the spectral 
evolution was quite complex; the results of 
radial velocity measurements of absorption 
lines is shown in Figure 8-100. 

Following Hutchings ( 1  969), the outburst is 
divided into three phases: 

Phases I: Pre-maximum. 
June - early December, 1967. The light 

curve is smooth, levelling off at about 5 m, and 
shows long term (time scale: weeks) fluctua- 
tions of 0.5. The spectrum shows lines normal 
for the early stages of the nova, and smoothly 
varying line displacmients: The strongest 
lines are those of H, Fe 11, Cr 11, and Ti 11; 
during the course of evolution, more lines of 
lower excitation and ionization appeared (Fig- 
ure 8-101). The shortward displacement of the 
absorption lines gradually decreased with time; 
Malakpur ( 1973c) identifies the broad main 
absorption, whose radial velocity decreased 
from 625 to 230 km/s in this time interval, with 
the premaximum spectrum. Furthermore, a 
sharp, stationary emission component was vis- 
ible. The Ca I1 H and K lines were strong and 
showed four narrow highly-displaced absorp- 
tion components in addition to the broad main 
absorption, which disappeared on December 
12, 1967. They are suspected to originate in 
pre-existing circumstellar material (Figure 8- 
102). 

Phase 11. Maximum. 

December 1967 - May 1968. The phase 
begins with a rapid, short-lived brightening 
up to 3.5 on December 14. The light curve 
varies rapidly and irregularly by up to 1.2 and 
as fast as 0.5 within one night. The spectrum 
shows equally rapid changes, and each line has 
several sharp absorption components and a 
strong, variable emission. The strong lines 
displayed a number of sharp absorption compo- 
nents, which appeared individually and irregu- 
larly, fading away during a period of a few 
weeks. Malakpur (1973~)  notes that the princi- 

502 



X 
I 

li 

Y 
11 

Y Y  

x 

ir 

- 1500 

X 

I 

\ 
\ 

I 

\ 
L Y 

I 

n 
- 500 

tr 

TADE NEBULAIRE 

k 

2439700 39900 40100 J J  

FIGURE 1 

Figlire 8-100. Radial ivlocity data of absorption lilies iri the spectriini of HR Delfioiti the prenia.riniitni to the riehrilar 
stage (Malakprtr 1973~) .  

Figiire 8-101. The spectriini of HR Delfioin HP to the Balnier lirnit three days after oiithiirst. On the hottorti at left: en- 
largement of the Ca I1 H arid K region showiiig tlie uhsorptioii coniporiem A,  B aiid C arid the iiiterstellar coi?iporierits I .  
(Courtesy of Ch. Fehreribach arid P. Veroiz. Obserwtoire de Halite Provence dii Conseil National de la Recherche 
. Scientifiqiie (CNRS)). 
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Figure 8-102a. Spectral Imriatioris of H R  Del fi-oni 1967 J d y  10 to Decenibei. 13, spectral range hh 3872-4005. Note 
the sharp interstellar absorption Iiiies of Ca I I ,  the broad stellar absorptioii conipoiieiits showing expansioii veloci- 
ties decreasiiig j?om -660 to -300 knils j?om early July to Septeniber, arid iiicreasiiig ngairi to -400 knils iri  Decetii- 
her.. Note also the sharp absorptioii coniponents which are violet-sIi@ed with respect to the broad absorption line. 
The eriiissioti conipoiierits, forwed iii aii oirter exterided eiivelope, ui'e statioiiary. For details, see Fehretibach arid 
Petit (1969). (Courtesy of Ck.  Felireiibacli and P. Verori. Observatoire de Haute Provelice dir Coiiseil National de la 
Recherche Scieiitifiyue (CNRS)). 
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Figir1.e 8-102b. See Figiwe 8- f02b  spectral r m g e  hh 4000 - 4150. Note the very remarkable increase in iritensity of 
the eniissiori and ubsorptiorr lirres of Ti 11 arid Sr I1 arid the presetice of t hee  absorption coniporietits oti 1967 Airgust 
28 arid 29. For details, see Fehrerihach er al. (1968a), arid Fehrerihach et al ,  (19686). (Courtesy of Ch. Felireribach 
orid P .  Verori. Ohservatoir-e de Hairte Proverice dir Coriseil Natiorial de la Recherche Scientifqire (CNRS)).  
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Figure 8-102c. See Figure 8-102a spectral range LA4140 - 4300. (Courtesy of Ch. Fehrenhach arid P.  Veron. Observa- 
roil-e de Halite Provetice drr Cotiseil National de la Recherche Scientifique (CNRS)). 
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Figwe 8-102d. The red spectriini of HR Del: Ha to A 7400. (Coiii.tesy of Cli. Fehretibach arid P .  Veroii. 0bseivatoii.e de 
Halite Proverice dii Cotiseil National de In Recherche Scieiitifiqiie (CNRS)). 

507 



Nova Oelphrni 1 3 8 )  

Figitre 8-102e. The irlfnred spectrum of HR Del: ?LA 7200 - 8000. (Coitrtesy of Ch. Felireribacli arid P .  Verori. Observa- 
toire de Hairte Pimetice rlic Coriseil Natiotial de la Recherclze Scieritifiqire (CNRS)).  



pal spectrum, visible since August 27, 1967, 
experienced a sudden increase in velocity on 
April 21, 1968, (Figure 8-103), when the dif- 
fuse-enhanced system, visible since December 
17, 1967, merged with it. The emission compo- 
nents were much stronger than during Phase I, 
and appeared to be a blend of several contribut- 
ing emissions, each of which was intially sharp 
and narrow but which gradually spread in 
wavelength while diminishing in central inten- 
sity, again over a period of several weeks. The 
velocities of some components are in excess of 
1700 km/s. The correlation between luminosity 
and spectrum changes is not clear. 

The composition of the spectrum in Phase I1 
is similar to that at the beginning of Phase I. It 
appears to arise from a number of successive 
shells each with slightly different temperature, 
and possibly composition. While the excitation 
state of lines during Phase I corresponded to 
excitation potentials of 1 to 5 eV, the excitation 
state here appears to cover the potentials of 2 to 
3 eV in the high-velocity shell (up to 1000 
kmh), and of 0.5 to 3 eV in the low-velocity 
shells. 

Malakpur (1973~) notes that the Orion sys- 
tem had its first appearance on May 11, 1968 
(Figure 8-104). 

Phase 111. Transition and nebular stage. 

Phase 111 begins in June, 1968, with the ces- 
sation of irregular activity. The light curve falls 
smoothly to m = 8, and the spectrum changes 
rapidly through the Orion to the nebular stage, 
where is characterized by strong, multiple- 
peaked emissions. Malakpur (1 973c) deter- 
mined the beginning of the nebular stage to be 
around July 28, 1968. No shells were ejected 
after May, the spectrum began to change rap- 
idly, going through stages of increasing excita- 
tion and dilution, to the final nebular stage, in 
about 10 weeks. The continuum became very 
blue and then faded, while the emission line 
strength increased. The emission lines split 
into three components, and the relative intensi- 
ties differed between allowed and forbidden 
lines. 

During August, the continuous spectrum 
continued to fade. Starting from that date, until 
1972, various coronal lines could be seen in the 
spectrum: [A XI, [Fe XI, [Fe XI], [Fe XIV], [Fe 
XV], [Ni XII], and [Ni XV] (Andrillat and 
Houziaux, 1970a; Rafanelli and Rosino, 1978). 

The radio light curve is well covered in the 
later stages. A Hubble flow model yields a 
good fit to the observations at several frequen- 
cies (Seaquist et al., 1979) (see Figure 6-76). 
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Figirre 8-103. Spectral variations of HR Del in 1968 April iii the regiori Ail 5800 - 5950. Note the stroiig iiiterstellai D 
lines of Na I arid the violet shifted stellar D lines. (Courtesy of Cli. Felirenhach and P.  Verori. Observatoiie de Halite 
Proverice dic Conseil National de la Recherche Scieiitifiqiie (CNRS)).  
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Figitre 8-104. The spectral variations o f H R  Del.fi.oni 1968 April to 1968 Jirly (Coirrtesy of Cli. Felii.eiibncli arid P .  
Vei-oii. 0bsei.vatoii.e de Hairte Provetice dir Coiiseil Natioiial de la Recherche Scieritifiqire (CNRS)). 

X1.F. CHEMICAL COMPOSITION 

Table 8-5 shows the results of various deter- 
minations of the chemical composition of HR 
Del. 

The abundance dererminations of Antipova 
(1977) Raikova (1977), and of Ruusalepp and 
Luud (1971) are derived from the curve of 
growth method applied to the absorption lines 
of the principal spectrum (August - December 
1967), and using the usual equations by 
Boltzmann and Saha, Le., by assuming that the 
pseudophotosphere of the nova is in LTE, a 
condition very far from its real state. The deter- 
minations by Tylenda (1979) are more reliable 
because they are based on the emission lines of 
the envelope during the nebular stage (1  97 1-72 
and August 1975), using two different models 
(A and B). Tylenda (1978) shows that the ob- 
served line intensities of the envelope in the 
nebular stage cannot be fitted by models that 
assume that the central source of the ionizing 

photons radiates as a single star with blackbody 
spectrum (Tylenda 1978). The theoretical line 
intensities are 4 to 100 times fainter than the 
observed ones. Instead, a good fit with the ob- 
servations is obtained by assuming that the 
central source of ionizing photons consists of 
two components. An ionizing radiation, being 
the sum of two blackbody distributions with 
almost equal luminosities and temperatures of 
about 4 x 10 J K  and 2.5 x 10 K, is adopted. The 
input parameters of the two source models A 
and B and the comparison with the observa- 
tions are given in Tables 3 and 4 of Tylenda 
(1978). 

In spite of the different models and assump- 
tions, all determinations agree in obtaining a 
CNO excess. Tylenda (1978) gives C(HR Del)/ 
C(Sun) = 25, N(HR Del)/N(Sun) = 630, O(HR 
Del) 0 (Sun) = 125, Ne (HR Del)/N(Sun) =37. 
These values are in good agreement with the 
average values found for novae (Collin-Souf- 
frin, 1977). 

Table 8.5 -The table shows the results of various determinations of the chemical composition of HR Del 

element Antipova Raikova Ruusaleep Tylenda (A) (B) Sun 

H 24.64 25.49 26.40 25.77 25.0 
He 25.83 25.20 23.8 
C 22.98 22.42 23.56 23.00 23.00 21.6 
N 23.14 22.53 22.80 23.94 23.50 20.9 
0 23.59 23.87 24.08 23.70 21.8 
Ne 22.78 22.37 21.0 
Mg 20.34 20.7 1 20.28 20.6 
AI 19.34 19.5 
Si 2 1.02 20.92 21.52 20.7 
Ca 19.02 20.48 19.3 
sc 15.90 16.64 16.83 16.1 
Ti 17.72 18.26 18.73 18.1 
V 16.60 17.18 17.51 17.0 
CI. 18.37 18.22 19.57 18.3 
Mn 17.61 18.97 18.0 
Fe 20.83 20.83 19.98 20.5 
Sr 15.85 16.67 15.36 15.9 
Y 15.56 15.97 15.1 
Zr 15.37 16.22 15.7 
Ba 14.85 15.62 15.1 
La 14.64 14.4 
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in dwarf novae* (about 1.5 years) and the 
smallest one in recurrent novae (about 20 
years) has been filled by WZ Sge, of which the 
outburst properties are typical of dwarf novae, 
but which has a cycle length of about 33 years, 
and by the recurrent nova RS Oph which has 
outburst properties typical of a nova, but which 
has exhibited outbursts at intervals less than 10 
years. 

A recent compilation of amplitudes A and 
cycle lengths C for dwarf novae and recurrent 
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novae, including three X-ray recurrent novae, 
has produced the graph published by Richter 
(1986) (Figure 9-1). 

This superposition -in cycle length has posed 
some problems in defining recurrent novae. 
Webbink et al. (1987) give the following crite- 
ria for defining a recurrent nova unambigu- 
ously: 

1) Two or  more recorded outbursts, reach- 
ing absolute magnitude at maximum compa- 

e 

e 

X 

1 2 3 4 Log c 
Figure 9-1. Aniplitirde-Cycle leiigth relatioiiship of cotaclysniic variables. Dots: dwarf izovne: ciides: reciirreiit novae; 
crosses: reciirretit X-ray izovae. Very itiicertaiii valires are iii brackets. 
(frotii Richter, 1986). 

*See also Chapter 2, II.A.3 on Dwarf Novae. Actually, if we consider Dwarf Novae alone the scatter is very large. 
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rable with those of classical novae (i.e., M, 
s -5.5). 

2) Ejection of a discrete shell in outburst, at 
velocities comparable with those of classical 
novae (Vexp > 300km/s). 

The first criterion distinguishes recurrent 
novae from both classical and dwarf novae and 
also from symbiotic novae. The second distin- 
guishes them from the remaining symbiotics 
stars, many of which show bright, multiple out- 
bursts, but without high-velocity shell ejection. 

We will report in detail the results of the ob- 
servations of the five objects: U Sco, T Cr B, 
RS Oph, T Pyx, and V 1017 Sgr, and we will 
compare these objects among themselves, and 
with classical novae. 

11. u sco 

The recurrent nova has undergone recorded 
outbursts in 1863, 1906, 1936, 1979, and an- 
other in 1987. At quiescence, it is very faint (V 
= 19.2) and reaches V = 8.8 at maximum. On 
May 5.55, 1987, V was equal to 15.5. There are 
no observations between May 10, when V = 13, 
and May 16.08 when V = 10.8 (see IAU Circu- 
lar No. 4395 of May 18, 1987). It is, therefore, 
probable that the maximum of 8.8 was reached 
during this gap (on May 13.5, 1987 according 
to Rosino and Iijima, 1988). Five superposed 
visual light curves are shown in Figure 9-2 
from their paper. 

F i g w e  9-2. Five sirperposed visual light ciirves of U 
SCO. 

(jironi Rosiiio atid Iijima, 1988). 

The light curve is typical of very fast nova, 
with t, = 6d and with a smooth decline (Figure 
9.2). 

Two spectra taken during the 1987 outburst 
are shown by Rosino and Iijima (1988). The 
first one, obtained on May 22, is characterized 
by the presence of a relatively weak continuum 
and emission lines of H, He I1 ,N 111, N IV, N V, 
C 111, C .IV, Si 111, Fe 111, 0 IV, and 0 VI, indi- 
cating a very high degree of excitation. The 
second spectrum obtained about 24 hours later 
is similar to the first except for the drastic 
fading of the X 4640 blend, which was very 
strong the night before. 

Reports on the previous outbursts were 
given by Pogson (1908) and by Thomas (1940). 
A complete spectrophotometric study in the 
visual and ultraviolet range was made during 
the 1979 outburst by Barlow et al. (1981) and 
by Williams et al. (198 1). Spectroscopic obser- 
vations in the range accessible from the ground 
were obtained during the whole outburst. In 
addition, a preoutburst spectrum was taken on 
March 26, 1979 (Figure 9-3). The maximum 
brightness was reached on June 24, and an early 
outburst spectrum was obtained by Duerbeck 
and Seitter (1980) on June 28.95 U.T. The pre- 
outburst spectrum and one obtained on July 12, 
1979, when the visual magnitude was about 15, 
are very similar. They do not present strong 
emission and absorption features, with the ex- 
ception of the He I1 emission at 4686 A, which 
is always dominant (see also the spectrum 
taken by Williams-Williams et al. 1981 in 
March 1980, Figure 9.7 ). On July 2 and 3, the 
strong He I1 emission shows a double-peaked 
profile; H Beta and H Gamma show a broad 
emission - full width at zero intensity (FWZI) 
= 10000 km/s, and a narrow asymmetric fea- 

ture, split in two to four components, separated 
by about 500 km/s, while the FWZI is 1600 km/s 
(Figure 9-4). A very broad strong emission 
feature is present on July 2 in the spectral inter- 
val 4500-4700 A , and it diminishes rapidly in 
intensity. It is probably a blend of N 111, N V, C 
111, C IV and He I1 emissions. 

Such broad complex profiles of the Balmer 
emissions clearly indicate expansion velocities 
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Figitre 9-3. Early evoliitioii of the spectritni of U Sco 
through the 1979 oittbitrst. The dates, from bottom to 
top are: Mnrch 26, Jiily 2 ,  Jrdy 3 ,  Jrrly 6 and Jitly 12, 
1979. (from Barlow et al., 1981). 

of the ejecta as large as SO00 km/s, much larger 
than those usually found in classical novae, 
which rarely are larger than 2000 km/s (Figures 
9.4 and 9.5). The expansion velocities indi- 
cated by the ultraviolet spectrum are much 
larger than the visual ones. 

On August 13, U Sco had faded to magnitude 
17. One absorption feature is observable at 
517.5 A and can be attributed to the Mg I triplet 
at 5167-5183. Since this feature is dominant in 
spectral types later than GO, it is possible that it 
is due to a late-type underlying star (Figure 
9.6). Another spectrum was obtained by Wil- 
liams in March 1980 (Figure 9.7) when the star 
was back to its quiescent magnitude: it still 
shows the strong He 11 emission at 4686 A. Two 
fainter but clearly detectable emissions at 54 1 1 
and 6560 are attributed to He I1 and to H +He 11. 
3781 and 4200 He I1 are also detectable. A 
nonidentified emission feature at 62.50 is rather 

- 6  - 4  - 2  0 + 2  + 4  + 6  

V (IO3 km s-’) 

Figitr-e 9-4. The p r ~ f i l e s  of the Balnier liries oil Jrtly 3,  
1979 plotted on velocity scale. 
(from BarYow et nl., 1981) 

-8 - 4  0 + 4  + 8  

V (lo3 km s-? 

Figitre 9-5. Tlie H Gariitiia profile of U Sco at varioirs 
epochs, plotted on wlocity scale. Tlie dates fi-on1 the 
bottom to top are JitIy 2 ,  Jitly 3, Jitly 6, Jitly 8 mid Jirly 
12,  1979. ( f m i  Bar.1ow et al., 1981). 
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Figiir-e 9-6. Tlie spectr'iirii of U Sco late in the oiitbiirst. 
(j?oni Barlow et al., 1981). 

6 

5 1  
4 

3 

2 2  

P 
z 3  

7000 

WAVELENGTH (A) 
Figiir.e 9-7. Optical spectriir?i of U SUI obtairierl in 
Murch I980 crfrer the iioi'a had r.etriixed to pieseerice.  
( f r m i  Williar?is et al.,  1981) 

strong. There is no evidence for the presence of 
the Balmer lines. It is not possible to say 
whether some absorption lines are present. 
Another postoutburst spectrum was observed 
by Hanes (1985) in June 1982, with a resolution 
of about 8 A, when the visual magnitude was 
about 17.85. The flux distribution observed in 
March 1979, about 3 months before outburst, 
and the observed in June 1982 are identical, 

although in 1979, the star was about 2 magni- 
tudes brighter (Figure 9-8). The line spec- 
trum presents emission lines of He I1 4200, 
4542, 4686, and 5412 A, the absorption lines H 
and K of Ca I1 and of the Mg I triplet at 5167, 
5173, and 5184 A, and a depression at the 
Balmer limit, which, however, cannot be at- 
tributed to H I since no Balmer lines are observ- 
able either in absorption or in emission (Figure 
9.9-a). This depression is very probably due to 
a blend of metallic lines. This feature, togther 
with the presence of the Mg I absorption triplet, 
and the comparison with the spectra of 70 Oph 
(KOV), Mu Ara (G5V) and 58 Oph (F7V) sug- 

16 

$? 17 
E 

9 18 

19 

Figiir'e 9-8. The j7ils distrihiitioii for U Sco i r i  1982 uiid 

1979. The scale for the 1982 ciinv is AB Mag = -2.5 
log , f ( r i i c )  -48.60. The specti-iinz of 1979 has beer? 
arbitrar-ily shifted vertically. Tlie ai'i.ow itidicaterl the 
positioii of the Balnier. discoritiriiiity at 3636 A. 
froni H a w s ,  1985). 
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8 il I 
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Figure 9-9. a )  The narrow-slit spectrm of U Sco in 
1982 obtairzed with aii integration tinze of 14000 s. 
Below is ShOM'Ii the I979 spectriinz obtained with an 
integration tinze of 1000 s. The ordiriate scale is in 
ririits off7ii.v per iiriitfieqriency arid is liiiear. The zero 
poirit for  each spectrimi is s l i o ~ w .  h)  The spectra of 
three main-sequence stars are shown. The spectra 
were obtained with the sanie instriir?zeritatiori as for U 
Sco. The ordinate arid abscissa scales are the same. 
The conzparison of the specti-iini of U Sco with those of 
the standard stars suggests a spectral type F7-GO. 
(fi-onr ffuries, 1985). 

gest a spectral type GO +/- 5 (Figure 9-9b). By 
plotting the infrared colors of U Sco in the two 
diagrams (H-K) vs (J-H) and (V-K) vs (J-H) and 
comparing the position of U Sco with those of 
main sequence stars, it appears that U Sco is a 
GO or a late F main sequence star (Figure 9-10). 

2 1  0.0 

- 0.8 c 

-0.2 0.0 0.2 0.4 0.6 0.8 

(J-H) mag 

Figure 9-10. The position of U Sco (circle with error 
bars) iri tlie ( H - K ) ,  (J-K) two irlf"ared color diagram is 
very close to that of F arid G stars. 
(from Haries, 1985). 

I1 .A. ULTRAVIOLET OBSERVATIONS 
Several far-ultraviolet, low-resolution spec- 

tra were also obtained with IUE during the 
1979 outburst, mainly by Willliams et al. 
(1981) plus one by Barlow et al. (1981) during 
the period June 28 to July 11, 1979. The main 
characteristic is the strong emission 1240 N V, 
which is much stronger than 1550 C IV. The 
latter presents a strong shortward absorption 
component on June 28, which is fainter on June 
30 and absent on July 2. On June 28 also, low- 
or relatively low-ionization features, like C I1 
or Si IV, are present, but they have disappeared 
by July 2 (see Figure 6-52). 

Simultaneous observations of U Sco in the 
ultraviolet (1 175-2000 A) and in the visual 
range were obtained by Barlow et a1 (1981) on 
July 6. These observations permitted Barlow et 
al. to derive the energy distribution (Figure 9- 
11). However, no data for the near-ultraviolet 
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LOG v 

Figure 9-11. The observed contitzirintiflir,~ (in erg crd  
s-’ Hz-’) of U Sco on Jirly 6, 1979. 
(from Barlow et al., 1981). 

were obtained that would allow a direct meas- 
urement of the interstellar reddening by means 
of the 2200 A feature. 

An estimate of this was made by using the 
1640 He II/4686 He I1 ratio, which is not very 
sensitive to either density or temperature. A 
value of E(B-V) = 0.2 and A, = 3.1 E (B-V) = 
0.6 was found. Figure 9-11 illustrates how 
strongly the energy distribution depends on the 
dereddening . 

Other data obtained from June 26 to July 6 in 
the I-R-V-B-U bands show that the energy dis- 
tribution remains remarkably constant from 
June 29 to July 6. This behavior is different 
from that of classical novae, which show a shift 
to the ultraviolet with time after maximum. 

I1.B. ABUNDANCES IN THE EJECTA 

Abundances in the ejecta were derived from 
the visual (Barlow et al., 1981) and the ultra- 
violet (Williams et al., 1981) spectra. The pres- 
ence of many strong lines of N I11 and N IV in 
the visual spectrum probably indicates an ex- 
cess of nitrogen. The ratio H/He can be derived 
quantitatively by the ratio of the even to the 
odd members of the Pickering series. In fact, it 
is well known that the even members of the He 
I1 Pickering series are almost coincident with 

the Balmer series. If we assume that the higher 
members of the series are optically thin, the 
fluxes are proportional to the numbers of the 
emitting ions: F(even)/F(odd) = (H+ + He”) / 
He2+. By this method H+/He2+ = H+/He2+ = 

H/He = 0.5 is found. 

The ultraviolet spectrum permits us to de- 
rive the H/He abundance from the ratio Ly 
Alpha/ 1640 He 11 with considerable accuracy, 
since the two lines are both formed by recom- 
bination and, hence, the ratio is not strongly de- 
pendent upon other parameters. A difficulty, 
however, is to disentangle the stellar Ly Alpha 
from the geocoronal Ly Alpha emission. 

Relative abundances of carbon, nitrogen, 
and oxygen can be derived reliably, because all 
the ultraviolet lines of these ions are transitions 
from collisionally excited levels which, there- 
fore, present the same dependence on tempera- 
ture and density. By assuming that the ioniza- 
tion degrees of C,N,O are similar, i.e., that C3+/ 
N”+ = C/N and N2+/02+ = N/O, then approximate 
abundance ratios can be derived by the ratios 
1550 C IV/1486 N IV], and 1750 N III/ 1663 0 
1111. C/N = 0.1 and N/O = 0.9 are found and H/ 
He < 0.1 is estimated. The abundance ratio 
nitrogen to helium, which is derived by the 
ratio 1240/1640 is very uncertain. This ratio, in 
fact, is affected strongly by the value assumed 
for the electron temperature. The abundance 
ratio CNO/ (H+He) varies from 4 for Te = 104 to 
2 x for Te = 2.5 x lo4. The temperature 
independent ratios He/H and N/CNO are higher 
than the solar value, indicating that the mate- 
rial in the ejecta has experienced substantial 
CNO burning. Not only the ultraviolet and 
visual spectra of U Sco in outburst are charac- 
terized by the great strength of the He I1 lines. 
Also the spectrum of U Sco at quiescence, 
obtained by Williams in March 1980 (see Fig- 
ure 9-7), is characterized by the strength of the 
He I1 emission relative to the Balmer lines. In 
this respect, the quiescent spectrum of U Sco is 
very different from the spectra of other quies- 
cent novae. The classical novae present some 
helium enhancement, but not as much as that 
observed for U Sco (Y = 0.9 and X = 0.1). The 
high abundance of helium poses several prob- 
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lems that have been discussed by Webbink et 
al. (1987). 

1I.C. MASS LOSS 

The mass of the shell can be estimated if the 
gas density, the distance, and the filling factor* 
are known. However, Williams et a1 (1981) 
show that when the optically thick resonance 
lines present in the ultraviolet can be observed, 
the mass of the shell can be derived by the 
knowledge of the optical thickness of the shell, 
and it is not necessary to know the distance and 
the filling factor. 

Optical observations of the Balmer eniis- 
sions provide the mass of the shell by the rela- 
tion F (Hp) Ne Ni R3,= €Ne2 R,’ which requires 
the knowledge of the distance in order to obtain 
the flux at the stellar surface from the observed 
flux at the earth. 

Ne can be derived from the spectral observa- 
tions, hence the mass given by the product mass 
density p by R,3 can be derived. 

The new method proposed by Williams et al. 
and making use of the ultraviolet observations 
is related only to the optical thickness of the 
shell along the line of sight and does not require 
to know the distance, the filling factor, and the 
density. Let us suppose that the shell of radius 
R, is formed of n clouds of mean radius r. Then 
E = nr3/ Rs3; ti = Niaor is the optical depth of one 
internal cloud and the optical depth of the 
whole shell, I-~ = NiaoR,E, where Ni is the num- 
ber density of the absorbing ions, a. the absorp- 
tion cross-section at the line center per ion, 
given by a,, = fi e2 fi hi2 / mc c2 Ah,,. 

Now if we call the mean free path between 
clouds l=r/E, it follows that I- = t,(R,/l) = N,aor 
(R,/I), hence E = n(r/R,’) = I-~/N~ aoRS = r/l. M, = 
(4/3)nR3, and p= (N, + 4NH,) m,, =NHc m,(NH/ 
NHe +4) and finally, My = (4/3) nR13 mHNHe (NH/ 
NHe + 4 ) ~ .  

“The filling factor E is defined as the ratio n”/R; where 
n is the number of clouds of mean radius r and R, is the ra- 
dius of the shell. 

Since the observations suggest that NH,/ 
N, z 2, we have M, = (4/3)n R3, m,, NHc x 4.5 
(T,/Nla,,R,) = 6nmH(N,JNI) (I-,/a,)R’,, where R, is 
given by the product of the expansion radial ve- 
locity by the time elapsed from the outburst. 

The optical depth on the center of the strong 
absorption resonance lines of C IV (observable 
on June 28 and 30) is assumed equal to 1, since 
there is some residual radiation even in the 
center of the line. This is the advantage of us- 
ing the ultraviolet range of the spectrum, where 
absorption lines like those of C IV are present, 
but the assumption that I-, is equal to one is also 
the weak point of the method. Another weak 
point in this procedure is the determination of 
the ratio NHe/N, , in this case the ratio of helium 
atoms to the absorbing ion C’+. It can be de- 
rived from the spectrum but it is strongly af- 
fected by the assumed value of the electron 
temperature. 

With all these causes of uncertainty in mind, 
the mass of the shell can be computed. It is 
found to be of the order of 10.’ M . This value 
is much smaller than the typical values of the 
shells of classical novae, which have masses of 
the order of M, . 

@ 

1I.D. ON THE NATURE OF THE HY- 
POTHETIC COMPANION OF U SCO AND 

AN ESTIMATE OF THE DISTANCE OF 
u sco 

The quiescent magnitude of U Sco estimated 
on a survey plate is V = 19.3 +/- 0.5 (Barlow et 
al., 1981). If we assume that this is the apparent 
magnitude of the cool companion, and if we 
assume that it is a giant (as is the case for T 
CrB, for a reddening E(B-V) = 0.2, A,, = 0.6 
mag), then we have a distance modulus of 18.5 
+/- 1 mag, corresponding to a distance in the 
range of 30-80 kpcs, which is unacceptably 
high and not consistent with the moderate red- 
dening. If we assume the companion to be a 
subgiant in the spectral range G5-M5, the dis- 
tance estimate is 13 kpcs, which is still very 
large. Hence, it seems more reasonable to as- 
sume that the companion of U Sco is a main 
sequence star, thus obtaining an independent 
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confirmation of the spectral type indicated by 
the colors and by the comparison with some 
main sequence stars in the spectral range F7- 
KO (Hanes, 1985). For M, = 4.5, corresponding 
to a spectral type GO or late F, it follows d = 6.9 
kpcs. This distance is in good agreement with 
the estimate by Williams et al. (1981), by 
making the assumption that the luminosity of 
the star at outburst is equal or larger than the 
Eddington luminosity for one solar mass. 

In conclusion, it seems reasonable to assume 
that the quiescent spectrum of U Sco is GO V. 

111. T PYXIDIS 

Among the five accepted recurrent novae, T 
Pyx is that with the shortest mean period (19 
years) and with the hottest spectrum at mini- 
mum. Five outbursts were observed: in 1890, 
1902,1920,1944, and 1966. However, none of 
them was observed extensively, with the ex- 
ception of the last one, during which members 
of the Variable Star Section of the Royal Astro- 
nomical Society of New Zealand (Circulars 
123 ad 125) visually observed the light curve, 
and Catchpole (1969) obtained nine spectro- 
grams between 12.6 and 412.5 days after the 
initial halt. 

The light curve, as those previously ob- 
served, rises rapidly to a maximum at about 7.9 
(the initial halt); then rise slowly to 7.4 during 
the next eight days, fall rapidly by 0.5 mag, 
and rise again to the principal maximum at 6.5 
mag 30 days after the inital halt. Thereafter, the 
brightness decreases smoothly at a rate of 1 
mag/34.7 days, with fluctuations of 0.5 mag 
around the mean, similar to those observed in 
several classical novae. Hence, this is the only 
example of a recurrent nova showing the char- 
acteristics of a slow nova. 

The strict similarity from event to event is 
remarkable. 

The spectra obtained during the first 12 and 
16 days after halt are characterized by P Cyg 
profiles of the Balmer lines. The absorptions 
are sharp, while the emissions have a width of 

about 300 km/s. Spectra taken 66 and 85 days 
after halt are dominated by strong Balmer 
emissions and other emissions of He I, He 11, N 
11, 0 11, Fe I1 and [Fe 111 with half-widths of 
about 2000 km/s (Figure 9- 12). The other spec- 
tra obtained between 92 and 412 days after the 
halt are typical nebular spectra dominated by 
emissions of the Balmer lines, 0 111, N I11 and 
at least in the plate obtained 142 days after halt 
a faint feature at 5297 A, which may be identi- 
fied with 5303 [Fe XIV], first observed by Joy 
in 1945 (Figure 9-13). At that time (outburst of 
1944), Joy (1945) observed only one spectrum 
130 days after maximum when the star had 
faded at 1 1  mag. He saw several emissions of H 
I, He I, He 11, N 11, [N 111, N 111, [OI], [OII], 0 
111, [OIII], [NeIII], [Ne IV], [SII], [FeV], 
[FeVI], [Fe VII], [Fe XI, and [Fe XIV]. The 
expansion velocity from the half-widths of the 
lines was about 1700 km/s, similar to that ob- 
served in 1966. Figure 9-14 shows the variation 
of the profile of H Beta. 

1II.A. QUIESCENT STATE 

The spectrum at minimum was observed by 
Humason (1938), 14 years after the 1920 out- 
burst. He saw a continuum with strong 4686 He 
11, moderate Balmer lines and weak 5007 
[OIII]. Elvey and Babcock (1943) obtained one 
underexposed spectrum when the star was at 
15th mag. They observed only a faint contin- 
uum and no detectable emission lines. Catch- 
pole (1 969), on the contrary, observed no  con- 
tinuum, a strong 5007 [OIII], a very weak H 
Beta and a doubtful 4686 He 11. It seems prob- 
able that this spectrum, taken one year and half 
after outburst is not a true minimum but repre- 
sents an advanced nebular stage. 

The colors at minimum are B-V = 0.12, U-B 
= -0.96 and become redder during the rise to 
visual maximum: (B-V)max = +0.31 and (U- 
B)max = -0.08 (Eggen et al., 1967), a behavior 
characteristic of an expanding photosphere, 
common to classical novae. 

Ultraviolet observations give the color ex- 
cess by the 2200 depression in the continuum: 
E(B-V) = 0.35 +/- 0.05 (Bruch et al., 1981). 
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Figure 9-12. The evolution of the spectrum of T Pyxfiom 12.6 days after outburst (rop) to 85.3 days after 
oiitbzirst (bottom). (from Catchpole, 1969). 

D7563 

[O 1111 

07529 

Figure 9-13. The evolution of the spctrum of T Pys 
from 92.3 days (top) to 191.2 days after outburst (bottom). 
(jirom Catchpole, 1969). 

Figure 9-14. The intensity profiles of HP at varioirs 
epochs. Top to bottom: 12.6, 16.5, 66.5, 85.3, 92.3, 
142.3,191.2 daysfr-om outburst. Ifr-om Catchpole, 1969). 
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Hence, (B-V)o = -0.23, (U-B)o = -1.31. Hence, 
T Pyx at minimum is extremely blue. Also, the 
dereddened colors at maximum, (B-V)omax = 
-0.05 and (U-B)omax=-1.06, are bluer than those 
of typical novae at maximum. 

The low-resolution, far-ultraviolet spec- 
trum shows a hot Rayleigh-Jeans tail. Emission 
lines of C I1 1335, C IV 1550, He I1 1640, NIII] 
1750 are detectable. The complete absence of 
2800 Mg I1 is remarkable. This fact, together 
with the extremely blue colors, are indications 
that no red star is present in the system. (Figure 
9-15; see also Figure 6-44). 

interstellar extinction Av = 3xE(B-V), gives 
Mv at maximum of -4.55. Using the Arp rela- 
tion between the time of decline through the 
three magnitudes and the absolute magnitude 
at maximum, valid for classical novae, an abso- 
lute magnitude -6.5 is obtained. Hence, we 
have two possibilities: either the Arp relation 
can be applied to recurrent novae, and the 
interstellar calcium is weak in the direction of 
T Pyx (and in this case the absolute magnitude 
at minimum is about 2 mag, i.e., three magni- 
tudes brighter than for classical novae at mini- 
mum) or it is not applicable to recurrent novae 
(and in this case the absolute magnitude at 

T PYXIDIS 
11  MA1 1 9 8 0  

1 4 0 0  m 2600 

WELLENLAENGE [A] 

Figure 9-15. The IUE iiltimiiolet spectrimi of T Pyx in qiiiescerice (May 11, 1980). 
(from Brirch et nl., 1981). 

1II.B. DISTANCE minimum, approximately 4.3, is comparable to 
that of classical novae). 

The absolute magnitude of T Pyx is esti- 
mated by the intensity of the interstellar lines 
of Ca 11. A distance of 1050 pcs is obtained, 
which, coupled with the apparent magnitude at T Pyx is surrounded by a strong remnant 
maximum of 6.5 and taking into account the nebulosity. Observations of this shell have 

1II.C. THE ENVELOPE SURROUNDING T 
PYXIDIS 
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been made in 1979. 0, in 1980.2, and in 1982.9 
(Seitter, 1987; Williams, 1982). Isophotes of 
this shell in 1979.0 and 1982.9 show remark- 
able differences. The relative intensities across 
a scan line through the center of the star in the 
image of 1982.9 is given by Seitter (Figure 9- 
16). The intensity distribution suggests that we 
are observing the remanants of several previ- 
ous explosions. A spectral scan of the northern 
part of the shell is given by Williams (1982). 
The intensities of [OIII] 5007 and 4363, using 
the nebular theory (Osterbrock, 1974) gives an 
electron temperature of 29000 K. The ratio H/ 
He can be derived by the ratios 5876 He I/H 
Alpha and 4686 He 11/ H Beta, which give the 
He' and He++ abundances relative to hydrogen 
in the hypothesis that all of the lines are formed 
by recombination. The result is (He+ + He++)/H 
= 0.04 + 0.02 = 0.06, Le., a helium abundance, 
which, within the uncertainties of the assump- 
tions, indicates a slight deficiency of helium 

(in contrast to the determinations for other 
recurrent novae, which show an excess of he- 
lium). Although an exact determination of the 
abundances of CNO is not possible, there is no 
evidence of an enhancement of these elements, 
an enhancement that is a general property of 
classical novae, but which has not been found 
in the recurrent nova U Sco. 

Seitter (1987) comparing the images of the en- 
velope obtained in 1979.0 and in 1982.9, observes 
that the two images can be superposed after a rota- 
tion of about 20 degrees (Figure9-17 by Seitter). 
She observes that a real rotation would imply ve- 
locities of 6000 km/s at large distance from 
the star, which must have transferred the angu- 
lar momentum to the shell; hence, the central 
velocities are too large. She suggests that the 
rotation is apparent and the changes in intensity 
are not associated with real nebular motions, 

1920 1944 1944 1920 1902 STAR 

Figure 9-1 6. Scaii lirie slioirliiig sliellfeatrii~es of vnrioits oritbrir.st of T Pyx. 
(fiotii Seitter-, 1987). 
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Figirre 9-1 7.  Sirperiniposed images of T Pyx fioni 
1979.0 atid 1982.9. The earlier iniage was rotated 
relative to the Inter. oiie irntil the iiiiier isophotes of T 

Pyv niatched best. 
(from Seitter, 1987). 

but are due to changing illumination from the 
central star. These changes can be explained by 
assuming an illuminating source situated at one 
of the poles, changing orientation relative to 
the nebula because of precession. Since the 
directional changes amount to 20 degrees in 4 
years, the precession period is of about 72 
years, which suggests the presence of an un- 
seen companion orbiting with a period of about 
100 days, according to the relation between or- 
bital and precession periods (Kopal 1985, pri- 
vate communication; see Seitter, 1987). 

IV. RS OPHIUCHI 

Outbursts were recorded in 1898, 1933, 
1958, 1967, and 1985. RS Oph in quiescence is 
an 1 l th magnitude star. It is very similar to T 
CrB. It shows very high ejection velocities at 
maximum; it is a very fast nova (but not so fast 
as T CrB); it develops high-excitation forbid- 
den emission lines during late decline. The 
main difference is that ;he outburst light curve 
of RS Oph does not present a secondary maxi- 
mum, as is the case for T CrB (*). 

(*) A full conference has been devoted to RS Oph on Dec. 
1985. The proceedings have been published by the V N U  Sci- 
ence Press: "RS Ophiuchi (1985) and the recurrent nova phe- 
nomenon," ed. M.F. Bode, 1987. 

1V.A. THE OUTBURST EPISODES 

The outburst of 1958 was the most exten- 
sively observed in the past, while that of 1985 
was observed almost simultaneously in the X- 
rays, ultraviolet, optical, infrared, and radio 
waves at many epochs. 

IV A.l. THE OUTBURST OF 1898 

Emission lines of H, He I, He 11, and N I11 
were observed by Pickering (1 905) in two spec- 
tra obtained in 1898, July 14 and 15. The star 
was of 7.7 mag on June 30 and declined steeply 
in July and August. Extrapolating the light 
curve, by assuming that it was similar to those 
observed in the successive outbursts, the maxi- 
mum must have occurred around June 19, with 
mag 4 or 5.  

IV.A.2 THE OUTBURST OF 1933 

On August 12, 1933, RS Oph was observed 
by an amateur astronomer, E. Loreta (see 
Rosino, 1987), to have reached the visual 
magnitude of 4.3. The spectral evolution was 
described by Adams and Joy (1933) and by Joy 
and Swings (1945). 

Emission lines of H, He, Fe 11, Ca 11, and Na 
I were observed from August 16 to September 
11, with a faint P Cyg absorption component. 
The strongest emissions were about 25 A wide, 
corresponding to about 1500 km/s. Com- 
paratively sharp nebular lines appeared in the 
following order: 4362 [0 1111 on August 18, 
5006 [0 1111, 4640 N 111, and 4686 He I1 on 
August 29, 3868 [Ne 1111, 3967 [NeIII], and 
4959 [0 1111 on August 30, [Fe 111 on September 
11, and 4068 [S 111 on October 1. The coronal 
lines were definitely identified on October 2. 
At the end of October, 5303 [Fe XIV] was com- 
parable in intensity to H Beta, and 6374 [Fe X] 
was twice as strong as 5875 He 1. In March 
1934, the coronal lines had disappeared. 
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IV.A.3 THE OUTBURST OF 1958 

The maximum occurred on July 14.5. The 
development of the outburst of 1958 has been 
observed since the first night, and it was very 
similar to the previous one of 1933. During the 
first six days, the decrement was of 0.35 mag/ 
day (Tolbert et al., 1967). The very red color of 
the star during the first day and the comparison 
of the observed Balmer decrement with the 
theoretical one (although classical models can 
only be applied with difficulty to nova enve- 
lopes) suggest that the star is strongly reddened 
(see Walker, 1977; Dufay and Bloch, 1964). 
Recent ultraviolet observations made with IUE 
actually indicate E(B-V) = 0.73 from the 2200 
feature. However, the galactic position of RS 
Oph makes it difficult to justify this strong 
reddening (Svolopulos, 1966). It is possible 
that it has circumstellar origin. However, this 
reddening is similar to that of the Cepheid Y 
Oph, which lies close to the same Iine of sight, 
and this fact suggests that the reddening is 
mainly interstellar (see Evans, 1987). 

One year after outburst, the continuum was 
cut by several absorption lines typical of a late- 
type star, and the color temperature (without 
correction for reddening) was of the order of 
3900 K (Dufay and Bloch, 1964). Since the 
absolute photographic magnitude of the nova at 
maximum was about -8.7 (from the Arp rela- 
tion between rate of decline and magnitude at 
maximum, assuming it applicable to recurrent 
novae) and it brightened by about 7 magni- 
tudes, the absolute magnitude at minimum is 
about -1.7, thus suggesting that the late-type 
star is a giant, as in the case of T CrB. However, 
as we shall see in the following (see Section 
IV.C.4), the distances inferred from the inter- 
stellar extinction and from the interstellar line 
absorptions do not agree with the value derived 
from the Arp relation and indicate a value of Mv 
max less bright than -5. It follows that the 
absolute visual magnitude at minimum is in- 
cluded between -1.7 and +2. 

A detailed description of the spectrum and 
its variation from the outburst to about one year 
later is given by Wallerstein (1958) and by 

Dufay et al. (1964). Just before maximum, the 
spectrum appeared very flat and almost fea- 
tureless, with the exception of the Balnier line 
emissions, which, however, were very broad 
and flat. The profiles of the Balmer emissions, 
in contrast to those of classical novae, had a 
much simpler structure as shown by Figure 9- 
18. 

The night of July 14, 1958, the star was of 
5th mag, while the day before, Peltier reported 
that the magnitude was 1 1.1 (see Sky and Tele- 
scope 17,555,1958). On the first night, one 
observed very broad hydrogen emissions 
(about 1000 km/s wide) and superposed on 
them very sharp emissions and equally sharp 
violet-shifted absorptions. Broad, hazy absorp- 
tion features are also present, violet-shifted by 
-3000 to -3600 km/s (and by about -1000 km/s 
on the following days). 

The nonmetastable lines 4471 He I and 4481 
Mg I1 were present in absorption on the first 
day only; the sharp H Alpha emission and ab- 
sorption disappeared on the 8th day. The sharp 
absorption due to He I 3888 remained present 
until the 14th day after the outburst. All the 
sharp absorption lines showed no change in 
velocity during the nights following the out- 
burst. Hence, they cannot be formed in the 
violently expanding nova shell, but in a slowly 
expanding envelope (the radial velocity of 
these lines is about -60 km/s) surrounding the 
whole system, which was probably present 
before the explosion. The broad emissions and 
absorptions, on the contrary, are formed in the 
nova envelope. The size of the nova envelope 
can be evaluated from the expansional veloc- 
ity at the time of the outburst, about -3000 
kmls and the time of disappearance of the sharp 
absorption lines, when the nova shell reaches 
the region of the cirsumstellar shell, where the 
sharp lines are formed. It is found that the re- 
gion of absorption of Mg I1 and He I has a size 
of about 1.7 A.U., that of the H I absorptions, of 
about 7 A.U., and that of the metastable line 
3888He I, of about 22 A.U. 

Emissions of Fe 11, [Fe 111, [Fe I111 appeared 
on the second, fourth, and seventh night, re- 
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spectively, and have all the same velocities, 
suggesting that they are all formed in the same 
place in the envelope. 

4300 4320 4340 4360 4380 44M) 

1 .o 

1.0 

1 .o 

1 .o 

Numerous coronal lines appeared in August 
and September: [Fe XI, [Fe XIV], [A XI, [A 
XI], [Ni XII], [NiXV]. From February to June 
1959, the coronal lines disappeared com- 
pletely, while the forbidden lines of 0 I, 0 111, 
and N I1 were rather strong but less than the 
permitted lines. 

The very similar spectral evolution in 1933 
and 1958 suggests that the outbursts give rise to 
a well-regulated mechanism able to reproduce 
a sequence of several complex phenomena in 
all their details and in the same chronologicial 
sequence. 

Figures 9-19 through 9-25 show the evolu- 
tion of the spectrum of RS Oph from the night 
of the outburst (July 14, 1958) to Oct. 19 of that 
year. 

4080 4100 4120 4140 4160 4180 

4080 4100 4120 4140 4160 4180 

Figure 9-18. The profiles of H Beta ( a ) ,  H Ganinia (h), arid H Delta (c.) of RS Oph for the period Jitly 21-27, 1958 
ditririg the secoiid week followiiig the oirthirr~st. 
(fi.oni Folkart et al., 1964). 
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Figure 9-19, Evolzttioii of the spectiwn of RS Oph. Region H Alpko-H epsilon 
(fi.on7 Di$ay et al. ~ I964). 
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Fijii4r.e 9-20. Evolirtiori ofrhe spectriini of RS Opli. Blue regiori. 
(jjroni Di(oy et al., 1964). 
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Figirw 9-21. Ei~oliition of the specti'iini of RS Ophfioni Jirly 30 to September 4. Region 4600-6800 A .  
(fii'oni Dirfay et al., 1964). 
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Figitr-e 9-22. Evolittion of the red region of the spectrum of RS Oph in Septeniber and October 1958. 
(fi-om 0iifa.y et al., 1964). 
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Figiir-e 9-23. Evolittioii of the hlire specti'uni of RS Ophfiom Airg, 14 to Oct. 12, 19.58 
@.on1 Dlrfay et al., 1964). 
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Figiire 9-24. The irfrured spectritm of RS Oph from 
Jiily 18 to October- 18, 1958. 
(from Difay et al., 1964). 

IV.A.4. THE OUTBURST OF 1967 

The outburst started on October 26,1967, 
was observed spectroscopically in Asiago from 
October 27 to the beginning of November when 
the star was very low on the horizon (Rosino, 

Figure 9-25. Appearance of the forbidden lines 6374 
Fe X ,  6827 Ca X (?), 6855 Ca X (?). A: August 10, 
1958; B: August 12,1958; C:  September 4,1958. 
(from Difay et al., 1964). 

1987). Broad emission bands of hydrogen and 
helium with two absorption systems violet- 
shifted by -3600 and -2700 km/s were observed 
on October 27. Near the center of each emis- 
sion band, a sharp emission with a narrow P 
Cyg absorption at -40 km/s was present. Four to 
five days after maximum, the broad absorp- 
tions become weaker and then disappeared, 
while the He emissions become dominant. At 
the beginning of November, forbidden lines of 
0 111, Ne 111, and Fe X were present. In Febru- 
ary 1986, when it was possible to observe the 
nova again, the spectrum showed strong and 
wide Balmer emissions, He I and He I1 emis- 
sions, and coronal lines of [A XI, [Fe XI, and 
[Fe XIV]. 
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1V.B. OBSERVATIONS IN QUIESCENCE 1V.C. 1. OPTICAL OBSERVATIONS 

A few spectroscopic observations were 
made by Wallerstein (1963) in 1960-62 in cor- 
respondence of a minor outburst to mag 10. 
Also, in this almost quiescent period, the spec- 
tra present emission and absorption lines char- 
acteristic of a shell; that is : Balmer lines 
observable in absorption up to H 30, absence of 
the non-metastable, high-excitation line of Mg 
I1 at 4481 A, Fe I1 lines in emission, strong 
absorption lines of Ti Ii, and a few emissions of 
[Fe 111, but no nebular lines. 

From these observations, Wallerstein 
(1963) underlines the following points: 

a) No late-type spectrum is visible in the 
blue region; even 4226 Ca I is not present. 
Hence, at this time RS Oph is similar to T CrB. 

b) The spectrum in 1960-62 was practically 
the same as that observed by Sanford (1947b). 
This means that the basic physical processes 
occurring at minimum were not changed by the 
1958 outburst. The two magnitude changes that 
occurred in 1960-62 were not accompanied by 
significant spectral changes. 

c) The absorption lines H and K of Ca I1 are 
more negative by 10 km/s relative to the other 
shell lines, suggesting that an expanding cir- 
cumstellar envelope is still present. 

d) Emission lines of hydrogen and Fe I1 
have shown an abrupt violet shift between 1960 
and 1961 (H gamma and H delta from about 
+25 to -230, Fe I1 from about -30 to -90) show- 
ing a sort of activity taking place. No similar 
effect was shown by He I and [Fe 111 lines. 

1V.C. THE OUTBURST OF 1985 

The last outburst of 1985 was observed from 
space with EXOSAT, IUE, and IRAS; also, 
radio and infrared observations were made 
from the ground beside, of course, optical ob- 
servations. 

On January 26.47 U.T., the visual magni- 
tude was 6.8; on January 28. 45, it was 5.2 
(Morrison, 1985). On March 6.22 it was 9.4 
(Medway, 1985). An extended series of spec- 
troscopic observations was made in Asiago 
(Rosin0 and Iijima, 1987). Their main conclu- 
sions of this study are the following: The 1985 
outburst has the same characteristics of the 
previous ones; Le., the rapid decline, the very 
high velocity of the ejecta (-1650 to -3500 km/s), 
the presence of extremely strong coronal lines, 
the persistence of high excitation lines for 
almost nine months. 

The first spectra were obtained on February 
10, two weeks after maximum and continued to 
November 1985 with dispersions of 60 to 125 
A/mm in the spectral range 3900-6600 A and 
6500 to 9000 A. 

From days 14 to 29, the spectra were charac- 
terized by a strong continuum and broad emis- 
sions of H and He, accompanied by two sys- 
tems of faint P Cyg absorptions at -3500 and - 
1650 km/s, and narrow permitted and forbid- 
den emisssions of Fe I1 and 0 I. At day 17 a 
very weak coronal line, 6374 Fe X, appeared. 

From days 52 to 72, when the magnitude had 
declined to 9.5-9.7, very strong coronal lines of 
Fe XIV, Fe X, Fe XI, and A X were present, be- 
side the emissions of H, He I, and He 11. 

At the end of April, when the magnitude was 
approaching its normal minimum value, the de- 
gree of excitation began to decrease. In the sec- 
ond half of May, all the coronal lines, with the 
exception of Fe X and Fe XI, have disappeared. 

In June, the nova had reached the minimum 
of 12 mag, but the spectra still showed evi- 
dence of the past outburst, i.e., emissions of H 
Alpha, H Beta, 5876 and 7065 He I, 4686 He 11, 
and the nebular lines of 0 111 and N 11. The only 
coronal line still observable was 6374 Fe X. 

In October-November, only the Balmer 
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lines and the [OIII] doublet at 5007 and 4959 
are present; the 4686 He I1 was not more detect- 
able. Wallerstein and Garnavich (1986) have 
also made spectroscopic observations of RS 
Oph from days 65 to 73 after outburst and have 
measured the radial velocity of several low and 
moderate excitation lines, like H I, He I, He 11, 
[NII], (01111, Si 11, Ti 11, Fe 11. Radial veloci- 
ties of about -20 to -30 km/s were found while 
He I and He I1 show two components at about 
-20, -30, and at -170, -200 km/s. Several forbid- 
den lines of Fe IV, Fe VI, and Fe VII, and the 
coronal lines of Fe XI, Fe XIV, Ni XIII, Ni XV, 
and Ni XVI have radial velocities included 
between -10 and -70 km/s, while A X, A XI, and 
Fe X have two components at about -20, -40, 
and another at about -200 km/s. These authors 
give a full identification list, the measured 
fluxes and the fluxes corrected for the interstel- 
lar reddening of all the emission lines between 
3312 A and 6918 A. 

IV . C .2. INFRARED OBSERVATIONS 

The near infrared colors of RS Oph between 
outbursts place it close to the region of Mira 

variables in the two-color diagram (J-H)-(H- 
K), while it lies close to the normal giant-super- 
giant sequence in the two-color diagram (J-K)- 
(K-L) (Figure 9-26a,b) (Evans, 1987). Accord- 
ing to Feast and Glass (1974), this discrepancy 
could be resolved assuming a reddening E(B- 
V) = 1.8, which is in contrast with that deduced 
by pre and postoutburst ultraviolet observa- 
tions that give E(B-V) = 0.73. Hence, the colors 
of RS Oph are not completely normal, probably 
because the MO 111 secondary color may be 
modified by the presence of an accretion disk 
or by circumstellar material, result of previous 
outburst. RS Oph was detected at 12bm with 
the infrared satellite IRAS in the course of the 
IRAS survey in 1983 (IRAS Point Source Cata- 
logue, 1985; Evans, 1987). Fluxes measured by 
IRAS photometry at 12 and 25 bm and JHKL 
(*) photometry obtained by Whittet and Evans 
in 1981 (see Evans, 1987) are plotted in Figure 
9-27 together with the planckian curve for T = 
3000 K and with the near infrared spectrum of 
an MO 111 star (Strecker et al., 1979). The ex- 
cess at the IRAS wavelengths is evident. If this 
excess is attributed to the presence of dust in 
the RS Oph system, a dust temperature of 350 
K is derived. A similar excess was observed by 
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Figure 9-26. Iilfi.ared two-color diagrams for  RS Oph (based on Feast and Glass, 1974). A ~ ~ O M J S  denote dereddeiiing of 
E(B-V)=0.73. 
($rom Evans, 1987). 

J: h,, = 1.25 ym; H: = 1.62 pn; K: h,, = 2.2 ym, 
L: h, = 3.5 ym 
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Figure 9-27. Pre-outburst pliotoiiietry at JHKL and 
fr-om IRAS simey for  RS Oph; a good fitting is oh- 
taiiied with ail MO I l l  + 350 K black body energy dis- 
triblrtioii. 
(froin Evans, 1987). 

Geisel et al. (1970) for RS Oph in quiescence. 
This is another point of difference with T CrB, 
which, on the contrary, presents a negligible in- 
frared excess. 

Infrared photometry during outburst by D. 
Lancy (1985) indicates a strong flux in the J 
band, possibly due to the He I line at 10830 A, 
and dust excess at longer wavelengths. Evans 
(1987) reports the results of infrared observa- 
tions made during the 1985 outburst. The posi- 
tion of RS Oph in the two-color diagram (J-H)- 
(H-K) after dereddening indicates that the He I 
line at 10830 A is dominant (Figure 9-28), at 
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Figure 9-28. (J -K)- (H-K)  diagram for RS Opli dltririg 
the I985 oiitbirrst. 
(from Evaiis, 1987). 

least during the first days. The variation of (J- 
H) with time (Figure 9-29) indicates that the 
He I line starts decreasing about 35 days from 
outburst. The two-color diagram of Figure 9- 
30 shows that the position of RS Oph is consis- 
tent with the presence of two components, one 
at 4000-5000 K and another at 1500 K. If we as- 
sume that the component at 1500 K is due to 
circumstellar dust, the shock associated with 
the outburst could be responsible for its heat- 
ing. 

150 200 250 300 
JD-2446000 

Figwe 9-29. Variatioii of (J -K)  (corrected for  redden- 
iiig) with time dirririg the 1985 o~i tb~rs t .  
Ifi.oni Evans, 1987). 
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Figure 9-30. Positions of RS Opli iii the (H-K)-(K-L) 
diagram ditriiig the 1985 outbirrst. The data are cor- 
rected for reddening. Curve (a)  is a 4000 K -+ 1500 K 
black body conibinatiori, curve (b) a 5000 K + 1500 K 
conibbiation. 
(from Evniis, 1987). 

The light curve at 1.25 pm (J) is shown in 
Figure 9-31. 

Infrared spectroscopy during outburst has 
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been made by Bailey et al. (1985) with resolu- 
tion h/Ah = 100. On the assumption that the 
continuum is mainly due to free-free emission, 
one spectrum obtained on February 21, 1985, 
simultaneously with ultraviolet observations 
with IUE (Snijders, 1987a) indicates that an elec- 
tron temperature of 1.1 x lo5 K fits ultraviolet and 
near infrared observations while an excess rela- 
tive to free-free emission is evident at longer 
wavelengths, i.e, longer than 1.6 pm. (Figure 9- 
32). This excess can be explained with a black- 
body at 600 K, only at wavelengths shorter than 3 
pm; at 3.4 pm, it is lower than predicted by a 
factor of 4. Hence, blackbody emission by dust 
must be ruled out. The excess could be explained 
by the vibration-rotation transition of CO at 2.3 
pm possibly excited by the shockwave from the 
expanding envelope in the circumnova H I1 re- 
gion. 

High-resolution spectra (h/Ah) = 1000 ob- 

tained on June 24, 1985, are compared with the 
low-resolution spectra taken in February and 
April (Figure 9-33). In the April spectrum, we 
observe the hydrogen emission lines and a very 
strong 10830 He I line. 

The highest excitation lines observed in the 
high-resolution June spectrum are [Si VI] 
1.961 p m  and [Si VII] 2.461 pm. It is not surpris- 
ing that no coronal lines are observable, because 
the maximum intensity of coronal lines in the 
optical range was reached in April and then de- 
clined significantly (Rosin0 and Iijima, 1987). 
However, the apparent absence of coronal lines in 
earlier infrared spectra is surprising. Unfortu- 
nately, no high-dispersion spectra were available. 

A noticeable characteristic observed in the 
high-resolution spectrograms is the CO band in 
the spectrum of the MO giant (see Figure 9-33). 
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Figwe 9-31. J ( I  .25 ,urn) light citi-ve of RS Oph for 1985 oittbici-st. The ai'i-ows SIIOW the pi-e-oiithitrst J niagtiitiide. 
(from Evans, 1987). 
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Figure 9-32. Itfraizd specti-itm (1.5-2.4 p i )  of RS Oph obtained on Febrirai-y 21, 1985. The line labelled FF is the 
iiebirlar coiitinuum. 
@-om Evans, 1987). 
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Figure 9-33. Low resolittion (?JAh=100) spectra of RS Oph obtairied oii February and April 1985 arid the high resolu- 
tiori spectritni ( l lA~=1000)  obtairied oil Jiwe 24, where the CO baiids of the M giant are clearly visible. 
(jroni Evans, 1987). 
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IV. C.3. RADIO WAVE OBSERVATIONS 

RS Oph has been detected also at radio waves 
(Padin et al., 1985), and details are described by 
Davis (1987). This is the first detection of radio 
emission from an outburst of a recurrent nova. 
Radio emissions from classical novae have been 
detected in several cases, but never earlier than SO 
days from outburst. In this case, on the contrary, 
the emission was observed 18 days from outburst 
at a density flux of 23 mJy at 5 GHz. Two days 
later, on February 15, the density flux was 30 
mJy. If the assumption is made that the radio- 
emitting layers are expanding at about 1000 
km/s as indicated by the optical spectrum, and as- 
suming a distance to the nova of 1.6 kpc (con- 
firmed by an interstellar absorption measure of 
the HI 2 I cm line), these measurements indicate a 
brightness temperature larger than IO7 K. This is 
another important difference with classical no- 
vae. In fact, the radio envelopes of the latter have 
a brightness temperature of 10000 K, typical of an 
envelope of ionized hydrogen. The high value of 
the brightness temperature suggests a nonthermal 
origin for the radio emission. 

5 GHz. Initially there is a rapid increase in flux 
density at the rate of about 4 mJy per day until 
February 18. Then there is a slower linear in- 
crease, which, projected back to the time of the 
outburst t o ,  gives a (t-to) dependence of 1.7 mJy 
per day, characteristic common to the observed 
classical novae. The maximum of about 70 mJy 
was reached 37 days from outburst and then the 
decay started and a value of 30 mJy was 
reached on day 77 from outburst. 

Spoelstra et al. (1987) have observed RS 
Oph with the Westerbork Synthesis Radio tele- 
scope (WSRT) at 327 MHz and with the Cam- 
bridge S km radio telescope at S GHz. A re- 
markable event was observed by Spoelstra et 
al. at 5 GHz: a radio flare occurred 41 days after 
outburst, about 3 days after the maximum of 
radio flux. The intensity of the flare was 80 mJy, 
and it lasted more than 1 hour and less than 1 day 
(Figure 9-34b). 

The spectrum on day 48 from outburst (March 
15, 1985) is shown in Figure 9.35a. The data are 
from WSRT, Cambridge 5-km telescope, Jodrell 

Figure 9-34a shows the radio “light-curve’’ at Bank and VLA. 
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Figure 9-34. a )  The 4.9 GHz “light cicrve” of RS Oph during the 1985 outhicrst (fi.nni Davis, 1987). 
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Figure 9-34. b) The 5 GHz “light cimle” for RS Opli 
showing the “radio flare” occirrred 41 days after 
outburst. 
(fi-om Spoelstra et al., 1987). 

Davis reports the variation of the spectral 
behavior, which is very complex and is repre- 
sented by a power law s = P + ~ .  The variation 

2 

with time of the spectral index a is shown in 
Figure 9.35b for the high-frequency range (15 
to 22.5 GHz) and low-frequency range (1.5 to 5 
GHz). The interpretation of these variations is 
not straightforward. 

Porcas et al. (1987) observed RS Oph using 
the technique of very long baseline interferom- 
etry on March 8 and on April 13. The latter 
observation permitted them to obtain a map of 
the structure of RS Oph at 1.7 GHz, when the 
density flux was 30 mJy. Figure 9-36 reproduces 
the measured visibility data, and from these data 
the following conclusions are drawn: a) more 
than 80% of the total flux of the source is present 
in this radio image; b) the emission is not spheri- 
cally symmetric but elongated in position angle 
84” ; c) the extensions along the major axis reach 
about 100 milliarcseconds. For an assumed dis- 
tance of 2.0 kpc, this corresponds to 200 A.U. and 
an average expansion velocity of 4000 km/s over 
the 77 days from the outburst. 

0 

LOG Y (GHz) FEB MARCH APRIL 
1985 

Figure 9-35. a)  The radio spectrum of RS Oph on March 15, 1985. The curve is normalized to 68.5 niJy 
at 11 I GHz. (from Spoelstra et al., 1987) b) Variation of the spectral index afor the initial phase of the oittburst. 
dots: 1.5-5 GHz; crosses: 15-22.5 GHz (from Davis, 1987). 
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Figure 9-36. Map of the stritcticre of RS Opli with reso- 
liitiori 3.5 milliarc see. Contour interval: 5 ,  I O ,  20, 3.5, 
SO and 90% of the peak brightness. 
(jroni Porcas et al., 1987) 

IV.C.4. ULTRAVIOLET OBSERVATIONS 

Ultraviolet observations have been made with 
IUE both in quiescence (Rosin0 et al., 1982) and 
in outburst (Cassatella et al., 1985). The ultravio- 
let quiescent spectrum indicates a state of low 
excitation in agreement with the indications from 
the optical spectrum. However, rapid changes of 
brightness, accompanied by the appearance of He 
I1 emission lines, are observed between two ma- 
jor outbursts (see, for instance, Figure 9-37 from 
Cassatella et al.): the 2900 A flux was a factor of 
35 higher in October 1982 than in April 1981. The 
recent outburst of 1985 has been monitored with 
IUE during the first 3 months by Cassatella et al. 
(1985). Spectra before outburst (of 1981 and 
1982) are compared with those obtained 12 days 
after outburst (see Figure 9.37): the energy distri- 
bution does not change appreciably, although the 
flux has increased by factors between 100 and 

Figure 9-38. IUE IOHJ resolution spectrrmi of RS Oph 
on April 9, 198.5. 
(jrom Cassatella et al., 198.5) 

I 

2400 2800 3200 A 

Figure 9-37. Comparison hehveen pre-outbiciat arid 
outburst ultraviolet spectra of RS Oph. 
(from Cassatella et al., 1985). 

300. The presence of a very strong emission of 
Mg I1 is remarkable. On April 9 (Figure 9-38), 
about 70 days after outburst, the spectrum is 
dominated by strong emissions, including several 
coronal lines. The most prominent are Fe XI 1467 
and 2649, Fe XI1 1350,2406, and 2568. It is inter- 
esting to note that the emissions from highly 
ionized species peak at a later stage in the decline 
than those for lower excitation species (see Fig- 
ure 6-58). The strenghtening of the high-ioniza- 
tion lines is accompanied by the decrease of the 
electron density, which is indicated by the de- 
crease of the ratio 1893 Si III/1909 C 111. This 
behavior is common to classical novae. High- 
resolution spectra, obtained with IUE, show the 
complex structure of the emission of C IV and 
1486 N IV. It is evident that more than one com- 
ponent contributes to the observed profiles (Fig- 
ure 9-39). 

An estimate of the distance of RS Oph is 
made using the interstellar extinction and the 
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Figure 9-39. a)  Variation of the CIV and NIV] line 
profiles, j?om IUE high resolution spectra. b) Attempt 
to represent the NIV] line at 1486 A with three or five 
gaicssiaii components at hoo different dates. 
Ifroni Cassatella et ai., 1985). 

interstellar line absorption (Snijders, 1987). 
The interstellar extinction derived by the 2175 
feature in the quiescent and outburst phase gives 
E(B-V) = 0.73 +/- 0.10. The flux ratio of the He I1 
lines at 1640 and 3203, combined with the theo- 
retical recombination line ratios (Seaton, 1978a), 
gives E(B-V) = 0.73 +/-0.06, in very good agree- 
ment with the E(B-V) = 0.76 derived by 
Svolopoulos (1966). The interstellar absorption 
lines present in the ultraviolet spectrum are very 
numerous but all at velocities typical for our spi- 
ral arm and none at velocities typical for the 
Carina arm in the direction of the nova, at +19 
km/s. This puts an upper limit of two kpcs to the 
distance and MV (max) equal or less bright than 
-5. 

Hjellming et al. (1986) derive 1.6 kpc from 
the strength of the 21-cm absorption observed in 
an object nearby RS Oph. 

The total luminosity derived by ultraviolet, 
optical, and infrared data (the X-ray contribution, 
as observed with the european satellite EXOSAT, 
is 0.5 to 10% of the total flux emitted on day 51, 
and the radio contribution is always less than 1 %) 
is shown in (Figure 9-40) versus the time from 
outburst. This bolometric light curve is very 
similar to those of classical novae (Stickland et 
al., 1981; Snijders et al., 1984). On this subject, it 
is important to note that the decline in the ultra- 
violet is much slower than in the optical (see 
Figure 9.40). 

I I I 1 

0 100 
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Figure 9-40. The luminosity as afNnction of time: small 
black dots infrared; cicrve in the middle optical; larger 
black dots ultraviolet, and upper cicrve total luminosity. 
(from Snijders, 1987). 

An estimate of the abundances from the IUE 
spectra can be made using selected line ratios. 
Snijders (1 987) derived several abundance ra- 
tios using the method employed by Williams et al. 
(198 1). The ratio N 1111 1750 / 0 1111 1663 is time 
independent from day 43 and gives O/N= 1.10 
+/-0.17. The C IV 15491 N IV] 1486 can be used 
only on days 94 and 11 1 because at earlier epochs 
C IV has absorption components: It gives C/N = 
0.16 +/-0.04. The ratio N V 1240/He I1 1640 is 
subject to self-absorption of N V even at day 11 1; 
moreover, it is strongly dependent on the tem- 
perature. From these data it can be estimated that 
the ratio Hem is included between 3 and 40. 
There is no doubt that nitrogen is strongly over- 
abundant, and this indicates that nuclear runaway 
has occurred. However preoutburst ultraviolet 
spectra show a very strong N 1111 line. This may 
indicate that the material transferred from the red 
giant is nitrogen-enriched or that we are observ- 
ing the result of a previous outburst. 
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IV.C.5. X-RAY OBSERVATIONS 

RS Oph was observed with the european satel- 
lite EXOSAT at the earliest opportunity, i.e., on 
March 22, 1985, 54 days after optical maximum. 
At earliest dates the star was too close to the sun. 
The observations were made with the low-energy 
telescope and broadband filters that gave limited 
spectral information in the energy range 0.04 to 
2.0 keV. Additional spectral information was ob- 
tained in the medium energy range, from 1.5 to 15 
keV. Six observations were made from March to 
October. Figure 9-41 gives the low-energy flux 

0.0 

case, the temperature expected from the optical 
emission lines of the gas is consistent with the 
characteristic temperature of the X-ray spectrum; 
Le., the flux in the coronal lines observed on 
March 18 is consistent with the flux observed in 
the X-ray range on March 22. 

