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ABSTRACT

We propose a model for the transient x-ray source AQ620-00 involving
a white dwarf accreting mass from a late-type subgiant companion. The
transient behavior of the x-ray source is explained by the instability
to mass loss of the companion (as in Algol-type binaries). The brigh-
tening, spectrum, and decay timescale of the optical counterpart are
explained in terms of re-emission of x-radiation intercepted by the sub-
giant, A0620-00 should provide an excellent test case for numerical models

of stellar atmospheres irradiated by an external x-ray flux.



INTRODUCTION

The transient x-ray source AQG20-00 was discovered on August 3,
1975 by the Ariel-5 Sky Survey Experiment (Elvis et al., 1975a}, Within
two weeks, radio and optical counterr-rts had been identified, Within two
months, extensive observations were available in the x-ray, UV, visual,
IR, and radio wavelength bands, including the discovery of a previous
outburst in 1917 recorded on Harvard Patrol plates, The chronology and
reference for these observations are given by Maran (1976}, Although we will
be discussing the observations in detail in connection with a model for the
source, we find it convenient to present a brief summary of the observations

here, for orientation purpuses.

X-ray

A short-lived precursor peak followed by a rapid rise to maximum, Decay from
maximum characterized by an e-folding time of ~27d (Bradt and Matilsky,
1976; the decay was not strictly exponential so a range in e-folding times
have been measured; 27d is a typical value), Initially hard, then softe-
ning, spectrum.

Optical

Not observed prior to x-ray maximum. Brightest observed apparent magnitude
-11,2 (French, 1975). Optical light decay with e-folding time ~69% and
some evidence for a 4d modulation (Duerbeck and Walter, 19764 as with the
x-rays, the decay is not strictly exponential, leading to a range in
e-foldiﬁg times and we quote a typical value), The source spectrum was ini-
tially featureless, even at high dispersion, with some lines appearing in

emission approximately one month after x-ray maximum, The pre-outburst



object was red, with M = 18 (estimated from Palomar Sky Survey Plates).
B
An earlier brightening occurred in 1917, with no major intervening events

(Lillexr, 1975),

fladio
Rapidly decaying source with flat spectrum associated with early phases

of x-ray outburst,

COMUARTSONS TO CLASSICAL NOVAE
1.e optical photometric behavior bears some resemblance to that
of a classical recurrent nova., The amplitude and time interval between out-
bursts fics the Kukarkin-TParenago relation, 'The typical recurrent nova has
Mv ~ 7.5 at maximum and this would imply a distance of 5.7 kpe (with 1 mag/kpc
absorption), 7The ahsolute magnitude-decay rate data for neovae (McLaughlin,
1900) predicts a similar distance, though there scems to be some confusion
on this point in the literature on A0620-00 (sce Lndal et al,, 19876). The
x-ray luminosity implied by these arguments (L.x ~ 4.3 x 1039 erg/s) is
excremely large but, since we have no previous x-ray observations of a
recurrent nova, this does not appear to be a fatal point, at first inspection,
The nature of the optical spectrum, however, rules ocut the association
of A0620-00 with classical recurrent novae, According to Mchaughlin (1960),
YAll novae near maximum have strong, shortward displaced absorption
spectra...". More or less featureless spectra are associated with the
quicscent stage of novae, but never with an outburst. After maximum, broad
emission lines always appear, leading to the classical signature of an

expanding shell, [However, spectra of the opt’cal object associated with

ADGS2(-00 taken near maximum show no lines intrinsic to the source (Gull and



York, 1975}, Stellar lines (in emission) did not appear until more than
three weeks after maximum (Peterson et al., 1975). Furthermore, the

v-ray luminosity (several orders-of-magnitude larger than the optical
luminosity) is incompatible with the theorctical models of novae (Starr-
field et al,, 1974), which predict little direct x-radiation from the out-
burst, The kinetic energy of the outflowing gas is also insufficient to
provide the x-ray flux by shock processes, These predictions are confirmed
by ohservations of Nova Cygni 1975, which produced no detectable x-rays even
though the apparent magiiiude at maximum reached +2" (Holt, 1975). Finally,
the radio characte:istics of A0620-00 are not nova-like in that the data are
consistent with the radio flux peaking near x-ray maximum and aecaying with
an e-folding time of S.Zd (bavis et al., 1975), For classical novae, the
radio flux varies on timescales of months or years and actually increases
with time after optical maximum (Wade and Hjellming, 1971). The above argu-
merts constitute a strong case for not associating A0620-00 with classical

