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PREFACE 

This i s  the t h i r d  i n  a ser ies  o f  b ienn ia l  NASA I n t e r n a t i o n a l  U l t r a -  
v i o l e t  Explorer  (IUE) Symposia. The f i r s t  two conferences took p lace 
i n  the  sp r ing  o f  1980 and 1982. 

The cu r ren t  symposium comnemorates the successful  completion o f  the 
f i r s t  s i x  years o f  the IUE Guest Observer Program and inaugurates the 
seventh year. Launched i n t o  a quasi-geosynchronous o r b i t  on 26 
January 1978, the  IUE s a t e l l i t e  observatory has been used as an 
important  t o o l  f o r  astronomical research by over a thousand astron- 
omers from a l l  over the world. The objects s tud ied  w i t h  the IUE en- 
compass p r a c t i c a l l y  a1 1 astronomical sources, ranging from nearby 
s o l a r  system objects,  such as comets and planets, t o  e x t r a g a l a c t i c  
objects,  i n c l u d i n g  quasars. The content o f  t h i s  conference proceed- 
ings demonstrates the breadth o f  the research being conducted w i t h  
the  IUE. 

We wish t o  acknowledge the con t r i bu t i ons  made by a cadre o f  scien- 
t i s t s ,  engineers, and technicians, who have made the IUE a resounding 
success. This includes, i n  p a r t i c u l a r ,  the en thus ias t i c  guest ob- 
servers, many o f  whom were present a t  t h i s  symposium. 
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IUE ABSORPTION LINE STUDIES OF 

HIGHLY IONIZED INTERSTELLAR GAS 

B l a i r  D. Savage 
Washburn Observatory, The Univers i ty  o f  Wisconsin-Madison 

Abs t rac t  

IUE high d i spe r s ion  e c h e l l e  s p e c t r a  o f  g a l a c t i c  and e x t r a g a l a c t i c  
sources  have g e n e r a l l y  revea led  t h e  presence o f  abso rp t ion  by i n t e r s t e l l a r  
S i  I V  and C I V .  Occasional ly  N V has  been de tec ted .  The obse rva t iona l  
r e s u l t s  r e l a t i n g  t o  t h e s e  s p e c i e s  w i l l  be  reviewed f o r  H I1 reg ions ,  
supernova remnants, g a l a c t i c  d i s k  gas ,  g a l a c t i c  h a l o  gas ,  and e x t r a g a l a c t i c  
gas.  For t h e  va r ious  reg ions ,  t h e  l i k e l y  o r i g i n  o f  t h e  i o n i z a t i o n  is 
considered.  

INTRODUCTION 

Lyman S p i t z e r  i n  h i s  c l a s s i c  t h e o r e t i c a l  paper ,  "On a Poss ib l e  
I n t e r s t e l l a r  Ga lac t i c  Soronatt ( S p i t z e r  1956), first suggested t h e  p o s s i b l e  
ex i s t ence  o f  a ho t  (10 K) phase o f  t he  i n t e r s t e l l a r  medium heated by s t e l l a r  
e j e c t a .  This  ho t  medium was requi red  t o  provide t h e  p re s su re  suppor t  t o  
s t a b i l i z e  t h e  c louds  found a t  l a r g e  d i s t a n c e s  from t h e  g a l a c t i c  plane.  
S p i t z e r  a l s o  pointed o u t  t h e  importance o f  o r b i t i n g  u l t r a v i o l e t  t e l e scopes  f o r  
d i r e c t l y  record ing  the  absorp t ion  l i n e s  of  t h e  h igh ly  ion ized  g a s  expected t o  
e x i s t  i n  t h e  h o t  medium. 

The first u l t r a v i o l e t  de t ec t i on  of  t h e  h igh ly  ion ized  i n t e r s t e l l a r  medium 
came s h o r t l y  after  t h e  launch o f  t h e  Copernicus s a t e l l i t e  i n  1972 (Rogerson 
e t  al .  1972). Deta i led  s t u d i e s  by Jenkins  ( 1978 a and b) e s t a b l i s h e d  the  
pervas iveness  o f  t h i s  new low dens i ty  h igh  temperature  component o f  t h e  
i n t e r s t e l l a r  gas.  Unfortunately t he  Copernicus s a t e l l i t e  0 V I  survey of 
Jenkins  was l i m i t e d  t o  s t a r s  b r i g h t e r  than V = 6.9. I n  a d d i t i o n ,  only a few 
b r i g h t  stars were scanned t o  search f o r  C I V  absorp t ion  because o f  t he  low 
s e n s i t i v i t y  o f  Copernicus a t  1550 A. 

With its a b i l i t y  t o  o b t a i n  s p e c t r a  o f  ho t  s t a r s  as f a i n t  a s  V = 14, t h e  
IUE has  provided an important complement t o  t h e  Copernicus s t u d i e s  o f  t h e  
h igh ly  i on i zed  s p e c i e s  i n  t h e  i n t e r s t e l l a r  medium. 

Table 1 lists bas i c  information about  t h e  va r ious  h igh ly  ion ized  
i n t e r s t e l l a r  s p e c i e s  a c c e s s i b l e  t o  t h e  IUE. For compJeteness, in format ion  is 
a l s o  given f o r  o t h e r  s p e c i e s  a c c e s s i b l e  t o  t h e  Copernicus S a t e l l i t e  i n  t h e  
912 t o  1200 A region.  The t a b l e  lists wavelengths,  f va lues ,  t h e  energy 
requi red  t o  produce and des t roy  t h e  i on ,  t h e  s o l a r  e lemental  abundance r a t i o  
wi th  r e s p e c t  t o  hydrogen, and the ' t empera ture  f o r  which t h e  i o n i c  abundance 
is a maximum according t o  t h e  "coronal i on i za t i on"  c a l c u l a t i o n s  o f  Shu l l  and 
van Steenberg (1982) and Bal iunas and Bu t l e r  (1980). I n  t h e s e  c a l c u l a t i o n s ,  
e l e c t r o n  c o l l i s i o n a l  i o n i z a t i o n  is balanced by e l e c t r o n i c  and d i e l e c t r o n i c  
recombination us ing  t h e  most up t o  d a t e  c ross -sec t ions .  The Bal iunas and 



But l e r  c a l c u l a t i o n  f o r  S i  I V  a l s o  inc ludes  t he  e f f e c t s  o f  charge exchange. 
The column l abe l ed  I1sens i t iv i ty"  lists f [n(x)  /n(H)] [ n ( i o n )  /n(x)  IT . 
This product  is a rough measure o f  t he  d e t e c t a b i l i t y  o f  a p a r t i c u l a r  f%e 
assuming equi l ib r ium c o l l i s i o n a l  i o n i z a t i o n ,  s o l a  abundanc s ,  and equa l  5 5 amounts o f  ga s  a t  a l l  temperatures  between 0 . 5 ~ 1 0  and 3x10 K. The 
product  sugges ts  t h e  most s e n s i t i v e  s p e c i e s  a r e  C I V  and 0 V I  followed by 
S i  I V ,  N V,  S V I ,  and S I V .  The s e n s i t i v i t y  o f  C I V  and 0 V I  a r e  comparable 
while  S i  I V  and N V a r e  about  5 t o  10 t imes less s e n s i t i v e .  Care should be 
used when intercomparing s p e c i e s  a s soc i a t ed  wi th  d i f f e r e n t  elements t o  i n f e r  
i n t e r s t e l l a r  temperatures.  The s o l a r  abundance r a t i o s  may not  apply  i n  t h e  
reg ion  being s tud ied .  For example, i n  t h e  Orion Nebula t h e  n i t rogen  abundance 
given by Dufour, Sh i e ld s  and Talbot (1  982) is 3 x smal le r  than t h e  va lue  
l i s t e d  i n  Table 1. IUE has  t he  s e n s i t i v i t y  t o  probe such d i s t a n t  i n t e r s t e l l a r  
r eg ions  t h a t  g a l a c t o c e n t r i c  abundance g r a d i e n t s  may even become important .  
F i n a l l y ,  i f  t he  gaseous reg ions  being s tud i ed  con ta in  d u s t ,  t h e  enhanced 
dep le t i on  of one element wi th  r e s p e c t  t o  another  may a l s o  be important .  

IONIZATION MECHANISMS 

The comment column o f  Table 1 g ives  a number o f  p o s s i b l e  i o n i z a t i o n  
mechanisms f o r  each o f  t h e  i o n s  l i s t e d .  The l a r g e  range o f  p o s s i b i l i t i e s  
l i s t e d  demonstrates t he  problem as soc i a t ed  wi th  understanding the  o r i g i n  o f  
t he  h igh ly  ion ized  gas  i n  t h e  i n t e r s t e l l a r  medium. 

Photo ioniza t ion  by Hot Young S t a r s  

Those s p e c i e s  r e q u i r i n g  less than 54 eV f o r  t h e i r  product ion may be 
c r ea t ed  by d i r e c t  photo ioniza t ion  by normal Populat ion I hot  s t a r s .  54 eV is 
important s i n c e  ho t  s t a r s  with normal helium abundances have l a r g e  He I1 
d i s c o n t i n u i t i e s  a t  228 A. For example, f o r  t he  l o g  g = 4.5 and s o l a r  
abundance hot  s t a r  model atmosphere ca+lculat ions o f  Hummer and Mihalas (19701, 
t he  r a t i o  o f  t he  n mber o f  e y t t e d  He i o n ' z i n g  photons t o  H i o n i z i n g  
photons is 1.2x10-', 1 .9~10-  , and 1 . 2 ~ 1 0  -4 

at Te = 40,000, 50,000, 
and 60,000 K ,  r e spec t ive ly .  03 s t a r s  a r e  be l ieveh  t o  have T f f  - 50,000 K 
(Kudr i tzk i  1980). Thus, s t a r s  03 o r  coo le r  might produce d e f e c t a b l e  amounts 
o f  S i  I V ,  S I V ,  and C I V  bu t  would no t  be capable  o f  producing much N V ,  S V I ,  
o r  0 V I .  Detai led photo ioniza t ion  c a l c u l a t i o n s  of  t h e  expected column 
d e n s i t i e s  o f  S i  I V  and C I V  i n  normal H I1 reg ions  surrounding Populat ion I 
s t a r s  a r e  found i n  Black e t  a l .  ( 1980) and Cowie, Taylor ,  and York ( 198 1 ) . 
Both c a l c u l a t i o n s  make use o f  tps model atmospheres o f  Kurucz (1979). The 

den i t i e s  s c a l e  wi th  n . For n = 1,  observable  amounts 7::;" cm-') of S i  I V  and C I& a r e  f o r  s t a r s  wi th  T f f  

30,000 and 35,000 K ,  r e spec t ive ly .  The r a t i o  N(C IV)/N(Si IVY I nc reases  from 
about  0.04 t o  0.9 a s  T inc reases  from 35,000 t o  50,000 K. The r e s u l t s  
ob ta ined  i n  such ca l cu fa f ions  w i l l  depend on t h e  q u a l i t y  o f  t h e  model 
atmosphere c a l c u l a t i o n s  i n  t h e  region o f  t h e  r a p i d  f a l l  o f f  i n  t h e  Planck 
func t ion .  Properly al lowing f o r  such e f f e c t s  a s  a tmospheric  ex tens ion  and 
winds might have a l a r g e  e f f e c t  on t h e  computed emergent spectrum. Another 
problem concerns t he  bas i c  atomic parameters.  For example, t h e  si2+ 
photo ioniza t ion  c ross -sec t ions  o f  Reilman and Manson (1979) a r e  4 t o  5 t imes 
sma l l e r  than those  u s u a l l y  adopted. The o r i g i n  o f  t h i s  discrepancy 



is unknown. Also, the  expected C I V  t o  S i  I V  r a t i o  must be modified i f  C and 
S i  a r e  depleted because of  t h e  su rv iva l  o f  dus t  i n  H I1 regions. I n  t h e  
d i f fuse  i n t e r s t e l l a r  medium, the  gas phase carbon abundance is 1/3 s o l a r  
(Hobbs e t  al., 1982) while the  gas phase S i  abundance is 1 / 10 s o l a r  ( P h i l l i p s ,  
Gondhalekar and P e t t i n i  1982). The detec t ion  of  the  9.7 u m  s i l i c a t e  f ea tu re  
from dust  i n  many H I1 regions including Orion ( f o r  a review see  Savage and 
Mathis 1978), suggests  t h a t  the  deplet ion of  S i  may be large .  A s  a 
consequence o f  these  concerns, the  observed C I V  t o  S i  I V  column dens i ty  r a t i o  
may not provide very many c lues  about the  nature of  the  ion iza t ion  process. 

Photoionization by Hot Evolved S t a r s  

Hot white dwarfs and the  c e n t r a l  s t a r s  of  planetary nebulae can have 
surface  temperatures g r e a t l y  exceeding 50,000 K. I n  a recent  paper, Dupree 
and Raymond (1983) considered t h e  photoionizing e f f e c t s  o f  ho t  white dwarfs on 
the  c rea t ion  o f  highly ionized species  i n  the  i n t e r s t e l l a r  medium. Helium 
r i c h  white dwarfs can produce S i  IV+and C I V  while hydrogen r i c h  white dwarfs 
which do not  have a s t rong 54 eV He discont inui ty  a l s o  produce N V and 0 
V I .  Aside from producing t h e i r  own surrounding H I1 regions which have been 
detec ted ,  these  s t a r s  may a l s o  be important i n  explaining the  d i s t r i b u t e d  C I V  
found i n  t h e  milky way plane and halo. 

Photoionization by S t e l l a r  X-Ray Sources 

McCray, Wright and Hatchett (1977) pointed out  that X-ray photoionizat ion 
can c r e a t e  zones of  highly ionized elements i n  the  i n t e r s t e l l a r  gas  around an 
X-ray source. The expected high ioniza t ion  column d e n s i t i e s  depend on the  
source spectrum and luminosity and on the  dens i ty  d i s t r i b u t i o n  of  the  
surrounding ambient gas. 

Photoionization by t h e  E x t r a ~ a l a c t i c  Background 

Extragalac t ic  EUV and XUV r ad ia t ion  can a f f e c t  the  ion iza t ion  of  gas a t  
l a rge  d is tances  from the  g a l a c t i c  plane. Above E = 1 keV the  background 
rad ia t ion  can be measured d i r e c t l y  (Schwartz 1979). A t  lower energies  the  
background must be estimated by counting up the  l i k e l y  emission from quasars  
and a c t i v e  galaxies.  Such est imates have been made by Sherman (1980). 

Hartquist  , P e t t i n i  and Tal lant  ( 1984) and Chevalier and Fransson ( 1984 ) 
have ca lcula ted  the  ioniza t ion  of i n t e r s t e l l a r  gas by the e x t r a g a l a c t i c  
background. They f ind  that t h i s  source of ion iza t ion  could play a very 
important r o l e  i n  t h e  g a l a c t i c  halo. 

Co l l i s iona l  Ioniza t ion  i n  the  Hot I n t e r s t e l l a r  Medium 

The evidence f o r  a hot phase t o  the  i n t e r s t e l l a r .  medium is the  s o f t  X-ray 
background (McCammon e t  al .  1983) and the  0 V I  measurements of  the  Copernicus 
s a t e l l i t e  (Jenkins 1978 a and b) . The volume occupied by t h i s  phase could 
range from less than 10% t o  more than 80 o r  90% (McCamrnon 1981). A l l  of  the  
species  l i s t e d  i n  Table 1 can b produced by e lec t ron  c o l l i s i o n a l  ion iza t ion  

5 5 i n  a medium with 0 . 5 ~ 1 0  <T<5x10 K. The s o f t  X-rays imply gas  with higher 
temperatures. Possibly the  0 V I  l i n e s  and o ther  high ion iza t ion  l i n e s  a r e  



produced i n  t h e  i n t e r f a c e  reg ion  between t h e  X-ray e m i t t i n g  g a s  and coo le r  
c louds ,  i.e., a t  evapora t ing  cloud boundaries (McKee and Cowie 1977). If t h i s  
is t h e  ca se ,  t h e  r e l a t i v e  abundances o f  t h e  h igh ly  ion ized  s p e c i e s  w i l l  depend 
on t h e  run o f  d e n s i t y  and temperature through t h e  i n t e r f a c e .  Furthermore 
s i n c e  t h i s  boundary l a y e r  can be t h i n ,  t ime dependent effects may be 
important.  For evapora t ive  i n t e r f a c e s  t he  i on  r a t i o s  may be es t imated  from 
t h e  t ime dependent i o n i z a t i o n  c a l c u l a t i o n s  of  Weaver e t  al .  (1977). Adjust ing 
t h e i r  va lues  t o  t h e  abundances given i n  t a b l e  1  t h e  r e s u l t s  are 
Si  I V /  0  V I  = 0.006, C I V / O  V I  = 0.12, N V/O V I  - 0.036, and S I V / O  V I  - 
0.017. Jenkins  (1978b) has  founi8 tha t  t h e  average 0 V I  d e n s i t y  i n  t h e  
g a l a c t i c  plane is n(O VI) - 2x10 ~ m - ~ .  If o t h e r  h igh ly  ion ized  s p e c i e s  
are formed i n  cloud i n t e r f a c e s  oneluould expec t  t o  f i n d  t h  f o l  owing average 
cloud d e n s i t i e  n( i IV) = 1x10- cm-3 n(C V) = 2xlO-' cm-' -4 n(N V) 7 ~ 1 0 - ' ~  cm-' and n(S  IV) = 3x10- '~  cm . However, our  
l ack  o f  knowledge about  e lemental  abundances, t h e  effects o f  dep l e t i on ,  and 
t h e  v a l i d i t y  o f  t h e  time dependent c a l c u l a t i o n s ,  t h e s e  p r e d i c t i o n s  must be 
considered q u i t e  uncer ta in .  