At the latest date of X-ray observations, on 
day 250 from outburst, IUE simultaneous obser- 
vations were made. Then the ultraviolet spectrum 
was very faint and the only emission lines observ- 
able were N 1111 1750 and a very faint Mg I1 2800. 
It is difficult to understand why a well measurable 
X-ray flux was detected and no trace of it was 
observable in the far UV. 

LOG (DAYS AFTER OUTBURST) 

Figure 9-41. EXOSAT coiint rate as afiiriction of time 
sitice the optical outburst. The dashed line is the ex- 
pected decay rate of the X-ray Jicx according to the 
model of Bode and Kahn (1985). 
(from Mason et al., 1987). 

variation from day 54 to day 250 and, for com- 
parison, the decay expected, according to a theory 
by Bode and Kahn (1985). They have calculated 
the expected decay of the flux due to a shock wave 
expanding in a medium whose density falls as r-*, 
i.e., the expanding wind of the red giant. It is 
evident that the decay is much faster than their 
theoretical prediction. However, there are several 
indications that the origin of the X-ray emission is 
due to circumstellar gas heated by the shock wave 
produced by the nova outburst. In fact, the X-ray 
emission lasts a long time after the optical out- 
burst, at least 250 days; there is no detectable 
short-time variability, indicating that the source 
is extended; the observed expansion velocity 50 
days after outburst, as indicated by the optical 
emission line widths is about 500 km/s. In this 

The X-ray spectrum is shown in Figure 9-42, 
and the relation of the low and medium energy 
measurements at the various epochs is shown in 
Figure 9-43. 

Mason et al. (1987) observe that the strong 
soft X-ray flux detected from RS Oph about 
two months after outburst can be interpreted as 
thermal emission from the circumstellar gas 
heated by the passage of the shock wave from 
the nova explosion. In this respect, the environ- 
ments of RS Oph are similar to those of a mini- 
supernova whose evolution can be studied on 
time scales of months instead of hundred or thou- 
sands of years. The rapid decay of the X-ray flux, 
in contrast with the theoretical predictions, can be 
explained if the shock wave has reached the edge 
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Figure 9-42. EXOSAT hackgroutid-sithstructed coiitrt 
spectrum of RS Oph on March 22,1985. 
Ifroni Mason et al., 1987). 
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of the cavity filled by the stellar wind of the red 
giant since the last nova explosion. 

V. V 1017 SAGITTARII 

V 10 17 Sgr is an atypical recurrent nova. It has 
suffered three outbursts in this century: in 1901, 

recurrent novae, these outbursts have different 
amplitudes. The nova is of 15th magnitude at 
minimum, and reached mag 11 in 1901 and 1973, 
while in 1919 it reached mag 7. The two minor 
outbursts of 1901 and 1973 have an amplitude 
typical of a symbiotic star rather than a nova. For 
this reason, it is uncertain whether V 1017 Sgr 
must be classified among recurrent novae or 
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The light curve from 1897 to 1929 is shown - 

in Figure 9-44, and the light curves at the ep- 
ochs of the three maxima, in Figure 9-45. 

Figure 9-43. 1.5-6.0 keV coiiiit rate veixis 0.04-2.0 
keV coiiiit rate for the first five EXOSAT ohserwtioris 
of RS Opli. (fi .ci i i i  Masoii et al., 1987). 

Figwe 9-44. Light ciirve of Nova Sgr 191 9. The coriiplete ciirve for the iiiteival1897-1929. 
Ifi.oni McLaiighliii, 1946). 
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V.A. THE QUIESCENT SPECTRUM OF V 
1017 SGR 

The spectra at minimum show variations. Spe- 
ctra obtained by Humason (1938) presented a 
strong continuum extending to the violet with no 
absorption or emission lines; Kraft (1964), on the 
contrary, reported the presence of wide Balmer 
emission lines in several spectra and their ab- 
sence in another. The absorption spectrum sug- 
gested a spectral type G5 111. 

Photoelectrical photometry at minimum has 
been made in the optical and infrared (for ref- 
erences see Webbink et al., 1987). Mumford 
(1971) and Walker (1977) found it to be rapidly 
variable in blue light by about 0.2 mag in less 
than one hour. The reddening, derived from the 
VRIJK photometry, assuming the intrinsic color 
of a G5 111 star, is E(B-V) = 0.39 +/- 0.03. 

V.B. THE SPECTRUM DURING THE 
OUTBURST OF 1973 

Vidal and Rodgers ( 1  974) observed the spec- 
trum of V 1017 Sgr during the outburst of 1973. 
There are no reports of spectra obtained during 
the two previous outburst. 

One spectrum at premaximum, one at maxi- 
mum, and one at postmaximum with dispersion 
of 200 A/mm were taken during the last out- 
burst. All three spectra are characterized by 
broad emission lines. The premaximum spec- 
trum (when the star was 0.5 mag below maxi- 
mum) shows a weak emission blend at 4640 and 
He I1 4686. Some weak and broad absorption 
features due to Ca I1 H and K, a blend at 4140 
(due to He I, Fe 11, and Si II), the G band, He I 
4388, and H beta are detectable. The spectrum 
taken at maximum shows no absorptions, H 
Alpha and H Beta emissions, and other weak 
emissions of [Fe 111, and blends of He I+ Fe I1 
and FeII+[Fe 111. The third spectrum taken 
almost at minimum does not show the forbid- 
den lines of Fe I1 while the blends of Fe II+ 
He I at 4923 and 5017 and He I5047 are strength- 
ened. Similar variations, however, were observed 

also during quiescent periods, as observed in the 
previous section. 

VI. T CORONAE BOREALIS 

(written by Selvelli) 

V1.A. HISTORICAL OUTLINE 

T CrB is a double-line spectroscopic binary, 
with period P = 227.5 days (Kraft, 1958; 
Paczynski, 1965), containing an M3 giant and a 
hotter companion whose nature has been so far 
rather elusive. This companion is responsible 
for the hydrogen and other emission lines and 
for the variable hot continuum, which, are 
superimposed over the M spectrum that domi- 
nates the optical region. 

Because of these features, T CrB can also be 
classified as a symbiotic star. The 

classification as recurrent nova is based on 
the occurence of two historical outbursts in 1866 
and 1946, during which the star has suddenly 
risen from a quiescent magnitude fainter than 9.5 
to magnitudes 2 and 3, respectively. 

Recently, Webbink et al. (1987) have identi- 
fied two subclasses of recurrent novae on the 
basis of their outburst mechanism: 

1) those powered by thermonuclear run- 
away on a white dwarf, 

2) those powered by the transfer of a burst 
of matter from a red giant to a main se- 
quence star. One of the conclusions of 
the Webbink et al. study (based also on 
previous models and observations) has 
been the interpretation of the behavior of 
T CrB in terms of accretion onto a main- 
sequence star. 

It is remarkable that during the two histori- 
cal outburst, the photometric and spectroscopic 
behaviors of T CrB were impressively similar 
(Pettit, 1946a), thus indicating a similarity in the 
physical processes responsible for the explo- 
sions. Expansion velocities of up to -5000 km/s 
have been reported for the H lines observed near 
the 1946 maximum (Sanford, 1947a; Herbig and 
Neubauer, 1946). In the light curve, the extremely 
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fast initial rise was followed (Pettit, 1946 b,c) by 
a rapid decline with t, = 5d. A peculiar character- 
istic of the light curve was that the principal 
maximum (mv = 2.0) was followed in both out- 
bursts, and with nearly the same time separation, 
by a secondary maximum (my = 8.0). (Figure 9- 
46). 

It is also remarkable that the two observed 
outbursts occurred at nearly the same orbital 
phase. The relevance of this fact on the model 
for T CrB has been pointed out by Webbink et 
al. (1987). 

A detailed description of the outburst spec- 
trum and its variation is given by Bloch et al. 
(1946), Herbig and Neubauer (1946), Sanford 
(1947), and by C. Payne-Gaposchkin in her book 
The Galactic Novae (1957). What is remarkable 
is the enormous initial expansional velocity of 
4500 km/s, (or 5000 km/s if we consider the vio- 
let edge of the lines). 

Sixty spectrograms were obtained at the Haute 
Provence Observatory by Bloch et al. (1946) 
during the period February 12 (three days after 
outburst, which occurred on February 9.25 UT) to 
July 15, 1946. The evolution of the spectrum is 
shown in Figure 9-47. We note the presence of the 
forbidden coronal lines 6374 Fe [XI and 5303 Fe 

[XIV], which are present on February 12, reach 
their maximum on February 16, and disappear 
completely between February 20 (15303) and 
March 18 (16374). Figure 9.47 shows clearly the 
progressive weakening of the permitted lines and 
the strenghtening of the forbidden ones from Feb- 
ruary 13 to April 7. 

The spectroscopic observations made by 
Bloch et al. during the 1946 outburst permit us 
to draw some general remarks: the appearance 
of the forbidden lines and the strengthening of 
the high-excitation permitted lines (He 11, 54 
eV; N 111, 47 eV;), which were observed from 
February 20 to April 30, are a common charac- 
teristic observed in classical novae. But a sec- 
ondary maximum was observed in June; the 
continuum becomes stronger again and masks 
almost completely the T i 0  bands of the red 
giant and at the same time almost overwhelms 
the high-excitation lines (both forbidden and 
permitted). Moreover, a “shell” spectrum (blue 
continuum and sharp absorption lines of ion- 
ized metals) was observed in the photographic 
region (Sanford, 1947, Herbig and Neubauer, 
1946). This phenomenon is not generally ob- 
served in classical fast novae, and classical 
slow novae at the moment of the secondary 
maximum show a nebular spectrum. The be- 
havior of T CrB is instead rather similar to that 
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Figure 9-46. The light line is the mean light-curve for  the year 1866. The heavy line is the mean light-czrive for the year 
1946 representing the obseivatioiial points. The heavy dashed line is the 1946 cirrve corrected for an M - t y e  conipariiori 
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(from Pettit, 1946). 
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Figure 9-47. Curves of iritensity for emission lilies in T CrB. Abscissae are logarithms of the riimiber of days after 
JD2431860. Ordinates are intensities by coniparisori with He 4686, assigned intensity 10. Cirrves for [Fe X I ,  He II, H, 
and He I have ordinates conipressed to one-quarter the scale of the otlier curves. Dotted lines joiri successive observing 
seusons. The magnitude scale for Petit’s light-cirrve is on the right. 
(from Sanford, 1949). 

of some symbiotic stars in outburst, like, for 
instance, CH Cyg (however, which, does not 
show high-excitation lines). 

high excitation have been observed, and V 
1017 Sgr, however, which has several charac- 
teristics of symbiotic rather than nova. 

Moreover, in slow classical novae the deep 
minimum is due to dust enveloping the system, as 
shown by the infrared observations. In the case of 
T CrB, on the contrary, during the interval be- 
tween principal and secondary maximum, the 
spectrum of the M3 giant is clearly visible and not 
veiled by dust. 

The temporary presence of coronal lines 
seems to be a common characteristic of recur- 
rent novae: they have been observed in T CrB, 
in RS Oph, and in T Pyx. The only exception is 
U Sco where no forbidden lines, either of low or 

During the outburst of 1946, T CrB bright- 
ened from my = 9.6 to my = 3.0, with an increase 
of a factor of 500 in luminosity. The relation F, 
(vis) = 3.68 x x gives F,OuIb 
(vis)=2.3~10-’~’ (erg cm-* s-I A-I ) at maximum. 
With a distance of 1300 pc, LOutb (vis) is there- 
fore of the order of 4 . 6 ~  10” erg s-’ A-’ . This 
value sets a lower limit for the bolometric 
luminosity during outburst: LOuIb 2 (erg s-I). 
The luminosity at maximum was, therefore, close 
to that of 2 ~ 1 0 ’ ~  erg s-’ , corresponding to the 
Eddington limit for a 1.5 m star. 
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V1.B. T CRB IN QUIESCENCE V 
k d e c  

e--- EMISSION LINES 

The optical spectrum of T CrB is a typical M3 
I11 dominated by strong T i 0  absorption bands. A 
major step in the understanding of the nature of T 
CrB was the discovery of its binary nature (Kraft, 
1958). The radial velocity data, revised by 
Paczynski (1963, indicate a double-line spectro- 
scopic binary with P = 227 .6 and mhal > 1.6 
m .and mgianl > 2.2 m (Figure 9-48). These 
values, however, might be affected by the uncer- 
tainties in the determination of K,. 

Recently, a series of new spectra has been 
obtained by Kenyon and Garcia (1986) with the 
purpose of obtaining an improved orbital solu- 
tion. In this study they have substantially con- 
firmed the K ,  value without attempting, however, 
to redetermine K,, whose measurement is made 
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Figure 9-48. The radial velocity ciirves for T Coronae 
Borealis. 
(fi.onr Paczyiski, 1965). 

quite difficult by the composite structure of the H 
emissions. In their spectra, in addition to the 
typical lines of the M giant, strong hydrogen, He 
I, and [Ne 1111 3868 emissions were present 
(Figure 9-49). The spectra obtained by Blair et al. 
(1983), instead, do not show He I emissions. This 

3000 4000 5000 m 7000 8Ooo 

WAVELENGTH (A) 

Figwe 9-49. Optical qiecr~~ioii of T C1.B. T i 0  ahsorptio~i hoiirls and H I eriiissiori lilies are very promirierit 017 tliis April 
1984 spectr.iin7. 
( f ro i~  Keiiyori ciiid Garcia, 1986) 
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behavior indicates variations in the excitation 
conditions, related to changes in the temperature 
of the hot component. Similar variations in the 
spectrum were noticed and described as early as 
in the late thirties and in the forties by several 
authors (e.g., Joy 1938, Swings and Struve 1941, 
1943). 

The first time-resolved photometric obser- 
vations during quiescent phases have detected 
rapid variations in the U light (M.F. Walker 
1954). The star was reobserved several years 
later (1975) by A.R. Walker (1977), who de- 
tected a U flickering with a time scale shorter 
than 15 s and variations of about 0.5 magni- 
tudes' from the mean level (Figure 9-50). Bian- 
chini and Middletich (1976) also found compa- 
rable UV flickering at nearly the same period, 
but they reported a marked absence of such 
activity for 1976. A similar behavior has been 
reported also by Oskanyan (1983). 

These variations are very similar to the 
flickering exhibited by many dwarf novae that 
are known to have a white dwarf as companion. 

A consequence of the RV observations of 
Kraft (1958) and Paczinsky (1965), which indi- 

1400 

1300 

cated that the secondary was a main-sequence 
star, was to rule out thermonuclear runaway 
models for the outburst of T CrB. After the 
study by Paczinski and Sienkiewicz ( 1972), 
who found that Roche lobe overflow from a 
giant with a deep convective envelope could 
lead to extremly high &I on a (very short) dy- 
namical time scale, Plavec et al. (1973) suggested 
that T CrB was in a rapid phase of convective 
mass-loss and that the outburst was caused by the 
interaction between the mass-accreting star and 
the large amount of material falling on it. The two 
historical outbursts were, therefore, attributed to 
two episodes of extremely high mass transfer trig- 
gered by an instability in the red giant. 

Webbink (1976) has considered in greater 
detail the outburst behavior of T CrB and has also 
interpreted the outburst in terms of episodic ac- 
cretion phenomena from a giant onto a main- 
sequence star. He suggested that the outburst was 
caused by the transfer of a burst of matter ejected 
by the giant and by the subsequent dissipation of 
the excess energy of this parcel of transferred 
mass (of 5 xlO-' Ma) when its originally eccentric 
orbit around the secondary is made circular dy- 
namically by supersonic collisions within the 
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orbiting material, thus producing a ring. The 
secondary maximum, instead, is produced when 
the inner edge of the disk (produced by the broad- 
ening of the ring by viscous dissipation) strikes 
the surface of the (main-sequence) accreting star. 

With this model Webbink (1976) was able to 
explain the presence of the two maxima in the 
light curve, the time interval between them and 
their relative amplitude. Spectroscopic obser- 
vations made at the time of the second maxi- 
mum have shown, however, the appearance of 
a “shell” absorption spectrum and the weaken- 
ing or disappearance of the emission lines 
(including He I1 4686) in disagreement with the 
increase in excitation (expecially in He 11) 
expected on the basis of Webbink’s (1976) ex- 
planation of the secondary maximum. Addi- 
tional considerations in favor of an accretion 
event onto a main-sequence star as responsible 
for the outburst of T CrB have been reported in 
the extensive study on the nature of recurrent 
novae by Webbink et al. (1987). 

After Webbink (1976), Livio et al. (1986), 
Starrfield et al. (1985), and Webbink et al. 
(1987) consider (in general) both accretion 
events onto main-sequence stars and thermonu- 
clear runaways on white dwarfs as possible 
mechanisms for the outbursts of recurrent novae. 
The accretion model appeals to dynamical phe- 
nomena, similar to those proposed by Webbink 
(1976), to reproduce the very rapid rise of the 
light curve in outburst in some recurrent novae. 
These accretion-powered novae require shock- 
type events to produce the observed super Ed- 
dington luminosities and the very-high-excita- 
tion coronal-line emission observed during de- 
cline. 

Thermonuclear runaways models, instead, 
require a very massive (mwD = 1.38 m, ), low- 
luminosity (L = 0.1 L, ) white dwarf, and a very 
high accretion rate ( >1.7x M, yr-’) to pro- 
duce thermonuclear runaway outburst with the 
short recurrence time scales compatible with 
those observed in recurrent novae (5 lo2 years). 

Under the above conditions, an accreted 
envelope mass as low as 5 x lo-’ M, (much 

smaller than in normal classical novae, 10” M, ) 
is sufficient to trigger a thermonuclear runaway 
(Starrfield et al., 1985). For more details about 
these models, the reader is referred also to 
Kenyon (1988). and Livio (1988a). 

The above constraints reported on and on 
M,,,, have been used by Webbink et al. (1987) to 
define some criteria which would enable ob- 
servers to distinguish between accretion-pow- 
ered and thermonuclear runaway-powered re- 
current novae: 1). The required high &l implies 
that thermonuclear runaway-powered recurrent 
novae must have high-accretion rates (> 1.7 1 O-s 
M, yr-’) and, therefore, high-accretion luminosi- 
ties (L,,,, > 100 L, ) at minimum. Because of the 
presence of a white dwarf accretor, the bulk of 
this luminosity is emitted in the UV, and therefore 
thermonuclear runaway-powered recurrent no- 
vae are expected to be luminous UV sources and 
to display high excitation emission lines (He 
II,CIV, N V) in their UV spectra. 

2) Unlike most classical novae, thermonu- 
clear-runaway-recurrent novae are expected to 
be emission-line objects at maximum of the out- 
burst because the envelope mass at the time of the 
runaway is less massive than in classical novae. 

Webbink et al. (1987) have used these two 
“criteria” to give additional arguments against the 
presence of a white dwarf in T CrB. In particular, 
from the weakness of the UV spectra they have 
examined, they have derived a &l of Ma yr-I 
for a main-sequence star (or of lo-* M, yr-I for a 
white dwarf, a value too low, in their opinion, to 
refuel a thermonuclear runaway model with a re- 
currence time of 80 years). 

Recently, Selvelli, Cassatella, and Gilmozzi 
(1990) have described the results of 9 years of UV 
observations of T CrB with the IUE satellite. The 
main conclusion of this study (which is briefly 
reported in the following paragraph) is that the 
overall behavior of T CrB in the UV (and also in 
the other spectral ranges) finds a self-consistent 
interpretation in terms of accretion onto a (mas- 
sive) white dwarf. 
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V1.C. UV OBSERVATIONS OF T CRB (March, 1979). 

Previous studies on IUE spectra of T CrB have 
been presented by Krautter et al. ( 1  98 l), Kenyon 
and Webbink (1984), Kenyon and Garcia (1986). 
Kenyon and Webbink have made an attempt to fi t  
the form of the observed continuous-flux distri- 
bution to their synthetic spectra, but were unable 
to find a consistent model in light of the variabil- 
ity. Their conclusion was that accretion disks 
around a white dwarf or a main-sequence star 
could not give a consistent explanation for the UV 
continuum of T CrB as a function of time. Kenyon 
and Garcia (1986), instead, excluded the presence 
of a white dwarf on the basis of the relatively flat 
UV continuum they observed and of the overall 
weakness of the high-excitation lines. Tenta- 
tively, they ascribed the observed UV variations 
(IUE) to fluctuations within an optically thin disk 
orbiting a main-sequence star, fueled by matter 
streaming from a lobe-filling M3 111 star at 
M, yr-I. 

Selvelli, Cassatella, and Gilmozzi ( 1989) have 
observed T CrB with IUE from the early days of 
IUE’s life until very recently. Some short prog- 
ress report of this study have been presented by 
Cassatella et al. (1982, 1986); Gilmozzi et al. 
(1987), and Selvelli et al. (1988). 

VI.C.l. THE UV CONTINUUM 

After correction for reddening, E(B-V) = 0.15, 
the continuum can be represented, at the various 
epochs, by a single power-law spectrum F(1) = 
Ah-“ over the entire IUE range. The UV spectral 
index a ranges from 0.7 to 2.0, with a mean value 
of 1.25. Some examples of the continuum vari- 
ability are provided in Figure 9-5 1 .  The flat spec- 
trum corresponds with a minimum in the UV flux 

In general, when the flux is high, the contin- 
uum becomes steeper. One should note that the 
Balmer emission continuum (peaking around 
2800 - 3200 A in the IUE range) is not negligible 
in T CrB (Kenyon and Garcia, 1986) and could 
substantially distort the shape of the long wave- 
length IUE spectra, causing the derived power- 
law index to appear flatter, at least when the ob- 
ject is weak (see also Figure 9-52). 

The UV continuum from 1200 to 3200 A is 
variable by a factor of up to 10. 

Certainly, a distinctive peculiarity of T CrB 
is the lack of significant optical variations (as 
calculated from the FES-Fine Error Sensor- 
instrument onboard IUE) correlated to the UV 
ones. In particular, at the time of the UV mini- 
mum (March 1979), the FES magnitude was 
9.9, while during the UV maximum of May 
1983, the magnitude was IO, indicating that the 
bulk of the variability is restricted to the UV, in 
agreement with observations by Walker 
(l977), Bianchini and Middleditch (1976), and 
Oskanyan (1983), who could detect variability 
only in the ground U band. Also the “flares” 
reported for the years 1963 and 1975 by Palmer 
and African0 (1982) were present in the 
(ground) U only. 

The changes in the continuum show no 
obvious dependance on the orbital phase. The 
deepest minimum (March 1979) occurred at 
phase = 0.34. Near phase 0.50 (red giant in front), 
possible occultation effects could be present. 
However, at phase 0.48 and at phase 0.54 no 
decrease was observed. 
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1152 1836 2520 3204 

1152 1836 2520 

14 TCRB 9 MAR 85 

1152 1836 2520 3204 

Figure 9-51. The spectriim of T CrB in three differelit epochs. The power-law ( k a ) f i t s  of the coiifiiiiiiiin h a ~ e  a = 0.60, 
0.65, and I .O (fi'oni top to bottom). 
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Figure 9-52. A composite spectiwti of T CrBfroni XI200 to W700. 
(from Cussatella et al., iri prepurotiori). 

VI.C.2. THE EMISSION LINES 

A typical UV spectrum of T CrB is shown in 
Figure 9-53. The emission lines are remarkably 
intense in comparison with classical novae in 
quiescence and include strong intercombina- 
tion transitions (e.g., Si 111, C 111, N IV, 0 111, 
etc.) and the Mg I1 doublet, which are usually 
absent in classical novae. 

Table 9-2 lists the most important emission 
lines observed in the UV spectrum of T CrB. 
Most lines are straightforwardly identified and 
are typical of symbiotic stars. 

Figure 9-54 shows the time variability of the 
continuum and of the strongest emission lines. 
It is evident that the variations of the emission 
lines, both of low and high degree of ionization, 
are correlated with the continuum variations, 
showing as well no dependence on the orbital 
phase. This suggests that photoionization is the 
main energy input mechanism, as in the symbi- 
otic stars Z And, AG Car, and HBV 475, and 
unlike in CH Cyg. The general lack of significant 
changes in the line fluxes near phase 0.5 seems to 

rule out the possibility of a partial eclipse of the 
hot component (which would be most readily 
detected in the emission lines because of their 
origin in a larger region than the continuum). 

There is marginal indication, in some spectra, 
of a possible P Cygni profile in the NV line, al- 
though it cannot be excluded that this effect is 
only apparent and due to the Lya  being either 
variable in width or not filled in, at these ep- 
ochs, by the geocoronal Lya.  If true, the P 
Cygni profile would indicate an outflow velocity 
larger than 2000 km/s, in analogy to the case of 
AG Dra (Viotti et al., 1984). 

High-resolution spectra, although partially 
underexposed, clearly indicate that the high-exci- 
tation lines (C IV 1550, He I1 1640) have a shal- 
low and broad profile (HWZI 2 1000 km/s). 
The Si I11 h 1892 and C I11 h 1909 emissions 
have instead narrow cores and broad wings. 
The FWHM corresponding to the broad com- 
ponents are comparable to the ones derived by 
Kraft (1958) for the HP line (330 km/s), while 
the narrow component is only instrumentally 
broadened. 
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T Cor B - 01 May 1983 

Figitre 9-53, A short ~~avelengtli IUE spectrim of T CrB taken 011 May I ,  1983, with typical emission lines. The high es- 
citation NV line is a pi-omiiierit feature. 

TABLE 9-2 THE UV EMISSION SPEC- 
TRUM OF T COR B 

1240 
1285 
1304 
133.5 
1355 
1400 
1485 
1530 
1550 
1594 
1640 

Identif. 
NV (1) 
? 
01 (2) 
CII (1) 
01 (1) 
SiIV (1)  (+0IV) 
NIV (0.01) 
? 
CIV (1) 
? 
He11 (12) 

166.5 
1750 
1892 
1908 
2330 
2670 
273.5 
2800 
2835 
3133 
3188 

0111 
NIII (0.07) 
Si111 (1) 
CIII (0.01) 
CII + Si11 
A111 (1) 
He11 

0111 (Bowen) 
0111 (Bowen) 
He1 (3) 

MgII (1) 
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LOG LINE 
FLUX 
-11.0 

Figure 9-547. Time variability of the eniissiori line fluxes arid of the integrated continuumflirx 1152-3200 Afiom I978 
to 1985. A deep minimimi occiirred in March 1979. Intel-combination liizes. 

(PERMITTED LINES) 

0.22 0.781.12 1.71 3.07 4.18 5.51 6.75 7.79 8.21 9.31 10.00 10.63 P H A S E S  ly=o on 
1.91 J D  = 2435687 

Figure 9-54b. Same as Figure 9-S4a. Permitted lines. 
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VI.C.3. THE ABSORPTION LINES V1.E. DIAGNOSTICS 

Absorption lines are generally present in all 
the spectra of T CrB, although their intensity has 
shown considerable variations with time. 

The overall UV absorption spectrum of T 
CrB is, at some epochs, very similar to that of late 
B and early A supergiants, with lines mainly of 
once-ionized metals (Fe 11, Ni 11, Cr I1 ...). This 
seems to be a typical signature of symbiotic stars 
during activity phases and mimics an optically 
thick cool shell surrounding the hot component 
(Sahade and Wood, 1978). Kenyon (1986) has 
also reported recently a similar behavior for the 
symbiotic star PU Vul. 

A high-resolution, near ultraviolet (2000- 
3000 A) spectrum obtained on April 30, 1982, 
has confirmed the presence of many absorption 
lines from once-ionized metals (mainly Fe 11). 

V1.D. THE HYDROGEN RECOMBINATION 
CONTINUUM 

The hydrogen free-free and free-bound emis- 
sions are generally an important component of the 
observed UV energy distribution in symbiotic 
stars with which T CrB has been sometimes asso- 
ciated. A determination of this contribution is not, 
in general, possible for the lack of simultaneous 
optical and UV observations. However, for the 
epoch February 198 1, a rough estimation can be 
made from the observed HP flux (1.05 10." erg 
cm s - I  , Blair et al. 1983) in the assumption that 
the emitting volumes are the same. This gives an 
expected flux at 2800 A of 5.3 X 10-l5erg cm-2 s-' 
A-I, a value below the IUE detection limit for the 
exposure time used. 

On the other hand, Kenyon and Garcia (1986), 
have obtained optical spectra in which the Balmer 
jump is clearly present in emission. This is con- 
firmed by recent UV and optical spectra (Cas- 
satella et al. 1988). Probably. the recombination 
continuum is either variable or it was masked by 
the strong far UV component during the high state 
of February 198 1. 

V1.E. 1.  THE ELECTRON DENSITY 

The electron density in the line-emitting re- 
gion has been derived from the intensity ratio of 
the Si 1111 1892 and C 1111 1909 intercombination 
lines, both strong in the spectra of T CrB. Calcu- 
lations of the Si III]/C 1111 ratio from Nussbaumer 
and Stencel (1987) were adopted. In addition, it 
was assumed that 

( 1 )  The ionization fraction [N(Si III)/N(Si 
I)]/N(C III)/N(C I) is about 0.5. 
(2) The Si and C abundances are solar. 
(3) The electron temperature of the emitting 
region is 15000 K (see following). 

The mean value of the electron density since 
January 1979 is 2.8 x 10"' cm-i. The highest den- 
sity ( I  .2 x 10' cm-') conesponds to the peculiar 
spectrum of February 1981, while the lowest 
value (1.8 x 10" cm-3 ) is recorded on March 9, 
1985. 

An independent estimate of the electron 
density can be made using the N 1111 multiplet 
around 1750 A, whose line components could 
be detected in two high-resolution spectra. 
From the measured fluxes of these lines, and 
the calculations by Altamore et al. (1981), i t  
results Nc = 1.7 x 10"' cm' on June 1980, and 
Ne=1.3 x IO"' cm-' on February 1981, in agree- 
ment with the low-resolution estimates. 

VI.E.2. ELECTRON TEMPERATURE 

The electron temperatures of the line-emitting 
regions can be determined from the low-resolu- 
tion spectra by making use of the N IV 17 18 / N V 
1240 and the C 111 1 176 / C 1111 1909 flux ratio be- 
tween lines produced by dielectronic recombina- 
tion and lines produced by collisional excitation, 
following the calculations by Nussbaumer and 
Storey ( 1  984). 

The measured line ratios, corrected for red- 
dening, and the derived electron temperatures 
give a mean value of about 13000 K +/-I000 K. 
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The C 111 1176 / C 1111 1909 flux ratio provides 
values which are systematically higher than those 
derived from the N IV 1718 / N V 1240 ratio. 

Note, however, that the C I11 1176 emission 
falls near the camera sensitivity cutoff, and it 
is, therefore, difficult to measure accurately. 

VI.E.3. DETERMINATION OF Ph FROM 
THE UV LUMINOSITY 

Accretion onto a compact object is a com- 
monly accepted mechanism for producing the 
observed UV luminosity in Cataclismic Vari- 
ables. In most cases (semidetached systems), 
the mass transfer is achieved through Roche-lobe 
overflow but wind accretion can also be effective, 
especially for detached systems containing a 
mass-losing primary. In the absence of (strong) 
magnetic fields, matter accretes on the compact 
object forming an accretion disk. Mass loss can be 
estimated if the disk luminosity and the nature of 
the accreting object are known or assumed. In this 
case h? = 2RL/GM, where R and M refer to the 
accreting object. 

This value of If4 is not model-dependent but 
requires the knowledge of the bolometric ac- 
cretion luminosity. In general, therefore, it 
underestimates the mass-loss accretion rate if 
only a limited spectral range is available. As- 
suming a distance to T CrB of 1300 pc, the red- 
dening corrected IUE integrated luminosity 
ranges from 2.6 x erg/s (21 March 1979, 
deep minimum) to 2.6 x 10” erg/s (1 May 1983, 
maximum). An average value of the integrated 
UV luminosity is 2.2 x erg/s. The IUE ob- 
servations have shown that the disk luminosity 
is radiated mostly in the UV with a negligible 
contribution to the optical. This is a strong 
indication in favor of a white dwarf accretor: a 
main sequence accretor is expected to emit 
mostly in the optical region in contrast with the 
observed behavior of T CrB. 

The presence of a quite strong He I1 1640 
emission sequires a very hot continuum with a 
temperature of the order of 10’ K . This value 
also is hardly compatible with a main-sequence 

accretor and suggests in itself the presence of a 
compact accreting object (see also the follow- 
ing sections). Taking indicative values of a 
white dwarf (M = 1 M and R=0.01 Re ), the de- 

a. 
rived accretion rate is M= 4 x M /yr (= 2.5 
10’’ gr/s.) An independent check for M can be 
made through the &I- 11640 intensity relation 
given by Patterson and Raymond (1985b). Their 
Table I1 gives &I = 10’’ g/s for L (1 640) = 10” erg/ 
s and M = ‘Ma for the white dwarf, in good 
agreement with our estimate based on the UV 
continuum. The same model gives, for this &, a 
boundary layer temperature of about 4x105 K 
with a luminosity of erg/s. 

VI.E.4. THE ZANSTRA TEMPERATURE 
FROM HE I1 1640 

The He I1 1640 emission, as a recombination 
line of an ion requiring 55.4 eV for ionization, 
is an unambiguous and useful indicator for the 
presence of high-energy radiation in the spec- 
trum. This line, together with the 14686 emis- 
sion, has long been known as a typical signa- 
ture of X-ray binaries (Patterson and Raymond, 
1985a). It is remarkable that 11640 is often 
absent in dwarf novae (Szkody, 1985), while it 
is present in AM Her stars and intermediate 
polars. 

Because of the high energy of its lower 
level, it is unlikely that the He I1 1640 line is 
formed by a mechanism other than recombina- 
tion after radiative ionization. This seems indeed 
to be the case of T CrB, as indicated by the posi- 
tive correlation between the He I1 1640 and the 
UV continuum fluxes. Whatever the nature of the 
ionizing source is, it is possible to estimate its 
temperature using the Zanstra method under the 
assumption that the ionizing source radiates as a 
blackbody and that the He I1 emitting region is 
optically thick to the continuum of the blackbody 
source shortward of 228 A (ionization limit of He 
11). With the assumption that the reddening cor- 
rected flux of T CrB at 1300 A, F(h1300) is en- 
tirely contributed by the blackbody source, the 
flux ratio F(h1640) / F(11300A) provides a direct 
indication of the Zanstra temperature (see, e.g., 
Pottash, 1985). The He I1 Zanstra temperature 
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was substantially constant over the period cov- 
ered by the UV observations: T(Z) = 66000 K, on 
average. 

Because of the assumptions implicit in the 
definition of the Zanstra temperature, the 
above value is actually a lower limit to the tem- 
perature of the ionizing source. 

V1.F. THE EUV/SOFT X-RAY LUMINOSITY 

The 1640 intensity can be used to determine 
the number of photons with energies higher 
than 55.4 eV, to provide an estimate of the 
EUV/soft X-ray flux in T CrB. The average 
value of the He I1 1640 line intensity is 5 x 
IO-'' erg S-I cm-2. Since the distance to T CrB is 
1300 pc, the average A1640 luminosity is 
1 . 3 ~ 1 0 ~ ~  ergjs. Assuming case B recombination 
and assuming that all EUV photons are able to 
ionize He 11, it is possible to estimate the number 
Q4 of photons with energies higher than 4hv = 
55.4 eV (See also Pottasch, 1985): 

O0 L,d v - a(B,tot) He'+ L(1640) - 
Q4= hv a(@) 1640 h ~ ( 1 6 4 0 ) '  

4 VU 

Taking a(B, tot) = 2.6x10-13, a (eff 1640) = 
8~1O-~~,hv(1640)=7.5eV,itresults thatQ4z3.3 

photons. Assigning an average typical en- 
ergy of 100 eV to these photons, the obtained lu- 
minosity is about 5 x erg/s. This is, however, 
a lower limit for L(EUV), since it seems unlikely 
that all photons ionize He I1 and also that we are 
in a spherically symmetrical situation. A value of 
a few erg/s seems realistic (- 100 L @). 

From this, one can obtain a rough (but in- 
dicative estimate of the dimensions of the re- 
gion involved from the simple relation L = 4.n R2 
o T4 with T - lo5 K; R = 1 . 2 ~ 1 0 ~  Km. It is tempt- 
ing to relate this value to a region associated with 
a white dwarf. 

V1.G. THE RELATIVE OPTICAL+UV+ 

LUMINOSITY 
X-RAY CONTRIBUTION TO THE TOTAL 

The hot component (disk) luminosity contrib- 

utes to the satellite UV mostly. At some epochs 
(Bianchini and Middletich, 1976; Walker, 1977; 
Oskanyan, 1983) there has been a contribution by 
the hot source to the ground U at best, but never to 
the B or V, as confirmed also by the FES pho- 
tometry that has shown no correlation with the 
significant far UV variations. On the other hand, 
if the observed far UV continuum slope (A-" with 
a = 1.2 on the average) is extrapolated toward the 
visible, a contribution of a few percent to the giant 
optical luminosity (100 L o  ) is expected and 
should be detectable by the FES photometry. 
Evidently, the above power-law approximation 
breaks down at longer wavelengths, probably 
because the disk becomes optically thin in its 
cooler outermost layers, thus truncating its con- 
tribution to the optical. In practice, the disk-hot 
component emits only in the satellite UV and, at 
some epochs, in the ground U, while the giant 
emits mostly at longer wavelengths. 

It is remarkable that the soft x-ray luminos- 
ity, as estimated from the He I1 emission inten- 
sity gives a power comparable to that of the UV: 

L (disk) 2 2 ~ 1 0 ' ~  erg/s = L (UV) 
L (EUV-soft x) 2 ergjs; L (hard x)= 

erg/s. 

V1.H. THE NATURE OF THE COMPANION 

A white dwarf companion has been explicitly 
or implicitly assumed in the previous considera- 
tions. There are, in fact, several observational 
indications which are hardly compatible with the 
presence of a main-sequence companion: 

1) The bulk of the disk luminosity is emitted in 
the UV, with a negligible contribution in the 
optical range ( L ( u V ) - 2 ~ 1 0 ~ ~  erg/s and 
F,(UV) - h-'.2). This UV luminosity is larger 
than that found in old novae. It is difficult to 
explain at the same time this UV luminosity 
and its spectral distribution with a main se- 
quence accretor, because this would require 
a very high accretion rate and, as a conse- 
quence, the disk would emit mostly in the 
optical, contrary to what is observed. With the 
white dwarf assumption, the observed UV 
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continuum luminosity (a lower limit of the 
total disk luminosity) gives &l> 2.5 lo1* gr/ s. 
2) A rather strong He I1 h1640 emission is 
generally present: L (1640) = 1 . 2 ~ 1 0 ~ ~  erg/ s. 
(N V is also present, although weaker). These 
emissions are indicative of temperatures of the 
order of lo5 K, and are naturally associated 
with the boundary layer. The semi-empirical 
estimates of Patterson and Raymond (1983, 
who assume a white dwarf, associate to this He 
I1 1640 luminosity a mass-accretion rate of 8 x 
IOi8  gr/ s , in good agreement with that derived 
directly from the UV luminosity. It is also re- 
markable that only a white dwarf accretor, at 
the calculated &l, can explain at the same time 
both the observed UV luminosity and the high 
temperature required to produce the He I1 
1640 emission intensity. 

3) The X-ray luminosity (Cordova, et al., 1981) 
from the Einstein satellite in the range 0.2-4.5 
KeV is L = Sx103’ erg/ s , of the same order of 
that found in the X-ray brightest old novae 
(mean value 6 x lo3’ erg/ s from Patterson and 
Raymond, 1985a). 

4) The EUV luminosity emitted below h228 A, 
as estimated from the He I1 1640 emission is 2 
S x erg/ s, that is, comparable with the 
observed UV luminosity L(UV) = 2 x 
erg/ s . If L(UV) is attributed to the disk and 
L(EUV) to the boundary layer, it is evident 
that the power emitted by the disk is on the 
same order of magnitude as that emitted by the 
boundary layer, in agreement with the theo- 
retical predictions for a “standard” disk around 
a white dwarf accretor (Patterson and Ray- 
mond, 1985b). They also predict that when A 
is larger than 10l6 gr/s, then only a small frac- 
tion of the bolometric luminosity is emitted as 
“hard” X-rays (0.2-4.5 KeV), as actually ob- 
served, (point 3: Lx = 1.5 10” erg/ s). 

5 )  The shape of the C IV 15.50 (and He I1 1640) 
emission lines in high-resolution spectra is 
very wide and shallow. C IV, the strongest UV 
line in low-resolution spectra, is hardly evi- 
dent at high resolution, while weaker lines 
(e.g., the semi-forbidden lines of CIII and Si 
111) are sharper and clearly present. 

This indicates that C IV and He I1 are strongly 
broadened by rotation, probably because they 
originate in the innermost disk region. The 
(HWZI ) for C IV gives v sin i larger than 1000 
km/s, a value not compatible with a main- 
sequence star. 

Two other indications for the presence of a 
white dwarf in T CrB are the presence of 
flickering (Walker, 1977; Bianchini and 
Middletich, 1976) and the fact that in the 1946 
outburst the expansion velocity reached -5000 
km/s (Herbig and Neubauer, 1946), a value of 
the order of the escape velocity from a white 
dwarf. 

All these arguments in favor of the white dwarf 
are “disturbed” by the results of the orbital data 
for T CrB, which suggest a mass for the compan- 
ion higher than that acceptable for a white dwarf 
(Kraft, 1958; Paczynski, 1965). 

The problem of the radial velocity is of criti- 
cal importance. Radial velocity variations in the 
giant’s lines were first noted by Sanford (1949) 
who proposed a period of 230 days. A subsequent 
investigation by Kraft (1958) led to an improved 
period (227.6) and to the detection of radial ve- 
locity variations also in the H emissions whose 
considerable width (300 km/s) together with their 
small velocity range (K, =30 km/s), prevented 
Sanford to detect the radial velocity changes. 
Kraft used several plates for the determination of 
K, (23 km/s), but seven plates only for the detec- 
tion of K,. Paczynsky (1965), using the same data 
as Kraft improved the curves obtaining K, =22.9, 
K, = 3 1.3+/- 2, and q = M,/M, = 1.4 4 - 2 .  Adopt- 
ing i = 68”, the results for the masses were M, = 

2.6 Ma , and M, = 1.9 Ma , thus placing the hot 
component above the Chandrasekhar limit. This 
fundamental conclusion has remained unchecked 
since then. It must be stressed that: 

1) The H emissions of T CrB are quite wide 
(300 km/ s) and severely distorted by the ab- 
sorptions of the giant and show a composite 
structure; are they necessarily associated with 
the orbital motion of the hot component? 

2) An entire period of the emission lines was 
covered by only seven points (plates) in all, 
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and only two plates were close to quadratures 
(velocity maxima). 
3) About 30 years have elapsed since these 
radial velocity determinations. Even nowa- 
days, in spite of the considerable improving 
in the measuring techniques, the problem of 
how to measure Ken, is serious and difficult. 
For a critical analysis of the detection of K em 

see, for example, Wade (1985), p. 307; 
Shafter (1985), p. 355; and Gilliland et al. 
(1986). 
4) Kraft himself (1933, after the laborious 
operations for reconstruction of the emis- 
sion profile, explicitly stated (p.629) that “a 
non negligible degree of error might still 
exist in the orbit derived from the H emis- 
sions. ” 

Under all these circumstances, an error of 8 
km/s in cxccss for the K, value by Kraft (1958), 
whose measurement is substantially based on 
two points only (and of critical determination), 
is not unlikely. A reduction of K, by this 
amount would yield K, = K, = 23 km/s and a 
solution M,, M,= 1.4 M, for the masses, thus 
allowing the accreting object to be a degenerate 
dwarf near the Chandrasekhar limit. 

Note that this is the sole solution compatible 
withq2 1 ,M,<  1.4M0 andi=68”(q=MI/M,).  

Recently, Kenyon and Garcia (1986) have 
accurately remeasured K, (= 23.3), confirming 
substantially the value proposed by Paczynsky 
(1965). They have not attempted, however, to 
remeasure the emission line radial velocity 
and, in their new determination of the orbital 
parameters, they either have assumed q = 1.2, 
or have used indirect methods to give evidence 
that q = 1.3. How can the discrepancy between 
the UV observations (which clearly indicate a 
white dwarf companion) and the radial velocity 
studies (which indicate a companion more mas- 
sive than 1.4 M, ) be reconciled? Two possible 
scenarios can be envisaged: 

1) The radial system is triple, composed of a 
“normal” binary nova and the giant. The mass 
of the “companion” of the giant is the mass 
of the nova system (MTot = 1.8 M,), compat- 
ible with the presence of a 0.5 M, red dwarf 

and of a rather massive ( ~ 1 . 3  M,) white 
dwarf. 

2) The radial velocity results are (slightly) 
wrong: K, is smaller and of the order of K, =. 

23 km/s. In this assumption, the radial ve- 
locities would be compatible with the pres- 
ence of a MI  = 1.4 Ma giant, and of a very 
massive (M, = 1.4 M0 ) white dwarf. 

It is remarkable that theoretical considera- 
tions (Starrfield et al., 1986) require the pres- 
ence of a massive white dwarf in recurrent 
novae. It is also remarkable that the li4 derived 
from the UV observations (&I = 4 X M,/yr) 
is exactly that requested to produce a recur- 
rence time of the order of 100 years (or slightly 
less) for the outbursts in a massive ( 1.4 M, ) 
white dwarf (Kenyon, 1988, Livio, 1988). 

New, accurate, radial-velocity measure- 
ments of the emission lines associated with the 
hot component are clearly required. Unfortu- 
nately, in the optical most hydrogen lines are 
contaminated by the cool component, and the 
He lines are rather weak. The UV range offers 
a line (He I1 h1640), which is a good candidate 
for the measurements of K,: beyond any doubt, 
it is associated with the hot component and, 
thanks to the high excitation (40.8 e V) of its 
lower level, it is not affected by reabsorption. 

The acquisition of a series of high-resolu- 
tion spectra with good signal-to-noise ratio of 
this line however, is, a task that only the Space 
Telescope can successfully perform. 

VII. CONCLUSIONS 

The detailed description of the observed char- 
acteristics of the five known recurrent novae 
proves the statement made in the first section of 
this chapter: They are a rather inhomogeneous 
group. T CrB and RS Oph are very similar: a) both 
have a quiescent visual spectral type M 111; b) 
both are fast novae; c) both have spectra in out- 
burst characterized by strong emissions and 
strong coronal lines; d) both have been detected 
with the IRAS and present a low infrared excess; 
e) both present variable ultraviolet spectra, but 
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we cannot say if their shape and variability are 
similar or very different-as it appears from the 
available observations-because T CrB has been 
observed for several years during its quiescent 
state, while only few observations have been 
made for RS Oph in quiescence and in outburst. 

U Sco is a fast nova like T CrB and RS Oph, 
but has very different characteristics: Its visual 
spectrum at minimum is GO V, and it does not 
present forbidden and coronal lines during out- 
burst. The ultraviolet spectrum in outburst is 
completely flat with superposed permitted and 
semipermitted emissions. 

T Pyx and V 1017 Sgr are both slow novae. 
However, this is the only common characteristic. 
T Pyx is a typical recurrent nova, whose outbursts 
are very similar to each other (and this is true also 
for the other recurrent novae with the exception of 
V 1017 Sgr), while V 1017 Sgr has presented 

outbursts of different amplitudes. T Pyx has a 
very blue spectrum at minimum, while the mini- 
mum spectrum of V 1017 Sgr is G5 111. The spec- 
trum of T Pyx in outburst is characterized by the 
presence of several strong forbidden and coronal 
emissions, while V 1017 Sgr presents no forbid- 
den lines with exception of weak [Fe 111 lines. 

The chemical composition of the ejecta of 
the recurrent novae is not homogeneous, suggest- 
ing that different processes originate the out- 
bursts. For instance, the scanty available determi- 
nations indicate that U Sco presents He and N 
excess, RS Oph presents N excess, while T Pyx 
shows no evidence of CNO excess and presents a 
slight deficiency of He. No data are available for 
T CrB and V 1017 Sgr. 

The meaning of the abundances of the ejecta 
and their relation to the mechanisms producing 
the outburst have been discussed in chapter 7. 
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M .  Hack and M .  Friedjuiig 

We summarize here the main results and the 
several open questions on classical and recurrent 
novae, both from the observational and theoreti- 
cal side. 

I. THE OBSERVATIONS 

The observations indicate that three main peri- 
ods can be recognized in the nova phenomenon: 
the quiescent stage, when the object behaves like 
a typical dwarf nova; the outburst, when the more 
or less rapid increase of luminosity is accompa- 
nied by expulsion of several envelopes producing 
the premaximum, the principal, the Orion, and the 
diffuse-enhanced spectrum; and the nebular 
phase, when the envelope becomes sufficiently 
rarefied to give a pure emission-line spectrum 
and becomes spatially resolvable a few years af- 
ter the outburst. 

The space era has offered the possibility of 
measuring almost the whole electromagnetic 
spectrum of celestial objects. What has been 
the gain in knowledge we have obtained in the 
special case of novae? 

As it was observed for the first time for FH 
Ser, the bolometric magnitude remains con- 
stant for a longer time interval or presents a 
much slower decline than the visual magni- 
tude. 

As we have seen in Chapter 6, ultraviolet 
and X-ray observations have strengthened the 
previous evidences that all novae are close 
binary systems and confirmed the presence of a 
white dwarf and an accretion disk in classical 
novae, and probably also in all recurrent novae, 

although some doubt that the companion is a 
dwarf nova or a main-sequence star still exists for 
some systems (e.g., see discussion on T CrB in 
Chapter 9). 

Infrared measurements, both from the 
ground and space, have clarified the reason for 
the presence of the dip in the light curve of slow 
novae, i.e., formation of dust in the ejecta, al- 
though it is not still clear which is the mecha- 
nism of formation. Several examples suggest 
that these mechanisms are more efficient in 
slow novae than in fast novae, but they seem 
not efficient in very slow novae like HR Del or 
RR Pic, which do not present any dip in their 
light curve. 

Radio observations, together with imaging 
and spectroscopy have given information on 
the extension, shape, density, temperature, and 
motions of the envelope and the rate of mass 
loss. 

There are some indications that the old nova 
remnants need very long time intervals to go 
back to the preoutburst state remaining brighter 
than their prenova magnitudes for several tens of 
years. For this reason, it is very important to find 
and to observe the remnants of historical novae 
like WY Sge 1783 and CK Vu1 1670. The sensi- 
tivity of the new electronic detectors can be of 
great help in finding very faint traces of past 
outbursts. The IUE satellite has permitted us to 
observe several quiescent novae and to monitor 
some of them for time intervals sufficiently long 
for studying their variability, thus permitting us 
to detect periodical, quasi-cyclical and irregular 
variability. 
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Moreover, several outbursts of novae have 
been monitored with IUE. Combined optical and 
ultraviolet observations of novae in outburst have 
permitted us to derive more accurate abundances 
in the ejecta, because of the possibility of observ- 
ing lines of several elements in different ioniza- 
tion states. The previous results, that CNO are 
enhanced, and that enhancement is generally 
stronger in fast than in slow novae, are confirmed: 
none of the novae studied with IUE have ejecta 
with solar abundance. A very important result is 
the discovery of another class of novae (Starrfield 
and Snijders, 1987). The members at present are 
three: V693 CrA 1981, V1370 Aql 1982, and 
Nova Vu1 1984 # 2. 

In V693 Cr A, all the intermediate mass 
elements, from nitrogen to aluminum are en- 
hanced by a factor of about 100. In V 1370 Aql, 
the elements up to sulphur are enhanced, and 
neon is the most abundant element in the 
ejecta. Also Nova Vu1 1984 # 2 shows a large 
overabundance of neon in the ejecta. Recent 
developments of the thermonuclear runaway 
theory (Starrfield et  al. 1985, 1986) have 
shown that these observations are explained by 
the ejection of core material from an oxygen, 
neon, magnesium white dwarf. Hence, we can 
distinguish novae with CO white dwarfs and 
novae with ONeMg white dwarfs in close binary 
systems. The main distinguishing feature is the 
emission line [Ne IV] 1602. If it is present at late 
times in the outburst, the ejecta are neon rich 
(Starrfield and Snijders, 1987). 

The evidence that all the well-studied ob- 
jects are close binaries may explain the large 
variety of behavior of novae. In fact, we dispose 
of a larger number of parameters than one can 
have with a single star, and this explains, at 
least qualitatively, such a large variety of phe- 
nomena observed among members of a same 
class. However, a large number of questions 
must still be answered. Let us summarize some 
puzzling observations. 

All nova systems have periods larger than 2.82 
hours and shorter than 1 day with just two excep- 
tions: CP Pup, period P = 1.58 hours (the only 
nova known to have a period below the gap) and 

GK Per, P = 1.9 days (the only nova known to 
have a period longer than one day). Light curves 
are not exactly repeatable, and when they present 
minima, they are not always simply interpretable 
as an eclipse of the hot companion, because the 
epochs of the minima are sometimes varying. The 
variability in light curves, and especially the 
varying epochs of the minima both seem to vali- 
date the idea that it is the eclipse of an unstable 
structure like a hot spot on the accretion disk that 
we are observing, and not the hot star itself. 

The part devoted to dwarf novae and nova-like 
stars shows the great similarity of these two 
classes of cataclysmic variables with that of these 
quiescent novae. Actually, several quiescent 
novae are members of a specific class of dwarf 
novae. Hence it remains an open question 
whether all dwarf novae have suffered or will 
suffer a nova outburst. We still do not know why 
systems with practically identical properties may 
or may not develop an outburst phase. 

The observations that the properties of a 
nova before and after outburst remain the same 
is a proof that the outburst, alrhough so impres- 
sive from the observational side, affects only 
the “skin” and not the internal structure of the 
system. 

We can ask why the seectral and photomet- 
ric characteristics of quiescent novae are so 
similar to each other, and why they develop 
such macroscopically different characteristics 
in outburst: very fast and very slow evolution 
of the outburst, expansion velocities up to sev- 
eral thousand km/s or a few hundred km/s, fast 
novae with smooth light curves, or curves pre- 
senting oscillations during the decline, slow 
novae with a secondary maximum, generally 
absent in fast novae, etc. 

Why do few quiescent novae present coherent 
oscillations, while the majority of the others pres- 
ent flickering? 

Why does the general rule-valid for dwarf 
novae-that the spectrum of the cold compan- 
ion is detectable only for orbital periods greater 
than six hours seem not to be valid for all old 
novae? 
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Are some slight differences observed-on 
the average-among the spectra of dwarf no- 
vae, nova-like, and quiescent novae real? Or 
are they due only to the low number of observa- 
tions of a same individual with highly variable 
spectrum? A better understanding of these 
phenomena could be obtained by long series of 
observations of a few selected objects, rather 
than by a few scattered observations of a large 
number of individuals (see, for example, the 
important results obtained by the long series of 
optical observations of GK Per-see Chapter 
8-and of UV observations of T CrB-see 
Chapter 9). 

Two important physical quantities that are 
badly known are the masses of the two mem- 
bers of a nova system. Moderately high-resolu- 
tion spectra of these faint objects, in the ultra- 
violet and in the infrared, could improve our 
knowledge on this fundamental parameter, 
which is one of the basic assumptions in the 
theories of thermonuclear runaway. An out- 
burst can be reproduced by these theories if the 
mass of the white dwarf is larger than the aver- 
age mass of single white dwarfs (about 0.6 
solar masses). Now the existing data (Ritter 
catalogue, 1987) suggest that white dwarfs in 
nova systems are included between 0.6 and 1 
solar masses, while dwarf novae and nova-like 
have both lower and higher values, ranging 
between 0.1 and 1.25 solar masses. However, 
the sample is much smaller for novae than for 
the two other groups. Is the frequency of fast 
and slow novae really different in our galaxy 
(fast novae represent more than 70% of all 
novae) and the Andromeda galaxy, where the 
slow novae are more abundant, according to 
Arp? Unfortunately we do not have ample sta- 
tistics on the frequency of various types of 
novae in outer galaxies. 

Another open question is: What are the 
physical differences that distinguish classical 
novae from recurrent novae? Some recurrent 
novae, like T CrB and RS Oph, have a red giant 
in the system, instead of a red dwarf. This could 
be a good reason for the difference. But we know 
that U Sco and T Pyx have a dwarf companion, 
just as classical novae. 

Several novae have been observed in the X- 
ray range, with the satellites EINSTEIN and 
EXOSAT. They are rather weak sources in this 
spectral range. The average X-ray luminosity is 
about 6 x lo3' erg/s, while the average UV lumi- 
nosity is There is some evidence (but 
based on a relatively small number of individu- 
als) that fast novae are brighter X-ray sources 
than slow novae. 

GK Per, during the minor outburst of August 
9, 1983, was an exceptionally strong X-ray 
source in the range 2-20 keV, Lx - erg s-I. 

This same nova was exceptional also in the 
radio range. Its spectrum indicates a non-ther- 
mal origin of the emission, in contrast to all the 
other classical novae. Interaction with an old 
planetary nebula in its surrounding could be the 
reason for this peculiarity. 

Thermal radio emission from the envelopes 
of classical novae has been observed in few 
cases, and always later than 100 days from 
outburst for fast novae and as late as 1000 days 
for the very slow nova HR Del. Instead the 
recurrent nova RS Oph was found to be a non 
thermal radio source as soon as 18 days after its 
last outburst of 1985. A possible explanation 
could be the interaction of the expanding enve- 
lope with the previous ejecta. To this point, it is 
interesting to note that the recurrent nova T Pyx 
has an envelope presenting several shells, proba- 
bly produced in different outbursts. This property 
is not shared by the envelopes of classical novae, 
which present polar or equatorial blobs with dif- 
ferent chemical and physical properties, but not 
multiple shells. 

11. THE THEORIES 

Even though novae have been known and stud- 
ied for a very long time, the subject is still ex- 
tremely controversial. Many apparently complex 
phenomena are observed, and their interpretation 
is uncertain. 
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Before its outburst, a classical nova very 
much resembles a dwarf nova or “nova-like’’ 
binary. A component on or very near the lower 
main sequence in almost all cases appears to 
lose mass to a companion, usually via an accre- 
tion disk. The companion is most easily under- 
stood as being a white dwarf. Sudden brightening 
occurs, followed by a slower fading to a bright- 
ness nearly always close to that shortly before the 
outburst. Examination of the spectrum during an 
outburst shows spectral line profiles characteris- 
tic of a medium in expansion, different layers 
having different expansion velocities. The bright- 
ening can therefore be understood as due to ex- 
pansion of an initially optically thick envelope, 
which is ejected at high velocities. The envelope 
becomes optically thinner with time and eventu- 
ally has the properties of an expanding nebula, 
which can be studied in the radio and, even re- 
solved spatially in very late stages. The nova 
remains active for a long time after the start of the 
outburst, its bolometric brightness declines very 
slowly, with most radiation being radiated at 
shorter and shorter wavelengths (ultraviolet 
and X rays) in later stages. This bolometric lumi- 
nosity is not far from the Eddington limit; ap- 
proximate calculations suggest that the total (ra- 
diative and kinetic energy) flux of FH Ser at least 
may have stayed for some time well above the 
Eddington limit. 

Sometimes a large infrared excess is ob- 
served, interpreted as due to dust condensation. 
The dust appears to be sometimes optically 
thick, absorbing and reemitting radiation from 
the centre of the expanding envelope. Absorption 
by it can also affect emission line profiles. Over- 
abundances in CNO and sometimes in heavier 
elements, which have been found particularly 
from studies of the nebular stage, appear to be 
real. The overabundances are probably related to 
the speed with which a nova undergoes its devel- 
opment during outburst. A clear anticorrelation 
between the O/H ratio and the time to decline 3 
magnitudes (t,) was found by Pacheco and Cod- 
ina (1985). 

However, many of the things that happen 
during an outburst are not clear. In the develop- 

ment of an outburst, higher velocity material 
appears later and is almost certainly nearer the 
center of the envelope. It is hard to avoid the 
conclusion that continued ejection occurs, and 
the apparent absence of detectable low-veloc- 
ity material near the centre of the envelope 
would appear to indicate that the wind is opti- 
cally thick. The last conclusion is not always 
accepted, and one future aim must be to test this 
further. In any case, it is not easy to explain the 
presence of many layers, having different ex- 
pansion velocities. A high-velocity wind 
would form a dense shell by a snowplow effect, 
following collision with slower moving mate- 
rial ejected at the beginning of an outburst, but 
usually more layers at different velocities are 
seen. Collisions between parts of the wind not 
ejected at the same time with different veloci- 
ties are possible, while various instabilities 
may lead to the formation of cool clouds in the 
line of sight. The dynamics of such processes, 
including the formation of hot plasma, needs a 
lot of detailed study. It remains to be seen whether 
part of the physics is still missing from present 
ideas. Another point to be emphasized is that 
ejected material is not spherically symmetric, the 
origin of polar caps, equatorial rings, etc. is not 
understood. 

Though nobody who works in the field now 
challenges the theory that the classical nova out- 
bursts are due to thermonuclear runaways in the 
hydrogen accreted by the white dwarf component 
of the binary, many problems still remain. The 
great success of the theory was the prediction that 
a fast nova, i.e., a nova that undergoes its outburst 
development rapidly, must have CNO overabun- 
dances. The overabundances sometimes ob- 
served in heavier elements may be explainable if 
the outburst then occurs on a very massive white 
dwarf having a different composition. However, 
it is difficult to take account of the deviation from 
spherical symmetry in the accretion process of 
the white dwarf. In addition, complex proc- 
esses can be expected during outburst in the 
general framework of the theory. The outer 
layers of the white dwarf should expand and 
engulf the companion star, the motion of the lat- 
ter in the envelope should generate an extra lumi- 
nosity, and the result might be a total luminosity 
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above the Eddington limit. In that case, the radia- 
tion pressure associated with the luminosity 
could accelerate an optically thick wind at large 
optical depth. Other problems also exist for the 
theory of nova outbursts. In particular, do  novae 
“hibernate” during outbursts? 

It is not clear how different recurrent novae 
are from classical novae. Recurrent novae do 
not form a homogeneous group, and it is to be 
hoped that the number of classes of recurrent 
novae does not become larger than five, the 
number of recurrent novae known at the time of 
this writing! Two (T CrB and RS Oph) have an 
orbital period of about 200 days, which is much 
longer than that of classical novae, while the 
stellar companion is a red giant. These recurrent 
novae show no clear sign of continued ejection. 

The outburst spectrum of RS Oph shows the pres- 
ence of both a low-velocity and a high-velocity 
component, the latter having a decreasing veloc- 
ity with time. The spectral development, as well 
as the observed X-ray emission, have been suc- 
cessfully explained by the interaction of the enve- 
lope ejected at high velocity, and the low-velocity 
wind of the companion red-giant star into which it 
is ejected. A similar model may work for T CrB, 
but the three other recurrent novae are different; T 
Pyx, for instance, cannot have a red giant binary 
companion. As far as the outburst mechanism is 
concerned, the situation for recurrent novae is not 
at all clear. Thermonuclear events have been 
challenged in the cases of T CrB and RS Oph, for 
which accretion events have been proposed. 
However, at the time of this writing there is no 
consensus about this. 
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Figure I 1  . I .  The optical spectrum of synihiotic stars Z And, AX Per, AG Diu, AS 289, VI329 Cyg, arid VI016 Cyg 
(Blair et al., 1983). 

ized by: (1) a composite stellar spectrum with two 
apparently conflicting features, and (2) large vari- 
ability. This is what is generally defined as the 
symbiotic pheiionienon (cf. Friedjung and Viotti 
1982, p.227). We want to find out the origin of 
this behavior, and, in particular, to identify and 
measure the physical mechanism(s) which is (are) 
responsible for the observed phenomena. We 
could try a statistical approach to the problem. 

That is to analyze the observational data of as 
many symbiotic objects as possible. For instance, 
we may study the position in the color-color using 
optical and IR photometry. However, this may 
easily be misleading, since 100 or 200 objects 
certainly include objects that have nothing to do 
with the symbiotic phenomenon, such as unre- 
solved planetary nebulae or extreme VV Cep 
variables. In addition, these diagrams generally 
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do not tell us anything about the symbiotic 
mechanism. The sample could also be largely af- 
fected by strong selection effects, as many symbi- 
otic objects are close to the Galactic Plane. 

Finally, symbiotic stars are variable. That is, 
the same object may occupy very different places 
in an observational diagram during different 
phases of its activity. Thus, a single “event” (Le., 
one symbiotic star) is not represented in this dia- 
gram by a single point, but by a complex curve. 
This representative C N ~ I ’ C  varies from object to 
object, and indicates that the physical mecha- 
nisms responsible for the symbiotic phenomenon 
have different weights and shapes in different ob- 
jects. In other words, variability is one of the 
basic observational parameters of a symbiotic ob- 
ject, and perhaps the most important one.‘ In fact, 
we shall show later that a large progress concem- 
ing the symbiotic phenomenon has been made 
through the analysis of the variability in all the 
wavelength ranges. For those objects, the major- 
ity, which have been observed only a few times or 
even only once, the information is too poor to be 
included in a consistent study of the symbiotic 
phenomenon. This is true even if the observations 
cover a wide frequency range. 

In this chapter, we shall give an overview of 
the observations of symbiotic stars in different 
spectral regions. In Chapter 12, we shall discuss 
the models for symbiotic stars, while Chapter 13 
will be devoted to the description of a few well- 
studied symbiotic objects and discuss their obser- 
vations in the light of possible models. We finally 
summarize our present knowledge about the sym- 
biotic phenomenon. This review is not intended to 
give a full account of all the studies on the symbi- 
otic stars so far made, but only to illustrate the 
different aspects of the symbiotic phenomenon 

and to stimulate future researches, Thus, in many 
cases, we shall quote only a limited number of 
articles that appeared essential to illustrate the 
problem. Extensive lists of references can be 
found in the Proceedings of the TAU Colloquium 
70 (Friedjung and Viotti 1982) and Colloqiriiim 
103 (Mikolajewska et al., 1988), and in Kenyon 
1983a; 1983b). Among the several reviews on 
symbiotic stars, we should quote: Swings (1970), 
Boyarchuk (1983), Allen (1984a), Kenyon 
(1986), and Fernandez-Castro (1988). 

11. GENERAL OVERVIEW OF 
THE OBSERVATIONS 

Observation in different spectral regions essen- 
tially gives information about different parts of 
the atmospheric envelope(s) of a symbiotic ob- 
ject. For instance, as we shall show in the follow- 
ing, the red and near-IR regions are in most cases 
dominated by what appears to be a cool star’s 
spectrum, while the far-IR is generally associated 
with thermal dust emission. On the other side, the 
radio flux provides information about the ionized 
cloud surrounding the system. The near-UV and 
the emission lines also are typical features of the 
diffuse ionized gas near the star(s), while the far- 
UV and the X-rays are probably associated with a 
hot star andfor with an accretion disk. 

In this chapter, we shall follow the traditional 
way of first discussing the optical observations, 
which have provided the distinguishing character- 
istics of the symbiotic stars. Then the analysis is 
extended to longer (IR and radio) and shorter 
wavelengths (UV and X-rays). In addition, a full 
section will be devoted to polarimetry, since, 
although this field is so far not well investigated, 
it should give fundamental information on the 
structure of the circumstellar environment. 

(1) We must note that frequently symbiotic stars remain at 
a nearly constant luminosity for a long period of time, even for 
several years. This is, for instance, the case of 2 And during 
quiescence, and of a number of symbiotic novae (V1016 Cyg, 
HM Sge, etc.) some years after the outburst. Because of the 
lack of long enough observations, one symbiotic star could 
appear stable for a long time only because we have missed the 
outburst. But this does not disprove that variability is a major 
feature of the symbiotic phenomenon. 

111. THE LIGHT HISTORY OF 
SYMBIOTIC STARS 

1II.A. INTRODUCTION 

The light history of the symbiotic stars is basic 
to recognize their different activity phases, to find 
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periodicities which could be related to the pres- 
ence of a binary (or multiple) system, and, more 
in general, to separate the different physical sub- 
groups. It should be considered that an obvious 
reason to use visual photometry, instead of IR or 
UV, is that it always covers a much longer period 
of time, and the basic time scales of the symbiotic 
phenomena are of the order of several hundred 
days to decades. Perhaps, the ungoing programs 
of continuous IR and UV monitoring of symbiotic 
stars will considerably change this viewpoint. In 
the study of the light curves, a special warning 
should be made concerning the large contribution 
to the broad-band photometry of the emission 
lines whose integrated flux sometimes exceeds 
that of the continuum. Therefore, the light curves 
might represent the time-behavior of the nebular 
region, rather than that of a central stellar object. 

Symbiotic stars display in the visible a large 
variety of light curves, with one or several nova- 
like outbursts, quasi-periodic oscillations, long 
periods of relative quiescence at minimum or at 
maximum luminosity, short-time variability (e.&., 
flickering), etc. The same object, if observed for a 
long enough period of time, may present many 
different kinds of variability. It is therefore im- 
possible to fit all the light curves of symbiotic 
stars into a common scheme. We might only say 
that the main character of the variations is that 
they are iiregitlai., of moderate ariiplitiide (one to 
few magnitudes) with respect to classical novae 
and cataclysmic variables, and mostly on long- 
time scales (several days to years). But, as illus- 
trated below, small amplitude and short-time 
scale variations are also present. 

HI.B. LONG-TERM LIGHT VARIATIONS 

The light history of one of the best-studied 
symbiotic stars, Z And, is shown in Figure 1 1.2. 