novae,

A0620-00 AS AN ACCRETION SOURCE

If a classical nova is ruled out as a model for A0620-00, a logical
alternative is a model driven by the mechanism which powers most cther nen-
extended x-ray sources, i.e,, accretion onto a compact object from a binary
companion, In this case, the observations place stringent constraints on

the nature of both the compact object and its companion,

Distance Indicators and Implications

As a zero-order distance indicator, we can use the observed color and
deredden it to the high temperature saturation value [(B-V) = -0?4}. Then

the observed color, (B-V) = 0.1 (Duerbeck and Walter, 1976), indicates
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B < o5 o Av < 175, Asauming 1 mag/kpe absorption leads to a distance

B-v
R< 1,5 kpe, Of course, this limit would not be correct if the object

lies in a diraection of anomalously small interstellar absorption, though

one would not expect this from the galactic latitude., A better Jd-.tance
indicator is provided by the ANS observations of the UV flux fr m A0620-00.

The depth of the 2200 R interstellar absorption feature has been shown to

be well-correlated with distance and, for A0620-00, the derived distance is

R = 1 kpe {Wu and van Duinen, 1876), A third distance estimate is provided

by the high resolution {optical) spectra of A0620-00, which show sharp inter-
stellar Na I D lines. FProm comparing the velocities and strengths of these
lines with 2l-cm maps of the same region of the sky, a distance of 1 < R

(kpe) < 3 is expected (Snow et al., 1976}, The lower limit corresponds to the
distance of a spiral arm with the same radial velocity as the Na I D 1lines

seen in the spectra of A0620-00 and the upper limit to the distance of a spiral
arm whose Na 1 D lines are not seen, The peak observed x~ray flux above

1 keV corresponds to a luminosity Lx = 1.3 x 1038 [v (kpe) ]2 erg/s (Elvis

et al,, 1975b). For accretion at the Eddington limit onto a compact object

of mass = 1 Mo’ this implies R = 1 kpe, consistent with the above distance
estimates.

From the Palomar Sky Survey plates, we estimate the pre-outburst appa-
rent magnitude to be MB = 18, Assuming R ¢ 1.5 kpc (the upper limit from
dereddening to B-V saturation) and 1 mag/kpc absorption, the absolute mag-
nitude is MB > 5,64, Comparison of the red and blue PSS plate images indicates
a color corresponding to a spectral type K or later (assuming ¢ 075 of redde-
ning). This implies that the companion to the compact object is a dwarf or

subpiant of mass < 1 Me‘ This rules out a black hole or neutron star for



the compact object due to the well-known difficulty in forming such objects
in binary systems of low-mass without disrupting the system (Blaauw, 1961),
The picture we have, then, is of a white dwarf orbiting a K dwarf or
subgiant, the latter nearly filling its Roche lobe and sporadically spilling
material onto the former. Accretion onto the white dwarf provides the
x~radiation and, as we will show below, x~rays intercepted and reradiated

by the K star can explain the characteristics of the optical brightening,

The Temperature and Luminosity of the Optical Outburst

We have two direct measures of the temperature of the optical radiation
during the outburst, based on the UV flux measurements reported by Wu

and van Duinen (1976) and on the optic.l spectra obtained by Snow et al.
(1976). According to Wu and van Duinen, the dereddened UV flux distribution
can be fit by a black body spectrum at 28,000°K, Snow et al, state that the
flux distribution from 4250 to 7400 A resembles that of an O star with a
possible UV excess, This indicates a slightly higher temperature than that
suggested by Wu and van Duinen but this discrepancy and the UV excess can

be explained by the large amount of reddening (EB_V = 0?9) assumed by Snow
et al, As we noted earlier, the largest excess allowed by the observed

(B-V) is E o"s,

B-v °
The brightest visual apparent magnitude reported during the outburst was

1172, Applying the bolometric correction appropriate tu thz temperature

derived by Wu and van Duinen gives m = B.4 The corresponding optical

bol

luminosity is

36 p2
Lopt 3.3 x 10°® R* erg/s, (1)