The a d d i t i o n  o f  time dependent e f f e c t s  t o  our  list o f  p o t e n t i a l  problems 
c e r t a i n l y  complicates  t h e  s tudy  o f  t h e  h igh ly  ion ized  atoms. Time dependent 
e f f e c t s  may be  important  i n  i n t e r f a c e  r eg ions  as men3ioned above o r  i n  r eg ions  
o f  very low d e n s i t y  s i n c  c o l  i s i o n  r a t e s  s c a l e  as n . I n  t h e  g a l a c t i c  h a l o  
where n may approach lo-' cm-' o r  l e s s ,  t h e  assumption o f  time equi l ib r ium 
should c e r t a i n l y  be questioned. 

C o l l i s i o n a l  I o n i z a t i o n  i n  I n t e r s t e l l a r  Shocks 

Highly ion ized  s p e c i e s  are produced i n  shocked i n t e r s t e l l a r  reg ions .  
However, abso lu t e  a n d - r e l a t i v e  abundance p r e d i c t i o n s  r e q u i r e  r a t h e r  d e t a i l e d  
model ca l cu l a t i ons .  Time dependent effects, shock genera ted  i o n i z i n g  
r a d i a t i o n  and unce r t a in  g r a i n  d e s t r u c t i o n  rates a r e  a few o f  t h e  s e r i o u s  
complicat ions.  For r ecen t  reviews see  McKee and Hollenbach ( 1980 ) and McCray 
and Snow ( 1 979 ) . 
The I n t e r f a c e s  of  Ci rcumste l la r  Bubbles 

Cas tor ,  McCray and .Weaver (1975) and Weaver e t  a l .  (1977) have s tud i ed  
t h e  s t r u c t u r e  and evolu t ion  o f  t h e  bubble t h a t  is c rea t ed  by s t e l l a r  winds 
a c t i n g  on t h e  i n t e r s t e l l a r  medium surrounding s t a r s  w ' t h  l a r g e  mass l o s s  6 r a t e s .  These bubbles re e pected t o  con ta in  ho t  (10 K) shocked g a s  wi th  
d e n s i t i e s  o f  about  lo-' cm-'. The va r ious  h igh ly  ion ized  s p e c i e s  we a r e  
cons ider ing  could be produced i n  t h e  i n t e r f a c e  between t h e  bubble and t h e  
surrounding coo le r  i n t e r s t e l l a r  ma te r i a l .  According t o  weaver e t  al .  ( 1977 1, 
t h  expect  C I V ,  N V ,  nd S '  I V  column d e n s i t i e s  i n  t h e  i n t e r f a c e  a r e  
loe3, 2x10 , and 1 . 5 ~ 1 0  18 cm -2 , r e spec t ive ly .  These numbers 
a r e  expected t o  be  r e l a t i v e l y  i n s e n s i t i v e  t o  model parameters.  If  t h i s  is 
t r u e ,  more than one i n t e r f a c e  would be requi red  t o  exp la in  p3ser-2ations o f  
C I V  s i n c e  t h e  IUE d e t e c t i o n  l i m i t  f o r  t h i s  i on  is about  10 cm . 
However, t h e  i n t e r f a c e  high ion  column d e n s i t i e s  do s c a l e  w i th  t h e  l o c a l  
d e n s i t y  t o  t h e  9/35 power. Therefore ,  column d e n s i t i e s  s i x  times l a r g e r  than  
those  quoted a b  ve w u ld  occur  f o r  winds i n t e r a c t i n g  wi th  r eg ions  with-ambient 8 -8 d e n s i t i e s  o f  10 cm . 



OBSERVATIONAL RESULTS 

I n  t h e  fo l lowing  s e c t i o n s ,  r ecen t  obse rva t iona l  r e s u l t s  r e l a t i n g  t o  
s t u d i e s  o f  t h e  h igh ly  ionized atomic absorp t ion  l i n e s  a r e  summarized and the  
l i k e l y  o r i g i n  o f  t h e  i o n i z a t i o n  is considered. However, f o r  many o f  t h e  
obse rva t iona l  s i t u a t i o n s  considered,  it is l i k e l y  t h a t  s e v e r a l  d i f f e r e n t  
i o n i z a t i o n  mechanisms a r e  ope ra t i ng  simultaneously.  This  problem is 
e s p e c i a l l y  s e r i o u s  f o r  those  spec i e s  such a s  C I V ,  S i  I V  and S I V  which 
r e q u i r e  less than  54 eV f o r  t h e i r  product ion.  

I n t e r s t e l l a r  ve r sus  Ci rcumste l la r  Absorption 

A fundamental problem i n  i n t e r p r e t i n g  i n t e r s t e l l a r  abso rp t ion  l i n e  d a t a  
is dec id ing  i f  t h e  observed narrow f e a t u r e s  r e l a t e  t o  t h e  g e n e r a l  i n t e r s t e l l a r  
medium o r  t o  a c i r c u m s t e l l a r  phenomena. Close b i n a r i e s  and Be s t a r s  may have 
circumsystem o r  c i r c u m s t e l l a r  g a s  moving a t  r e l a t i v e l y  modest v e l o c i t i e s .  
Absorption by t h i s  m a t e r i a l  could be mi s in t e rp re t ed  a s  i n t e r s t e l l a r .  S t a r s  
with very  l a r g e  mass l o s s  r a t e s  such a s  t h e  Wolf-Rayet s t a r s  may have 
surrounding s h e l l s  o f  ma te r i a l  moving a t  high low speeds.  The low speed 
m a t e r i a l  could be confused wi th  gene ra l  i n t e r s t e l l a r  absorp t ion .  Suggest ions 
t h a t  such c i r c u m s t e l l a r  absorp t ion  is occuring appears  i n  t h e  r e s u l t s  o f  
Smith, Willis and Wilson (1980). I n  a s tudy o f  10 Wolf-Rayet s t a r s ,  they  
found no apparen t  r e l a t i o n s h i p  between the  s t r e n g t h  o f  t he  narqow high 
i o n i z a t i o n  l i n e q  and d i s t ance  o r  reddening. Observations o f  Y Velorum 
(WC8+091) and Y Velorum (B3II I )  by Bruhweiler,  Kondo and McCluskey (1979, 
19801, Sahade, Kondo and McCluskey (1 7841, and Sahade and Hern ndez ( 1  982) 2 provide a very  i n t e r e s t i n g  r e s u l t .  Y Vel is about  41" from Y Vel and is 
very l i k e l y  a phys i ca l  companion. For a d i s t a n c e  o f  480 pc t o  t h e  , Y V e l  
system (Abt e t  al .  197?), 41' corresponds t o  20,000 AU2 Narrow l i n e s  o f  C I V  
and S i  I V  near  0 km s- a j e  found i n  t h e  spectrum o f  Y Vel bu t  a r e  no t  
seen i n  t h e  spectrum of Y2 Vel. This r e s u l t  sugges ts  t h a t  t h e  C I V  and 
S i  I V  abso rp t ion  toward Y Vel may occur  where t he  wind merges wi th  t h e  
s rrounding i n t e r s t e l l a r  medium and t h i s  l i k e l y  occurs  w i th in  20,000 AU o f  P vel. 

Because o f  t he se  pos s ib l e  circumstellar-interstellar confusion problems 
g r e a t  c a r e  must be taken i n  choosing s u i t a b l e  t a r g e t  s t a r s  f o r  i n t e r s t e l l a r  
s t u d i e s .  Be s t a r s ,  s t a r s  i n  c l o s e  b inary  systems, and s t a r s  wi th  l a r g e  mass 
l o s s  rates a l l  p o t e n t i a l l y  have h ighly  ion ized  g a s  i n  t h e i r  c i r c u m s t e l l a r  
environments. 

There a r e  ca se s  where t he  genera l  i n t e r s t e l l a r  o r i g i n  o f  t h e  h igh ly  
ion ized  s p e c i e s  is w e l l  e s t ab l i shed .  For example, a number o f  s t a r s  i n  t h e  
ha lo  g a s  survey o f  P e t t i n i  and West (1982) have r a d i a l  v e l o c i t i e s  exc ed ing  
75 km s-I bu t  have s t r o n g  i n t e r s t e l l a r  absorp t ion  near  V = 0 ka s -? 
( s ee  t h e i r  Figure 4) .  IUE high d i spe r s ion  observa t ions  bgRex t r aga l ac t i c  
t a r g e t s  a l s o  yeveal  s t r o n g  Milky Way absorp t ion  by h igh ly  ion ized  s p e c i e s  near  yk,, 2 0  km s- even though the  t a r g e t  o b j e c t s  have V 2 150 t o  300 km s- 

avage and deBoer 1981) o r  V - 0.16 c (York e t  al .  1983). 
Another approach t h a t  can be taken t o  v e r i f y  t he  i n t e r s t e l l a r  o r i g i n  o f  a 

p a r t i c u l a r  absorp t ion  l i n e  is t o  look f o r  s t a t i o n a r y  abso rp t ion  l i n e s  toward 
o b j e c t s  wi th  v a r i a b l e  r a d i a l  ve loc i ty .  York (1977) used t h i s  technique t o  
prove t h e  i n t e r s t e l l a r  o r i g i n  o f  0 V I .  However, I ' m  n o t  aware o f  publ ished 



IUE measurements of  t h i s  type  involv ing  C I V ,  S i  I V  o r  N V. 
Although t h e r e  a r e  methods t o  e s t a b l i s h  t h e  i n t e r s t e l l a r  o r i g i n  o f  t h e  

h igh ly  ion ized  spec i e s ,  we should always cons ider  t h e  p o s s i b i l i t y  o f  
c i r c u m s t e l l a r  confusion problems i n  t h e  s e c t i o n s  t h a t  fol low.  

H I1 Regions Surrounding Hot Young S t a r s  

Black e t  a l .  ( 1980) and Cowie, Taylor and York ( 198 1 ) suggested t h a t  
many of  t h e i r  d e t e c t i o n s  of  i n t e r s t e l l a r  C I V  and S i  I V  abso rp t ion  l i n e s  
could be explained by d i r e c t  u l t r a v i o l e t  photo ioniza t ion  o f  g a s  i n  t h e  
surrounding H I1 regions.  However, H I1 reg ions  a r e  complex p laces .  Some 
a r e  known t o  be sources  o f  X-rays. Some con ta in  r a p i d l y  moving gas .  Most 
con ta in  s t a r s  wi th  high speed winds. Therefore ,  most i f  no t  a l l  o f  t h e  
va r ious  i o n i z a t i o n  mechanisms l i s t e d  i n  Table 1 could a f f e c t  t h e  s t a t e  o f  t h e  
h igh ly  ion ized  gas  i n  H I1 regions.  Given t h e  dependence o f  t h e  expected H 
I1 region  column d e n s i t i e s  produced by s t e l l a r  photo ioniza t ion  on the  
e f f e c t i v e  temperature o f  th7,harget s t a r  o r  s t a r s  and on t h e  surrounding gas  
dens i ty  (column dens i ty  - n ), it is not  easy t o  provide a t o t a l l y  
convincing demonstration o f  t h e  photo ioniza t ion  o r i g i n  o f  t h e s e  l i n e s .  For 
example, Jenkins  (1981) showed f o r  a l a r g e  number of s t a r s  t h a t  t h e  C I V  t o  
S i  I V  column dens i ty  r a t i o  d i d n ' t  seem t o  i n c r e a s e  wi th  e f f e c t i v e  s t e l l a r  
temperature a s  pred ic ted  by t h e  photo ioniza t ion  c a l c u l a t i o n s .  Bruhweiler,  
Kondo and McCluskey (1980) used the  l a r g e  C I V  t o  S i  I V  column dens i ty  r a t i o  
t o  r u l e  ou t  t he  photo ioniza t ion  o r i g i n  o f  t he se  l i n e s  f o r  a group o f  18 s t a r s .  
While theory  and observa t ions  s t r o n g l y  i n d i c a t e  t h a t  ho t  young s t a r s  a r e  a b l e  
t o  produce l a r g e  column d e n s i t i e s  o f  C I V  and S i  I V  by d i r e c t  u l t r a v i o l e t  
pho to ion iza t ion ,  much a d d i t i o n a l  work w i l l  be needed t o  s o r t  o u t  t h e  r e l a t i v e  
c o n t r i b u t i o n s  t o  t he  i o n i z a t i o n  being provided by a l l  t h e  o t h e r  p o s s i b l e  
mechanisms. 

High i o n i z a t i o n  absorp t ion  l i n e s  have been s tud i ed  i n  somewhat g r e a t e r  
d e t a i l  f o r  t h e  fol lowing nebulae: Orion (Franco and Savage 19821, Carina 
(Cowie, Hu, Taylor and York 1981); Laurent ,  Paul ,  and P e t t i n i  1982; Welsh and 
Thomas 1982, 1983; and Walborn, Heckathorn and Hesser 1984), M 8 (welsh 1983), 
30 Doradus (deBoer, Koornneef and Savage 1980); Perseus OB 1 ( P h i l l i p s  and 
Gondhalekar 1981) and Cygnus OB 1 ( P h i l l i p s ,  Welsh and P e t t i n i  1984). These 
s t u d i e s  a r e  providing very s i g n i f i c a n t  in format ion  about  H I1 region  gas  
kinematics .  Such information w i l l  h e lp  c l a r i f y  t h e  dynamical consequences o f  
s t e l l a r  winds and supernova explos ions  on t h e  surrounding i n t e r s t e l l a r  gas.  

H I1 Regions Surrounding Hot Evolved S t a r s  

Narrow absorp t ion  l i n e s  o f  C I V  and sometimes S i  I V  and.N V have been 
de t ec t ed  toward t h r e e  h o t  white  dwarfs (Bruhweiler and Kondo 1981; Dupree and 
Raymond 1982; Sion and Guinan 1983). I n  a f o u r t h  c a s e  no high ion  l i n e s  a r e  
seen  (Hal ina ,  Bas r i  and Bowyer 1981). The measurements f o r  Feige 24 by Dypree 
and Raymond (1982) r e v e a l  C I V  and S i  I V  absorp t jon  near  VHeli - 0 km s- 
and C I V ,  S i  I V  and N V absorp t ion  near  83 km s- . The low ve?oci ty  
absorp t ion  l i k e l y  a r i s e s l i n  l o c a l  i n t e r s t e l l a r  g a s  photoionized by t h e  white 
dwarf while t h e  83 km s- absorp t ion  l i k e l y  a r i s e s  i n  t h e  Feige 24 system. 
This  o b j e c t  provides  an e x c e l l e n t  i l l u s t r a t i o n  o f  a combination o f  
c i r c u m s t e l l a r  o r  s t e l l a r  abso rp t ion  and i n t e r s t e l l a r  absorp t ion .  



The i n t e r s t e l l a r  absorp t ion  l i n e s  o f  C I V ,  S i  I V  and N V toward white  
dwarfs seem w e l l  descr ibed by t h e  photo ioniza t ion  c a l c u l a t i o n s  o f  Dupree and 
Raymond (1983). Detec tab le  amounts o f  photoio ized  C I V  a r e  expected i f  t h e  -9 white  dwarfs are i n  a medium wi th  n > 0.03 cm . For H 43 t h e  upper l i m i t s  -3 f o r  t h e  high i o n  absorp t ion  impl ies  n( loca1)  < 0.03 cm . 

Not on ly  do ho t  white dwarfs create t h e i r  own h ighly  ion ized  H I1 reg ions  
which a r e  o f  i n t e r e s t  i n  t h e i r  own r i g h t ,  bu t  t h e s e  s t a r s  may a l s o  p lay  an 
important  r o l e  i n  c r e a t i n g  h ighly  ion ized  atoms i n  t h e  g e n e r a l  i n t e r s t e l l a r  
medium. Es t imates  o f  t h e  expected mean i n t e r s t e l l a r  C I V  d e n s i t y  have been 
made by Dupree and Raymond (1983). The r e s u l t s  depend on t h e  u n c e r t a i n  space 
dens i ty  o f  ho t  white  dwarfs and on t h e  average de s i t y  o f  t h e  medium i n  which 
t h e  white  dwarfs are s i t u a t e d .  For < n  > ' 0.1 m-', t h e  mean C I V  d e n s i t y  is -8 predic ted  t o  l i e  between 2 x l 0 - ~  and 7x10-' cm . These numbers are 
comparable t o  t h e  observed mean dens i ty  ( s ee  t he  s e c t i o n  concerning g a l a c t i c  
d i s k  g a s ) .  

The u l t r a v i o l e t  emission l i n e s  from p l ane t a ry  nebulae have been 
ex t ens ive ly  i nves t i ga t ed  wi th  t h e  IUE ( f o r  a b r i e f  review s e e  Peimbert 1981). 
A number o f  c e n t r a l  s t a r s  o f  p l ane t a ry  nebulae have been observed i n  h igh  
d i s p e r s i o n  by IUE. Unfortunately,  t h e  absorp t ion  l i n e s  i n  t h e s e  d a t a  have not  
rece ived  much a t t e n t i o n .  

Photoionized Gas Near S t e l l a r  X-Ray Sources 

The two X-ray b inary  systems observed by IUE i n  h igh  d i s p e r s i o n  a r e  HD 
153919 (Dupree e t  al .  1978) and Vela X-1 = HD 77581 (Dupree 1980). S t rong  
narrow S i  I V  and C I V  abso rp t ion  is  seen  toward each system. For HD 153919 
t h e  stel lar  s i g n a l  near  t h e  N V doublet  is weak and only  an upper l i m i t  t o  t h e  
s t r e n g t h  o f  i n t e r s t e l l a r  N V could be e s t ab l i shed .  For HD 77581 t h e r e  is  no 
continuum near  t h e  N V doublet  because o f  t h e  g r e a t  s t r e n g t h  o f  s t e l l a r  N V. 