This light curve, which for a long time has 
been the ground for many theoretical works on 
symbiotic stars, is quite irregular. However, two 
main "trends", or pkases, can be recognized: as 
follows ( I )  a sequence of large amplitude (1-2 
magnitudes) oscillations of gradually decreasing 

I I I I 

I I I I 

I I I 

I I I - 1  - 

261 
m 3200 J.D. 

m" 

10 

l2 t 

amplitude, and (2) quiescent phases with the star 
near minimum luminosity. 

In Z And four and maybe five active phases 
(1895-1905 and 1914-1923, not in Figure 11.2, 
1939- I947 and 1959- 1972) have been so far iden- 
tified in its historical light curve (e.g., Kenyon, 
1986). A new minor outburst occursed in March- 
April 1984 (Mattei, 1987; Viotti et al., 1984), and 
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the star was still active in 1986. At the time of 
writing this report, it was not yet clear whether 
this was the beginning of a new active phase, or 
the 1984 and 1986 maxima were isolated events. 
The active phases start either abruptly with a rise 
to maximum (V = 8 or 9) in a few weeks or 
months, or the main outburst is preceeded by a 
smaller light maximum. The time interval be- 
tween two successive light maxima (or minima) 
is not constant, but varies from 310 to 790 days, 
with a mean value of 632 days (Mattei, 1978). It 
should be considered that long-term variations, 
but with a smaller amplitude, have also been ob- 
served during quiescence, especially in the U- 
band. In this case, these oscillations seem to be 
periodic, with a mean period of about 757 days 
(Kenyon and Webbink, 1984) and the maxima are 
not in phase with the above “outbursts.” This be- 
havior will be discussed in more detail in the next 
section. In the following, we shall describe the 
period when a symbiotic star is at minimum lumi- 
nosity (in the visible) as qiriescence or qiriescent 
phcrse, and the period when the star is highly vari- 
able and brighter as actisity or active phase. 

Several symbiotic stars show light curves re- 
sembling that of Z And with active and quiescent 
phases. During the last one hundred years, the 
high-velocity star AC Dra underwent several 
outbursts, reaching a peak magnitude around 
miillO, -1 1 (V-IO). The maxima are separated by 
240 to 710 days (see Robinson, 1969) without 
evidence of a periodic recurrence of the outbursts. 
In addition, as in Z And, there are long lasting pe- 
riods of quiescence from l l to more than 37 
years. During the quiescent phases, the magnitude 
of AG Dra presents small scale fluctuations (e.g.. 
Belyakina, 1969). The amplitude of these fluctua- 
tions increases from visual to near UV, and ap- 
pears to be periodic with a period of 554 d (Mein- 
unger, 1979). 

Another typical case is Cf Cyg, a symbiotic 
star showing both outbursts and recurrent minima 
(see Figure 11-5). Since the beginning of this 
century, this star displayed five outbursts, the 
last one in 1975 when it brightened from V = 11 
to 8.4 in a few weeks (Belyakina, 1979). Two 
months later, the luminosity fell to V-11.3 and 
remained at minimum for about 60 days. CI 

Cyg brightened again to V-9 at the end of 1975 
then gradually faded to V-1 1 in 1980. The be- 
havior in 1975 is qualitatively similar to that of 
Z And at the beginning of its active phases. 
This similarity, however, is only apparent. In 
fact, the deep 1975 minimum is in phase with 
several other periodic minima (period of 855 
days) recorded in the light curve of CI Cyg, and 
should be attributed to an eclipse of a binary sys- 
tem, rather than to a phase of minimum activity in 
between two successive outbursts. If we neglect 
these periodic eclipses, the overall light curve of 
CI Cyg during the recent active phases was char- 
acterized by a rapid brightening of about two 
magnitudes in 1979, followed by a four-year de- 
cline to the present quiescent phase. This behav- 
ior is rather similar to that of the symbiotic novae, 
which will be discussed later in this section. 

In many respects, the classical symbiotic star 
BF Cyg is similar to CI Cyg for showing 
semiregular minima about one magnitude deep 
with a period of about 757 d (Pucinskas, 1970), 
overposed on a much slower trend. As illustrated 
in Figure 1 1.3. BF Cyg brightened from mPf = 12- 
13 to 10 between 1891 and 1894 (Jacchia, 1941). 
This unrecorded outburst was followed by a very 
slow fading, interrupted during the active phase 
around 1916-1922, and continued to present. 

Long-term light variations are also observed in 
the brightest symbiotic star CH Cyg. In recent 
years, this star has varied between V = 6 and 8 
(see Figure 22 in Chapter 13). In general, the 
variations are slow and the fading and brightening 
phases take several months. However, a much 
faster luminosity variation took place in Septem- 
ber 1984, when the visual light dropped by about 
1.5 mag in a few days. This event, associated with 
a strong radio outburst will be discussed on Sec- 
tion V1I.D. Irregular variations on short (-IO2 
days, e.g., Kenyon, 1986), and very short (min- 
utes, see Section 1II.C.) time scales are also pres- 
ent in CH Cyg, and suggest the presence of differ- 
ent mechanisms of variability. 

Among symbiotic stars there is a small group 
of objects showing a light curve quite different 
from those previously described, which actually 
characterize the large majority of the stars com- 
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monly called symbiotic. They are the symbiotic 
novae. In 1964, a nova-like event was recorded in 
Cygnus (FitzGerald et al., 1966) in a faint (B- 
1Y’) M star, M H a  328-116, known to have strong 
Ha in emission (Merrill and Burwell, 1950). The 
luminosity of this object, better known as V1016 
Cyg, gradually increased in the following years 
until B = 11 mag at the beginning of 1968 (see 
Figure 11-4). Since that time, the luminosity of 
V 10 16 Cyg has remained nearly constant. This 
behavior (and the associated spectral variations, 
which will be discussed in the next section) is 
reminiscent of that of novae, but with a smaller 
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Figwe I 1-4 . Scheniatic light citi-ves of the synihiotic 
novae. VI016 Cyg, PU Vul, RR Tel, arid VI329 Cyg 
(=HBV 475). 

amplitude and an exceptionally long time scale. 
In addition, in VI016 Cyg, no decline in the opti- 
cal luminosity of this star was observed until now. 
A similar behavior was more recently displayed 
by H M  Sge. This star brightened from V>17 to 1 1 
mag in a few months, and still is at maximum at 
the time of writing this report. Both stars, VI016 
Cyg and HM Sge, have been included among 
symbiotic stars because of their very rich emis- 
sion line spectrum, and their red-near IR excess 
showing marginal presence of molecular (TiO) 
absorption bands, confirming their symbiotic na- 
ture. 

There are a few more symbiotic stars that had 
a historical light curve with one single major out- 
burst. Allen (1980) listed seven stars having the 
character of very slow novae, or of symbiotic 110- 

w e :  AG Peg, RT Ser, RR Tel, VI016 Cyg, 
VI329 Cyg, HM Sge, and AS 239 (V2110 Oph). 
To this list, we have to add the nova-like variable 
PU Vul, which “exploded” in 1978. In these ob- 
jects, the rise to maximum is much slower than in 
the classical novae (but in two cases, RR Tel and 
HM Sge the brightening phase was not recorded). 
The following phase of luminosity decrease is 
even slower and took from one decade to more 
than one century. In fact, no decline has so far 
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been observed in V1016 Cyg, HM Sge, and PU 
Vul. The fading in RR Tel and probably AG Peg 
was gradual, while in V1329 Cyg, it was charac- 
terized by large light oscillations. In PU Vul, a 
deep minimum was observed just one year after 
its outburst. In these two objects, the minima 
could be caused by eclipses in a binary system, 
but the PU Vu1 deep minimum could be due to 
temporary occultation by dust (Friedjung et al., 
1984). In any case, as illustrated by Figure 11-4, 
we can hardly speak of a typical light curve of 
symbiotic novae, except for the fairly steep and 
large brightening with respect to the other symbi- 
otic stars. These objects will be discussed in 
Chapter 13, Section IV. 

1II.C. SHORT TIME VARIATIONS 

The light curve of symbiotic stars is character- 
ized by irregular variations of short (days and 
minutes) time scales overimposed on the long- 
term trend described above. In general, this vari- 
ability is poorly known and in many cases its real- 
ity is questionable. In fact, our knowledge on the 
light behavior of symbiotic stars, in most cases, is 
based on visual estimates that are intrinsically 
uncertain by a few tenths of magnitudes. Actu- 
ally, only a few objects are included in current 
monitoring programs using standard procedures 
of observation and reduction. In most cases, our 
knowledge is based on visual estimates that are 
uncertain by a few tenths of a magnitude. For in- 
stance, the light curve of Z And shows several 
small amplitude fluctuations besides the already 
discussed long-term behavior, which are probable 
real. Night-to-night UBV variations in CI Cyg 
have been claimed by Burchi et al. (1984) and 
Chochol et al. (1984). The amplitude seems to be 
larger at shorter wavelengths. 

Intermediate filter photometry is more appro- 
priate for the study of the nature of the rapid vari- 
ations (Kenyon 1986). Short-term fluctuations on 
a time scale of minutes have been observed in CH 
Cyg by Cester (1968) and Wallerstein (1968). As 
in the case of CI Cyg, the amplitude increases 
with decreasing wavelength. The phenomenon is 
similar to the “flickering” observed in dwarf no- 
vae, and could be a means to investigate the na- 
ture of the hot component in symbiotic systems. 

However, a survey of Walker (1977) suggests that 
the majority of symbiotic stars are constant to 1 
pel- cent over time scales of 20 minutes to 2 
hours. We finally note that a large flickering is 
present in the recurrent novae T CrB and RS Oph, 
stars that are frequently included among symbi- 
otic stars. 

1II.D. PERIODIC LIGHT VARIATIONS 

As discussed above, in some light curves, one 
can identify a series of minima occurring at 
regular, or quasi-regular time intervals. About 
one dozen periodic minima were discovered by 
Hoffleit ( I  968) in the Maria Mitchell Observa- 
tory plots of CI Cyg covering the period 1916- 
1967 (Figure 11-5). The periodicity of 855 d 
was confirmed by new extensive photometric 
studies carried out among others by Belyakina 
(1974). As in other symbiotic stars, during 
these minima CI Cyg becomes redder, suggest- 
ing that the light decrease is associated with 
fadings or eclipses of the blue spectral compo- 
nent. Periodic minima were also discovered in 
the southern sky symbiotic AR Pav by Mayall 
(1937), who derived a period of 605 d. Semiregu- 
lar variations are also present in BF Cyg as dis- 
cussed above (see Figure 11-3), while in other 
cases, such as Z And during its active phases, the 
light minima do not suggest a periodic trend. 

It would be of crucial importance, for under- 
standing the symbiotic stars, to find out any pe- 
riodic phenomenon in the observations that 
could be associated with orbital motion in a bi- 
nary system, or with stellar rotation or pulsa- 
tion. The problem is to separate any “regular 
trend” from the irregular variations associated 
with the large scale activity, and with the mi- 
crovariability illustrated in the previous sections. 
For instance, the minima of CI Cyg are clearly 
present in the whole recorded light curve, inde- 
pendently on the “activity.” This is best illus- 
trated in Figure 11-5 that show the recent light 
curve of CI Cyg. 

During quiescence the recurrent minima are 
difficult to identify, since the star’s minimum 
luminosity (V - 11.1) is only a few tenths of a 
magnitude fainter that the mean luminosity at 
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quiescence (V - 10.8-1 1.0), and this difference is 
of the same order of magnitude as the observa- 
tional errors and as the irregular light fluctua- 
tions. On the contrary, when CI Cyg is in outburst, 
the minima are very deep. It is worth noting that 
during these phases, the star attains the same 
minimum magnitude as during the minima in 
quiescence. Thus, the minimum luminosity is 
independent on the phase of activity, and might 
suggest complete eclipse of the variable hot 
component, as also confirmed by Belyakina 
(1979) results that the minima are deeper in the U- 
band. 

During quiescence, the light curves of many 
symbiotic stars present quasi regular long term 
fluctuations. Figure 11-6 shows the light curve of 
AG Peg during 1964-1984 characterized by sev- 
eral recurrent minima separated by about 827 d 
(Belyakina, 198.5). The amplitude is larger in B 
and U. A similar behavior was found in other 

AX PER 

AG PEG 

BINARY PHASE 

symbiotics such as AG Dra (Meinunger, 1975), 
AX Per (Kenyon, 1582), SY Mus (Kenyon and 
Bateson, 1584). Also, these variations can be at- 
tributed to partial eclipses of a binary system. 
Small-scale periodic oscillations of the visual lu- 
minosity of RR Tel are, on the contrary, attributed 
to the pulsation of its Mira component (Heck and 
Manfroid, 198.5; Kenyon and Bateson, 1984). 

BX Mon represents an extreme case of quasi- 
periodic variability. From a study of a collection 
of Harvard plates taken between 1890 and 1940, 
Mayall (1940) concluded that BX Mon was a very 
long period variable with P = 1380 d, mpg (max) = 
10.02 and nipg (min) = 13.05. Thus, this star 
should be an extrexe Mira-type vasiable with 
prominent symbiotic characteristics. However, 
the periodicity has not been confirmed (Iijima, 
198S), and the large amplitude photometric vari- 
ations could be attributed to the hot component 
activity, rather than to a Mira variable (Viotti et 
al., 1'986). 
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Figlire 11-6. Periodic light variations of symbiotic stars: AX Per, AG Peg, RR Tel (Kenyon, 1986), arid BX Mor1 
(Mayall, 1940). 
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It is clear from the above considerations that 
the presence of periodic light variations does not 
represent an evidence of binarity. Only observa- 
tions in different ranges can provide an answer to 
this problem. Table 11-1 summarizes the main 
parameters of the regular, or quasi-regular light 
variation observed in symbiotic stars. 

clearly distinguish among the two, irregular and 
periodic, types of long-term variation, since they 
are associated with two different phenomena. 
Most symbiotic stars show small amplitude (one- 
tenth of magnitude) fluctuations on time scales 
from days to minutes. In many cases, the photom- 
etric accuracy is not large enough to confirm 

TABLE 11-1 .  BASIC DATA ON THE OPTICAL LIGHT VARIATIONS IN SYMBI- 
OTIC STARS. 

Star Maximum (JD) 
2400000+ 

Period 
d a w  

Ref. 

Z 
EG 
CI 
AG 
RW 
BX 
SY 
AR 
AG 
RR 

And 
And 

Dra 

Mon 
Mus 
Pav 

Tel 

CYg 

HY a 

Peg 

43200.5 
11902 

21519.2k4.2 

35 175.7k15.7 

42710.1 k6.0 
42550.7k18.7 

756.85 
470 
855.25 
554 
372.45 20 .3  
1380 
627.0 21.2 
605 
816.5 t 0 . 9  
374.2 23.8 

1 
2 

3 34 
5 
1 
6 
7 
8 
9 
10 

Notes to the table. ( I )  Kenyon and Wehhitik (1984). ( 2 )  Sniith (1980). (3)  Greenstein (1937). (4)  Relyakina (1974). 
(5) Meinimger (1979). ( 6 )  Mayall (1940). (9)  Fepiie (1985). ( I O )  Ketiyoii and Bateson (1984). 

As a conclusion of this section on the light 
history of symbiotic stars, there is a large vari- 
ety of shape, amplitude, and time scale in the light 
curves of different objects. But also, the same 
object generally displays different types of vari- 
ability at different epochs, and variations on long 
and very long time scales to short and very short 
ones. The “secular” behaviour is known only in a 
relatively small number of objects (a few dozen), 
obviously because it requires observations for 
several decades. But also observations for more 
than one century for a few objects have not helped 
the understanding of their long-term behavior. 
The variations are, in general, irregular. The 
regular or quasi-regular fluctuations found in 
several objects are attributed to recurrent eclipses 
of a binary system. In many cases, this has been 
confirmed by the spectroscopic observations. It is. 
important in any study of symbiotic stars to 

these variations and their behavior, but the ampli- 
tude seems to generally increase towards shorter 
wavelengths. Much work is still to be done in this 
field. 

IV. THE VISIBLE SPECTRUM 

In this section we shall describe the main fea- 
tures of the visible spectrum of symbiotic stars, 
pointing out both the spectral anomalies and the 
features that are commonly seen in “normal” stel- 
lar spectra. In general, three main spectral com- 
ponents are identified in the optical spectrum of 
symbiotic stars: (1) the cool stellar spectrum, (2) 
the blue continuum excess, (3) and the rich emis- 
sion line spectrum. These components can be 
easily seen in the spectra reproduced in Figure 1 1 - 
7. In the following we shall separately describe 
the three spectral features. 
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Figitre 11-7 The optical spectritni of BX Mor1 fi.orri 
3800 to 7600 A (Viotti et al ,  1986). The Ti0 absorption 
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t r w i .  Sliornz~ar~cls of cihortt 6000 A ,  tlie lute type spec- 
t r im  is masked by the hlite coritinirirm. Note the promiri- 
iient eniissiori liries of hydr.ogerr nnd heliirni. 

1V.A. THE RED COMPONENT 

Most of the symbiotic stars have a red contin- 
uum that rises towards longer wavelengths. Me- 
tallic absorption lines (e.g., of FeI) or bands of 
molecular species (e.g., TiO, VO, C2) that are 
attributed to photospheric absorptions on a cool- 
star continuum have been identified in these 
continua. In Figure 11.7, the prominent Ti0 
bands typical of an intermediate M-type giant are 
clearly seen in BX Mon. 

The cool-star spectral features are easily seen 
in the red, near-IR where the cool spectrum nor- 
mally dominates. As discussed later, these ob- 
jects have visual/IR color indices typical of a late- 
type star and are therefore called S-type symbior- 
ics (where S stands for “stellar”). In many cases 
also, absorptions from the resonance lines of CaI 
and CaII have been identified in the blue, but 
normally these lines are masked by the strong 
blue continuum excess. 

A major problem is represented by the blue 
continuum, which is variable and extends to 
longer wavelengths. Thus the cool-star absorp- 
tion lines are veiled, Le., their central depth is 
reduced by an amount, that depends on the wave- 
length and that is variable in time. This is illus- 
trated in Figure 11-8, which shows the high-reso- 
lution spectrum of C H  Cyg during different 
epochs. 

CI Cyg is another example of variable veil- 
ing of the blue spectral component which could 
mimic an apparent time variability of the cool 
spectral component. From the analysis of the 
1975 spectrum of this star, Audouze et al. (198 I )  
claimed the occurrence of an s-process episode 
with the considerable enhancement of the ele- 
ments produced from the s-process. However, 
their observations refer to a phase of minimum 
luminosity when the blue region was dominated 
by the cool spectral component. Therefore, the 
observed large spectral change was only due to 
the disappearance of the blue, shell-type spec- 
trum formed during the outburst, dominated by 
singly ionized metal lines, and the emerging of 
the M-spectrum with several FeI lines, wrongly 
identified by Audouze et al. as lines of rare earths 
(Kenyon et al. 1982). 

Several authors have provided the spectral 
classification of symbiotic stars, but frequently 
there is a large spread in the individual classi- 
fications for the same star. For instance, AG 
Dra has been variously classified as KlII ,  G5, 
K31I1, or KO1 (Kenyon, 1986), and one could 
argue that the cool component of AG Dra is 
highly variable, but this has not been confirmed 
by recent accurate studies. More probably, the 
spectral classification of this star is largely 
affected by the variable blue spectral compo- 
nent, as discussed above for the cases of CH 
Cyg and CI Cyg. Actually, the classical (old) 
criteria of spectral classification are based on the 
relative strength of absorption lines and bands in 
the blue region, while only recently the yellow- 
red region has been more extensively used for the 
cool stars. Most of the reported classification of 
symbiotic stars were based on blue spectra, where 
the absorption features are seriously masked by 
the variable blue continuum and by the emission 
lines. Thus, one should take care of these classifi- 
cations, especially the oldest ones. 

Spectral classification of the cool components 
of the symbiotic stars mostly based on near-IR 
spectrophotometry, has been performed by, 
among others, Kenyon and Fernandez-Castro 
(1987), and Schulte-Ladbeck (1988). Typically, 
the symbiotic stars show deep T i 0  absorption 
bands whose strength suggests a spectral type 
from early M (e.g., AG Peg) to intermediate M (Z 
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Figure I 1-8. The high resollition spectiwn of CH Cyg during two different litmiiiosity phases: (a)  5 July 1984) (V-6.0); 
(h)  8 Jitly 1985 (V-7.8). The broad Cal absorption, associated witli the spectrun? of the M component is strong at miiii- 
niimi, hut invisible at inasiniitni. Note the sti’oiig “shell” ahsorptioiis of Fel preserit all the t h e  and the prominent Fell  
ernission at 4233 A (courtesy of M .  Huck). 

And, C1 Cyg) and late M-type (e.g., VI329 Cyg). 
A few objects included in the symbiotic category 
have a hotter cool components of type F or G. Ex- 
amples are M1-2 (type G2), HD 330036 (FSIII- 
IV, Lutz, 1984), and HD 149427 (F-type, Web- 
ster, 1966). These stars have been called “yellow 
symbiotics” by Glass and Webster (1973). They 
are also known, from their IR spectrum, as D’- 
type symbiotics (Allen, 1982). Another case is 

the symbiotic star AG Dra which, as seen above, 
is characterized by a K-giant spectral component. 
This star is interesting also for its large radial 
velocity (-140 kms-’, Roman, 1953), and high 
galactic latitude (+41”). Thus AG Dra is a typical 
Pop I1 object, and probably not the only one, 
among symbiotic stars, as we shall discuss in the 
summary section of this chapter. 
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In a few symbiotic objects, molecular car- 
bon bands, instead of T i 0  ones, have been iden- 
tified. This is, for instance, the case of the 
bright galactic object UV Aur (Figure 11-9). 
Other examples are UKS Ce-1 and Weaver’s 
star in our Galaxy (Schulte-Ladbeck et al., 1988), 
and ,563 in the Large Magellanic Cloud (Figure 
11-9). The latter is one of the two symbiotic ob- 
jects so far identified in the LMC (Allen, 1982) 
and could suggest a higher frequency of carbon 
symbiotics in LMC than in our Galaxy. Actually, 
it is well known that in the LMC, the frequency of 
carbon stars among late-type stars is much larger 

LMC-S 63 
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Figure 11 -9. The optical spectrim of hvo carhori symbiotic stars, UV Aur (Kenyon, 1986), arid S63 in the Large Magel- 
lanic Cloud (Kafatos et al., 1983). 
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than in our Galaxy. It would be important to in- 
vestigate in the future if the frequency of carbon 
spectra in the LMC symbiotics is higher by a 
similar amount. This could provide crucial infor- 
mation about the origin of symbiotic stars. 

In some symbiotic stars, the red continuum is 
an extension of the IR excess, which is attributed 
to thermal dust emission (the so-called D-type 
symbiotic stars, see Section VI). This is, for in- 
stance, the case of VI016 Cyg (Figure 11-I), 
where the contribution to the red of a cool photo- 
spheric spectrum should be small and the photo- 
spheric absorption features hard to identify. Ac- 
tually, in this star, the molecular absorption bands 
seem to be present but very weak (Mammano and 
Ciatti, 1975). Also, in other D-type symbiotic 
stars such as RR Tel and HM Sge, the M-type 
features are hard to be seen (e.g., Thackeray, 
1977). We shall come back to the problem of the 
spectral classification of the cool stellar spectrun 
in Section VI devoted to the IR observations. 

1V.B. THE BLUE SPECTRUM 

As discussed above, the main spectral feature 
that distinguishes the symbiotic stars from nor- 
mal cool giants, is the presence in their visible 
spectrum of strong emission lines and of a “blue” 
continuum. In normal late-type stars, emission 
lines are present at the shortest wavelengths of the 
visible spectrum, and in the space ultraviolet, 
where the photospheric continuum rapidly drops. 
In the Sun, the photospheric spectrum extends to 
about 2000 A, where it turns to a rich emission 
line spectrum. In symbiotic stars, emission 
lines+f both low and high ionization species, 
and not only the Balmer series-are already seen 
in the visible spectrum, and around 4,000-5,000 
A, there is a gradual transition from the cool 
photospheric spectrum, which dominates the 
longer wavelength region, to a “blue” continuum. 
This continuum extends to shorter wavelengths 
and to the space ultraviolet, and frequently pres- 
ents a Balmer continuum excess. Typical cases of 
symbiotic stars with a positive Balmer disconti- 
nuity are Z And, BF Cyg, V1016 Cyg (Figure 11- 
l ) ,  AG Dra, V443 Her, SY Mus, AG Peg, ect. (see 
O’Dell 1967; Blair et al., 1983; Allen, 1984b; and 
Kenyon, 1986). The blue continuum of the sym- 

biotic nova V1329 Cyg (Figure 1 1-10) is peculiar 
not only for the large Balmer discontinuity, but 
also for the presence of several very broad humps. 
Crampton et al. (1970) attributed them to emis- 
sion lines typical of a Wolf Rayet star of type 
WN5. These features have also been observed by 
Baratta et al. (1974) in their objective prism spec- 
tra. In general, the violet end of the visible spec- 
trum is not well recorded in the great majority of 
the observations, while this should give precious 
information about the structure of the emitting 
region or about the hot star atmosphere. 

The blue continuum is highly variable (with 
respect to the cool spectrum), and its variabil- 
ity is mainly responsible for the behavior of the 
visual light curve of the symbiotic stars. Gener- 
ally, symbiotic stars near maximum become 
bluer, while their colors are redder at minimum. 
But their trend is not well established, and red 
maxima have also been observed. During the 
maxima, the cool spectrum may be completely 
veiled by the enhanced blue continuum, and the 
photospheric absorptions disappear, while the 
color indices become bluer. If an eclipse occurs, 
the blue continuum disappears, and the red spec- 
trum emerges, making the color index redder, as, 
for instance, observed in CI Cyg. 

1V.C. THE OPTICAL EMISSION LINE SPEC- 
TRUM 

Emission lines, both permitted and forbidden, 
belonging to a wide range of ionization energy 
and line strength have been identified in the opti- 
cal spectrum of symbiotic stars. From neutral 
species up to six times ionized iron and calcium 
have been observed in the spectrum of the same 
object. Table 11-2 gives the atomic species iden- 
tified in the emission spectrum of two well-stud- 
ied symbiotic stars, Z And and RR Tel. 

These species are commonly identified in the 
spectrum of symbiotic stars during quiescence 
and in symbiotic novae some time (months or 
years) after the beginning of the outburst. Most 
emission lines are those observed in the spectra of 
diffuse and planetary nebulae, and for this reason 
some authors suggested a physical link between 
symbiotic stars and planetary nebulae. Indeed, 
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Figure 11-10, The blue coiititiiiiini of V1329 Cyg in November 1969 (Crampton et al., 1970). Several WR features and 
the Balmer discotitinirity are clearly visible. 

TABLE 11-2. ATOMIC SPECIES IDENTIFIED IN EMISSION AND ABSORPTION IN 
THE OPTICAL SPECTRUM OF THE SYMBIOTIC STARS Z AND AND RR TEL. 

Star Emission Lines Ref. Abs. Lines Ref. 

Z And H, HeI,II, CII,III,IV 1 2 3  TiO, VO: 
NIII, 011,111, NeIII,V, 
MgII, CaII, TiII, 
FeII,III?,VII, 6380 A 

NII,III,V, OI,II,III,IV 
NeIII,IV,V, MgI,II, SiII, 
SIIJII, C l  IV:, AIII,IV,V, 
KIV,V, CaII,IV:,V, MnIV,V?, 
MnVI?, FeII,III,IV,V,VI,VII, 
6830 A 

RR Tel H, HeI,II, CII,III,IV 4 Ti0 

1 2  

4 

References: ( 1 )  Swings arid Str-irve (1941); ( 2 )  Boyarctiirk (1968a,h); (3) Altamore et al. (1974); (4)  Ttiackeray 
( 1  977). 
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the observation of intense forbidden lines indi- 
cates the presence of a diluted, highly ionized 
medium near or around the symbiotic object. 
Strong high-ionization lines (HeII, NIII, [OIII], 
[NeIII], [NeV], [FeVII]) have, in fact, been iden- 
tified in the spectra of many symbiotics, and have 
long since raised the problem of their origin, e&, 
whether collisionally or radiatively ionized (for 
instance, Ilowaisky and Wallerstein, 1968). Of 
particular interest is the intriguing problem of the 
still unidentified broad features at 6830 and 7088 
A. These emission lines are present in the optical 
spectrum of symbiotic stars with the highest ioni- 
zation level, such as RR Tel, He 2-38, and H 2-38, 
and probably are associated with a so far un- 
known highly ionized species (Allen, 1980a). It 
should be noted that in RR Tel and in other sym- 
biotic novae, these features appeared in the latest 
stages of their spectral evolution, when the opti- 
cal spectrum displayed the highest ionization 
level. Also, in some cases coronal lines have been 
observed: [FeX] has been reported in CI Cyg 
(Swings and Struve, 1940), and possibly in RX 
Pup (Swings and Klutz, 1976), while [FeXIII] 
has been identified in R Aqr by Zirin (1 976). We 
should recall that still higher ionization levels 
have been observed in the recurrent novae T CrB 
([FeX], [FeXIV]), and RS Oph ([FeX], [FeXIl, 
[FeXIV], [AX], and [NiXII]; see Kenyon, 1986). 
These latter objects have, in fact, been often in- 
cluded in the category of symbiotic stars. 

A major problem of the symbiotic phenome- 
non is the simultaneous presence of both high 
(e.&., [FeVII])-and low (e.&., FeII, [FeII])-ioni- 
zation emission lines, implying the existence of a 
very wide temperature range in the environment 
of symbiotic stars. In this regard, their spectrum 
resembles fairly well that of the solar chromo- 
sphere, transition region and corona, and this 
could again suggest that a similar physical proc- 
ess is acting in the environment of the Sun and of, 
at least, some symbiotic stars. 

Emission lines are variable, in both intensity 
and shape. As a rule, the line excitation is higher 
when the star is at minimum luminosity, and vice 
versa. RX Pup, during its bright stage of 1960-75 
(V=8.5), showed in the optical hydrogen and 
ionized iron emission lines, while at minimum (in 

1905, 1940, and 1981 to present, V-13), the star 
displayed a large ionization range up to [NeV] 
and [FeVII] (Allen and Wright, 1988). During 
outburst, the mean line excitation generally de- 
creases, and P Cygni profiles are seen with ab- 
sorption components displaced to shorter wave- 
lengths by a few hundreds of km s-'. Swings and 
Struve (1941) measured in Z And velocities from 
-83 to -186 km s-'. At maximum, the spectrum of 
CI Cyg and RR Tel resembled that of an F super- 
giant with a few emission lines (hydrogen and 
helium) and absorption lines of singly ionized 
metals (Thackeray, 1950; Belyakina, 1979). 
Larger P Cygni velocities have occasionally been 
observed in a number of objects, such as BI Cru 
(Henize and Carlson, 1980), AG Peg (Merrill, 
1951), RX Pup (Klutz, 1979), and RR Tel (Pot- 
tasch and Varsawsky, 1960). Radial velocities of 
the absorption components range from few to 
several hundreds km s-'. After the outburst, dur- 
ing the fading phase and at minimum, the degree 
of ionization increases with the gradual appear- 
ance of higher and higher ionization lines (e.&., 
Thackeray, 1977). Thus, the behavior is rather 
similar to that of novae, except for the much 
shorter time scales. Spectral variability in indi- 
vidual objects will be discussed in more detail in 
Chapter 13. 

In additon to the spectroscopic changes associ- 
ated with the long-term light variability, many au- 
thors have noticed spectral variations on short 
time scales. For instance, night-to-night fluctua- 
tions of emission-line intensities have been ob- 
served in Z And (Kenyon, 1986). Scanner obser- 
vations of CH Cyg by Walker et al. (1969) re- 
vealed that the Balmer excess is rapidly varying 
on time scales of minutes. Several other examples 
can be found in the literature (most of which are 
reported in Kenyon's thesis and book (Kenyon 
1983b, 1986)), but in the majority of cases, the 
observations are too scattered, and the authors do 
not provide a quantitative picture of the phenome- 
non. So, it is not possible at this stage to have a 
clear idea about amplitudes, time scales, and 
trends of these fluctuations. This is one field that 
should require more observational (and system- 
atic) work in the future. 
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1V.D. LINE PROFILES 

The high-resolution spectroscopy of most 
symbiotic stars has revealed the existence of 
emission lines with a very complex profile. This is 
best illustrated by the H a  line, which presents a 
large variety of shapes in different objecrs, and, 
for the same object, in different epochs. Figure 1 1- 
1 1 shows the H a  profiles in a number of symbiotic 
stars. 

HELIOCENTRIC RADIAL VELOCITY 

6540 6550 6560 6570 6580 6590 

A ~ A )  

6555 6565 6575 A 

Figure  I 1  - I  I .  H a  profiles iii synihiotic sturs 
(Keriyori. 1986; Viotti et al.. 1986 Rossi et ul., 1988). 

H a  profiles in individual objects were studied 
among others by Smith and Bopp (1981: AG 
Dra), Oliversen et al. ( 1  98.5: EG And), Viotti et al. 
(1986: BX Mon), Rossi et al. (1988: BI Cru), etc. 
Generally H a  is characterized by a central peak 
broadened by one to a few 100 km s-’ (FWHM). A 
P Cygni profile is frequently observed again with 
an absorption component violet-shifted by 
-100 + -300 km s-’, although sometimes red- 
shifted absorptions have also been found. In 
many of those objects where the P Cygni absor-p- 
tion is not seen, the H a  peak appears asymmetric, 
sometimes with a bump in the emission wing. H a  
is generally variable in intensity and shape on a 
long time scale, probably as the result of the stel- 
lar “activity” and/or orbital motion. Oliversen 
and Anderson (1982b) described the change for 
the H a  profile in AG Dra as a function of the 
phase of the U-band photometric curve. Iijima 
(198.5) noted that in BX Mon, H a  changed from 
direct to inverse P Cygni profile. Oliversen et al. 
( I  98.5) studied the H a  profile variation in EG And 
during one cycle of the suggested 470-day period. 
They found dramatic variations of the line 
equivalent width and profile, with the line chang- 
ing from strong emission peak to broad central 
absorption with weak side emissions (Figure 11-  
12). 

Extended broad wings are another frequently 
observed feature of Ha ;  they are generally better 
seen in the middle resolution spectrograms. 
Broad wings are also seen in other strong emis- 
sion lines, but a systematic study of these features 
has not yet been made, mostly because of the lack 
of high S/N optical spectra. As discussed later in 
this chapter, these features are also present in the 
ultraviolet spectra of several symbiotics. P Cygni 
profiles have been observed in several optical 
lines (H, HeI, FeII, etc.) during different phases 
of the history of symbiotic stars. For this reason, 
many authors classified some symbiotics as Be or 
P Cygni stars (e.&., Beals, 1951). The displace- 
ment of the P Cygni absorptions is from one to 
several hundreds of km s-’, again depending on 
the symbiotic phase. In 19.50, the He1 3888 line in 
AG Peg developed multiple absorption compo- 
nents at velocities from -72 to -382 km s-’, a 
behavior similar to that of novae (Kenyon, 1986). 
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Figure 11-12. Variation of the Ha profile it1 EG And 
during Airgirst 1979 to Airgust 1982 as afirnction of the 
phase of the Smith (1980) cirrve (Oliverseti et al., 
1985). Photospheric absorption features of neutral 
elenients are seeti on the stellar red continiiimi. 

As regards the “narrow” emission compo- 
nents, at high resolution their width is of the or- 
der of a few to several 10 km s-’. When meas- 
ured with great accuracy, the width appears dif- 
ferent in different ionic species. For instance, 
Muratorio and Friedjung (1982) found that in 
V1016 Cyg, the FWHM of the emission lines 
varies from 40-60 km s-’ for the singly ionized 
metal lines to 110-150 km s-’ for the highly ion- 
ized lines of [NeIII], [AIV], [NeIV], and 
[ FeVII] . 

V1329 Cyg, RX Pup, HM Sge, RR Tel, and 
other symbiotics display, or have displayed dur- 
ing some phases of their history WR features 
(Crampton et al., 1970; Thackeray and Webster, 
1974; Brown et al. 1978), but not the OVI charac- 
teristic of very high excitation (see Allen, 1980). 
As discussed above, V1329 Cyg presents very 
broad WR features, which are better seen at low 
resolution. Similar features could be present in 

other symbiotic objects but are difficult to ob- 
serve. This raises again the need of high-quality 
observational data. 

At high resolution, the strongest emission 
lines frequently exhibit a multiple structure 
sometimes similar to that observed in the de- 
cline phase of novae. A typical example is again 
V 1329 Cyg. According to Crampton et al. (1970), 
after the outburst, this star displayed [NeIII] and 
[OIII] lines with a dozen or more narrow emission 
components from -240 km s-’ to +250 km s-’. This 
multiple structure is still present to date (Figure 
1 1 - 13) and indicates that the feature was not epi- 
sodic and only related to the outburst. 

2.0 

1 .o 

0.c 

-5 

I 

HBV 475 

0 +! 

Figure 11-13, Emission line profiles it7 VI329 C)y 
(Taniitra 1988). Note the very different shape of lines 
of different species. 
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1V.E. RADIAL VELOCITY 

The knowledge of the radial velocity of a 
symbiotic system is basic for the determination to 
which populations it belongs, but also to find any 
periodicity related to the orbital motion of a 
binary system. However, it is difficult to observe 
the cool star absorption lines at high enough 
resolution. The narrow FeI lines are rather weak 
and frequently masked in the blue-yellow region 
by the hot continuum. In many symbiotics, the 
radial velocity is close to zero, but a high velocity 
of about -140 km s-’ was found in AG Dra 
(Roman, 1953), which, together with its high 
galactic latitude, +41”, is strongly suggestive of a 
Pop I1 object. We should add that AG Dra is not 
unique for its high radial velocity. There are other 
cases in which the emission lines have high 
(positive or negative) radial velocity, which is 
probably associated with a high radial velocity of 
the system, rather than to the orbital motion of the 
components. For instance, a high radial velocity 
was found for the symbiotic novae V1016 Cyg (- 
68 km s-I, FitzGerald and Pilavaki, 1974; 
Wallerstein et al., 1984); and RR Tel (-61 km s-’, 
Thackeray, 1977). Large absolute values were 
also found in RT Ser (+92 km s-I), AS 296 (+lo0 
km s-I), EG And (-95 km s-I), and AX Per (-109 
km s-’) (Wallerstein, 1981; see also Section X). In 
CH Cyg, the radial velocity of the photospheric 
absorption lines and of the FeII, [FeII], and (011 
emissions is variable (Faraggiana and Hack, 
1971), but the average value of -60 km s-l is again 
very different from the local standard of rest. 
Wallerstein (198 1) assembled the radial velocity 
of 19 symbiotic stars, and found a large velocity 
dispersion of 63f14 km s-’(or 5 1f14 km s-l, if AG 
Dra is omitted), similar to that of an old disk 
population such as long-period variables. 

A systematic variability of the M-type ab- 
sorption lines was found by Thackeray and 
Hutchings (1974) for the eclipsing symbiotic 
AR Pav, with a period in agreement with the pe- 
riod of the eclipses. A similar result was ob- 
tained by Hutchings et al. (1975) from the study 
of the cool star photospheric lines in AG Peg. 
More recently, Garcia (1986) performed a sys- 
tematic study of the radial velocity in a number 
of symbiotic stars, using a cross-correlation 

technique. He found a periodic variation in AG 
Dra, EG And, T CrB, TX CVn, and RW Hya. 
This result has been confirmed by Garcia and 
Kenyon (1988; see Figure 1 1-14). 

Presently, many observational programs are 
devoted to this crucial point, and there is grow- 
ing evidence of periodic radial velocity vari- 
ability in many symbiotic stars (see Section x). 

1V.F. MAGNETIC FIELDS 

The eruptive character of symbiotic stars 
might suggest the presence of intense surface 
activity in their dominant (= cool) spectral com- 
ponent. This, in turn, could be associated with the 
presence of strong magnetic fields. These fields 
should be variable according to their “activity,” to 
possible stellar rotation and to different line-of- 
sight observations during the orbital motion, if 
the symbiotic object is binary. In the latter case, 
the hotter component could be a white dwarf, and 
these stars frequently have very intense magnetic 
fields. The search for magnetic fields and their 
time variability, in symbiotic stars, is therefore of 
no small importance in order to provide crucial 
information on the nature of the components. At 
present, however, the results are quite scanty and 
controversial, and further work is needed in the 
field. Two symbiotic stars-EG And and AG 
Peg-were included in the pioneering survey of 
Babcock (1958). Magnetic measurements in the 
blue spectral region of these two stars during 
1949-55 gave a strong and variable magnetic 
field, with extreme values ranging from -1050 to 
+ 1 100 gauss for EG And and from - 1800 to +300 
gauss for AG Peg. Babcock also noted that appre- 
ciable changes occurred in a few weeks. 

Slovak (1982a) observed again the two symbi- 
otic stars in 1978 with a photoelectric Zeeman 
analyzer measuring two spectral regions centered 
at 6129 and 6555 A; the first region contains 
many absorption lines, while the second includes 
H a  with emission and absorption components. 
Slovak did not confirm the kilogauss fields of 
Babcock, and provided a mean magnetic field of 
-3+49 and -66f36 gauss for EG And and AG Peg, 
respectively. He also noted a lack of magnetic 
line broadening in the two stars. Observations of 
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Figure 11-14. The radial velocity ciwves in synihiotic stars (Garcia and Keriyori 1988). 
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AG Peg separated by about one year do not give 
evidence of significant field variability in dis- 
agreement with Babcock results. Slovak also 
observed CH Cyg in 1978 and 1979 during its 
bright (V=6-7) phase, and again found a null 
result (+23+132 gauss, and no significant 
magnetic broadening in any of his spectra). 

Luud (1 986) discussed the results of 
Babcock and Slovak, which were based on 
measurements in two different spectral re- 
gions. The disagreement could then be related 
to the fact that two different physical regions 
were actually observed. Luud noted that the 
large (- 10' gauss) magnetic fields of Babcock 
were observed close to the phase zero (hot star 
behind the red giant) of the orbital motion, just 
before ingress for EG And, and just after egress 
for AG Peg. Intense magnetic fields could be 
present in symbiotic stars only at certain phases of 
their orbital motion and of their activity. There- 
fore, future work should cover a period of several 
years to unveil this problem. 

V. POLARIZATION 

Polarization of the stellar radiation is, in gen- 
eral, an indication of deviation from spherical 
symmetry. Linear polarization has been meas- 
ured in many stars surrounded by extended at- 
mospheric envelopes and circumstellar matter, 
such as WR and Be stars, T Tau stars, novae and 
luminous red variables, as well as in some inter- 
acting binaries. Therefore, it is to be expected that 
also symbiotic stars should present a significant 
amount of polarization, since their spectral fea- 
tures clearly suggest the presence in most of them 
of extended, asymmetric atmospheres, of dusty 
circumstellar envelopes, disks, etc. This polariza- 
tion should be variable with time according to the 
activity of the star, and/or to the orbital phase, and 
the study of its time variability should give pre- 
cious information about the structure of the stel- 
lar envelope(s), as well as a better insight into 
their suggested binary nature. Symbiotic stars 
however, are, in general, rather faint in the visual, 
so that it is difficult to achieve a high enough ac- 
curacy in the polarimetric measurements. In addi- 
tion, these objects are normally reddened by a sig- 
nificant amount of interstellar extinction, and in 

some cases, the intrinsic component of the polari- 
zation cannot be distinguished from the larger 
interstellar polarization, especially in the absence 
of variability. Only in very recent years has sys- 
tematic polarimetry of symbiotic stars been 
undertaken, and still the amount of observations 
is too spare (at the time of writing this report) to 
draw clear conclusions on the polarization prop- 
erties of symbiotic stars. An overview of the 
problem was recently given by Magalhaes 
(1988). 

CH Cyg is one of the best studied symbiotic 
stars, being one of the brightest objects. This star, 
which is described in detail in Chapter 13, has an 
M6III spectrum and a variable blue continuum 
which fills the M photospheric absorption lines, 
and extends to the space ultraviolet (Hack and 
Selvelli 1982). CH Cyg was at minimum lumi- 
nosity (about V=8) until the end of 1976, then 
brightened to V=7 in 1977 and to V=6 in 198 1. A 
sudden drop of luminosity of one magnitude 
occurred in July 1984, then in 1985 the star faded 
to the preoutburst minimum of V=8. 

Broad band polarimetry of CH Cyg was made 
throughout the whole recent light history. Ro- 
driguez (1 988) found that during the preoutburst 
phase, the degree of polarization was maximum 
in the blue (nearly 2 per cent), decreasing to 0.5 
per cent in the red. A polarization increase was 
noted between 1974 and 1976 with a change of 
the position angle (Figure 11-15). Piirola (1982, 
1983) measured the linear polarization of CH Cyg 
in the UBVRI bands during 1977-82, during the 
gradual brightening of the star. In 1978, the po- 
larimetry in the UBV bands was again character- 
ized by a larger polarization towards shorter 
wavelengths, with nearly constant position angle. 
After 1979, a different wavelength dependence 
was found with a strong rotation of the position 
angle with wavelength. Later, the blue-UV po- 
larization decreased, but it was still larger than in 
the visual, where there was a minimum of polari- 
zation and an increase towards the red-near infra- 
red. In 1981, the polarization in the longer wave- 
lengths decreased, and the maximum polarization 
was in the blue. Rodriguez (1988) observed CH 
Cyg in September-October 1984 just after the lu- 
minosity drop: He measured a large decrease of 
the degree of polarization and a weaker depend- 
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ence on wavelength than before (Figure 1 1-15). 
This peculiar behavior of CH Cyg can be ex- 
plained by strong changes in the structure and 
geometry of the scattering envelope(s). In par- 
ticular, the increase of the polarization of CH Cyg 
in 1980 in the R and I bands could be attributed to 
the presence of large (a- 1pm) particles (Piirola, 
1953), while the 1984 decrease should be caused 
by the contribution of the hot radiation source 
(Rodriguez, 1988). 
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Figure I1 - 15. Linear polarization nieasurenients 
of CH Cyg in 1974, 1976, and I984 (Rodriguez, 1988). 

The polarization of the symbiotic Mira R Aqr 
has been widely studied by several authors. This 
star is interesting for its relative nearness and for 
the many peculiarities, which will be discussed in 
detail in Chapter 13. Serkowski (1970) studied 
the time variability of the lineal' polarization of 
this star during the cycle of the Mira variable, and 
found large variations that suggest modulation of 
the structure of the circumstellar envelope by the 
Mira pulsation. He also found a large increase of 
the polarization towards the near ultraviolet. 
More recently, Aspin et al. (1985) discovered a 
remarkable structure of the polarization in the 
optical spectrum of R Aqr. 'The polarization in- 

creases across the T i 0  absorption bands and 
decreases in the emission lines (Figure 11-16). 
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Figure I 1-16, Intensity and polarization spectra in the 
Mira-type symbiotic R Aqr (Aspin et a]., 1985). 

CH Cyg and R Aqr are affected by a small 
amount of interstellar reddening (see Table 11- 
7), so that the linear polarization in these ob- 
jects arises in the symbiotic system. Other sym- 
biotic stars like CI Cyg are significantly red- 
dened. In the eclipsing binary CI Cyg, the polari- 
zation appeared variable and was characterized 
by a strong rotation of the position angle with 
wavelength (Figure 11-17), which gives a clear 
evidence of the presence of an intrinsic polariza- 
tion. 

In general, the interstellar polarization could 
be quite large, but, since the observed polariza- 
tion is the vectorial siini of intrinsic and interstel- 
lar polarization the stellar component can still be 
determined even if it is smaller than the interstel- 
lar one, in the case that the intrinsic and interstel- 
lar components are nearly orthogonal. The latter 
can be measured in nearby stars, which have no 
intrinsic polarization, and can be vectorially sub- 
tracted from the polarization measured in the 
symbiotic star. 

Extensive polarimetry of symbiotic stars has 
been recently performed by Schulte-Ladbeck 
(1985) and Schulte-Ladbeck and Magalhaes 
(1986) (Figure 11-18). Some results of those ob- 
servations are summarized in Table 11-3. It has 

604 



I I I I I + pY 
('10) AG Peg 
0.00 - - 

P = 0.15% 

135' 
I I I I I 

-0.10 -0.05 0.00 0.05 0.10 
pr ("0) 

0.10 0 20 0.30 
P" (*/.I 

Figwe I I - I  7. The wavelength dependence of the lin- 
ear polarizatioti i i i  CI Cyg, AG Peg, and PU Vir1 
(Piirola, 1983). 

been found that some stars, namely V1016 Cyg, 
AS 338, and HM Sge, possess intrinsic polariza- 
tion, while for the majority of the symbiotic stars, 
the observed polarization is interstellar. In gen- 
eral, the amount and nature of the polarization in 
symbiotic stars is not well known. In addition, 
nothing is known about the polarization near the 
emission lines and in the IR. and on the circular 

polarization. New extensive polarimetry of sym- 
biotic stars is needed to gain precious information 
about their nature. 

VI. INFRARED OBSERVATIONS 

The first systematic infrared observations of 
symbiotic stars (e.g., Stein et al., 1969; Swings 
and Allen, 1972) revealed the presence of strong 
fluxes, which can be attributed to a cool compo- 
nent with a temperature around 3,000 K or less, 
and to circumstellar dust. Since then, a large 
amount of IR data on these objects has been accu- 
mulated also thanks to space observations with 
the IRAS satellite. These data are providing a 
fundamental ground for understanding the nature 
of the cool components of the symbiotic systems. 
They represent a real progress on the study of the 
symbiotic phenomenon, as is illustrated below. 
Two main categories of symbiotic stars were 
clearly identified, thanks the IR observations: the 
S- and D-type systems, which are characterized 
by different energy distribution and time behav- 
ior. (Actually, there is another category, or sub- 
group of symbiotic stars called D'-type, which 
significantly differ from the D-type objects). 

The discovery of this hiniodal distrihutiori of 
symbiotic stars in the near-IR has been one funda- 
mental step to understand the nature of the symbi- 
otic phenomenon. In particular this IR behavior is 
correlated with properties of the stars at other 
wavelengths. It has also been noted that the D- 
type systems have, in general, a higher level of 
excitation of the emission line spectrum. In the 
following sections we shall discuss the energy 
distribution and the main spectral features of 
these groups and analyze their time behavior. 

V1.A. ENERGY DISTRIBUTION 

The infrared observations of symbiotic stars 
have proved to be a fundamental tool to investi- 
gate the nature of these objects. The first IR obser- 
vations of symbiotic stars were made by Swings 
and Allen (1972), who found that these objects 
have color indices similar to those of late-type 
stars. Later on, Webster and Allen (1975) recog- 
nized the presence among symbiotics of two 
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TABLE 11-3. LINEAR POLARIZATION IN SYMBIOTIC STARS. 

Object Sp IR Polarization (PJ3) Remarks 
1 Sum- '  2.5 um-' 3. um-' 

R Aqr 
CH CYg 
CI CY& 

V1016 Cyg 
AG Peg 
RX Pup 
HM Sge 
PU vu1 
AS 338 

M7 D 
M6 S 
M4 S 

M D 
M2 S 
M D 
M D 
F+M S 
M5 S 

0.2-0.5 
0.3,81" 
0.43,90" 
0.3,70" 
0.28,104" 
0.1,115" 
13,123" 
1.08,47" 
0.13 
2.46,85" 

4.02,137" 

0.5,95" 

0.25,40" 
0.12 - 
0.07,140" 
1.9, 118" 
1.05, 53" 
0.15 
3.44,94" 

0.3-1.8 
var,7,8,3,4 

1.3-2.0 var,5,6 
0.7,153" 8 9  
0.33, 7 
0.15, 5" 5 

7 
0.10, 117" 5 
1.65, 113") 1 

2,7 
0.3 5 

7 

References: ( I )  Barbier arid Swings (1982); ( 2 )  Ejmov 1979); (3)  McCall and Hoicgh (1980); (4)  Nikitin and 
Khirdyakova (1979); (5 )  Piirola (1982, 1983); ( 6 )  Rodrigirez (1988); ( 7 )  Schirlte-Ladbeck (1985), (8)  Serkowski 
(1970); ( 9 )  Szkody et al. (1982). 

groups of objects with different energy distribu- 
tion, the S- and D-type symbiotic stars. The gen- 
eral behavior of the two categories is described in 
detail by Allen (1979, 1982). 

Figure 1 1 - 19 shows the near-IR energy distri- 
bution of a number of symbiotic stars. Some ob- 
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0.5 1.0 2.0 3.0 5.0 MICRON 

Figure 11 - I  9. The simal-near iifiared energy spec- 
tr im of some symbiotic stars (Eiroa et al., 1982). Two 
separate categories of objects are recognized showing 
respectively a masimimi in the near-IR (the so-called 
S-type symbiotics) or a gradual rise to the mid-IR (the 
D-type ones). 

jects, such as Z And and CI Cyg, present a sharp 
rise from the visual to the near-IR with a broad 
maximum at 1-2 pm, and a gradual slope at longer 
wavelengths. This is the typical IR spectrum of 
the S-type symbiotic stars. In the two-color dia- 
gram (Figure 11-20), these stars are grouped near 
the locus of the late-type stars with J-H = - +0.8 
to +1.5 and H-K= - +0.2 to + O S  (Allen, 1982). 
This fact is immediately interpreted as due to the 
presence of a late star- typically an M giant-in 
the S-type symbiotics, and several authors suc- 
ceeded in fitting their energy distribution from 
the visual (if not affected by the hot continuum 
and the emission lines) to the mid-IR with the 
spectrum of normal late-type stars (e.g., Kenyon 
et al., 1986; Viotti et al., 1986). As discussed 
below, the far-IR observations with the IRAS 
satellite have given a further support to this inter- 
pretation. 

A different behavior is displayed by the so- 
called D-type symbiotics. These objects repre- 
sent a rather small subgroup, being about 20 
percent of the total in current catalogs of sym- 
biotic stars. Typical members of this subgroup 
are RR Tel, V1016 Cyg, HM Sge, and RX Pup. 
Their red continua have a smaller slope than in 
the S-type symbiotics, but the energy distribu- 
tion peaks at longer wavelengths and is much 
redder than in normal M-type stars (Figure 11- 
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19). The H-K color index ranges from + O S  to 
+1.8 (Allen, 1982; Figure 11-20). These values 
are characteristic of objects such as carbon stars 
and highly reddened nebular objects, where the 
extreme red color is attributed to a large intrinsic 
reddening and to thermal emission from circum- 
stellar dust. Actually, the IR excess in the D-type 
symbiotics is commonly interpreted as due to dust 
emission, hence the name “D.” However, it 
should be considered that, in general, it is difficult 
to fit the observed near-IR spectrum with a single 
temperature component. 

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 
t i - K  

Figure 11-20, The two-color IR diugrnni for- the syni- 
biotic stars (Alleri 1982). 

A small number of symbiotics have a large 
excess longwards of 2-3 pm. Their IR energy 
distribution suggests a lower color temperature 
than in D-type symbiotics. Generally, the opti- 
cal spectra are earlier than in other objects, F- 
or G-type, and were called by Glass and Web- 
ster (1973) as “yellow symbiotics.” Allen 
(1982) defined these systems as D’-type symbi- 
otic stars. Some examples are MI-2, AS 201 and 
HD 149427. 

A new insight on the problem of symbiotic 
stars was recently provided by the IRAS observa- 
tions (IRAS, 1985). Kenyon et al. (1988) reported 

that 34 S-type and 28 D-type objects were suc- 
cessfully detected. The frequency of D-type sys- 
tems is thus larger than in the catalogs, as ex- 
pected from their larger IR excesses. Four D-type 
symbiotics-R Aqr, V471 Per, RR Tel, and AS 
201-were also detected at 100 pm. Because of 
their far-IR weak fluxes, only a few S-type sys- 
tems were detected at 25 and 60 pm. A particu- 
larly interesting case is EG And. This star is rather 
faint in the IR, but has the chance of being placed 
close to M3 1, the Andromeda galaxy. Since IRAS 
has accumulated a long observing time for the 
galaxy, the limiting flux for IR sources in the 
field, including EG And, is much lower than in 
the IRAS Point Source Catalogue. The detected 
fluxes of EG And were: 4.6,1.2, and 0.23 Jy at 12, 
25, and 60 pm, respectively, while there is an 
upper limit of 0.7 Jy at 100 pm (Kenyon et ai., 
1986; 1988). 

In the IRAS two-color diagram (Whitelock, 
1987; 1988; Kenyon et al., 1988), the S-type 
systems are placed in a rather limited locus, 
close to cool stars, while the D-type systems 
are distributed in a large region of the HR dia- 
gram, including the loci of the Mira variables and 
of the planetary nebulae (see also Persi et al., 
1987). 

The IR energy distribution of the best ob- 
served S- and D-type symbiotics, based on 
ground and space (IRAS) observations is de- 
picted in Figure 11-21. The mid-IR of the S- 
type systems is close to the Rayleigh-Jeans tail of 
the cool star spectrum with a modest or no indica- 
tion of far-IR excess due to dust emission. This 
result is confirmed by the detailed study of the 
IRAS data by Kenyon et al. (1988). The large 
mid-IR excess of the D-type systems, in prin- 
ciple, would imply the presence of a strong ther- 
mal dust emission (e.g., Allen 1982). Circumstel- 
lar dust should be heated by the stellar photons 
(more probably, from the cool giant) at a tempera- 
ture around 10’ K. But Kenyon et al. (1986) sug- 
gested that in these systems the cool component, 
the giant star, is heavily reddened (AL - 1-2) by 
dense circumstellar dust envelope. In this case, 
the observed spectrum is not thermal dust emis- 
sion, but instead the reddened cool giant spec- 
trum. 
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V1.B. SPECTRAL FEATURES 

The major spectral features in the near-IR 
spectra of late-type giants and supergiants are 
the CO and H,O absorption bands at 1.6, 2.3, 
4.7 pm and 1.4, 1.9, 2.7 pm, respectively. The 
strength of these features depends on the tem- 
perature and luminosity of the cool star, and 
can thus be used to classify the cool compo- 
nents of the symbiotic systems and ultimately 
to derive their distance. CO and steam absorp- 
tion features have been observed in several 
symbiotic stars. Kenyon and Gallagher (1983) 
have investigated the low-resolution IR spectra 
of symbiotic stars and find evidence of the 2.3 
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pm CO band in 12 S-type symbiotics and in R 
Aqr. By comparison with normal M-stars, 
Kenyon and Gallagher have derived the basic 
properties (temperature, luminosity, and dis- 
tance) of the cool components for a number of 
symbiotic stars. 

Since T i 0  bands have been identified in the 
optical spectra of these stars, the IR provides a 
further proof of the presence of a late-type star, 
whose energy spectrum is the dominant con- 
tributor to the red-near IR spectrum of S-type 
synibiotics. Another evidence is provided by 
the Mira-type IR pulsation as discussed below. 
We should finally recall that the 2.3 pm CO 
band was observed in emission in the Mira-type 
symbiotic BI Cru (Whitelock et al., 1983~) .  

V1.C. VARIABILITY 

Another important distinguishing feature of 
D-type symbiotics is their large 1R variability. 
First, Harvey ( 1974) discovered that V 10 16 
Cyg presented a long-time scale variation in all 
the 1R photometric bands, from 1.2 to 10 pni, with 
a maximum amplitude of about 1 magnitude at K 
and of 1”’S at H. This result should provide a 
direct evidence for the presence of a Mira-type 
variable star in VI016 Cyg. Harvey’s work has, in 
the meantime, shown the importance for a con- 
tinuous monitoring of symbiotic stars, which 
should give important information on the nature 
of the cool component. However, we had to wait 
almost one decade to have a real progress in this 
problem. 

In fact, systematic photometry of southern 
symbiotic stars, especially at the South Africa 
Observatory, led to the discovery of large ainpli- 
tude periodic variations in the IR of D-type syni- 
biotics: RR Tel (Feast et al., 1983a). RX Pup 
(Whitelock et al., 1983a), and in the similar Mira 
system R Aqr (Whitelock et al. 1983b). Feast et 
al. (1983b) also found Mira-type variability in 
three more D-type systems: He2- 106, He2-38, 
and He2-34. Some typical light curves are shown 
in Figure 1 1-23. As far as the northern systems are 
concerned, Taranova and Yudin (1983) con- 
firmed the Mird-type variability in V1016 Cyg 
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and found similar amplitude and time scale in HM 
Sge. The periods and amplitudes of the IR vari- 
ability are summarized in Table 11-4. The de- 
rived periods range from about 300 to 600 days 
and correspond to the long-period Miras, which 
also have larger amplitudes in the IR (see Feast et 
al., 1982). These periods are of the same order of 
magnitude of the orbital periods observed or 
expected for the symbiotic systems. Thus, care 
should be taken to recognize the different nature 
of the two kinds of periodic variability. 

A long-time scale trend has been found for the 
IR maximum luminosity in R Aqr, RX Pup, He2- 
34 and He2-106, which could be explained by 
variable dust obscuration (Feast et al., 1983b; 
Whitelock et al., 1983a). 

In the S-type symbiotic systems the IR vari- 
ability is generally of smaller amplitude and ir- 
regular. Systematic observations of the northern 
objects have been especially undertaken by O.G. 
Taranova and B.F. Yudin in Crimea (e.&., Tara- 
nova and Yudin, 1983). In this regard, i t  should be 
remembered that all M giants and supergiants 

later than M4 are variable. The IR variability of 
the stellar-type symbiotics is thus not unusual, but 
confirms the rule and shows again that their cool 
components behave like a normal single star. 

Finally, we recall that most of the above ob- 
servations have been made during quiescent 
phases of the symbiotic stars. It is also impor- 
tant to study the behavior during an active phase 
and to look for possible correlations. In fact, some 
models for symbiotic stars assume that the cool 
star activity, possibly associated with an in- 
creased rate of mass transfer to the dwarf com- 
panion, could be responsible for the observed 
symbiotic activity. Both the classical symbiotic 
stars Z And and AG Dra underwent outbursts in 
recent times, and are suitable for considering 
more thoroughly this problem. The IR photome- 
try of these events led to the conclusion that no 
large change of the IR spectrum occurred during 
the outbursts (Cassatella et al., 1984; Viotti et al., 
1985; Cassatella et al., 1988a). A similar result 
was found for the symbiotic nova PU Vul. This 
star, after its 1978 outburst, suffered a deep lumi- 
nosity fading in 1980. Simultaneous ultraviolet 

TABLE 11-4. INFRARED VARIABlLITY OF SYMBIOTIC STARS. 

D-type symbiotic stars 
VI016 Cyg 1 .0 
BI Cru 1 .o 
RX Pup 1.2 
HM Sge I .2 
RR TEL 1.5 
He 2-34 0.8 
He 2-38 1 .o 
He 2-106 1.5 

S-type symbiotic stars 
Z And 0.2: 
CI CY& 0.5: 
AG Peg 0.2 

Related objects 
R Aqr 1 .o 

1 .0 
0.8 
1 .o 
1.5 
1 .o 
0.5 
0.8 
0.9 

0.3: 
0.5: 
0.1 

450 
280 
580 
500: 
387 
370 
433 
400 

1,2 
3 
4 
2 
5 
3 
3 
3 

6 
6 7  
8 

0.8 387 9 

Refereiices: 1. Harvey (1974). 2. Tarariova arid Yiidiri (1983). 3. Feast et at. (19836). 4. Whitelock et al. (19836). 
5. Feast et al. ( 1 9 8 3 ~ ) .  6 .  Tarmow and Yirdin (1981). 7. Bar-arra and Viorri (1983). 8. Feust et al. (19836). 9. 
Whitelock et al. ( 1 9 8 3 ~ ) .  
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and infrared observations made by Friedjung et 
al. (1984) showed that while the ultraviolet flux 
largely decreased during the minimum, the infra- 
red remained nearly the same, indicating that the 
source of the IR radiation (the cool giant) was not 
affected by the event. The amount of IR observa- 
tions of symbiotic stars during outburst is still 
poor to make a general conclusion. But all the 
above results are in favor of a cool component 
that is not directly involved in the symbiotic ac- 
tivity. Actually, the observed IR variability seems 
to be a peculiarity of the cool component, not 
necessarily associated with the symbiotic phe- 
nomena. 

VII. RADIO OBSERVATIONS 

VILA. INTRODUCTION 

Radio observations provide a probe of the 
large scale structures from a few stellar radii to 
the typical sizes of planetary nebulae. It is there- 
fore a useful tool to investigate stellar winds, ac- 
cretion structures, and ejecta. Symbiotic objects 
generally are weak radio emitters. Thus, a signifi- 
cant progress in this field was made only when 
large area radio telescopes began to be available. 
A comprehensive summary of the radio observa- 
tions of symbiotic stars can be found in the book 
on Radio Stars (Hjellming and Gibson, 1985). 
The first object successfully detected at radio 
wavelengths was V1329 Cyg (HBV 47.5), which 
was pointed by the 100 m MPI Bonn radio tele- 
scope in October 1972 at 10.63 Ghz (Altenhoff 
and Wendker, 1973). This star is known for hav- 
ing brightened in 1966. A rather weak flux 
(- 1OmJy; 1 Jy=l.10-26 watt m-2 Hz-') was detected 
in this star known to have exploded in 1967. A 
larger flux was found by Purton et al. (1973) in 
another symbiotic nova, V1016 Cyg, which ex- 
ploded in 1964. This latter observation is of par- 
ticular importance, not only for the large impact 
of radio observations on the understanding the 
symbiotic phenomenon, but more in general for 
the modelling of stars with optically thick winds. 
In fact, after the first detection of V1016 Cyg at 
10.63 Ghz, observations at other frequencies, 
from 26.9.5 to 10.70 Ghz, revealed that the radio 
spectrum was remarkably linear, with a mean 
slope of about 0.7.5, a value significantly smaller 

than the value of 2.0 expected for a uniform slab 
of optically thick gas emitting by the free-free 
process, and larger than the optically thin case, 
which is nearly independent of the frequency. 
Figure 1 1-24 shows the radio spectrum of V1016 
CYg. 

0.40 
0.30 

0.02 1 
0.01 

FREQUENCY GHz 

HM SGE 

LJ MAY.AUG. 77 

0 

v GHz 

300 

P 
T 

h 
7 
E 100 

b 

- 
> 
u) 

D 
3 
$ 3 0  
J 

10 
3 10 30 lcx) 

FREQUENCY ( G H z p  

Figure I 1  -24. The radio spectrimi of symbiotic stars. 
(a)  V 1016 Cyg (Marsh et al., 1976); (b)  H M  Sge at 
different epochs afer  its 1975 outburst (Kwok et al., 
1984); (c)  HI-36 (Pirrton et a]., 1977). 
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Seaquist and Gregory (1973) found that the 
observed slopes rather support a model in which 
the central object is undergoing a continuous 
mass ejection (i.e., it has a stellar wind). There- 
fore, the radio flux at a given frequency provides 
a measure of the mass-loss rate (under certain 
assumptions about the electron temperature and 
the structure of the wind, and if the distance is 
known). The model of an optically thick (at radio 
wavelengths) ionized wind from a hot central star 
was later developed by Panagia and Felli (1 975) 
and Wright and Barlow (1975). 

Following the first observations of V 1329 
Cyg and V1016 Cyg, several symbiotic stars 
were pointed to with radio telescopes, with 
varying (positive and negative detection) results. 
For instance, Wendker et ai. (1973) failed to de- 
tect AG Peg and Z And, while intense radio emis- 
sion was found from the D-type symbiotic nova 
HM Sge two years after its outburst,-which is 
continuously rising (Purton et al., 1982). An ex- 
tensive radio survey of Wright and Allen (1978) 
of 91 targets led to the discovery (or confirma- 
tion) of only 9 sources, all but one (AG Peg) 
belonging to the D-type subgroup discussed in the 
previous Section VI. A particularly intense flux 
was found for HM Sge, RR Tel, and H 1-36, which 
is the most intense one (91 mJy at 14.5 and 8.9 
Ghz). Wright and Allen also found a clear corre- 
lation between the 14.5 Ghz flux and the dust 
emission at 10 pm. This is shown in Figure 1 1-25. 

The opening of the Very Large Array (VLA) 
radio telescope of Socorro, New Mexico, in 198 1 
afforded the opportunity of a basic improvement 
of our knowledge of radio emission from symbi- 
otic stars. A survey of 59 symbiotic stars at 4.9 
Ghz was carried out by Seaquist et al. (1984) who 
found 17 positive detections, including several S- 
type systems not observed before. A compen- 
dium of the radio observations at 6 cm (4.9 Ghz) 
from different sources is given in Table 11-5. In 
general D-type systems have stronger radio emis- 
sion than the S-type ones. It is, however, difficult 
to find an immediate interpretation of this result, 
since it could be affected by unknown selection 
effects, and obviously by the uncertainty on the 
distance. 

Szcm (mJy) 

Figitr-e 11-25. The radio f l i t s  at 14.5 Ghz vcrsiis the 10 
p?r eriiissiorzs in D-type synihiotic stars (Wright and 
Allen, 1978). 