1™0 has been assumed. If the K star fills its

it

where R is in kpc and AV

Roche lobe, the solid angle it subtends, as viewed by the white dwarf, is
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0.44 > @ (steradians) > 0.12 for . 2 M/M > 0.1, where M, and M_

are the masses of the K star and of the white dwarf, respectively (Kopal,

1959), The rate at which the K star absorbs x-radiation is LA = (Q/41) Lx or

Ly = (4.6 - 1.2) x 1096 RZ erg/s, (2)

This radiation will be thermalized and reradiated at optical wavelengths,
Comparison of equations (1) and (2} shows that enough x-radiation is inter-
cepted by the K star to explain the optical brightening,

In addition to tne observational evidence on the temperature of the
optical counterpart, we have two model-dependent estimates. Using the esti-
mate for the amount of x-radiation absorbed by the K star in equation (2},

the elfective temperature needed to rervadiate this energy is
)
/

. R fa Y
= W _
opp = 4.2 x 1% 7 {5

i
i p

T °K, (3)

where r is the radius of the K star in solar units and f is the fraction of
the total surface heated by the x-ray source. With R =1 Kkpe, v =1 Re,
f = 0,5, and 2 = 0,32 [the value needed to bring equations (1) and (2) into
exact agreement], we get Teff = 38,000°K, Considering that the temperature
derived by Wu and van Duinen is based on observations obtained some time
after x-ray maximum and the uncertainties in the parameters in egquation (3)
(especially in r}, the agreement is excellent,

The effective temperature is proportional to (Lx)yﬂ and decays with an
e-folding time four times that of the x-ray flux. The x-ray e-folding time is

~27d S0

. = -1
21n Tefffat 17108 d (4)

The e-folding time for the optical radiation at A = 4330 A {effective B mag-

nitude wavelength for O stars) is ~ 69d.

>



atn B i o= -1/69 d-! . (5)

4
4330""
Combining equations (4) and (5) gives

9ln 54330/31n 1}ff s 1,57 . (6)

If we assume that the optical radiation can be approximated as a Planck

function, it is easy to show that

-1

» &)

aln B _ 3-33 [I-C-S.SS/TMI

/31 Toge = =iy

4330

where Ty = 10-% Teff’ Using the value of 3ln 34330/81n Teff from equation (6)
in equation (7) gives Teff = 34,000°K as an average temperature implied by
the difference in e-folding times for the x-ray and optical fluxes., Again,
the agreement with the observed temperature is excellent,

We should warn against interpreting the temperatures cited above too
broadly, The temperatures indicated by the flux distribution and derived
from model-dependent considerations characterize the continuum of the optical
radiation and are not necessarily related to the ionization temperature of
the K star atmosphere. The observed x-radiation from the compact object is
very soft and will, therefore, be absorbed high in the photospheres of the
K star, in a region cotically thin for continuous opticaliradiation. For low
x~-ray fluxes, such a situation gives rise to an emission line spectrum
(cf. Basko and Sunyaev, 1973). For the large x-ray flux of A0620-00, however,
the ionization balance will be dominated by x*ray photoicnization and the
ionization temperature will be considerably higher than the temperature
estimates discussed above., As a result, the emission will be dominated by
continuous (free-free and recombination) mechanisms, which is consistent with
the observed featureless spectrum. As the x-ray flux decreased, weak emission

lines did, in fact, appear. Although the primary soft x-rays will be absorbed
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well above the photosphere, the depth of the heated region will be increased
somewhat in the process of degrading the radiation to UV and optical wave-
lengths, Without detailed atmosphere calculations (such as those of Basko
and Sunyaev but with much lurger incident fluxes) we cannot estimate the
depth of the heated region, Tt is, however, possible that the region is
optically thick to UV and optical radiation, If the inclination of the
system differs considerably from 90° (as implied by the lack of absorption
of soft x-rays by the accretion di.i) the optical thickness olong the line
of sight to the observer w:il be increused by grometric effects. In sumnary,
although the situation is rather complex, the spectral chevacteristics and

behavior of A0620-00 are not inconsistent with the model we have proposed,

Temporal Behavior of the Source

As we have shown, tlic observations indicate that the system consists of a K
dwarf or subgiant sporadically transferring mass to a white dwarf companion,
The behavior required here is reminiscent of the behavior of Algol-type binary
systems. Such systems, consisting of a late-type subgiant orbiting a main
sequence star, often undergo sudden period changes indicating sporadic
transfer of mass from the subgiani to the main sequence star. Presumably, the
sporadic mass transfer is related to some (poorly understood) instability

of the convective envelope of the subgiant. Not only is the time interval
between outbursts of AD620-00 (58 yrs.) easily accommodated in this picture,
but the mass loss rate implicd by period changes in Algol-type systems is large
enough to power the observed x-ray luminosity. For instance, the Algol-type
system U Cephei went through two major (sudden) period changes in a 50 year
interval [Biersann and Hall (1973)] with implied mass ejection rates of the
order of lO"“Ma/yr. (see Figures 1 and 2 of Biermann and Mall). For a white

dwarf of mass ~ 1 MQ, the accretion rate required to sveach the Eadington limit
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is about 10'5M°/yr.