HD 153919 is c l a s s i f i e d  as 06 f and may have a s u r f a c e  temperature  o f  
abou t  40,000 K. For such a star, direct u l t r a v i o l e t  photo ioniza t ion  by 
s t e l l a r  photons would be expected t o  produce large column d e n s i t i e s  o f  C I V  
and S i  I V .  Therefore ,  it is not  c l e a r  whether o r  no t  t h e  x-ray emission is 
enhancing t h e  i o n i z a t i o n  o f  t h e s e  s p e c i e s  accord ing  t o  t h e  p r e d i c t i o n s  o f  
McCray, Wright and Hatche t t  (1977). 

I n  t h e  ca se  o f  t h e  Vela X-1 source,  t h e  primary star, HD 77581, is 
c l a s s i f i e d  as B0.5 Ib.  The u l t r a v i o l e t  r a d i a t i o n  form such a s t a r  might 
produce S i  I V  bu t  would no t  be expected t o  produce C I V .  Dupree e t  al. ( 1980) 
suggest  t h a t  most o f  t h e  observed C I V  and some o f  t he  observed S i  I V  is due 
t o  X-ray photo ioniza t ion .  While t h i s  i n t e r p r e t a t i o n  appears  reasonable ,  it 
would be va luable  t o  observe t a r g e t s  a t  a s i m i l a r  d i s t a n c e  i n  d i r e c t i o n s  near  
t o  t h e  X-ray source  t o  determine i f  some o f  t h e  S i  I V  and C I V  abso rp t ion  
occurs  i n  t h e  gene ra l  i n t e r s t e l l a r  medium. 

Supernova Remnants 

Most IUE s t u d i e s  o f  t he  phys ica l  s tate  o f  gas i n  supernova remnants have 
involved t h e  u l t r a v i o l e t  emission l i n e s  ( f o r  a review s e e  Raymond 1983). 
However, important  complementary information can be ob ta ined  through 
absorp t ion  l i n e  s t u d i e s  o f  s t a r s  wi th in  and beyond t h e  remnant. 

The s t u d i e s  o f  Jenkins ,  S i l k  and Wal l e r s t e in  ( 1976) and Jenkins ,  



Wal le r s t e in  and S i l k  (1984) of  t he  Vela supernova remnant w i th  t h e  Copernicus 
and IUE s a t e l l i t e s  i l l u s t r a t e  t h e  importance o f  abso rp t ion  measurements. I n  
t he  1984 paper ,  IUE observa t ions  o f  absorp t ion  l i n e s  toward 45 s t a r s  i n  t h e  
v i c i n i t y  o f  Vela a r e  presented. Over one-third o f  t h e  s t a r s  e x h i b i t  high 
v e l o c i t y  i n t e r s t e l l a r  absorp t ion  components wi th  a  d i s p e r s i o n  i n  v e l o c i t i e s  
t h a t  sugges ts  c h a o t i c  motions wi th in  t h e  remnant. The high i o n i z a t i o n  l i n e s  
of  S i  I V ,  C I V  and N V a r e  seen a t  high and low v e l o c i t y .  The high i o n i z a t i o n  
l i n e s  a t  low v e l o c i t y  imply a  l a r g e  ( 3  t o  10x1 d e n s i t y  enhancement over t h a t  
found i n  t he  gene ra l  i n t e r s t e l l a r  medium. Jenkins ,  Wa l l e r s t e in  and S i l k  
(1984) attempted t o  understand the  r e l a t i v e  column d e n s i t y  r a t i o s  o f  t he se  
l i n e s  i n  terms o f  c o l l i s i o n a l l y  ion ized  gas  i n  conductive i n t e r f a c e s  
surrounding c louds  behind t h e  shock f r o n t s .  They found too  much S i  I V  (by a  
f a c t o r  o f  4 )  and too  l i t t l e  N V (by a  f a c t o r  o f  7 ) .  They suggested t he  
overabundance o f  S i  I V  might be explained by i o n i z a t i o n  from shock generated 
u l t r a v i o l e t  r a d i a t i o n .  A de f i c i ency  of  N V compared t o  t h e  expec t a t i ons  seems 
t o  be a  very common problem i n  i n t e r s t e l l a r  s t u d i e s .  Perhaps something is 
wrong o r  missing i n  t h e  atomic r a t e  c a l c u l a t i o n s  involv ing  N V. An 
i n t e r s t e l l a r  n i t rogen  abundance 2 t o  3  tiimes smal le r  than s o l a r  would he lp  
reduce t he  N V discrepancy. 

Gas i n  t h e  Ga lac t i c  Disk 

The dens i ty  d i s t r i b u t i o n  of  C I V ,  S i  I V ,  and N V i n  t he  ~ e n e r a l  
i n t e r s t e l l a r  medium o f  t h e  g a l a c t i c  d i sk  is no t  w e l l  determined. This  is 
because o f  t h e  d i f f i c u l t y  o f  dec id ing  i f  observed l i n e s  a r i s e  i n  s t e l l a r  H I1 
reg ions  o r  i n  t h e  gene ra l  i n t e r s t e l l a r  medium. A p o s s i b l e  s o l u t i o n  t o  t h e  H 
I1 region  problem involves  observing s t a r s  coo l  enough s o  they do not  c r e a t e  
t h e i r  own r eg ions  of  photoionized C I V  and S i  I V .  According t o  t h e  
c a l c u l a t i o n s  o f  Cowie, Taylor and York (1981) ,  t h a t  means s t a r s  cooler  than 
about  25,000 K i n  t h e  ca se  o f  S i  I V  and coo le r  than 30,000 K i n  t h e  ca se  o f  C 
I V .  These temperatures  correspond t o  s p e c t r a l  types  B1 and BO, r e s p e c t i v e l y .  
I n  a d d i t i o n  t o  s e l e c t i n g  coo le r  s t a r s ,  c a r e  must be taken t o  avoid d i r e c t i o n s  
pass ing  near  t he  prominent H I1 reg ions  surrounding o t h e r  s t a r s .  

Only a f e w  l i n e s  o f  s i g h t  have been i d e n t i f i e d  i n  t h e  l i t e r a t u r e  f o r  
which t h e  r e s u l t s  l i k e l y  apply t o  t he  gene ra l  i n t e r s t e l l a r  medium o f  the  
g a l a c t i c  d i sk .  These i nc lude  a b s o r p t i o  toward HD 47432 and HD 218915 (Cowie, -4 Taylor and York 1981) and the  -10 km s absorp t ion  toward HD 93205 
(Laurent ,  Paul and e t t i n i  4982). For t h e s  d i r e c t i o n s  t h e  average C I V  -5 d e n s i t i e s  a r e  9x10 , 3x10- and 3x10-' cm-', r e spec t ive ly .  I n  
ana lyz ing  t h e  Milky Way C I V  abso rp t ion  toward HD 36402 i n  t h e  Large 
Magellanic Clo d S vage and deBoer (1981) es t imated a  C I V  midptone i 3 n s i t y  
of  about  5x10-' ~ m - '  and a  S i  I V  midplane dens i ty  o f  about  8x10- cm . 

The C I V  d e n s i t i e s  reported above a r e n ' t  too  f a r  from the  d e n s i t i e s  
expgcted from t h e  evapora t ive  i n t e r f a c e s  o f  cool  c louds embedded i n  a  ho t  
(10 K) medium ( s e e  e a r l i e r  s e c t i o n ) .  However, t he  observed S i  I V  d e n s i t y  
is 8 t imes l a r g e r .  This  sugges t s  t h a t  photo ioniza t ion  may be providing a  
major con t r ibu t ion  f o r  t h a t  ion. Evaporative i n t e r f a c e s  may not  be needed t o  
e x p l a i n  t h e  C I V  s i n c e  t h e  e s t ima te s  o f  Dupree and Raymond (1983) sugges t  t h e  
observed S i  I V  and C I V  d e n s i t i e s  could e a s i l y  be maintained by u l t r a v i o l e t  
photons from ho t  white dwarfs. 

The d i s t r i b u t i o n  of  C I V  i n  ha lo  g a s  is very patchy. It is q u i t e  l i k e l y  



a s i m i l a r  s i t u a t i o n  occurs  f o r  d i s k  gas.  Therefore ,  measures o f  on ly  t h e  few 
l i n e s  o f  s i g h t  d i scussed  above do n o t  provide a  c l e a r  p i c t u r e  o f  t h e  
d i s t r i b u t i o n  o f  t h i s  gas.  Clear ly  much more obse rva t iona l  work is needed. 

Milky Way Halo Gas 

The ex i s t ance  o f  C I V  and S i  I V  i n  t he  Milky Way h a l o  a t  z d i s t a n c e s  
exceeding 1 kpc has  been e s t ab l i shed  through obse rva t ions  o f  e x t r a g a l a c t i c  
t a r g e t s  (Savage and deBoer 1979, 1981 ; York e t  a l .  1983) and from s t u d i e s  o f  
Milky Way h a l o  s t a r s  ( P e t t i n i  and West 1982). The obse rva t iona l  s i t u a t i o n  
concerning t h e  much weaker N V doublet  is less c l e a r .  F i t z p a t r i c k  and Savage 
(1983) c la im t h e  marginal d e t e c t i o n  o f  Milky Way h a l o  N V toward HD 5980 i n  
t h e  Small Magellanic Cloud. P e t t i n i  and West (1982) d e f i n i t e l y  de t ec t ed  N V 
toward 2 o f  20 s t a r s .  I n  those  ca se s  where N V is de t ec t ed ,  t h e  N V t o  C I V  
column n s i t  r a t i o  averages 0.30. For a  N V column d e n s i t y  f ~ t e c t i o n  l i m i t  
o f  3x10" cmJ, t h i s  sugges ts  t h a t  a C I V  column d e n s i t y  o f  10 cm- 
would be r equ i r ed  t o  j u s t  begin t o  976 N Vp I n  t h e  P e t t i n i  and West survey - 
only 6 o f  20 s t a r s  have N(C IV) > 10 cm . I suspec t  t h a t  N V does 
g e n e r a l l y  e x i s t  i n  ha lo  gas ,  bu t  a t  a  column dens i ty  somewhat below t h e  IUE 
d e t e c t i o n  th r e sho ld  f o r  most pa th s  s o  f a r  observed. 

The s c a l e  he igh t  o f  C I V  i n  t h e  ha lo  appears  t o  be i n  t h e  range o f  2  t o  
4  kpc. However, t h e  N(C IV) s i n  b  v s  z  p l o t s  o f  P e t t i n i  and West (1982) and 
deBoer and Savage (1983) imply a  very patchy d i s t r i b u t i o n .  For a given z  t h e  
pro jec ted  column d e n s i t y  N ( C  IV) s i n  b  ranges over a f a c t o r  o f  10. P e t t i n i  
and West (1982) be l i eve  a  s imple exponent ia l  d i s t r i b u t i o n  does no t  d e s c r i b e  
t h e  C I V  d e n s i t y  away from the  g a l a c t i c  plane. They sugges t  t h e  d e n s i t y  may 
peak near  1  t o  2  kpc. Whether t h i s  i n t e r p r e t a t i o n  is t r u e  o r  no t  
un fo r tuna t e ly  depends on our  very unce r t a in  understanding o f  t h e  C I V  d e n s i t y  
i n  g a l a c t i c  d i s k  gas .  

Two fundamental ques t i ons  r e l a t e  t o  t h e  o r i g i n  o f  t h e  h igh ly  ion ized  g a s  
i n  t h e  g a l a c t i c  halo:  (1 )  What ho lds  t h e  g a s  a t  such l a r g e  z  d i s t a n c e s ?  and 
(2) What is t h e  o r i g i n  o f  t h e  i o n i z a t i o n ?  I n  t h e  g a h a c t i c  foun ta in  model o f  
Shapiro and F i e l d  ( 1976) and Bregnan ( 19801, ho t  ( 10 K) d i s k  g a s  flows 
outward, coo l s ,  recombines, and r e t u r n s  t o  the6disk a s  c louds.  I n  t h i s  
d i s c r i p t i o n ,  t h e  support  is thermal;  g a s  a t  10 K has  a  thermal  s c a l e  he igh t  
i n  t he  g a l a c t i c  g r a v i t a t i o n a l  f i e l d  o f  5  kpc. I n  t h e  g a l a c t i c  foun ta in  model, 
l i n e s  of  C I V ,  S i  I V  and N V would be formed i n  t he  coo l ing  g a s  a s soc i a t ed  
wi th  t h e  foun ta in  flow. A l t e rna t e ly  t h e s e  p a r t i c u l a r  l i n e s  could be produced 
by EUV photo ioniza t ion  o f  cooler  foun ta in  ma te r i a l .  The o r i g i n  o f  t h e  EUV 
might be t h e  e x t r a g a l a c t i c  background o r  h a l o  stars such a s  h o t  whi te  dwarfs  
o r  t h e  n u c l e i  o f  p l ane t a ry  nebulae. 

An a l t e r n a t e  p i c t u r e  is t h a t  of  Cheval ier  and Fransson ( 1984). I n  t h e i r  
model, t h e  l a r g e  z e x t e n t  o f  t he  ha lo  gas  is provided by the  p re s su re  suppor t  
o f  osmic rays .  I n  such a s i t u a t i o n  the  ha lo  g a s  can be r e l a t i v e l y  coo l  8 (10 K) and s t i l l  con ta in  C I V  and S i  I V  which a r e  ion ized  by t h e  
e x t r a g a l a c t i c  background. The d e t a i l e d  photo ioniza t ion  c a l c u l a t i o n s  by 
Cheval ier  and Fransson ( 1984) and by Har tqu i s t  , P e t t i n i  and T a l l a n t  ( 1984) 
suggest  t h a t  t h i s  p i c t u r e  is a v i a b l e  p o s s i b i l i t y  a l though t h e  amount o f  N V 
p red ic ted  f o r  t h e  range o f  model parameters computed is 10x l e s s  than the  
marginal d e t e c t i o n  o f  F i t z p a t r i c k  and Savage ( 1983). However, t h e  degree o f  
i o n i z a t i o n  i n  such a photoionized gas  would be increased  by decreas ing  t h e  gas  



d e n s i t y  below t h e  minimum value o f  low3 f o r  which models were run. 
A s  pointed o u t  by Cheval ier  and Fransson (19841,. it is d i f f i c u l t  t o  

understand what would prevent  t h e i r  cosmic r a y  supported g a l a c t i c  h a l o  from 
conver t ing  i n t o  a g a l a c t i c  fountain.  I suspec t  t h e  a c t u a l  s i t u a t i o n  is a 
complex combination o f  a foun ta in  flow wi th  t h e  i o n i z a t i o n  being provided by 
thermal  i o n i z a t i o n  i n  cool ing  foun ta in  g a s  and by u l t r a v i o l e t  photo ioniza t ion  
from t h e  e x t r a g a l a c t i c  background and hot  ha lo  s t a r s .  

To begin t o  r e so lve  some o f  t h e s e  ques t i ons ,  space t e l e scope  w i l l  be 
p a r t i c u l a r l y  va luable .  D i r ec t  measures o f  thermal l i n e  widths  w i l l  be 
p o s s i b l e  wi th  t h e  high r e s o l  t i o n  spectrograph i n  o r d e r  t o  dec ide  between 

4 
! co l i s i o n a l  i o n i z a t i o n  i n  10 K g a s  and u l t r a v i o l e t  photo ioniza t ion  i n  

10 K gas.  F i n a l l y ,  t h e  high p rec i s ion  photometry p o s s i b l e  wi th  t he  Digicon 
d e t e c t o r s  i n  t h e  high r e s o l u t i o n  spectrograph w i l l  make sea rches  f o r  t h e  
important  N V doublet  r e l a t i v e l y  easy. 

The Small Maaellanic Cloud 

High r e s o l u t i o n  IUE s p e c t r a  now e x i s t  f o r  10 s t a r s  i n  t he  SMC. Many o f  
t he se  s p e c t r a  a r e  found i n  Savage and deBoer ( 198 1 1, deBoer and Savage ( 1980 ) , 
and F i t z p a t r i c k  ( 1984a). The h ighes t  q u a l i t y  d a t a  a r e  f o r  HD 5980 
( F i t z p a t r i c k  and Savage 1983) and Sk 159 ( F i t z p a t r i c k  1984b). The 
i n t e r s t e l l a r  u l t r a v i o l e t  absorp t ion  toward t h e  SMC provides  information about  
SMC H I1 region gas ,  SMC d i s k  gas ,  and SMC h a l o  gas.  deBoer and Savage (1 980) 
found t h a t  t h e  u l t r a v i o l e t  absorp t ion  l i n e  v e l o c i t y  p a t t e r n  a t  SMC v e l o c i t i e s  
f o r  n e u t r a l  and h ighly  ion ized  gas  was s i m i l a r  t o  t h a t  seen i n  t h e  Milky Way. 
This  suggested t h a t  t h e  SMC may have a gaseous h a l o  s i m i l a r  t o  t h a t  enveloping 
t h e  Milky Way. Doubt about  t h e  r e a l i t y  o f  an SMC corona o r  h a l o  was c a s t  by 
Prevot e t  a l .  (1980). They observed Sk 159, a B0.5Ia s t a r  no t  expected t o  
produce surrounding photoionized C I V ,  and found no C I V  i n  t h e  no isy  
spectrum. F i t z p a t r i c k  (1984b) combined t h r e e  h igh  d i s p e r s i o n  s p e c t r a  o f  Sk 
159 t o  improve t h e  s i g n a l  t o  no i se  f o r  t h i s  important  ob j ec t .  The r u l t a n t  
spe2trum showed C I! absorp t ion  wi th  a column d e n s i t y  exceeding 3x10 73 
c m  near  100 km s- C I V  absorp t ion  a t  s i m i l a r  v e l o c i t i e s  (i .e. ,  i n  t h e  
range 100-190 km s-'j is seen toward o the r  SMC s t a r s .  These v e l o c i t i e s  a r e  
30-60 km s- more nega t ive  than expected f o r  t h e  wnormalw photoionized 
nebular  component. This  g a s  has  a l a r g e  C I V  t o  S i  I V  c o l ~ ~  d e n s i t y  r a t i o  
s i m i l a r  t o  t h a t  found f o r  Milky Way ha lo  gas .  The 100 km s absorp t ion  may 
occur  i n  t h e  SMC halo.  For a d d i t i o n a l  d i s cus s ions  o f  t h i s  c o n t r o v e r s i a l  i s s u e  
see F i t z p a t r i c k  and Savage ( 1984 ) and deBoer ( 1984 ) . 