V1I.B. RADIO VARIABILITY 

A few objects have been repetitively observed 
over a long time interval, and this could provide 
information about the long-term variability and 
possible correlation with the optical behavior. 
After its first detection, V1329 Cyg was irregu- 
larly observed at radio wavelengths for several 
years. During 1972 to 1978, its radio flux proba- 
bly remained at a nearly constant flux of 12-14 
mJy at 10.7 Ghz (Purton et al., 1982). The star was 
not detected at 4.89 Ghz in 1980 (Kwok et al., 
1981), while two years later Seaquist et al. (1984) 
reported a flux level of 2.16k0.44 mJy at the same 
frequency. It should be considered that the 1980 
radio observation was made near a luminosity 
maximum of the star (phase 0.48, according to the 
Iijima (1981) parameters). At that phase, the 
emission line and UV continuum fluxes are at 
maximum (e.g., Nussbaumer and Schmutz, 
1983). RX Pup is a D-type symbiotic character- 
ized by a large radio variability, but with a still 
unknown time behavior (Seaquist and Taylor, 
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TABLE 11-5.6 CM RADIO OBSERVATIONS OF SYMBIOTIC STARS 

Object Flux 
(mJy) 

Slope 
(a)  

Size( 8, Ref. 
(arcsec) 

D-type symbiotics 

V1016 Cyg 
RX Pup 
HM Sge 
RR Tel 

S-type symbiotics 

Z And 
BF CY& 
CH CYg 
CI CYg 
V1329 Cyg 
AG Dra 
YY Her 
AG Peg 

related objects: 

R Aqr 
RS Oph 
RT Ser 
H 1-36 

61 +0.8 0.5 1 2  
34 var +0.72 0.50 3 

40-90 var +0.78 0.36x0.24 4 
28 2 

1.2 
2.1 

0.4-18 var 
<0.42 

2-5 var 
0.5 

<0.35 
8.2 

+0.62 
+0.98 

(see ref 6) 

12.5 +0.6 
20-82 var (see ref 13) 

1.3 +0.73 
46 +1.05 

<0.6 
<0.7 
1.5 

<2.8 

1.5 

5 
5 
6 
5 

5,7 
5 3  
5 
5 

100 11 
0.2 12,13 

5 
5 .O 14 

Notes to the table. (") Datu or1 arigiilur sizes (c~eiirr~aily ut 6 cni) arefioni Seaqiiist ei al. (1984), Hjellniirig arid Gibson 
(1985), ai7d Taylor (1988). 

Refeiwices: ( I )  Piirtori et al. (1973). (2) Piiriori et ai. (1982). (3)  Serrqirist mid Taylor (1987). (4)  Kwok et al. (1984). 
(5 )  Seaqiiisr et al. (1984). (6) Tuyior. et al. (1986, 1988). (7)  Altenhoff arid Weridker (1973). (8) Torbett arid Canipbell 
(1987). (11) HollrJ et ul. (1985, 1987). ( 1 2 )  Padrii et ai. (1985). (13) Spoelstru et al. (1987). (14) Pirrton et al. (1977). 

1987). The D-type symbiotic nova V1016 Cyg 
was continuously monitored at 2.8 cm since 
1973, but only marginal evidence of variation 
was found (Purton et al., 1981; Becker and 
White, 1985). The star may have reached a sta- 
tionary stage after the 1964-66 outburst, and this ' 

is in agreement with the spectroscopic and 
photometric results. It must be noted that in 1969, 
M. B. Bell, E. R. Seaquist, and W. J. Webster 
failed to detect V1016 Cyg, with an upper limit of 
about 100 and 70 mJy at 4.6 and 1 1  cm, respec- 
tively (see FitzGerald and Houk, 1970). These 
upper limits are a factor of two larger than the 
radio fluxes detected later; thus, they cannot he 

used as an indication of a rise of the radio luminos- 
ity. Also, no variability was found in the strong 
source H1-36 (Allen, 1983). A different situation 
holds in the case of HM Sge, which underwent its 
outburst in 1975 and was first radio-detected in 
1977. Since then, the star has been frequently 
monitored, and a gradual increase of the radio flux 
was found (see Figure 1 1-24 and Table 1 1-6). The 
radio spectrum remained optically thick over all 
the observed frequency range, and this fact pro- 
vided means to estimate the expansion velocity of 
the optically thick surface (which is not neces- 
sarily the wind velocity) of about 100 km s-' 
(Kwok, 1982). This time evolution can be com- 
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pared to that of the recurrent nova RS Oph, which, 
after its 1982 outburst, rapidly increased its radio 
flux up to 63 mJy in a few weeks (Padin et al., 
1985). The fact that no variability was found in 
the similar object VI016 Cyg has to be related to 
the more time elapsed since the outburst in the 
latter one. Thus, we expect HM Sge to reach a 
constant radio luminosity in few years. The radio 
variability in symbiotic objects is summarized in 
Table 11-6. 

V1I.C. RADIO IMAGERY 

Radio observations have represented and for 
a long time will represent a unique way to 
make very high spatial resolution imagery of cir- 
cumstellar envelopes of different categories of 
astrophysical objects. For instance, the Socorro 
radio telescope in its most extended (35 km) 
configuration can reach an angular resolution of 
0.07" at 1.3 cm. This resolution is one order of 
magnitude larger than that achievable at optical 
wavelengths for diffuse sources. A few symbiotic 

objects have been so far observed at high spatial 
resolution, and the radio observations have dis- 
closed quite a variety of structures, such as shells, 
halos, jets, and bipolar nebulae. A special case is 
the radio source associated with the Mira variable 
R Aqr which will be discussed in Chapter 13, 
which is devoted to the detailed discussion of this 
star. A description of the radio nebulae in symbi- 
otic stars can be found in the volume Radio Stars 
(Hjellming and Gibson, 1985) and in Taylor 
( 1  988). 

The radio emission from VI016 Cyg has been 
resolved into two lobes separated by about 0.10" 
in the NE-SW direction (Figure 11-26). As dis- 
cussed above, this star has been considered the 
classical example of a radio source produced by 
thermal emission from a stellar wind (Seaquist 
and Gregory, 1973). These observations seem 
instead to suggest a rather different model, with 
ejection of matter preferentially in polar direc- 
tions as in the bipolar nebulae. Such a radio struc- 
ture can hardly be resolved in the optical region 
from ground-based telescopes. However, Solf 

TABLE 11-6. RADIO VARIABILITY OF SYMBIOTIC STARS 

Object Date Nu(Ghz) Flux (mJy) Reference 

VI329 Cyg 1972.8 
........ 1978: 
........ 1980.2 
........ 

HM Sge 

........ 
CH CYg 

........ 

982.1 
977.4 
980.3 
98 1 .x 
983.8 
984.9 
985.1 

........ 1985.9 

........ 1986.2 

........ 1987.0 
RS Oph 1982.1 

........ 1985.12-.I7 

........ 1987.18 

........ 1985.17-.46 

10.7 
4.9 
4.9 
4.9 

10.6 
10.6 
10.6 
4.9 

15.0 
15.0 
15.0 
15.0 
15.0 
5 .  
5 .  
5. 
5.  

10 * 2 1 
5 5 1  2 

< I .  3 
2.2 f .4 

40 
80 
90 

51 f 3  
9.3 

25.8 
44.0 
24.3 
8.2 

<0.32 
20 to 63 

82 
59 to 22 

3 
4 
4 
4 
5 
6 
6 
7 
7 
7 
3 

8,9 
9 
9 

Notes to the Tuhle. ( I )  AItetilioffaiiel Weiiclker (1973). ( 2 )  Hjellniitig (1981). (3) Seaqirist et (11. (1984). (4) Kwok et (11. 
(1981). (5) Beckernncl White (1985). (6 )  Tayloi. et al. (1986). (7 Tciyloret al. (1988. (8 Padi i i  et (11. (198.5). ( 9 )  Sjmelstm 
et ul. (1987). 
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Figwe I I-26. Rudio iniuges of symbiotic stars 
(Tuylor, 1988). 

( I  983) succeeded in separating the two compo- 
nents of V 1016 Cyg, using high-spatial, high- 
spectral resolution observations near the [NII] 
6583 A emission line. 

The high-resolution radio image of HM Sge 
(Figure 11-26) shows a diffuse symmetrical 
emission, or hcrlo, with a size of about 0.5" at 1.3 
cm (22 Ghz), and a central bipolar structure simi- 
lar to that of V1016 Cyg with an extension NS of 
0.15. Both stars-HM Sge and V 10 16 Cyg- are 
known for their recent outburst, and for the pecu- 
liar bipolar radio structure. An even more com- 
plex structure is shown by the S-type symbiotic 
star AG Peg, in which three separate structures 
can be identified: a spherical nebulosity, a com- 
pact core (8<O.l" at 15 Ghz), and a possible jet- 
like structure 0.8" long, extending from the cen- 
tral core through the halo (Figure 1 1-26). Like the 
previous two objects, AG Peg has also suffered a 
major nova-like outburst. The question is 
whether the present radio structure is associated 
with this behavior (see Viotti 1987a). Table 11-5 
summarizes the maximum angular size at radio 
wavelengths of some symbiotic stars. 

VI1.D. THE RADIO OUTBURST OF CH 
CYGNI 

CH Cyg represents a unique example of evo- 
lution of a radio nebula. This star recently under- 
went a radio outburst followed by the appearance 
of ejecta (Taylor et al., 1986). During April 1984 
to May 1985, the radio flux increased by about a 
factor of 35, while VLA 2 cm observations on 8 
November 1984 disclosed the presence of two 
radio knots separated by 0.18". Taylor et al. 
(1986) also found that 75 days later, the radio 
image evolved into a three-component structure 
with a total separation of 0.4" (Figure 11-27). 

This radio outburst of CH Cyg was associated 
to a luminosity decline of the star of about 1.5 
mag (Tomov, 1984). In the same time, Selvelli 
and Hack (1  985) observed a dramatic increase of 
the line excitation in the ultraviolet. Taylor et al. 
(1986) explained the radio evolution of CH Cyg 
as the result of formation of ejecta, which are 
moving away from the central object at a very 
high speed, about I .  1 arsectyr, corresponding to a 
projected velocity of about 1000 km si. The 
thin lines in Figure 1 1-27 connect the correspond- 
ing knots according to this hypothesis. This con- 
clusion also seems to be supported by the large 
width of the hydrogen lines. Thus, CH Cyg could 
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be considered as the best example of jet activity. 
There is , however, an alternative and simpler ex- 
planation of the observations: the two sources ob- 
served in November 1984 (labelled A and C in 
Figure 11-27a) would correspond not to the 
sources A and C of Figure 11-27b), but to B and 
C, respectively. This correspondence is indicated 
in the figure by dashed lines. In such a hypothesis 
the apparent motion of the radio structures, espe- 
cially of knot A, would be much lower than that 
claimed by Taylor et al. (1988) and possibly equal 
to zero. Also, the broadness of the Lya  emission, 
shown in the following Figure 11-29, is more 
easily explained by a very large optical thickness 
so that the observed wings are the damping wings 
of the emission lines, rather than related to Dop- 
pler broadening. The appearance of the radio jets 
in CH Cyg could be associated with a sudden 
increase of the flux of ionizing photons from the 
central object in mid-1984, followed by the 
propagation of an ionizing front through the 
preexisting circumstellar matter. The .increase of 
the line ionization in the UV and the detection of 
an X-ray emission (Leahy and Taylor, 1987) give 
further support to this intepretation. 
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VILE. MASER EMISSION 

The observation of radio lines of molecular 
species from late-type stars is an important tool to 
investigate their outer envelopes. Maser emission 
of OH, H,O, and S i 0  has been detected at radio 
wavelengths in several objects, including M su- 
pergiants, carbon and S stars, and Mira variables 
(e.g., Lepine et al., 1978, and references therein). 
Most of the S i 0  sources are Mira variables, and 
there is evidence that most, if not all, Miras are 
S i 0  emitters. This maser emission is, therefore, 
important for the investigation of the characteris- 
tics of the cool component of symbiotic stars. In 
particular, we should expect maser emission in 
the D-type symbiotics for the presence in most of 
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them, as discussed in the previous section, of a 
Mira-type variability. S i 0  is also an important 
cooling agent in the outer atmospheres of oxygen- 
rich red giants, and is the first step toward the pro- 
duction of circumstellar dust (Muchmore et al., 
1987). Therefore, the observation of the molecule 
in symbiotic objects surrounded by dust enve- 
lopes, such as the D-types, is important for the 
study of the process of dust formation. However, 
so far the results are far from being satisfying. Ex- 
tensive search of S i 0  maser emission was made 
by Cohen and Ghigo (1980). They were able to 
positively detect only one object: the symbiotic 
Mira R Aqr, whose S i 0  emission was already ob- 
served by Lepine et al. (1978) in their survey of 
cool stars. This star was also observed in the OH 
and H,O maser lines, but with negative results 
(Wilson and Barrett, 1972; Dickinson, 1976). Ac- 
cording to Lepine et al. (1978), the S i 0  emission 
is probably less affected by the presence of a hot 
companion, since it is formed in deeper and 
denser parts of the cool star envelope. This effect 
was, in fact, already noted in the case of the Mira 
binaries o Ceti and R Hya (Lepine and Paes de 
Barros, 1977). More recently, Hollis et al. (1986) 
observed the 86.24337 Ghz line of S i 0  from R 
Aqr with a 2.6 x 3.6" beam width, and found that 
the S i 0  emission is unresolved and placed about 
1 " away from the central star and from the central 
HI1 region (see Figure 13-17). For a reasonable 
assumption on the distance of R Aqr (about 300 
pc), Hollis et al. (1986) found that the emisssion 
is formed too far (about 4.5 x cm) from the 
red giant envelope. S i 0  emission is more proba- 
bly formed in the circunibinary nebulosity, 
pumped by the hot star radiation. We also point 
out the fact that the S i 0  emission originates in the 
region opposite to the jet, where no strong radio 
sources were detected. Probably in this region, 
the gas is denser and less ionized and/or there is a 
larger amount of dust and molecules. Mapping of 
this region in radio and infrared should provide a 
fundamental basis for understanding the origin of 
maser emission in circumstellar envelopes and its 
association with dust and with the nature of the 
central object. 

To conclude this chapter on the radio observa- 
tions, let us make a more general remark about a 
major problem: the exact location of the optical 

counterpart. In fact, the coordinates of the radio 
source can be derived with very high accuracy (a 
few milliarcsec), while the astrometric position 
of the optical counterpart is normally known with 
much lower precision. It is possible that the radio 
emission is not coming from the visual star, but 
from a nearby region (an invisible companion or 
a small nebula). This is a very important point, 
since the relative position of the radio and optical 
sources has strong consequences on the model. 
Very precise determinations of the astrometric 
position of these stars are thus urgently needed. 

VIII. THE ULTRAVIOLET SPECTRUM OF 
SYMBIOTIC STARS 

VII1.A. INTRODUCTION 

The basic problem of the symbiotic phenome- 
non is to explain the origin of the emission lines 
and of the strong blue continuum, which should 
be associated with an ionized region close to the 
cool star. Can this region be identified with an 
exceptionally extended transition-region/corona 
around the cool star, or with a circumstellar neb- 
ula ionized by the UV radiation from a hot com- 
panion? How can we decide among the different 
possibilities? 

Before the advent of the ultraviolet satellites, 
several attempts were made to explain the pres- 
ence of the nebular component in the optical spec- 
trum of symbiotic stars by the presence of a hot 
star. In particular, Boyarchuk (1966, 1968) made 
a detailed analysis of the optical energy distribu- 
tion of symbiotic stars during different activity 
phases. He was able to identify three spectral 
components: a stable M giant, a nebular compo- 
nent, and a hot dwarf star, the latter two variable 
in time. These results clearly anticipate the pres- 
ence of a strong hot continuum in the UV spec- 
trum of symbiotic stars. But there still was the 
problem of the unknown amount of the interstel- 
lar extinction and the relative faintness of symbi- 
otic stars in the visual. 

AG Peg was the first symbiotic star observed 
in the UV. The Orbiting Astronomical Observa- 
tory OAO-2 pointed the star on May 11, 1970, and 
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discovered a strong UV flux with a steep rise to 
the shortest wavelengths, implying the presence 
of a luminous hot source, probably a WN6 star 
with a bolometric luminosity brighter than that of 
the M3III visible star (Gallagher et al., 1979). The 
successful launch of the IUE satellite on January 
26, 1978 represents an important progress in our 
knowledge of the nature of the symbiotic phe- 
nomenon because of the large amount of new and 
frequently unexpected results. In particular, the 
long life-time of this satellite, and its wide and 
well-balanced use by the astronomical commu- 
nity has been the great advantage of this facility. 

In the following, we shall discuss separately 
the main progresses reached in the fields of the 
interstellar extinction, continuum energy distri- 
bution and emission line spectrum, and of their 
time variability. We shall also use the expressions 
“near-UV” and “far-UV” for the 2000-3200 A 
and 1200-2000 A regions, respectively, which 
coincide with the long and short wavelength 
modes of the IUE satellite. 

VII1.B. INTERSTELLAR EXTINCTION 

Ultraviolet observations have been proved in a 
number of cases to be the best and even the unique 
means of determining the interstellar extinction, 
which is a basic parameter for any model fitting of 
the observational data. In most symbiotic stars the 
mid-UV continuum is strong enough to allow the 
measurement of the interstellar absorption band 
at 2200 A, which is a prominent feature in the UV 
extinction curve, and is well correlated with E(B- 
V). The estimated errors in the corresponding 
E(B-V) values are around +0.03/0.05. Figure 11- 
28 shows some examples of the UV spectra of 
symbiotic stars showing the 2200 A feature. 

For this procedure, the mean galactic extinc- 
tion curve is generally used. Variations of the 
interstellar extinction from the mean galactic one 
are possible, especially for the Large Magellanic 
Cloud members, and for those objects that are 
known (or are thought) to be surrounded by dense 
dust clouds. Different criteria are thus needed for 
the latter cases and to reduce the estimated errors. 
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An independent determination of the i s .  ex- 
tinction can be derived from the relative intensity 
of the emission lines in the UV range, or of lines 
belonging to the UV and optical regions. From the 
[NeV] and He11 lines in the UV spectrum of 
VI016 Cyg, Nussbaumer and Schild (1981) ob- 
tained E(B-V) =0.3 to be compared with E(B- 
V)=0.25 as derived from the 2200 A band. For 
AG Dra, the relative intensity of the He11 lines in 
the UV provided E(B-V) = - 0.05 in agreement 
with E(B-V) = 0.06 k0.02 as derived from the i s .  
band (Viotti et al. 1983a, 1984a). In this latter 
star, the far UV continuum is so strong that the 
region can be observed at high resolution. Several 

i s .  absorption lines have been identified in spite 
of the low reddening of this star. The i s .  L y a  line 
is present as a broad absorption, and from the ex- 
tension of the wings, a column density of log 
N(H1) = 20.2k0.2 [N (HI) in ~ r n - ~ ]  was derived by 
Viotti et al. (1983), which again agrees with the 
above value if one takes into account a lower 
portion of the i s .  hydrogen in form of H, at the 
high galactic latitude of AG Dra (b = +41"). 

In the case of CH Cyg, a prominent L y a  emis- 
sion line appeared in 1985 (Selvelli and Hack, 
1985; Selvelli, 1988; see Figure 11-29a). This 
line is doubled by a broad absorption due to the 
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interstellar Lya ,  whose strength corresponds to 
logN(H1) = 19.7, or E(B-V) = 0.015 (Viotti, 
1988a). Frequently, the interstellar lines fall close 
to emission lines, and may largely affect its inten- 
sity and profile. This may sometimes lead to 
wrong conclusions. For instance, in Z And, as 
well as in many other symbiotic stars such as CH 
Cyg and Vi016 Cyg, the 0 1  line near 1302 A is 
completely absent (see Figure 11-29b), while the 
other two lines of the resonance triplet are present 
and strong in emission. The absence of the strong- 
est component of the 0 1  triplet has been fre- 

quently interpreted as the result of some rather 
strange excitation mechanism, or of radiative 
transfer in the emitting envelope, while the sim- 
plest explanation is that the line is missing be- 
cause of the absorption by the interstellar line 
(while the other two lines have no i s .  compo- 
nents, being slightly excited transitions). In fact, 
as soon as the stellar radial velocity is different 
enough from the i s .  one, the 0 1  1302 emission 
line reappears. This is, for instance, the case of the 
high-velocity stars RR Tel (Figure 1 I-29b) and 
AG Dra. whose radial velocities are -61 and -140 
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kni s-’, respectively, so that the i s .  01 1302 A line 
falls to the red of the stellar emission line. But it 
is curious to note that in these stars, the second 
component of the 0 1  rnultiplet at 1305 A is much 
weaker than expected. I t  is easy to find that in this 
case, the emission line is coincident in wave- 
length with the interstellar Si11 line at 1304 A. 
Again, we have an indirect evidence for the pres- 
ence of an interstellar absorption line, although 
its true intensity is very hard to be deteimined 
with the present spectral resolution of the UV 
spectra. AG Dra has another interesting feature. 
In this star, the MgII doublet is characterized by a 
kind of “inverse P Cygni profile” (Figure 1 1 -  
29c). Obviously, this is not a real stellar effect, 
which should be very peculiar for a symbiotic 
star, but an accidental combination of the blue- 
shifted stellar emission lines and of the unshifted 
interstellar components of the same doublet. A 
similar longward absorption of interstellar origin 
is seen in the red wing of the CIV 1548 line in the 
high-velocity (-95 kni s-’) symbiotic star EG And 
(Oliversen et al., 1985). Concerning the reso- 
nance doublets, we should finally note that in the 
case of no wavelength shift between stellar and 
i s .  lines, the relative strength of the two emission 
components could be affected by the i s .  absorp- 
tion, which reduces the stronger component more 
than the other one, an effect which has been noted 
for the CIV doublet as discussed below in Section 
VII1.D. 

Table 11-7 summarizes the different determi- 
nation of the i s .  extinction toward several symbi- 
otic objects derived from UV and optical studies. 
In general, the UV determinations appear to be in 
agreement or slightly lower than the optical ones. 
In some cases, the agreement is poor, being the 
optical E(B-V) much larger. In these cases, we 
preferred the UV determinations. It should be 
finally observed that most of the symbiotic stars 
are little reddened, which makes these objects 
good targets for future space observations beyond 
L y a  in the far-UV, as also discussed below. 

V1II.C. THE ULTRAVIOLET CONTINUUM 

Figure 11.30 shows the low resolution IUE 
spector of some symbiotic stars. The majority of 
them display a smooth continuum which is rather 

flat in the near-UV, but with a clear far-UV ex- 
cess. Once the fluxes are corrected for the i.s. ex- 
tinction, the continuum gradient in the far-UV be- 
comes quite steep and frequently approaches the 
Rayleigh-Jeans tail of a black body radiation, 
which corresponds to black body temperatures 2 

40,000 K. This implies that the size of the “hot 
source” could be as small as one-tenth of a solar 
radius or even less, close to the size of a hot 
subdwarf. In addition, most of its energy is radi- 
ated outside the IUE range shortwards the Lyman 
continuum. It is then difficult to have a precise es- 
timate of the bolometric luminosity of the hot 
source, unless we use other methods. In fact, as 
for the central stars of the planetary nebulae, we 
can derive the Zanstra temperature from the emis- 
sion line fluxes. For instance, the intensity of the 
HeII line at 1640 A provides a measure of the 
photon flux shortwards of the helium ionization 
limit at 228 A. For more details on the method, the 
reader should refer to the many publications on 
the matter (e.g., Osterbrock, 1974; Pottasch, 
1984) and to the papers on individual symbiotic 
stars. One not negligible problem is the true en- 
ergy distribution of the far-UV spectrum of the 
hot source, which is fairly different from that of a 
black-body. The hot source itself could be not a 
star but the innermost layers of an accretion disk, 
or even a “hot spot” somewhere in the environ- 
ment of the symbiotic object, or on the cool star 
surface. It is difficult at this stage to distinguish 
among all these possibilities, although, as we 
shall show later, energy balance considerations 
and, especially, the time variability may help to 
solve this problem. 

If the far-UV continuum is produced by the 
photosphere of a hot dwarf star, we should expect 
to see some photospheric absorption lines. The 
typical features that could be seen at low resolu- 
tion for effective temperatures of 40,000 K or 
more, are the resonance doublets of NV, CIV, and 
SiIV, and the excited lines of He11 1640 A, NIV 
17 18 A, and OV 137 1 A. The resonance lines and 
the HeII line are always coincident with promi- 
nent emission lines of the symbiotic spectrum, 
and any contribution from a photospheric absorp- 
tion is thus masked. The subordinate lines of NIV 
and OV are generally not seen (or present as weak 
emissions). The most promising feature associ- 
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TABLE 1 1-7. INTERSTELLAR EXTINCTION TOWARD SYMBIOTIC STARS 

Object E(B-V) LogN(H) (4 Method (b) (Reference) 
(mag) (cm-2) 

Z And 
EG And 
CH CYg 
CI CY g 
VI016 Cyg 
V I329 Cyg 
AG Dra 
YY Her 
V443 Her 
BX Mon 
SY Mus 
AR Pav 
AX Per 
AG Peg 
RX Pup 
HM Sge 
RR Tel 
PU vu1 
R Aqr 
RS Oph 

0.35 
0.07 
0.015 
0.40 
0.28 
0.37 
0.06f.02 
0.18 
0.3 12.04 
0.20k.05 
0.40 
0.30 
0.29 
0.122.03 

0.6 
0.1 02.03 
0.49 

<o. I O  
0.73f. I O  

0.3- I .O 

2200 ( I )  
u v c  (2) 
L y a  ( 3 )  
2200 (4) 
2200, UV1(5), opt (6) 
2200, opt+UVl (7) 
Lya, 2200, UV1 (8) 
2200 (2) 
u v c  (2) 
opt (9) 
2200 (10) 
2200 (8,l I ) ,  radio (12) 
2200 (2) 
2200 (2,13), radio (12) 
opt (14), 2200 (8,15) 
2200 (2,16), opt (17) 
2200,UVI ( 18) 
UVc (19) 
Xray,opt (20), 2200 (2) 
UV (21), Xray (22) 

Notes to the table: (a) Neutral Iiydrogeri colirnin density froni radio or X-rajl observations. (h) 2200: depth of tlie 
2200 A interstellar hand; Lya: exteiisioii of the i.s. Lya absoiption; UVc: UV eriergy distrihiitiori; UVI: fliis ratio of 
UV eniissioii lilies; opt: fliis- i-ntio of optical eniissioii liries; Xray: X-ray specti-mi; rudio: radio mups. 

Refererices: ( I )  Viotti et al., 1982. (2)  Keiiyoii, 1983a. (3)  Viotti, 19880. (4)  Baratta et al., 1982. (5)  Nirssbaimier 
aiid Schild, 1981. (6)  Ahern, 1978. (7) Muller et al., 1986. (7)  Viotti et al., 1983; Viotti et al., 1984a ( 8 )  Keriyon arid 
Webbirik, 1984. (9)  Viotti et ul., 1986. (10) Michalitsiarios aiid Kafutos, 1984. (11) Slovak, 19826. (12) Birrristeili arid 
Heiles, 1982. (13) Penstori aiid Allen, 1985. (14) Klictz et nl., 1979. (15) Kafntos et al., 1982; Kafatos et a]., 1985. (16) 
Miteller and Nitsshuimier, 1985. (17) Willsoii et al., 1984. (18) Peristori et al., 1983. (19) Friedjiciig et al., 1984. (20) 
Viotti et al., 1987. (21) Sriijders, 1987. (22) Mason et a]., 1987. 

ated with a hot photosphere could be the FeIV- 
FeV blend near I400 A, which is seen in many hot 
subdwarfs (e.g., Bruhweiler et al., 1981; Rossi et 

below, P Cygni profiles are rather rare among 
symbiotic stars. 

a]., 1984). These absorptions have also been iden- 
tified in the UV spectrum of WR stars (Fitzpa- 
trick, 1982). So far, there is no indication of this 
blend in the UV spectrum of symbiotic stars, but 
certainly a careful analysis of high S/N spectro- 
grams should give a more precise answer on this 
regard. We should also consider that the hot 
component of a symbiotic system might be sub- 
ject to an intense high-velocity wind producing 
strong and wide P Cygni profiles in the resonance 
and subordinate lines, which should easily be 
seen also at low resolution. But, as discussed 

The continuum of symbiotic stars is generally 
too weak to be observed at high resolution with 
IUE, with two important exceptions: AG Dra and 
CH Cyg. AG Dra has a very intense UV contin- 
uum that can be detected at high resolution in less 
than one hour. The continuum appears feature- 
less, apart from the many interstellar lines dis- 
cussed in the previous section, and the narrow P 
Cygni absorption of the NV 1240 A doublet. In 
particular, there is no trace of the FeIV-FeV, 
which, as discussed above, should be present in 
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the photospheric spectrum of a star with a tem- 
perature similar to that of the UV continuum of 
AG Dra. More complex is the case of CH Cyg, 
which displays (during the light maximum) a rich 
absorption line spectrum. The lines-mostly of 
FeII, NiII, and of other singly ionized metals- 
appear rather narrow and slightly violet-shifted, 
which should be an indication of lines formed in 
a diluted medium, rather than in a stellar photo- 
sphere. The large spectral variability of this star is 
also suggestive of a nonphotospheric origin of the 
observed features. 

To summarize, so far, there is no direct evi- 
dence for photospheric features in the far-UV 
continuum of symbiotic stars, that could support 
the hot subdwarf hypothesis. But again, these 
could have been masked by the rich emission line 
spectrum. Or, more simply, the “photospheric 
spectrum” actually is a kind of “mild” P Cygni- 
type spectrum like the central stars of planetary 
nebulae, but with a lower expansion velocity of 
the atmosphere. 

The near-UV continuum generally appears flat 
and featureless and could be considered as a con- 
tinuation of the Baliner continuum. Thus, it is 
probably produced in an optically thin or thick 
“nebular” region, Le., in the ionized parts of the 
circumstellar gaseous envelope. Several attempts 
have been made to fit the UV continuum of sym- 
biotic stars with a two-component model (e.&., 
Slovak, 1982; Penston et al., 1983; Kenyon and 
Webbink, 1984; Cassatella et al., 1988b; Feman- 
dez-Castro et al., 1988). In general, the derived 
parameters largely depend on the assumed values 
for the hot star temperatures, so that there is a 
large uncertainty on the physical structure of the 
system. In particular, in the majority of cases, it 
appeared hard to discriminate among the two 
most favored models: hot star or accretion disk. In 
other words, we have so far no direct proofs of the 
presence of a hot stellar component (i.e., a hot 
star) in a symbiotic system, nor, as we shall dis- 
cuss later, of an accretion disk surrounding a 
dwarf star. 

V1II.D. THE EMISSION LINE SPECTRUM 

As in the optical region, the UV spectrum of 
symbiotic stars in characterized by a great num- 

ber of emission lines belonging to a wide range of 
ionization energies. In most objects, very promi- 
nent are the resonance lines of NV, CIV, SiII, 
SilV, AIII, AIIII, and MgII, and the intercombi- 
nation lines of CII, CIII, 0 1  (X 1641), 0111, SiIII, 
NIII, and NIV. He11 is present with the strong line 
at 1640 A, and with the weaker Pickering series, 
in the near-UV range. The highest ionization 
energy species are represented by OV, 
NV,[MgV], and [CaVI] (e.&., Penston et al., 
1983). But FeII is also frequently observed in the 
UV spectra of symbiotic stars. A very rich FeII 
spectrum is displayed by RR Tel (Penston et al., 
1983) and by CH Cyg after the outburst (Marsi 
and Selvelli, 1987). It may be noted that the 
emission lines are frequently so intense as to be 
easily detected with IUE at high resolution with 
very short exposure times. We may thus have an 
accurate measure of the flux ratios and of the line 
profiles. Line profiles may, in fact, provide a 
means to derive the velocity fields in the stellar 
environments. P Cygni profiles are difficult to see 
because of the weakness of the continuum, which, 
in general, cannot be observed with IUE at high 
resolution. The presence of a shortward displaced 
absorption can be indirectly inferred by the asym- 
metry of the emission line profile, or from the 
doublet intensity ratios, as discussed in Chapter 
13. In the case of AG Dra, a P Cygni profile is 
clearly visible in the NV doublet, with an absorp- 
tion component shifted by -120 km s-I and extend- 
ing to -170 km s-’ (Viotti et al. 1983, 1984; Figure 
I 1-31a). This component is not seen in the lower 
energy CIV and SiIV doublets and might suggest 
a very high temperature (>1-2x 105K) for the ex- 
panding envelope (however, see later the discus- 
sion of models). 

As can be seen in Table 11-8, frequently the 
flux ratio of the components of the resonance 
doublets of NV, CIV, SiIV, and MgII largely 
deviates from the optically thin value of two. The 
anomalous resonance doublet ratio in symbiotic 
stars (and related objects) was noted and dis- 
cussed among others by Nussbaumer and Schild 
(198 l), Feibelman (1983), Kafatos et al. (1983, 
and especially Michalitsianos et al. (1988). 

The He11 1640 A line is the strongest emission 
in the UV spectrum in many symbiotic stars. In 
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AG Dra, the line appears as a narrow peak, with a 
FWHM of 0.50 A, and very broad emission wings 
with a FWHM of about 6 A (Viotti et al., 1983; 
Figure 11-3la). Broad wings have also been 
observed for the strongest emission lines (CIV, 
HeII, NV, and CIII) in RR Tel (Ponz et al., 1982 
Figure 11-31b), V1016 Cyg (Kind1 et al., 1982), 
and in the outburst spectrum of Z And (Cassatella 
et al., 1988a). These broad features could be 
produced by Thomson scattering in the emitting 
region. Alternatively, if Doppler broadened, the 
wings should indicate the presence of a high-ve- 
locity (rotational or expansion velocity) region, 
which could be identified with the accretion disk 
or with matter streaming in the system. Note that 
in the accretion disk hypothesis, the wings of the 
higher temperature lines should be broader. 

In RR Tel Penston et al. (1983) found a sys- 
tematic increase of the line width of the narrow 
emission lines with ionization potential from 40 
to 86 km s-I. A similar behavior is present in AG 
Dra (Viotti et al., 1983) and HM Sge (Mueller and 
Nussbaumer, 1985). This result again, if con- 
firmed, should be an important element to under- 
stand where emission lines are formed. 

A rather extreme case is represented by AG 
Peg, whose UV spectrum shows quite a variety of 
line profiles (see Figure 1 1-31c). that are also 
variable in time. As discussed by Keyes and 
Plavec (1980) and by Penston and Allen (1985), 
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Figwe I 1-31. The UV eniissioii line profiles iii synihi- 
otic stars. ( a )  NV, CIV, and Hell  iri AG DYU. (h) NV, 
CIV, aiid Hel l  iii RR Tel with hr-oar1 wings. Hell  is 
flanked by the i~ui~row 0 3  f o r h i d h i  line. ( c )  NV, NIV], 
C N ,  mid Hel l  in AG Peg. The ceiiWn/ ahsorptioii iii 
NIV] is n processing urti~nct. 

in 1979, the He11 1640 line appeared very broad 
with a triangular shape and a FWHM of 4 A. The 
CIV line was represented by a narrow peak, while 
the 1551 component displayed a broad red wing. 
Later, in January 1985, the CIV doublet was char- 
acterized by two asymmetric peaks of about equal 
intensity, low velocity P Cygni absorption com- 
ponents, and broad wings (Figure 11-3lc). It 
should finally be remarked that in this star also the 
intercombination line of NIV at 1486 A presents 
a broad wing below the strong emission peak, 
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V1II.E. UV VARIABILITY 

The very long lifetime of the IUE satellite has 
so far represented a unique occasion to collect the 
UV spectra of many symbiotic stars on a time 
scale of one decade. It was thus possible to follow 
spectral changes possibly associated with the 
long-term symbiotic activity, and with any orbital 
motion. Since the start of full operation of IUE 
(April 1978) a number of “outbursts” occurred in 
the following symbiotic stars: PU Vu1 (1978; first 
observed in 1979), AG Dra (three outbursts in 
1980, 1985, and 1986), Z And (two outbursts in 

Figure 11-31. (c) 

1984 and 1985), CH Cyg (the 1984 “radio out- 
burst”), and AX Per (1988). These outbursts were 
followed by a variety of spectral evolution with- 
out a clear common trend. For instance, the 1984 
outburst of Z And, which was of small amplitude 
with respect to its light history, was characterized 
by a slight decrease of the UV emission line and 
continuum temperature (Viotti et al., 1984b; 
Cassatella et al., 1988a). The visual fading of CH 
Cyg after the radio brightening was followed by a 
fading of the UV continuum and a large increase 
of the line excitation with the appearance of high 
temperature lines and a rich FeII emission line 
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TABLE 11-8. EMISSION LINE INTENSITIES IN THE ULTRAVIOLET SPECTRUM OF 
SYMBIOTIC STARS 

Emission Line Fluxes2 
Wavel.' ion Z And CH Cyg V1016 Cyg AG Dra RR Tel AG Peg 

(3) (4) (5 1 (6) (7) (8) 

1215.67 L y a  
1238.80 NV 
1242.78 NV 
1371.29 OV 
1393.73 SiIV 
1402.73 SiIV 
1401.16 OIV] 
1404.81 OIV] 
1486.50 NIV 
1548.20 CIV 
1550.77 CIV 
1640.43 HeII 
1641.3 011 
1666. I5 01111 
1718.52 NIV 
1749.67 NIII] 
1753.99 NIII] 
1785.26 FeII 
1892.03 Si1111 
1906.68 CIII] 
1908.73 CIII] 
2325.40 CII] 
2326.93 CII] 
2506.43 FeII 
2508.34 FeII 
2733.30 HeII 
2782.7 MgV] 
2795.52 MgII 
2802.70 MgII 
2926.58 FeII 
3132.86 0111 
3203.04 HeII 

- - 
88.4 
47.6 

20.9 
12.4 
24.9 
9.4 

>29.9s 
>177.0s 

115.0 
212.0 

7.4 
28.0 

9.6 
3.1 

22.4 

33.5 
P 

- - 

- - 

- - 

- - 

- - 
- - 
- - 

7.8 
- - 

P 
P 
2.7 

40.2 
P 

2160.: 
15.0 
17.8 

35.4 
85.7 

- - 

- - 
- - 
5.0 

57.9 
101.3 
47.5 
35.0 
43.4 

8.0 

145.7 
25.7 
2.1 

138.8 
41.9 
19.0 
97.4 
88.1 

- - 

- - 

- - 
- - 
S 

S 

149.3 
- - 
- - 

- - 

170 
100 

49 
42 
94 
50 

140 
650 
460 
510 

17 
100 

43 

- - 

4.2 

7.5 
- - 

100 
<=I0 

500 
58 
- - 
- - 
- - 

27 
88 
82 
79 

240 
66 

3.0 

- - - - 

2 6 . 4 ~ ~  P 
>13.5pc P 

3 .On 80n 
3.2 260 
2.6 172 
8.1 442 
3.3 233 
6.5 5 14 

29.2 3 84 
16.8 210 

160.011~ 1880nw 
92 

3.1 427 
13.6 

0.4 93 
0.2 26.3 

5.5 
1.4 280 

11.1 
0.6 1130 

52.8 
18.5 
26.8 
40.6 

4.1 70.8 
446 

3.8 488 
3.1 320 

... 473 
11.7 P 

- - 

- - 

- - 

- - 

- - 
- - 
- - 
- - 

- - 

8.5 - - 

- - 

3500n 
bl 

420n 
31211 
195n 
36 
34 

2250n 
678011 

bl 
5800n 

880 
1070n 

190 

- - 

- - 

P 
350 

500 
- - 

- - 
- - 
- - 
- - 

330 
- - 

P 
P 
P 
13 

530n 

Notes to the table: ( I )  Wavelengths iri A ( i n  i1acititni belovt' 2000 A) .  (2) Flitses iii 10 '' erg cni s-), riot corrected for  
the reddening, Other symbols: p: present; s: stroiig arid satiirated; bl: blended; 11: broad line (FWHM>O.3A); M': broad 
wings (FWHM = 2 - 6 A);  pc: P Cygiii profile, (3)  Altaniore et al., 1981. (4) Seh,elli arid Hack, 1985; Marsi arid Selvelli, 
1987. (5) Nrtssbarrmer arid Schild, 1981. (6) Viotti ei ai., 1983. (7) Peristori et nl., 1983. (8) Penston and Allen, 1985; 
line j h e s  include both broad arid narrow coniponents. 

spectrum (SelveIIi and Hack, 1985). The large 
brightening of AG Dra of November 1980 was 
associated in the UV with a large increase of the 
UV line and continuum flux, but the line excita- 
tion remained the same as at minimum, as indi- 

cated by the nearly constant NVICIV resonance 
doublet ratio (Viotti et al., 1984a). Also, the P 
Cygni profile of NV discussed in the previous 
section remained nearly unchanged before, dur- 
ing, and after the light maximum. The rising 
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phase of the symbiotic nova PU Vu1 was not ob- 
served with IUE, but the deep fading of 1980 and 
the subsequent recovery did not display a signifi- 
cant change of the near-UV spectrum, which is 
dominated by the A-type component (Friedjung 
et al., 1984). It is obvious to conclude from the 
above examples that different mechanisms 
should be responsible for the observed phenom- 
ena and that each event should be treated indi- 
vidually. It is also evident that UV observations 
alone cannot provide an unambiguous model of 
the outburst and that multifrequency observa- 
tions are always needed for an effective discrimi- 
nation among possible mechanisms. 

Spectral variations in the ultraviolet were oc- 
casionally observed by several authors also when 
the star was in a quiescent phase. In some cases, 
when the star was monitored by IUE for a long 
enough time, periodic or quasi-periodic vari- 
ations of the continuum and emission line inten- 
sity were clearly identified. For instance, Viotti et 
al. (1984a) found that AG Dra, during the period 
before the main 1980 outburst, underwent a large 
change of the UV spectrum in phase with the U- 
band periodic variations discovered by Mein- 
unger (1979). For VI329 Cyg, Nussbaumer et al. 
(1986) found a periodic (“modulation”) of both 
the flux and wavelength position of the emission 
lines. The derived period of 964 days is in agree- 
ment with the optical light curve. In the case of 
RR Tel, Hayes and Nussbaumer (1986) found a 
gradual decrease of the UV line fluxes during the 
period 1978- 1984, without evidence of periodic- 
ity. The best example is probably represented by 
the prototype Z And. The star was observed many 
times with IUE during the long quiescent period 
preceding the minor 1984 outburst. From a study 
of the UV spectrum of Z And during 1978-1982 
Fernandez-Castro et al. (1984) found large ampli- 
tude periodic changes of the intensity of the ultra- 
violet emission lines and of the Balmer and far- 
UV continuum. These variations appeared in 
phase with the optical photometry (Taranova and 
Yudin, 1981; Belyakina, 1985) and suggested a 
period of about two years. A different case is that 
of the eclipsing binary CI Cyg, which was moni- 
tored by IUE during its 1980 and 1982 eclipses. 
The star, however, was at minimum activity, so 
that the variations during eclipse were of small 

amplitude in all the wavelength ranges. Stencel et 
ai. (1982) found that during the 1980 eclipse, the 
He11 1640 emission line largely faded, while NV, 
which should be formed in the same region, did 
not change. A decrease of the UV continuum by 
about a factor 2.5 was noted by Baratta et al. 
(1982). 

From a high dispersion study of the D-type 
symbiotic RX Pup, Kafatos et al. (1985) discov- 
ered a large variability of the emission line pro- 
files. He11 1640 and NIV] 1486 appeared some- 
times double, while the CIV resonance lines were 
characterized by a variable 1548/1550 doublet 
flux ratio, frequently below the optically thick 
value of unity (Figure 11-32). This peculiarity is 
a mean to investigate the structure and temporal 
behavior of winds in symbiotic stars and similar 
objects, as discussed by Michalitsianos et al. 
(1988). Long-term variation of the emission line 
fluxes was also found by Kafatos et al. (1986) in 
the “jet” of R Aqr. They also observed that the 
variations were not correlated with the Mira light 
curve of R Aqr, and the time scale of about one 
year and a half was larger than the Mira period. 

More details about the UV spectral variations 
will be given in Chapter 13 devoted to the de- 
scription of individual objects. 

VII1.F. FAR-UV OBSERVATIONS 

As discussed above, many symbiotic stars dis- 
play in the SWP range of IUE a strong continuum 
that should extend far beyond the IUE short 
wavelength limit. The presence of prominent 
high-ionization emission lines also requires high- 
energy photons from a very hot continuum. 
Therefore, it is expected that symbiotic stars 
should be strong EUV sources, also because of 
the small interstellar extinction found in many of 
them. Several symbiotic stars were, in fact, 
pointed by the Voyager 1 and 2 experiments 
(Holdberg and Polidan, 1987). These spacecrafts 
are well known for their exploration of the outer 
solar system objects. Each Voyager brings a low- 
resolution spectrometer that is sensitive in the 
range 500 to 1700 A, with an effective resolution 
of 25 A (Broadfoot et al., 1981), a region that 
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includes the Lyman continuum and several ini- 
portant transitions such as the Lyman series and 
the OVI 1032 A line. Although the Voyager spec- 
tra have not yet been published at the time of 
writing this report, we have been informed that, in 
spite of the rather low sensitivity of the instru- 
ments (flux limit of about IO-’?  erg cm-* s-’ A-I), 
the observations were quite successful. The 
analysis that is in progress will provide important 
information about the high-ionization emitting 
regions and the temperature of the hot continuum. 

IX. X-RAY OBSERVATIONS OF SYMBI- 
OTIC STARS 

1X.A. INTRODUCTION 

The spectrum of symbiotic stars is dominated 
by a large number of prominent emission lines be- 
longing to species with very high ionization ener- 
gies up to more than 100 eV. Forbidden and inter- 
combination lines of MgV, OV, and CaVI have 
been identified, for instance, in the well-studied 
object RR Tel (Penston et al., 1983), while 
[FeVII] and the unidentified emission at 6830 A, 
generally attributed to a highly ionized ion (Al- 
len, 1980), are present in the optical region 
(Thackeray, 1977). This fact may suggest the exis- 
tence of efficient ionization processes some- 
where around the symbiotics that could be associ- 
ated with high temperature plasmas. Therefore, 
we expect that some symbiotics, namely those 
displaying emission lines with the highest ioniza- 
tion stages and, which are, obviously, not too 
faint and not too reddened, should be X-ray 
sources. There are other “model-dependent’’ ar- 
guments. For instance, X-rays could be produced 
by the tail of the very hot and luminous UV con- 
tinuum found in many symbiotic stars, such as 
AG Dra. In a binary system, accretion processes 
may lead to the formation of a hot disk and bound- 
ary layer around the dwarf component. Accretion 
onto the surface of a degenerate star could pro- 
duce thermonuclear burning of the hydrogen-rich 
accreted shell. At any event, we should expect a 
strong dependence of the X-ray flux on the sym- 
biotic activity. 

The X-ray astronomy has’ largely profited 

from the extensive survey with the HEAO-2 sat- 
ellite (the Einstein Observatory), which has 
greatly increased the number of different catego- 
ries of stellar X-ray sources. Several symbiotics 
have been pointed at with HEAO-2, but only in a 
few cases, that is, 5 out of about 20, X-ray emis- 
sion was detected. The positive detection in- 
cludes 3 D-type, nova-like synibiotics: VI016 
Cyg, HM Sge, and RR Tel (Allen, 1981), the S- 
type AG Dra (Anderson et al., 1981), and one 
related object GX 1+4 = 4U 1728-24 (Davidsen et 
al., 1977). All but one (GX 1+4) are soft X-ray 
sources. One star, HM Sge, was observed three 
times (Willson et al., 1984). HEAO-2 also pro- 
vided the upper limits to the X-ray flux for about 
15-20 more objects (Allen, I98 1; Wallerstein, 
quoted in Willson et al., 1984; Seward, 1985) 
including CH Cyg, which will be discussed be- 
low. In the case o f  the symbiotic Mira R Aqr and 
of Mira itself, Jura and Helfand (1984) claimed a 
marginal but positive detection, while a reanaly- 
sis of the HEAO-2 data led to the conclusion that 
one can only put an upper limit (Seward, 1985; 
Viotti et al., 1986b, 1987). 

New observations were carried out during 
1984-86 with the EXOSAT satellite, and two new 
positive detections were added: R Aqr (Viotti et 
al., 1985) and CH Cyg (Leahy and Taylor, 1987). 
In addition, the strong source in AG Dra was 
monitored during three different phases of its 
recent activity. Figure 11-33 shows the EXOSAT 
map of R Aqr in June 1985. We shall discuss in 
the following the results of these observations. 
Table 11-9 summarizes the main X-ray observa- 
tions of symbiotic stars based on HEAO-2 and 
EXOSAT observations. 

1X.B. THE SYMBIOTIC NOVAE 

The three symbiotic novae-RR Tel, VI016 
Cyg, and HM Sge-were first observed in X-rays 
in 1979 with the Image Photon Counter (IPC) on- 
board of HEAO-2 (Allen, 1981). The detected 
fluxes are weak, but Allen noted that in the more 
recently exploded objects V1016 Cyg and HM 
Sge, the flux was larger than in the older symbi- 
otic nova RR Tel. This may suggest a secular 
decrease of the X-ray luminosity after the out- 
burst, with an e-folding time of about 7 years. 
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change of the luminosity of HM Sge and the 
comparison of the data for the three stars are again 
consistent with a similar X-ray luminosity at the 
outburst followed by a decline with a decay time 
in the range from 5 to 50 years. Kwok and Leahp 
(1984) have further analyzed the HEAO-2 1979 
data of the symbiotic novae and concluded that 
the observed spectra can be fitted with a thennal 
bremsstrahlung from circumstellar gas at about 
0.4 to 1 .5 keV. They propose that the hot region is 
shocked gas, resulting from the collision of the 
winds from the hot and cool star of a binary. After 
the outburst, the shocked region expands and 
produces the observed gradual decrease of the X- 
ray luminosity. 

Figirre 11-33. X-i.ny ohserwtioris of the Mir.ci-typ syni- 
hiotic K Aqr with the EXOSA?' satellite (Loii'-Eiier.gy 
LE1 detector, Tliiii Le.\-ciiifilter) in Jitrie 1985. 

Willson et al. (1984) have reanalysed the data on 
HM Sge and RR Tel and added a new observation 
of HM Sge obtained in 198 1 .  They noted a de- 
crease of the X-ray flux of the latter star. The 

Although three different papers come to the 
same conclusion, one should pay attention to the 

TABLE 11-9. X-RAY OBSERVATIONS OF SYMBIOTIC STARS 

Object Instr. Date Phase X-ray Source Ref 
Range Flux N(H) Flux 

(a) (b) (c) (d) (e) ( f )  

RR Tel 
.... 
11 . .  

VI01 6Cyg 
HM Sge 
.... 
.... 

AG Dra 
.... 
.... 

.... 
R Ayu 

1 1 . .  

.... 
CH Cyg 

.... 

HEAO 

E X 0  
HEAO 
HEAO 

.... 

.... 

.... 
HEAO 
E X 0  
E X 0  
E X 0  
E X 0  
HEAO 
E X 0  
E X 0  
HEAO 
E X 0  

791419 

841.514 
7911 1/24 
791419 

8 11418 
80/4/1 1 
85/3/15 
85/6/5 
8.511 11.5 
86/2/14 
80/6/2 1 
85/61 14 
851 1 2/24 
791 1 O/ 29 
85/5/24 

decl 
... 
... 
max 
max 
... 
... 
min 

min 
min 
out 
min 
max 
min 
niax 
min 

out 

.I-3. 3. 

.2-4. 4.8 

.02-1. <14. 

.2-4. 4.3 

.2-4. 36. 

.l-3. 28. 

... 17. 

.2-I. 21. 

.02-2.5 

... 

... 

... 

.2-3.5 <3. 

.2- 1. 

.2-4. <1.4 

... 

.02-2.5 

2. 
2.2 

4.6 
6.2 
17. 
23. 
23. 

weak 
strong 
strong 

no detect 

1.5 
1.5 

4. 

_ _  __ 

_- -- 

__ _ _  

3-4 1 
6.7 2 

3 
8.2 2 
50. 2 

480. 1 
36. 1 
36. 4 

5 
5 
5 
5 

6 7  
200. 7 
200. 7 

8 
120. 8 

__ __ 

__ __ 

__ __ 

Refeiwices: ( I )  Willson et cil. (1984). (2) Kwok atid Lecihy (1984). (3) Casseitella et cil. (1985). ( 4 )  Aiidei:voii et al. 
(1981, 1982). (5)  Cassntelln et al. (1987). See Figirre 11-34. ( 6 )  Jirra aiid Helfrrrid (1984). ( 7 )  Viotti et ul. (1987). (8) 
Lecihy niicl Tnyloi. (1987). 
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fact that the result largely depends on the assump- 
tions of the distance and the interstellar absorp- 
tion. As discussed in the previous Section VIII, 
two of the three stars have a rather low reddening, 
with E(B-V) = 0.1 to 0.3 (see Table 11-7). But in 
the X-ray range, the dependence of the observed 
spectrum on the hydrogen column density is very 
high, also at low reddening values, and especially 
for the soft X-ray spectra like those of the symbi- 
otic stars. Even more uncertain is the distance of 
these objects. The only case for which more than 
one HEAO-2 observation is available-HM 
Sge-the observed variation (see Table 11-9) is 
not much larger than the observational uncertain- 
ties. Taking into account other possible sources of 
variability (e.g., the stellar "activity" or the or- 
bital motion, as discussed above for the variations 
observed in other wavelength ranges), the pres- 
ence of a secular decay of the X-ray flux in these 
nova-like symbiotics is still a weak possibility. 

1X.C. AG DRACONIS 

The high-velocity star AG Dra was first ob- 
served with HEAO -2 on 11 April 1988at a mini- 
mum luminosity phase of the star V- 9.7). Ander- 
son et al. (1981) reported the discovery of a 
strong X-ray flux of 2.1 x I 0-'? erg cm-' s-' (in the 
energy range 0.2 to 1.0 keV). The spectrum ap- 
pears soft and, if fitted with a bremsstrahlung 
spectrum, corresponds to a temperature of 
l . lxlOhK and to an emission measure of 
EM=2.6~10~'cm" (Anderson et al. 1982). The 
integrated X-ray luminosity is then Lx(0.2- 1 .0 
keV) = 5 ~ 1 0 ' ~  erg s-', for N(H)= 3 ~ 1 0 ~ ' ) c m - ~ .  

This star was observed again with the Euro- 
pean EXOSAT satellite during 1985-86 by F.A. 
Cordova and R. Viotti and their collaborators. 
The first observation was made on 1.5 March 
1985, a few weeks after a minor outburst of AG 
Dra, and the derived count rate was much lower 
than expected according to the rather large X-ray 
flux observed in April 1980 (see Cassatella et al., 
1987). Within the EXOSAT accuracy, the X-ray 
source is point-like and centered on the star 
within the uncertainty of the EXOSAT satellite. 
The EXOSAT observations were repeated on 5 
June and 5 November 1985, when AG Dra was 
again at minimum (V-9.8), and a larger X-ray 

flux was found, in much better agreement with the 
1980 results. These EXOSAT observations show 
that the X-ray spectrum of AG Dra is very soft, 
with a temperature of about 3x105K (Piro et al., 
1985; Cassatella et al., 1987). These two latter 
EXOSAT observations were made at two differ- 
ent phases (0.22 and 0.50) of the U-light curve 
discovered by Meinunger (1979), in order to 
search for any phase dependence of the X-ray flux 
and for a possible eclipse of the hot source at 
phase 0.5. The results, however, indicate no flux 
change between June and November 1985, and, 
therefore, do not support a U-phase dependence 
of the X-ray flux. In January 1986, AG Dra under- 
went a new outburst, and EXOSAT observations 
were repeated on February 14th when the star was 
still at near maximum luminosity. No X-ray flux 
was detected in spite of the large increase of the 
UV flux, as illustrated in Figure 11-34. At the 
same time, the UV spectrum showed only small 
variations, except for a large increase of the high- 
excitation He11 1641 A line in 1986. The optical, 
ultraviolet, and X-ray observations of AG Dra 
during 1985-86 are shown in Figure 11 -34. 

1985.0 1986.0 

X-RAY 

* * 

* 

'T 1 
1 

0 
0 .5 1 

PHASE 

Figitre 11-34, Optical, X-ray , arid itltraviolet ohser- 
~atiori.~ ofAG Drafr-on1 March 1985 to Fehraray 1986. 
From top to hatitom: the visual light ciirve (Mattei, 
1987), the EXOSAT X-ray  flit^ (low enery, thin lesari 
filter; arbitrary imits, arid f l i t s  variation of the Hell  
1640 A emission line. 
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It is clear that there exists a kind of anticorre- 
lation of the X-ray emission with the stellar activ- 
ity (where for “activity,” we refer to the optical 
luminosity of the star). Furthermore, the X-ray 
fading was not followed by a simultaneous de- 
crease of the emission line ionization, which is a 
frequent feature of symbiotic stars during out- 
burst. However, also during the I980 major out- 
burst, no change of the ionization level of the UV 
emission line spectrum was noted (Viotti et al., 
1984a). 

1X.D. CH CYGNI 

CH Cyg was detected as X-ray source with 
EXOSAT on 24 May 1985 by Leahy and Taylor 
(1  987) when the star was in a phase of enhanced 
activity, characterized by a radio outburst and an 
increase of the ionization of the emission line 
spectrum, while the visual luminosity faded 
(Taylor et al., 1986). Previous observations with 
the HEAO-2 IPC detector gave only an upper 
limit, two orders of magnitude smaller than the 
EXOSAT flux (Leahy and Taylor, 1987, see their 
Table 2.1 1). There is an unidentified X-ray 
source in the HEAO-A2 experiment (Marshall et 
al., 1979) close to the position of CH Cyg, but, as 
discussed by Leahy and Taylor (1987), its identi- 
fication with the symbiotic star is doubtful. Thus, 
the EXOSAT observations well probably repre- 
sent the first X-ray detection of CH Cyg. This also 
implies that the star has largely increased its X- 
ray flux after the 1984 radio outburst, which puts 
it close to the small group of symbiotic novae, 
whose X-ray emission has been discussed above. 
From the analysis of the EXOSAT data, Leahy 
and Taylor concluded that the source is soft, with 
an integrated flux in the energy range 0.02-2.5 
keV of about 1.3 x lo-’’ erg cm-* s-I. As for the pre- 
vious cases, we must consider that the derived 
fluxes critically depend on the assumed hydrogen 
column density and on the model used to fit the 
observational data. In particular, in the case of CH 
Cyg, the value N(H)=4x102’ cm-2 adopted by 
Leahy and Taylor is probably too high in com- 
parison with the much lower column density that 
can be derived from the interstellar L y a  absorp- 
tion, as discussed in their Section 2.6.2 (see their 

Table 2-8). Finally, EXOSAT observations seem 
to indicate a possible short-time variability dur- 
ing the 15 minutes of observations with the Thin 
Lexan filter of the LE1 telescope, with a time 
scale of the order of 5 minutes. If confirmed, this 
value, close to the flickering time scale of 5 to 7 
minutes found by Slovak and African0 (1978) 
could support a model of X-ray emission from an 
inner boundary layer of an accretion disk (Leahy 
and Taylor, 1987). We shall come back to this 
problem in the following Chapter 12. 

1X.E. R AQUARII 

R Aqr is the second of the two symbiotic stars 
first detected in X-rays with EXOSAT. This is a 
Mira variable with a symbiotic spectrum and 
several other peculiarities, such as the anomalies 
of the Mira light curve, the strong radio emission 
and the radio jet-like features, the small planetary 
nebula around it, and the rich emission line spec- 
trum. All these features will be discussed in de- 
tails in Chapter 13, Section V. The many peculi- 
arities and the relative vicinity (about 300 pc) 
make R Aqr an obvious target for X-ray satellites. 
The star was, in fact, observed with HEAO-2 on 
1 June 1979, using the High Resolution Imagery 
(HRI), and on 21 June 1980, using IPC. In both 
cases, R Aqr was close to the minimum of its Mira 
light curve (about V=lO). While there was no 
detection in the HRtimage of June 1979 (Seward, 
1985), a “marginal” flux was measured by Jura 
and Helfand (1984) from the more sensitive IPC 
observation of June 1980. However, a reanalysis 
of the original HEAO-2 observations using an im- 
proved data processing software available at the 
Center for Astrophysics of Cambridge, led Viotti 
et al. (1986b, 1987) to conclude that there is no 
evidence in the June 1980 IPC image of any X-ray 
source at the position of R Aqr. The estimated 
count rate upper limit was 0.010 s-’ for the broad 
(0.2-3.5 keV) energy range of IPC. The disagree- 
ment between Viotti et al. and Jura and Helfand 
again should be attributed to the different ways 
these data can be treated and the dependence of 
the results on the techniques, especially in the 
case of low fluxes as in the case of R Aqr. One 
should also consider that Jura and Helfand (1  984) 
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also derived a marginal flux for the prototype of 
the Mira variables o Ceti, which should be a cru- 
cial result for understanding the nonthermal proc- 
esses in Mira variables. However, also in this case 
it should be considered only as an upper limit, 
rather than a real detection (Seward, 1985). 

R Aqr was observed with EXOSAT on June 14 
and December 24, 1985, during two different 
phases (0 and 0.5) of the Mira light curve, and a 
weak flux was detected with the LEI detector 
equipped with a Thin Lexan filter, Viotti et al. 
(1987) measured a background corrected count 
rate of 5.4 and 4 . 6 ~  1 0-3 s-’ for the June and De- 
cember 1985 observations, respectively. Within 
the errors, the count rates at the two epochs are the 
same, in spite of the large change of the visual 
magnitude of the Mira (V = 6.1 and 8.2, according 
to the IUE FES, Viotti et al., 1987). Therefore, the 
observed X-ray emission is not directly related to 
the pulsation of the Mira giant. Assuming a low 
reddening (logN(H)=20.2) and a soft X-ray spec- 
trum (T = 2-3x103K), Viotti et al. derived an X- 
ray flux of about 2x10-” erg cm-2 s-’ in the 0.2-1 
keV range. At a distance of 300 pc, the X-ray lu- 
minosity is 1x103” erg s-I. This value is close to the 
HEAO-2 upper limit reported above, and implies 
that at least the X-ray flux did not decrease be- 
tween 1980 and 1985. Figure 11-33 shows the X- 
ray EXOSAT map of R Aqr. The source is point- 
like within the errors, but there is in both the June 
and December 1985 images an indication of an 
elongation of the image in the NE-SW direction, 
nearly the same as the orientation of the radio 
“ejecta” discussed by Hollis et al. (1986). Viotti 
et al. (1987) discussed these observations and, 
also on the basis of the IUE observations showing 
the high-temperature lines of NV and He11 in the 
spectrum of the jet stronger than in the spectrum 
of the central star, concluded that X-rays are 
mostly emitted from the jet. Clearly, high spatial 
resolution X-ray imagery is needed to better clar- 
ify this point. 

X. SUMMARY OF THE OBSERVATIONS 

X.A. THE SYMBIOTIC PHENOMENON 

The symbiotic stars enbody features that are 
typical of many different categories of astro- 
physical objects: planetary nebulae, bipolar 

nebulae and jets, cocoon objects, < Aur and VV 
Cep stars, Mira and OH-IR variables, peculiar Be 
stars, novae, and cataclysmic variables. In addi- 
tion, there is evidence for phenomena possibly 
associated with physical processes such as stellar 
winds, mass transfer and accretion, disks and 
streams, thermonuclear outbursts, dust condensa- 
tion, and shocks. These are the many aspects of 
the symbiotic phenomeiion. It should be clear to 
the reader, at this point, that the study of the 
symbiotic phenomenon can have a great impact 
on the understanding of a large amount of phe- 
nomena, which are relevant to many different 
classes of astrophysical objects. To proceed in 
our investigation, we have first to put the above 
described variety of information in a quantitative 
scheme and to determine the physical properties 
of our targets. In particular, we have to find a 
basis, a “counter stone” for our picture, and to 
provide a simplified scheme of the time behavior 
of the different phenomena. We shall try to do this 
in the following sections. 

X.B THE COOL COMPONENT 

The energy distribution of symbiotic stars 
typically presents three spectral components 
(e.g., Boyarchuk, 1969). The UV-to-IR spectrum 
of the S-type symbiotic BF Cyg is shown in Fig- 
ure 11-3%. It is evident that for this star the 
visual range is a minimum of the energy spectrum. 

As discussed above, in symbiotic stars, the 
cool spectral component is the most common 
feature, which generally leaves little doubt about 
its origin. This belief is based on the energy distri- 
bution showing, in most cases, a maximum in the 
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Figure I1.3Sa. The iiItrn,~iolet-to-iilfr-ured eriergy 
distribution of the symbiotic star BF Cyg (Cnssutelln et 
nl., 1988bj. 
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red-near IR, and on the presence of “photo- 
spheric” absorption lines and bands, especially in 
S-type symbiotics. It has been argued that the T i 0  
bands and the absorption features could be 
formed in an outer cool absorbing layer like in the 
Mira variables, rather than in a stellar atmos- 
phere. However, as already discussed in the pre- 
vious section, this hypothesis is hard to maintain. 
Therefore, the cool component is the only charac- 
teristic of a symbiotic object that could be directly 
related to a “normal” stellar atmosphere. In the 
visible, the spectrum of a symbiotic star appears 
“peculiar” (See Figure 11-35b), but if our eyes 
and our instrumentation were sensitive only to the 
near-IR range, Le., between 7000-8000 A and 1- 
2 p i ,  we would find, in most cases, a normal M- 
type spectrum with small amplitude irregular 
variations (in S-type systems), or with periodic 
Mira-type oscillations (for the D-type ones). 
Perhaps we might see some emission lines, espe- 
cially in the latter objects, but this would be con- 
sidered not unexpected because of the presence of 
a pulsating star. Certainly, we should not have the 
need to introduce a second star. The situation 
changes as soon as we move beyond the near-IR 
region, where the “peculiarities’ emerge, and this 
is the case of the visual. 

Let us better clarify this important point. For 
any scientific investigation, we have to decide 
about the best starting point. This should possibly 
be a well-established physical property of our 
phenomenon. In the case of the symbiotic stars, 
the classical approach is first to describe their 
behavior in the visual, but as shown in this chap- 
ter, for most objects, this is very confusing and 
difficult to put into a coherent picture. On the 
other hand, the near-IR is much simpler: in the S- 
type symbiotics, the cool spectral component is 
represented by a normal late-type photospheric 

3 062 3 575 4088 4 601 5114 

Figitre 11.35h. Pi.eliniiriary model of the energy 
disti.ibzttiori of BF Cyg. The main spectral conipoiieiits 
are iiiclitded (Cassatella et nl., 1988h). 

spectrum. IR monitoring has disclosed the pres- 
ence of irregular, small amplitude variations, (gen- 
erally uncorrelated with optical and UV “activity”), 
which are not unusual among the majority of the 
“nonsymbiotic” late-type giants and supergiants. 

Let us thus make the following statements: (1) 
the cool spectral component of the S-type symbio- 
tics is a coolstai., and (2) it behaves (near the maxi- 
mum of its energy spectrum) like a i?oi.i?Za/ cool star. 

In the case of the (fewer) D-type symbiotics, 
there is no doubt about the presence of Mira-type 
periodicity, with a somewhat irregular light curve 
and possible secular trends, for all those objects 
which have been studied in the IR for long 
enough. Their light curves are rather irregular, 
which is, however, a common feature of the light 
curves of the “normal” Miras. The amplitude of 
the variations in J and K is, in general, rather large 
(up to about one magnitude) in fair agreement 
with the amplitudes observed in “normal” Miras 
(see Feast et al., 1982). This implies that most of 
the radiation in the 1-3 pm range comes from the 
cool variable source, while other possible con- 
tributors, especially emission from circumstellar 
dust, are less important. There is the problem of 
the difficulty of detecting the spectral features 
associated with a Mira star, such as the T i 0  bands 
in the visual. This could be explained by the small 
contribution of the cool component continuum to 
the visual region because of the dominant hot 
continuum. However, this molecula has been 
clearly identified in the classical D-type symbi- 
otic RR Tel at 8206 A and elsewhere (Thackeray, 
1977; note added in proofs). As discussed in 
Section V1.B. steam absorption bands have been 
observed in the IR of this star near 3 pm, where 
the cool spectrum dominates. 

Again, we are brought to the conclusion, 
which is probably less firm than in the previous 
case of the S-type symbiotics, that also for the D- 
type symbiotics, the cool spectral component is a 
cool stai. [liar is a Miru variable. Therefore, fol- 
lowing the suggestion of Whitelock (1988), it 
would be more appropriate to call them synzbioric 
Miras or Mira-type synibioric stars. However, we 
have to recall that we are considering here only 
those stars for which there are enough infrared 
observations, and not all those objects that are 
included in the list of D-type symbiotics. 
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Now we have a good starting point for our 
study ( I ) .  

The next step would be to assume that these 
cool stellar components of the symbiotic systems 
have the same bolometric luminosity as the 
“nonsymbiotic’ cool stars with the same spectral 
features. So far, there is no evidence against this 
assumption. But if the peculiarity of the symbi- 
otic stars were associated with a higher chro- 
niospheric/coronal activity of the cool star, it 
would be possible that the enhanced activity 
would affect the relationship between bolometric 
magnitude and spectral type and luminosity class. 
However, so far, we have little ability to probe the 
chromospheric activity of the cool star, because it 
is very difficult to separate the stellar chro- 
mospheric spectral features from those originat- 
ing in the hot circumstellar environment or neb- 
ula, or in the same cool star’s atmosphere heated 
by the hot source’s radiation. Probably, high reso- 
lution, high S/N spectrophotometry of some 
emission and photospheric absorption lines dur- 
ing the whole cycle of variability of a symbiotic 
star, should provide clear information about the 
place where the lines are formed and about the 
structure of the cool star’s atmosphere and, even- 
tually, about the presence and extension of a chro- 
mosphere. Fourier Transform Spectroscopy 
(FTS) observations in the near-IR would be of 
particular relevance for the problem. At this 
stage, the comparison of the apparent (dered- 
dened) luminosity of the cool stellar component 
of a symbiotic star with the bolometric luminosity 
of a normal cool star seems to be the best and the 
most correct way we have to derive the distance of 
a symbiotic star. 