The mass ejected by the subgiant would form a disk around the white
dwarf and be accreted as its angular momentum is dissipated by viscous forces.
Since the ejected mass would have a finite range of angular momertum, this
leads to the obvious speculation that the x-ray precursor was due to an
initial infall of low angulax momentum mass directly onto the white dwarf,

If so, this would account fcr the hard x-ray spectrum of the precursor as
compared to the spectrum near end after x-ray maximum, Again, it is inte-
resting to speculate that the radio emission detected early in the history of
the outburst was associated with the instability that caused the suddei mass
transfer. The flat radio spectrum is very similar to that observed in binavy
star radic sources, which are well vepresented with subgiant active menbers.
It may well be that the subgiant is the source of the radio emission.

Duerbeck and Walter {1976) observed a 4 day modula*ion in the optical
light curve of A0620-00. If this is associated with an orbital pericd, it
implies a semi-major axis of ~ 11 Ry» for a total system mass of ~ 1 Me.

This is somewhat larger than a typical subgiant radius (generally a few solar

radii), However, as Duerbeck and Walter have noted, the observed modulation

period may be a multiple of the true period, since the observations were taken
at the same time each night, In addition, if the subgiant is the less massive
component of the system, this would decrease the size of its Roche lobe and,

hence, its required radius.

SUMMARY AND CONCLUSIONS

The observations of A0620-00, spanning the spectral range from x-rays to
radio waves, place stringent constraints on the nature of the object and the

cause of the outburst., A0620-00 is not a nova, If it is an accretion source,
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the red color of the pre-outburst object, combined with constraints on
interstellar reddening due to the blue ceolor observed during the outburst,
require that the companion to the compact object be of late spectral type,

A red giant or supergiant is ruled out by the distance indicators and the
requirement, in an accretion model, that the x-ray luminosity satisfy the
Eddington limit (u giant of My ~ 0.0 would require a mass for the compact
nbject > 100 Me)' This implies that the companion is a late-type dwarf

or subgiant of low mdss and, because of the Blaauw mechanism, that the
compact object is a white dwarf. ‘The luminosity, temperature, and decay
timescale of the optical outburst associated with the x-ray event arc consis-
tent it the optical brightening being due to a "reflection" effect, By
andlogy with Algol-type binaries, the long-term behavior cf A0620-00 is under-
standable, In summarv, the model we have presented accounts, in a simple
way, for the behavior of A0620-00,

If the essential features of our model are correct, then A0620-00 could
provide an excellent opportunity for testing calculations of stellar atmos-
pheres irradiated by soft x-rays. As the x-ray luminosity decreases (in
effect, varying one of the input parameters for the calculations), changes in
the optical spectrum should provide an ides! test case for numerical models,
Far this reuson, continued monitoring of the optical spectrum is crucial.

Fipally, the x<ray observations indicate that A0G20-00 is an example of
the type of trunsient x-ray source classified by Canizares (1975) as an x-ray
nova, The discovery of an earlier outburst rules out the model for such
sources proposed by Van Horn and Hansen (1974) since they require that the
accretion rate onto the neutron star be slow enough that 1085 - 107 years
elapse between successive outbursts, The lack of confirmed optical counter-
parts for previous x-ray novae is not surprising, as can be seen from Table I.

We have estimated the distances and apparent visual magnitudes of the earlier
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x-ray novae by comparison of observed x-ray fluxes with the observed para-

meters of A0620-00, For 3U1543-47, no optical counterpart was found down to

m, = 18 (Matilsky et al., 1972), Our predicted brightness is less than
this, For Cen X-2 and Cen X-4, no systematic searches for optical counter-
parts ware made., If plates of these regions taken during the x-ray phases
exist, it might be interesting to compare them with plates taken at other

times,

We would like to thank Dr, Warren Sparks for valuable discussions of

the classical nova outburst,
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