The H I1 region ,  d i s k  gas ,  and h a l o  g a s  confusion problem is p a r t i c u l a r l y  
severe  f o r  C I V  because ho t  s t a r s  can c r e a t e  l a r g e  column d e n s i t i e s  o f  
photoionized C I V .  However, F i t z p a t ~ i c k  and Savage (1983) a l s o  found N V 
absorp t ion  between 100 and 200 km s- toward HD 5980. This  ion  r e q u i r e s  an 
a d d i t i o n a l  i o n i z a t i o n  mechanism. Absorption i n  a h o t  gaseous h a l o  seems a 
reasonable  p o s s i b i l i t y ,  a l though Table 1 sugges ts  t h e r e  a r e  many o the r  
choices .  

The Large Magellanic Cloud 

The IUE a rch ives  con ta in  high d i spe r s ion  s p e c t r a  f o r  21 LMC 0, B and WR 
s t a r s .  Some o f  t he se  s p e c t r a  are found i n  Savage and deBoer (1981) and deBoer 



and Savage (1980). The h ighes t  q u a l i t y  d a t a  a r e  f o r  HD 36402 (deBoer and Nash 
1982) and ~ 1 3 6 a  (Savage e t  al .  1983). , A s  i n  t h e  ca se  of t h e  SMC, t h e r e  a r e  
major problems a s soc i a t ed  w i t h  l o c a t i n g  the spa t ia l  reg ion  o r  r eg ions  
r e spons ib l e  f o r  t h e  complex absorp t ion  p a t t e r n s  observed. Thus, t h e  deBoer 
and Savage (1980) suggest ion o f  an LMC corona o r  h a l o  has  a l s o  been c r i t i c i s e d  
( F e i t z i n g e r  and Schmidt-Kaler 1982). I n  an on going IUE program, Savage and 
F i t z p a t r i c k  are emphasizing IUE observa t ions  o f  coo le r  LMC stars, away from 
reg ions  o f  nebu los i t y ,  i n  o rde r  t o  minimize t h e  H I1 region  c o n t r i b u t i o n  t o  
t h e  high i o n i z a t i o n  l i n e  absorpt ion.  Prel iminary r e s u l t s  f o r  HDE 269599 
(B0.5) r e v e a l  C I V  absorp t ion  a t  LMC v e l o c i t i e s  even though t h e  o b j e c t  is too  
coo l  t o  produce t h i s  ion  by d i r e c t  u l t r a v i o l e t  photo ioniza t ion .  

The d e t e c t i o n  o f  N V absorp t ion  a t  LMC v e l o c i t i e s  toward HD 36402 (deBoer 
and Nash 1982) r e v e a l s  t h a t  i o n i z a t i o n  mechanisms o the r  than d i r e c t  
u l t r a v i o l e t  photo ioniza t ion  by populat ion I s t a r s  must be ope ra t i ng  i n  t h e  
LMC . 
Other E x t r a g a l a c t i c  Objects  

High r e s o l u t i o n  IUE observa t ions  have been obtained f o r  a number o f  
e x t r a g a l a c t i c  o b j e c t s  more d i s t a n t  than t h e  SMC and LMC. Some o f  t h e s e  d a t a  
a l s o  r e v e a l  high i o n i z a t i o n  absorpt ion.  For example, s t r o n g  Milky Way h a l o  
abso rp t ion  i n  t h e  l i n e s  o f  S i  I V  is seen toward 3C273 (York e t  a l .  1983). 
The s t r o n g  3C273 Lyman a lpha  emission l i n e  provided enough f l u x  t o  record  t h e  
Milky Way h a l o  absorp t ion ,  a l though f o u r  13 hour high d i s p e r s i o n  exposures 
were requi red .  S imi l a r  measurements f o r  Mrk 509 (York e t  a l .  1984) have 
r evea l ed  Lyman a lpha  and C I V  abso rp t ion  systems a t  z = 0.033297 and 0.034464. 
These systems are very  c l o s e  t o  t h e  r e d s h i f t  o f  t h e  S e y f e r t  nucleus o f  Mrk 
509. The two abso rp t ion  systems are probably a s s o c i a t e d  wi th  t h e  galaxy. 
These measurements o f  f a i n t  e x t r a g a l a c t i c  sources  wi th  t h e  0.4 m IUE t e l e scope  
sugges t  t h a t  t h e  increased  spec t roscopic  c a p a b i l i t i e s  o f  t h e  Space Telescope 
w i l l  g r e a t l y  expand our  knowledge o f  t h e  h igh ly  ion ized  g a s  i n  and around 
e x t e r n a l  ga l ax i e s .  



TABLE 1 

VARIOUS HIGHLY IONIZED INTERSTELLAR SPECIES 

f IPX-l IPX [n ( to t ) /n (~ ) l ;  Tmax 
b 

SPECIES &itivityC POSSIBLE ORIGINS~ 
(ev) (ev) (K)  

C IV 1550.762 0.097 47.9 64.5 4.7x10-~ 1 . 0 x l 0 ~  l . 6 x l 0 - ~  A B C D E F G H  
C IV 1548.188 0.194 3 .2x l0 -~  

Si IV 1402.770 0.262 . 33.5 45.1 3.5x10-~ 0.6x105 2.4~101: A B C D E F G H  
S i  IV 1393.755 0.528 4 . 8 ~ 1 0  

N V 1242.796 0.0757 77.5 97.9 ~ . B X I O - ~  1.8x105 1.6~10:: B C D E F G H  
N V 1238.808 0.152 3 . 3 ~ 1 0  

S 1V 1062.672 0.0377 35.0 47.3 l . 6 x l 0 - ~  1 . 3 ~ 1 0 ~  3.5x10-~ A B C D E F G H  

0 VI 1037.627 0.0648 113.9 138.1 8. 3.0x105 1 . 2 ~ 1 0 - ~  B C D E F G H  
0 V I  1031.945 0.130 2.4x10-~ 

S VI 944.517 0.210 72.5 88.0 l . 6 x l 0 - ~  2 . 0 ~ 1 0 ~  4 . 0 ~ 1 0 1 ~  B C D E F G H  
S V I  933.382 0.426 8 . 2 ~ 1 0  

a )  So la r  CNO abundances from Lambert (1978),  S i  and S a r e  from Withbroe 
(1971). These re fe rence  abundances may no t  be v a l i d  f o r  p a r t i c u l a r  l i n e s  
of  s i g h t  because of :  i )  g a l a c t i c  abundance g r a d i e n t s ,  i i )  g r e a t e r  g a s  
phase dep le t i on  o f  c e r t a i n  spec i e s  such as S i ,  i i i )  anomalous abundances 
i n  c e r t a i n  i n t e r s t e l l a r  reg ions  such a s  t h e  ha lo .  

b) T lists t h e  temperature a t  which a  p a r t i c u l a r  i on  reaches  maximum 
aEizdance assuming condi t ions  o f  e l e c t r o n  c o l l i s i o n a l  i o n i z a t i o n  balanced 
by e l e c t r o n i c  and d i e l e c t r o n i c  recombination (from S h u l l  and van 
Steenberg 1982). For S i  I V  t he  e f f e c t s  o f  charge exchange a r e  inc luded  
according t o  t h e  c a l c u l a t i o n s  o f  Bal iunas and Bu t l e r  (1  980). 

C) The q u a n t i t y  l i s t e d  is t h e  product ,  f  [n( to t ) /n (H)]  [n ( ion ) /n (  t o t ) ]  Tmax. 
This is a measure o f  t he  s e n s i t i v i t y  o f  a p a r t i c u l a r  l i n e  t o  

~ c o l l i s i o n i a l l y  ionized gas  assuming s o l a r  abundances and a uniform 
d i s t r i b u t i o n  o f  gas  temperatures.  

d )  A number o f  i o n i z a t i o n  mechanisms may be r e spons ib l e  f o r  t he  va r ious  
spec ies .  Some d iscussed  i n  t h e  l i t e r a t u r e  inc lude :  
A) U l t r a v i o l e t  photo ioniza t ion  by normal popula t ion  I s t a r s  wi th  

50,000 LT 130 ,000  K ( s e e  Black e t  al .  1980 and Cowie, Taylor and 
York 1981). 

B) U l t r a v i o l e t  photo ioniza t ion  by ho t  white dwarfs (Dupree and Raymond 
1983) and t h e  c e n t r a l  stars o f  p l ane t a ry  nebulae.  

C) Photo ioniza t ion  by s t e l l a r  x-ray sources  (McCray, Wright and Hatche t t  
1977) 

D) Photo ioniza t ion  by the  EUV e x t r a g a l a c t i c  background (Har tqu i s t ,  
P e t t i n i  and T a l l a n t  1984 ; Cheval ier  and Fransson 1984). 

E) Time dependent c o l l i s i o n a l  i o n i z a t i o n  i n  t h e  evapora t ive  s u r f a c e s  o f  
c louds i n  a  ho t  i n t e r s t e l l a r  medium (McKee and Cowie 1977). 

F) Equi l ibr ium c o l l i s i o n a l  i o n i z a t i o n  (Shapiro and Moore 1976; S h u l l  and 
van Steenberg 1982). 

G) Non-equilibrium c o l l i s i o n a l  i o n i z a t i o n  (Shapiro and Moore 1976). 
H) C o l l i s i o n a l  i o n i z a t i o n  i n  t h e  i n t e r f a c e  between wind shocked 

c i r c u m s t e l l a r  bubbles and t h e  coo le r  surrounding i n t e r s t e l l a r  medium. 
(Cas tor ,  McCray and Weaver 1975; Weaver e t  a l .  1977). 
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ABSTRACT 

Mass l o s s  is  known t o  take  p lace  ac ros s  t he  H-R diagram, but nowhere is 
it  more pronounced than i n  t he  upper l e f t  hand corner  of t h a t  f i gu re .  Here, 
winds from luminous s t a r s  pee l  away a  s o l a r  mass i n  a  mi l l i on  years  o r  l e s s .  
The winds of t h e  Of, OB supe rg i an t s ,  and W-R s t a r s  have received the  most 
a t t e n t i o n  because they a r e  so  r e a d i l y  s tud ied .  The i r  e f f e c t  on s t e l l a r  
evo lu t ion  is  s i g n i f i c a n t  a l so .  On the o t h e r  hand, i t  is  the  B s t a r s  whose 
v a r i a b i l i t y  has been most thoroughly s tud i ed  with IUE, undoubtedly because 
h i s t o r i c a l l y  t he se  s t a r s  have been known t o  vary. This  review w i l l  concen- 
t r a t e  on the  cu r r en t  s t a t e  of our observa t iona l  understanding of s t e l l a r  
winds, with p a r t i c u l a r  emphasis on how the  observat ions f i t  var ious  theo- 
r e t i c a l  p r ed i c t i ons .  

INTRODUCTION 

Ear ly  rocket  observa t ions  of hot s t a r s  revealed t he  presence of high 
i o n i z a t i o n  s t a g e s  such a s  0  V I  and N V, which a r e  not expected i n  r a d i a t i v e  
equ i l i b r ium i n  0 and B s t a r s  a s  they r equ i r e  temperatures g r e a t e r  than 
lo5 K, compared wi th  photospheric  temperatures of 30,000 t o  50,000 K. Fur- 
thermore, t he  blue edges of P  Cygni p r o f i l e s  revealed te rmina l  v e l o c i t i e s  
g r e a t l y  i n  excess  of t he  s t e l l a r  escape ve loc i ty ,  i n d i c a t i n g  mass l o s s  
(Morton 1967). Thus began the  e r a  of s t e l l a r  winds i n  hot s t a r s .  IUE 
allows us t o  observe u l t r a v i o l e t  resonance l i n e s  of i ons  such a s  C I V ,  N V 
and S i  I V  and these  l i n e s  a r e  almost always seen a s  P Cygni p r o f i l e s .  
Figure 1  shows the  spectrum of an 0  s t a r  from 1000 t o  8000 A ,  obtained by 
combining low d i s p e r s i o n  IUE d a t a  with KPNO IRS data.  The P Cygni p r o f i l e  
shape depends mainly on the  mass l o s s  r a t e ,  the  v e l o c i t y  of t he  m a t e r i a l  a s  
a  func t ion  of r ad ius ,  and the  change i n  i o n i z a t i o n  with radius .  More spe- 
c i f i c a l l y ,  the  s t r e n g t h  of the  b luesh i f t ed  absorp t ion  i n d i c a t e s  t he  column 
d e n s i t y  of the  i on ,  which is  more o r  less independent of the v e l o c i t y  law. 
The r a t i o  of emission t o  absorp t ion ,  on the  o t h e r  hand, i n d i c a t e s  t he  shape 
of the  v e l o c i t y  law, which more o r  l e s s  independent of the  i on  column den- 
s i t y .  The reason f o r  t h i s  is t h a t  W resonance l i n e s  a r e  p r imar i l y  s c a t t e r -  
i n g  l i n e s ,  so  t he  r a t i o  of emission t o  absorp t ion  depends on the  d i s t ance  of 
t he  absorbing m a t e r i a l  from the  s t e l l a r  photosphere,  and hence the  v e l o c i t y  
law. 



Fig. 1. The spectrum of 
9 Sgr,  04V, obtained by 
combining an IUE low d i s -  
pers ion  and a KPNO IRS 
spectrum. No c o r r e c t i o n  
has been made f o r  redden- 
i ng  (Torres ,  unpublished).  

The most widely accepted explana t ion  f o r  these  winds is  the l i n e  radia-  
t i o n  pressure  model, o r ig ina t ed  by Lucy and Solomon (1970) and developed 
f u r t h e r  by Castor ,  Abbott and Klein (1975, h e r e a f t e r  CAK). The envelope of 
t h e  s t a r  is acce l e r a t ed  by momentum t r a n s f e r  from photons t o  ions  due t o  
l i n e  absorpt ion.  Abbott (1982) has shown t h a t  t he re  a r e  s u f f i c i e n t  l i n e s  i n  
t h e  W near  f l u x  maximum t o  d r i v e  t he  wind. There a r e ,  a s  would be expected 
from an i n i t i a l  theory,  problems t o  be addressed. One of the  e a r l i e s t  was 
t h e  source of the  anomalously high i o n i z a t i o n  s t a g e s  of 0 V I  and N V observed 
i n  t he se  s t a r s .  Therefore ,  C a s s i n e l l i  and Olson (1979) proposed a "corona + 
coo l  wind" model, p o s t u l a t i n g  X-rays from the  base of the  corona a s  a source 
of t h i s  supe r ion i za t ion  v i a  the  Auger e f f e c t .  The E i n s t e i n  s a t e l l i t e  obser- 
va t i ons  (Harnden et a l .  1979) of X-rays from almost a l l  e a r l y  stars provided 
a q u a l i t a t i v e  confirmation. 

A d i f f e r e n t  approach was taken by Lamers and Morton (1976) who proposed 
t h a t ,  i n  a d d i t i o n  t o  l i n e  r a d i a t i o n  pressure ,  mechanical energy from t h e  
photosphere hea t s  t he  gas t o  t he  required 2 x lo5 K i n  OB s t a r s  and produces 
0 V I  by c o l l i s i o n a l  i on i za t i on .  Underh i l l  (1983) has proposed an a l t e r n a -  
t i v e  theory i n  which the  s t e l l a r  winds a r e  generated i n  the  "mantle," which 
she desc r ibes  a low dens i ty  region and a high dens i ty  region i n  suspended 
magnetic loops of very hot  gas which c o r o t a t e  with the s t a r .  

MASS LOSS RATES 

Line p r o f i l e  models have been computed by Castor  and Lamers (1979), and 
modi f ica t ions  provided by Olson (1981) f o r  exc i ted  l i n e s .  Although f i t t i n g  
t h e  p r o f i l e s  t o  the da t a  does not presuppose the  mechanism f o r  a c c e l e r a t i n g  
and d r i v i n g  the  wind, the  i o n i z a t i o n  f r a c t i o n  assumed f o r  the  mass l o s s  de- 
t e rmina t ion  does. This  is s t i l l  an a r ea  of some controversy. A s  luck would 



have i t ,  we seldom observe t he  dominant s t a g e  of i o n i z a t i o n  i n  t h e  winds of 
e a r l y  stars, which a r e  N I V ,  S i  V and C V (Olson and Cas tor  1981). To com- 
pute  t h e  i o n i z a t i o n  balance, i t  is necessary t o  observe two l i n e s  on d i f f e r -  
e n t  s i d e s  of t h e  dominant i on ,  such a s  N V and C I V .  Olson and Cas tor  f i n d  
t h a t  t he  wind temperature is  about t he  same f o r  a l l  0  s t a r s ,  implying t h a t  
t he  f r a c t i o n  of N V is  r e l a t i v e l y  cons tan t  a l so .  On the  o t h e r  hand, Lamers 
and Snow (1978) c a l c u l a t e  t he  i o n i z a t i o n  balance f o r  N V and f i n d  enormous 
changes wi th  temperature., This  l e ads  t o  a  r a t h e r  d i f f e r e n t  regime i n  which 
t h e  P Cyg l i n e s  can be used a s  mass l o s s  p red i c to r s .  