D-type symbiotics are thought to be sur- 
rounded by extensive dust envelopes that are 
heated by the stellar radiation(s). It is also pos- 
sible that the cool star is somewhat or largely 
obscured by the circumstellar dust, for instance, 
as suggested by Kenyon et al. (1986). So the 
apparent luminosity of the Mira could be underes- 
timated, and the distance overestimated. For in- 

( 1 )  However, we should consider that the above “para- 
digma” that there is a cool star inside a symbiotic system 
needs to be checked “a posteriori” for each individual star. 
In particular we must verify whether the cool stellar compo- 
nents are placed in the H-R diagram in the same place as the 
nornial cool giants and supergiants. 

stance, Rossi et al. (1988) derived for the D-type 
southern symbiotic BI Cru a distance of 3800 pc. 
This value should be reduced by a factor of about 
2 in the case of the presence of a thick dust enve- 
lope around the Mira component. This fact and 
the larger uncertainty in the absolute magnitude 
of the field Miras make the determination of the 
distances of the D-type symbiotics more uncer- 
tain than those of the S-type ones. Table 11-10 
gives the spectral types of the cool components of 
symbiotic stars. Once the spectral type is known, 
the distance can be derived from the K-magnitude 
(if not variable) and from A,, the interstellar ex- 
tinction at 2.2 pm (AI. = 0.1 12xA,, = 0.346xE(B- 
V), e.g., Rieke and Lebofsky, 1985), assuming for 
the cool star the same absolute K-magnitude of a 
non-emission line, non-variable star with the 
same spectral type and luminosity class. The 
reddening of the symbiotic stars was discussed in 
Section VII1.B. Table 1 1 - 1 1 summarizes the red- 
dening and distance estimates for many symbi- 
otic stars. 

X.C. VARIABILITY 

The second main distinguishing feature of the 
symbiotic phenomenon is the photometric and 
spectroscopic variability in all the frequency 
ranges. From the previous discussions, it appears 
quite hard to give a consistent picture of the ob- 
served variability, for both the large differences 
from star to star and for the changes between dif- 
ferent phases in the same star. In general, we can 
state that variations are: (1)  very irregular, (2) the 
dominant variation is on a long time scale (several 
months to years), and (iii) the amplitude of the 
long time scale variation is of the order of one to 
a few magnitudes, and is larger towards smaller 
wavelengths. In addition, periodic variations 
have been observed in a number of objects, and 
the associated periods are of the order of several 
hundred days. Short (days) or very short (minutes 
or seconds) time scale variations are also present, 
but so far they have not been investigated enough. 

The symbiotic phenomenon is, therefore, 
mainly characterized by the long and irregular 
photometric variability. The behavior is not the 
same in different spectral regions. In particular, 
as described above, in the IR, a Mira-type vari- 
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TABLE 11-10. SPECTRAL TYPES OF THE COOL COMPONENTS OF SYMBIOTIC 
STARS. 

Star IR Type Spectrum Remarks Ref. 

Z And 
EG And 
R Aqr 
UV Aur 
TX CVn 
T CrB 
BF CYg 
CH CYg 
CI CYg 
AG Dra 
YY Her 
V443 Her 
RW Hya 
BX Mon 
SY Mus 
RS Oph 
AR Pav 
AG Peg 
AX Per 
RT Ser 
PU vu1 
LMC S63 

BI Cru 
VI016 Cyg 
V1329 Cyg 
RX Pup 
HM Sge 
RR Tel 
He 2-38 

MI-2 
HD 149427 
HD 330036 

S 
S 
S 
S 
S 
S 
S 
S 
S 
S 
S 
S 
S 
S 
S 
S 
S 
S 
S 
S 
S 
S 

D 
D 
D 
D 
D 
D 
D 

D’ 
D’ 
D’ 

M 
M 
M 
N 
K 
M 
M 
M 
M 
K 
M 
M 
M 
M 
M 
K 
M 
M 
M 
M 
M 
R 

M 
> 
> 
> 
> 
> 
> 

G 
F 
F 

3.5 111 
2.4 I11 
7 111 

5.3 111 
4.1 I11 
5 I11 
6.5 111 
4.9 I1 
3 111 
3.0 111 
5.1 111 
1.1 111 
4.6 111 
4 
5.7 1-11 
3-4 11-111 
3.0 I11 
5.2 11-111 
5.5 
4-5 

M4 
M4 
M5 
M4 
M5 
M5 

2 

5 111-IV 

Mira 
carbon star 

recurrent nova 

radio-active 

(Mira) 

recurrent nova 

symbiotic nova 

symbiotic nova 
symbiotic nova 
carbon star 

Mira 
Mira, symbiotic nova 
symbiotic nova 
Mira 
Mira, symbiotic nova 
Mira, symbiotic nova 

1 
1 
1 
2 
1 
1 
1 
1 
1 
3 
1 
1 
1 

1,4 
5 
1 
1 

15 
1 
1 
1 
6 

7 
1 
1 
5 
1 
5 
5 

8 
9 
I O  

Notes: ( a )  S, D ,  D’ irfiar-ed types as from Alleii (1982). ( h )  Mira: Mira-type IR variability (e .g . ,  Whitelock, 1987). Re- 
ciiri-ent riova: see Keriyorr (1986). Syiibiotic riow: see Viorri (1988b). 

Refeierices: ( 1 )  Keiiyoii arid Fei.riurzdez-Castio (1987). ( 2 )  Nassau arid Bluiico (1954). (3) Viotti et al. (1983). ( 4 )  
Viotti et al. (1986). (5) Scliitlte-Ladheck (1988). (6)  Alleri (1979). (7 )  See discitssiori of Rossi et al. (1988). (8) O’Dell 
(1966). ( 9 )  Wehstei (1966). (IO) Litti (1984); see also Webstei- (1966). 

ability was discovered in all the D-type symbiot- 
ics that were observed for long enough time. In 
some cases, the Mira pulsations have also been 
found in the visual, although with a much smaller 

amplitude and during quiescence. But the main 
photometric characteristics of the visual variabil- 
ity are the nova-like brightenings of the symbiotic 
novae, such as RR Tel, and the recurrent, but not 
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clearly periodic, long-term oscillations like those 
observed in Z And. The first type of behavior is 
clearly to be associated with some kind of “Cata- 
clysma,” whose repetition time--if the event is re- 
current--should be very long (>> 10-10’ y).While 
the Z And-type quasi-periodic oscillations could 
be related to a softer and repetitive process, such 
as stellar surface activity, pulsation, instability of 
an accretion disk or stream, etc., or to the orbital 
motion of a binary system, or to both. In between 
the RR Tel-type variability and the Z And-type 
one, there is a large range of different behaviors, 
as described in the previous sections, which are 
hard to classify, unless more information is avail- 
able on the individual objects. 

X.D. B I N M  AND ORBITAL 
GEOMETRY 

The next step of our study is to determine 
whether the symbiotic phenomenon is associated 
with the presence of a close interacting binary 
system. First, we have to find out if we are dealing 
with two stars. Then, if the system is subject to 
strong gravitational and radiative interactions, 
and to mass exchange, or at least if the binarity 
has or has had at least partly a fundamental role in 
the present atmospheric structure of each compo- 
nent, for instance, on their chromospheric/ 
coronal activity. In fact, even if the stars were at 
present far enough to not strongly interact, their 
physical properties (e&, rotation) could have 
been influenced by the earlier evolutionary stages 
of the system, when the stars were closer. Thus in 
any case binarity is an important parameter to be 
determined in symbiotic objects. 

For visually unresolved double star systems, 
the classical criteria of binarity are: periodic vari- 
ations in the radial velocity curve of the photo- 
spheric lines (spectroscopic binaries) and peri- 
odic light variations associated with partial or 
total eclipses of one star by the other and with 
reflection effects (Leibowitz and Formiggini 
1988). Both criteria work if the orbital plane is not 
too inclined with respect to the line of sight. Thus, 
even if all the symbiotic objects were binaries, we 
should expect to directly identify the binarity 
only for some of them. There are statistical means 
to estimate the “a priori” fraction of positive de- 

tections, but these computations are based on 
some assumptions about the orbital parameters 
and the stellar sizes that are rather uncertain. 
Conversely, there are other “indirect” ways to 
decide about binarity, which will be discussed 
later. 

Periodic variation of the radial velocity of the 
photospheric lines of the cool star, possibly asso- 
ciated with phase-shifted luminosity variation, 
appears the best criterion of binarity. As dis- 
cussed in Section IV.E, Garcia (1986, see also 
Garcia and Kenyon, 1988) has found periodic 
cool-component radial velocity variations in 
several S-type symbiotics. These results are gen- 
erally in agreement with long-period photometric 
variability, and strongly support their binary na- 
ture. Two notable exceptions are Z And and RW 
Hya, whose photometric and spectroscopic 
curves have not the expected phase difference. 
This suggests rather complex geometric effects 
(Garcia and Kenyon, 1988). 

Let us now discuss the long-time scale light 
oscillations found in different wavelength re- 
gions. There is no doubt that the large IR vari- 
ations found in D-type symbiotics are associated 
with a pulsating star, rather than with eclipses. 
The latter hypothesis must be excluded, espe- 
cially because of the large size of the eclipsed 
object, if it is a cool giant. Small amplitude long- 
term variations have been found in several symbi- 
otic stars belonging to both types. These vari- 
ations are generally seen during a quiescent phase 
of the symbiotic object, but still could be a resid- 
ual of the symbiotic activity that is characterized 
by time scales of the same order. This might also 
be suggested by the associated spectral variabil- 
ity, such as the long term H a  (Altamore et al., 
1979) and UV variations (Fernandez-Castro et 
al., 1988). However, these photometric (and asso- 
ciated spectroscopic) long-term variations of 
symbiotic stars could simply be explained by pe- 
riodic eclipses or reflection effects in a binary 
system; and the discovery of periodic radial ve- 
locity changes in many symbiotics makes this 
interpretation the most plausible, for these sys- 
tems at least. 

Given the period and the radial velocity curve, 
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TABLE 11-1 1. ORBITAL PARAMETERS OF SYMBIOTIC SYSTEMS. 

Z And 
EG And 

UV Aur 
TX CVn 

.................. 

CH CYg 
CI CYg 
AG Dra 
RW Hya 
AG Peg 

AX Per 

750 
482 
492 
388 
199 

5700: 
812 
530 
366 
819 
796 
60 1 

+2 
-95 
-94 
+6 
+2 
-58 
+I8 

-146 
+ 14 

-14 
-1  14 

-16 

8.1 
5.1 
7.1 
5.1 
6.1 
4.9 
6.5 
5.3 
8.7 
5.0 
6.4 
6.7 

1 
2 
1 
1 
1 
3 
1 
1 
1 
4 
1 
1 

Notes to the table. 
(a)  Orbital period. (b) Radial velocity cf the systeni ( in knt d). (c.) Half untplitrcde of the radial ivlocit)] c'iow (in 

kni s-'). (a) Ecceritricity. Garria and Kenyori (1988) fortrid,fol. niost @their. stars, riot erioicgh data to justify fittirig v~itli 
an ecceiitric orbit. 

Refererices: ( 1 )  Garcia arid Keiiyoii (1  988). ( 2 )  Skopal et a1 . (1988). (3)  Mikolajewski et al. (1988). (4)  S l o w k  et 
ul. (1988). 

it is possible to infer some basic parameters of the 
binary system. Table 11- 11 gives the orbital ele- 
ments of some symbiotic systems. The corre- 
sponding mass functions are in the range 0.003 to 
0.042 M (Garcia and Kenyon, 1988). Note that 
there is a number of cases where a significant 
eccentricity of the orbit seems to be present. Al- 
though the orbital constants need to be confirmed, 
there is now a fairly convincing ground that most 
symbiotic objects--especially the S-type ones- 
are wide binary systems. 

X.E. STATISTICAL CONSIDERATIONS 

When one deals with a group of objects show- 
ing a certain number of common characteristics 
as in the case of the symbiotic stars, two main 
questions have to be posed: (1) Do they constitute 
a homogeneuos group of objects so that we can 
speak of symbiotic stars as a whole? That is, do 
they represent a well-defined stage of the stellar 
evolution? (2) Which are the mean physical para- 
meters defining this group? 

As already discussed in the previous sections, 

symbiotic stars do not seem to represent a homo- 
geneous stellar group, unless we restrict our- 
selves on some smaller samples, such as the 
symbiotic novae. Moreover, for most of the ob- 
jects so far classified as symbiotic, the available 
information is not sufficient to define their nature 
to some extent. We, therefore, shall restrict our 
discussion to a comparison of the symbiotic ob- 
jects with other categories of astrophysical ob- 
jects. Most of the classification criteria are based 
on the optical multicolor photometry. Bur in the 
case of symbiotic stars the broad-band magni- 
tudes are strongly affected by the emission lines, 
whose strength and relative intensity are largely 
variable from star to star and from epoch to epoch 
for the same star. In the near-IR, the emission 
lines are generally weaker with respect to the con- 
tinuum. Thus, the IR photometry may provide 
some more physical information. The color-color 
diagrams in the near and far (=IRAS) infrared 
(e.g., Allen 1982; Whitelock, 1987, 1988; 
Kenyon et al., 1988) permit one to separate the 
symbiotic objects into at least two categories: 
those falling in the region of the late-type giants, 
and those spread out on a more extended region 
generally occupied by the Mira variables. the 
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TABLE 11-12. BASIC DATA ON SYMBIOTIC STARS AND RELATED OBJECTS (*). 

Object 1 b IR Spectrum V K E(B-V) Dist. 
(1 )  (2) (3) (4) ( 5 )  (6) (7) 

Z And 
EG And 
AE Ara 
UV Aur 
BI Cru 
BF CYg 
CH CYg 
CI CYG 
V1016 Cyg 
V1329 Cyg 
AG Dra 
YY Her 
RW Hya 
BX Mon 
SY Mus 
AR Pav 
AG Peg 
AX Per 
RX Pup 
HM Sge 
RR Tel 
PU vu1 
LMC S63 

1 I O  
122 
344 
174 
3 00 

63 
82 
71 
75 
78 
IO 
48 

315 
220 
295 
328 

69 
130 
259 

54 
342 

63 
_ _  

Related Objects 

R Aqr 67 
T CrB 42 

RT Ser 14 
RS Oph 20 

0 
-22 
-9 

-23 
0 
7 

16 
5 
6 

-5 
41 
17 
36 
6 

-4 
-22 
-3 1 

-8 
-4 
-3 

-32 
-9 
_ _  

-70 
48 
10 
10 

S 
S 
S 
S 
D 
S 
S 
S 
D 
S 
S 
S 
S 
S 
S 
S 
S 
S 
D 
D 
D 
S 
S 

S 
S 
S 
S 

M3.5111 
M2.4111 
M 2  

N 
M 

M 5 I11 
M6.5111 
M4.9 I1 
> M 4  
> M 4  
K 3 111 
M3.0111 
M1.1111 
M4.6111 
M2 

M3.0111 
M5.2II/III 
> M 5  
> M 4  
> M 5  
M4-5111 

R 

M3-4II/III 

M 7 111 
M4.1 I11 

M5.5 
K5-7 1-11 

10.8 
7.5 
2.5 
7.9 
2 . 3 ~  
2.3 
8.2 
1 .o 
0.5 
3.7 
9.9 
3.6 
0. 

11.9 
11.2 
1 I .  
8.6 

11.9 
10.9 
10.7 
10.5 
8.8 

14.7 

6-1 1 
10.2 
11.4 
13. 

5 .O 
2.6 
6.3 
2.1 
4 . 8 ~  
6.3 

-0.7 
4.5 
4.5v 
6 . 8 ~  
6.2 
8 .o 
4.7 
5.7 
4.7 
7.2 
3.6 
5.5 
2.0v 
3 . 6 ~  
4.lv 
5.9 

11.3 

- 1 .ov 
4.8 
6.5 
7.0 

0.35 
0.07 

1.5 
0.49 
0.02 
0.40 
0.28 
0.37 
0.06 
0.18 
0.03 
0.20 
0.40 
0.30 
0.12 
0.29 
0.7 
0.5 
0.10 
0.49 

<0.02 

<0.10 
0.15 
0.6 

1.12 
0.63 

3.8 

0.70 

2.80 

0.50 
2.82 
1 .o 
1 .o 

55.0 

0.30 
1.43 

Notes to the table: 
(*) Data collected mostly fioni Allen (1982, 1984), Kenyori (1986) and Miteller and Nitssbaitnier (1988). For 

iridividical objects: BI Crit: Rossi et al. (1988); BX Moii: Viotti et al. (1986); RX Pitp: Allen and Wright (1988); LMC S63: 
Kafatos et al. (1983). 

(1) Galactic coordinates (Allen, 1984). 
(2)  IR type (Allen, 1982). 
(3) Spectral type of the cool component (Table 11-10), 
(4)  Visital magnitude at niin (for S-type synibiotics) 01' after oirthurst (for D-type syrnbiotics). I n  many cases, the 

(5) K-magnitude (masiniirni value if variable). 
(6) Interstellai' coloiir excess (Table I 1-7). 
(7) Distance (in kpc). 

magnitudes are derivedfr-om the data pitblished by the AAVSO bulletins (Mattei, 2988). 
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OH-IR masers, and the compact planetary nebu- 
lae. 

Emission line intensities, especially in the ul- 
traviolet spectra, generally suggest line formation 
in rather dense (10'- 10"' cm-') regions, denser 
than in the classical planetary and gaseous nebu- 
lae. Schwarz (1988) applied to the symbiotic stars 
the classification method of Baldwin et al. 
(1981), which is based on the [0111] 5007/HP and 
[OII] 3727/[0III] 5007 line ratios. In the diagram 
5007/ 4861 against 3727/5007, planetary nebulae 
and HI1 regions occupy two well-defined regions. 
Schwarz found that most symbiotic stars (both S, 
and D-D'-types) are spread out in the diagram, 
but the D, D' types are closer to the planetary 
nebulae region. 

A different approach can be made by using the 
radial velocities (and proper motion if available), 
together with the galactic coordinates. Waller- 
stein (1981) first noted that the radial velocity dis- 
persion of the (few) symbiotic stars in his sample 
is rather high (63L-14 km s-I, averaged on 19 ob- 
jects). This value remains high even if the pecu- 
liar high-velocity star AG Dra is not included. 

The galactic distribution (Figure 11-36) shows 
a fairly strong concentration towards the galactic 
plane and the galactic center, and suggests an old 
disk population (Boyarchuck, 1975; Wallerstein, 
198 1 ; Kenyon, 1986). This conclusion, however, 
should be taken with some care. For instance one 
should consider that one of the most representa- 
tive symbiotic objects, AG Dra, for its high-ve- 
locity and high-galactic latitude, is clearly a halo 
object. 

An ultraviolet color-color (C 1 ,  C2) diagram 
was recently proposed by Kenyon and Webbink 
(1984). This diagram is based on the UV fluxes 
near four continuum regions (1 300 A, 1700 A, 
2200 A, and 2600 A), and is useful as diagnostics 
of the hot and nebular components (which, as 
discussed in Section VIILC, generally dominate 
the SW and LW spectral regions of IUE, respec- 
tively), and eventually the accretion rate. The 

1" 

Figure 11 -36. Disrrihirtion of synihiotic stars in 
gulactic coordinates (Keiiyon, 1976). 

comparison of the observed colors with com- 
puted trajectories (Figure 11.37) seems to suggest 
that symbiotic stars possess either accreting 
main-sequence stars, or hot stellar sources 
(Kenyon and Webbink, 1984; Kenyon 1986). 

Z And 
YY Her 

I 

CL sco 

av 

-1.5 -1.0 - 0.5 0 0.5 1 .o 
c, 

Figro-e 11-37. The Cl-C2 diagranz for- symhi- 
otic stars (Kenyon and Wehhirik, 1984; 
Keiiyoii,l986). 

The problem of the classification of symbiotic 
stars is still open. But the above examples illus- 
trate the need for new methods of statistical 
analysis (not only for the symbiotic stars), and the 
need to focus on those observational parameters 
that can provide information on which process is 
going on. The previous Table 11-12 summarizes 
the basis observational data on the symbiotic 
stars. 
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It must be noted that single-star models 
without spherical symmetry are also possible 
and have sometimes been suggested. 

The simplest sort of explanation is of type 
(c), and this was the one the first suggested. It 
was proposed by Berman (1932) for several 
stars, and by Hogg (1934) for Z And. Berman 
suggested the presence of an extremely faint 0 
star that would be too faint to be seen, enclosed 
by a small nebular shell of high excitation. Bi- 
nary motion and the proximity of the nebular 
shell were supposed to be possibly responsible 
for the observed variations. He thought that du- 
plicity might be directly seen using a powerful 
instrument. Hogg (1934) proposed that Z And 
consisted of a normal M giant and a variable 
very hot dwarf that excited a nebular envelope, 
perhaps ejected in nova-like outbursts. 

Kuiper (1941) suggested that stars such as Z 
And, VV Cep, T CrB, CI Cyg, AX Per, etc., 
might be examples of what he called ejection of 
type A in binaries. To use present day lan- 
guage, a giant fills its Roche lobe, and material 
is ejected near the inner Lagragian point, tend- 
ing to go into orbit around a compact compan- 
ion. A binary model for BF Cyg, proposed by 
Aller (1954a) is illustrated in Figure 12-1. 

However, it is generally not easy to find di- 
rect evidence of binarity for symbiotic stars, so 
various single-star models were proposed. 
Menzel (1946) suggested a hot central star with 
cool envelope model for different kinds of 
giant star. He proposed that the cool envelope 
of R Aqr lay only over the poles or only around 
the equator. 

In a similar way Sobolev (1960) gave an ex- 
planation for cool stars with emission lines, 

Figrtr-e 12-1. A hiriary rnodel proposed for the synihiotic star BF Cyg (Aller, 1 9 5 4 ~ )  
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which symbiotic stars can be considered to re- 
semble at certain times in certain wavelength 
ranges. According to Sobolev, such stars had a 
hot nucleus surrounded by an envelope with a 
significant optical thickness in subordinate 
continua like the Balmer continuum of hydro- 
gen, giving rise to a cool absorption line spec- 
trum. 

The Sun and similar stars can from a certain 
point of view, also be thought of as “symbi- 
otic”. The same star has a relatively cool spec- 
trum in the optical and high-ionization emis- 
sion lines in the far-UV. This is explained in the 
solar case by the presence of a hot chromo- 
sphere, transition region and corona above a 
fairly cool photosphere, and quite a number of 
attempts have been made to explain symbiotic 
stars with this kind of model. Aller (1954b) 
suggested that such a picture with heating pro- 
duced by the dissipation of shock waves could 
be an alternative to a binary model. Gauzit 
(1955 a,b) tried to explain observations of the 
symbiotic star AX Per using this kind of model. 
His studies of relative line-intensity variations 
appeared to him hard to explain using a binary 
model. However, it may be noted that stratifi- 
cation effects can be complex, particularly in a 
binary system. 

Wood (1 974) made theoretical calculations 
concerning a model with a cool photosphere 
and hot chromosphere. An asymptotic-branch 
giant star had pulsations and relaxation oscilla- 
tions; noise from shocks heated the chromo- 
sphere. 

A new impulse was given to binary models 
by the work of Boyarchuk (1966, 1967a, 
1968, 1969a, 1969b, 1975, 1976b). Energy 
distributions of a number of symbiotics were 
studied and interpreted as due to three compo- 
nents: a cool giant, a small hot star with a tem- 
perature near los K, and an ionized nebula. The 
hot star was assumed to radiate as a blackbody, 
while the nebula was supposed to be optically 
thick to photons with wavelengths less than 912 
A, and optically thin at longer wavelengths. 
Optical range energy distributions were ex- 
plained for a number of stars, including AG Peg 

and Z And. The variations of Z And were inter- 
preted by changes in the temperature of the hot 
star at almost constant bolometric magnitude. 

At present, workers in the field of symbiotic 
stars with few exceptions consider that almost 
all symbiotics, if not all, are interacting bina- 
ries. The question now is since about 1980, to 
find out which processes dominate in which 
stars. One major reason for this shift in attitude is 
the impact of ultraviolet observations with 
the IUE satellite, which cannot be easily ex- 
plained in the framework of single star models. 
In the following we shall give a more detailed 
description of models and how they can be 
tested. 

111. SINGLE STAR MODELS 

1II.A. HOT STAR WITH COOL ENVELOPE 

We shall consider two forms of such a 
model. The first form to which the already 
mentioned historical models belong has dense 
envelopes, with a nonnegligible optical thick- 
ness in the continuum at most wavelengths. 
Without detailed calculations, it is possible to 
make simple predictions for the behavior of 
symbiotic stars that would be described by the 
first form of the model, these appearing, in 
general, to be contradicted by the observations. 

Firstly, as we have already seen in Chapter 
11, the cool spectral component very much 
resembles that of a cool star without signs of 
abnormalities. We shall come back to this point 
in Section 1II.B. In addition, a cool envelope 
might be expected to consist of cool regions of 
the wind of the late-type central star. As will be 
seen, the source of the hot continuum needs to 
come from a rather small object, which would 
be a subdwarf in the present case. A wind ve- 
locity on the order of the stellar escape veloc- 
ity (around 1-3 lo3 km s-I) might then be ex- 
pected. Neither emission lines with a corre- 
sponding Doppler width nor absorption lines 
with a corresponding blue shift are usually 
observed, AG Peg perhaps being an exception. 
In addition, both line and continuum absorp- 
tion of the hot continuum by the cool envelope 
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might be expected unless there were large 
deviations from spherical symmetry. No indi- 
cations of a modification of emission line 
fluxes in the optical because of overlying ab- 
sorption are seen as pointed out by Boyarchuk 
(1969b). Similarly, as discussed in Section 
1 l.VIII.C, no clear sign of hot continuum ab- 
sorption by non-interstellar excited neutral ab- 
sorption lines has been reported in high disper- 
sion UV observations. Moreover, when low ex- 
citation lines are seen in the near UV, they do 
not appear to be associated with the spectrum 
resembling that of a cool star. For instance, 
Faraggiana and Hack (1971) found that the 
M6III-type absorption spectrum of CH Cyg 
was veiled by the blue continuum present in 
1967. Johnson (1982), however, claimed that 
continuum absorption by amorphous silicate 
smoke might occur in the UV of R Aqr. Never- 
theless, as pointed out by Johnson, even this 
could be explained by a binary model with 
absorption of hot continuum radiation by the 
cool star’s wind. 

Absorption of the hot continuum might be 
less important if there were deviations from 
spherical symmetry, such as in the model sug- 
gested by Menzel (1969), further extending his 
1946 proposal, with a cool ring formed by a 
magnetic field around the hot star. However, as 
previously seen, the cool component observed 
in symbiotic stars appears very normal. Also, 
no magnetic fields were detected by Slovak 
(1978) for symbiotic stars. 

Another argument was given by Boyarchuk 
(1982). “If we propose that a symbiotic star is 
a hot star with a hot nebula, and that TiO-bands 
and other absorption features are formed in 
other parts of this nebula, we should note that in 
the spectra of many symbiotic stars we observe 
the absorption line of CaI 4227 A. This line has 
very extended ‘wings’ which is normal for a 
cool star spectrum. But, if we calculate the col- 
umn density which is needed to produce such 
wings in a nebula, and multiply by the surface 
of the nebula which is huge, then we will obtain 
the mass of the absorption envelope that is 
equal to several solar masses. It is difficult to 
understand how such envelope could exist”. 

The second form of the hot central star with 
cool envelope model is to suppose that one has 
an object rather like a compact planetary neb- 
ula. This sort of explanation can be attempted 
for D-type symbiotics for which indications of 
the presence of the cool spectral component are 
less clear in the visual. Nussbaumer and Schild 
(1981) made a proposal of this kind for V1016 
Cyg. They calculate the emission line fluxes 
with their model; emission came from a shell 
with a mass of ionized hydrogen of 3 x 10-4 
M, surrounding a hot star with an effective 
temperature of 1 . 6 ~ 1 0 ~  K and a radius of 0.06 

R,  . Other single star models for this object 
exist, such as those discussed by Baratta et al. 
(1974) and Ahern et al. (1977). 

The objection connected with the absence of 
spectroscopic signatures of a high-velocity 
wind have less importance for the last kind of 
model. This is because a low-velocity enve- 
lope, in principle, could have been ejected 
from a previously existing red giant with a 
much lower escape velocity, this giant then 
having become a subdwarf (see Figure 12-2). 
Indeed according to the mechanism of Kwok et 
al. (1978) a planetary nebula might be formed 
as a result of the collision of the wind of a 
subdwarf and that of the pre-existing red giant. 
However the evidence for the existence of a 
cool star spectral component even for D-type 
symbiotic stars seems to contradict planetary 
nebula types of model. 

1II.B. COOL STAR WITH HOT ENVELOPE 

As for the previously considered single-star 
models, rather simple considerations lead to 
major problems for cool star with hot envelope 
models. It is hard for the present models to 
produce the strong observed hot continua al- 
ready studied by Boyarchuk (1967a, 1968, 
1969a) in the optical, and in more recent years, 
well-studied in the satellite ultraviolet. The 
energy radiated in different forms will be dis- 
cussed later, but we can anticipate by stating 
that the energy radiated by the hot continuum 
and the emission lines is of the same order as 
that due to the cool spectral component. Let us 
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also mention a calculation performed by Alta- 
more et al. (1981) for 2 And; the regions pro- 
ducing the emission lines of highly ionized 
atoms seen in the UV could not produce the 
strong UV continuum observed in Z And. This 
result does not appear very easy to change, 
even with other assumptions for the calcula- 
tions. 

One can try to avoid some of the problems 
associated with the production of the hot con- 
tinuum, if it is assumed to be produced by op- 
tically thick spots of the cool star’s photo- 
sphere resembling solar faculae. Wdowiak 
(1977) suggested a model of this type for CH 
Cyg involving magnetic heating following a 
prediction of kilogauss surface magnetic 
fields, while Oliversen et al. (1982) suggested 
the presence of a large spot with associated 
magnetic activity to explain the phenomena of 
AG Dra. The lack of detection of coherent mag- 
netic fields for CH Cyg, AG Peg and, EG And 
by Slovak (1978), however, poses a special 
problem for this form of model. 

1640 A line is correlated with X-ray emission 
observed using the Einstein satellite, as ex- 
pected if a substantial part of the double pho- 
toionization of helium is due to X-ray radiation 
from a hot corona with temperatures above lo6 
K. Kenyon points out that T CrB and VI017 Sgr 
have X-ray emission without HeII 1640 A, 
while R Aqr and AG Dra show X-ray emission 
that is one to two orders of magnitude less than 
that predicted from HeII. The two former stars 
are usually considered rather to be recurrent 
novae, and perhaps, they may be different from 
most of the stars considered in this chapter, 
while the results from the two latter stars indi- 
cate either a different mechanism for photoion- 
izing helium (e.&., the photosphere of a hot 
star) or a relatively cool corona. Kenyon (1986, 
p.13) also argues from the NV 1240 A/CIV 
1550 A flux ratio observed for “normal stars”; 
this ratio can be much lower in symbiotic star 
spectra. One may conclude, perhaps, in the 
light of the arguments given by Kenyon, that 
any symbiotic star corona, if present, would 
have to be rather unusual. 

Other types of arguments against models of 
cool stars surrounded by coronae have been 
given by Kenyon (1986, p.13). He based his 
reasoning on results obtained by Hartman et ai. 
(1981, 1982) concerning more “normal” late 
type stars. In the latter, the flux of the HeII 

If we consider single-star models in general, 
we also see that the explanation of the vari- 
ations is not clear. How can one produce what 
appear to be eclipses, while though it might not 
be impossible to explain active phases, expla- 
nations of them appear rather vague? In any 
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case, in view of what has been said, single-star 
models seem difficult to support, unless rather 
artificial assumptions are made. Therefore, we 
shall not pay very much more attention to them 
in the following discussion. 

IV. BINARY MODELS 

Binarity is very common among stars, and 
interaction between components can lead to 
many effects when these components are close. 
As we shall see, binary models have a strong 
predictive power. In any case, it is immediately 
obvious that composite spectra and eclipses are 
straightforwardly explained in the framework 
of such models. The main signature of close 
binarity, radial velocity variations, has been 
discussed in Section 11 .X.D. Evidence for the 
presence of such variations has been rapidly 
improving. 

Instead of considering particular models, it 
is more useful to consider the different proc- 
esses that can occur in binaries. Several proc- 
esses could be responsible for the phenomena 
in symbiotic stars: the question will be which 
process is dominant. In addition, the physics of 
these processes is often still badly understood, 
and different possibly conflicting phenomena 
need to be mentioned. 

In all the following discussion, we shall 
suppose, as discussed in Section 1 l.X.B, that 
the cool spectral component is really produced 
by a cool giant star. The different processes and 
phenomena lead to conflicting interpretations 
of the nature of the hot component and concern 
the interactions between the components. We 
shall now consider the different processes and 
possible phenomena. 

1V.A. HOT COMPONENT AS A 
SUBDWARF OR A REJUVENATED 

WHITE DWARF 

The simplest interpretation is that the hot 
continuum comes directly from a hot star simi- 
lar to the nucleus of a planetary nebula. In this 
case, we can predict the form of the continuum. 
In addition. if the emission line fluxes and 

radio emission come from an HI1 region, we 
can, in principle, obtain information about un- 
observable wavelength ranges of the contin- 
uum that photoionizes the HI1 region. In this 
way, analysis of the observations leads to the 
deduction of the characteristics of the hot star. 
This type of analysis, to be described later, was 
performed by Kenyon and Webbink (1984). 

If such an interpretation is accepted, active 
phases must be linked to changes in the proper- 
ties of the hot component. In fact, a fair amount 
of theoretical work has been done, supposing 
that the hot component is an accreting white 
dwarf undergoing thermonuclear events or 
even continuous shell burning. The accreted 
material then comes from the stellar compan- 
ion by processes that will be considered later. 
According to Iben (1982), the condition for 
steady hydrogen burning is 

k > - 1 . 3 2 ~ 1  0-7 M,vd3.57 M yr-’ , 

where k is the mass accretion rate in solar 
masses per year and MK,d, the white dwarf mass 
in solar masses. For an k above a slightly 
larger limit, the envelope of the accreting star 
expands so it resembles a giant, while for 
smaller rates, recurrent outbursts occur. 

The different forms of possible behavior of an 
accreting white dwarf were studied in detail by 
Fujimoto (1982a, b), and are summarized in 
Figure 12-3 taken from the second of these 
papers. 

In general, two types of stable configuration 
of accreting white dwarf exist, according to 
Fujimoto. In one, nuclear shell burning com- 
pensates for energy losses; in the other, gravi- 
tational energy release balances the radiative 
energy loss. Steady burning occurs in the for- 
mer configuration, which has a lower limit to 
the mass of the hydrogen-rich envelope. For 
lower accretion rates, transitions occur be- 
tween these two configurations, which are not 
stable. Starting from the second configuration, 
accretion leads to an increase in the mass of the 
hydrogen-rich envelope. A “hydrogen shell 
flash” then occurs, associated with a transition 
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to the other configuration. If energy losses are 
larger than thermonuclear energy generation, 
this new state does not last, and the white dwarf 
returns to its initial state. The cycle is then 
repeated. 

- 11 
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? -9 
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-8 
*H 
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Classical 
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Red giants 

Figure 12-3. Behavior of accretirig white dwarfs in a 
graph of wlzite dwarf mass against the accr-doti rate, 
according to Aijiinoto (19826). 

Examining in more detail Figure 12-3, one 
sees first the region at the bottom of the figure; 
that is where the envelope of the white dwarf 
expands, so as to make it like a giant. The star 
will then fill its Roche lobe; if the companion 
also fills its Roche lobe a sort of contact binary 
will be formed; otherwise, the system will be 
semi-detached with mass transfer from the 
expanded white dwarf to its companion. For 
lower accretion rates, steady state burning 
occurs, and the expanded white dwarf will be a 
strong source in the extreme UV. Even lower 
accretion rates are associated with recurrent 
events, their nature depending on the extent to 
which the white dwarf expands. It expands 
during hydrogen burning to less than a solar 
radius for higher accretion rates, and to larger 
radii for lower rates. Finally, for very low ac- 
cretion rates, the white dwarf envelope ex- 
pands at high velocity during a shell flash, and 
a nova explosion occurs. However, the limits of 

this theory should be noted; in particular, a 
simple interpretation of observations of classi- 
cal novae in quiescence suggests higher accre- 
tion rates than would be possible, according to 
the calculations of Fujimoto. 

Fujimoto (1982b) also calculates time 
scales. During a shell flash, the duration of 
burning is 

where M is the mass of the accreted envelope, 
A,,, the minimum mass accretion rate for 
steady burning, and A the actual rate. Hence, 
for AM, equal at ignition to Ma and a value 
of (&Ieh - r;/D of 3 x Ma yr-I, z is 3 years. 

Explanations of symbiotic stars using such 
models were proposed by Tutukov and Yungel- 
son (1976), Paczynski and Zytkow (1978), 
Paczynski and Rudak (1980), and by Kenyon 
and Truran (1983). Paczynski and Rudak di- 
vided symbiotic stars into two classes. In type I 
symbiotic stars, the luminosity was produced 
in a stable burning hydrogen shell; small vari- 
ations of accretion rate led to changes of radius 
and effective temperature of the expanding 
white dwarf at constant bolometric magnitude. 
Thus, an active phase of this type of symbiotic 
star was associated with a small increase of the 
accretion rate; the effective temperature 
dropped while the radius increased, causing an 
increase of the visual brightness over a time 
scale of the order of AM,Mex (using our previ- 
ous notation), estimated by Paczynski and 
Rudak as of the order of 2.5 years. Type I1 
symbiotic stars, according to the explanation of 
Paczynski and Rudak, have an accretion rate 
below A,,, and therefore, are undergoing re- 
curring shell flashes. This explanation was 
used for symbiotic novae. 

Shell flashes were also discussed by Kenyon 
and Truran (1983) and by Kenyon (1986) to 
explain the symbiotic novae phenomenon. The 
rise to visual maximum is characterized by two 
phases illustrated in Figure 12-4. 

A rapid increase in bolometric luminosity at 
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almost constant radius (A to A’ in Figure 12-4) 
is followed by a phase at nearly constant 
bolometric luminosity (C to C’ in the figure). In 
the first phase, the visual brightness is almost 
constant while the effective temperature of the 
star increases, so being able to strongly ionize 
any surrounding nebula. In the later phase, 
however, the temperature drops and the visual 
brightness rises (see Figure 12-4b). Weaker 
flashes lead to shorter tracks in the H-R dia- 
gram (for instance to C’  in the figures). Kenyon 
and Truran (1983) divided symbiotic novae 
into two classes. RR Tel, RT Ser, and perhaps 
AG Peg had strong flashes, showing like classi- 
cal novae B-F supergiant spectra at maximum, 
characteristic of not very high temperatures. 
V1016 Cyg, V1329 Cyg, and HM Sge were 
considered to be examples of weak shell 
flashes; they did not evolve into F supergiants 
and had planetary nebula-type spectra even at 
maximum. We shall discuss this point again in 
Chapter 13, Section 1V.C. 

We can conclude this section by stating that 

binary models containing an expanded white 
dwarf component appear promising in certain 
respects at least. Future work will show 
whether they really represent the observations 
well. 

1V.B. ACCRETION PROCESSES 

Accretion has already been invoked in the 
discussion about expanded white dwarfs. It can 
play a dominant role in other ways, and we 
shall now discuss them. Two simple sorts of 
accretion are conceivable, (1) via a disk fol- 
lowing Roche lobe overflow, and (2) from the 
wind of the companion star. 

The former type of accretion has already 
been extensively discussed for dwarf novae, 
novae in quiescence, and nova-like cataclys- 
mic variables in this volume. In a classical 
case, material flows from the inner Lagragian 
point in a stream that strikes the accretion disk 
at a bright spot. Angular momentum is lost in 
the disk and a boundary layer is formed be- 
tween the disk and the mass gaining star. As in 
the previous situation where the hot continuum 
came directly from a star, one can calculate a 
theoretical energy distribution for observable 
and also unobservable spectral regions able to 
photoionize various atoms. The methods of cal- 
culating the energy distribution are the same as 
for dwarf novae, novae in quiescence and nova- 
like cataclysmic variables. 

Kenyon and Webbink (1984) have calcu- 
lated theoretical energy distributions for sym- 
biotic stars, supposing that the hot component 
was due to accretion. They assumed that radia- 
tion was emitted by a disk locally radiating as 
a blackbody (that is, by a disk consisting of a 
sum of blackbodies at different temperatures) 
and a boundary layer radiating as a blackbody 
at one temperature. The inclination of the disk 
and occultation of part of the boundary layer 
were taken into account. Kenyon and Webbink 
considered accretion both onto a white dwarf, 
and onto a main sequence star, and found no 
example of the former case when comparing 
theory and observations. For stars whose con- 
tinuum energy distribution suggested a main 
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sequence accretor model, difficulties were en- 
countered in explaining emission line intensi- 
ties as due to photoionization. This type of 
approach will be considered in more detail 
below, but it is already clear that it needs to be 
refined in future work. 

In cataclysmic binaries, emission line for- 
mation in or near a disk leads to double peaked 
profiles for large inclinations (Smak, 1981). A 
bright spot, if present, would lead to an S wave 
profile as for cataclysmic binaries (see Section 
2.III.B.l.e), and variations in the ratio of the 
violet to the red peak over the orbital cycle. 

Eclipses of an accretion disk should also 
lead to characteristic time variations of the 
continuum and the emission line profiles, as 
seen for cataclysmic binaries. This is because 
an accretion disk does not have the same 
brightness distribution at a given wavelength 
as a star, while different parts having different 
rotational velocities contribute to different 
parts of line profiles, eclipsed at different 
times. (The theory of this is described in Sec- 
tion 4.111 of this Monograph). 

When accretion occurs from a wind, disk 
formation is difficult, because only a small 
amount of angular momentum should be ac- 
creted. The three-dimensional theory has been 
treated by Livio et al. (1986a,b). The second of 
these papers describes the results of calcula- 
tions in three dimensions, taking account of 
pressure. Conditions necessary for the forma- 
tion of a disk were obtained in that paper. 
Enough angular momentum must be accreted 
for material to be able to rotate at a Keplerian 
velocity at the radius of the accretor at least. 
Livio et al. (1986b) give a condition for the for- 
mation of a disk in their equation (21): 

Vre, 13.7x10'[(5/0.2)'~'(MU, /0.6)'/8(P/10y)'/J 

[ RU, /4.5x1OX cmj-"' (12.1) 

Here V,,, is the relative velocity of the wind 
and the accreting object, 5 = l/lBH is the ratio of 
the accreted ,angular momentum to that depos- 
ited at the radius of accretion, according to the 

classical theory of Bondi and Hoyle (1944), 
Mw, the mass of the accreting star (taken to be 
a white dwarf by Livio et a].), Rw, the radius of 
the accreting star, and P the orbital period. The 
calculations of Livio et al. (their Table 1) give 
values of 5 ranging form 0.10 to 0.23, depend- 
ing on the assumed Mach number and ratio of 
specific heats. For a symbiotic star having a pe- 
riod of 2 years, 5 equal to 0.15, a white dwarf 
accretor with a mass of 1 .O M and a radius of 
9.5 x lo* cm, the condition is V,,, < 28 km s - I .  

For a main sequence accretor with a radius of 6 
x lolo cm, this condition becomes V,,, < 17 km 
s-'. Wind velocities of red giants can be ex- 
pected to be very low; if the orbital part of V,,, 
is near 20 km s-', formation of a disk around a 
white dwarf may be possible following wind 
accretion. Livio (1988) found that a disk could 
be formed by wind accretion round a white 
dwarf accretor of the symbiotic star 4 G  Dra. 

There are, however, many uncertainties in 
the theory of disk formation from winds. For 
instance, the two dimensional calculations of 
Matsuda et al. (1987) found nonsteady behav- 
ior with the accreted angular momentum being 
able to change sign. More work remains to be 
done, before one can be sure when disks can be 
formed by accretion from a wind. 

Accretion processes can also be invoked to 
explain the active phases of symbiotic stars. 
The models are fairly similar to those for the 
outbursts of dwarf novae, described in Chapter 
3. As for the latter, one can conceive both of 
instabilities of the secondary leading to times 
when the mass transfer rate is enhanced, and of 
instabilities of the accretion disk, if one is 
present. 

In addition to the dwarf nova type of insta- 
bility proposed by Bath (1975, 1977) for a cool 
component of such a binary, another type of 
instability was suggested by Kenyon (1986), 
associated with recurrent helium shell flashes. 
A cool giant in a double shell phase of evolu- 
tion is modeled with secular combustions in 
two shells; an outer shell burning hydrogen to 
helium and an inner shell burning helium. The 
latter is unstable because of the presence of a 
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convective envelope above it, preventing ex- 
pansion associated with an increase of thermal 
energy. Such an increase leads to a sudden 
increase of energy generation of the helium 
shell and a large expansion, which temporarily 
extinguishes the hydrogen binary shell. Such 
events should not have much effect on the sur- 
face properties of a single red giant, but accord- 
ing to Kenyon (1986), the small predicted in- 
crease in photospheric radius could power a 
mass transfer instability. The phenomenon is 
predicted to be periodic with a period P in years 
given by 

(12.2) 
log P = 3.05 - 4.5 (M,,,, - l.OMo) 

Kenyon fitted this expression to observed 
activity of R Aqr; a 44-year period would cor- 
respond to a core mass of 1.3 Mo and a bolom- 
etric magnitude of -7. This was thought tolera- 
bly close to the observed one of symbiotic 
stars, considering both the theoretical uncer- 
tainties and the uncertainty in the distance of 
the star. 

It may be noted that periodic mass transfer 
events could also occur at periastron, if the 
orbits were eccentric. Determinations of the 
eccentricity of orbits by Garcia and Kenyon 
(1988) suggest that in some, but not all, cases, 
the orbits are fairly circular (see Section 
11 .X.D), rendering such a mechanism fairly 
unlikely for those stars at least. 

Disk instability calculations were made by 
Duschl (1983,1986a,b). In the latter of these 
papers, calculations were made in cases of 
accretion by a one-solar mass main sequence 
star. The limit cycle instability model led to 
heating and cooling fronts crossing the disk; re- 
flection of a front of one type led to propaga- 
tion of a front of the opposite type. Conditions 
for this type of model to work for symbiotic 
stars indicated breakdown of the model as fol- 
lows (Duschl 1986b): 

- A: The description breaks down, as the 
disks are no longer geometrically thin. 
B: The disks are too large, so that the out- 
bursts are too rare to be consistent with 

- 

the observations. 
C: The outbursts occur too rarely, as the 
mass transfer rate is too low. 
D: No outbursts occur at all, as the un- 
stable branch does not appear within the 
disk; Le., the disk can be everywhere sta- 
tionary on the upper branch. 
E: Maximum brightness is too small to be 
consistent with observations. 

- 

- 

- 

The regions in which disk instabilities are 
possible are shown in a diagram of the accre- 
tion rate and the disk radius, according to 
Duschl, in Figure 12-5. 
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Figure 12-5. Location of possible riioclels for- sytiihiotic 
stcirs (shaded area), according to D i i d i l  (19866). The 
restrictiotis AA to EE are those described iri the text. 
Abscissae are log of the outer radius qf the disk so, atid 
ordinates log of the mass tramfer rate. 

In situations where accretion from a wind 
occurs, the accretion rate varies inversely as 
the fourth power of the relative (wind + orbital) 
velocity of the accretor and the wind. A de- 
crease in the wind velocity would, therefore, 
cause an increase in the accretion luminosity. 
However, it is very difficult for a high enough 
luminosity to be produced for a main sequence 
accretor, because the calculations of Kenyon 
and Webbink (1984) indicate accretion rates of 

Ma yr-’ in such cases, and the mass-loss 
rate of a cool giant wind would have to be even 
greater. 

It is hard to assess the relevance of models 
involving accretion rate changes. In general, 
simple models would predict that activity is 
associated with temperature increases of the 
disk and, hence, a flux increase at all wave- 
lengths. However, the behavior of the bound- 
ary layer in particular needs also to be taken 
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into account. The theories of disks plus bound- 
ary layers are sufficiently uncertain that it is 
not sure whether accretion events can be ruled 
out when observations clearly indicate that the 
hot source cools during an outburst. Therefore, 
it is premature to make a judgement of this type 
of theory. 

IV. C. WINDS FROM BOTH 
COMPONENTS 

The strong wind expected from the cool 
giant component of a symbiotic binary should 
have important effects. Emission lines and, in 
certain conditions, absorption lines can be 
produced; indeed, it can be what is sometimes 
called the “nebula”. 

The winds of normal cool giants have rather 
low velocities of the order of loi  km s-’, and can 
be expected to give rise to rather narrow emis- 
sion lines. Radiative transfer in an expanding 
medium can be expected to produce radial ve- 
locity differences between the centers of opti- 
cally very thick resonance and optically thin 
lines. This is because a multiply scattered 
photon inside the profile of an optically thick 
line formed in such a medium will be somewhat 
redshifted by each scattering, producing a net 
redshift of the emission line. In addition, if the 
continuous spectrum is not too weak, this type 
of line will also have a blueshifted P Cygni 
absorption component eating into the blue 
wing of the emisssion line, and so increasing 
the mean redshift of the observed line emis- 
sion. Such a difference between the radial 
velocitites of high-ionization resonance lines 
and semiforbidden lines has been observed in 
the ultraviolet spectra of a number of symbiotic 
stars (Friedjung et al., 1983). 

Photoionization can be expected to be due to 
the hot companion, which is not at the center of 

the cool component’s wind. Ionization models 
must take this lack of spherical symmetry into 
account. The consequences of this were first 
calculated for the interpretation of radio obser- 
vations by Seaquist et al. (1984) and by Taylor 
and Seaquist (1984). In these papers, the ge- 
ometry of the ionizaton boundary is calculated 
as a function of f(u, %) with u a radial distance 
centered on the hot star and normalized to the 
binary separation, and % the angle between a 
line joining a point to the central star and that 
joining the two stars. Then f(u, %) was set equal 
to X at the boundary, where 

Here Ih is the cool component mass loss 
rate, V is the wind velocity assumed constant, 
a is the distance between the two stars, Lph is the 
flux of hydrogen ionizing photons per second 
emitted by the hot component, a is the recom- 
bination coefficient, mH is the mass of a hydro- 
gen atom, and p the molecular weight. Finally, 
the expressions given by equations (1 2.4) were 
used for f(u, e). 

The relative orbital motion of the stars is 
neglected, and velocities are supposed low 
enough that local ionization is in equilibrium. 
The results of calculations of the form of the 
ionized region and the resulting radio spectrum 
are shown in Figure 12-6 from Seaquist et al. 
(1984). 

This type of model has been extended by 
Nussbaumer and Schmutz (1983), Nussbaumer 
et al. (1986), and by Nussbaumer and Vogel 
(1987). The most detailed calculations are in 
the last of these papers. The wind is supposed to 
be accelerated with a velocity law of the form: 

vi = (1-R/r) pV_ 

Where r is the distance from the star’s cen- 

8=0 
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ter and R, the radius for the origin of the wind, 
while the constant p was assumed equal to 1. 
Emission line profiles were calculated assum- 
ing the lines optically thin. Nussbaumer and 

Vogel considered the non-validity of this as- 
sumption to be responsible for the calculated 
He11 1640 A flux of V1329 Cyg, being too 
strong at minimum brightness. 
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Nussbaumer and Vogel (1987) also propose 
an explanation for what happens when a symbi- 
otic star becomes active. According to them, 
the mass-loss rate from the cool star then in- 
creases, causing a change in the geometry of 
the ionized regions and, hence, a variation of 
emission line and continuum radiation due to 
recombinations. Clearly, such a mechanism 
cannot work in a situation where the initially 
present hot continuum cools or disappears. 

The compact conponent’s wind needs also to 
be taken into consideration. This could either 
be from the stellar companion or from an accre- 
tion disk if one is present. The velocity can be 
expected to be much higher than that of the 
wind of the cool giant and could produce wide 
emission components and wide P Cygni ab- 
sorption components with a large blue shift, as 
indeed is seen for cataclysmic variables. There 
is also a possibility of collimation of a wind 
from a disk, and so a bipolar flow can be 
formed. For instance, Kenyon (1987) has pro- 
posed that such a wind could be driven by 
Alfven waves and have a much larger velocity 
perpendicular to the disk than in other direc- 
tions. 

If two winds are present, collisions can be 
expected to occur between them. A number of 
papers have been written based on such models 
(Kwok et al, 1984; Wallerstein et al., 1984; 
Willson et al., 1984; Kwok and Leahy, 1984; 
Girard and Willson, 1987; and Kwok, 1988). 
The model is applied to symbiotic novae, for 
which the compact component is supposed to 
produce a high-velocity wind during the out- 
burst, while the physical model has been de- 
rived in most detail by Girard and Willson 
1987). 

The situation is shown in Figure 12-7. Mate- 
rial accumulates on the boundary where the 
winds meet, and the nebular shell produced 
will be deformed as can be seen in the figure. 
Different regions of this shell will have differ- 
ent ionizations and so emit in different emis- 
sion lines, which will not, therefore, necessar- 
ily have the same profile. The situation in the 
immediate vicinity of the binary is shown in the 

J 
1 

Figure 12-7. Colliding wind geometry, according to 
the model of Girurd and Willson (1987). 

lower part of the figure. A steady state configu- 
ration is reached there. This steady state was 
studied by Girard and Willson (1987), who first 
ignored the orbital motion of the binary and 
assumed the wind interaction region thin. 
Equations were derived based on mass and 
momentum conservation. The authors found 
that the shape of the shell only depended on the 
product m.w, where m is the ratio of the mass 
loss rates and w the ratio of the wind velocities. 
The steady state solutions indicate that the 
wind interaction occurred on the surfaces of 
truncated cones. The forms of these for differ- 
ent values of m.w are shown in Figure 12-8. 

Girard and Willson then calculated a dy- 
namical shell model including orbital motion, 
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and assuming a sudden turn on of the high- 
velocity wind. The orbits were circular, and the 
stars of equal mass. The results of calculations 
for a stellar separation of 20 a.u., an orbital 
period of 60 years, wind velocities of 500 and 
20 km s-I and a high-velocity to low-velocity 
mass-loss rate ratio m of 2 are shown in Figure 
12-9. 

Certain forms might even mimic bipolar 
flows to some extent. The authors also specu- 
lated on the possibility of higher velocities of 
material in the hot shocked region near the 
apex of a cone than in other parts of this cone. 

Kwok and Leahy (1984) calculated proper- 
ties of X-ray emission from colliding winds. 
The emission is deduced to be from thermal 
bremstrahlung of plasma at lO7K characteristic 
of colliding winds. Girard and Willson (1987) 
also discussed X-ray emission; they were un- 
able, however, to make a detailed prediction, as 
it was not clear what proportion of the available 
cnergy flux was radiated. In general, colliding 
wind models seem to need more physics. 

1V.D. ENHANCED SOLAR-TYPE ACTIV- 
ITY OF THE COOL STELLAR COMPO- 

NENT 

Another possibility is that the symbiotic 
phenomenon is due to increased solar-type 

activity of the cool stellar component (Alta- 
more et al., 1981; Friedjung et al., 1983; 
Friedjung, 1988). This could be associated with 
a higher rotational velocity than for normal 
cool giants because of tidal locking of the rota- 
tional and orbital periods. A region similar to 
the solar transition region might then produce 
the high-ionization emission lines observed, 
while small variations in the wind from the cool 
giant could cause large changes in the accretion 
rate to the compact component, and, hence, in 
the nature of any accretion disk. The model was 
proposed because early IUE observations of Z 
And suggested that the hot continuum was not 
hot enough to produce the highest ionization 
lines in photoionized regions, while some 
lines, at least, were formed in a region where 
high-temperature radiation was diluted, a re- 
gion that is far from that where the hot contin- 
uum was formed. In addition, a certain form of 
reasoning suggested that this region was thin. 
The fact that high-ionization resonance lines of 
CI Cyg, unlike other lines of this star were little 
or not eclipsed also seemed to support the 
model. However, it now appears that enough 
high-energy radiation is generally present for 
photoionization. Mikolajewska (1986) showed 
that the high-ionization emisssion lines of CI 
Cyg had radial velocity variations, probably in 
phase with those of the compact component, 
and first results on the widths of absorption 
lines of the cool component of CI Cyg (Ben- 
sammar et al., 1988), suggest that the rotation 
of CI Cyg may not be tidally locked to its or- 
bital period. The model may also have other 
problems. However, even if effects of in- 
creased activity of the cool giant are less im- 
portant than originally proposed, the possibil- 
ity of their presence should not be forgotten in 
future interpretations. 

1V.E. CONCLUSIONS ABOUT THE 
MODELS 

It appears that, in principle, it should be 
possible to learn a lot if one assumes the pres- 
ence of accretion in interactive binaries either 
from Roche lobe overflow or from a wind. Such 
processes need not be steady; not only can the 
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rate of accretion change, but also thermonu- 
clear flashes can occur. 

All the binary models considered emphasize 
one physical process, and it is clear that several 
processes occur either simultaneously or at 

least in different symbiotic stars. A realistic 
theory needs to consider, at the same time, all 
the processes mentioned. In addition, the phys- 
ics of several of them is still not very well 
understood and needs further study before 
more definite conclusions can be drawn. 
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occurred in 1984 and 1985. These observa- 
tions, together with the extensive monitoring 
of the IR and of the emission line profiles, still 
make Z And one of the best-studied symbiotic 
stars, and an ideal target for investigation the 
symbiotic phenomenon. 

The visual luminosity of Z And is variable 
between V = 8 to 11 on time scales from a few 
days to several months, without clear evidence 
of any periodicity. The full light curve is repro- 
duced in Figure 11-2 in Chapter 11. Figure 13- 
1 is a condensed plot of 100-day means of 
photographic and visual observations from 
1887 to 1969 (Mayall, 1969). 

The light curve is characterized by (1) four 
main phases of higher luminosity starting in 
1895, 1914, 1939, and 1959, and by (2) periods 
of low luminosity lasting roughly one decade in 
between. In the following, we shall discuss the 
behavior of Z And during quiescence and activ- 
i ty.  

1I.B. THE BEHAVIOR OF Z AND DURING 
QUIESCENCE 

The most recent quiescent phase (1972 to 
about 1984) of Z And was also the longest, and 
this fact has allowed a detailed study of the 
behavior of a symbiotic star during minimum 
light. The optical-ultraviolet spectrum of Z 
And at minimum is rich in strong and narrow 

emission lines of several different atomic spe- 
cies and with a large range of ionization en- 
ergy. A compendium of the ions whose transi- 
tions have been identified in the optical spec- 
trum of Z And was given in Table 11-2. Both 
permitted and forbidden transitions are pres- 
ent, as well as lines typical of stellar chromo- 
spheres, Be, Of, and WR stars, planetary nebu- 
lae, coronal regions, etc. These features are 
also seen in the ultraviolet. Altamore et al. 
(1981) identified low-excitation lines of 01, 
MgII, and FeII, and high-ionization lines of 
HelI, OV, and MgV]. But the main result is that 
the intensity of the emission lines is largely 
variable on long time scale. Variation of H a  
was reported by Altamore et al. (1979), while 
Altamore et al. (1982) found that in November 
1982, the UV continuum and emission lines 
were about 40 percent stronger than in August 
1980. They also noted that the IR spectrum did 
not show a significant change since 1981. From 
a more thorough analysis of the UV observa- 
tions collected since 1978 with the IUE satel- 
lite, Fernandez-Castro et al. (1988) found that 
the UV continuum and the emission line fluxes 
vary quasi-periodically on a time scale of about 
760 days. The amplitude is larger for the 
Balmer near-UV continuum and for most of the 
emission lines, and lower for the far-UV con- 
tinuum and the CIII] line. The time variation of 
the SiIII]/CIII] ratio suggests a variable mean 
electron density of the emitting region from 0.6 
to 2.2 x 1O'O cme3 in phase with the UV light 
curve. At maximum, the density and the emis- 
sion measure are larger, while the effective 
emitting volume is smaller. Thus at maximum, 
the emission mostly comes from a compact 
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Figure 13-1. Plot of the 100-day averoge magnitudes of Z And ditr-ing 1887 to 1969 (from Mayall, 1969). 
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region, and at minimum, the emitting volume is 
more diluted. These observations are consis- 
tent with a model of highly ionized diffuse 
region that is periodically occulted, leaving 
visible only the outer low-density regions. 

Much about the nature of Z And can be 
learned from the simultaneous study in differ- 
ent wavelength regions. Figure 13-2 illustrates 
the variations of Z And from UV to IR during 
the last quiescent phase. 

The large UV variability is clearly present in 
the U-band and in the Ha-variation and can be 
traced back to before the first ultraviolet obser- 
vation. The variation is less evident in the vis- 
ual. During minimum, V varied between 10.2 
and 11 .O in an apparently irregular mode. This 
variation during minimum has been noted by 
several authors, (see Kenyon, 1986), and 
Kenyon and Webbink (1984), from the analysis 
of all the minima during quiescence, found that 
they are clearly periodic with a mean period of 
756.85 days in agreement with the UV and H a  
results. The radial velocity of the M-giant 
component was measured by Garcia and 
Kenyon (1 988) over about 6 years. They found 
a smoothed sinusoidal curve with a period of 
750 +_ 8 days, and a semiamplitude of K = 8.1 
k 0.5 km s-’. This fact provides further evidence 
of binarity, but the radial velocity and photom- 
etric curves do not have the relative phasing (a 
quarter of phase) expected from eclipse or re- 
flection effects. This might suggest a more 
complex geometry of the system, as also sug- 
gested by the ultraviolet observations as dis- 
cussed below. Finally, concerning the infrared, 
Taranova and Yudin (1 98 1) and others reported 
small fluctuations, clearly not in phase with the 
UV variations. These can be attributed to the 
irregular behavior of the late-type component 
that is a common feature of the normal (normal 
= not a symbiotic or peculiar system) late-type 
giant and supergiant stars. The little variability 
of the cool component was also noted by Alta- 
more et al. (1979, 1981) who, from their analy- 
sis of a collection of blue-infrared objective 
prism plates taken during October 1977 to June 
1979, found that the near-IR continuum re- 
mained constant within kO.1 mag. Larger vari- 
ations seem to be present at longer wave- 

lengths, but this needs to be confirmed by fu- 
ture observations. 

1I.C. THE ACTIVE PHASES OF Z AND 

The active phase is characterized mostly by 
an increase of one to two magnitudes of the 
visual magnitude after a long-lasting quiescent 
phase. The brightening is rather slow, the rise 
time being about 100 dayslmag, even com- 
pared with the slow novae. This “outburst” is 
generally followed by a sequence of minima 
and maxima resembling a damped oscillator. 
The time interval between two successive 
maxima (or minima) is not constant, but varies 
from 310 to 790 days (Mattei 1978) in an ir- 
regular way and is not in phase with the UV- 
variability during quiescence discussed above. 

During the rise to outburst and the subse- 
quent oscillations, the optical spectrum under- 
goes large changes, which have been exten- 
sively described in a number of papers. As the 
stellar luminosity increases, the high-ioniza- 
tion lines fade, and at maximum light, the spec- 
trum displays a strong blue continuum with 
prominent hydrogen emission. These lines 
have absorption cores that dominate the emis- 
sion at the higher members of the Balmer se- 
ries. In some cases, P Cygni profiles are present 
in the H and He1 lines. At maximum, the ab- 
sorption bands of the M spectrum are hardly 
visible. However, the weakening of the cool 
spectrum is only apparent since, as it has been 
found, for instance Boyarchuck (1968), the 
T i 0  bands are only veiled by the enhanced blue 
continuum, while the luminosity of the cool 
component has not changed within the errors. 
The high-ionization lines and the Ti0  absorp- 
tion bands strengthen again as the blue contin- 
uum decreases during the light fading. 

Recently, two minor outbursts of Z And 
were reported. After nearly 12 years of quies- 
cence, the star brightened to V = 9.6 in March 
1984 and again to V = 10.1 in September 1985 
(Mattei, 1984, 1985). The 1984 outburst dis- 
played a general rise of the line intensity. The 
largest increase was measured for the high- 
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ionization lines of HeII, CIV, and 0111, while 
NV remained unchanged. Of particular interest 

1400 A the flux appeared larger than previ- 

cating a general decrease of the continuum 
temperature. This result is not unexpected, 
since, as discussed above, generally at outburst 
the excitation of the spectrum decreases. 
However, this behavior was not followed by the 
01 emission triplet at 1302-06 A, which mark- 
edly faded during outburst. This result could 
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probably be related to the fact that the 1984 
event was not similar to the main outbursts 
observed in the past. In the months following 
the outbursts, after the luminosity decline, 01 
and NV strengthened in the UV (Cassatella et 
al., 1984). At high resolution, the blue wings of 
CIV and NV displayed an absorption line at 
-120 km s-' ,  which suggests the presence of a 
low-velocity, warm wind like that observed in 
AG Dra (Viotti et al., 1983). The high-resolu- 
tion UV monitoring of Z And after the outburst 
revealed large variation of the emission line 
profiles which have been noted since April 
1984. Figure 13-3 shows the evolution of the 
CIV doublet since the 1984 outburst (Cas- 
satella et al., 1988). Evident in the figure is the 
different shape of the lines at different epochs. 
P Cygni absorptions are clearly present in three 
spectra. The intensity ratio of 1548/1551 is 
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smaller than the optically thin value of two, and 
in one case, even smaller than one (February 
1986). This result will be discussed below in 
Section 1I.D. Strong broad wings are evident in 
the June 1985 spectrum, while in the other 
phases, they are much weaker. 

1I.D. DIAGNOSTICS 

Once a consistent amount of homogeneous 
data is available for a given target, including 
also its time behavior (and taking into account 
all the possible time scales), it is then possible 
to make the next step, that is, to try to build up 
an empirical model. In general, the IUE ar- 
chives provide for most of the symbiotic ob- 
jects (and for many other categories of astro- 
physical objects as well) the best homogeneous 
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Figure 13-3. Evolution of the ClV doubler in Z And ajer  the March 1984 oritbiirst (Cassatella er al., 1988). Nore 
rhe P Cygni absorptions which are clearly present in three spectra, and the strong einission wings in June 1985. 
In February 1986 the 1548/1551 IineJiu- ratio is smaller than the optically thick limiting value of one. 
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set of calibrated, good quality data. In the 
meantime, several theoretical computations of 
the atomic parameters of important UV transi- 
tions have been recently performed, so that the 
line intensities can be used to derive the physi- 
cal parameters of the emitting region. In the 
following, we shall discuss the case of Z And 
also as an illustration of the impact of the new 
UV observations on our knowledge of the na- 
ture of peculiar objects such as the symbiotic 
stars. 

As discussed above, the optical and UV 
spectrum of Z And includes prominent emis- 
sion lines of both permitted and intercombina- 
tion or forbidden transition of different ions. In 
principle, this should be used to determine the 
electron density of the emitting region(s). In 
addition, the presence of different ionization 
stages of the same element and of ions of differ- 
ent elements can be used as diagnostics of the 
temperature and chemical composition. Table 
13-1 summarizes the main line ratios, that can 
be used to derive the physical parameters of the 
symbiotic system. 

Altamore et al. (1981) analyzed the NIII] 
multiplet near 1750 A and determined an elec- 
tron density (for the N++ region) of (1.7 f 0.9) 
x 10" cm-3 (Figure 13-4). The line ratio of this 
multiplet is sensitive to changes in the electron 
density in the range from to 10" ~ m - ~ ,  but 
is rather independent of the electron tempera- 
ture (Nussbaumer and Storey, 1979). For in- 
stance, the NIII] line intensities in the symbi- 
otic novae RR Tel and V1016 Cyg suggest a 
smaller density of 1.5 x lof9 (Altamore et al., 
1981) and of about ~ m - ~  (Nussbaumer and 
Schild, 1981), for RR Tel and V1016 Cyg, 
respectively. As shown in Table 13.1, the elec- 
tron density can also be determined from the 
relative intensity of the OIV] and CII] multi- 
plets. From the observed OW] 1404.81/ 
1401.16 ratio of 0.38, Altamore et al. derived 
log Ne = 10.1, in good agreement with the NIII] 
estimate. The CII] multiplet is too weak in Z 
And for density diagnostics. Only the high- 
density component of the CIII] doublet is vis- 
ible in the UV spectrum of Z And, which pro- 
vides a lower limit to Ne of about ~ m - ~  
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0 

Figitre 13-4. The Nl l l  mitltiplet rutio iii Z A i d  nrid RR 
Tel (Altuniore et nl,, 1981). The different citrves give as 
n fitiictiori of the electrori density for Te=8xIOJ K the 
theoretical line ratios: (a) 1754.0/1752.2; (b) 
1748.74 749.7 (dashed curves, right-hand scnle); (c) 
1748.711749.7; (d) 1746.8L748.7 (solid ciwves, 
left-hand scale). irhe observed ratios for Z And (dots) 
and RR Tel (triangles) are indicated. 

(Nussbaumer and Schild, 1979). This is again 
in agreement with the above results, and might 
also suggest that all the intercombination lines 
are formed in the same region. This may not be 
true for all the symbiotic stars. In fact, Nuss- 
baumer and Schild (1981), in their analysis of 
the UV spectrum of the symbiotic nova V1016 
Cyg, found from the CIII] and NIV] double 
ratios an electron density of 2 x IO6 and 4 x lo6 
cm-l, respectively. But the intensity of the NIII] 
multiplet would require a much higher Ne of 
about cm-3, which could be related either to 
a large density gradient in the emitting region 
or to a particular excitation mechanism. 

Altamore et al.( 1981) also considered the 
CIII]/NIII] intensity ratio, and found an elec- 
tron density of 1.9 x lolo and 1.2 x ~ m - ~  for 
Z And and RR Tel, respectively, consistent 
with the results obtained from the NIII] multi- 
plet. More recently, Fernandez-Castro et al. 
(1988) have used the SiIII]/CIII] flux ratio in Z 
And to give an estimate of the electron density 
during different phases of its UV variability. 
They found Ne to be variable in the range from 
0.56 to 2.2 x 10" cm-3, again in agreement with 
Altamore et al. results. However, when the flux 
ratios of the lines of different ions are used, the 
derived density estimates largely depend on the 
adopted electron temperature, as well as on the 
ionization equilibrium of each ion and on the 
C/N abundance ratio. Singly ionized carbon 
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TABLE 13-1. ULTRAVIOLET INDICATORS OF THE PHYSICAL PARAMETERS IN SYMBIOTIC STARS. 

ions lines parameter range ref. 