I d e a l l y ,  one would l i k e  t o  compare mass l o s s  determinat ions from d i f -  
f e r e n t  methods t o  reso lve  t h i s  i s sue .  This  is  not e a s i l y  done, however. 
Radio observa t ions  of f ree- f ree  emission a r e  the  most model independent,  de- 
pending only on t h e  s t e l l a r  d i s t a n c e  and i ts  f l u x  (Wright and Barlow 1975). 
They can only be used f o r  s t a r s  with t he  h ighes t  mass l o s s  r a t e s ,  which a r e  
g e n e r a l l y  those  wi th  s a t u r a t e d  absorp t ion  p r o f i l e s  i n  t he  W. I n f r a r e d  ob- 
s e r v a t i o n s  of continuum f  ree-free emission have been t r i e d ,  but recent  work 
by Cas tor  and Simon (1983) and Abbott, Telesco and Wolff (1984) have shown 
t h a t  t h i s  method is  un re l i ab l e .  The problem lies i n  the  assumed v e l o c i t y  
law, which they f i n d  v a r i e s  g r e a t l y  from s t a r  t o  s t a r .  

There a r e  two bas i c  approaches t o  understanding the mechanism behind 
t h e  mass l o s s .  One is  t o  c o r r e l a t e  t he  r a t e s  with s t e l l a r  c h a r a c t e r i s t i c s  
such a s  luminos i ty ,  mass, rad ius ,  su r f ace  g r a v i t y ,  and r o t a t i o n ;  the  o t h e r  i s  
t o  s tudy  the  wind s t r u c t u r e .  The underlying ques t ion  i s  whether t he  winds 
are determined by fundamental s t e l l a r  parameters o r  by su r f ace  phenomena. 
Any at tempt  t o  c o r r e l a t e  mass l o s s  wi th  o t h e r  s t e l l a r  parameters r equ i r e s  
c a r e f u l  a t t e n t i o n  t o  t he  accuracy of a l l  t he  parameters involved. The 
e a r l i e s t  r e s u l t s  showed a  s t rong  dependence on luminosi ty ,  a s  p red ic ted  by 
the  r a d i a t i o n  d r iven  wind theory. A s  more da t a  have accumulated, a  v a r i e t y  
of s t u d i e s  have explored a d d i t i o n a l  dependences. A t  p r e sen t ,  W mass l o s s  
r a t e s  a r e  a v a i l a b l e  f o r  about 100 0 and B s t a r s ,  rad io  r a t e s  f o r  about 15, 
and I R  observa t ions  f o r  about 75 s t a r s .  This  i s  an important advance over  5 
years  ago, when the  numbers were about a  f a c t o r  of 10 smaller .  

Table 1 compares some of the  d i f f e r e n t  dependences on mass l o s s ,  both 
t h e o r e t i c a l  and empir ica l .  I n  a  comprehensive review of the  theory of l i n e  
d r iven  winds, Abbott (1982) has pred ic ted  t he  dependence of mass l o s s  on 
luminos i ty ,  mass, temperature ,  and m e t a l l i c i t y .  One of the f i r s t  quan t i t a -  
t i v e  s t u d i e s  of mass l o s s  a s  a  func t ion  of more than luminosi ty  a lone was by 
Lamers (1981) who sca l ed  r a t e s  from W ,  Ha and I R  t o  rad io  r a t e s .  This gave 
a  reasonable  range i n  mass and r ad ius ,  but ques t ions  have been r a i s ed  about 
t he  I R  r a t e s .  Lamers t r i e d  two approaches: mass l o s s  con t ro l l ed  by the  s t a r ' s  
i n t e r n a l  s t r u c t u r e  vs. mass l o s s  a s  a  su r f ace  phenomena; but  he could f i nd  no 
c l e a r  i n d i c a t i o n  t h a t  one was t o  be p re fe r r ed  over the  o ther .  Garmany and 
Conti  (1984) have used a  more homogeneous s e t  of da ta  than Lamers, and found 
no c l e a r  improvement from a d d i t i o n a l  parameters,  a l though they note  the  pos- 
s i b i l i t y  of an empir ica l  parameter iza t ion  inc luding  the  r a t i o  of t e rmina l  t o  
escape ve loc i ty .  This  is an a r e a  of t a n t a l i z i n g  uncer ta in ty :  a l though 
second-order dependences seem t o  be p re sen t ,  t he  e r r o r s  a r e  la rge .  



Table 1: Mass Loss Parameterization.Coefficients 

~ u m i n o s i  ty Radius Mass M 1 ) R I M  1 ) V, hesc Metal. Ref. 

1: Abbott (1982); 2: Andriesse (1979); 3: Lamers (1981); 4: Chiosi and Olson 
(1984); 5: Garmany and Conti (1984)'. 

. , 

An important independent s t ep  toward resolving the basic question of how 
the W ( o r  wind) ' spect ra  a r e  re la ted  t o  fundamental s t e l l a r  parameters i e  
Walborn's c l a s s i f i c a t i o n  of W spect ra  (Walborn and Panek 1984b) The l a rge  
body of IUE data  enabled them t o  s e l e c t  120 0 and ea r ly  B s t a r s  with accurate 
o p t i c a l  s p e c t r a l  c l a s s i f i c a t i o n  and address the question: t o  what degree do 
the W spect ra  c o r r e l a t e  with t h e i r  o p t i c a l  s p e c t r a l  type? They conclude 
t h a t  both photospheric l i n e s ,  mainly Fe V and Fe I V ,  and wind l i n e s ,  N V and 
C I V ,  a r e  very well  corre la ted  with the o p t i c a l  s p e c t r a l  type. The implica- 
t i o n  here is tha t  s t e l l a r  wind is  governed by fundamental s t e l l a r  parameters. 

, - 
A very i n t e r e s t i n g  luminosity depe.dence' of the Si  I V  p r o f i l e  has a l s p  

been discussed by Walborn and.Panek (1984a). They point out tha t  the, P Cyg 
p r o f i l e  of  X 1393, 1402 develops. f tom . a  pure photospheric p r o f i l e  i n ,  the main 
sequence s t a r s  t o  a s trong wind p r o f i l e  i n  the .supergiants (see Fig. 2.). - . 
This has important implicat ions 'both' a s - a  c l a s s i f i c a t i o n  . c r i t e r i o n  and a s  an 
as t rophysica l  problem. While C I V  and .hl V a re  mostly ind ica t ive  of the wind 
temperature, Si I V ,  with an ion iza t ion  po ten t i a l  near the He I1 edge, is  much 
more s e n s i t i v e  t o  the photospheric r ad ia t ion  f i e l d .  Since there is no way t o  
compute i t s  ion iza t ion  f rac t ion ,  i t  cannot be used t o  measure mass l o s s  a s  a r e  
o t h e r  resonance l ines .  It is i n t e r e s t i n g  t o  note tha t  the s t r eng th  of t h i s  
p r o f i l e  is  re la ted  t o  the surface  area  mass loss.  I n  Fig. 2, the mass l o s s  
per  u n i t  a rea  f o r  the  06.51 s t a r  is  three  times t h a t  of the 06.5V s t a r .  * 

Winds i n  the  Magellanic Clouds , 

With IUE i t  is an easy matter  t o  obta in  law dispers ion  spect ra  of 0 and 
luminous B s t a r s  i n  the Magellanic Clouds. With t h e i r  lower m e t a l l i c i t y ,  
the  Clouds o f f e r  an excel lent  contrastswith g a l a c t i c  s t a r s .  I f  winds i n  the 
Clouds a r e  due t o  r ad ia t ion  pressure,  r a t e s .o f  mass loss  should be smaller  
because CNO abundance8 a r e  lower, and a t  l e a s t  'ambng the  0 s t a r s ,  these a r e  
the dr iv ing l i n e s  (Abbo'tt 1982). Alternat ively;  i f  mass l o s s  is driven by 
o the r  mechanisms but accelera ted  by rad ia t ion  pressure, we expect the  same 
mass l o s s  r a t e s  but smaller  wind ve loc i t i e s .  Hutchings (1982) has discussed 
some of the most luminous s t a r s  i n  the  LMC and SMC and concluded tha t  t h e i r  
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, . 
~ i g .  2.' The. develbpment of, t he  , Fig. 3.  he C I V  l i n e  i n  t h r e e  07 I11 
~i IV P Cygni p r o f i l e  .with lurqi- s t a r s .  ' TOP: HD. 151515 (Ga lac t i c ) ,  middle: 
n o s i t y  (Walborn, and . ~ a n e k ) .  . , SK-67q38 (LMC) , . bottom: AV296 (SMC). 

.wind v e l o c i t i e s  are :low&=. than i n  corresponding g a l a c t i c  stars. A s i m i l a r  ef- 
. f e e t  i n  t h e  SMC a lone  has been noted by Bruhweiler,  a arsons and -Wray (1982). 

. One prime d i f f i c u l t y  i n  such s t u d i e s  is the  l ack  of good' s p e c t r a l  types f o r  

. "normal" e a r l y  stars i n  the  k g e l l a n i c  clouds. ! A s ,  a r e s u l t ,  many of the  stars 
obsrved. wi th  IUE have been c l a s s i f i e d  on the  b a s i s  of t h e i r  . p  hotometry. .. 

c o n t i ,  Massey and I 'have a girogram t o  determine the  i n i t i a l  mass fuii6tion 
of the  0 s t a r s  i n  the  Clouds, and we a r e  observing 0 and.B s t a r s  a t  c l a s s i f i -  
c a t i o n  d i spe r s ion  with the  4-meter te lescope  a t  CTIO. I . h a v e  observed a num- 
ber  o f .  these  s t a r s  wi th  IUE and have s e v e r a l  prel iminary conclusions. The 
f i r s t  is  tha t ,  photometry as a means of c l a s s i f y i n g  0 s t a r s  is  not very reli- 
able .  An example of t h i s  c a n  be s e e n  i n  Bruhweiler e t  a l . ,  where photometric 
c l a s s i f i c a t i o n  l ed  t o  the  comparison of a g a l a c t i c  06 I s t a r  w i t h - a  Be s t a r ,  o r  
an 09Ia wi th  a B3I. When we examine spec t roscop ica l ly  s i m i l a r  types,  t he  t e r -  
minal v e l o c i t i e s  do not d i f f e r  very much (Fig., 3). Determining a c t u a l  mass 
l o s s  r a t e s  is not a s  s t raightforward. .  The modeling techniques used with h igh  
d i spe r s ion  cannot be used on. low,dispersion spec t r a , .  so we must r e s o r t  t o  

-o the r  l e s s  accu ra t e  mass l o s s  i nd ices ,  such a s  the absorp t ion  equiva len t  width 
suggested by Snow (1979) o r  the  f i r s t  moment of the  p r o f i l e  (Castor ,  Lutz and 
Seaton 1981). Comparing these  techniques with mass l o s s  determinat ions from 



high  d i spe r s ion  s p e c t r a  f o r  t he  same stars shows t h a t  the  simple method 
r ap id ly  breaks down a s  the  l i n e  approaches sa tu ra t ion .  Nevertheless ,  we can 
compare the  g a l a c t i c ,  LMC and SMC s t a r s  with low mass l o s s  r a t e s .  It ap- 
pears  t h a t  t h e r e  is  not much d i f f e r e n c e  between these  s t a r s ,  an unexpected 
conclusion which we do not ye t  understand. 

WIND STRUCTURE 

The s tudy  of the  s t r u c t u r e  of the  s t e l l a r  winds is another  approach t o  
understanding the  mechanism of mass l o s s .  This inc ludes  the  v e l o c i t y  law, 
t he  d e t e c t i o n  of X-rays from these  s t a r s ,  v a r i a b i l i t y  i n  the  wind p r o f i l e s ,  
and the  curious absorp t ion  components seen i n  the  wind l i nes .  Many of t hese  
observa t ions  suggest  i n s t a b i l i t i e s  i n  t he  wind which any theory must explain.  

Wind a c c e l e r a t i o n  

The wind te rmina l  v e l o c i t y ,  which is  e a s i l y  measured from the  shortward 
edge of the  s t rong  wind l i n e s ,  ranges from 1 t o  3 times the s t e l l a r  escape 
ve loc i ty .  Figure 4 shows the  r a t i o  of terminal  t o  escape v e l o c i t y  a s  a 
func t ion  of s p e c t r a l  type, taken from C a s s i n e l l i  and MacGregor (1983) wi th  
a d d i t i o n a l  da t a  from Garmany e t  al. (1981), and Garmany and Conti (1984). 
The evolu t ionary  s t a g e  of the s t a r  is ind ica t ed ,  and i t  appears t h a t  t h i s  
r a t i o  evolves with the  s t a r .  Note a s e l e c t i o n  e f f e c t :  l a t e r  than 09 t h e  
te rmina l  v e l o c i t y  is  not  measurable from the  P Cygni p r o f i l e  i n  main se- 
quence and g i a n t  s t a r s .  The wind theory p red ic t s  a r e l a t i o n  between the  
te rmina l  and escape v e l o c i t y  of the  form: 
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Fig. 4. The r a t i o  of 
te rmina l  t o  escape ve- 
l o c i t y  f o r  e a r l y  type 
s t a r s  of d i f f e r e n t  lu- 
minosi ty  c l a s s e s  (adapted 
from C a s s i n e l l i  and 
MacGregor) . 



The va lue  of a i s  ca l cu la t ed  from the  r e l a t i v e  con t r ibu t ion  of o p t i c a l l y  
t h i c k  and t h i n  l i n e s .  Abbott (1982) found a t o  be cons tan t  over  a broad 
temperature range and the re fo re  pred ic ted  t h a t  the  winds of OBA s t a r s  should 
conform t o  a r e l a t i o n  V, = (1.0 - 1.5) Vest. To exp la in  the discrepancy,  
e s p e c i a l l y  f o r  e a r l y  0 s t a r s ,  Panagia and Macchetto (1981) have derived a 
multiphoton s c a t t e r i n g  model i n  which V, a T & ~ .  S ingle  photon s c a t t e r i n g  
is  s u f f i c i e n t  f o r  B superg ian ts ,  but mu l t ip l e  s c a t t e r i n g  is  required t o  
e x p l a i n  the  observed V, i n  0 superg ian ts .  A more complete c a l c u l a t i o n  has 
been done by Friend and Cas tor  (1983), who cons ider  randomly spaced over- 
lapping  l i n e s  and conclude t h a t  t he  te rmina l  v e l o c i t y  is much l a r g e r  than 
i n  the  CAK model. 

Addi t iona l  evidence f o r  an evolu t ion  of t he  s t e l l a r  wind has been found 
by Abbott, Bohlin and Savage (1982) who pointed out t h a t  the  r a t i o  of emis- 
s i o n  t o  absorp t ion  equiva len t  widths a r e  a f a c t o r  of 2 smal le r  i n  main se- 
quence than i n  superg ian t  stars. This i n d i c a t e s  a change i n  the  shape of 
t h e  v e l o c i t y  l a w  i n  t h e  sense  t h a t  t he  material is  f a r t h e r  from the  s t a r  i n  
superg ian ts  than i n  main sequence s t a r s .  A changing v e l o c i t y  law is  proba- 
b ly  respons ib le  f o r  pas t  i ncons i s t enc i e s  between I R  mass l o s s  determinat ions 
and o t h e r  methods, s i n c e  the  I R  r a t e s  a r e  s e n s i t i v e  t o  the  assumed law. The 
type of v e l o c i t y  law t h a t  has been found t o  f i t  W and o p t i c a l  l i n e  p r o f i l e s  
a s  we l l  a s  the  I R  excess  is  one of the  form: 

where f3 i s  gene ra l ly  assumed t o  be between 0.5 and 2.0. Abbott, Telesco and 
Wolff (1984) have inves t iga t ed  the  problem f o r  s t a r s  with both I R  and rad io  
observat ions.  They see  a t rend  f o r  the v e l o c i t y  law t o  become more gradual  
(f3 i n c r e a s e s )  as the temperature decreases ,  although i n  t h e i r  da t a ,  t h i s  
could a s  e a s i l y  represent  g r a v i t y  decreasing. 

X-rays 

That X-rays would be observed coming from 0 and B s t a r s  was predic ted  by 
C a s s i n e l l i  and Olson (1979), who had pos tu la ted  t h e i r  ex i s t ance  t o  exp la in  the  
anomalously high i o n i z a t i o n  s t ages  of 0 and N i n  terms of Auger ion iza t ion .  
I n  t h e i r  model, the  X-rays were produced a t  the base of the corona and t h e  
predic ted  spectrum included l i t t l e  f l u x  below 1 keV. E i n s t e i n  IPC observa- 
t i o n s  ( C a s s i n e l l i  e t  a l .  1981) confirmed t h a t  0 and luminous e a r l y  B s t a r s  
a r e  X-ray emi t t e r s ,  but t he re  e x i s t s  s i g n i f i c a n t  f l u x  below 1 keV. A number 
of explana t ions  have been put fo r th .  Most recent ly ,  Lucy (1982) has pro- 
posed t h a t  the  X-rays a r e  produced by shocks throughout the wind which re- 
s u l t  from i n s t a b i l i t i e s  i n  the radiat ion-driven wind. C a s s i n e l l i  and Swank 
(1983) have used the  E i n s t e i n  SSS t o  make X-ray observat ions of the  b e l t  
stars of Orion which f i t  Lucy's model with X-rays produced by r a d i a t i o n  
d r iven  shocks. Lucy's theory is a t t r a c t i v e  because i t  a l s o  expla ins  t he  
broad, deep absorp t ion  troughs observed i n  s a tu ra t ed  P Cygni p r o f i l e s ,  but 
not  i n  the  a t l a s  of t h e o r e t i c a l  l i n e  p r o f i l e s  computed by Castor  and Lamers 
(1979). I n  add i t i on ,  i t  o f f e r s  a poss ib le  explanat ion f o r  the  narrow ab- 
s o r p t i o n  components o f t e n  seen i n  the  wind l i n e s ,  and discussed i n  the  next 
sec t ion .  



Based on the  observa t ion  of superionized l i n e s  of C I V  and S i  I V  i n  B 
superg ian ts ,  Odegard and C a s s i n e l l i  (1982) p red ic t  t h a t  these  s t a r s  should 
show cons iderable  X-ray f l u x ,  with $/Lbol - 10-8 05. 

Line S t ruc tu re  and V a r i a b i l i t y  

It was f i r s t  pointed out by Snow and Morton (1976) from a survey of 
Copernicus da t a  t h a t  the  wind l i n e s  o f t e n  show s t ruc tu re .  Variously c a l l e d  
"narrow components," " s h e l l  absorp t ion  f ea tu re s , "  " s h e l l  components," and 
"narrow l i n e s "  by d i f f e r e n t  au thors ,  the  problem with nomenclature seems t o  
r e f l e c t  the  problem i n  i n t e r p r e t a t i o n .  Lamers, Gath ier  and Snow (1982) have 
descr ibed  them more f u l l y :  t y p i c a l l y  they have widths of 100 t o  500 km S" , 
smal l  compared t o  t he  terminal  v e l o c i t y  of -1000 t o  -3000 km s'l of the  par- 
e n t  s t a r  ( s ee  Fig. 5). About 213 of the  s t a r s  i n  the  Lamers et a l .  sample 
showed such l i n e s ,  and about half  the  53 s t a r s  i n  a s tudy by Abbott, Bohlin 
and Savage (1982) had them. Since i n  most cases  t he re  a r e  a small  number of 
observa t ions  per  s t a r ,  i t  is not c l e a r  whether a c e r t a i n  percent  of the  
s t a r s  show t h i s  f e a t u r e ,  o r  whether a l l  s t a r s  show these  l i n e s  a c e r t a i n  
percent  of t he  time. 

Many types of v a r i a b i l i t y  have been reported i n  early-type stars, and 
we do not understand how the  observa t ions  a r e  re la ted .  H i s t o r i c a l l y ,  the  Be 
stars a r e  best known f o r  showing v a r i a t i o n s  i n  t h e i r  hydrogen l i n e  p r o f i l e s ,  
a l though Barker (1983) notes  t h a t  i n  a monitoring program, most d id  - not show 
changes. Perhaps the  best known Be s t a r ,  y Cas, has been shown by Henrichs 
et a l .  (1983) t o  show narrow components i n  213 of h i s  28 IUE spec t ra .  He 
has proposed t h a t  the  narrow components represent  a time dependent e f f e c t  of 
ep i sod ic  mass l o s s  which is  present  i n  a l l  early-type s t a r s .  Pe t e r s  (1982) 
has  a l s o  reported v a r i a t i o n s  of t h i s  type i n  o t h e r  Be stars. Such s t u d i e s  
have only been done i n  a l imi t ed  way f o r  0 s t a r s .  The main d i f f e r ence  be- 
tween the  0 and B s t a r s  seems t o  be t h a t  i n  0 s t a r s ,  the  narrow components, 

Fig. 5. IUE archive  s p e c t r a  of Zeta Per,  B1 Ib ,  which shows narrow com- 
ponents i n  C I V  whose s t r e n g t h  v a r i e s  with time. 



whi le  varying i n  s t r e n g t h ,  a r e  f i xed  i n  ve loc i ty .  Va r i a t i ons  i n  t he  e n t i r e  
P Cygni p r o f i l e  have been observed i n  some 0 s t a r s  (Grady, Snow and Timothy 
1983). Although no short-term v a r i a b i l i t y  was found dur icg  simultaneous W 
and X-ray observa t ions  of two OB superg ian ts  by C a s s i n e l l i  e t  a l .  (1983), 
Snow, Cash and Grady (1981) noted long-term X-ray f l u x  changes i n  a few 
stars. I n  t he  rad io  region,  Abbott, Bieging and Churchwell (1981) found 
changes w i th in  a t imesca le  of months. 

CONCLUSION 

Our knowledge of t he  physics of s t e l l a r  winds has grown tremendously 
s i n c e  t h e  launch of IUE, and we a r e  s t i l l  f a r  from e x p l o i t i n g  t he  p o t e n t i a l  
of the  a r c h i v a l  ma te r i a l .  The observat ions have provided food f o r  t heo re t i -  
c i ans ,  and al though progress  has been made, more work is  needed. 

There is a t  presen t  no comprehensive theory t o  exp la in  p r o f i l e  var ia -  
b i l i t y .  Should we expect  t he  same processes  t o  be a t  work i n  an 0 s t a r  and 
a Be s t a r ?  Doazan (1982) has discussed evidence f o r  Be s t a r s  represen t ing  a 
phase i n  t he  l i f e  of a B s t a r ,  s o  perhaps we should look f o r  a s i m i l a r  phase 
i n  0 s t a r s .  An a r e a  i n  which d a t a  a r e  woefully lack ing  i s  simultaneous ob- 
s e r v a t i o n s  i n  d i f f e r e n t  s p e c t r a l  regions.  These would he lp  t o  de f ine  t h e  
na tu re  of the  p r o f i l e  v a r i a t i o n s :  f o r  example, Gry, Lamers and Vidal-Madjar 
(1984) p r e d i c t s  Ha v a r i a t i o n s  corresponding t o  the changes they observed i n  
t h e  narrow components of t he  Lyman l i n e s  i f  i t  represen ts  non-symmetric mass 
l o s s .  Another test would be more simultaneous W and X-ray observat ions:  i f  
t h e  X-rays are produced a t  t he  base of the  wind, then X-ray v a r i a t i o n  should 
correspond t o  changes i n  the  absorp t ion  p r o f i l e ,  while shocks i n  t he  o u t e r  
p a r t  of t he  wind should a f f e c t  the  high v e l o c i t y  p a r t  of the p r o f i l e ,  in-  
c lud ing  t h e  narrow components (Lucy 1982). 

Refinements i n  t he  techniques f o r  computing mass l o s s  would al low unam- 
biguous comparisons with the  parameter iza t ions  pred ic ted  by theory. This  
w i l l  r equ i r e  more s e n s i t i v e  p r o f i l e  modeling, a s  w e l l  a s  a b e t t e r  under- 
s tanding  of t h e  s t a r ' s  fundamental parameters.  The p o t e n t i a l  in format ion  
from IUE observa t ions  of hot  s t a r s  i n  t h e  Magellanic Clouds and o t h e r  gal-  
a x i e s  i s  tremendous. The exposure times with t h e  0.5- IUE te lescope  a r e  
comparable t o  v i s u a l  observa t ions  with a 4-m ground-based te lescope ,  and we 
a r e  now moving away from s tudying  s t a r s  or ga lax i e s ,  t o  s t a r s  - i n  ga l ax i e s .  

This  work was supported by NASA g ran t  NAG5-78 through the Univers i ty  of 
Colorado. I would l i k e  t o  thank D r s .  D. Abbott and G. Olson f o r  s t i m u l a t i n g  
conversa t ions  and c l a r i f i c a t i o n s .  
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ABSTRACT 

Planetary observations with the IUE in the last two years are summarized. 
These include work on the atmospheres of comets and the giant planets; aurorae; 
rings and circumplanetary environment. Planetary requirements for future 
Earth-orbital astronomical observatories are also described. 

INTRODUCTION 

This review includes published papers in the area of planetary science 
since the previous IUE symposium (NASA CP 2238), as well as several works in 
progress. It i? incremental, not cumulative. It does not represent an ex- 
haustive literature search, but rather a sampling of the most important recent 
work. Additional references may be found in the papers cited. 

Topics summarized below include comet IRAS - Araki - Alcock; the compo- 
sition of the upper atmospheres of Saturn, Jupiter and Uranus; Saturn's rings; 
aurorae on Jupiter and Uranus; emissions from the low latitude, upper atmos- 
pheric region of Jupiter; and the torus which surrounds Jupiter and includes 
the orbit of the innermost Galilean satellite, 10. 

Finally, those requirements on future space observatories that are unique 
to planetary studies are described briefly. 

COMETS 

Comet IRAS - Araki - Alcock (1983d) was the closest Earth-approaching 
comet of this century, coming within 0.032 AU and permitting the highest 
spatial resolution of any recent comet. Despite the relatively short notice 
of the comet's imminent arrival, the IUE observatory was sufficiently flexible 
to schedule it as a target of opportunity, including the period of closest 
approach. 

This flexibility was magnificently rewarded when A'Hearn, Feldman and 
Schleicher (1983) discovered emissions from the S2 molecule near the cometary 
nucleus. They found more than 10 bands of the B - X system between 2800 and 
3100 A. This was the first observation of that molecule in any astronomical 
object. The discovery was a direct consequence of the very high spatial 
resolution. In other, more distant comets, the S 2  emitting region would be 
too small to be observed by the IUE. The derived emission scale length was 
only 450 km, implying that the S originated in the nucleus itself. Other 
species observed in this comet, C8 and OH, are thought to be dissociation 
products of coma molecules $CS2 and H20, respectively) and have much larger 
scale lengths, typically 10 km. 



The most important question regarding this molecule is whether it is pri- 
mordial or recently formed. A'Hearn -- et al. suggest that it may be the result 
of cosmic ray irradiation, which can penetrate the comet's nucleus and form S2 
from other sulfur-bearing molecules. Thqpropose a test of their hypothesis: 
short period comets should have much less S2 than long period ones, because 
the latter have sufficient time to accumulate the chemical by-products of the 
cosmic ray energy deposited within their volatile bulk, before these by- 
products are released to space during the active perihelion phase. 

ATMOSPHERIC COMPOSITION OF SATURN, JUPITER AND URANUS 

Winkelstein -- et al. (1983) have modelled the reflectivity of Saturn from 
1500 to 3000 A. They agree with the abundance~ and vertical distributions of 
C2H2 and C2H6 derived from Voyager infrared observations, but not with the 
PH vertical distribution (Courtin et al., 1981). They further require an 
ad 1 itional absorber, and suggest that H20 provides the best fit. If so, this 
almost certainly requires an external source of oxygen for Saturn's upper at- 
mosphere. Any internal H20 should be frozen out at levels much too low to be 
seen in the ultraviolet, where Rayleigh scattering limits photon penetration 
to the upper few millibars. Saturn's rings are one potential source of oxygen, 
through trapped particle spattering of Hz0 ice. 

Wagener (unpublished) has almost completed a similar study for Jupiter. 
He finds that C2H2, C2H6, and NH3 are required, and that trace amounts of other 
gases including PH3, H20 and C3H (allene) are consistent with the spectrum, 
although unique identification 02 these latter species is much more difficult. 

Caldwell -- et al. (1984) have reviewed ultraviolet observations of Uranus 
and Neptune. Present data are compatible, within calibration uncertainties, 
with either a clear upper atmosphere on both planets or a thin haze on both. 
It is probable that whatever the degree of haziness is, it is very similar on 
both planets. Since infrared observations show clearly that ambient conditions 
are much different between the upper atmospheres of these two planets, Occam's 
razor suggests that both are clear. 

Caldwell -- et al. (1984) further claim an apparent secular brightening of 
Uranus between 1980 and 1982, which is quantitatively consistent with a 
decrease in C2H2 abundance from a mixing ratio of - 3 x to near zero over 
that period. However, there is no compelling spectroscopic identification of 
C2H2, because the abundance is certainly small and because the signal to noise 
ratio is only moderate. 

SATURN'S RINGS 

Caldwell and Wagener (unpublished) have merged a large number of SWP and 
LWR spectra to demonstrate that Saturn's rings have a rather flat, low reflec- 
tivity (- 0.02) from 3000 A to 1700 A. The large number of spectra, with a 
wide range of exposure times, was necessary because of the limited dynamic 
range of the IUE and the strong decrease in absolute signal level below 3000 A 
for all dbjects shining by reflected sunlight. 



There is a suggestion of a decrease in reflectivity at 1700 A, which 
would be expected for H20 ice and which could contain information on the ring 
particle size distribution. 1700 A does not represent the absolute limit of 
IUE sensitivity, because the longest SWP exposure in the series was only 75 
minutes. However, the falling Solar flux at shorter wavelengths precludes 
extension of IUE results much farther. 

Holberg (unpublished) has stated that ring reflectivity data from the 
Voyager W S  instrument show that the reflectivity is also low and flat in the 
range of that instrument's sensitivity, 600 - 1700 A. This nicely complements 
the available IUE data, and calls into question the suggestion that the reflec- 
tivity may be decreasing right at 1700 A. 

Clearly there is potential for learning about the physical characteristics 
of Saturn's ring particles from such data. Further IUE observations to 
establish an area of spectral overlap with Voyager would be most useful, and 
are well within the IUE capability. 

AURORAE ON JUPITER AND URANUS 

The existence of auroral phenomena on Jupiter has been known for many 
years. Current research activity in this areaconsists of monitoring various 
aspects of the emission in great detail. Skinner -- et al. (1984) have summarized 
their latest observations of H I Ly a (1216 A) and H2 Lyman - and Werner- 
bands (1600 A). They find that the northern emission is confined within longi- 
tudes 120° and 240°, which includes the northern magnetic pole. They cannot 
differentiate between the magnetotail auroral zone and the 10 torus auroral 
zone as the most probable location of the emission. It is of some interest 
that other investigators find excess infrared emission from a similar region 
on Jupiter (Caldwell, Tokunaga and Orton, 1983). 

An aurora on Uranus has recently been discovered independently by two 
investigations with the IUE (Durrance and Moos, 1982; Clarke, 1982). In each 
case, strong Ly a emission is detected in excess of the geocoronal and inter- 
planetary background. The most plausible explanation is collisional excita- 
tion of hydrogen by magnetospheric particles. For example, Rayleigh scatter- 
ing of Solar Ly a radiation by H2 in Uranus can be ruled out by the absence 
of the Raman shifted line at 1280 A. Strong variability is associated with 
the Uranian aurora. 

The cosmogonic significance of this discovery is that Uranus must have a 
magnetic field. It is now well known that Jupiter and Saturn have such fields. 
However, the bulk density of Uranus requires that its internal composition be 
significantly different from those of Jupiter and Saturn, so that it had 
formerly been possible to speculate that Uranus would not have a magnetic field. 

UPPER ATMOSPHERIC EMISSION FROM JUPITER 

Skinner -- et al. (1983) have monitored the brightness of Jovian Ly a emis- 
~ i o n  from late 1978 to early 1982. The primary excitation mechanism is 
resonance scattering of solar Ly a by H I. They find enhanced emission at the 



center of the disk near System I11 longitude 100' over the entire observation 
period. The observations indicate no substantial changes in Jovian H I con- 
centration over the period, and disagree quantitatively with Voyager W S  
observations. 

I0 TORUS 

Moos -- et al. (1983) have obtained a high quality SWP spectrum of the 10 
torus, showing emission lines of S 11, S 111, S IV and 0 111. The lines in- 
clude a pair at 1713.8 and 1729.2 A which have been identified as 5s2 - 3 ~ ~ , ~  
intercombination doublet of S 111. This identification was made before it 
was observed in the laboratory, but since has been confirmed by P. L. Smith 
(private communication). This transition, and the one at 1199 A, may be 
very useful in determining electron temperatures over a wide range in astro- 
physical plasmas. 

FUTURE MISSIONS 

As the observing schedule for the IUE moves into its seventh cycle, it is 
prudent to look ahead to future missions, and to pass on previous experience 
to those who will build the new spacecraft. Since it is infintely easier to 
incorporate features into a satellite during its design rather than later, 
and since planetary observations have their own special requirements, this 
review will end with a brief summary of what is desirable. 

The primary need for planetary work is to be able to track moving targets. 
However, there is a secondary requirement that is easy to overlook. Because 
planets are relatively close, they have significant parallax effects. For 
the case of Mars at opposition, this is at least 40 arc seconds per orbit. 
It is therefore extremely inefficient to guide on stars for planetary work. 
The ability to track on the center of light of a bright, extended object like 
Mars, Jupiter or Saturn would be extremely useful. (Space Telescope will not 
have this capability, unfortunately, although OAO-A2 did in 19681) Alternately, 
the ability to guide on a bright satellite and to offset to specific planetary 
locations would be appreciated. The offset range should be at least of order 
tens of arc minutes, to permit observations of whole planetary systems, 
including magnetospheres, tori and faint satellites. The system should be 
smart enough to remember that the satellites are moving with respect to the 
planets, at a known rate. 

Venus has always been a problem because previous spacecraft designs have 
not included the capability to point easily within 45' of the Sun. Certainly 
it becomes increasingly difficuli to approach the Sun, but there is no appar- 
ent physical discontinuity at 45 ; 40' would be much preferable. 