CII] 
.... 
.... 

NIII] 
.... 
.... 
.... 

OIV] 

CIII] 

NIV] 

SiIII] 

[NeIV] 

[FeVII] 

NIII]/CIII] 

SiIII]/CIII] 

CII/C 1111 

CIII]/CIV 

NIV]/NV 

OIII]/[OIII] 

SiIII/S iIII] 

He11 

2325.412328.1 
2325.4/2326.9 
23 24.7/2 3 2 6.9 

1 7S4.0/ 1 75 2.0 
1748.711 752.0 
1748.7/1749.0 
1748.711 746.8 

1407.4/1401.2 
1401.2/1404.8 

1908.7/1906.7 

1486.4/1483.3 

1892.0/1882.7 

1601/2423 
................ 

201 5/3759 
.............. 

1749.7/1908.7 

1892.0/1908.7 

1336/1909 

17 18/1240 

166 1/6300 

129911892 

1640.4/Fc( 1336) 

107 - 109 (1) 
...................... 
...................... 

109 - loti 
...................... 
...................... 

108 - 101" 

103- 106 

104- 1010 

3.103 - 3.105 

104 - i o 8  

(for Ne< 10" or Ne> 1 08) 

107 - 1010 
(for Ne<107 or >loio) 

109 - ioi1 

109 = ioii 

10' - 3x10' 

Notes to the table. ( I )  Stericel et a f .  (1981). (2)  Altaniore et al. (198I). (3) Nussbaimier and Storey (1982). (4)  
Nussbaunier arid Schild (1979). (5) Nusshaiinier arid Schild (1981). (6 )  Niisshaiinier (1986). ( 7 )  Niissbaumer 
(1982). (8)  Nusshaiimer arid Stericel (1987). (9)  Stiklarid et al. (1981). ( I O )  Niissbauniet- arid Storey (1984). (11) 
Fernaiidez-Castro et al. (1988). 
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and nitrogen have ionization energies of 24 and 
30 eV respectively, which are different enough 
to give significant differences in the ionization 
fractions C++/C and N++/N. This also depends 
on whether the ionization is by electron colli- 
sions or by photoionization. Altamore et al. 
(198 1) have computed the CIII]/NIII] ratio 
assuming ionization by electron impact like 
that in the solar transition region, and for a 
cosmic C/N abundance ratio. This last assump- 
tion can be justified from the fact that the study 
of several symbiotics-including Z And-by 
Boyarchuk (1970) in the optical, and by Nuss- 
baumer et al. (1988) in the ultraviolet generally 
suggest a close to cosmic abundance for the 
emitting regions in symbiotics. Altamore et al. 
also found that the CIII]/NIII] ratio could be 
largely affected by radiation field (e.g., the 
diluted hot stellar radiation). The flux ratio 
observed in Z And would imply an upper limit 
of 1.5 x erg cm-3 Hz-' for this radiation in 
the N++ emitting region, or a dilution factor 
smaller than 7.5 x IOe5. 

In a planetary nebula-like model of symbi- 
otic stars, such as the one proposed by Nuss- 
baumer and Schild (1981) for V1016 Cyg, the 
electron temperature should be close to IO4 K. 
Photoionization models for Z And were dis- 
cussed by Fernandez-Castro et al. (1988) and 
Nussbaumer and Vogel (1988). Alternatively, 
the high-ionization lines could be produced in 
a solar-type transition region with much larger 
T,, as for instance suggested by Altamore et al. 
(1981) for Z And. This latter hypothesis is 
based on several arguments: the small width of 
the emission lines implies formation in a low- 
velocity dense region (which excludes line 
formation in a high-velocity hot star wind, and 
in a rotating disk). Comparison of the derived 
CIII] emitting volume of 1 x cm3 with the 
SiIV maximum line thickness indicates that the 
emission should come from a thin shell, rather 
than from an extended sphere. Tn addition, as 
discussed above, the stellar radiation in the 
NIII] emitting region should be very weak, 
hence the region far from the hot star. 

Another observable which could put con- 
straints on the possible models is the radial 

velocity difference between the high-ioniza- 
tion resonance lines and the intercombination 
lines. From a study of several symbiotics 
Friedjung et al. (1983) found a systematic red- 
shift of the former lines with respect to the 
latter, of the order of +I0 to +20 km s-'. They 
interpreted this as the result of radiative trans- 
fer in a warm, low-velocity expanding me- 
dium, which should be identified with either 
the cool star wind, or with its base. This model 
is also supported by the larger width of the 
higher ionization lines observed in some sym- 
biotics, as discussed in Chapter 11 Sections 
1V.D. and V1II.D. Friedjung et al. found that in 
Z And, the radial velocity difference is proba- 
bly variable but always positive well beyond 
the measurement errors. Fernandez-Castro et 
al. (1988) confirmed this result and found a 
range of variability between +15 to +30 km s-', 
but without a clear correlation with the UV line 
and continuum flux variations. 

To decide about possible models, better 
would be to have a direct estimate of the elec- 
tron temperature. In most cases, this is diffi- 
cult, since the temperature indicators generally 
are weak lines, and their flux ratio may also 
depend on other parameters. Stikland et al. 
(198 l), Nussbaumer (1982), and Nussbaumer 
and Storey (1984) discussed, among others, 
methods of electron temperature determination 
from emission line ratios. Some useful T, indi- 
cators are listed in Table 13.1. Femandez-Castro et 
al. (1988) derived the electron temperature for Z 
And from the NIV 1718/NV 1240,CII 1336/CIII] 
1909, and CIII 1176/CIII] 1909 flux ratios. They 
found Te = 15,000 K, lower than the value as- 
sumed by Altamore et al., (1981) which seems 
to favor a photoionization model. However, the 
above flux ratios involved emission lines that 
are rather faint in the UV spectrum of Z And. 
Thus, the Te estimates of Fernandez-Castro et 
al. are rather uncertain, and could well be lower 
limits. 

Once the electron density and temperature 
are known, the line fluxes can be used to derive 
the total amount of the emitting ions, and the 
size of the emitting regions. Altamore et al. 
(1981), assuming the C++ and N++ regions 
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homogeneous and transparent, obtained an 
emitting volume of 1.0 x and 8.2 x cm3 
for C++ an N++ respectively. These values 
obviously depend on their assumption of a 
solar-type emitting region with T e l  80,000 K. 
It is easy to see that such a warm region cannot 
be responsible for the ultraviolet continuum 
observed in Z And. This implies the presence of 
an optically thick region (or disk) or a hot star 
with a radius of about 2 x 10"' cm. The tempera- 
ture of the hot source can be obtained using the 
Zanstra method. Assuming that the emitting 
region is optically thick to the hot source con- 
tinuum Fc shortward of 912 8, (ionization from 
the ground level of H) and of 228 A (He+ ioni- 
zation), and that the hot component of Z And 
radiates as a blackbody, we have for a case B 
He++ recombination (Femandez-Castro et al., 
1988): 

(13.1) 

where it is assumed that the HeII 1640 A line is 
optically thin, and f(h",T) is the relative num- 
ber of photons provided by a blackbody at a 
temperature T between h = 0 to h" = 228 A. 
Using the continuum flux at h' = 1336 A and the 
HeII 1640 A intensity, dereddened for E(B-V) 
= 0.35, Femandez-Castro et al. (1988) derived 
a HeII temperature of about lo5 K. This tem- 
perature remained nearly constant in spite of 
the large UV variability. In fact, the NV/CIV 
flux ratio, which can be considered as an ioni- 
zation temperature indicator, did not signifi- 
cantly change during the period studied by Fer- 
nandez-Castro et al. 

The hot continuum is responsible for the 
short wavelength UV continuum. But there is 
an excess of the continuum flux in the range 
from 1500 A to the visual that can be attributed 
to bound-free and free-free hydrogen emission, 
as indicated by the marked Balmer discontinu- 
ity at 3650 A (Altamore et al., 1981; Blair et al., 
1983). Continuum recombination from He++ 
may also contribute to the UV. Fitting of the 
observed Balmer continuum with hydrogen 

and helium continua provides an estimate of 
the emission measure Ne2V. Assuming Te = 
15,000 K, Femandez-Castro et al. (1988) found 
Ne2V equal to about 2-6 x cm-3, a value 
much larger than the above derived value of 4 
x cm-3 for C++, N++ region, assuming 
cosmic abundance (Altamore et al., 1981). 
Perhaps the intercombination lines and the 
Balmer continuum are formed in different re- 
gions. 

Variability may give important information, 
especially about the spatial structure of the 
system, if the variations are associated with an 
orbital motion of a binary system. In fact, ob- 
servations at different epochs allow one to 
observe the system with different lines of sight. 
The best period is when the symbiotic system is 
in quiescence, so that the periodic phenomena 
are not masked by the symbiotic activity, 
whose time scale is generally comparable with 
the orbital period. Fernandez-Castro et  al. 
(1988) investigated the periodic UV variability 
during quiescence and found that the UV con- 
tinuum and emission line fluxes are variable on 
a time scale of about 760 days, with maxima 
and minima in phase with the UBV and H a  
variability (see Figure 13-2). From the time 
variability of the SiIII]/CIII] flux ratio, Fernan- 
dez-Castro et al. suggested that the mean elec- 
tron density in the emitting region varied from 
0.6 to 2.2 x 10'" cm-3, being higher at maxi- 
mum. This can be explained with a model of 
line formation in an asymmetric nebula near 
the cool giant, which is photoionized by the UV 
photons of the hot star. This nebula is occulted 
at minimum, and emission is seen only from the 
outer, less dense parts. This fact and the small 
size and high density of the emitting region 
suggest that it can be identified with the inner 
parts of the cool giant wind ionized by the hot 
star radiation. Therefore, the UV emission 
lines are mostly formed in the cool giant wind, 
as also is suggested by the systematic radial 
velocity difference between the high ionization 
resonance lines and the intercombination lines 
discussed above. 



1I.E. POSSIBLE MODELS FOR Z 
ANDROMEDAE 

Let us summarize our present knowledge 
about the Z And system. The UV to IR energy 
distribution is characterized by two maxima, 
one in the near-IR, and another in the unseen 
EUV (Femandez-Castro et al., 1988). During 
the active phases, the second maximum is 
shifted to longer wavelengths in the UV or in 
the optical. In the latter case, the apparent 
“outburst” in the visual is larger. According to 
Fernandez-Castro et al., the integrated fluxes 
of the two spectral “bumps” are comparable, 
around 450 and 880 La  for the hot and cool 
components, respectively. The “nebular” f-f 
and b-f continuum contributes another 44-141 
L o  to the total power from Z And. Therefore, 
the radiative power emitted in the UV is not a 
small amount of the visual-IR power. As dis- 
cussed in Chapter 12, this point rules out the 
model of active cool star, in which the emission 
line spectrum and blue continuum are the result 
of a large surface activity of the cool giant. 
Thus, the double-bump energy distribution is 
strongly suggestive of hinarify. This hypothe- 
sis is also supported by the optical and UV 
variability during quiescence, and by the long- 
term radial velocity variations of the cool com- 
ponent, even if the phasing is not the expected 
one. An important point for the following dis- 
cussion is whether the cool component is filling 
its Roche lobe. Taking into account the pro- 
posed orbital period of 750 d, the luminosity 
class of the cool component, which implies that 
its mass should be of a few solar masses 
(Querci, 1986), and assuming for the hot com- 
ponent the mass of a white dwarf, it can be 
easily found that the cool giant is well inside its 
critical Roche surface. A different conclusion 
will be drawn in the case that the Z And system 
contains a cool bright giant, for instance, as 
suggested by the IR spectroscopic observations 
of Kenyon and Gallagher (1983). This again 
stresses the importance of future detailed stud- 
ies of the cool spectral component, in order to 
derive its surface gravity. 

The nature of the hot component is so far 
unveiled, but a model of a hot subdwarf, or of 

a rejuvenated white dwarf is favored. In any 
case, its structure could have been largely af- 
fected by the mass-transfer processes during 
the earlier stages of evolution of the binary 
system. In particular, we do not know if it pres- 
ently has the same mass and radius of a white 
dwarf, and this makes our modelling rather 
uncertain. In Z And, the dwarf component 
seems to accrete mass from the cool star wind, 
not through Roche lobe overflow. The accreted 
matter could form a disk around the dwarf star. 
But so far, there is no evidence of an accretion 
disk in Z And, whose presence could, for in- 
stance, be indicated by broad high-ionization 
emission lines. This problem will probably be 
solved with future high-quality observations of 
the emission line profiles in the visual and UV. 
Mass accretion Ma onto the degenerate star 
resuIts in an increased luminosity Lac, of the 
star. The actual values of Ma and La,, critically 
depend on many poorly known parameters, the 
mass-loss rate and wind velocity of the cool 
giant, the orbital parameters, the mass and 
radius of the dwarf star. Thus, our picture of Z 
And (and of all the other symbiotic stars, as 
well) is necessarily limited because of the a 
priori assumptions we have to make. The mat- 
ter flowing from the red giant is ionized by the 
hot star radiation, and emits in the radio. The 
radio flux from Z And observed by Seaquist et 
al. ( 1  984) has a spectral index a = +0.62, close 
to the theoretical value for a photoionized wind 
(cf. Seaquist and Gregory, 1973). Using the 
formulations of Wright and Barlow (1975) and 
taking for the wind velocity the value of 40 km 
s-I, and the observed radio flux at 4.885 Ghz, 
Fernandez-Castro et al. (1988) derived for the 
cool giant a mass-loss rate of about 2x10.’ Ma 
yr-’, in good agreement with the typical values 
of M giants (e.g., Goldberg, 1986). Using their 
parameters for the Z And system, Femandez- 
Castro et al. also derived an accretion rate of 
4.5 x IO-’ Me yr-’, and an accretion luminosity 
of 1.2 La . This luminosity is about two orders 
of magnitude lower than the recombination 
continuum, and, therefore, it cannot be ac- 
counted for by accretion processes. Con- 
versely, accretion seems not to play an impor- 
tant role in the energy budget of Z And. It can 
anyhow be responsible for some of the symbi- 

672 



otic phenomena, and, in particular for the re- 
current “outbursts”. In fact, the above derived 
accretion rate is well below the minimum ac- 
cretion rate for steady burning discussed in 
Section 12.IV.A, but implies occurrence of re- 
current thermonuclear events. 

A schematic model for Z And during quies- 
cence is shown in Figure 13-5. The UV photons 
from the hot component ionize the cool-star 
wind until a limiting surface which is separat- 
ing the HI and HI1 regions. According to Tay- 
lor and Seaquist (1984), the shape of this sur- 
face is determined by a parameter X defined as: 

(13.2) 

X = (4 n a LDh /a> * p2m2H.(V/a)2, 

where a is the binary separation, Lph, the num- 
ber of hydrogen ionizing photons per second 
from the hot component, a, the recombination 
coefficient to all but the ground state of hydro- 
gen, p, the mean molecular weight, mH, the 
hydrogen mass, and V and M, the red giant’s 
wind velocity and mass-loss rate, respectively. 
For Z And, Fernandez-Castro et al. (1988) ob- 
tained X = 14, implying that the ionization 
front is close to the red giant surface with a 
shape as shown in the figure. It should be con- 

sidered that the particle density in the wind 
rapidly falls down outwards. Since the contin- 
uum and line emission in the HI1 region is 
proportional to Ne2, the regions near the ioniza- 
tion front are the main contributors to the nebu- 
lar spectrum. Therefore, in deriving the physi- 
cal parameters of the emitting region, it is 
crucial to take into account the geometry, 
which could be far from homogeneity and from 
spherical symmetry. In addition, because of the 
different dependence on the electron density, 
the mean regions of formation of different 
emission lines and continua could be signifi- 
cantly different. The corresponding electron 
densities and emission measures, therefore, 
can be largely different, even if the lines are 
formed in the same medium. This can explain 
the different values found in Z And, as dis- 
cussed above, and in many other symbiotic 
stars as well. Formation of emission lines in a 
low-velocity medium, such as the red giant’s 
wind, is also in agreement with the line narrow- 
ness. According to Femandez-Castro et al., the 
observed time variability of the line fluxes 
should be the result of the orbital motion: the 
effective emitting volume is different, if the 
line of sight is different. As discussed by Nuss- 
baumer et al. (1986) for V1329 Cyg, one should 
thus expect a “modulation” of the line profile 
with the orbital phase. Observations have not 
yet shown this effect, at least during quies- 

Figure 13-5. Schematic biiiaiy niodel for Z And, according to Fernandez-Castro et ai. (1988). 
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cence, probably because of their fairly poor 
quality. [Profile changes as those reported by 
Cassatella et al. (1988) should be attributed to 
the stellar “activity”, rather than to orbital 
motion.] Partial occultation from the red giant 
may partly account for the observed flux vari- 
ability. The effect obviously depends on the 
(unknown) inclination. Alternatively, the orbit 
could be eccentric: in this case, one would 
expect a larger nebular emission and a higher 
electron density at the passage near the perias- 
tron, as observed. However, it is hard to fit all 
the observational data with this fairly simpli- 
fied model. Nussbaumer and Vogel (1988) 
recently showed that the coexistence of two 
winds can substantially modify the ionization 
structure. The presence of two winds will also 
modify eclipse effects in different ionization 
stages. 

In conclusion, the binary model may ac- 
count for many of the properties of Z And. 
Being a detached system, the stellar wind(s) 
play an important role, both during “quies- 
cence” and during the “outbursts”. Many of the 
system parameters-inclination, stellar masses, 
etc.-are uncertain and prevent a more thor- 
ough study of the Z And complex. Yet the 
object appears a very promising target for the 
study of many important aspects of the symbi- 
otic phenomenon. But high quality observa- 
tions are essential for a real progress on the 
matter. 

111. THE HIGH-VELOCITY SYMBIOTIC 
STAR AG DRACONIS 

1II.A. INTRODUCTION 

The symbiotic star AG Dra has many inter- 
esting peculiarities with respect to what is 
generally considered as a “classical” symbi- 
otic. First, it is a high-velocity (Roman, 1955), 
high-galactic latitude object (b= +41”, Table 
11-12); Le., it belongs to Pop 11. Its cool spec- 
tral component appears less cool (K-type) than 
in most other symbiotic stars, whereas the 
excitation of the emission line spectrum is 
quite high, as indicated by the high-ionization 

lines of NV, and SV in the UV, and of [FeV], 
[FeVI], and the 6830 A feature in the visible. 
He11 is quite strong in emission in both the 
spectral domains. Also, the far-UV continuum 
is very hot and intense. Moving to even shorter 
wavelengths, we find an intense X-ray flux, the 
most intense among symbiotic stars (taking 
into account the X-ray spectrum and the inter- 
stellar absorption). This is also in contrast with 
the fact that X-rays were mostly detected in D- 
type symbiotics, while AG Dra is S-type. Per- 
haps, the most interesting aspect of this object 
concerns the major outburst (followed by three 
other ones of lesser strength), which occurred 
in recent times, allowing a detailed study of a 
symbiotic star during the whole duration of an 
active phase. 

1II.B. THE LIGHT HISTORY 

The light history of AG Dra is quite similar 
to that of Z And, in spite of the several differ- 
ences between the two objects, as discussed 
below. Robinson (1969), from a detailed study 
of its light curve, identified 11 outbursts be- 
tween 1890 and 1966. Since then, AG Dra 
remained at minimum until the end of 1980, 
when it brightened again from V = 9.8 to 8.5 in 
a few days. During the following fading phase, 
the star had a new minor maximum in 1982, 
then it reached the minimum luminosity in 
mid- 1983. More recently, two new low-ampli- 
tude “outbursts” were observed in March 1985 
and January 1986 (Mattei, 1987). The sche- 
matic light curve of the star is show in Figure 
13-6. 

This long-term behavior is close to that of Z 
And, Le., recurrent phases of activity followed 
by long periods of quiescence. As in Z And, 
small amplitude variations were found in AG 
Dra during quiescence, with an amplitude in- 
creasing towards shorter wavelengths 
(Belyakina, 1969; Meinunger, 1979), and 
which are possibly periodic with a period of 
about 554 days (Meinunger, 1979). This behav- 
ior is also present in the space-UV, where large 
amplitude UV variations were observed before 
and after the 1980-82 outburst (Viotti et al., 
1984a; Viotti, 1988a). Recently, Kaler (1987) 
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studied the variation of AG Dra in 11 interme- 
diate and narrow photometric bands, between 
3473 A and 8200 A. The observations were 
made from March 1977 to October 1980, dur- 
ing the quiescent phase preceeding the recent 
active phase, and covered about 2.4 cycles. The 
periodic variations are present in several bands 
and are by far the largest in the near-UV with an 
amplitude of about 1 mag. The amplitude de- 
creases towards the red, but the variations are 
also present to some extent in the narrow bands 
centered on strong emission lines. Kaler also 
noted indications of a “secondary eclipse” of 
the K giant at some wavelengths. 

Of particular interest is the recent activity of 
the star with one major outburst in 1980 and 
three minor maxima in 1982, 1985, and 1986 
(see Figure 13-6). These events occurred at the 
right time to perform multifrequency observa- 
tions of a symbiotic star during activity from 
both ground-based and space observatories. 
This active phase, in fact, occurred when the 
IUE satellite was fully operational, which gave 
the opportunity to collect a complete set of ul- 
traviolet spectra throughout the whole light 
curve (Viotti et al., 1984a; Lutz et al., 1987). In 
addition, two X-ray satellites, HEAO-2 and 
EXOSAT, were operating during this period, 
and, as discussed in Section 11 .IX, X-rays from 
AG Dra were positively detected on four differ- 
ent occasions (Anderson et al., 1981; Cas- 
satella et al., 1987). 

1II.C. THE OPTICAL AND ULTRAVIOLET 
SPECTRUM 

Near minimum, the yellow-red spectrum of 
AG Dra presents the absorption line spectrum 
typical of a luminous K-type star, with several 
narrow absorptions of neutral and ionized 
metals (e.g., Huang, 1982; Lutz et al., 1987). 
The relative strength of these absorptions sug- 
gests an early-K spectral type and a luminosity 
class 111. However, some anomalies are pres- 
ent, such as the strength of the BaII and SrII 
lines, which might imply a higher luminosity 
class, for instance, as suggested by Huang 
(1982), or, more probably, a composition 

anomaly as discussed by Lutz et al. (1987). In 
this regard, Iijima et al. (1987) found that the 
absorption spectrum can be classified as G7V, 
in agreement with earlier classifications (e.g., 
Wilson, 1943), but not in agreement with the 
red-IR colors. They attributed this discrepancy 
to a metal deficiency of the cool star, as also 
suggested by its Pop I1 nature, which may af- 
fect the usual spectral classification criteria. 
The optical-IR energy distribution at minimum 
is, in fact, consistent with a K-giant spectrum. 
Viotti et al. (1983a) derived a K3-5111 spectral 
type from the broad-band photometry. During 
outburst, the K-type spectrum is veiled (Huang, 
1982) by the intense blue continuum. 

The optical spectrum of AG Dra (Figure 13- 
7) shows prominent emissions of H, HeI, HeII, 
0111, and of iron, from FeII up to [FeV] and 
[FeVI], and the unidentified high-excitation 
features at 6830 and 7088 A (Boyarchuk 1966; 
Bopp and Smith, 1981; Huang, 1982; Blair et 
al., 1983; Iijima et al., 1987. H a  is very strong 
in emission. Smith and Bopp (1981) and Oliv- 
ersen and Anderson (1982) found large profile 
variations of the line which they attributed to 
activity on the K-star surface. In the UV, the 
star displays weak intercombination lines of 
CIII, 0111, OIV, and SiIII, and strong permitted 
lines of NV, CIV, and especially HeII 1640 A 
(Figure 1 1-3 1 a). Other identified species in- 
clude the low-ionization 0 1  and MgII lines, and 
the high-ionization OV and SV lines (Viotti et 
al., 1983). The HeII 1640 A line presents ex- 
tended wings, while the NV doublet displays a 
P Cygni profile with absorption components 
extending to -170 km s-’ (Viotti et al., 1984a). 
Two separate components can be identified in 
the UV continuum: in the near-UV, a flat con- 
tinuum probably of nebular origin, and short- 
wards of 1600 A, a steep and strong continuum, 
close to the Rayleigh-Jeans tail of the energy 
spectrum of a hot star (Figure 11-30). However, 
the high-resolution observations do not reveal 
any absorption of possible photospheric origin. 
Actually, at such an effective temperature we 
should expect to observe strong photospheric 
absorptions of He11 1640 A and of the high- 
ionization resonance lines of NV and CIV. 
These features should be completely hidden by 
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the prominent nebular emissions. But, accord- 
ing to the IUE observations of hot subdwarfs of 
Rossi et al. (1984), we should also expect to 
observe excited lines of highly ionized C, N, 
and 0, and especially FeIV and FeV near 1400 
A, which have not been seen in the UV spectra 
of AG Dra. The only absorptions are the inter- 
stellar ones (see Figure l l-29c),  which are 
rather strong indeed if compared with the low 
interstellar extinction of E(B-V) = 0.06 of the 
star (Viotti et al., 1983). This fact, however, is 
not unusual among halo stars. 
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The radial velocity of the absorption lines is 
high, about -140 t -146 km s-' (Roman, 1953; 
Garcia and Kenyon, 1988). This point and the 
high galactic latitude clearly indicate that AG 
Dra is a halo object. Huang (1982) observed a 
variability of the absorption and emission line 
radial velocity. More recently, Garcia (1986) 
and Garcia and Kenyon (1 988) found that the 
K-star lines vary periodically, with an ampli- 
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Figiire 13-7. n e  optical spectrrii~ of AG D ~ u  ai two 
different activity phases: Airgrist 6, 1980 and 
Febriiaiy 6, 1981. Note the strength of the HelI 4686 
A line, a id  of the Balmer discontiiiiiity in both spectra 
(Blair et al., 1983). 

tude of K = 5.3 k 0.3 and with about the same 
period as that of the photometric one (see Fig- 
ure 11-14). In this case the phase shift between 
the radial velocity and photometric curves is 
the expected one and clearly confimis the bi- 
narity of the object. 

1II.D. THE RECENT OUTBURSTS 

The main outburst that occurred in Novem- 
ber 1980 represented an excellent occasion to 
study in many spectral regions the behavior of 
a symbiotic star during an active phase. The 
optical photometric variations during outburst 
and those of the UV spectrum are described 
among others by Kaler et al. (1 987) and Viotti 
et al. (1984a), respectively. The outburst was 
most energetic in the ultraviolet. The ampli- 
tude of the first rise was of two magnitudes in 
the u band (near 3500 A), and only 0.5 A at 
8200 A (Kaler et al., 1987). The IUE observa- 
tions (Viotti et  al., 1984a) show that the UV 
continuum underwent a large increase between 
October and November 1980, at the time of the 
optical outburst, with a subsequent further 
increase until January 1981. The overall rise 
was of about a factor 10, much larger than in the 
visual (Figure 13-Sa). In the following months, 
the trend in the UV nearly followed the visual, 
with a minimum by mid-1981, and a second 
maximum in December. Then, the continuum 
flux gradually faded to minimum. A similar 
trend was displayed by the emission lines. The 
main difference was the absence of the secon- 
dary minimum in the high-ionization NV dou- 
blet, and the constancy of the ionization before 
and after the outburst, as indicated by the NV/ 
CIV line ratio (Figure 13-8b). This behavior of 
AG Dra was confirmed by the optical observa- 
tions showing the persistence of the high-ioni- 
zation emission lines (e.g., the He11 4686 A 
line) also after the outburst (see Figure 13-7). 

An intense X-ray flux from AG Dra was first 
detected with HEAO-2 in April 1980 when the 
star was at minimum (Anderson et al. 1981). 
The star was pointed to again with HEAO-2 
after November 1980, but a technical problem 
prevented the observations (Seward, 1985). 
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More recently, AG Dra was observed with 
EXOSAT during the 1985 and 1986 outbursts 
and during the minimum phase in between. 
These observations, already described in Sec- 
tion 1 l.IX.C, indicate a modulation of the X- 
ray flux by the stellar activity, while there is no 
indication of a dependence on the 554-day 
period. 

It is interesting to note that IR observations 
collected before and after the outburst only 
showed small variation, indicating that the K 
star remained substantially stable during this 
period (Viotti et ai., 1983b, Piro et al., 1985). 

Radio emission at 6 cm was first detected 
from AG Dra in June 1986 by Torbett and 
Campbell (1987) who found a flux larger than 
0.5 mJy. Previously, Seaquist et al. (1984) 
reported only an upper limit of 0.41 mJy, for a 
6-cm observation made in February 1982. 
Torbett and Campbell also resolved AG Dra 
into two close components separated by about 
1.3". This increased radio activity, and the 
presence of a structure could be related to the 
recent activity of AG Dra. It would be interest- 
ing to follow the further development of this 
star in the radio. 

1II.E. INTERPRETATION 

In contrast with the majority of the other 
symbiotic object, our observational data on AG 
Dra are fairly complete to make a clear picture 
of the system. First, AG Dra is binary. The cool 
component is a K giant, which, taking into 
account the orbital parameters, is not filling its 
Roche lobe. Assuming that it has the same 
absolute luminosity of single red giants, for 
E(B-V) = 0.06, a distance of 730 pc is derived, 
500 pc above the galactic plane (Friedjung, 
1988). It should be considered that, if one as- 
sumes that the cool component fills its Roche 
lobe, it should be a bright giant with a distance 
of about 3 kpc. Such a large distance and the 
corresponding large height on the galactic 
plane are, however, in contrast with the weak- 
ness of the interstellar CIV lines in the UV. 
Concerning the other stellar component of the 
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system, Kenyon and Webbink (1984) inter- 
preted the UV energy distribution of AG Dra as 
due to a hot star without an accretion disk. In- 
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deed, the fact that the red giant does not fill its 
Roche lobe implies that the accretion rate is too 
low to produce a disk. According to Viotti et al. 
(1983), the temperature of the hot component is 
about 100,000 K. The corresponding effective 
radius in mid-1981 was 0.02 Ro, typical of a 
white dwarf. A higher temperature of about 
160,000 K was also determined by Kenyon and 
Webbink (1984), and Iijima et al. (1987). 
However, the hot component of AG Dra cannot 
be considered a normal hot star, since, as dis- 
cussed above, no “photospheric” absorption 
lines have been so far identified. 

Let us turn our attention to the “nebular” 
component. Emission lines and the strong 
Balmer continuum can be attributed to a nebula 
excited by the hot star radiation (Boyarchuk, 
1966b). Such a simple nebular model, how- 
ever, fails to explain the large ionization range 
observed in AG Dra, with neutral to several 
times ionized species. Other “ingredients” 
need to be added to explain the many peculiari- 
ties. The He11 1640 A line has broad wings 
which, according to Viotti et al. (1983), seem 
not to be produced by Thomson scattering. An- 
other possibility is that the wings are formed in 
an accretion disk, or in a high velocity (lo3 km 
s-I) warm wind. To verify these possibilities, 
high S/N observations of the emission line 
profiles are required, which are not available 
with IUE. The P Cygni profile of NV, which is 
present during all the (orbital and activity) 
phases of AG Dra, and the simultaneous ab- 
sence of such a profile in CIV, suggests the 
existence of a low-velocity (-170 km s-’) warm 
wind in the system (Viotti et al., 1984a). This 
velocity is too low to be associated with a stel- 
lar wind from the hot star, which should have a 
much larger velocity, unless the structure of its 
atmosphere is very peculiar because of the 
accretion processes. As discussed by Viotti et 
al., a dense, “torrid” wind (with a temperature 
higher than los K), for instance, could be pro- 
duced from the polar regions, or near hot spots. 
Since all nitrogen is in the form of at least NIV, 
no NV lines are formed there. At a certain dis- 
tance from the star’s surface, the wind slows 
down. This fact causes a decrease of the density 
with the radial distance r slower than r-z; that, 

together with the geometrical dilution and the 
increased far-UV opacity, would contribute to 
recombine nitrogen ions to NV and would then 
produce the observed P Cygni profile. Still 
further out, in almost stationary regions, the 
CIV ions are produced that would not show a P 
Cygni profile. In this case, the absence of CIV 
could also be a geometrical effect, for the more 
extended CIV region is not homogeneous and 
would not hide the stellar disk. It should be 
considered that, according to this model, we 
should expect the OVI lines in the far-UV to 
have a P Cygni profile broader than that of NV. 
This is an interesting study for future astro- 
nomical satellites. 

A4 more plausible model for the low-velocity 
wind observed in NV is ejection from the cool 
giant surface. The observed wind velocity of 
about 170 km s-’ is close to the stellar escape 
velocity, but quite large with respect to the 
wind velocities generally observed in normal 
cool giants. The high ionization should be the 
result of the presence of an extended solar-type 
transition region or, more probably, of ioniza- 
tion from the hot star radiation. Like the model 
proposed for Z And, the near-UV continuum 
and the emission lines are probably mostly 
emitted from an extended region of the cool 
star, and their emission is modulated by the 
orbital motion of the system as a result of vari- 
ation of the visibility of the region (e.g., Viotti 
et al., 1984a). The variability during quies- 
cence can also be explained if the orbit is ellip- 
tical. In this regard Iijima (1 987) suggested that 
the photometric variations are due to variation 
of the mass-transfer rate during the orbital 
cycle. However, the results of Garcia (1986) 
and Garcia and Kenyon (1988) are in better 
agreement with a low eccentricity of the sys- 
tem. 

The light history of AG Dra was character- 
ized by recurrent phases of activity and long 
periods of quiescence. By combining the pho- 
tographic magnitude estimates of AG Dra since 
1920, Iijima et al. (1987) suggested a recur- 
rence period of the outbursts of roughly 15 
years, corresponding to about ten 554 d cycles. 
Iijima et al. suggest that the outbursts are pro- 
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duced by mild hydrogen flashes on a massive 
(-1.2 Mo ) white dwarf undergoing large mass 
accretion (-lo-’ Ma yr-I). However, such an 
accretion rate is not conceivable for AG Dra, 
since the cool star seems not to fill its Roche 
lobe. IUE observations have shown that during 
the 1980 outburst, the far-UV continuum in- 
creased significantly. Viotti et al. (1984a) 
found that the variation occurred at nearly 
constant temperature, implying that the effec- 
tive stellar radius should have increased by a 
factor of two to three during outburst. Kenyon 
and Webbink (1984) considered that the 1980 
outburst was thermonuclear, but substantially 
less developed than the large-scale events ob- 
served in other symbiotic stars, such as the 
symbiotic novae. The white dwarf would not 
have developed a very extended envelope, so 
that its effective temperature would have re- 
mained high. It should be important to find 
possible probes of the hot star structure close to 
the time of the outburst. Figure 13-9 shows the 
variation of the ratio of the flux of the HeII 
1640 A emission line and of the far-UV contin- 
uum at 1340 A before and after the 1980 out- 
burst (Viotti et al. 1984a). This ratio, as dis- 
cussed in the previous sections, is a measure of 
the far-UV temperature of the star, if one as- 
sumes that the HeII line is radiatively excited 
and that the 1340 A continuum belongs to the 
hot star. The figure shows that the ratio was the 
same just before and after the outburst (the 
observations were made in October 23 and 
November 15, respectively, when, according to 
Viotti et al., the visual magnitude changed by 
-0.7 mag, and the UV fluxes by -1.6 mag). The 
HeII/Fc( 1340A) ratio largely decreased in the 
period following the first light rise, and 
reached again the preoutburst value in 1984. 
The 1982 minimum can be explained by a 
lower color temperature of the hot star (about 
80,000 K), after the outburst, but it remains 
difficult to explain the long delay of the 
change. It should be considered that before the 
outburst, there was a slight increase of the HeII/ 
Fc( 1340A) ratio, which could be an indication 
of a heating of the stellar surface before the 
event, which can be associated with the onset 
of the thermonuclear outburst. 

Unlike the other S-type symbiotics, AG Dra 
is a strong X-ray source. The X-ray spectrum is 
very soft, with an integrated luminosity of 2.1 
x 10-12 erg cm-2 s-I in the 0.2-1.0 keV range 
(Anderson et al., 1981). If the X-rays are pro- 
duced by the cool giant, the ratio of the X-ray 
flux to the bolometric flux (in the usual units 
for the HEAO-2 observations) is equal to 2.1 x 
lo-‘, which is three orders of magnitude larger 
than that observed in the Hyades K giants 
(Stem et al., 1981a). AG Dra should have an ex- 
ceptionally enhanced chromospheric activity 
giving origin to an extended corona, for in- 
stance, as observed in some dwarf stars (Stem 
et al. 1981b.). From the analysis of the HEAO- 
2 data, Anderson et al. (1982) obtained a 
plasma temperature of 1.1 x lo6 K, and an 
emission measure of 2.6 x cm-3, much 
lower than that derived from the HeII 1640 A 
line, but close to the values for the intercombi- 
nation lines (e.g., Viotti et al., 1983). Alterna- 
tively, X-rays are formed in a hot “area” emit- 
ting as a black body with a temperature of 1.5 
x los K, and a radius of 1.4 x IO3 km (Anderson 
et al., 1982). This area can be identified with an 
active region on the K-giant surface. Actually, 
Oliversen and Anderson (1 982b) proposed for 
AG Dra a model of a (single) star with active 
regions of enhanced surface brightness to ex- 
plain the modulation of the U-light curve. Al- 
though we cannot exclude that the cool compo- 
nent in symbiotic system has some kind of 
enhanced activity (and this point needs to be 
further investigated), it is difficult to accept 
that this activity regards a large fraction of the 
stellar energy output. 

Garcia (1 986) considered the X-ray lumi- 
nosity as converted gravitational energy due to 
capture of matter from the cool star’s wind. But 
the required mass-loss rate from the K giant 
turned out to be too high for a normal giant 
(IO-’ Mo yr-I). The X-rays are most easily ex- 
plained as the high-energy tail of the hot com- 
ponent spectrum. Slovak et al. (1987) found 
that HEAO-2 and far-UV IUE data (during the 
quiescent phase of mid-April 1980) can be fit- 
ted by a black-body with a temperature of 
191,000 K and a luminosity of 174 Lo.  AG Dra 
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was observed again with EXOSAT in June 
1985 by Piro et al. (1985), who found that the 
observations can be fitted with a 
Bremsstrahlung model with log N(H) = 20.2, 
kT = 24 keV and a flux of 3.4 x IO-" erg cm-2 
s-' in the 0.2-1.0 keV range. (It should be re- 
called that all these flux estimates strongly 
depend on the adopted interstellar extinction. 
For instance, Anderson et al. (1982) assumed 
log N(H) = 20.5, while Slovak et al. (1987) 
have made no reddening corrections. Piro et al. 
used the N(H) value derived by Viotti et al. 
(1983) from the interstellar Lya). If the X-rays 
are produced near the hot component, and if the 
orbit of the AG Dra system is seen nearly edge- 
on, we should expect an eclipse at phase 0.5 of 
the Meinunger's light curve. In fact, AG Dra 
was observed again with EXOSAT in Novem- 
ber 1985, at the time of the expected eclipse, 
but the X-ray flux was the same (Cassatella et 
al., 1987). Cassatella et al. also found a large 
decrease of the flux during the small outbursts 

of 1985 and 1986, without a similar decrease 
of the ionization of the emission line spectrum 
(see Figure 11-34). The cause of this rather 
unexpected behavior is not clear, but seems to 
suggest that X-rays do not represent the tail of 
the hot star spectrum. They are probably 
produced in nearby region. If the region is 
heated by the stellar radiation, its angular 
extension should be small, so as to capture only 
a small fraction of the stellar EUV photons, in 
agreement with the very large HeII/X-ray emis- 
sion measure ratio. 

To summarize, the presently available ob- 
servational material on AG Dra is best inter- 
preted in the framework of a detached binary 
model, formed by a rather normal K-type 
giant, and a degenerate star that is "heated" by 
slow mass accretion from the giant's wind. The 
accretion is probably responsible for the recur- 
rent outburst. The K-giant could be peculiar for 
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having an anomalous chemical abundance, in 
agreement with its Pop I1 nature, and a rather 
high-velocity wind. But it is not clear whether 
these facts are associated with the symbiotic 
phenomenon. It is also not yet clarified if there 
is any enhanced surface activity of the giant. 
More detailed models of the AG Dra system 
require a careful analysis of the available and 
future data, especially the time variability in 
different frequencies. Of particular importance 
would be the systematic study of the cool spec- 
trum at high resolution, to derive the basic data 
(abundance, surface gravity, turbulence, rota- 
tion, etc.), but also to improve the orbital para- 
meters of the system, and high-quality emis- 
sion line profiles collected during the orbital 
cycles and at different activity phases. 

IV. THE SYMBIOTIC NOVAE 

1V.A. INTRODUCTION 

In describing the light curves of symbiotic 
stars in Section 11.111, we have shown that 
there exists a small group of objects character- 
ized by the fact that they have undergone one 
single outhiirst in their known light history. 
This group (or subgroup) was first identified by 
Allen (1980b), who called them synibiotic tio- 

vae. Attention was directed onto these stars 
after the recent outburst of a few northern ob- 
jects, namely VI016 Cyg, VI329 Cyg, and HM 
Sge, whose behavior was found to be similar to 
those of slow novae. These objects were exten- 
sively studied in all the wavelength ranges for 
several years after their outburst. Thus our 
present knowledge of their behavior is rather 
complete. Other objects have displayed, in the 
past, a similar behavior, the most remarkable 
ones are RR Tel, which will be discussed in the 
next section, and AG Peg. AG Peg is the oldest 
known symbiotic nova. In the middle of the 
past century, the star underwent a major nova- 
like outburst, with a very slow increase of the 
visual luminosity from the 9th to the 6th mag- 
nitude in one to two decades, and a still longer 
decline to the present magnitude, which is 
close to the reported preoutburst luminosity 
(Figure 13- 10). 

At present, AG Peg displays a typical symbi- 
otic spectrum with a cool (red) continuum and 
strong T i 0  absorption bands. The emission 
lines of low and high ionization are very promi- 
nent in the visible and UV spectrum, with a hot 
continuum extending to the far-UV (e.g., 
Boyarchuck, 1967; Hutchings et al., 1975). AG 
Peg was the first symbiotic star observed in the 
ultraviolet with OAO-2 (Gallagher et  al., 
1979). The star was extensively studied with 
the IUE satellite (e.g., Keyes and Plavec, 1980; 
Penston and Allen, 1985). Some high-resolu- 
tion profiles of UV features are shown in Figure 
1 1.3 IC.  In many respects, the emission line 
spectrum is similar to that of a WN6 star, and 
AG Peg is often classified as M+WR, although 
the luminosity of the hot spectral component 
actually is lower than that of normal WR stars. 
The WR features are more probably associated 
with interactive phenomena in a binary system, 
as discussed later. It should be noted that with- 
out the knowledge of the light curve of AG Peg 
so many years ago, its nova-like nature would 
not have been recognized on the basis of its 
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present behavior alone. The star is, in fact, 
quite different from the other “classical” sym- 
biotic novae, such as RR Tel, VI016 Cyg, and 
HM Sge, all of which are D-type without the 
prominent M-spectrum of AG Peg. It is quite 
conceivable that several other symbiotic ob- 
jects actually belong to the category of symbi- 
otic novae, because they underwent in the past 
a nova-like outburst. But, owing to the long 
time scale involved, and the low frequency of 
the phenomenon, their main outburst has not 
been recorded. 

Allen (1980b) listed seven stars having the 
character of very slow novae: AG Peg, RT Ser, 
RR Tel, VI016 Cyg (MHa328-116), V1329 
Cyg, (HBV 475), HM Sge and V2110 Oph (AS 
239). More recently, a new event-the outburst 
of PU Vul-was recorded, and the star added to 
this small class of objects. Figure 13-10 shows 
the schematic light curves of some symbiotic 
novae. The basic parameters are summarized in 
Table 13-2 (from Viotti, 1988b). In the follow- 
ing, we shall discuss in detail the case of RR 
Tel, which, for its luminosity and spectral 
evolution, can be considered as the best repre- 
sentative of the category of symbiotic novae. 
The main observational properties of most of 
these object were already presented in the dif- 
ferent sections of Chapter 11. The general 
properties of symbiotic novae, for instance, 
were discussed by Kenyon (1986a), and Viotti 

(1988b, 1989). 

1V.B. RR TELESCOPII 

RR Tel was discovered as variable by Mrs. 
Fleming (1908) many decades before its main 
outburst. The light curve, based on 600 Har- 
vard observations from 1889 to 1947 was de- 
scribed by Mayall (1949), and is schematically 
shown in Figure 13-10. According to Mrs. 
Mayall, RR Tel showed little evidence of peri- 
odic variations from 1889 to 1930, the ob- 
served range being about 1.5 mag with maxima 
ranging from 12.5 to 14 mag. After 1930, the 
periodicity of the variation became clearer, and 
a mean period of about 387 days could be de- 
rived with an amplitude of about 3 magnitudes. 
This behavior is typical of a long-period vari- 
able, and is presently barely visible at optical 
wavelengths with a period of about 374 d (Heck 
and Manfroid, 1982; Kenyon and Bateson, 
1984). The period, however, seems to be vari- 
able between 350 and 410 d (Heck and 
Manfroid, 1985). As already discussed in Sec- 
tion 1 l.F, the Mira-type pulsation is evident at 
IR frequencies (Feast et al., 1983a). In late 
1944, the periodicity stopped and the star rap- 
idly brightened from mpg = 14 to 10 in a few 
days, then rose to 7 mag by mid-1945. In the 

TABLE 13-2. THE SYMBIOTIC NOVAE 

Star To‘ TmaxZ Magnitude Spectrum TY Pe 
max IR pre’ max4 post5 cool 

AG Peg 
RT Ser 
V2110 Oph 
RR Tel 
V1016 Cyg 
V1329 Cyg 
HM Sge 
PU Vu1 

1855 1871 9 6 
1909: 1923: >16 9.5 
...... 1940: 11: 

1944 1948 14v 6 
1964 I967 14 11 
1966 1967 14v 11.5 
1975 1975 >I7  11 
1978 1982-83 1 5 ~  8.8 

8.3 M3 
13 M5.5 
22 >M3 
11 M5 
11 >M4 
13-14 >M4 
11 >M4 
8.8 M4 

S 
A8 S 

D 
F5 D 
neb D 
neb S 
neb D 
A7 S 

Notes to the table. ( I )  Year of begiririiiig of the oictbiirst. ( 2 )  Year of masirmini luminosity. (3) Preoutbitrst mag- 
iiitiide. (4)  Masiiniim luminosity. (5 )  Present (1986-88) postouthiiixt magriitude. 
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following years, RR Tel remained at maximum 
luminosity until 1949, reaching the sixth mag- 
nitude during 1948. Then the star gradually 
faded to the present V = 10 in about 14 years 
(see Kenyon, 1986). Although the star was 
quite bright at maximum, it was discovered 
only in 1949, three years after the outburst. 
Therefore no spectroscopic information is 
available on the early development of RR Tel. 
Nevertheless, since late 1949 the star under- 
went a major spectral evolution which was 
followed at the Bosque Alegre (Argentina) and 
Radcliffe (South Africa) observatories. Figure 
13-11 illustrates the spectral evolution of RR 
Tel between April 1949 to July 1971 based on 
a collection of spectra obtained at Bosque 
Alegre. 

The first spectrum taken at Bosque Alegre in 
April 1949 showed a strong continuum with 
many absorption lines of singly ionized metals. 
Some absorptions are flanked at longer wave- 
lengths by a weak emission component, indi- 
cating a marginal P Cygni profile. This emis- 
sion became more prominent in July 1949. By 
mid-September, the continuum appeared 
weaker and the emission lines dominated the 
spectrum of RR Tel, although the mean line 
excitation was still low. The first spectra taken 
at the Radcliffe Observatory of South Africa 
were discussed by Thackeray (1950), who 
found strong absorption of CaII and hydrogen 
in June-August 1949. Ti11 was present in ab- 
sorption, and HP was absent, probably filled in 
by emission. Mayall (1949) reports on low- 
quality, low-dispersion spectra taken when RR 
Tel was at maximum brightness. All these ear- 
lier observations agree in giving an F-super- 
giant spectral type (cF5, according to Thack- 
eray, 1950). In a later paper, Thackeray (1977) 
reports that the relative shift of the absorption 
lines was - 100 km s-I. The remarkable spectral 
change, which occurred between August and 
September 1949, was first noted by Thackeray 
(1950), where reported that in his spectra all 
the absorption lines disappeared and a rich 
emission - line spectrum appeared with promi- 
nent hydrogen, CaII and especially FeII emis- 
sion, close resembling the spectrum of the 

peculiar variable Eta Car (Thackeray, 1953). 
According to the Bosque Alegre spectra shown 
in Figure 13-1 I ,  the spectral variations should 
have taken place in less than one week, and 
maybe in a few days. 

The spectral evolution of RR Tel in the fol- 
lowing years is best described by A. I>. Thack- 
eray's review (Thackeray, 1977). Since 1949, 
the star has shown a gradual increase of the 
mean ionization of the emission line spectrum. 
He11 and NIII appeared around August 1950 
(see also Pottasch and Varsavsky, 1960). These 
authors also identified He1 absorption with a 
velocity of -685 km s-' (in 1951) and -865 km 
s-' (in 1952). Then, between 1951 and 1952, 
[OIII] and [NeIII] flared while the permitted 
FeII lines faded (Thackeray, 1953). The in- 
crease of the level of ionization continued 
through 1953 and 1954 and is best illustrated by 
the sequential appearance of higher and higher 
ionization stages of iron, from FeIII to FeVII. 
This sequence is shown in Figure 13-12. First, 
the spectrum only showed the low-ionization 
lines of permitted FeII. Then, the forbidden 
[FeII] lines appeared and gradually strength- 
ened with respect to FeII, indicating a decrease 
of the density of the emitting medium (cf. 
Viotti 1976). 

The sequence continued with [FeIII], whose 
lines brightened in 1952; [FeIV] (1952-53); 
[FeV] (1954-56); [FeVI] (1 956-59); and finally 
[FeVII] (1959-64). This behavior is similar to 
that found in novae after the optical maximum, 
but with the important differences that in RR 
Tel (and in other symbiotic novae), the trend 
was much slower. In any case, RR Tel was the 
first nova-like object in which this phenome- 
non was studied in such detail. It should also be 
noted that at the time of Thackeray's observa- 
tions, the spectrum of three to five times ion- 
ized metals was very poorly known. His careful 
study of the spectral evolution of RR Tel, and 
the theoretical computations of B. Edlen and 
R.H. Garstang led to the first identification of 
many forbidden lines of FeIV to FeVI, and of 
other highly ionized metals. From this point of 
view, RR Tel has also been a good laboratory 
for atomic spectroscopy. 
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In the ultraviolet, the star presents a very 
rich emission spectrum with a wide range of 
ionization, from neutral species to five times 
ionized calcium (Penston et al., 1983). More 
recently, Raassen (1 985) suggested the identi- 
fication of a line at 2648.9 A with the 3P2 - 1D2 
transition of [FeXI], which could thus be the 
highest ionization stage so far observed in RR 
Tel (possibly excluding the yet unidentified 

high-temperature features at 6830 and 7088 A). 
Penston et al. (1983) found that the width of the 
emission lines varies between different atomic 
species and increases from 40 to about SOkm 
s-' from low- to high-ionization lines. Similar 
correlation between line width and ionization 
energy was previously reported by Friedjung 
(1966) and Thackeray (1977) for the optical 
lines. This behavior was also found in other 
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symbiotic novae, such as VI016 Cyg and HM 
Sge. 

1V.C. GENERAL PROPERTIES OF THE 
SYMBIOTIC NOVAE 

Like RR Tel, the other symbiotic novae also 
have the common property of having under- 
gone a single major outburst and of showing a 
symbiotic spectrum. Since there exists in the 
few objects classified as symbiotic novae a 
large variety of behavior, it is important to 
investigate their general properties and 
whether they represent an extreme case of 
symbiotic stars or have to be associated with 
the category of novae. In the following, we 
summarize the different aspects of the phe- 
nomenon. 

a. The preoutburst phase and the red compo- 
nent. 

The preoutburst phase is known in some de- 
tail only for VI329 Cyg and RR Tel. Both 
appeared largely variable, on a long time scale. 
In V1329 Cyg, the variability is interpreted as 
due to eclipses of a binary system, and this is 
also supported by recent radial velocity meas- 
urements (e.g., Grygar et al., 1979; Nuss- 
baumer et al., 1986). On the contrary, in the 
cases of RR Tel, the long-term variability is 
attributed to a Mira-type pulsation, as also 
confirmed by the recent optical and IR moni- 
toring (Heck and Manfroid, 1982; Feast et al., 
1983a). The orbital period of RR Tel, as in 
other D-type symbiotics, is believed to be 
much longer. 

In these two objects and in V1016 Cyg, the 
preoutburst spectrum was M-type. It is quite 
possible that the luminosity (and spectrum) of 
the preoutburst M star was the same as that of 
the present red component of the symbiotic 
systems. This obviously implies that the out- 
burst was not (at least directly) caused by the 
red star, but rather by its companion. An M- 
giant spectrum was also observed during the 

deep 1980 minimum of PU Vul, and in AG Peg 
and RT Ser after decline from maximum. In 
V1016 Cyg and HM Sge, which have not (yet) 
declined, the M spectrum in the visible is 
masked by the strong continuum and line emis- 
sion from the circumstellar regions. In these 
stars, the presence of a late-type component is 
supported by the Mira-type variations in the 
near-IR. As in RR Tel, the Mira star could be 
hidden by a dense circumstellar dust shell 
(Kenyon et al., 1986). Indeed, in the D-type 
symbiotic novae, the Mira component should 
be subject to large mass overflow, followed by 
formation of dense gas and dust clouds. Table 
13-3 (from Viotti, 1988b) summarizes the typi- 
cal time scales of the cool components of 
symbiotic novae. The spectral types found 
from the literature are given in Table 13-2. The 
luminosity class is I11 for AG Peg and PU Vul, 
and for the Mira components of the D-type 
objects as well. 

b. The outburst. 

As seen in Figure 13-10 and in Table 13.3, 
the rise to maximum was fast in V1329 Cyg, 
HM Sge, and RR Tel, and very slow in V1016 
Cyg and especially in AG Peg and RT Ser. It is 
noticeable that the rise time is apparently not 
related to the other features (e.g., the IR-type) 
of the symbiotic novae. The amplitude of the 
outburst, ranges from 3 mag (AG Peg) to more 
than 6 mag (HM Sge, RT Ser). It is also impor- 
tant to consider that this difference is not due 
(or not only due) to the actual amplitude of the 
outburst, but rather to the relative brightness of 
the late-type component (with respect to the 
luminosity of the symbiotic nova at maxi- 
mum), which is high in AG Peg and V1329 
Cyg, and very low in RT Ser, V2110 Oph, and 
HM Sge. The actual visual luminosity increase 
of the red-giant companion is unknown. 

The spectrum at maximum is another in- 
triguing problem. As in classical novae, some 
objects (RT Ser, RR Tel, and PU Vul) dis- 
played an intermediate (A-F) equivalent spec- 
tral type, possibly of supergiant class, but with- 
out the highly violet-displaced absorption lines 
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TABLE 13-3. CHARACTERISTICS TIME SCALES OF SYMBIOTIC NOVAE. 

AG Peg 16 40 -- 816.5 5.1 -- 
-- -- -- _- -- RT Ser 14 7: -- 

RR Tel <0.3 9 374.2 _ _  

V1329 Cyg 0.3 12-20 -- 950 62 

PU vu1 1 >38 -- 

-- -- _- 
-- -- _-  V1016 Cyg 2-3 >I25 47 2 _ _  

HM Sge <0.4 >65 500-600 _ _  
-- 

-- -- _ _  
-- -- _ _  _ _  -- 

Notes to the table. ( a )  Rise time of the visual Iimiinosity in years. (b)  The e-folding decay tirue of the visual 
hmiinosiry in years. (c )  Period (in days) of the Mira pulsatioii. (d )  Orbital period (in days). (e )  Semianiplititde 
of the radial velocity c imv (in kin s-]). 

that are seen in novae. No similar absorption 
spectra have been observed in the other symbi- 
otic novae. The simplest explanation is that the 
absorption-spectrum phase occurred during a 
period not covered by the observations, and we 
missed it. In fact, V1016 Cyg was first ob- 
served spectroscopically near the end of its 
long-lasting rise to maximum (indicated by an 
arrow in Figure 13-10). The first spectra of 
V1329 Cyg were taken at the end of 1969, one 
year after its light maximum, and showed a rich 
emission line spectrum, which could be com- 
pared with the post-maximum spectrum of 
classical novae. In this regard, RR Tel repre- 
sents a rather fortunate case, since its A-type 
spectrum suddenly disappeared in late 1949, 
just a few months after the discovery that the 
star had “exploded”. Suppose that the discov- 
ery would have been made 4-5 months later, in 
late September or in October 1949, instead of 
in April. We would have missed the absorp- 
tion-spectrum phase, and perhaps have placed 
RR Tel in a different subcategory of symbiotic 
novae (see, e.g., Kenyon and Truran, 1983). 
Thus it is important to take into account these 
selection effects in any modeling of the phe- 
nomenon. 

Like the classical novae, the symbiotic 
novae after the outburst display a rich emission 
line spectrum with wide ionization energy 
range. But unlike novae, the emission line 
profiles are narrow, in general, indicating a low 

expansion velocity of the main emitting region. 
There are, however, a number of interesting 
exceptions. Crampton et al. (1970) found in 
V1329 Cyg the [0111] and [NeIII] lines having 
a multiple structure, with emission peaks rang- 
ing from -240 to +250 km s-’. This line multi- 
plicity was also present in later spectra of the 
star (Grygar et al., 1979; Tamura, 1988) (Fig- 
ure 13-13; see also Figure 11-13). 

As discovered by Crampton et al. (1970) and 
confirmed by Baratta et al. (1974), the low- 
resolution spectra of the star show several 
broad and shallow emission features, which 
were identified with WN5-type lines having an 
expansion velocity of about 2300 km s-’ (figure 
11-10). As discussed above, broad WR struc- 
tures have also been seen in AG Peg and RR 
Tel, while high-velocity P Cygni profiles were 
observed in RR Tel during decline. Therefore, 
in some symbiotic novae, at least, there is evi- 
dence for the presence of high temperature, 
high-expansion velocity regions, but this 
should only represent a small portion of their 
emitting envelope. This result is probably re- 
lated to the velocity gradient found in some 
objects from the analysis of the line width of 
the narrow emissions, with the higher energy 
ions (and the corresponding higher tempera- 
ture-emitting regions) having larger expansion 
velocity, as suggested by the observed correla- 
tion between emission line width and ioniza- 
tion energy (see Chapter 11 Section V1II.D.) It 
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Figure 13-13. Eniissio?i line profiles of rhe forbidden 
lines in  the spectrim of the synbiotic novn V1329 
Cyg. Top: Mean profile of (0 III] and [Ne III] lines 
in October I969 (Crampton et nl., 1970). Bottom: 
projle of the /O III/ 4363 line in July 1979 (Grygnr 
etnl., 1979). 

is also conceivable that the WR features ob- 

by the radiation of a hot source (a hot star or the 
hottest parts of an accretion disk) in the system. 
Collisional ionization is another possible 
mechanism to explain the very high ionization 
features and the X-rays. It might occur in 
shocks formed by the interaction of the winds 
of the two stellar components, for instance, as 
suggested by Willson et al. (1984), or by colli- 
sion of the stellar wind(s) with the circumstel- 
lar matter. In general, the analysis of the high- 
ionization emission line fluxes and of the far- 
UV continuum leads to a model of a hot central 
source with temperatures (around 10'K) and 
radii (0.1 R or less) typical of the nuclei of 
Planetary Nebulae (e.g. Nussbaumer and 
Schild, 1981; Tamura 1981; Mueller and Nuss- 
baumer, 198.5; Hayes and Nussbaumer, 1986). 

c. The decline phase. 

The behavior of symbiotic novae after the 
outburst is very different from case to case. 
Four objects showed a gradual fading of the 
visual luminosity that took several years to 
decades (Figure 13-10). The e-folding decline 
time varied from 7-9 years for RT Ser and RR 
Tel to 12-20 years for V1329 Cyg and 40 years 
for AG Peg (Table 13-3). In the case of V1329 
Cyg, the decline time was derived from a fit of 
the UV emission line flux variation, taking into 
account the 950 d periodicity (Nussbaumer et 
al., 1986). We recall that Allen (1981) and 
Willson et al. (1984), from the analysis of the 
X-ray flux in three symbiotic novae, V1016 
Cyg, HM Sge, and RR Tel, suggested a very 
slow decrease of the X-ray flux after the out- 
burst, with an e-folding decay time of 5 to SO 

served, especially in VI329 Cyg, originate in a 
dense expanding envelope or wind of the hot 
star, which behaves like some WR-type nuclei Three recent symbiotic novae, V1016 Cyg, 
of Planetary Nebulae. In view of possible HM Sge, and PU Vul, have not significantly 
models, it would be interesting to know if these faded since their outburst, although a small 
WR features are present far away in time from visual luminosity decrease has been recently 
the outburst, or in the spectroscopic records of noted for PU Vu1 (Gershberg and Shakhovskoj, 
the preoutburst phase. 1988). Their decay time is probably similar to 

that of AG Peg, or even much larger. Once 
The emission line spectrum should be again we recollect that in symbiotic stars, 

emission lines largely contribute to the broad- 
band photometry, so that the observed light 

years. But this result needs to be confirmed. 

formed in an extended circumstellar or circum- 
system nebula, which is supposed to be ionized 
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curve of an object does not necessarily describe 
its global time behavior, but should also reflect 
local fluctuations of the physical structure of 
the emitting envelope. Therefore, it is possible 
that some precious information remains 
masked in the broadband light history. 

As in RR Tel and in classical novae, the 
spectral evolution of V1016 Cyg and HM Sge 
was characterized by the gradual increase of 
the ionization level of the emission line spec- 
trum. WR features were first detected in HM 
Sge two years after the outburst (Ciatti et al., 
1978). As these faded, He11 and [FeVII] 
emerged with very intense lines (Blair et al., 
1981). We recall that, unlike in the novae, the 
spectral evolution of V1016 Cyg and HM Sge 
occurred at nearly constant visual luminosity. 

Symbiotic novae were also followed at radio 
wavelengths, sometimes over a period of sev- 
eral years (see Section 11  .VII). Radio observa- 
tions of HM Sge started in 1977, two years after 
the outburst, and disclosed a gradual evolution, 
with a steady increase of the radio flux at 15 
GHz from 40 mJy in 1977 to 150 mJy in 1985. 
The radio spectrum remained optically thick 
all the time, indicating that, unlike classical 
novae, the expanding HI1 region was still dense 
several years after the outburst (Kwok et al., 
1981; Kwok, 1988). An optically thick radio 
spectrum is also displayed by V1016 Cyg. The 
star was first observed in 1973, nine years after 
the outburst, but no significant flux change has 
been detected since then. Probably it reached a 
stationary stage before 1973. We finally recall 
the large and probably irregular radio variabil- 
ity of the other symbiotic nova V1329 Cyg. 

One particular case is PU Vul. This star, 
after the main brightening phase that took 
about 1 year, remained at maximum for another 
year, showing an F-supergiant spectrum (e.g., 
Nakagiri and Yamashita, 1982; Kolotilov, 
1983). Then, during the first half of 1980, the 
visual luminosity gradually dropped from V = 
8.8 to 13.5 (Figure 13-14), and the M-type 
spectrum appeared. PU Vu1 remained at mini- 
mum for about 200 days, then gradually flared 
up again to V = 8.5, followed by the very slow 

decline discussed above. During this phase, the 
visual and ultraviolet spectrum remained 
dominated by the hot component, but with a 
gradual evolution from F5 to A2 during 1983- 
1986 (Gershberg and Shakhovskoj, 1988). In 
late 1987, Maitzen et al. (1987) noticed an 
increase of the emission line strength. The 
1980 minimum was also followed by Friedjung 
et al. (1984) beyond the visual range. As shown 
in Figure 13-14, the amplitude of the minimum 
was much larger at shorter wavelengths, and 
just detectable in the near infrared. Also the 
duration of the eclipse was longer in the UV. 
Friedjung et al. interpreted the deep minimum 
as a result of temporary obscuration of the 
“exploded” star by dust condensated from the 
ejected shell. Dust might also have been pro- 
duced by the red giant. Alternatively, the hotter 
star has been eclipsed by the M giant (Kenyon, 
1986b). From the duration of the minimum, 
Kenyon derived an orbital period of about 700 
years. In both hypotheses, the M spectrum 
observed at minimum should be that of the cool 
giant component of the system, which at maxi- 
mum is completely masked by the radiation of 
the early type component. 

1V.D. POSSIBLE MODELS FOR SYMBI- 
OTIC NOVAE 

Let us now examine the above “main proper- 
ties” of symbiotic novae in the light of possible 
models. Other aspects of the problem are dis- 
cussed in Viotti (1989). Although the preout- 
burst phase is very poorly known, it is clear that 
the large increase of the visual luminosity, 
mostly due to the appearance and strengthening 
of emission lines, was associated with a sudden 
increase of the flux of far-UV photons from the 
M-giant’s companion. The hot source should 
have largely increased its brightness tempera- 
ture and bolometric luminosity with respect to 
the previous unknown stage. As discussed in 
Section 12.IV.A, such an event can be ex- 
plained as a result of sudden thermonuclear 
burning of the hydrogen-rich matter accreted 
by a degenerate star from the red giant wind. 
According to the models developed, among 
others, by Paczynski and Rudak (1980), Fujim- 
oto (1982a,b), Kenyon and Truran (1983), 
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Figure 13-14. The infr.ared, optical, and riltraviolet light curve of PU V11l during the recent outburst (Friedjltng et 
al., 1984; and Kenyon, 1986, adapted). 

Kenyon (1988), and Livio et al. (1989), the 
accretion rate should be smaller than that re- 
quired to have a stable burning of the matter as 
it is accreted, and larger than that which char- 
acterizes the classical nova outburst. Since the 

first case is supposed to occur in at least some 
Z And-type symbiotic stars, symbiotic novae 
should represent the dividing line between Z 
And-type variables and classical novae. Due to 
the larger separation of the components in 
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symbiotic novae, the accretion from the red- 
giant wind (the systems are clearly detached) 
should be smaller than in other symbiotic sys- 
tems, even if we expect denser winds in those 
symbiotic novae containing a Mira. 

According to Kenyon (1988), thermonu- 
clear flash models imply that, if the accretion 
rate is fairly low, the white dwarf envelope is 
completely degenerate. Under these condi- 
tions, the luminosity of the star first increases 
at nearly constant radius, then a slow expansion 
at constant bolometric luminosity follows until 
an A-F supergiant configuration is reached (see 
Figure 12-4). Later, after a rather long time, the 
star evolves again to high effective tempera- 
tures. This degenerate flash model possibly 
applies to AG Peg, RT Ser, RR Tel, and espe- 
cially PU Vul. However, in the case of RR Tel, 
it is difficult to explain the rapid evolution of 
its spectrum from F-supergiant to emission 
line. 

If the accretion rate onto the white dwarf is 
larger, the accretion results in a non-degener- 
ate envelope, and produces a relatively weak 
shell flash. These weak noti-degenerate flashes 
(Kenyon, 1988) do not evolve into the A-F 
supergiant stage discussed above, but the star 
remains hot throughout the eruption. This 
could be the case of V1016 Cyg, VI329 Cyg, 
and HM Sge, which have probably not devel- 
oped the intermediate-type spectrum in the 
earlier stages of their outburst. In any event, 
such a phase, if it occurred during an early 
unobserved phase, should have lasted quite a 
short time, one year or less, which is difficult to 
explain in the light of the proposed models. The 
amplitude of the outburst in the visual should 
be larger in the former case of a degenerate 
outburst, as a consequence of the small bolom- 
etric correction at maximum. Although the 
amplitude of some well-documentated objects 
(RR Tel and PU Vul, on one side, V1016 Cyg 
and V1329 Cyg, on the other) apparently seems 
to support this model, in the reality, the preout- 
burst visual magnitude in all these objects is 
that of the red giant, since the preoutburst spec- 
trum is M. The actual amplitude of the white 
dwarf outburst should be larger, and probably 
much larger, than that given in Table 13-2. We 

finally consider that during the high-tempera- 
ture phase, the exploded star should have a 
dense hot wind, which might have produced the 
WR features observed in several cases. This 
point, however, has not yet been investigated in 
detail, especially in order to find possible dif- 
ferences with the hot components of symbiotic 
systems whose high surface temperature is not 
the result of accretion processes. In particular, 
the chemical composition of the wind should 
reflect the recent violent history of the star, and 
this problem should require more studies. 

The outburst of symbiotic novae might be 
explained by instabilities of an accretion disk 
(cf., Duschl, 1986b), but this model should 
require high accrelion rates, which do not ap- 
pear to be realistic for detached systems. Alter- 
nately, the outburst can be the result of a sud- 
den onset of a strong stellar wind from the cool 
giant (Nussbaumer and Vogel, 1988). The wind 
will produce an extended envelope sursound- 
ing the system. The luminosity increase is the 
result of the ionization of the envelope by the 
UV radiation of the hot stellar component. This 
model has to be worked out in more detail, with 
special attention to the time scales involved in 
the processes. Periodic enhancements of the 
accretion rate could occur if the orbit is highly 
eccentric, and the red giant is going to fill its 
Roche lobe at periastron. Such a model was 
proposed by Kafatos and Michalitsianos (1982) 
to explain the outbursts of R Aqr (See the next 
section V.), but obviously it does not apply to 
those symbiotic novae, AG Peg and V1329 
Cyg, whose period appears too short for the 
time scale involved in the symbiotic nova 
phenomenon. Other observational and theo- 
retical aspects of the phenomenon that need to 
be further investigated are the identification of 
other symbiotic novae whose main outburst has 
not been observed, the recurrence of the phe- 
nomenon, and the structure of the circumstellar 
nebula. But we especially need the basic para- 
meters of the binary systems. 