The maximum required tracking rate cannot be specified absolutely. The 
limiting class of object here is the comets. Since these are probably too 
diffuse for self-guiding, a different technique will be required, presumably 
tracking on gyros with appropriate selectable drift rates. It is noted that 
the maximum apparent rate for comet Halley in 1986 will be 0.2 arc seconds 
per record of time. 
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ADDENDUM Since this manuscript was written, a preprint by P. S. Butterworth 
and A. J. Meadows, entitled "Ultraviolet reflectance properties of asteroids" 
has been received (Icarus, in press, 1984). It describes IUE LWR spectra 
of 28 asteroids. Absorption features in different classes of asteroids are 
presented, and compared to available laboratory data. It is suspected that 
the observed features are due to titanium and iron ions in silicate assemblages. 
This paper also presents a very readable discussion of the difficulties asso- 
ciated with observing planets by the IUE. 
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Abstract :  I n  t h i s  ' review, t h e  cons iderable  con t r ibu t ions  of IUE t o  under- 
s tanding  t h e  composition, s t e l l a r  evolu t ion ,  i n t e r s t e l l a r  medium, and 
e x t i n c t i o n  of t he  Clouds a r e  discussed and.compared wi th  those  f o r  t he  galaxy. 
Future  d i r e c t i o n s  f o r  W work a r e  suggested. . 
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INTRODUCTION 

One of t h e  e a r l y  s u r p r i s e s  of IUE was t h e  d iscovery  t h a t  hot  s t a r s  i n  t h e  
Magellanic Clouds were acces s ib l e .  There' a r e  now. some 1000 IUE images of 
Cloud o b j e c t s  and over 100 papers i n  p r i n t  on these  da ta .    he research f a l l s  
i n t o  a few main ' subjec t  a r eas  by 'numbers of papers,  w i th  t h e  p r inc ipa l  ones 
being t h e  hot s t a r s  themselves, i n t e r s t e l l a r  e x t i n c t i o n  s t u d i e s ,  c loud  ha lo  
and ISM, and X-ray sources.  These, w i l l  all  be descr ibed ,  but I would l i k e  t o  
t r y  t o  l i n k  t h e  d i f f e r e n t  t o p i c s  wi th  what is  , probably t h e  s i n g l e  most 
s i g n i f i c a n t  d i f f e r e n c e  between the  Clouds and the  galaxy -- t h e  heavy element 
abundances - so t h a t  i s  where we w i l l  begin. I w i l l  a l s o  attempt t o  point  t o  
where f u t u r e  work w i l l r b e  needed, i n  each area.  

> ELEMENT ABUNDANCES . 
, . . . , I  , . . I .  

, . ,  . .  
I .  

I " V  

. The element .abundances i n  the  Magellanic Clouds a r e .  of i n t e r e s t  t o  many 
a s p e c t s  of research.  Most fundamentally, t h e  abundances -are a record of t h e  
s t e l l a r  h i s t o r y  of a  galaxy, and comparison-between,out own and o ther  ga l ax ie s  
is  of g r e a t  s ign i f i cance .  It has a l s o  become c l e a r  t h a t  t hese  abundances 

. affect ,many,ongoing processes  i n  a  profound way,- p r i n c i p a l l y  by a f f e c t i n g  the  
opac i ty  and s c a t t e r i n g  of , rad ia t ion .  Observed d i f f e rences  .between the  Clouds 

. and our galaxy i n  t he  behaviour o f -  s t e l l a r  #envelopes,  s t e l l a r  mass-loss, 
i n t e r s t e l l a r  e x t i n c t i o n ,  t h e  de te rmina t ion  of abso lu t e  f l uxes ,  and s t rong  
X-ray source f luxes ,  a r e  all known examples of where t h i s  is  important,  and 
they w i l l  be d e a l t  with i n  t h i s  . review. Other a s  ye t  unexplored a reas  'where 
, the e f f e c t s  may be important , a r e  novae and t h e i r  l i g h t  curves,  s t e l l a r  
s p e c t r a l  c l a s s i f i c a t i o n ,  . and  . s t e l l a r .  evolu t ion  i n  . genera l ,  including 
supernovae and compact stellar remnants. To s t a r t  with,  we look a t  t h e  
con t r ibu t ion  of IUE to-abundance de termina t ions  i n  t h e  Clouds. 

It h a s . b e e n . n o t e d  by ,many  worke r s  over t he  years  t h a t d t h e  absorpt ion 
l i n e s  of Cloud s t a r s  a r e  ,weak compared .with t h e i r  g a l a c t i c  counterpar t s , ' and  
gene ra l ly  accepted t h a t  t h i s  i n d i c a t e s  r e a l  abundance d i f f e r ences .  The W 
s p e c t r a l  region conta ins  p a r t i c u l a r l y  va luable  C l i n e s  t h a t  t h e  v i s i b l e  region 
l acks ,  f o r  t h i s  work, a s  we l l  a s  many l i n e s  v i t a l  t o  t h e  determination of 



i o n i s a t i o n  f r a c t i o n s  i n  combination with v i s i b l e  region l i n e s .  The deter- 
mination of C abundances has been done by Dufour, Shields and Talbot (1982), 
and reviewed by Dufour (1984), from H I1 regions. Their .important r e s u l t  is 
t h a t  i n  the  SMC C is depleted (with respect  to .the galqxy) more than N o r  0, 
while i n  the  LMC,.N.is depleted'more than. C or.Oc They argue t h a t  N and 0 a r e  
i n i t i a l l y  generated by massive ( > l o b )  s t a r  evolution, and C from less massive 
(4 t o  10 Mo) s t a r s .  Thus C/N and C/O ' s t a r t s  low and - r i s e s  with t i m e  a s  t h e  
l e b  massive s t a r s  begin t o  evolve. .Latbr still, when <4 Mg s t a r s  have 
evolved, C/N w i l l  decrease again, s ince  these s t a r s  produce N. 

12 + log N( X ) /  N(H) 
ELEMENT ' SMC" LMCa Oriona . sunb .. PNc SMC-Sun LMC-Sun 

C ............ 7.16 .7.90 8.46 8.65 8.93 - 1.49 -0.75 
N ............ 6.60 6.94 7.48 7.96 8.68 - 1.36 - 1.02 
0 ............ 8.05 8.38 8.60 '. 8.87 8.77 -0.82 -0.49 
Ne.. ......... 7.34 7.68 7.79 8.05 8.14 - 0.7 1 -0.37 
S ............ 6.61 7.0 1 7.12 7.23 7.34 -0.38 - 0.22 
Ar ........... 5.77 6.10 6.27 6.57 6.50 -0.80 - 0.47 

C/O ........ -0.89 . -0.48 -0.14 -0.22 0.16 - 0.67 - 0.26 
C/N ........ 0.56 0.96 0.98 0.69 0.25 -0.13 + 0.27 
N/O ........ - 1.45 - 1.44 - 1.12 -0.91 - 0.09 -0.54 -0.53 

Table 1. Rela t ive  abundances i n  MCs and galaxy from Dufour e t  al. (1982). 

The s i t u a t i o n  is summarised , in  Table 1, and t h i s  scenario s e t s  out 
reasonably c l e a r l y  the  evolutionary h i s t o r y  of the  Clouds compared with the  
galaxy. ' Maran e t  al. (1982) used the  IUE ' t o  study planetary nebulae i n  the  
Clouds, and obtained i n t e r e s t i n g l y  d i f f e r e n t  r e s u l t s .  They f ind  C abundances 
only. s l i g h t l y  less than the  galaxy, . while o ther  elements a r e  depleted by t h e  
"normal" amounts. Their finding. i n  o ther  words is t h a t '  i n  PN e jec ta ,  C is  40 
times the  l o c a l  ISM value i n  the  SMC. and 6 times i n  the  LMC. They thus f ind  
t h a t  a t  present  planetary nebulae a r e  the  p r inc ipa l  source of C enrichment i n  
t h e  Clouds, and t h a t  the  C generat ion processes i n  Cloud stars a r e  roughly t h e  
same as  i n  the  galaxy - an important datum f o r  s t e l l a r  evolut ion theory. 
Stecher -- e t  a l .  (1982) discuss the  c e n t r a l  s t a r s  of PN i n  the  Clouds and using 
IUE f luxes  derived (Eddington l imi t ing)  masses from the  deduced bolometric 
f luxes.  These tu rn  out t o  be - 1 b, higher than the  0.6 Mg genera l ly  
accepted f o r  g a l a c t i c  PN. They discuss some i n t e r e s t i n g  poss ib le  explanations 
of t h i s .  (A f u r t h e r  f ac to r ,  f o r  which the re  is now some other  evidence), is 
t h a t  the  Clouds may be c lose r  than the  present canonical values.) 

These kinds of s tud ies  a r e  unique t o  the  f a r  W and a r e  performed with 
d i f f i c u l t y  with IUE; due t o  i ts  low s e n s i t i v i t y , ' l o w  dynamic range and l imi ted  
photometric &curacy. .However, the  importance of the  r e s u l t s  w i l l  make the  ST 
spectrographs and o ther  high signal-to-noise instruments very des i rab le  f o r  

a ,  fu tu re .  work. .. . 
. , . . 

' , I .  

. I 



INTERSTELLAR EXTINCTION 

One of t h e  most spec t acu l a r  r e s u l t s  from IUE has been t h e  s tudy of t h e  W 
e x t i n c t i o n  laws i n  t h e  Clouds. By means of comparison of reddened and 
unreddened s t a r s  of t h e  same s p e c t r a l  type and from model f i t t i n g  t o  s t a r s  of 
known s p e c t r a l  type,  it has been found t h a t  t h e  W e x t i n c t i o n  is d i f f e r e n t  i n  
t h e  two Clouds, and i n  t he  galaxy (Koornneef 1982, Morgan and Nandy 1982, 
Hutchings 1982, Lequeux -- et  a l .  1982). The mean e x t i n c t i o n  c h a r a c t e r i s t i c s  a r e  
shown i n  f i g .  1, al though t h e r e  a r e  except ions i n  a l l  t h r e e  ga l ax i e s  which 
b r idge  t he se  d i f f e r ences .  The shape of t h e  SMC mean e x t i n c t i o n  curve is s t i l l  
t h e  sub jec t  of some deba te  and research ,  but t h e  b a s i c  c h a r a c t e r i s t i c s  seem 
w e l l  e s t ab l i shed .  Once again,  t h e r e  is a  c l e a r  p rogress ion  from SMC t o  LMC t o  
galaxy. These r e s u l t s  a r e  profound because they show us  t h a t  t he  r e l a t i o n  
between perceived and i n t r i n s i c  f l u x  i n  - any galaxy cannot be taken f o r  
g r an t ed ,  and a l s o  t h a t  t h e  p rope r t i e s  of t h e  i n t e r s t e l l a r  medium a r e  s t r o n g l y  
v a r i a b l e  between ga l ax i e s .  

Another aspec t  of t h i s  s tudy has  been t h e  de te rmina t ion  of gas t o  dus t  
r a t i o  from the  measurement of Lyman a absorp t ion  s imultaneously wi th  
e x t i n c t i o n .  This  shows (Koornneef 1984, Lequeux -- e t  a l .  1984) t h a t  t h e  r a t i o  
NH/EB+ is 17 t i m e s  t h e  g a l a c t i c  va lue  i n  t he  SMC and 4 t imes i n  t h e  LMC 
( f i g .  2) ,  thus showing t h e  same sequence ev ident  i n  t h e  e x t i n c t i o n  i t s e l f .  
These f a c t o r s  a r e  l i k e  t he  C abundance r a t i o s ,  r a t h e r  than S i ,  0 suggest ing a  
connect ion wi th  g raph i t e .  The numbers a r e  probably more r e l i a b l e  than de te r -  
minat ions by o the r  methods and instruments .  A problem is t h e  s epa ra t i on  of 
foreground Ly a, needing higher  r e so lu t ion .  

It has been suggested t h a t  t h e  g r a i n  s i z e s  a r e  smal le r  i n  l e s s  evolved 
g a l a x i e s ,  t o  account f o r  t h e  f a r  W d i f f e r ences .  More r ecen t ly ,  however, 
Nandy (1984) and Bromage and Nandy (1983) have ind i ca t ed  t h a t  t he  p r i n c i p a l  
d i f f e r e n c e  may be t h e  amount of g r a p h i t e  i n  t h e  ISM ( f i g .  3 ) ,  which l i n k s  us  
back once more wi th  t h e  C abundance evolu t ion .  Lequeux e t  a l .  (1984) reached -- 
s i m i l a r  conclusions about t h e  r o l e  of g r aph i t e .  I n  s t u d i e s  of o b j e c t s  i n  M33, 
a galaxy s i m i l a r  i n  mass and evolu t ion  t o  t h e  LMC, i t  has been found t h a t  an 
e x t i n c t i o n  law l i k e  t he  LMC i s  more app rop r i a t e  than a  g a l a c t i c  one (e.g. 
Massey and Hutchings 1983). C lea r ly ,  f u t u r e  work w i l l  need t o  i n v e s t i g a t e  
t h e s e  d i f f e r e n c e s  more deeply,  i n  a s  many l o c a l  group g a l a x i e s  a s  poss ib le .  
The presen t  i n d i c a t i o n  is t h a t  t h e  e x t i n c t i o n  curve i s  s t r o n g l y  l inked  wi th  
t h e  evolu t ionary  s t a t e  of t he  galaxy,  but i t  needs q u a n t i f i c a t i o n  and a  proper 
understanding of t h e  l o c a l  pu r tu rba t ions  i n  each galaxy. 

HOT STARS AND STELLAR WINDS 

A s  i s  wel l  known, t h e  p r i n c i p a l  OB s t a r  s t e l l a r  wind l i n e s  a r e  t h e  UV 
resonance l i n e s  of N V ,  S i  I V ,  and C I V ,  and IUE s t u d i e s  of t he se  i n  g a l a c t i c  
s t a r s  have been numerous and f r u i t f u l  (e.g. Hutchings and Von Rudloff 1980; 
Garmany and Conti 1984). The s tudy of MC superg ian ts  has  added s i g n i f i c a n c e  
s i n c e  t h e  d i f f e r e n t i a l  d i s t a n c e  and reddening e f f e c t s  which plague g a l a c t i c  
s t u d i e s ,  a r e  l a r g e l y  el iminated.  S tud i e s  of Cloud s t a r s  have revealed a  
number of d i f f e r e n c e s  i n  t h e  s t e l l a r  winds compared wi th  t h e  galaxy (Hutchings 



Fig. 1. Mean W extinction laws, from 
Lequeux et al. (1984) . 

E.W. 
( A )  

10 

Fig. 3. Mean gas to dust ratio 
lines, from Lequeux et al. 
(1984). Diagram covers range 
of measured values. 

0 
05 80 81 85 

Fig. 2. Model fitting to mean extinction SPECTRUM 

curves (Nandy 1984). Model 1: zero 
graphite; model 2: 35% galactic graphite. Fig. 4. W resonance line 

strengths compared with 
galactic (hatched areas), from 
Hutchings (1982). 



1982, 1983, Bruhweiler -- e t  a l .  1982). F igures  4,5 i l l u s t r a t e  t he  d i f fe rences .  
B r i e f l y ,  t h e  resonance l i n e s  a r e  weaker and t h e  t h e  te rmina l  v e l o c i t i e s  of t he  
winds lower i n  t he  Clouds than t h e  galaxy, wi th  t h e  SMC being the  extreme, a s  
usual .  Once again,  t h e  e f f e c t  may be a t t r i b u t e d  t o  t h e  heavy element 
abundance, a s  it is  p r i n c i p a l l y  respons ib le  f o r  t h e  r a d i a t i v e  opac i ty  which i s  
a  major e f f e c t  i n  d r iv ing  hot s t e l l a r  winds. The exact  way i n  which the  winds 
d i f f e r  is not understood - f o r  example, t h e  v e l o c i t y  g r a d i e n t s  i n  the  v i s i b l e  
s p e c t r a  a r e  l a r g e r  i n  t h e  Clouds than t h e  galaxy (Hutchings 1980a) - but t h e  
mass-loss mechanisms a r e  not  wel l  modelled i n  t he  galaxy e i t h e r .  Bruhweiler 
e t  a l .  (1982) suggest t h a t  t he  mass l o s s  r a t e s  may be s i m i l a r  i n  the  SMC and 
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galaxy,  i f  t h e  lower C and S abundances somehow balance out t he  lower l i n e  
v e l o c i t i e s  and s t r eng ths .  However, t h i s  a c t u a l l y  assumes a  g r e a t e r  e f f i c i e n c y  
i f  t hese  l i n e s  d r i v e  t h e  winds, and it seems more l i k e l y  t h a t  a l l  elements a r e  
s i m i l a r l y  weakly dr iven.  Looking at t h e  W-R s t a r s ,  Smith and W i l l i s  (1983) 
f i n d  t h a t  t h e  v e l o c i t i e s  i n  t hese  dense winds a r e  s i m i l a r  t o  g a l a c t i c  ones, 
and t h a t  t h e  abundances a r e  s i m i l a r  t o  g a l a c t i c ,  so t h a t  i n  t h e i r  (more 
advanced ?) evolu t ionary  s t a t e ,  t h e  d i f f e r e n c e s  may diminish. However, they  
f i n d  t h a t  t h e  He I1 l i n e s  a r e  s t ronger  i n  Cloud WN s t a r s ,  and the  ex ten t  of 
t h e  envelopes i s  lower. 

Fig. 5. Resonance l i n e  (minimum) 
v e l o c i t y  r a t i o s  ~ ~ ~ / g a l a x y ,  from 
Bruhweiler e t  a l .  (1982). 
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Fig. 6. LMC W l i n e  s t r eng ths  f o r  
g i a n t s  compared with g a l a c t i c  s t a r s  
( l i n e s ) ,  from Nandy e t  a l e  (1983). 

Looking a t  lower luminosi ty  s t a r s ,  Nandy -- e t  a l .  (1983) f i nd  t h a t  t h e  
resonance l i n e  s t r e n g t h s  i n  g i a n t s  a r e  t h e  same a s  t h e i r  g a l a c t i c  counter- 
p a r t s ,  a s  a r e  t he  f l u x  d i s t r i b u t i o n s  ( f i g .  6). Thus it may be t h a t  only a t  
t h e  h ighes t  l uminos i t i e s  do the  d i f f e r ences  become very apparent.  Neverthe- 
l e s s ,  it is  l i k e l y  t h a t  t h e  amount of mass l o s t  from hot s t a r s  i n  t he  Clouds 
is  considerably l e s s  than f o r  t h e i r  g a l a c t i c  coun te rpa r t s ,  and t h a t  t h e  
evolu t ion  of massive s t a r s  is  s i g n i f i c a n t l y  d i f f e r e n t  a s  a r e s u l t .  A f u r t h e r  
c lue  may r e s i d e  i n  M33 and M31, whose populat ions of g i a n t  H I1 regions and 
W-R s t a r s  a r e  a l s o  d i f f e r e n t ,  and suggest a genera l  evolu t ionary  sequence f o r  
g a l a x i e s  which a f f e c t s  t he  most massive s t a r s .  We r e t u r n  t o  f u r t h e r  a spec t s  
of t h i s  i n  t he  X-ray source sec t ion .  For t h e  f u t u r e ,  we w i l l  need t o  s tudy 



massive stars i n  the  W i n  other galaxies  with ST, and a l so  t o  develop s t e l l a r  
wind models which e x p l i c i t l y  embody t h e  i n i t i a l  heavy metal abundance and 
synthes is  i n  the  stars. 