V. R AQUARII: A SYMBIOTIC MIRA 
WITH JET 

R Aqr is one of the most peculiar astrophysi- 
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cal objects, since the characteristics of many 
different astrophysical categories are present 
in the same object (Michalitsianos, 1984). R 
Aqr is symbiotic for its composite spectrum 
characterized in the visual by many emission 
lines and a late-type MI11 component. R Aqr is 
also a Mira-type variable with a period of 387 
days, but the light curve presents important 
irregularities. A S i 0  maser emission was also 
detected. The star is interesting for being at the 
center of a planetary nebula with a mid-ioniza- 
tion nebular spectrum. The central part of the 
nebula, studied at radio wavelengths, is highly 
variable with jet-like features. Finally, as dis- 
cussed in Chapter 11 Section IX.E, R Aqr was 
recently detected as X-ray source with EX- 
OSAT (Viotti et al., 1987). Thus, it is difficult 
to put R Aqr in one specific category. In addi- 
tion, the star is rather different from the “clas- 
sical” concept of symbiotic stars. However, we 
may consider that the symbiotic phenomenon 
is particularly evident in this object and that its 
study could give an important contribution to 
the problems that we are discussing in this 
inonograph. This is the reason for having de- 
voted a full section to this interesting object. 
Many aspects of R Aqr have also been dis- 
cussed by Querci (1986) in the previous vol- 
ume on M-stars of this monograph series. 

V.A. THE MIRA VARIABLE 

R Aqr, as indicated by the letter “R”, was the 
first variable discovered in the Aquarius con- 
stellation. It was found as variable by Harding 
in early 1800, and since then it has been studied 
by several astronomers. Thus, its light history 
has been fairly well known for almost two 
centuries. The light curve from 1887 to 1980 is 
reproduced in Figure 13- 15. 

R Aqr is a red giant that shows large and 
quasi-regular light variations rather typical of a 
Mira variable. The mean period is 387 days. 
The mean light curve generally presents a 
broad minimum lasting 6-7 months, followed 
by a rapid rise to maximum. There are ample 
variations from cycle to cycle, in both the 
shape and amplitude of the light curve. In some 

cases the variability nearly disappeared. For 
instance, this has happened in the years 1905- 
10, 1928-30, and 1974-78. Thus, the light curve 
presents a kind of a long time scale “modula- 
tion” of the amplitude of oscillation. Willson et 
al. (1981) suggested that these irregularities 
should be caused by eclipses of a close binary 
system orbiting in a highly eccentric orbit with 
a period of 44 years. 

R Aqr was monitored in the infrared (JHKL) 
at SAAO during 1975 to 1981 (Catchpole et al., 
1979; Whitelock et al. 1983b). These observa- 
tions confirmed the visual periodicity of 387 
days. The light curve in the L-band (about 3.6 
pm) is slightly different from the visual curve, 
with a steeper decline after maximum, and a 
slower rise to maximum, which is reached 
slightly later than in the visual. This is fairly 
normal for a Mira variable. Whitelock et al. 
(1983b) noted that the infrared fluxes appeared 
depressed during 1975-78. They attributed this 
to an obscuration by an opaque dust cloud as 
suggested by Willson et al. (1981). 

The Mira character of R Aqr is also indi- 
cated by the positive detection of S i 0  maser 
emission (Lepine et al., 1978), which is nor- 
mally associated with LPV’s. So far, R Aqr is 
the only symbiotic star showing detectable 
maser emission (Lepine et al. 1978, Cohen and 
Ghigo, 1980). The negative detection of OH 
(Wilson and Barrett, 1972) and H,O lines 
(Dickinson, 1976) is probably related to the 
inhibition by the hot close companion of the 
Mira. More recently, Hollis et al. (1986) re- 
ported interferometer S i 0  observations indi- 
cating that the maser emission occurs in the 
nebulosity about one arcsec away from the 
optical position of the Mira (see Figure 13-17). 
This result is clearly in disagreement with a model 
of collisionally pumped S i 0  emission (e.g., 
Elitzur, 198 1). 

V.B. THE NEBULA 

The planetary nebula around R Aqr is essen- 
tially composed of two distinct structures: the 
outer nebula with an oval shape with is formed 
by two arcs symmetrically extending to the 
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Figure 13-15. The light curve of R Aqr fiom 1895 to 1941 Mattei, 1979). The visual magnitude is pel-iodically 
variable between V = 6 and V = 11, with large variatiorisfiom cycle to cycle. Note, in particitlar, the anoninlies 
during 190s-10, 1928-30, and 1974-78, which could be associated with enhanced activity of the hot coinponent. 
lhe mean Mira period is 387days. 
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East and West from the central star giving to 
the nebula the aspect of a double lens (Figure 
13- 16). 

The R Aqr nebula has been recently studied 
by Solf and Ulrich (1983) who found that the 
nebula is composed of two separate shells, 
which are expanding at velocity of 30-50 km 
s I .  These shells should have been ejected from 
the central object 185 and 640 years ago. The 
spectrum of the nebula is typical of a (low 
excitation) planetary nebula. The problem is to 
find the central ionizing source, which could be 
identified with the unobserved hot companion 
of the red giant. 

A few years ago Wallerstein and Greenstein 
(1980) first reported the detection in a 1977 
plate of R Aqr of a “spike” of emission nebulos- 
ity that appeared as an elongation of the stellar 
image towards North-East, never reported pre- 
viously. Using Lick plates, Herbig (1980) and 
Sopka et al. (1982) confirmed the jet-like fea- 
ture that was, however, not present in a 1970 
plate of R Aqr. Therefore, the jet should have 
appeared between 1970 and 1977. Sopka et al. 
also found the presence of an elongation in the 
radio map at 6 cm at the position of the optical 
jet. Later, higher spatial resolution radio obser- 
vations obtained with the NRAO VLA of So- 
corro led to the identification of five separate 
radio sources (Figure 13-17), the “jet” (source 
B), a second jet closer to R Aqr, (A), a 
“counter-jet’’ (A’), while the central source C 
was resolved in two components separated by 

0.5” (Hollis et al, 1985; 1986). 

The radio jet is cospatial with the optical jet, 
and, because of the higher spatial resolution, 
can be studied with much more accuracy. 
Radio observations suggest an ordered geome- 
try of ejecta: the distance of each knot, C2, A 
and B, from the central source C1 is linearly 
dependent on position angle (Hollis el al, 
1986), and this should be associated with the 
mode of expulsion of the jets. According to 
Kafatos et al. (1986), components B, A, and C2 
were formed during successive outbursts of the 
system, C2 being the most recent ejection, 
probably related to the mid-1 970s event dis- 
cussed above, while the two further ones 
should have been ejected long ago, during 
previous active phases of the object. At any 
rate, it should be considered that no expansion 
of the radio knots has been so far detected (e.g., 
Hollis et al. 1985). 

High-resolution optical imagery of the R 
Aqr complex should provide precious comple- 
mentary information on the nebula. Michal- 
itsianos et al. (1988b) have recently studied the 
large-scale structure of the nebula using a CCD 
camera and narrow-band interference filters. 
Paresce et al. (1988) used a coronograph in 
conjunction with narrow band filters to imag- 
ine the immediate surroundings of R Aqr (1 to 
about 15 arcsec) at subarcsec spatial resolu- 
tion. These observations have put in evidence 
an S-shaped bipolar shape which comprises the 

F i g i r r ~  13-1 6 .  (Plute) The plniietary ~iebitla cri.01riid the swhiotic-Miru R Aqr (Kafutos n17d Michnlitsiaiios, 1984). 
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radio jet features described above. The optical 
image is extended in both directions and at 
much larger distances than observable at radio 
wavelengths. Observations have also revealed 
the presence of several knots, including one not 
seen at radio wavelengths. This bipolar sym- 
metry of the R Aqr inner nebula suggests a 
symmetric collimated flow from R Aqr, associ- 
ated with a rotation or precession of the central 
object. For any consideration of this kind, the 
knowledge of the precise position of the star- 
like counterpart is very important. Michal- 
itsianos et al. (1988b) derived the astrometric 
position of the Mira variable within about 
zkO.05". The star position is about 0.15" SW of 
the central radio source C1 (Figure 13-17) and 
provides clues to the origin and ionization 
structure of the HI1 region surrounding the R 
Aqr system. As discussed above, the S i 0  maser 
source is not coincident with the astrometric 
position of the Mira variable, as one would 
have been expected, but it is placed 1" SE from 
C1 and LPV, in the opposite direction of the 

I I I I 

34" 1 

radio jets. Again, this result has to be further 
investigated and compared with observations 
with similar accuracy of other symbiotic and 
Mira variables. 

V.C. THE SYMBIOTIC SPECTRUM 

The optical spectrum of R Aqr is rich in 
emission lines which are difficult to observe 
when the star is near maximum light. The 
hydrogen lines and the nebular [OIII] and 
[NeIII] are strong in emission. As in other 
symbiotics, the energy range is wide, as indi- 
cated by the presence of low- (FeII, [FeII], etc.) 
and high-ionization lines (HeII, NIII, CIII). 
During the optical outbursts, the latter ones 
become stronger and broader. Zirin (1976) 
reported the identification of the coronal 
[FeXIII] line at 10747 A in spectra made in 
1970-71. But there are no other observations of 
this line. 

The UV spectrum of R Aqr has been investi- 
gated since 1979 and has revealed the presence 
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Figirre 13-17. The high-r~esoliitiori radio niap of the central region of R Aqr. Left is the 6 cni niap ~Iion~irig the 
"jet-like" featirres A arid B ,  arid, niargirially, the coirtiterjet A.  Right the cerzti.al sorir-ce is resolved itifo fwo 
conzporients-CI arid C2. The astrotnetr.icpositiori of the M i m  variable (LPV) arid of the S i0  ninser eniissiori is also 
indicated (from Michalrtsinrios et nl., 1988). 
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of moderate-excitation emission lines with 
prominent CIII] and CIV, and weaker 01, CII, 
SiIV, OIV], and NIII] emissions. The overall 
far-UV spectrum is remarkably similar to that 
of Mira itself as described by Reimers and 
Cassatella ( 1985). The high-ionization lines of 
NV and He11 are weakly present. Kafatos et al. 
(1986) found that the line intensities for the 
central HI1 region are rather stable, in spite of 
the large Mira variations in the visual. On the 
contrary, the UV emission lines are largely 
variable in the jet A and B features. The high- 
ionization lines of NV and He11 were greatly in- 
tensified in the jet in 1982 and became even 
stronger than in the spectrum of the central 
source. Kafatos et al. (1986) noted that this 
increase of the ionization could be related to 
the first detection of X-rays from R Aqr (Viotti 
et al., 1987). During 1982-1986 the emission 
line intensities varied in a quasi-periodic way, 
with minima in 1983 and 1985, and maxima in 
early 1984 and possibly in late 1986 (Kafatos et 
al, 1986, and unpublished results). This one- 
and-half year modulation is larger than the 
Mira pulsation period, but could be related to 
it. In fact, if one takes into account the relative 
motion of the binary system following the re- 
cent close approach, the increasing distance 
between the two stars should cause a delay of 
the time of arrival of the matter from the Mira 
wind. 

Emission line profiles observed at high reso- 
lution can tell us about the dynamical structure 
of the system. For this reason and to have as 
much information as possible on R Aqr, 
Michalitsianos et al. (1988a) recently at- 
tempted to obtain high-resolution ultraviolet 
images of R Aqr and its NE jet. Because of the 
faintness of the sources, these observations 
required about half a day of exposure, but the 
results were quite instructive. Michalitsianos 
et al. found that the CIV doublet in the nebula 
appeared broad, possibly double, with a 
FWHM of about 250 km s-’. The doublet inten- 
sity ratio 1(1548/1(1550) was close to the opti- 
cally thin value of 2. In the central R Aqr core, 
the CIV doublet presented some multicompo- 
nent structure with 2 or 3 sharp components 
separated by about 40 km s-’. In the core, the 

doublet intensity ratio I( 1548)/1( 1550) was 
found equal to about 0.5, i.e., much lower than 
the optically thick limit of unity. This 
anomalous CIV doublet ratio intensity effect 
has been observed in other symbiotic stars at 
least during some phases of their activity, such 
as in the case of CH Cyg (Marsi and Selvelli, 
1987; see Table 11-8). Michalitsianos et al. 
(1988a) found that in RX Pup, the ratio 1(1548)/ 
I(1550) is variable in time, and that it is in- 
versely correlated with the CIV line intensity, 
as well as with the visual luminosity. In Z And, 
Cassatella et al. (1988a) noted that the CIV 
doublet ratio was much smaller than one in 
February 1986, Le., during the active phase 
started in September 1985, while it was slightly 
larger than one during minimum. An anoma- 
lous intensity for the NV resonance doublet 
was observed in the 1979 spectrum of AG Peg 
(Figure 1 1-3 IC). The “anomalous” doublet ra- 
tio intensity cannot be explained by simple 
considerations on the line opacity. In some 
cases, it could be the result of intense high- 
temperature interstellar lines, since in this 
case, the stronger emission component of the 
multiplet should also be the more depressed 
one by the interstellar line. Actually, we have 
already noted in Section 11.VIII.B that, in 
some cases, the anomalous intensity ratios of 
the 01 resonance multiplet observed in the UV 
spectrum of some symbiotic stars has to be at- 
tributed to the interstellar line absorption. In R 
Aqr, the interstellar lines are weak. We cannot 
exclude that they could be partly responsible 
for the CIV structure in the core and in the 
nebula, but this possibility is excluded for the 
largely anomalous CIV doublet ratio in the 
core. As Michalitsianos et al. (1988a) dis- 
cussed, to explain the observed profile com- 
plex, radiative transfer effects should be con- 
sidered, which require a complete analysis 
under multiscattering conditions. According to 
spherically symmetric wind models for hot 
stars computed by Olson (1 982) for resonance 
doublets whose separation is comparable to, or 
smaller than, the wind velocity, the source 
function of the longer Wavelength doublet 
component depends on non local values of the 
shorter wavelength source function. Radiation 
scattered in our line of sight by the blue compo- 
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nent can be scattered again by the red line, 
enhancing emission in the red wing of the 1550 
A line. 

The presence of a high-velocity wind can be 
put in evidence by overlapping the two doublet 
components as shown in Figure 13-18. In the fig- 
ure, the shaded area represents those points of the 
line profile, in velocity space, where the mono- 
chromatic flux of the 1548 A line is smaller than 
that of the 1550 A line. Taking into account the 
wavelength shift between the components, the 
shaded area corresponds to a velocity range from 
about -500 to -700 km s-’. This should be the 
range of the P Cygni absorption of the 1550 A line 
in order to reduce the emission of the 1548 A line. 
Similar wind velocities can be derived for the 
other symbiotic stars showing this anomaly and 
represent an indirect evidence for the presence of 
high-velocity winds in symbiotic systems. 
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V.D. POSSIBLE MODELS FOR R AQR 

The large amount of available data on R Aqr in 
all the spectral range should in principle aid in 
building detailed models of the system. However, 
it is difficult to find models which are capable of 
describing in a consistent way the whole observa- 
tional information. In addition, some funda- 
mental parameters such as the distance of R 
Aqr and the interstellar extinction are still 
uncertain. In the framework of binary models, 
the Mira should have an unseen companion 
producing the high-energy photons that ionize 
the compact central HI1 region, and the nebula 
(Michalitsianos, 1984). The hot companion is 
probably hidden by a disk or by opaque matter 
in the orbital plane which is seen nearly edge- 
on (Figure 13- 19), and/or by circumstellar 
dust. Its nature is still uncertain: present infor- 

R AQUARll - 
HI1 REGION 

(VR = -23 kms- ’ )  
- 77 

- 27 km s - l  

I 
- 

-57 I 
- 10 

- 200 - 150 - 100 - 50 0 + 50 + 100 + 150 + 200 

VELOCITY (km s-’) 

Figure 13-18. Comparison of the profile of the two components of the C N  doublet in the spectrum of the central 
core of R Aqr. The 1548 A line a pears nirtch jainter than the 1550 A line. Probably as the result of absorption by  

I(IS48) / I ( lSSO)~  I (Michalitsianos et al., 1988a). 

a high-velocity (500-700 kn s- P .  ) wind. Ihe shaded area indicates the region in the velocity space over which 
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mation is not sufficient to decide whether the 
high-temperature source is a hot, possibly reju- 
venated dwarf or the inner boundaries of an ac- 
cretion disk. In any case, the disk would be con- 
siderably extended in the outer regions, where 
it should be much cooler and probably cause 
the temporary obscuration of the Mira dis- 
cussed by Whitelock et al. (1983 a and b). The 

radiation from the central source is largely 
absorbed by the circumstellar matter. There- 
fore, in order to explain the highly ionized 
nebula, and the X-rays emerging from it, one 
has to suppose that the ionizing photons are 
mostly emitted perpendicularly to the line of 
sight, from regions that are less occulted (Vi- 
otti et al., 1987). Indeed, Kafatos et al. (1986) 

DISK 

R AQR 
I 

Figitre 13-19. A model for R Aqr. The neirti-a1 wind from the Mira giant is ionized by the UV radiation j?om the 
hot sirbdwarf and lor the accretion disk, and originates the intense central radio soitrce. The hot source is 
obscured in the direction of the line of sight (perpendicular to the figitre) by the accretion disk or by matter in the 
equatorial plane. Intense ionizing radiation is emitted from the poles inside a cone, and hits the circiinistellar cloud 
(the ‘jets’), proditcing the high-ionization featirres (NV, Hell) and X-rays. Alternatively, the jets could be heated by 
shocks produced by the interaction of the hot soiirce wind with the circumstellar environnient. 
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explained the peculiar radio morphology of R 
Aqr as a consequence of photoionization of 
ejected material lying inside an ionizing radia- 
tion cone, whose axis is perpendicular to the 
orbital plane, and having an opening angle of 
about 150". The hot source might also generate 
the high-velocity wind revealed by the anoma- 
lous CIV resonance doublet discussed above. 

The high-temperature emission from the 
nebula can be alternatively interpreted as emis- 
sion from a hot plasma, which can be heated 
material previously ejected from the central 
hot star. But, taking the electron density on the 
jet of 4 x lo4 ~ m - ~  derived by Kafatos et al. 
(1986) and an electron temperature of 3 x lo5 
K, the cooling time should be around 5 x lo6 s, 
much shorter than the supposed time elapsed 
since the ejection. Such a warm matter, there- 
fore, would cool in a rather short time. A pos- 
sible heating mechanism could be the interac- 
tion of the ejected material with the circumstel- 
lar environment, producing shock waves. Vi- 
otti et al. (1988) found that, in this case, the 
emission measure of the He11 emitting region, 
assumed to have a temperature of 3 x lo5 K, 
would be close to that derived from the X-ray 
flux assumed to be optically thin thermal emis- 
sion at the same temperature. The low-electron 
temperature derived by Kafatos et ai. (1986) 
using the CII] and CHI] line ratios would then 
be referred to cooler, not shocked parts of the 
nebula. A shockwave heating (or photoioniza- 
tion by a power law continuum) is also sug- 
gested by the [Nll]/Ha ratio of 1.2 to 1.8 found 
by Paresce et al. (1988) in the nebula. But so 
far, it is not possible to decide which is the 
dominant heating mechanism of the jets. 

The orbital elements of the R Aqr system are 
unknown. The period might be of several dec- 
ades, as suggested by the modulation of the 
light curve (Willson et al., 1981). Such a period 
seems to be supported by radial velocity meas- 
urements (Andarao et al., 1985; Wallerstein, 
1986). The separation of the stellar compo- 
nents should be large to account for a large 
mass transfer from the Mira to the dwarf star, 
and to feed the hot source. To overcome this 
problem, Kafatos and Michalitsianos (1982) 

proposed a high eccentricity of the orbit, in 
order to allow large mass accretion through 
Roche lobe overflow at the periastron passage. 
A geometrically accretion disk formed during 
this phase would produce at its inner boundary 
high-temperature photons, and possibly peri- 
odic ejection of matter. The intensified radia- 
tion field would also cause ejecta from previ- 
ous outburst to brighten (Kafatos et al., 1986). 
This might explain the sudden (but apparent) 
appearance of the A and B jets around 1970, 
while according to Kafatos et al., the feature C2 
(Figure 13-17) would represent the most recent 
ejection. The disk may also be formed by the 
capture of the Mira wind, which is enhanced 
during some periods by the close passage of the 
binary components in a moderately eccentric 
(e 2 0.5) orbit (Kafatos et al., 1986). Again, 
such a model better explains the episodic out- 
bursts and ejections observed in R Aqr. To give 
a better insight into this problem, accurate 
measurements of the Mira radial velocity over 
a few decades are needed. 

V.E. PLANS FOR FUTURE OBSERVATIONS 

R Aqr, for its relatively close distance (1 80- 
300 pc). and the many peculiarities represents an 
ideal target for future observations involving 
space experiments and high-technology ground 
telescopes. In particular, of special importance 
will be the high-resolution imagery at different 
wavelengths. 

Figure 3-20 shows a set of CCD images of R 
Aqr obtained using the Space Telescope Science 
Institute coronograph, which occults the bright 
central star, thus, allowing a detailed study of the 
nebula very close to R Aqr with a subarcsec spa- 
tial resolution. Figure 13-21 shows the derived 
contour maps in the light of H a  and [NII] 6584 
emission lines, where many emission knots are 
easily detected. Ultraviolet and visual images and 
polarimetry with subarcsec resolution will be 
possible with the Faint Object Camera of the 
Hubble Space Telescope, and should provide 
information about the location and physical struc- 
ture of the high-temperature regions, including 
the X-ray source, and about the presence and na- 
ture of circumstellar dust. Concerning this prob- 
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Figure 13-20. CCD images of R Aqr in a broadband R frlter (le$), and in narrowband Jilters ceniered on Ha 
(center) and [N II] 6584 (right). North is up and East to the le$. Top row: original images, bottom row: final 
images in which the emission line contribrition is sribtractedfiom the RJilter image, and the glowfi.om the central 
star is  sribtractedfiom the narrowbandJilters (fiom Paresce et al., 1988). 

lem, we expect very interesting results from the 
new high-quality infrared arrays. Recent IR im- 
agery of R Aqr at 3.45 Lrn led to the discovery 
of an extended spherically symmetric halo that 
extends to about 15 arcsec from the central star 
(Schwarz et al., 1987.) Higher resolution IR 
imagery is needed to determine the spatial dis- 

tribution of the cool matter and dust. In this 
regard, R Aqr probably represents a unique 
target to study the nature and structure of 
circumstellar dust, and the interaction of the 
stellar radiation and wind with the circumstel- 
lar environment in an evolved object. 
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Figitre 13-21. Coittorir maps of R Aqr in Ihe light ofHa (lej?) and [NU] 6584 (right) as derivedfiom the images in 
Fig 3-20 (Puresce et ul., 1988). 

VI. CH CYGNI: ANOTHER SYMBIOTIC 
VARIABLE WITH A JET 

V1.A. INTRODUCTION 

CH Cyg is classified as an Mb star in the HD 
catalogue. It has long been known for its 
semiregular light variability with a period rang- 
ing from 97 to 101 days (Wilson, 1942; Gapos- 
chkin, 1952; Payne-Gaposchkin, 1954) and was 
classified M6 111. Beside this short-time variabil- 
ity, a long cycle of 4700 days or 12.8 years was 
found, not very different from that recently de- 
rived by using all the radial velocity measure- 
ments found in the literature by Yamashita and 
Maehara (1 979) of 5750 t- 250 d and by Hack et 
al. (1986) of 5,000 k 450 days. According to C. 
Payne-Gaposchkin (1954), the median maxi- 
mum photographic magnitude was 7.97 and the 
median minimum, 8.44. Joy (1942) measured 
the radial velocity at different epochs and 
found an almost constant velocity (from -51 to 
-59 km/sec) for the M6 absorption lines. No 

emission lines were present in his spectra. 
Smak (1964) observed CH Cyg using narrow 
filter photometry during a period of 82 days. 
The visual magnitude varies from 7.06 to 6.64, 
and the color indices indicate that the star was 
bluer when fainter. This behavior is common to 
all M-type variables and could be ascribed to 
the T i 0  absorption bands, that affect the mag- 
nitudes B and V but not U, and are stronger at 
minimum. The photographic magnitude has 
been observed to vary between 7.9 and 9.1. 

All the existing observations of CH Cyg before 
1963 indicate a normal M6 111 semiregular vari- 
able. In September 1963, Deutsch (1964) ob- 
served that CH Cyg “showed a composite spec- 
trum. A hot, blue continuum was superposed over 
the late-type spectrum, together with emission 
lines of H (strong and wide), He I (weak and 
wide), [Fe 111 (strong and narrow) and Ca I1 (also 
strong and narrow). The spectrum of the recurrent 
nova T Cr B closely resembled this in June 1945, 
a few months before the outburst of 1946. No 
doubt, there is a nova-like variable star in CH Cyg 
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system,too. However, a spectrogram of March 
1961 showed no trace of the hot spectrum, which 
has faded appreciably since its discovery in Sep- 
tember 1963.” One high-resolution spectrum 
taken at the Haute Provence Observatory in Au- 
gust 1965 (Faraggiana and Hack, 1969) shows no 
evidence of symbiotic characteristics. The only 
peculiarity was an emission at H alpha and H beta 
and possibly at H gamma. 

A second symbiotic episode started in June 
1967 (Deutsch, 1967) and was over by late au- 
tumn 1970. A third episode started in 1977 and 
is almost over at the time of writing this report 
(July 1988). Luud et al. (1978) detected no 
trace of H alpha emission in spectra taken on 
May 1976, but in May 1977, H alpha and H beta 
showed a double emission peak with V/R>1. In 
August 1977, the presence of a blue continuum 
and of several emission lines was evident 
(Fehrenbach, 1977; Morris, 1977). 

Spectra taken in July 1986 show the pres- 
ence of numerous strong emissions, although 
the hot continuum has practically disappeared 
between November 1984 and January 1985. 
The emissions are fainter in 1987, but they are 
still easily detectable. In 1988, only H a  and HP 
are strong in emission. The strongest [Fe 111 
emissions are very faint, while the Fe I1 permit- 
ted emission lines have almost completely dis- 
appeared. 

This last outburst episode has been observed 
with the IUE satellite since April 1978 (see Sec- 
tion VI.D.3 on the UV spectrum). 

detectable; the star reached V = 6.4 at the begin- 
ning of the outburst, and after three years at al- 
most constant magnitude, reached V = 5.6 at the 
end of 198 1 and remained close to this value un- 
til mid-1984. A sudden luminosity drop of about 
one magnitude occurred between July and August 
1984 and was accompanied by strong spectral 
variation (for instance, weakening of the blue 
continuum, see Section V1.D. 1) 

The variation of the B-V and U-B colors from 
1967 to 1985 are described by Hopp and Witzig- 
mann; by Panov et al. and by Mikolajewski and 
Tomov. 

In the period of quiescence 1970- 1976, B-V is 
generally bluer at minimum as it was observed by 
Smak. In general, U-B is in phase with B-V with 
stronger fluctuations. Both indices become 
smaller (star bluer) at the beginning of the third 
outburst. During the outburst, B-V fluctuated 
between 0.4 and 0.6 and increased from 0.49 to 
0.82 from Aug. 10, 1984, to September 30, 
1984. U-B varies from 0.6 in mid-1976 to about 
-0.4 during the outburst, with oscillations be- 
tween -0.3 and -0.7. After July 1984, U-B 
gradually increased. On November 24, 1984, it 
was equal to -0.29, and in May 1985, to about 
0.0. (see Figure 13-22, light curve and color 
variation). 

In addition to these long-period variations, 
which are typical of semiregular late-type vari- 
ables, short-time scale (minutes), small ampli- 
tude variability has been observed during the 
periods of activity and will be described in the fol- 
lowing sections. 

V1.B. THE LIGHT CURVE OF CH CYGNI 
V1.C. THE 1967 OUTBURST 

The light curve of CH Cyg from 1899 to 1975 
has been described by Gusev (1976) and is illus- 
trated in Figure 13-22. Until 1960, only small 
amplitude variations are present. The following 
period is described by Hopp and Witzigmann 
(1981), by Duschl (1983), Panov et al. (1983, 
and Mikolajewski and Tomov (1986). After the 
1963 outburst, the oscillations became more evi- 
dent and regular with a mean period of 700-800 
days during 1967 to 1977. During the third out- 
burst, the semiregular variations were no more 

The outburst of 1967-70 was followed both 
photometrically and spectroscopically by several 
observers. 

A detailed description of the spectral vari- 
ations from July 1967 to December 1970, cover- 
ing the whole duration of the second observed 
outburst, has been given by Faraggiana and Hack 
(197 1). Photometric observations during the 
same period have been made by several authors, 
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Figure 13-22. a)  lke  visual light curve of CH CygJLoiti 1900 to 1975. The arrows indicate the epoch of starting oj 
the two oi~tbursrs of 1963 and 1967. b) Visual light ciirve3om 1968 to 1981. l3e arrow indicares the starting oj 
the outburst of 1977. c) Visual light curve arid B-V, U-B variation in 1984-1985. d )  light curve and U-B variation 
froin 1967 to 1982 @om Gusev, 1976; Duschl, 1983; Mikolajewski arid Toinov, 1986; Mikolajewski, 1985; 
Panov et al., 1985; Mikolajewski and Wikierski, 1986; Hopp and Witzigmann, 1981 ). 
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The rapid variations (flickering) were first noted 
by Cester (1 968) and by Wallerstein (1 968). The 
amplitude was of the order of 0.1 mag on a few 
minutes time scale. Cester (1969) found that the ~ 

variations were strongly correlated in different 
colors, and the color indices were quite different 
from those typical of an M6 111 star: B-V oscil- 
lates between +1.3 and +1.0, and U-B, between 
-0.05 and -0.6. As a rule, the amplitude of the 
flickering is larger at shorter wavelengths. For 
instance, Shao and Liller (1971) reported vari- 
ations of 32% at 3,200 A and of only 2% at 
7,000 A. Figure 13.23 shows the flickering ob- 
served in U by Luud et al. (1970) on November 
5 ,  1968. Walker et al. (1969) made photoelec- 
tric spectral scans from 3300 to SO00 A during 
August 1967. Figure 13.23 shows the excess 
continuum radiation relative to the standard 
M6 IIIab spectrum of 45 Ari for several scans 
made during the night of August 3, 1967. Vari- 
ations on time scale of a few minutes are evi- 
dent. 

The main characteristics of the spectrum and 
its variations during the second outburst can be 
summarized as follows (Faraggiana and Hack, 
1971): 

a) The M6 spectrum is veiled by a continuum 
that partially fills the absorption lines and in- 
creases in intensity toward the violet. This contin- 
uum was absent in August 1965 and in September 

0.2 

B-V 
1 .o 

1 .8 

2444000 t[J.D.] 

1970; it appeared in June 1967 (Deutsch, 1967) 
and reached a maximum in August 1968. The 
color temperature of the blue continuum was 
about 10,000 K. No measurable Balmer disconti- 
nuity was observable. 

b) Emission lines of He I, Fe 11, [FeII] and [SII] 
are present. The Balmer lines and the H and K 
lines of Ca I1 present a P Cygni profile. in July and 
August, H and K presented two sharp absorption 
cores at radial velocity of about -75 and -160 km/ 
s, while the radial velocity of the photospheric 
lines (Ti0 bands and nonresonance lines of neu- 
tral metallic atoms) ranges between -SO and -60. 
In July 1968, the nebular line 5007 [OIII] ap- 
peared; 4959 and 4363 [OIII] were not visible. 
The emissions reached maximum intensity in 
August 1968 and again in August 1969. In 1965 
and 1966 and in September-December 1970, the 
spectrum was a normal M6 111 type, except that 
H alpha and H beta presented emission compo- 
nents. 

c) Low-excitation absorption lines of metallic 
ions appeared in the ultraviolet continuum in July 
1968. In May 1970, several lines of neutral ele- 
ments appeared. At this epoch, the ultraviolet 
lines of low excitation ions and the strong reso- 
nance lines give radial velocities more nega- 
tive than the other lines having the same low 
level by about 20 km/s and are not filled in by 
the blue continuum. This may suggest that they 
were formed in the blue continuum like a kind 
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Figure 13-23. a )  0bservation.s of Uflickeriiig 011 Noveniber5,1968 (from Liiudet ai., 1970), h) arid on Ju/y31,1984 
(froin Paiiov et al., 1985. 

of shell absorption. Significant spectral vari- 
ations have been observed over a few days. For 
instance, the Balmer lines were in emission on 
May 13, 1970, and in absorption on May 16, 
1970. 

The ratio [FeII]/Fe I1 is constant during the 
whole outburst, indicating no change in den- 

sity, while the line intensity was variable. 

V1.D. THE OUTBURST STARTED IN 1977 

The last outburst began in 1977 and was fol- 
lowed by several observers in a wide spectral 
range from UV and X-rays to optical, infrared, 
and radio. 
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Figrrrx 13-24. Ultrmiolet light ciirve of CH Cyg showing the two niininin in 1969 arid 1985. ( 
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F(1440) -22. The constant 22 has been urbitrurily chosen. 

The International Ultraviolet Explorer (IUE) 
has given us the opportunity of follow the out- 
burst in the ultraviolet since April 1978. 

V1.D. 1 .  PHOTOMETRIC OBSERVATIONS 

As we have observed in Section VI.B, the 
semiregular light variations with a period of 700- 
800 days disappeared during the third outburst 
when V gradually rose to 6.4 at the beginning of 
the outburst, then rose to 5.6 and remained 
at this value until July 1984. when its bright- 
ness dropped by about one magnitude 
(Mikolajewski and Tomov, 1986). One year 
later, V was equal to 7.8. 

The U magnitude and the ultraviolet flux 
measured with IUE displayed a different be- 
havior (Mikolajewski et al., 1987; Mikolaj- 
ewski et al., 1988), i.e., a minimum lasting 
about 150 days (May - Oct. 1985). A broad 
minimum, especially in the U band (Cester, 
1972; Luud et al., 1977), was observed in 1969. 
The possibility has been suggested that these 
two minima-separated by about 5700 days- 
were two consecutive eclipses of the hot com- 
panion of a binary system (Mikolajewski et al., 
1987) (Figure 13-24). 

Although the evidence of orbital motion 
given by radial velocities measured from 1942 
to 1986 is weak because of the large scatter due 
to the irregular radial velocity variations, 

which are typically observed in late-type giants 
and supergiants, these measurements suggest a 
period of 13 to 15.5 years (Yamashita and 
Maehara, 1979; Hack et al., 1986). Our last 
observations, added to all those existing since 
1961, suggest P = 14.4 years or 5250 days, not 
very far from the value suggested above. (see 
Figure 13-27, radial velocity curve). High- 
speed photometry confirmed the presence of 
flickering during the present phase. Slovak and 
African0 (1978) observed an amplitude of 
about 0.10 mag in the ultraviolet and violet 
light (u and v filters) and of only 0.03 mag in y 
filter. Actually, two features characterize the 
light curve: rapid flickering on time scale of 5 
min and amplitude 0.02-0.04 mag and slow, 
large amplitude flares (0.10 mag) lasting 15-20 
minutes. Panov et al. (1 985) give a summary of 
the flickering amplitudes observed during this 
outburst (Table 13-4). The data obtained by 
Cester (1969) during the outburst of 1967 are 
given for comparison. 

After the drop in brightness of July 1984, a 
drastic change in the spectrum was observed at 
the end of 1984, with the almost complete disap- 
pearance of the hot continuum (see next section), 
while a large rise of the radio flux was observed 
between April 1984 and May 1985 (Taylor and 
Seaquist, 1985; Taylor et al., 1986). 

A fresh outbreak of activity (the end of the 
eclipse?) is indicated by the photometric observa- 
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TABLE 13-4. FLICKERING AMPLITUDES OF CH CYGNI FROM 1977 TO 1984 (FROM 
PANOV ET AL., 1985) AND 

Observers 

Slovak and African0 (1 978) 

Ichimura et al. (1 979) 

Luud et al. (1982) 

Spiesman (1984) 

Reshetnikov and Khudyakova (1984) 

Panov et al. (July 31, 1984) 

Panov et al. (Nov. 24, 1984) 

Cester, 1969 (July 13, 1968 UT 23h 15) 

Cester, 1969 (Aug. 20, 1968 21h 45) 

Cester, 1969 (Aug. 24, 1968 22h 28) 

Cester, 1969 (Aug. 25, 1968 23h 05) 

Cester, 1969 (Aug. 25, 1968 24h 00) 

tions of Panov et al. (1985): On August 17, 1985, 
U = 7.38, U-B = 0.97, Le., the color normally ob- 
served for CH Cyg in quiescence (Smak, 1964), 
as well as for several late-type semiregular vari- 
ables. On December 9, 1985, U = 7.31, U-B = 
-0.021. As we shall also see in the following, the 
spectral changes confirm a slight strenghtening 
of the blue continuum, which was very weak in 
January 1985. 

VI.D.2. SPECTROSCOPIC OBSERVATIONS 

High-resolution spectroscopic observations of 
CH Cygni during the period 1977-1986 were 
made by several groups (Hack et al., 1982; 1986; 
1988; Mikolajewski and Biernikowicz, 1986; 
Mikolajewski et al., 1987; Tomov and Luud 
1984; Wallerstein, 1981; 1983; Wallerstein et al., 
1986; Yo0 and Yamashita, 1984). A general de- 
scription of the visual spectrum and its variations 
was given by Hack et al. (1986, 1988). The spec- 
trum, from the beginning of the outburst, in May 
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1977 to November 1984 is characterized by a 
continuum, that is stronger at shorter wave- 
lengths but is also present in the red part of the 
spectrum, and partially or almost completely 
veils the M6 absorption features. The strength of 
this continuum is evident when comparing the 
regions of the Ti0  band heads or that of the broad 
absorption of Ca I at 4227 A observed during 
the outburst with those observed in 1970, after 
the end of the second outburst, or in 1988, when 
the outburst was almost over (Figure 13-25). 

The prelude to the end of the outburst was ob- 
served from December 1984 to January 1985, 
when the visual spectrum became again that typi- 
cal for an M6 I11 star, after the disappearance of 
the blue continuum. The emission lines, how- 
ever, were still present and prominent; more- 
over, beside the emission lines of H I, Fe 11, [Fe 
111, [0 I], He I, [SII], emissions of [0 1111 and 
[Ne 1111 appeared in November 1984 and rap- 
idly increased in intensity. The complex vari- 
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Figure 13-25. Intensity tracings of two spectra obtained on May 5, 1981 during the outburst and in July 21,1988, 
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ability of the line intensities, line profiles, and 
radial velocities is described by Hack et al. 
(1986, 1988). Figures 11-8, and 13-26 give 
some examples of line variability. 

a) 
3854 3862 3870 3878 

UL 5 1984 1 

It should be noted that the M6III photospheric 
lines and the forbidden and permitted Fe I1 emis- 
sion lines have radial velocities that are 180" out 
of phase, suggesting that the Fe I1 emissions are 
associated with the companion (Figure 13-27). 
The relative amplitudes of the two curves sug- 
gests a mass ratio of the two components close to 
1. Also, the absorption cores of the inverse P 
Cygni profiles of the metallic ions give radial ve- 
locities 180" out of phase with the primary pho- 
tospheric lines (Figure 13-28). Mikolajewski et 
al. (1987), by the metallic ion absorption lines, 
derive 3 < ml/m2 < 4. However, the radial veloci- 
ties of the inverse P Cygni absorptions are af- 
fected by the presence of the emission wings, 
which partly mask the absorption cores affecting 
their measured shifts. 

The most characteristic features that distin- 
guish the second and third outburst are the follow- 
ing: 

1) A similar behavior of the blue continuum, 
however, it was bluer in 1977-84. 

2) At certain epochs during the outburst, sev- 
eral metallic ions and Balmer lines showed direct 
P Cygni profiles in 1967-70 and inverse P 
Cygni profiles in 1977-84. 

3) The Ca I1 H and K lines, on the contrary, 
displayed the same behavior during the two out- 
burst showing one or two, occasionally three, vio- 
let-shifted absorption components and always di- 
rect P Cyg profiles, which clearly indicate the ex- 
istence of one or several expanding envelopes. 
The highest observed expansion velocity is - 
1 00 km/s . 

4) In both outbursts, emission lines of fairly 
high excitation were observed, Le., He I during 
the whole outburst and [0 1111 at some phases. [Ne 
1111 3868,74 was observed only during the latter 
outburst. 

5 )  The ratio between Fe I1 and [FeII] remained 

o L  
NOV 24 1984 

0 ' t  
NOV 27 1984 I 1 

1 

0 

1 

0 

1 

0 

1 

NOV 29 1985 

0 

1 

0 

Figure 13-26. a)  The region of 3868 [Ne Ill]f,om July 
5,  1984, to Jidy 7, 1986. b) The region of 5006.84 [0 
HI], 501.5.675 He I and 5018.434 Fe II (Spectra 
obtained at the Haute Provence Observatory). 

constant during the 1967-70 outburst, while dur- 
ing the 1977 outburst, it was variable with a sig- 
nificant decrease at the end of the outburst. These 
ratios indicate that the density in the region where 
the permitted and forbidden lines of Fe I1 are 
formed was lower in 1967-70 than during the lat- 
ter outburst. The presence of the lines of [0 I] at 
6300, 6363 A indicate a density of about lo6 
cm", while [FeII] indicates lo8 -lo9 ~ m - ~ .  

713 



4990 5OOO 5010 5020 5030 A(A) 

. ~ .  _. . - 

1 

0 

1 

0 

1 

0 

1 

0 

1 

0 

1 

4990 5OOO 5010 5020 5030 A(A) 

4990 5Ooo 5010 5020 5030 

1979 

1980 

1980 

0 

1 1 1 1 1 1 1 1 1  

1 1981 
1 

0 

6 1981 
1 

0 

1 

0 

1 

0 

1 

0 

1 

0 

1 

0 

1 

0 

1 

0 

26 1982 

19 1982 

NOV 29 1985 
1 

0 

1 

0 

JUN 3 1986 
1 

0 

1 

I '  0 

24 1986 
1 

0 

7 14 



-50 r .. 
0 

I I I I I I I I 
X 

R 

- 50 
a .  . .  : ' .  

' 9 . .  . X 

- 60 

- 70 

+ 10 

- In 
2 0  - 
> n: 

- 10 

- 20 

-30 

- 40 

-50 

-60 

- 70 

+ 
+ +  

+ 

+ 
0 

0 
0 

+ 
+ +  

0 

0 

0 

0000 

0 

x x  
xo 

0 

0 

I I I 
244 3000 4000 5000 6000 JD 

Figrrre 13-28. Radial velocities of the absorption cores of Fe I1 (o) ,  Ti I1 ( ), M g  I (x) and meail of Ti 11, V 11, Cr 11, 
Mi1 11 (+) (fiom Hack et al., 1986). 

715 



a) 

- - 1 0 5  . 
r 

L 

L L  

r T  

L 

I - 
x - 11.0 
3 
J 
U 

c7 
i! 

- 11 5 

- 12.0 

- 12.5 

- 1 3 0  

29 Nov '81 

1500 2000 2500 3000 
WAVELENGTH [ A ]  

Figirre 13-29. n)  Coritiriirirni eiiergy distrihirtioii iii CH Cyg; h)  Conihitied UV 1o~~-r-esolictiori spectra (1200-3200 A )  
of CH Cyg; c )  Far UV /oc~-r~eso/irtion specta of CH Cj~g. (froin Mikolajewska et a/., 1988). 

VI.D.3. THE ULTRAVIOLET SPECTRUM 

The ultraviolet spectrum was also observed 
during the whole outburst with IUE in the low- 
resolution mode (6 A) and, when possible, also in 
the high-resolution mode (0.2A). The variation of 
the UV continuous flux from 1200 to 3200 A dur- 
ing the period 1978 to 1986 was studied by 
Mikolajewska et al. (1987, 1988). Figure 13-29 
shows the ultraviolet energy distribution and its 

strong variation with time. Not only the flux var- 
ies but also the shape of the continuum, which 
becomes completely flat in January 1985, re- 
mains flat to October 1985 and starts increasing 
toward the longer wavelengths in December 
1985. A drop in the flux intensity by a factor of 
three was observed between January 24, 1985, 
and May 27, 1985. Unfortunately, no other IUE 
observations were made during the rest of 
1984. Hence, we cannot decide whether the 
drop observed in visual light in August 1984 
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was also present in the UV. In December 1985, 
the far ultraviolet flux started to rise again (in 
concomitance with the increase of the contin- 
uum observed in the visual) and reached a sec- 
ondary maximum in July 1986, while in Sep- 
temper 1986 it declined back to the level of 
October 1985 (see also Figure 13-24). In 1988, 
the flux in the far UV had decreased considera- 
bly (to about 20 times weaker than in 1986), but 
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it is interesting to note that at X 1300 A, there is 
evidence of a slight increase of the flux toward 
the shorter wavelengths, suggesting that we are 
now obsewing the Rayieigh-Jeans tail of a hot- 
body radiation, a tail whose presence had been 
previously excluded on the basis of observa- 
tions obtained until 1986-1987. 

The ultraviolet line spectrum and its variations 
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during the outburst are described by Hack 
(1979), Hack et al. (1982), Hack and Selvelli 
(1982), Boehm et al. (1984), Persic et al. 
(1984) and by Selvelli and Hack (1985a,b). 
High-resolution spectra were obtained for the 
first time on March 1979 in the near UV (2000- 

3200 A) and on September 1980 in the far UV 
(1200-2000 A). The spectrum was character- 
ized by the presence of both emission and ab- 
sorption lines. We observed the emission lines 
of 0 I 1304 and 0 I] 1641, C 1111 1909. 73, Si 
1111 1892, the multiplet 191 of Fe I1 at 1785, 
while all the other Fe I1 lines in the far UV were 
in absorption. Other absorption lines present in 
the spectrum of September 1980 were C IV, Si 
IV, A1 I1 resonance lines, and a large number of 
ground level lines of Ni 11. The strong Fe I11 
lines from excited levels were not present. The 
Mg I1 resonance doublet presented a P Cygni 
profile with two absorption components, one at 
almost the rest velocity, probably of interstel- 
lar origin, and another shortward-shifted by 
about -1 10 km/s. 

Hack and Selvelli (1982) discuss the excita- 
tion mechanisms for the 0 I and Fe I1 lines, which 
present some intriguing problems. For instance, 
the semiforbidden line 1641 0 I] has about the 
same intensity as the strongest of the three per- 
mitted 0 I lines at 1302-1306 A, and the ob- 
served intensity ratio within the triplet 1302, 
1304, and 1306 in September 1980 was 
1:9.4:6.5 instead of the theoretical one of 5:3:1. 
The large optical thickness indicated by the 
strength of the permitted multiplet means that 
the 1304 photons will scatter many times be- 
fore escaping from the region of neutral oxy- 
gen. Substantial reabsorption will occur mostly 
from the 0.00 eV level, and, therefore, the 1302 
line will be weaker than the two other lines. 
There is a small but finite chance that at each 
coherent resonance scattering, decay from the 
upper term 3s 3S0 will occur through the 1641 
line, which shares the upper term with the 1304 
multiplet. Hence, the great optical depth of the 
1304 multiplet has the effect of converting the 
resonantly trapped photons into 1641 photons, 
which will escape easily. This phenomenon is 
observed in several emission line stars, like Z 
And, V 1016 Cyg, RR Tel, HD 45667: all pres- 
ent an anomalous intensity ratio in the 1304 
triplet and the strong 1641 emission. Another 
characteristic common to several stars with 
extended envelopes is the presence of multiplet 
191 of Fe I1 in emission, while the other far 
ultraviolet Fe I1 lines are in absorption. In this 
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case, we have a resonance fluorescence mecha- 
nism, i.e., absorption in the far ultraviolet fol- 
lowed by reemission at longer wavelengths: 

a6D ----> x6P0 (UV mult. 9,h- 1260 in absorp- 

x6P0 ----> a6S (UV mult. 191, h- 1785 in emis- 

a6S ----> a6D (opt. mult. 7F, 4287-4475 in 

tion) 

sion) 

emission) 

The spectrum observed in the high-resolution 
mode at the end of 1981 has about the same gen- 
eral appearance as it had in September 1980. It is 
noticeable the presence of practically all the Ni I1 
absorption lines up to multiplet 30 (low EP=2.8 
eV). 

Unfortunately, no observations were made 
from the end of 1981 to January 1984. The spec- 
trum in I984 shows that the multiplet at 1303 of 
0 1  1302-6). The high-resolution spectra are domi- 
nated by numerous and strong emission lines 
the same as in 1981. A spectacular change was 
detected in Junuary 1985, at about the same epoch 
of the disappearance of the blue continuum in the 
visual range (Selvelli and Hack, 1985a). The 
continuum in January 1985 has become com- 
pletely flat, and the line spectrum has dramati- 
cally changed from an absorption-like to an emis- 
sion-like spectrum (Figures 13-30 and 13-31); 
see also Figure 11-29a Lya, and Figure 11-29b 
0 1  1302-6). The high-resolution spectra are dom- 
inated by numerous and strong emission lines 
whose peak intensity rises to about 100 times the 
continuum. No absorptions are observable, also 
due to the weakness of the continuum. The emis- 
sions range from neutral species like 0 I and N I 
to highly ionized species like C IV, N V, and Si 
IV. New remarkable characteristics of the 1985 
spectrum are: 

a) The appearance of a strong and wide Ly 
Alpha emission (Full width at zero intensity = 
16.4 A). The emission is cut by an absorption 
centered at rest wavelength (possibly of interstel- 
lar origin) 3.8 A wide. 

b) The appearance of the other faint C 1111 line 
at 1906.68; all the other spectra only showed the 
strongest line of the doublet at 1908.73. The in- 

tensity ratio of the two lines indicates a decrease 
of the electron density to about 5 x IO6 ~ m - ~ .  

The N V resonance doublet, which was never 
observed before either in emission or in absorp- 
tion, and C IV, and Si IV, which were previouly 
present in absorption, are now in emission. The 
strong multiplet 34 of Fe 111 is present in emis- 
sion. Fe 11, which before January 1985 was one of 
the principal components of the absorption line 
spectrum in the far UV, starting with January 
1985, changed completely to emission. 

VI.D.4. INFRARED, RADIO AND X-RAY 
OBSERVATIONS 

IR (1-20 pm) observations during the out- 
burst have been made by Ipatov et al. (1984). 
The near-IR low-resolution spectrum of CH 
Cygni observed at different epochs in 
quiescence and in outburst remained nearly 
unchanged for Wavelengths longer than 7000 A 
and is very similar to that of the M giants Alpha 
Her and g Her. 

The light curve from 1978 to mid-1983 in J 
(1.25 pm) and in H (1.6 pm) shows long-term 
variability never exceeding 0.4 mag. 

The 1R energy distribution observed in 1982 is 
compared with the standard energy distribution 
of an M6 I11 star. An IR excess is present long- 
ward of 3.5 pm up to a factor of 10 at 20 pm. 

The Infrared astronomical satellite (IRAS), 
which operated for 10 months in 1983, has ob- 
served CH Cygni (Kenyon et al., 1988), which 
allows us to extend its energy distribution curve 
in 1982 to 100 pm. The flux at 12 and 25 pm 
agrees well with the ground-based observations 
by Ipatov et ai. at 10 and 20pm. The infrared ex- 
cess in the IRAS range remains of the order of 10 
with respect to the standard M6 111 energy distri- 
bution (Figure 13-32). IR spectra (1.5-2.5 pm 
covering the time interval February 1979 to the 
end of 1984 have been made by Hinkle et al. 
(1985). The spectrum is that of a typical M giant, 
with the exception of very weak Brackett gamma 
emission. The velocities have been measured 
from the CO bands. It varies with a time scale of 
several hundred days but does not have a single 
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Figure 13-30. Far UV low-resoliition spectra of CH Cyg taken on Januuiy 23, 1985 (top), and on January 2.0, 
1984 (bottoni). 

periodicity, according to these authors. They 
found a median velocity of -63.5 km/s with an 
amplitude of 9 km/s, close to the values obtained 
from the visual region. 

fects the optical and UV region. Observations in 
the radio range give more exciting results. 

Taylor and Seaquist (1985) were monitoring 
several symbiotic stars. During the period April 
1984 and May 1985, they discovered that CH Cyg 
underwent a strong radio outburst coincident 

Hence, the IR observations do not show any 
clear evidence of the outburst that so strongly af- 
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with the appearance of a multicomponent jet, 
expanding at a rate of 1.1 arc - s/yr (Taylor et 
al., 1986; also see Figure 11-27). The onset of 
the radio outburst coincided with the observed 
drop in visual light in July 1984. The radio light 
curve at 2-cm wavelength indicated a flux in- 
crease by a factor of about 50 from April 1984 
to May 1985. The flux increased with increas- 
ing frequency, indicating a thermal origin. The 
expansional velocity was of the order of 2500 
km/s, of the same order as the values given by 
the full widths of Lya and the Balmer lines at 
about the same epochs: 3950 km/s for Ly alpha 
(Selvelli and Hack, 1985), 1200 km/s for H 
alpha and 1100 for H beta (Hack et al. 1986). 

The radio jet from CH Cyg is an unusual and 
complex event. The only other symbiotic star 
known to show a jet-like feature is R Aqr: it was 
observed both at optical and radio wavelengths. 
Also in the case of CH Cyg, there is evidence of 
the presence of a jet emitting in the optical and- 
possibly- in the UV. Solf (1987) obtained high- 
resolution spectra of CH Cyg on September 1986. 
His data reveal a very compact nebulosity located 
about 1" northwest of the star and emitting in the 
light of [0 I111 at 5007 A, Le., in the same direc- 
tion as the radio jet. An attempt to observe it in the 
UV with the IUE satellite was macle by Selvelli et 
al. (1987, IAU Circ. 4491) in November 1987, 
when the 20" slit was oriented in the same direc- 
tion of the jet. By placing the star at one end of the 
slit, a stellar spectrum with P Cyg features was 
observed at one side, while at the other (at about 
19 arcsec from the star), few emission features 
were observed (Si111 1892, NIII 1750, 0111 
1663). An attempt to observe the jet again in May 
1988, when the slit had the same orientation, gave 
negative results. 

Attempts to detect X-ray emission from CH 
Cygni were made with the X-ray satellite EIN- 
STEIN with negative results. The european satel- 
lite EXOSAT observed again CH Cygni on May 
24, 1985 (Leahy and Taylor, 1987), and at this 
time soft-X-ray flux was detected of 1.3x10-" erg 
cm-* s-I. 

Actually, there is some suspicion that CH 
Cygni is the optical counterpart of a hard X-ray 

source H1926+503, Int.= 1.22 count/s. In fact, it 
falls near the center of the error box of a hard-X- 
ray source measured by the satellite HEAO 
A-2 on November 1977 at 2-6 keV (about 3 A) 
(Marshall et al., 1979). The doubt with this 
identification is that the other symbiotic stars 
that have been detected in the X-ray range are 
soft-X-ray emitters; none is known to emit in 
the hard-X-ray range. 

V1.E. TOWARD A MODEL FOR CH CYG 

The long and homogeneous series of spec- 
troscopic observations made from 1965 to 1986 
at the Haute Provence Observatory by Hack 
and collaborators, together with those made by 
Deutsch et al. (1974) since 1961, suggest that the 
radial velocity variations in the photospheric 
lines of the M6 I11 star are due to orbital motion on 
which are superposed some erratic variations 
commonly observed in giants and supergiants. 
The presence of a companion seems to be proved 
by the behavior of the permitted and forbidden 
emissions, showing radial velocity varying in an- 
tiphase with that of the M6 photospheric lines. 
The evidence for the presence of this companion 
is reinforced by the minimum in the U magnitude 
and in the UV flux observed in 1969 and in 1985, 
suggesting the occurrence of an eclipse of the 
companion by the cool star. Moreover, the detec- 
tion of a slight increase of the flux toward 
wavelengths shorter than 1300 A observed in 
1988 suggest that the accretion disk has be- 
come very thin, and we can observe the con- 
tinuous spectrum of a faint hot companion. 

A period of 16 years is not in disagreement 
with the values indicated by the radial velocity 
curve. However, the large scatter of the radial ve- 
locity data do not permit one to derive reliable 
parameters for the orbit, but just to estimate a 
mass ratio of about unity. 

The observed flickering, with time scales of a 
few minutes, is a typical phenomenon observed in 
dwarf novae and quiescent novae and believed to 
arise in the hot spot where the mass flux from the 
cool star impinges on the accretion disk. The 
presence of flickering in CH Cyg and its higher 
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amplitude in the U magnitude are additional 
proofs that CH Cyg is a binary system and that the 
flickering occurs in the hot component of the 
system. 

The ultraviolet continuum may be ex- 
plained as superposition of a stellar continuum 
with T eff ranging between 8500 K (at maxi- 
mum UV brightness) and 15, 000 K (at the end 
of the outburst) and b-f +f-f hydrogen emission 
(Mikolajewska et al., 1987; 1988). 

However the indication obtained in 1988 of the 
presence of a Rayleigh-Jeans tail at LA1 200- 1300 
suggest the presence of a hotter object. 

Assuming as reasonable values for the masses 
m(M6) = m(comp.) = 1 solar mass, and P = 15.7 
yrs, the resulting distance of the two stars is of the 
order of 7.8 A.U. or 1.2 x lOI4 cm, i.e., about 10 
times the radius of the red giant. Hence, the sys- 
tem is detached, and if what we observe during 
the outburst is theppectrum of an accretion disk, 
it must be formed by accumulation of matter from 
the red giant wind. During the rising part of the 
outburst the disk becomes thicker and more ex- 
tended as indicated: a) by the increasing intensity 
of the blue and UV continuum; b) by the appear- 
ance of absorption lines of once-ionized metals, 
and also of multi-ionized atoms (e.g., C IV, Si 
IV); c) by the increasing width of the Balmer 
lines. At the end of the outburst, the disk becomes 
less dense, as indicated by the ratio of forbidden 
to permitted lines of Fe 11, the appearance of C 
1111 1906 and of [0 1111 4959 and 5007, and by the 
diminution or disappearance of the UV-blue con- 
tinuum. An indication of the decrease in density is 
also given by the transition of UV absorption- 
dominated spectrum (because the UV continuum 
is strong, the disk is optically thick in the UV ) to 
an emission-dominated UV spectrum (because 
the disk become optically thin in the continuum). 
The appearance of Ly Alpha emission in January 
85 probably has the same origin. The Ly Alpha 
absorption was not observable at earlier dates, 
probably because the continuum is very low at 
1215 A on account of the low sensitivity of IUE at 
that wavelength and because of interstellar ab- 
sorption. 

The large widths of the Ly Alpha (about 4000 
km/s), H alpha (about 1200 km/s) and H beta 
(about 1100 km/s) at the beginning of 1985 sug- 
gest that the disk becomes larger by expanding, 
and this has the effect of increasing the RV gra- 
dient in the disk and, hence, the broadening of 
the strong lines, and of decreasing the density. 
The EXOSAT detection of X-ray emission, 
while previous observations with EINSTEIN 
gave negative results, may indicate that the 
vanishing of the outer parts of the disk makes it 
possible to observe the inner hotter parts and, in 
1988, also the Rayleigh-Jeans tail of the com- 
panion. 

The duration of an outburst and the intervals 
between two consecutive outbursts may have 
very different lengths depending on the ellip- 
ticity of the orbit. If the critical mass for outburst 
in the disk is reached in the vicinity of periastron, 
the activity may be longer than if it is reached near 
apoastron, because of a larger accretion of matter 
through the stellar wind. The intervals between 
the two outbursts may be shorter if, at the end of 
one outburst, the star is near the periastron and 
may more rapidly replenish the disk or longer if, 
at the end of one outburst, the star is at the apoas- 
tron. 

Although the orbital parameters derived by 
Yamashita and Maehara (1979) are very uncer- 
tain because of the scatter of the observed radial 
velocities, we have computed the phases of the 
epochs of the three observed outbursts. The out- 
burst of 1963 occurred at phase 0.7 (counted from 
the epoch of periastron), and the outburst of 1967- 
70 started at phase 0.94. The 1977 outburst oc- 
curred at phase 0.58; it was near to the end in 
January 1985, at phase 0.05. Hence, the shorter 
time interval between the first and the second out- 
bursts (4 years) and the longer interval between 
the end of the second and the beginning of the 
third outburst (7 years) may be justified by the 
above hypothesis. However, it is not easy to jus- 
tify the strength and length of the third outburst, 
started when the companion was near to the 
apoastron. 

To have a better explanation for the origin of 
the outburst, we need much longer series of radial 
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velocities for computing more reliable orbital 
data, and, hopefully, new outburst observa- 
tions. 

The model adopted by Warner (1972) to ex- 
plain the luminosity of Mira Ceti B as due to ac- 
cretion from the wind of Mira Ceti A can be ap- 
plied to CH Cyg. Assuming m, = m, = 1 solar 
masses, P = 15.74 yrs, the semiaxis a of the 
orbit is equal to 7.75 A.U. or 1.16 10'' cm. For 
m,= 1 and m, = 0.25 (as suggested by Mikolaj- 
ewski et al., 1987), a = 6.6 A.U. 

The mass lost by the primary is given by dm/dt 
= 4 7ca2 p Voul where Vout is the expansional ve- 
locity observed during the outburst. For an ob- 
served particle density of lo6 (as indicated by 
the forbidden emissions appearing at the end of 
the outburst) or of lo9 (as indicated by the for- 
bidden and permitted emissions of Fe I1 at 
maximum outburst) and for VoUt = 50 km/s, it 
follows 1.5 me /yr < dm/dt < 2.4 me / 
Y'. 

The radio structure observed by Taylor et al. 
( 1986) from April 84 to January 85 indicates dm/ 
dt = 7 m, /yr. The luminosity, due to accre- 
tion only, of the object which is gaining mass, 
is given by 

L= G'm: dm/dt, 13.3 
2(V:, + y)3n Vou, nZaZ 

where V,,, is the velocity of the companion mov- 
ing at orbital velocity, relative to the wind of the 
companion, Vs is the sound velocity in the out- 
flowing envelope, VF = lkm/s, m, is the mass, and 
r2 the radius of the companion. 

For m2 = 1, r2 = 0.1 (both in solar units), Vorb = 
8km/s, V,,, = Voul and dm/dt = m e/yr, it fol- 
lows L = 9.6 10" erg/s. For m, = 0.25, Verb =32 
km/s, Vre, = 59 km/s, assuming r, = 0.01, it fol- 
lows L = 1.75 erg/s. 

Now, assuming that the flux due to the M6 
giant is completely negligible below 1600 A, we 
observe that the flux at the Earth of the compan- 
ion in the period of maximum activity in the inter- 
val of maximum emission, 1200-1600 A, is F = 
4 erg cm-, s-I. Hence, the luminosity L, as- 
suming for the distance of CH Cyg about 250 or 
300 parsecs, results equal to about lo3' e@. 
Hence, a mass loss of m a  /yr, as indicated 
by the optical and radio observations, is suffi- 
cient to explain the observed luminosity of the 
companion of mass about 1 solar mass and 
radius about 1/10 the solar radius. 
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M .  Friedjung and R. Viotti 

At the end of these Chapters I I ,  12, and 13, 
where the different observational and theoreti- 
cal aspects of the symbiotic stars have been dis- 
cussed, with special attention to a few well- 
studied objects, it is now necessary to clarify to 
the reader the present status of our research, 
and to find out the lines for future work on the 
field. In the following, we shall summarize the 
main points concerning the symbiotic phe- 
nomenon. 

I. SYMBIOTIC STARS AS INTERACTIVE 
BINARIES 

There is now strong evidence that most, if not 
all, symbiotic stars are interactive binary systems. 
Indeed, this conclusion is so much believed by 
specialists, that if a star previously classified as 
symbiotic had been found not to be binary it 
would then have been classified as something 
else! One component is thought to accrete from 
the other. One, the mass loser, is supposed to be a 
cool giant, while the mass gainer should be a 
main sequence star or a white dwarf or possibly a 
neutron star. Accretion is supposed to occur ei- 
ther from Roche lobe overflow via a disk, or 
from the wind of the cool component. When the 
accretor is a white dwarf, the accreted hydro- 
gen can be burned almost continuously or in 
shell flashes. However, even accepting this 
basic picture, many “details” are not under- 
stood, while it has to be related to the behavior 
of particular symbiotic stars. 

In the case of S-type symbiotic systems, the 
evidence for binarity has grown. The orbital peri- 
ods seem to be of the order of several hundred 
days. In some cases (e.g., CI Cyg and AR Pav), 

observations can be interpreted if there is a main 
sequence accretor surrounded by a disk. How- 
ever, such a situation does not explain what is 
seen for many (probably most) S-type symbiot- 
ics. For these, wind accretion on to a white dwarf 
appears more probable. In the latter cases a high 
mass-loss rate from the cool giant might be sug- 
gested; actually, Kenyon and Fernandez-Castro 
(1987), Kenyon et al. (1988), and Kenyon (1988) 
found evidence of enhanced mass-loss rates com- 
pared with those of normal cool giants of the same 
types. The last conclusion is clearly dependent on 
the accuracy of the spectral classification, and 
especially on mass-loss rates determined from 
continuum radio emission and masses of dust 
present. Indeed, the accuracy of mass-loss rates is 
not so good; radio emission, in particular, needs 
to be modeled taking into account ionization of 
the cool-giant wind by radiation from the hot 
component (see Chapter 12). It can be noted that 
the mass-loss rate for the D-type symbiotic H1-36 
found from the model of Taylor and Seaquist 
(1984), which is obtained by assuming the same 
wind velocity as those authors give, but with the 
distance from Kenyon et al. (1988), is two to eight 
times larger than that derived by Kenyon et al. if 
one assumes spherical symmetry. 

For the D-type symbiotics such as RR Tel and 
V1016 Cyg, it has not been possible to derive an 
orbital period, although there are many reasons to 
state that they also are binary (e.g., from energy 
balance considerations). Their periods are often 
believed to be much larger than those of S-type 
systems (10’ to lo3 years), thus implying larger 
separations and less interaction phenomena un- 
less the components are more “active.” In fact, 
the cool giant in such systems appears to be a 
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Mira variable, having a larger mass-loss rate 
than that of other cool giants. It appears that it 
is the presence of a Mira which explains the 
different properties of such systems, and it now 
seems best to call them symbiotic Miras 
(Whitelock, 1988). Their large mass-loss rate 
is considered to be associated with the conden- 
sation of a large amount of dust. Indeed, the 
infrared properties of symbiotic Miras might be 
understood by supposing a much larger extinc- 
tion of the light of the Mira than that of its 
companion, as the result of the presence of a 
massive circumstellar dust envelope (Kenyon 
et al., 1988). 

When speaking of interaction in symbiotic bi- 
naries, we need to consider quite a number of dif- 
ferent processes. These include ( 1 )  mass ex- 
change following mass loss from one component 
leading to transfer and accretion by the compan- 
ion, perhaps modulated by varying stellar separa- 
tion during an orbital period; (2) possible nuclear 
burning of hydrogen accreted by a white dwarf; 
( 3 )  interaction of radiation of one component 
with the environment of the other; (4) collision 
between the winds from each component, etc. 
The interaction of radiation of one component 
with the environment of the other can take many 
forms, including heating of a disk and/or of a 
companion’s atmosphere, ionization of the wind 
and upper atmosphere of the cool component (this 
can well vary with time), heating and possible 
destruction of grains, and acceleration of the cool 
star’s wind by radiation pressure in the lines, etc. 
Up to now, studies have concentrated on one 
process at a time, so that a proper global picture 
of interaction still does not exist. 

11. NATURE OF THE COMPONENTS OF 
THE SYMBIOTIC SYSTEMS 

To make consistent models of the phenom- 
ena here studied, we especially need to know 
the nature of the components. It is now clear 
that the cool component very much resembles a 
normal cool giant or bright giant, for S-type 
symbiotics, and a Mira for D-type symbiotics. 
Here by “normal” we mean that the cool com- 
ponent appears very much to resemble the 
corresponding type of single star. This result 

needs to be checked in much more detail in the 
future. The claim of an increased mass-loss rate 
for the cool components of S-type symbiotics 
should be verified using proper binary star 
modeling for infrared dust and radio emission. 
The atmospheric structure needs to be studied 
using high resolution infrared spectra (e.g., 
from Fourier Transform Spectroscopy), which 
can also be used to measure stellar surface 
gravity, turbulence, and rotation velocity. 

It appears, however, that binarity is the main 
cause of the properties of symbiotic stars; it now 
is very likely that they can be ascribed to the pe- 
culiar properties of the cool component. Indeed, 
the normality of this component is largely used to 
derive the distances of symbiotic systems. These 
distances need to be refined, but almost certainly 
will not be substantially changed in the future. 

The exact nature of the hot conipotietit is still 
more open and controversial. In some cases, it 
appears to be like a hot subdwarf, and can be 
understood as being an expanded white dwarf 
undergoing shell burning. Then it often is similar 
to the nucleus of a planetary nebula, and tempera- 
ture and radius estimates are derived as for the 
latter from the ultraviolet energy distribution and 
emission line fluxes. The temperature can be so 
high that the observed ultraviolet continuum is 
quite insensitive to its exact value. The properties 
of certain hot components during outbursts (e.g., 
CH Cyg and PU Vul) somewhat resembling a 
supergiant of intermediate temperature, might 
then be explained by expansion of the outer lay- 
ers of the white dwarf to supergiant dimensions, 
following a shell flash. However, in this case, 
the luminosity would have to be - 59250 
(Mcore/M, -0.522) L, (Kenyon, 1986). Ac- 
cording to Mikolajewska et al. (1988), CH Cyg 
did not have a maximum luminosity of more 
than lo3 L , . Therefore, in order for this expla- 
nation to work for CH Cyg, the white dwarf 
core mass would have to be quite low, of the 
order of 0.54 M , . 

The hot component can sometimes be under- 
stood as an accretion disk plus boundary layer 
around a main sequence star. Such a disk may be 
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formed from Roche lobe overflow and sometimes 
from wind accretion, but in the latter case, a disk 
does not seem easy to be formed. In any case, the 
detailed interpretation of the hot component as a 
disk still involves a number of uncertainties be- 
cause of the gaps in the present theory of disks. 
Studies assuming a disk to radiate as a sum of 
blackbodies or even as a sum of normal stellar 
atmospheres cannot lead to highly reliable re- 
sults. Other physical effects can also be present. 
Among these, one should mention heating of the 
disk by a central stellar component, which can be 
an expanded white dwarf undergoing shell burn- 
ing. The heated disk could reradiate as a result of 
the heating at a rate much larger than that due to 
gravitational dissipation in the disk. If the hot 
component is a disk, one can envisage an explana- 
tion of active phases of symbiotic stars, by 
mechanisms similar to those invoked for dwarf 
nova outbursts. In addition, it is not certain 
whether a disk, if formed, would always be pres- 
ent. For instance, it might temporarily appear dur- 
ing activity, if it were formed by accretion from 
the wind of the companion. The properties of the 
latter or the separation of the stellar components 
would have to change. 

The presence of a disk should lead to observa- 
tional consequences other than those exhibited if 
only an object similar to a hot star were present. 
Not only is the continuum energy distribution 
changed, but also the emisssion and absorption 
line profiles (or at least contributions to the pro- 
files), as well as all the variations in eclipse, can 
be expected to have characteristic properties. 
High-quality observations, combined with better 
theory, should help to eliminate these problems. 
In any case, the correct identification of the na- 
ture of the hot component for a particular system 
is important for deducing which processes domi- 
nate. In addition, such information is essential for 
understanding the system’s evolution. 

111. EMISSION LINES 

The picture just described obviously has a 
bearing on the formation of the emission lines. 
If formed by electron collisions or by cascade 
following recombination in an ionized region, 
one might, in the simplest situation, expect line 

formation near the hot component. In fact, the 
situation is more complex, as material does not 
appear to be distributed uniformly. The fairly 
narrow emission lines seen very often are most 
easily understood as formed in regions con- 
nected with the cool component (wind, outer 
atmosphere). Line narrowness implies forma- 
tion in a low-velocity region far from any 
compact accreting object. In addition, a study 
of inter-combination lines of Z And and RR Tel 
indicated line formation where radiation com- 
ing from the hot component at 1176 and 772 A 
(Altamore et al., 1981) was diluted. 

A similar kind of situation is believed to exist 
for zeta Aur binaries where a hot main sequence 
star appears to be immersed in the wind of a cool 
supergiant companion (Shroeder, 1988). The 
wind scatters photons from the hot main se- 
quence star in resonance lines according to suc- 
cessful models for such stars, and information on 
wind velocities and mass-loss rates can be ob- 
tained. Such stars provide lessons for the study of 
symbiotic systems. 

Symbiotic stars, however, are more complex. 
As discussed in Chapter 12, not only is the ge- 
ometry of regions of the cool star wind ionized by 
the hot component complex, but other physical 
processes determine line formation regions also. 
Evidence of a high-velocity wind from the hot 
component, in particular, can be seen for AG Peg, 
this producing the broad component of line pro- 
files. Collision between the two winds, when 
important, can also lead to another line forma- 
tion region, whose properties really have not 
been studied up to now. Emission-line forma- 
tion can occur near an accretion disk (plus per- 
haps a bright spot formed where a current from 
a companion losing mass by Roche lobe over- 
flow strikes the disk). It may be noted that such 
a disk might also produce a wind. The influ- 
ences of these and other effects on emission- 
line formation still need to be fully elucidated. 

IV. CHEMICAL COMPOSITION 

Some of the models discussed above imply 
that the matter in the symbiotic system should be 
processed. Abundances different from cosmic 

729 



values are also expected for the high-velocity ob- 
jects, such as AG Dra. Therefore, the determina- 
tion of the chemical composition of all the com- 
ponents of the symbiotic systems is a crucial pa- 
rameter. Obviously, nothing can be directly said 
about the hot component, since no truly photo- 
spheric lines are visible. The spectrum of the cool 
component can be studied with the classical 
curve-of-growth method, provided that high- 
resolution, high-S/N spectrograms are available, 
which is not the case for the large majority of 
symbiotic stars. In addition, in order to avoid 
errors introduced by the veiling of the variable 
blue continuum (see Chapter 11, Section 
IV.A), the analysis should be made on high- 
resolution spectrograms taken in the red, or 
even in the near-IR, which is not so easy at 
present. So far, the abundance analyses of the 
brightest objects are very few. From a curve- 
of-growth analysis of the optical spectrum of 
the symbiotic nova PU Vul, Belyakina et al. 
(1984) found some chemical anomalies, such 
as Ca and Fe deficiency, and excess of the other 
iron group elements and of some rare earths (cf. 
Gershberg and Shakhovskoj, 1988). Lutz et al. 
(1987) found that in AG Dra, the BaII and SrII 
lines are probably enhanced. Unfortunately, 
these authors were unable to perform a detailed 
abundance analysis for lack of a good calibra- 
tion of their echelle spectra. 

Concerning the “nebular” emission-line 
spectrum, the abundance determinations are 
strongly model-dependent. Several estimates 
have been made based on the optical and UV 
line fluxes. The results of CNO abundance de- 
terminations from ZUE are summarized by 
Nussbaumer et al. (1988), who used the emis- 
sion-line fluxes of CIII, CIV, NIII, NIV and 
0111, supposed to be foimed in a common re- 
gion. They also supposed the ionizing hot 
source to have an effective temperature equal 
to or larger than 105K, and the nebular re- 
gions to be uniform with an electron tempera- 
ture of 12,000 K and an electron density of 
~ m - ~ .  Line emissivities were found to be insen- 
sitive to the assumed electron temperature, as 
well as to the assumed electron density, at least 
for Ne below ~ m - ~ .  Nussbaumer et al. found 
that in symbiotic stars the abundance ratios are 

close to those for M giants, suggesting that the 
line-emitting material come originally from 
the cool-giant companion. The latter would 
have its abundances somewhat modified by 
CNO cycling. The only symbiotic system that 
shows clear signs of deviation is HM Sge, for 
which C/N/O ratios were found to be similar to 
that of novae. It would be important to extend 
these results to other ions, and to check to what 
extent the abundance estimates are dependent 
on the assumptions and on the adopted model. 
Future work on both (and simultaneously) the 
emission-and absorption-line spectra using 
high quality material are urgently required to 
make any progress in this field. 

V. VARIABILITY 

The variability of symbiotic stars is a funda- 
mental property of these objects. It is the result of 
many mechanisms, which in many cases are far 
from being well-understood. Various time scales 
are involved, and we mention here (nearly in 
order of increasing time scale): 

- Theflickering of CH Cyg with time scales of 
5 and 15-20 min seen during activity, which 
might be physically related to the flickering seen 
for cataclysmic variables. 

- Variations during the orbital cycle, which 
may not be only geometrical (eclipses, reflection 
effects, etc.), but also physical, associated with a 
varying separation of the stellar components. In 
the latter case, the orbit must be eccentric. It 
should be noted that accretion variations due to 
varying separation cannot have much effect on 
the brightnesses of AG Dra, AX Per and AG Peg; 
otherwise, the determination of orbital ele- 
ments from the reflection effect as discussed by 
Leibowitz and Formiggini (1988) would not 
work. 

- When the cool companion is a Mira, vari- 
ations occur over its pulsational period, which 
are of the same order as the orbital period, if it 
is an S-type system. Accretion and dust con- 
densation might sometimes be modulated. 

- Active phases can occur over time-scales of 
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decades. Within each, oscillations of activity can 
occur. Some, but probably not all, of the active 
phases, might be explainable by accretion events. 
The active phases of other symbiotics (e.g., AG 
Dra) may be hard to understand without invoking 
shell burning of a white dwarf. 

- D-type symbiotics can have faint phases last- 
ing one to several years. These are possibly due 
to dust obscuration, and/or to phenomena associ- 
ated with the periastron passage. 

- Only one outburst has been observed for 
each symbiotic nova. Such events have been ex- 
plained by shell flashes of white dwarfs. 

However, the explanations invoked for differ- 
ent events are not to be believed dogmatically. 
Certain dividing lines between different classes 
of event may turn out to be artificial. 

VI. NEBULAE 

Small nebulae have been discovered around 
many symbiotics, especially at radio wave- 
lengths. Image deviations from circular (there- 
fore from spherical) symmetry are observed, 
with indications of the presence of bipolar 
flows and jets (Taylor, 1988; Solf, 1988). 
According to Taylor, one should distinguish 

between ejecta and stellar winds. The former 
are clumpy and associated with a known out- 
burst of the system, while the latter are smooth 
and featureless with an angular size that in- 
creases with frequency. It is the ejecta follow- 
ing outbursts that show bipolar flow (or jet- 
like) structures. 

The physics behind the origin of nebular 
structure is not really known. For wind-pro- 
duced nebulae, the ionization of the cool com- 
ponent’s wind by the hot component and colli- 
sion between winds from both components may 
play major roles. A system seen in the plane of 
its orbit could show apparently linear structure 
in certain cases because of these mechanisms. 
However, such an explanation is not expected 
to be generally true. Bipolar flows and jets are 
common in other astrophysical situations such 
as radio galaxies, active galactic nuclei, yoiing 
stellar objects, etc. Their existence may be 
linked to the existence of disks, but it would be 
dangerous to extrapolate this type of “explana- 
tion” to symbiotic systems, and to conclude 
that disks are very often present. Conversely, 
the study of bipolar nebulae and ejecta in 
symbiotic systems might be useful to understand 
their nature. A large progress in this field is ex- 
pected from the new astronomical technologies 
for imagery and polarimetry, and from HST. 
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In this book we reviewed the observa- 
tions of dwarf novae, nova-like stars, novae, 
recurrent novae and symbiotic stars, and the 
current state of their interpretation. We tried to 
demonstrate the immense variety and variabil- 
ity of phenomena found in these objects. 

As is probably true in all other fields of sci- 
ence, we are facing a dilemma. On one hand the 
availability of new observational material- from 
satellite telescopes as well as from ever more ad- 
vanced and sophisticated ground-based devices - 
is opening our eyes to ever new phenomena in 
cataclysmic variables which help clarifying some 
questions. On the other hand, however, unex- 
pected new questions and problems arise. The 
general picture becomes clearer; for instance 
there is little doubt left that in principle the Ro- 
che model is rather well suited for explaining 
the basic physics of cataclysmic variables 
(with the possible exception of symbiotic 
stars), but curious assumptions and concepts 
flourish if details of individual observations 
are to be explained. And, not surprisingly, 
conceptual understanding has evolved much 
further than our ability to carry out detailed, 
meaningful computations. 

Let us consider dwarf novae and nova-like 
stars. A few intriguing statistical differences 
between the different sub-classes of these sys- 
tems seem to exist, with respect to the distribu- 
tion of orbital periods and the masses of the 
stellar components. Furthermore, judging from 
their spectroscopic and photometric appear- 
ance, nova-like stars belonging to the sub-class 
of UX Ursae Majoris stars, anti-dwarf novae 
and dwarf novae appear to be basically the 
same kind of objects. In most respects also the 
DQ Herculis stars are very similar to them. 
They are suspected, however, to possess a 
moderately strong magnetic white dwarf. And 
finally, the appearance and behavior of AM 
Herculis stars can be understood, if it is as- 
sumed that they also are basically the same 
kind of objects, but that their white dwarfs 
possess a very strong magnetic field. AM Ca- 
num Venaticorum stars, on the other hand, 
represent a different kind of system. The com- 
plete absence of hydrogen lines from their 

spectra, in conjunction with the extremely 
short orbital periods, suggest that these systems 
consist of two white dwarfs and, therefore, that 
their evolutionary history must be different 
than that of the other systems which are be- 
lieved to consist of a white dwarf and a red 
dwarf. 

Although nova-like stars are commonly be- 
lieved to be dwarf novae in a permanent state of 
outburst, statistical differences in the photom- 
etric and spectroscopic appearance of members 
of both classes suggest that the physical differ- 
ences between them might lie beyond mere 
outburst behavior. 

In spite of the very large number of observa- 
tions of dwarf novae, the very start of rise to an 
outburst, due to the unpredictability of the 
event, has so far escaped detailed observations. 
However, this particular phase in the activity 
cycle of dwarf novae is very likely to contain 
valuable clues to the structure and dynamics of 
the accretion discs. Thus, what is called for in 
order to help the situation is continuing moni- 
toring of a few selected objects, both photom- 
etrically and spectroscopically, in as large a 
spectral range and over as long a time interval 
as possible. 

In both dwarf novae and nova-like systems 
the companion stars are cool main-sequence 
stars which in all probability undergo solar- 
type activity cycles. These activities, in turn, 
are likely to influence the brightness variabil- 
ity of cataclysmic variables. Moreover, accord- 
ing to theoretical considerations, the secondary 
stars are forced to co-rotate with the binary 
orbit at a considerably higher velocity than 
normal for stars of this spectral type. It is not 
known yet what effect this has on the star, nor 
is it known what effect it must have for it to be 
confined to the non-spherical shape of the 
Roche lobe. All these problems should be taken 
into account by a new generation of theoretical 
models. 

A weak point in the computation of models is 
also the structure of the accretion discs. So far 
only very simplified models have been consid- 
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ered. Two-dimensional hydrodynamics compu- 
tations depend strongly on the assumptions about 
the viscosity. Moreover, the vertical stratifica- 
tion has been included in the computations only in 
a rather crude way, yielding correspondingly 
vague results. A further complication is presented 
by the hot spot. The geometrical structure and the 
position of it in the disc, which are a theoretical 
rather than a controversial issue, are bound to in- 
fluence the structure and dynamics of the disc. 
Similarly, spectrum computations, too, severely 
suffer from the poorly known physical structure 
of the accretion discs. 

Classical and recurrent novae, both in quies- 
cence and in outburst, present plenty of open 
problems. We summarize here some of them, and 
will try to indicate which course to pursue for 
tackling them. 

One main question is: are dwarf novae, 
nova-like stars and old novae the same class of 
objects, just seen in different stages of activity? 
Actually the only known statistical difference 
among these three groups, besides the outburst 
activity, is their absolute magnitude: the mag- 
nitudes at minimum of old classical novae 
cluster around +4.5, those of quiescent dwarf 
novae around +7, and the nova-like stars have 
magnitudes clustering around +5. This differ- 
ence might be due to a weakening of the accre- 
tion disc in very old novae. Furthermore, there 
is some indication that very old novae, like CK 
Vul, are several magnitudes fainter than old 
novae just a few decades after the outburst. 
Also two of them, CK Vul, and WY Sge, are 
reminiscent in their photometric behavior of 
dwarf novae. Both these observations can be 
taken as a sugestion that dwarf novae merely 
are very old novae. It is not clear, however, 
where the apparently closely related nova-like 
variables fit into this picture. 

Actually we observe 50 novae per year in M 
31. In 15 billion years there should occur 
7.5~10" novae. Hence we have two possibilities. 
Either practically all stars in M 3 1 will become or 
have been novae, or each nova must suffer f out- 
bursts (withfthe ratio of the total number of stars 
in M 3 1 to the number of nova systems). Since we 

observe that only 1/1000 binary systems are 
formed of a close white dwarf plus a red dwarf, 
able to produce a nova outburst, the second possi- 
bility is the only one which can be accepted. The 
hibernation theory follows, according to which 
each nova will erupt thousand of times and stay in 
a low state for centuries between one outburst and 
the following one. Although many details are not 
completely explained, the hibernation theory 
gives a unifying picture of dwarfnovae, nova-like 
stars and novae, explaining the change from one 
class of cataclysmic variables to another with the 
change of mass transfer over the millennia. 

Another question is why novae are so similar 
to each other at minimum, and so different from 
each other in outburst? Actually it is difficult to 
say if an old nova behaved as a fast nova or a slow 
nova, just looking at its characteristics in quies- 
cence. 

Fundamental parameters like the masses of 
the two components, or even as basic as the 
orbital periods, of a cataclysmic variable sys- 
tem are badly known. There is a need for simul- 
taneous as well as long-term observations of 
light curves and radial velocity curves, so far 
available for just a few individuals. 

Still, careful analysis of observations indicates 
that the problem of deriving system parameters is 
not as straightforward as one might naively as- 
sume. Besides the technical problems of suitable 
data analysis, such as properly taking into ac- 
count irradiation effects in the system, some dif- 
ficulties seem to be even more basic, reflecting 
that the underlying physics probably is not quite 
as simple as would be desirable. For instance, in 
some systems the photometric periods seem to be 
variable on unreasonably short time-scales. In 
other systems the spectroscopic and photometric 
periods are different from each other. 

It is very important to get better determina- 
tions of the chemical composition of the ejecta of 
novae, both for obtaining information on the 
phenomena occurring at the surface of the hot de- 
generate star when it accretes matter from the 
boundary layer of the accretion disc, and also for 
obtaining information on the characteristics of 
the white dwarf itself. 
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The impact of ultraviolet observations on our 
knowledge of cataclysmic variables has been 
very important. Not only because it has given us 
the possibility to obtain abundance determina- 
tions from ions not observable in the optical 
range, but also for having given us proofs of the 
reality of the existence of accretion discs from the 
shape of the continua, which are generally fitted 
by a power law. Only in few cases can a Rayleigh- 
Jeans tail, imputable to the hot member, be de- 
tected. The importance of extending the observa- 
tions to shorter wavelengths than those accessible 
to IUE is clear. However the hope of detecting the 
spectrum of the hot companion at shorter wave- 
lengths than those accessible with IUE will not 
necessarily be satisfied. In fact the few data from 
Voyager actually indicate that the same power 
law explaining the IUE range is not valid for the 
shorter wavelengths, but neither is it explicable 
by a hot black body emission. The spectrum in- 
stead is generally very flat. 

Few nova outbursts have been observed in the 
near infrared. From these data it seems that a dif- 
ferent behavior characterizes the fast novae (no 
appreciable formation of a dust shell), the inter- 
mediate novae (formation of an optically thin 
dust shell) and the slow novae (formation of a 
thick dust shell, although the few data for two 
very slow novae indicate absence of a dust shell). 
It is not yet clear how general these relations are. 
A larger sample is certainly needed, in order to 
firmly support the notion that these behaviors re- 
ally are correlated to the speed class of a nova. 
The mechanism of dust formation is not clear ei- 
ther. Dust may be preexisting to the outburst or it 
may form in the envelope when it cools off. 

The foremost problem with recurrent novae is 
one of classification, thus one of what one imag- 
ines their basic structure to be. 

It is not obvious that they can be addressed as 
a reasonably homogeneous class at all. Only five 
individuals (*) are known which can be divided 
into at least three sub-classes: T Pyx and U Sco 
are similar to classical novae, V 1017 Sgr has a 
behavior more reminiscent of that of symbiotic 

stars, and finally, T CrB and RS Oph have a red 
giant in their system (rather than a red dwarf as 
the other cataclysmic variables). T Pyx, unlike 
other recurrent novae, presents a very steep rise of 
the ultraviolet flux toward the shortest wave- 
lengths accessible to IUE. 

Also, the distinction between novae and sym- 
biotic stars is not as neat as one would like it to be. 
Symbiotic stars are known, like V 1016 Cyg and 
V 1329 Cyg, which behave much like classical 
novae. On the other hand RT Ser and RR Tel, both 
commonly classified as old novae, behave 
much like symbiotic stars. 

Since the basic structures of novae and sym- 
biotic stars might be rather different from each 
other, but since recurrent novae bear character- 
istics of both, their investigation might yield 
valuable clues to the nature of both, old novae 
and symbiotic stars. 

Because of the length of the orbital periods 
of those symbiotics that have been ascertained 
to be binary systems, the interaction between 
the cool giant and its companion must occur, in 
the majority of cases, by accretion through 
winds rather than by overflow of the Roche 
lobe. It is possible that many characteristics of 
the outbursts are affected by the properties of 
the orbits, by their eccentricity, etc. It should 
be, therefore, necessary to obtain better deter- 
minations of the radial velocity curve, over 
long periods of time, covering more than one 
orbital period. In fact one main difficulty in 
obtaining reliable radial velocity curves is that 
the amplitudes are generally small and compa- 
rable with the irregular fluctuations often pres- 
ent in the atmospheres of cool giants and super- 
giants. 

The problems of line blending of the wide 
Doppler broadened lines mean that outburst spec- 
tra in different spectral regions must be studied 
using spectral synthesis. The use of spectral syn- 
thesis requires the finding of parameters which 
are sensitive to unknown quantities connected 

(*) A sixth recurrent nova has been recently discovered: 
V394 CrA 1949 which had a second outburst in 1987. It 
behaves similarly to T Pyx and U Sco. (Liller, 1987) 
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with the model, abundances, etc. A vague re- 
semblance of the results of a calculation to 
what is observed is not sufficient. 

Besides better observations we certainly need 
better and more realistic models. 

Parameters which affect the absolute magni- 
tudes at maximum, the shape of the outburst light 
curve, and the ejection velocities, etc. can be the 
mass and chemical composition of the white 
dwarf, the mass of the accreted material and the 
accretion rate, the degree of mixing of white 
dwarf material into accreted hydrogen-rich shell 
material, the orbital elements and the inclination 
of the orbit, and the presence and strength of mag- 
netic fields, etc. Unfortunately the majority of 
these data are only poorly known or altogether 
unknown. Through extensive comparison be- 
tween theoretical models and observations it 
should be possible to get a better handle on physi- 
cally reasonable parameter ranges for more so- 
phisticated models. Such new models then clearly 
should take into account non-LTE effects, cir- 
cumstellar absorption and dust, and the hydrody- 
namics and thermodynamics of shocks, etc., be- 
fore spectral synthesis is attempted. 

As long as such a theory is not available or not 
usable, semi-empirical methods of analysis need 
to be further developed, among these the self-ab- 
sorption curve method by Friedjung and Murato- 
rio (1987) for studying spectra of ions where there 
are very many lines, such as Fe 11, should be 
mentioned. In such methods the fit is made to as- 
sumed physical situations which, because of 
physical uncertainties involved, have more free 
parameters than a self-consistent theory. 

Simultaneous or nearly simultaneous multi- 
frequency observations are required for compari- 
son with spectral synthesis leading to determina- 
tion of the total bolometric luminosity, the mass- 
loss rate and velocity distribution of the continu- 
ously ejected wind, and the disc structure, etc. 

Novae often go through post-maximum oscil- 
lations; and to understand their nature, multi- 
frequency observations closely spaced in time 
are needed. 

Observations of high spatial resolution in vari- 
ous spectral bands can give more information 
about the geometry of the ejected envelope, in- 
cluding deviations from spherical symmetry. It 
will be particularly interesting to resolve the en- 
velope as early as possible after the outburst of a 
nova and to follow the evolution of its structure 
with time. Study of the spectrum of different parts 
of the nebula will not only give information about 
differences in physical conditions, but also about 
the velocity distribution in the line of sight 
(from line profiles), leading to the possibility 
of the three-dimensional reconstruction of 
envelope structure. 

It must be emphasized that the study of 
nebular expansion, combined with knowledge 
of the expansion velocity, is the best method 
for determining the distance of a nova. 

The theory of classical-nova outbursts needs 
to be further developed taking into account de- 
viations from spherical symmetry and the in- 
fluence of the companion. 

In addition magnetic fields appear to be impor- 
tant for some old novae. The old nova V 1500 Cyg 
seems to be a polar object and GK Per an interme- 
diate polar one. Strong fields should have a major 
effect on the outburst. 

The causes of recurrent-nova outbursts are still 
not clear, and it is possible that some of the impor- 
tant physical processes involved are completely 
unknown. More work on accretion events and 
thermonuclear runaways at very short intervals of 
time may help to solve these problems. 

A very large amount of work needs to be done 
before one can claim to understand novae rea- 
sonably well. 

In the chapters devoted to the observation and 
modeling of symbiotic stars, attention has been 
focused on the symbiotic pheiiomenon, rather 
than on a group of stars. The reason was that ( 1 )  
it is not clear whether symbiotic stars really 
represent a well-defined category of stars, and 
(2) our main interests are the physical proc- 
esses occurring in the atmospheres of stars, 
rather than the nature of the stellar objects. 
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Actually, symbiotic stars represent only a 
comparatively small number of objects, and there 
should be no reason to dedicate so much time to 
their study, unless we expect from it - as is in fact 
the case- results of much wider interest. 

We have shown in the previous chapters that 
symbiotic stars, as other cataclysmic variables, 
are characterized by non-LTE phenomena that 
have been observed in many different categories 
of astrophysical objects. These phenomena in- 
clude: stellar chromospheres, mass loss and stel- 
lar winds, circumstellar nebulae, accretion phe- 
nomena in close binaries, superionization and X- 
ray emission, etc. These phenomena characterize 
several differents fields of astrophysics such as: 
formation of planetary nebulae, cool-and hot-star 
winds, circumstellar dust, jets, maser sources, 
pulsation, X-ray sources, accretion disks, ther- 
monuclear runaway, and close binary evolu- 
tion. Therefore, symbiotic stars are linked with 
many astrophysical categories of stars, including 
M-giants, Miras, Zeta Aur/VV Cep stars, hot 
subdwarfs, planetary nebulae, and obviously 
close binary systems, besides active galactic nu- 
clei too. This is why symbiotic stars have always 
attracted the interest of so many investigators 
from different fields. Their hopes were, and are, 
to have a better insight into the physics of their 
own objects from the study of the symbiotic phe- 
nomenon, where the same mechanisms are proba- 
bly present but with a larger strength, or on a dif- 
ferent spatial scale. 

On the other hand, we have found that the di- 
agnostics of the symbiotic phenomenon are not 
very straightforward. First we need as complete 
an observational description of the phenomenon 
as possible. However, because of their long time- 
scale variability, symbiotic stars must be studied 
for several decades, before a reasonably complete 
picture can be drawn. In addition coordinated ob- 
servations in a broad frequency range are re- 
quired, since, as discussed in previous chapters, 
different spectral regions involve different physi- 
cal phenomena. In practice, this requirement was 
(at least partly) fullfilled in only a few cases. 

On the other hand, a large amount of observa- 
tional data on very broad samples of symbiotic 

stars has been collected in many different fields, 
from radio to X-rays, which in principle could be 
very useful for a statistical approach. But some 
concern should be expressed on the criteria which 
have been used in the selection of the targets in 
these surveys. It seems to us that these data have 
not yet been satisfactorily analyzed with the stan- 
dard methods of statistical analysis. Thus new 
surveys, and extensive use of statistical methods, 
are asp’ects which require more work in the fu- 
ture. Selection effects will, however, have to be 
properly studied, and fully taken into account. 

Another major problem is associated with the 
techniques of determination of the physical para- 
meters from the observations. To develop an em- 
pirical model, we need to use diagnostics of the 
environment of the symbiotic stars derived from 
observational data. For instance, radio observa- 
tions can provide information about ionized cir- 
cumstellar envelopes, while the infrared rather 
gives information about the cool giant and cir- 
cumstellar dust. Emission-line ratios provide 
first-approximation estimates of electron densi- 
ties and electron temperatures in the line emitting 
regions. However, such regions are not uniform, 
which can explain differences in the parameters 
determined using different emission-line ratios; 
moreover the physical constants involved in the 
calculations are not too certain. 

To overcome these type of difficulties, we 
need to calculate observable quantities from de- 
tailed models. The latter must take into account 
many different physical effects, including ioni- 
zation of the wind of one stellar component by 
the other component, collision between winds, 
etc. These calculations use many unknowns, 
thus future work will have to involve conver- 
gence between models and observations. The 
ideas behind the former will have to be con- 
fronted by the facts provided by the latter. 

In order to make progress from the observa- 
tional point of view we need better orbital data 
about the binary systems. This requires the accu- 
rate determination of the radial-velocity vari- 
ations of the cool component. High resolution 
in$-ared spectra will not only yield this, but will 
also provide information about the “normality” or 
“non normality” of the cool component. In addi- 
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tion, it may be noted that in this spectral region 
one can detect absorption between the observer 
and the cool component, so the envelope can be 
studied using absorption lines produced by it in 
such positions. 

Diagnostic niethods need to be enlarged. For 
instance, symbiotic stars are rich of Fe I1 emission 
lines which have proved to be very useful for the 
investigation of emission line objects. But still a 
large amount of data on this and other ions have 
not yet been studied. It should also be emphasized 
that the profiles of spectral lines formed by 
circumstellar material, rather than their radial ve- 
locities, needs to be examined. The radial veloc- 
ity, in fact, gives only a kind of “integrated” infor- 
mation about the region of line formation, while 
the study of the line profile at high spectral reso- 
lution is basic for a detailed modeling. Finally, 
those systems showing eclipses can give a lot of 
information about the geometry and physical 
conditions of different regions. 

Observations of spatial structure at very high 
resolufion are essential. In this regard, we expect 
very exciting results from the Hubble Space Tele- 
scope as well as from the large ground-based tele- 
scopes equipped with new sophisticated instru- 
mentation. In particular, information about jets 
and bipolar flows should be obtainable. Polariza- 
tion studies will provide precious additional in- 
formation on the geometry. 

On the theroretical side, much is still to be 
understood about accretion discs in symbiotic 
systems, and in particular those formed following 
wind accretion. The reprocessing of radiation 
from a central object by a disc needs to be treated 
in a much more rigorous way than previously. 

Effects of symbiotic binarity on the cool-star 
upper atmosphere and wind have not yet been 
fully studied. This aspect is obviously also linked 
to the uncertainties one still has about single cool 
giants. Perhaps the symbiotic phenomenon will 
be of help for a better understanding of the outer 
atmosphere of normal cool stars. 

Colliding wind models need to be worked out 
in much more detail, in order, for instance, to bet- 
ter predict emission-line fluxes. Other situ- 
ations where shock formation should occur also 

exist, and they must be carefully examined, in 
particular for wind accretion. 

It is only when ideas based on much more 
careful research are confronted with better ob- 
servations spanning many years that signifi- 
cant progress will be made about the symbiotic 
phenomenon. 

Finally, along which lines should further 
reasearch be developed? We realize that new so- 
phisticated observations really raise more ques- 
tions than they yield answers. Each of us has 
made the claim “We need more observations”. 
We surely do. But we need certain particular 
kinds of observations. We need observations in- 
volving a somewhat different approach than 
that which has been useful and appropriate so 
far. The traditional tendency to obtain bits and 
pieces of observations on as many objects as 
possible needs to be supplemented. There are 
many obvious gaps in the records of observa- 
tion; many are even relatively easy to fill in. It 
is sobering to realize how little is actually 
known. For instance, we know little about 
spectra of dwarf novae during the outburst 
state, or about how they develop on time-scales 
of minutes or hours (rather than days), or what 
orbital photometric variations occur during out- 
bursts, or whether they are of orbital (geomet- 
rical) origin or only occur on orbital time- 
scales. And we still don’t know what triggers a 
dwarf nova outburst, or what causes many 
nova-like stars to drop in brightness. We be- 
lieve the mass-transfer rate is responsible, but 
it is not clear why it changes in the first place; 
Le., what the trigger is. 

Furthermore, we now know that whatever ob- 
servations of a system we obtain, these are not 
likely to be entirely characteristic of the particu- 
lar brightness state we happened to monitor, but 
are likely to be merely one possible pattern. Ob- 
servations at the same brightness level well may 
yield another result at some later time. Currently, 
we have only glimpses of the actual life of indi- 
vidual systems, without being able to appreciate 
how the most intricate interactions of all kinds of 
phenomena finally result in, for instance, the 
violent outburst events. 
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So what actullay is called for is long-term 
semi-continuous monitoring, in as many wave- 
length ranges and by as many means as possible. 
This has been tried for very few objects, with 
rather amazing, and quite unexpected results. 
Campaigns like these need to be repeated, and 
observing plans and schedules of the various 
working groups should be coordinated for ob- 
serving times and for objects to be monitored. 
The priorities of committees for the allocation of 
telescope time need to be changed so that they fi- 
nally realize that there is after all a lot of potential 
scientific merit in re-observing the same object 
over and over again. Results should be communi- 
cated quickly, rather than accumulating dust in 
offices and archives. Already existing material, 
belonging to individuals as well as hidden away 
in archives, needs to be made widely available 
and studied. And, last but not least, the count- 
less amateur astronomers could and should be 
involved in systematic monitoring activities. 
They have the telescope time and the enthusi- 
asm to observe, both of which many profes- 
sional astronomers are lacking. 

Astronomical satellites dedicated to the moni- 
toring of stellar variability from X-ray to optical 
wavelengths are now being projected, and we 
hope they will soon be realized. 

As for the theory, it seems that any possible 
progress heavily depends on observations to set 
limits to the nearly infinite number of possible 
combinations of parameters that govern compu- 
tations of all aspects of cataclysmic variables. 
And here, at the current, still very general, state of 
the theory, it is necessary to resort to statistically 
significant samples of observations, in order to 
not mistake idiosynchrasies of individual systems 
for general patterns of the entire class. Investiga- 

tions of this sort are still largely lacking. From 
comparison of features of such statistical 
samples with the theoretical results obtained from 
variations of parameters over wide limits (after 
parameters of only secondary importance have 
been ruled out beforehand) hopefully possible 
values can be limited to reasonably narrow ranges 
that then might yield realistic results; while most 
theoretically possible values can then be ruled 
out. Once such narrower limits will have been es- 
tablished, there is hope that computations could 
be used to actually determine systemic parame- 
ters from comparison with observations. 

One further aspect of research in cataclysmic 
variables (but this is valid also for several other 
fields of research) should be changed, so work in 
later years can remain fruitful. The number and 
quality of publications should, in the first case 
decrease, in the second case -increase. Over the 
last 20 years the number of papers, only re- 
stricted to the narrow field of cataclysmic vari- 
ables and related stars, has increased almost 
exponentially, so that probably already by now 
a stage has been reached where it is practically 
impossible to read and fully assimilate all that 
is being published. Many fractional results are 
being turned out as individual publications, 
rather than as the results of complete investiga- 
tions made available once all the work is done. 
Furthermore, there clearly is no need for pub- 
lishing the same results several times in differ- 
ent journals or proceedings. 

Our hope is that the monograph at hand will 
make it easy for theorists as well for observers to 
find their way into and through the jungle of re- 
sults and papers. We tried to point out relations 
and gaps of knowledge. We hope this will be- 
come a useful reference book. 
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abundances (see chemical composition) 
absolute magnitude 5,  10-1 1 

- dwarf novae and nova-like 4-5,27-28, 161-162, 
176,216 

- novae 5,275-280,294,373 
- symbiotics 5 

accretion disk 3-4, 11, 351,362 
- column 188- 192 
- funnel 188 
- hibernation model 294,408-410 
- inclination 294,320, 373 
- instability 3, 171-179, 181-184,449-450 
- luminosity 294,320-321, 373,411 
-mass accretion rate 320-321,406-408,411-412 
- models 320-321,408 
-pole 188-192 
-power law 316-320 

- symbotic 654-657 
- ultraviolet spectrum 3 16-3 17,3 19-324 
- X-rays 342-345 

Algol variables 146, 149,2 16 
alpha disk 154, 169-178 
Alfvenradius 153, 188, 191, 195 
AM Canum Venaticorum stars 19-20, 95-96, 140-143, 

AM Herculis stars 19-20, 95-96, 125-140, 153, 188-191 
anti-dwarf novae 19-20,95-96, 102-1 12, 125, 172,234 
Bailey relation 27 
Balmer continuum 593,596 
Balmer decrement 73, 135 
Balmer jump 73,81,84, 110 
Balmer lines (see spectrum) 
banana diagram 56-57 
beat period 50,52, 123, 192 
beat phenomena 50 
Be stars 4, 599 
binarity 6,21, 145, 148, 150-151,235 
binary model 8-9,589 
binary period 9 
binary system 6, 8-9,418,435-437,442-443,448-453, 

-shock 188-192 

178,222,229-230,235 

485-487,490-497,523,546-547, 556-558,642, 651- 
661,727-728 

bipolar flow 658 
black body disc 192-194 
black dwarf 22 1-222 
blue continuum 1, 593,596 
bolometric correction 164,216 
boundary layer 46,73, 152, 154-155, 185-188, 194-195, 

199,207,209,212-214 
BQ stars 4 
B stars 207 
bremsstrahlung 71-72, 188-189 
bright spot (see hot spot) 
carbon stars 594 
Chandrasekhar limit 218,220,228,410-41 1 
chemical composition 170, 194,207,217-218,220, 

226-227, 315,331-334, 336,340, 341,359-362, 381, 
398,400-403,424,426,479-485,510,517,562, 
729-730 

- CNO 330-331,341,359-361,401-402,407, 424, 
522,564 

- neon 33 1,334,36 1,404,562 
- OM 360,564 

classical novae 11,261-369,371-410,413-510 
classification 1 

-dwarf novae and nova like 15-17, 19,234-235 
- novae 262,298-300 
- symbiotics 583,607-609 

chromosphere-transition region-corona (see spectrum) 
CN Orionis stars 16 
colliding winds 656-661 
color 32-35, 38-39,41-42,44-45,47-48,52-53,69, 96, 

98, 103-104, 112, 119, 121, 126-127, 134, 140, 147, 
150, 160-161, 164, 171,176, 178, 195, 199,211-212 
- of flickering 55 
- of oscillations 58 
- of superhump 52-53 
- of X-rays (see hardness ratio) 

combination spectrum 1 
common envelope 21 7-21 9,227-229 
cool (late-type) component 592-596, 638-640 
corona 65, 153, 155, 194, 199-200,213 
cycle-amplitude relation 5 11-512 
cyclotron radiation 139, 188-190 
decline 346-355,587-588 
degenerate star 222,226-227,229 
descendants 215,227-229 
disc instability (see instability) 
distance 7, 161-163,212, 214, 351-352,485-486,518, 

DQ Herculis stars 19-20, 95-96, 102, 112-124, 190, 

D-type symbiotics 607-609 (see also classification) 
D’-type symbiotics 607-609 (see also classification) 

52 1 

234-235,263,317,320,485487 

dust 300-303,307-313,403-404 
- emission 404,595 
- formation 307,408-404, 564 
- opacity 394 

dwarf novae 1 1, 15-94 
eclipse 587, 589,596,601 
eclipse mapping 163-164,203-206,209-212 
eclipse, secondary 40-41,44, 98, 102-103, 130-131 
eclipsing binary 261,485-487 
Eddington limit 278-279,329,341, 371,378, 385, 397- 

Einstein Observatory (see satellites) 
electron density 381,554 
electron temperature 381,554 
energy 

398,400,564-565 

- distribution 420-421,423,446,452,465, 515,517, 
605 

- radiative 5 
- mechanical 5 

envelope 5, 351-369,372-373,405-406,424,426,428, 
430,440,446-448,467-470,479-485,501, 521-523, 
13/18, 13/32-35, 731 

evolutionary state 194,214-231 
EXOSAT (see satellites) 
expansion velocity 5,298-300,414-415 
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extinction (reddening), interstellar 289, 320, 397,623 
extreme ultraviolet (EUV) 317,320, 343 
flare42-43,47,97, 113, 117, 119, 121, 126, 128-129, 

flickering 16, 35,45, 50, 54-55, 60,62,78,96-99, 103, 
138 

106, 113, 116, 118-119, 121, 126, 128-131, 140, 
181,262,589 

- emission 535,554 
- opacity 535, 554 

free-free 

gamma velocity 86-88, 92-94, 11 1, 138, 157, 184 
gap (see period gap) 
globular cluster 216 
grain growth (see also dust) 403-404 
gravitational radiation 163,220,222-23 1 
hardness ration 71, 106 
hibernation 230-231,371,408-410,565 
hot component 556-558,622 
hot Spot 38,46, 55,64, 149, 152, 155-157, 164, 166, 

168, 174,187,206 
Hubble Space Telescope (see satellites) 
hydrogen bound-free, free-free emission 554 
imagery 

- optical 424-425,440,475 
- radio 617 

individuality 3 
instability 

-disc 171-179, 181-184 
-transfer 172, 178-181, 183-184 

intermediate hump 35-36,48 
intermediate polar 119-124 (see also DQ Herculis stars) 
interstellar absorption 65, 161-162,216, 537 
interstellar extinction (or interstellar reddening, see also 

ionization mechanism 596 
IRAS (see satellites) 
IUE (see satellites) 
jets 693-694,700 
Keplerian velocity (see velocity) 
Kukarkin-Parenago relation 26-27 
K-velocity 79, 86-87, 94, 119, 138, 157-159, 161 
late giant 4 
late-type spectrum (see spectrum of the cool star) 
light curve 371,414,427,443-446,460-461,469,491, 

500,513,542,544,547,585-592,664,666,674- 

extinction) 278,320, 397,623 

675,679,704-706,710 
limb darkening 194- 195,209 
limit-cycle instability (see instability disc) 
line profiles 417, 524-525, 598-599 

- broad component, wings 593-594 
- line width 599 
- multiple structure 600 
- P Cygni 2, 81-82,84, 88,90-91,93,99, 110-124, 

- WR features 596-599 
LTE, non-LTE 195, 198,206 
luminosity 

155,206-209,213,598-600 

- bolometric 329-330, 341-342, 346-347, 371, 384, 

- kinetic 398 
397,422,475-476,540,547,561,564 

magnetic accretion 124, 140, 188-192 
magnetic biaking 163, 219-220, 222-225, 228-229,23 1 
magnetic fields 96, 124, 139, 153-155, 165, 169, 184- 

186, 188-192, 199,225,230,263,593-595 

maser emission 618-621 
mass 9 

-accretion 155,163,207,213-214,222,224,227, 

- determination 156 
- ejection 376-378 
- loss (see also P Cygni profiles) 94,206-209,218, 

-ratio 1/9,20-21, 157-158, 160-161, 184, 192, 199, 

- stellar21, 156-158, 160,214,216-219,229 

-transfer 1, 5 ,  102, 154, 162, 164, 176, 178-179, 

406 

220,223,415,517-518, 555 

219-220,222,228 

-throughput 163-164,172,193 

184, 186, 191, 193, 195, 199-201,206,211,214, 
222-225,227-228,230 

Mira-type symbiotic stars 693 
Mira variables 95, 694 
models 

- causes of outbursts 374-392 
- central star dominant model 388-389 
- combination of models 390-391 
- continued ejection 342,384-388,564 
- hibernation model 408,565 
- hidden parameters 374 
- instantaneous ejection 382-384 
- non-spherical models 408 
- novae classical 378-391 
- novae recurrent 391-392,410 
- nuclear burning 348 
- snowplow 351 
- symbiotic 647-661,672-674,679-683,723-725 

- active phase 275-281,296-300,327-341 
- catalogue 262 
- distance 280,351-352,485 
- general properties 261,561-565 
- infrared 299-314,403-404,419-423 
- luminosity 268-270,342 
- masses 449, 502 
- nebular phase 342-369,466-467 
- photometry 262-281 
- quiescent phase 262-275,281-296,316-327 
- remnant 561 
- space density 409 
- spectroscopy 281 -299 
- ultraviolet 315-342,418-419 
- variability on short time-scale 262-263,266-268,418 
- X-ray 261,342,345-346,405-406,452 

novae 

nova envelope (or shell) 351-356,405-406,424,426, 
446-448,467-470,501 
- chemical composition 359-362,381,400-403,424, 

- coolants 361,489 
- deceleration 351-355,373, 
- dust envelope 300-303 
- expansion velocity 351-355 
- filling factor 402 
- masses 354-355,403,405,410 
- models 388,405-406,501 
- morphology 356-359,361,372-373,425,428,430, 

- radio emission 366-369,405,423-424 
- recurrent novae circumstellar envelope 391-392 
- snowplow model 353,390 

426,479-485 

440,475 
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- spectra 360-363,365-366,439-440,442 
- structure 361,364-365,405-406 
- temperature 36 1,480 

nova-like stars 1,3,95-144,292 
nova outburst 

- absolute magnitude 275-281,438,459, 488, 491 
- causes (classical novae) 406-410,564-565 
- causes (recurrent novae) 410-412,565 
- classification 275-279, 373 
- energy (mechanical) 5,297,398 
- energy (radiative) 5,297,408 
- expansion velocity 298-300,351-354,374,564 
- extreme ultraviolet radiation (EUV) 343 
- infrared emission 300-314,467-470, 561 
- light curves 275-280,414,427,450,491 
- light curves bolometric 330,332,371,468-469 
- light curves infrared 302-304, 306, 308, 371,468- 

- light curves optical 275280,348,371,383-384, 

- light curves radio 371,473-474 
- light curves ultraviolet 330,371,474 
- light oscillations 393,444 
- speed class (see classification) 
- ultraviolet radiation 327-342,474 
- X-ray radiation 346-347 

469 

460-462,471,475,500 

nova outburst spectra 296-300, 372-373,417,426-428, 
438-439,460-461,465-466,470-475,490-492, 
500-5 10 
- continuum 394-400 
- coronal lines 298,391-392,510 
- diffuse-enhanced 297,373, 380, 391, 393 
- nebular 297,373,380,391,393,400 
- orion 297, 373, 380-381, 391, 393,509-510 
- post-nova 298 
- pre-maximum 297, 373,380, 390,393,401, 502 
-principal 297,373,380,391-394,401 
- recurrent nova 337,339-341 
- stratification 393 
- ultraviolet 327-342,464 

OAO-2 (see satellites) 
OH/IR source (see maser) 
old disk population 600-601 
old nova (see quiescent nova) 
orbit (see binary period) 
oscillations (see also pulsation) 35,54,56-64, 113, 185, 

- coherent 54,56-64,98, 114, 116-1 19, 122, 124, 

- colors 58-59 
- dwarf nova (see coherent oscillations) 
- quasi-periodic 54, 58-64, 106-107, 119, 126, 129- 

- white dwarf (see coherent oscillations) 

192,213,234-235,372 

130, 185,234,262-263 

130, 140-141, 185-186,265-268 

0 stars 207 
outburst 5,21, 586-588,600 

- anomalous 22-23,34 
- duration 5 
- interval between 5 

- binary 9 
-changes45-46,97-98, 111, 115, 119, 121, 124, 

- gap 9,20,24, 126, 163,219,222-226,235 

period 263,589-592 

186-188,264 

- orbital 9,20-21, 193,221-222,226-227,229 
- outburst 17,27-28 
-jitter 140 

photosphere) 
photosphere (see quasi-photosphere or pseudo- 

planet 227, 229 
planetary nebulae 228,583-584,596 
polars (see AM Herculis stars) 
polars intermediate (see DQ herculis stars) 
polarization 64-65,96, 98, 106, 113, 125, 127, 129-135, 

population 216 
pre-cataclysmic variables (see also progenitors) 228 
pre-nova 262,281 
primary star (see also white dwarf) 
progenitors 215-216, 219,227-229 
pulsation (see also oscillations) 591 

140, 188, 190,263,461,603-605 

- white dwarf (see coherent oscillations) 
- X-ray 60-61, 106-107, 124, 130,213,269 

quasi-periodic oscillation (see oscillations) 
quasi-photosphere (or pseudo-photosphere) 384,394 

- density 373 
- mass-loss 394,397 
- pressure 373 
- radii 385386,388 
-temperature 386, 394 

373-374 
- absolute magnitude 280,374 
- disc instabilities 41 I,  457 
- light curve 264-265,269-275,435-437,444 
- orbital inclination 293-294, 501 
- orbital periods 442,448,486,502,562 
- oscillations 458-459,476 
- photometric properties 262-275,435-438,449-453, 

- radial velocity 435,438,442,449 
- spectra 281-296,373,427,441,452,455,489-492 
- ultraviolet line spectrum 324-325,432-433,490, 

- ultraviolet radiation 31 5-320,430-433 
- ultraviolet spectral variability 324-326,430-433, 

- X-rays 342-346,442,457,484,498,563 

quiescent nova (see also nova) 262-275,281-296, 

457-459,486,487-488,490-491,562 

497 

495,498 

quiescent recurrent nova 513-514, 519,525-531, 542, 
546-548 
- photometry 547 
- radial velocity 546 
- spectrum 326-327, 515516,519-521, 538-540, 546 
- UV spectrum 519,521,539-540,549-554 
- X-ray 556-557 

radial velocity 35,76,78-81,86-88,92-93, 102, 109- 
110, 117, 119, 123-125, 134, 138-139, 142, 148, 
150, 156-161, 187,200,202,209,212,218,600-601 

radio emission 4,65,73, 119, 134 
- from novae 366-369,405,473-474 
- novae: emission mechanism 366-369 
- novae: extended radio sources 366, 368 
- novae: radio envelope masses 366 
- novae: radio light curve 367,405 
- novae: radio spectra 369 

radius, disc 160 
radius primary star 153-160, 187, 199,214,216 

-secondary star 156, 160-161, 219 
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R Coronae Borealis stars 147 
recurrent nova 1-3,511 

- amplitude-cycle length 51 1-512 
- chemical composition 5 17 
- companion 518,556-558 
- definition 5 12-5 13 
- distance 5 18,521 
- infrared spectrum 533-535 
- mass-loss 51 7-5 18, 555 
- model 547-548 
- nebular spectrum 52 1-522 
- orbital radial velocity 546 
- outburst cause 410 
- radio emission 369, 405, 537-538 
- ultraviolet spectra 327-329, 334,337,339-340, 

- X-ray 392-393,541-542 
revurrent nova envelope 392,521-523 
recurrent nova outburst 523-532 

- coronal lines 5 19,524,53 1, 544 
- expansion velocity 513, 543 
-light curve 513,519,542 
- outburst mechanism 543 
- spectrum 514-515, 519-531, 523, 536, 539-540, 

- UV spectrum 516-517,539-540 

539-540,550-552 

541,543-544,546 

reddening (see extinction) 
rejuvinated white dwarf 652-654 
reversed X-ray mode 129, 13 1, 140 
Roche model 3,7,38, 67, 92, 95, 145, 148, 150-153, 

rotational braking (see magnetic braking) 
rotational disturbance 102, 11 1, 117, 122,296 
RW Aurigae stars 95 
satellites 

156, 163, 192-193,209,233, 235, 376 

- ANS = astronomical Netherlands satellite 329 
- Ariel V 344 
- COPERNICUS = OAO-3 329 
- EINSTEIN = HEAO-2 261,342-345,484,563 
- EXOSAT 261,269,340,344-346,532,563 
- HEAO-1 = High Energy Astronomical Observa- 

- HST = Hubble Space telescope 299 
- IRAS = Infrared Astronomical Satellite 310-314, 

- IUE = International Ultraviolet Explorer 261, 263, 

tory-] 342 

532-534,558 

316- 317,323-331, 333-336, 341,361,521,532, 
539-540, 561-562 

- OAO-2 = Orbiting Astronomical Observatory-2 
263,329 

- Voyager 320 
S-curve 170, 172-178 
shell (see envelope) 
single star model 649-65 1 
Sobolev approximation 202-203, 209 
solar dynamo (see magnetic braking) 
solar-type chromosphere 598 
space density 7,215,228 
space distribution 74,214-216 
spectrum 281-298,416-417,427-428,461-466,467, 

490,503-510,540 
- absorption 1/3,73, 75, 78-83, 86-87, 117, 119, 134, 

139, 151, 157, 161, 546, 550-552,583,592-595, 
600 

-emission line 1/3,297-298,441, 514-516, 519-520. 

- high ionization 298,466,467,490,53 1,661 
- infrared 3,299-314,419-422,531,536,605-613, 

- molecular 588, 592-595 
- optical 665 
- quiescent 4 
- radio 3,366-369,424,473-474, 519,538,613-618, 

- ultraviolet 2-3, 315-320,418-419,430-432,466, 

523- 531,545,550-552,596-600,627-630,729 

7 19-720,722 

7 19-720,722-723 

495-499, 516-5 17,539-540, 550, 622-634,664- 
671,675,678-683,697-699,703-704,716-721 

7 10-7 1 1, 730-73 1 
- variations 2, 415-41 7,454-457,470-475, 630-631, 

- X-ray 2-3,342-346,498-499, 541-542, 634-636, 
68 1-682, 723 

SS Cygni stars 16 
standstill 16-18,29,31,48, 56,66, 84, 88, 234-235 
Stark effect 147,202,206 
statistics 7, 19 
supercycle 29-3 1 
superhump 16-18,42,49-54, 84,86, 88, 113, 185 

- color (see color) 
- late 48-50, I84 
- period 49-50 

supermaximum (see superoutburst) 
supernova 15,216-2 18,229 
superoutburst 16-19,21, 24, 29-32,34,48-54, 56, 60, 

62,68, 71-72, 94-88, 90-91, 235 
- models 184-1 85 
- period 30-32 

surface brightness 162, 166 
surface density 166, 168, 170-172 
SU Ursae Majoris stars 16-21,24,29-32,42,48-54, 

S-wave 80,86,91,94, 102, 110, 122,124, 137, 142 
symbiotic novae 4,296,587-589,596, 635-636, 683- 

symbotic stars 1,3,583-585,728-729 

157, 184,234-235 

693 

- accretion processes (winds) 654-661 
- activity phase 586,665-667,678-679 
- binary models 65 1-654 
- blue spectrum 596-598,675,706 
- emission lines 596-600,627-630,697-699 
- infrared observations 605-613,719-720, 722 
- light curves 585-592,664,666,674-677,704-706, 

- line profiles 598-600,627-630,697-699 
- magnetic fields 601-603 
- maser emission 618-621 
- models 647-651,672-674,679-683,723-725 
- polarization 603-605 
- quiescent phase 586, 664-665 
- radial velocity 600-601 
-radio imagery 616-618 
- radio observations 613-616 
- red component 592-596,638-640 
- UV spectrum 622-634,664-671,675,697-699, 

- X-ray 634-636,681-682,723 
symbiotic phenomenon 583-584,638 
temperature 38 1,392-393,402 

710 

703-704,716-721 

- color 38 1 
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- excitation 381 
- ionization 381 
- Zanstra 381,394, 555-556 

thermonuclear runaway (TNR) 3,341,371-373,376, 

tidal forces 168, 184,225,228 
transfer instability (see instability) 
two-color diagram 32-34 
type CV’s (see classification) 
U Geminorum stars 16-21,230,234,235 
ultraviolet delay 67-68 
ultraviolet flare (see flare) 
UV Per stars 16 
UX Ursae Majoris stars 19-21,95102, 172,230,234 
variability 1-2, 6,261-262,415-417, 583,586 

406-412,564 

- irregular 586-587, 589 
- long term 458-459,586-589 
- periodic 415417,589-592 
- quasi-periodic 59 1 
- secular 592 
- short term 262-263,266-268,415417,457, 587, 

589,598 
veiling 593,596 
velocity 

- expansion 298-299 
- gradient 380 
-Keplerian 152, 154-155, 165, 169 
- radial (see radial velocity) 

- radius correlation 398-400,428,429 
- stratification 393-394 

210,214 
viscosity 154-155, 165-166, 168-169, 170-183,200- 

VY Sculptoris star (see anti-dwarf nova) 
white dwarf 4, 374,556-558,601 

- CO 341,562 
- luminosity 406 
- mass 374,409 
- 0-Ne-Mg 34 1,404,408,562 
- pulsation (see coherent oscillations) 

wind 385-387,393, 397 
Wolf-Rayet stars 207,373 
WSagittae stars 17 
W Ursae Majoris stars 42, 44-45, 149,216,228 
X Leonis stars 16 
X-ray source 268, 3 17, 336,340-341, 342-346, 391, 

634-638 
- nova emission 342-346 
- recurrent nova in outburst 346,392-393 
- symbiotics 634-636, 13/19-20 

yellow symbiotic stars 608 
Zanstra temperature (see temperature) 
Z camelopardalis star 16-18,20,29,48, 56, 146, 148, 

Zeeman splitting 134, 139-140, 188, 190 
2-wave 79 

172,230,234-235 
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Z And 4,290,584-587,589,592-593,596-598,607, 
612-613,621,623,626,628,631-632,641-644,648- 
649,651,660,663-674,729 

RX And 5564-65,68, 82, 89,285,287 

AR And 222,287 

EG And 592,598-599,601-602,608,624,641,643- 
644,65 1 

R Aqr 598,604,606,608-612, 616,619,632,634,635, 
637-638, 641,644,648,650-651,656,693-703 

AEAqr64,80,95,112-113, 117-119, 145,148,200, 
234, 274-275,290 

FO Aqr 112,123-124,191 

UU Aql287 

V 603 Aql = N Aqll918 112, 193,200,263,266,277, 
281-282,284,286,299,312, 316,318-320, 322, 
324-325, 327,343-344,348, 351-354, 356,372,381- 
382,389,393-398,413,426-438 

V 605 Aql= N Aqll919 310,312-313 

V 1301 Aql = N Aqll975 304,404 

V 1370 Aql= N Aqll982 304,308-31 1,314,332-335, 
342,354,366,394,562 

TT Ari 35 103-108, 110, 112, 124, 187,234,274-275, 
290 

FS Aur 287 

KR Aur 108, 110,290 

SS A u r  26,28,287 

T Aur = N Aur 1891 277,285-286,314,316,320,352, 
357, 359,375,414,487-490 

UV Aur 593-595,641,643-644 

V 363 Aur 98,100 

UZ Boo 73 

AF Cam 222 

Z Cam 18,25-26, 28, 3 1,34, 39,64,66,90-91,274, 
287 

HT Cas 288 
AC Cnc 37 

SY Cnc 57-58,66,274 

YZ Cnc 5591,274-275 

HL CMa 77,85-86 

BG CMi 1 12 

AM CVn 140-143,227 

TX CVn 601-602,641,643 

OY Car 36-37, 39-43,47-48,50-53, 58,77,80,82,84, 
90-9 1 

HT Cas 32,37,55,58,70,76,79-80, 185,274,288 

BV Cen 36,5578 

V 436 Cen 34,36,49-50,73,77,274 

V 442 Cen 274 

V 803 Cen 140-141 

V 834 Cen 130,138-139 

W Cep 602 

IV Cep = N Cep 1971 366 

VV Cep 648 

WW Cet 26,34,76,288 

Omicron Ceti 619,634,638 

Z Cha 37-38,46-48,50-52,67,76,80,84-87, 93, 185, 
203,203-206,211-212,274 

SY Cnc 288 

YZ Cnc 288 

TVCol 112-113, 124 

GP Corn 140-142,227 

T Cor 314 

V 394 CrA = N CrA 1949,1987 328,752 

V 693 CrA = N CrA 1981 328,332,334,562 

T CrB = N CrB 1886,1946 4,230,277,285,287,296, 
298-299, 311-313,316,319, 322,326,343,348, 
366,368-369, 375,391-392,411, 511, 543-558,561, 
563, 565,589, 59S,601-602,609,641,644,648, 
65 1,752 

BI Cru 598-599,610-611,640,641,644 

BF Cyg 583,587-588,596,599,639,641,644,648 
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CH Cyg 587, 589,593, 598,601-604,617-618,620- 
621,623,625,627,631-632,634,637,641,643- 
644,650-651,663,703-725,728,730 

CI Cyg 64, 583, 587, 589-590,592-593,596, 598-599, 
604-605,607,619,626,632,641,643-644,648, 
660,727 

EMCyg24-25,40,67,69,78,80,161,217,219,274,288 

EY Cyg 8,150 

SS Cyg 15, 18-19,22-26,30,32-34,40,42-43, 59, 60- 
61, 64,66,68-72,74,76, 79-83, 85-87, 128, 145- 
148, 150, 157, 159, 161, 176, 193,213,274-275, 
288,343 

V 476 Cyg = N Cyg 1920 352,354 

V 503 Cyg 74 

V 1016 Cyg = MH 328-116 585,588,595-596,599, 
601, 604, 606-607,610,612-617,623,628,634-635, 
641,644,651,654,683-684,688-691,693,727,752 

V 1329 Cyg = HBV 475 584,588,593,596-597,599- 
600,607, 613-614,632,641,644,654,658,683- 
684,688-691,693,752 

V 1500 Cyg = N Cyg 1975 263-264,266,277,279, 
297-300,304-307,347,349-350,352,354,366-368, 
372, 392,394,401,403,405,413-426, 753 

V 1668 Cyg = N Cyg 1978 265-267,294,300,303-305, 
330-331, 334-335,349, 354, 372,403-404,413,460- 
470 

CM Del 74 

HR Del = N Del 1967 112,261,266,269,277-278, 

343, 350,352,354,360,366-368,389,401,404- 
405,414,500-510, 561,563 

280-281,298, 300, 312-314, 316-320,322-323,325, 

AB Dra 70,288 

AG Dra 584, 587,591-594, 596,598-602,612,622- 
628, 630,632, 634,636-637,641,643-645,651, 
655,663,674-683,730-731 

YY Dra 290 
EF Eri 126-128, 130, 133-135, 138 

DN Gem = N Gem 1912 277,285286,299,354,389 

IR Gem 288 

U Gem 15, 19,24-26,30, 37,40-42,59-61,64, 66,68, 
70-72,74,76,78,80, 145-147, 161, 187,205,213, 
217,219,274-275,288 

AH Her 17, 34,57-58,64,88-89, 176, 274,289 

DQ Her = N Her 1934 112-1 17, 145, 148,187, 191, 
205,234,262,267-268,274-275,277,286,295, 
299,311-312,314,316,320,323,345,352,354- 
355, 359,361, 366,373, 376,378-379, 381, 393, 
400-403,413,475-487 

V 433 Her = N Her 1960 696.641 

V 446 Her = 262,352 

V 533 Her = Her 1963 112-1 13, 117,262,274-275, 
277,281-282,286,298,316,352,354,366 

YY Her 64 1,644 

EX Hya 20, 112-1 13, 119-122, 124, 134,289 

R Hya 619 

RW Hya 583,592,601-602,641-644 

BL Hyi 126, 131, 138 

VW Hyi 16-18,24-26,29-31, 33-36,40-41,47-53,60- 
64,66-68,71-72,74-75,84-85,88-89, 176, 181-182, 
213,274-275,282 

WX Hyi 50,68-69, 74-75, 88 

CP Lac = N Lac 1936 348,351-352,355,381-382 

DI Lac = N Lac 1910 285-286,348,353 

DK Lac = N Lac 1950 353,381,391 

T Leo 80, 157-158,289 

X Leo 25-26,274,289 

DP Leo 125-126, 128, 130 

ST LMi 130, 132-135, 139 

AY Lyr 26 

CY Lyr 82 

HR Lyr 353 

MV Lyr 95, 103-104, 106-108 

TU Men 20,24,26,32,52,85-87,93,222, 235 

BT Mon = N Mon 1939 202,230,262,285-286,294, 
316, 320-321, 352,409 

BX Mon 591-593,599,602,641,644 

GQ MUS = N MUS 1983 311-312,314,328,337-338, 
341-342.345-346 

SY Mus 591-592,596,641,644 

AM Her 95, 125-126, 128-135, 137-140,290 IL Nor = N Nor 1893 348,375 
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RS Oph = N Oph 1898,1933,1958,1967,1985 4, 16, 
277,296,285,287,300,312-313,316,322,327- 
328, 337,339-341,346,355,368-369, 391-392,411- 
412,511-512, 523-542,563, 565,589,598,602, 
609,641,644,752 

V 426 Oph 64,290 

V 442 Oph 290 

V 841 Oph = N Oph 1848 269,284,286,316,323, 
343,353 

V 2051 Oph 37,39,55,274,290 

V 2110 Oph = AS 239 290,588,684,688 

BI Ori 26 

CN Ori 26, 35,42-43,46-48,58,68,79, 82, 11 1, 124, 
181-182,235,274,289 

CZ Ori 26.289 

AR Pav 587,592,601,609,641,644,727 

BD Pav 40,42,44-45 

CP PUP = N PUP 1942 9,264-265,277,282,284, 316, 
343,353,359,361,392,413-414,438-443,562 

RX PUP 598-599,607,609-612, 615,632-633,641, 
644 

UY Pup 26 

VV PUP 125-127, 129-132, 135-136, 138, 189,290 

T Pyx = N PYX 1890,1902,1920,1944,1966 277,284- 
285, 287,298-300, 316, 326-327,355, 359, 362, 
412,511,519-523,563,565,752 

CL Sco 291 

FQ Sco 26 

HIS Sco 291 

KP SCO 312-313 

T Sco 216.352 

U SCO = N SCO 1863,1906,1936,1979,1987 4,300, 
328,334-335,412,511,513-519,563,752 

V 711 Sco 277 
RU Peg 26,54,57,59,78,161,274,289 

VZ Sei 103, 107 
AG Peg 588-589,591-592, 596,598-599,601, 603, 

605,613,617,619-620,623,628,630,641,643- 
644,649,65 1,654,683-684,688-690,693,729-730 

IP  Peg 37 

TZ Per 73 

EU Sct 312 

N Sct 1991 368 

V 368 Sct = N Set 1970 353,366 

V 373 Set = N Sct 1975 298.353 
UV Per 26,74 

CT Ser 284 
AX Per 583-584,591,599,601,609,619,631,641, 

643-644,648-649,663,730 

GH Per 296,343 

GK Per = N Per 1901 28, 176,222,230,261,268-269, 
274-275, 277,285-286, 294, 316-317,320,344, 348, 
352-353, 355,359,361, 368-369, 312,375,382, 
389,394-395,397-399,413,443-459,562-563,753 

FH Ser 277,279,285,287,300,302,304-308,3 10- 
314, 328, 348, 352-353, 355,366-368, 384,389, 
397-399,403-405,413,470-475,561,564 

LW Ser = N Ser 1978 302,304,404 

LX Ser 98, 103-104, 107, 110,201 

MR Ser 126, 135 
KT Per 274,289 

MU Ser = N Ser 1983 3 10 
V 471 Per 608 

RR Pic = N Pic 1925 193,231,262,269-275,277-278, 
284, 299,314, 322, 325, 343-344, 348, 350, 352- 
353,355,357-363,375,382,396,398,400,414, 
490-499.561 

RT Ser = N Ser 1909 296,588,601,641,644,654, 
684,688-690,693,752 

UX Ser 26.69 

UZ Ser 282 
A 0  PSC 113, 122-123, 191 

X Ser 287 
TY PSC 50 

RW Sex 274 
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SW Sex 97-98,102,201 CK Vu1 = N Vu1 1670 231,269,294,310,314,362, 
364-366,374,414,561,751 

HM Sge 585,588,596,599,604,606-607,609,612- 
614,616-617,628,634-636,641,644,654,683-684, 
688,690-691,693,730 

RZ Sge 76-77 

V Sge 16,95,291 

WY Sge = N Sge 1783 231,269,274,294-296,353, 
374,414,561,751 

WZ Sge = N Sge 1913 1, 17,24,29,40,42,44-45,50, 
52-53,63,67,91-94, 1 12-1 13, 122, 134,268,274, 
289,5 12 

LG Sgr = N Sgr 1897 3 12-3 13 

V 949 Sgr = N Sgr 1914 277,312 

V 1016 Sgr 312,313 

V 1017 Sgr = N Sgr 1919 (1901,1973) 4,8,150,285, 
343,369,511,542-543,651,752 

V 1059 Sgr 343 

V 1148 Sgr = N Sgr 1943 297 

V 1223 Sgr 112-113, 123-124, 191 

V 3885 Sgr 98,100,274,282 

V 3890 Sgr 291 

V 4077 Sgr = N Sgr 1982 311-312,314,328,335-336, 
366,368 

RR Tel4,296,312-313, 588,591-592,596-599,601, 
607,608-611,613-614,621,624,627-629,632, 634- 
635,639,641-642,644,654,683-691,693,727, 
729,752 

EK TrA 67,86 

RW Tri 55,64,80,97-99, 101-102, 128, 207,212 

AN UMa 125,130,291 

SU UMa 17,26, 32, 66-68,73 

SW UMa 148.289 

UX UMa 97-98, 100, 114-115, 149-150, 187, 192,207, 
274,291 

CQ Vel 313 

IX Vel 97,99-100,102 

KM Vel 611 

LV Vu1 = N Vu1 1968/1 277,279,352,355 

NQ VU1 = N VU1 1976 277,279,303-305,312-313, 
355,366,368,372,403 

PU Vu1 588,605,612,630,632,641,644,663,684, 
688-693,728,730 

PW Vu1 = N Vu1 1984/1 328,336, 345-346 

QQ VUI 126-127, 131-132, 136-137, 140 

QU Vu1 = N Vu1 198412 312,328,339, 345-346, 372, 
404,562 

2A 0311-227 290 

AS 201 608,614 

AS 239 see V 2110 Oph 

AS 289 584 

AS 296 601 

AS 338 604,606 

BD -7 3007 = RW Sex 

CD -42 14462 = X 3885 Sgr 

CDP -48 1577 = IX Vel 

E 2000 +223 314,351 

1E 0643.0 288 

G 61-29 = GP Corn 290 

GD 1662 = VY Scl 

GX 1+4 (4U1728-24) 634 

2H 2215-086 291 291 

H1-36 613-615,617,727 

H2-38 596,610 

He 2-17 614 

He 2-34 610,612 

He 2-38 596,611,614,641 

He 2-106 610-612 

He 2-390 614 

HD 149427 594,608,641 
TW Vir 40,74,289 
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HD 330036 594,641 

HZ 29 = AM CVn 

Lanniiig 10 = V 363 Aur 

LMC S63 595-596,641,644 

LMC SN 1987a 384 

M1-2 594,608, 641 

PS 74 214 

PS 141 = VY Sci 

UKS Ce-1595 

Weaver star 595 

XO139-608 = BL Hyi 

XO311-277 (2A, 3A) = EF Eri 

XO527-328 (2A, 3A) = TV C O ~  

X0538+608 (H) 126,135 

XO643-1648 (1E) = HL CMa 

X1729-i-103 (3A) = BG CMi 

X1012-029 (PG) = SW Sex 

X1013-477 (H) = KO Vel 

X1103-254 (CW) = ST LMi 

X1114+182 (1E) = DP Leo 

X1140+719 (PG) = DO Dra 

X1346+082 (PG) 140-142 

X1405-451 (H) = V 834 Cen 

X1550+191 (PG) = MR Ser 

X2003+225 (H) = QQ Vu1 

X2215-086 (HI = FO Aqr 

X2252-035 (H) = A 0  PSC 

0623 +7129 1,3S 1 
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