There a r e  severa l  individual  s t a r s  which have been studied i n  d e t a i l  with 
IUE, a t  both low and high dispersion,  and the  r e s u l t s  have general ly been used 
i n  conjunction with ground based data  i n  discussing the  stars. S tah l  -- e t  al.  
(1983), f o r  example der ive  very high mass l o s s  r a t e s  f o r  a group of s t a r s  
claimed t o  be l i k e  S Dor. Whether these a r e  l i k e  g a l a c t i c  counterparts  o r  not 
i s  not c e r t a i n  t o  m e  a t  present,  mainly because l o c a l  ext inct ion has prevented 
the  study of such objects  i n  the  W. Kafatos -- e t  al. (1983) have studied two 
pecul iar  (symbiotic?) s t a r s  with IUE. Their r e s u l t s  a r e  s ign i f i can t  i n  t h a t ,  
once again, the  absolute luminosity of the  hot s t a r  can be derived, with 
r e s u l t i n g  implicat ions f o r  its mass and evolutionary h is tory .  Other extreme 
ob jec t s  which have been studied a r e  HD 38489 (Shore and Sanduleak 1983) and 
HD 34664 (Bensammar -- et al. 1983). Here, our sample needs t o  be extended both 
t o  o ther  galaxies ( the  Hubble-Sandage var iables)  as  well  as  our own galaxy i n  
f u t u r e  W work. 

A f i n a l  object  of exceptional i n t e r e s t  has been the  apparently super- 
luminous (supermassive?) s t a r  R136a a t  the  cent re  of 30 Dor (Feitzinger,  
Hanuschik, Schmidt-Kaler 1983, Moffat and Seggewiss 1983, Savage -- et al. 1983). 
The question, i n  essence is  whether the  f lux ,  (which IUE data  show t o  be hot: 
> 50000 K) o r ig ina tes  i n  a s ing le  s t a r  o r  a compact group of very ea r ly  0 
s t a r s .  IUE data,  i n  the  above references,  have been v i t a l  i n  deriving the  
f lux ,  temperature and mass-loss c h a r a c t e r i s t i c s  of the  s t a r ( s ) .  The whole 
question now appears t o  r e l y  on high resolut ion s p a t i a l  imaging, yet  t o  be 
done d e f i n i t i v e l y  (see f u l l  discussion i n  IAU Symp. 108). Whatever the  object  . 
is, we note t h a t  Massey and Hutchings (1983) f ind  s imi la r  objects  powering 
s imi la r  g ian t  H I1 regions i n  the  s imi lar  galaxy M33. M31 does not appear t o  
contain such objects ,  again suggesting a global  sequence i n  galaxies.  

X-RAY SOURCES 

X-ray b ina r ies  i n  the  Clouds a r e  not numerous, but sca le  roughly with the  
galaxy mass (see Helfand 1984, Hutchings 1984). Nevertheless, they have 
severa l  spec ia l  and probably important propert ies.  The cloud binary sources 
a r e  much more luminous than t h e i r  g a l a c t i c  counterparts.  They a l so  contain 
the  two most rapid X-ray pulsars ,  s trong evidence f o r  luminous d isks  i n  
massive systems, and two probable black holes i n  binary systems, i n  a volume 
of space which i n  the  galaxy contains less than one. Once again, the  s ing le  
parameter which may be responsible is  the  abundance, t h i s  time a f fec t ing  t h e  
opacity t o  X-rays. A low opacity t o  X-rays means t h a t  a higher accre t ion r a t e  
is  possible on t o  a compact s t a r ,  leading t o  higher luminosity and more rapid 
spinup of pulsars ,  a s  well  as  the  formation of a s t a b l e  and luminous accre t ion 
disk.  The poss ib le  presence of massive s t e l l a r  remnants suggests,  as  i n  the  
discussions above, t h a t  a h i s to ry  of lower mass-loss together with a col lapse  
which is  l e s s  opaque t o  radia t ion may allow the  formation of more massive 
remnants than i n  t h e  galaxy, where neutron s t a r s  (and supernovae?) a re  t h e  
norm. 



IUE i n v e s t i g a t i o n s  have been made on SMC X-1, LMC X-4, LMC X-1 and 
A0538-66. I n  t h e  former two cases  (van de r  Klis e t  a l .  1982), t h e  W l i g h t  

7 -  

curves  were derived,  which enabled modelling of t h e  t i d a l l y  d i s t o r t e d  primary 
and t h e  l i g h t  from the  d isk .  I n  LMC X-4 t h e  d a t a  a r e  c o n s i s t e n t  with pre- 
ce s s ion  of a d i s k  on t h e  30-day period seen i n  t h e  X-ray i n t e n s i t y .  These 
s t u d i e s  a l s o  revealed t h e  i o n i s a t i o n  of t h e  s t e l l a r  winds by t h e  X-rays by t h e  
phase dependence of t h e  resonance l i n e s  ( s e e  a l s o  Hammerschlag-Hensberge, 
Kallman, Howarth 1984). The r e s u l t s  a r e  q u a l i t a t i v e l y  s i m i l a r  t o  t he  g a l a c t i c  
systems ( f i g .  7), but we need higher  signal-to-noise d a t a  from f u t u r e  obser- 
va t ions  t o  make t h e  important s tudy of t h e  d i f f e r e n t  wind s t r u c t u r e s  and W 
photometric behaviour t h a t  t hese  systems allow. 

CYG X- l  VELA X-l  SMC X- l  LMC X - 4  

The unique v a r i a b l e  system A0538-66 has been a f r u i t f u l  ob jec t  of IUE 
study.  This system undergoes l a r g e  o p t i c a l  changes i n  i ts  16-day cyc le ,  a s  
we l l  a s  extended high and low s t a t e s .  S tudies  by Charles -- e t  a l .  (1983), and 
Howarth -- e t  a l .  (1983), have shown t h a t  t he  UV f l u x  does not undergo these  
l a r g e  changes, so  t h a t  t h e  e f f e c t i v e  temperature is lower i n  high o p t i c a l  
s t a t e s  ( f i g .  8). While we do not  g e t  understand t h e  system it is c l e a r  t h a t  
t h e  W d a t a  form a v i t a l  p a r t  of our s tudy of it. The unique high luminosi ty  
i n  X-rays, high mass-flow and assoc ia ted  o p t i c a l  and W emi t t ing  volume make 
t h e  understanding of t h e  evolu t ionary  s t a t e  of t h i s  system of g r e a t  i n t e r e s t .  
Once again,  we look f o r  LMC condi t ions  t h a t  may c o n t r i b u t e  t o  i ts  unique 
behaviour. 
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HALOS 

The discovery of t h e  g a l a c t i c  ha lo  by IUE (Savage and de Boer 1979) is  
now we l l  e s t ab l i shed  by means of W i n t e r s t e l l a r  absorp t ions  (e.g.C 11, Mg 11)  
which a r e  much more s e n s i t i v e  probes than any v i s i b l e  l i n e s .  High d i spe r s ion  
s t u d i e s  of MC s t a r s  wi th  IUE have a l s o  suggested ha los  assoc ia ted  with t h e s e  
g a l a x i e s  (de Boer and Savage 1980), but t h e  evidence is l e s s  secure.  This  is  
because it is  d i f f i c u l t  t o  ge t  good da t a ,  and because t h e  absorpt ion l i n e s  
have t o  be separa ted  from g a l a c t i c  ha lo  and l o c a l  absorp t ions  around t h e  
t a r g e t  s t a r s  (e.g. Fe i t z inge r  and Schmidt-Kaler 1982). de  Boer (1984) g ives  a 
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Fig. 8. A0538-66 in various activity states. 
Note profile, flux, and temperature changes. 
From Howarth et al. (1983). 
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review of t h e  sub jec t ,  and F i t z p a t r i c k  and Savage (1983) g i v e  perhaps t h e  b e s t  
d a t a  t o  d a t e  ( f i g .  9) .  Table 2  shows t h a t  t h e  sharp  abso rp t ions  i n  t h e  MC 
s t a r s  a r e  gene ra l l y  l a r g e r  than f o r  l o c a l  g a l a c t i c  stars, sugges t ing  t h a t  a 
ha lo  i s  respons ib le  f o r  t he  excess.  It i s  of importance t o  e s t a b l i s h  t h e  
presence o r  otherwise of t he se  ha los  sirice t h e i r  formation and hea t ing  is  
d i r e c t l y  l inked  t o  t h e  presen t  s t e l l a r  wind and supernova a c t i v i t y  i n  t h e  
Clouds. There is  a l s o  t h e  i n t e r e s t i n g  ques t ion  of whether t h e  ha lo  a s  a whole 
r o t a t e s  more slowly than the  s t a r s ,  a s  some evidence sugges ts .  Once again,  
t h e  proper s tudy of t h e  ques t ion  r e q u i r e s  t h e  r e s o l u t i o n  and signal-to-noise 
of t h e  Space Telescope HRS. 

Table Equivalent Widths f o r  I n t e r s t e l l a r  CIV L ines i n  MC Stars and Comparable M i l k y  Way Stars - 
1K s t a r  Sp. Type V ( s t a r )  V(CIV) W(1550) Ref MU s t a r  Sp. Type W(1550) Ref 

Sk-67 18 -- 06-7tWN5 272 240: 200: dBS HD15391906f 90 BKM 
Sk-67 5 HD268605 09.7Ib 294 250: 7150: dBS HD213087 BO.5Ib 65 BDHR 
Sk-67104 tiD36402WC5tOB 315 270 200 dBN HD113904WC6t09BOI 80: BKM 
Sk-69 246 HD 38282 WN6 245: 210 230 dBS HD192163 WN6 320 SW.1 
Sk-71 45 HD269676 04-5111 229 220 270 GWMN HD 46223 04Vf 100 BDHR 
Sk-69 243 HD 38268 R 136 245: 215 600 dBS HD 37022 06tB0.5V 260 FS.2 

. Sk 108 R31 06.5tWN3 129 150 300 dBS HD 93403 06ft07.5 150 BKM 
Sk 80 --- 07Iaf+ --- 150 280 dBS HD 57060 07 f  30 BKM 
Sk 78 HD 5980 OB?+WN3 --- 140 410 d8S HD190918 WN5+09.5III 470 BKM.1 
Sk 159 --- BOIa --- 170 60 P9 HD152667 BOIa 75 BKM 

Table 2. From Koornneef (1984). Note l a r g e  W va lues  of MC s t a r s ,  poss ib ly  
due t o  ha lo  absorpt ion.  

CLUSTERS 

A s  a  f i n a l  s ec t i on ,  we look a t  t h e  e f f o r t s  t o  s tudy  Cloud g lobular  
c l u s t e r s  with IUE (de Boer, 1981; Cacc i a r i  et  a l . ,  1982; C a s s a t e l l a  and Geyer 
1982). These s t u d i e s  have revealed t h e  presence and temperature  of hot s t a r s ,  
a l lowing e s t ima te s  t o  be made of t h e i r  numbers. The absence of e x t i n c t i o n  
sugges ts  t h a t  t he  o r i g i n a l  c l u s t e r  gas  has  e i t h e r  been used up o r  blown away. 
Luminosity func t ions  der ived f o r  c l u s t e r s  from IUE d a t a  have yielded ages i n  
t h e  range 7 x 1 0 ~  t o  8 x 1 0 ~  years .  I n  some c l u s t e r s  ( f i g .  l o ) ,  t h e  s p e c t r a  of 
i nd iv idua l  s t a r s  can be deconvolved, and temperatures  der ived ,  which range i n  
gene ra l  from 12000-30000 K. Bohm-Vitense and Hodge (1984) f i n d  LMC type  
e x t i n c t i o n  i n  c l u s t e r s ,  and a l s o  note  t h e  absence of mass l o s s  i n  TAC s t a r s  
whose g a l a c t i c  coun te rpa r t s  do show mass l o s s .  These a r e  a l l  important UV 
s t u d i e s  which w i l l  y i e l d  s i g n i f i c a n t  r e s u l t s  on c l u s t e r  evo lu t ion  and MC s t a r  
formation h i s t o r y ,  and c l e a r l y  need much f u t u r e  work. 

I n  conclusion,  I hope t h i s  very  s u p e r f i c i a l  r e p o r t  w i l l  encourage t h e  
pu r su i t  of MC r e sea rch  i n  t h e  W. The Clouds appear t o  form t h e  e a r l y  p a r t  of 
a  sequence i n  galaxy evolu t ion ,  which can be t r aced  through t h e  p r i n c i p a l  
l o c a l  group members. The W con ta in s  much of t h e  v i t a l  information i n  
l ea rn ing  about t h i s  sequence, and t h e  h i s t o r y  of t h e  Clouds themselves. 
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U l t r a v i o l e t  and X-ray Observat ions o f  A c t i v e  G a l a c t i c  Nuc le i  : 

C o n s t r a i n t s  on Models o f  t h e  Broad Emission L i n e  Region 

R i c h a r d  Mushotzky 

Labora to ry  f o r  H igh Energy As t rophys ics  

NASAIGoddard Space F l  i g h t  Center 

I n  t h i s  t a l k  we w i l l  be c o n s i d e r i n g  t h e  e x t e n s i v e  u l t r a v i o l e t  spec t ra  o f  

b road  l i n e  a c t i v e  n u c l e i  and t h e  l a r g e  body o f  X-ray photometry and 

spect roscopy o f  these o b j e c t s  and t h e  c o n s t r a i n t s  t h a t  these  data  p lace  on t h e  

p h o t o i o n i  z a t i  on models o f  t h e  broad emiss ion 1  i n e  r e g i o n  (BLR) o f  these 

o b j e c t s .  Many a c t i v e  g a l a c t i c  n u c l e i ,  i n  p a r t i c u l a r  quasars and S e y f e r t  I ' s ,  

a r e  c h a r a c t e r i z e d  by s t rong,  broad ( f u l l  w i d t h  > 2000 krnlsec), emiss ion l i n e s  

f rom p e r m i t t e d  t r a n s i t i o n s  i n  abundant elements. I n  t h e  s i m p l i s t  models t h e s e  

1  i nes o r i g i n a t e  i n  c louds 1  ocated a t  some c h a r a c t e r i  s t i c  d i s t a n c e  f rom t h e  

c e n t r a l  i o n i z i n g  source i n  a  quasi  - s p h e r i c a l  d i s t r i b u t i o n .  Whi le t h e  dynarni cs  

o f  these  c louds a re  q u i t e  i m p o r t a n t  we w i l l  n o t  cons ide r  them here and i n s t e a d  

w i l l  c o n c e n t r a t e  on how t o  d e r i v e  t h e  observed l i n e  s t r e n g t h s  and l i n e  

r a t i o s .  

The main i n p u t s  i n t o  these p h o t o i o n i z a t i o n  models (see Davidson and 

Ne tze r  (1979) f o r  an e x t e n s i v e  rev iew)  are :  

1) Atomi c  Physi cs 

2) The continuum s p e c t r u ~ n  

3) The Cloud Model 

4) The g l o b a l  geometry o f  t h e  r e g i o n  

5 )  The i n f l u e n c e  o f  dust ,  i f  any 

6)  The chemical composi t ion o f  t h e  gas - tha t  i s  t h e  m e t a l l i c i t y  

The main o u t p u t  o f  these codes a r e  t h e  a b s o l u t e  l i n e  s t r e n g t h s  and t h e  

r a t i o s  o f  these, t h e  "d i s tance"  t o  t h e  c louds,  and t h e  general  p r o p e r t i e s  o f  

t h e  c louds  and t h e  i n t e r c l o u d  medium. 

Atomic  phys ics ,  t h a t  i s  t h e  r e l e v a n t  c ross  s e c t i o n s  and r e a c t i o n  r a t e s  o f  

t h e  most i m p o r t a n t  processes and t h e  i d e n t i f i c a t i o n  o f  these  processes, i s  

perhaps t h e  most c r u c i a l  i n p u t  f o r  these models. U n f o r t u n a t e l y ,  a t  present ,  



n o t  a l l  o f  these  values a re  known w i t h  s u f f i c i e n t  p rec is ion .  However, 

s u f f i c i e n t  progress has been made t h a t  most model b u i l d e r s  have been us ing  a  

c o n s i s t e n t  s e t  o f  data (see Mendoza 1983). Thus t h e  r e l a t i v e  agreement o f  t h e  

models w i t h  t h e  observat ions i s  a  weak s i g n  t h a t  most o f  t h e  r e l e v a n t  

processes and cross sec t ions  a re  understood. It i s  a n t i c i p a t e d  t h a t  f u t u r e  

. r e v i s i o n s  i n  t h e  re l evan t  atomic phys ics w i l l  no t  make a  s t r ong  change i n  t h e  

*mode l i ng  r e s u l t s ,  i t  must be kept i n  mind, however t h a t  t h i s  has happened i n  

t h e  past. 

The Cont i nuum 

The form o f  t h e  continuum i s  perhaps t h e  q u a n t i t y  most suscep t i b l e  t o  

observat ion.  O f  course, i t  i s  t h e  i n t e r a c t i o n  o f  t h e  continuum photons w i t h  

t h e  i ons  i n  t h e  c l oud  t h a t  prov ides most o f  t h e  i o n i z a t i o n  i n  t h e  broad l i n e  

region. Thus t h e  continuum i s  t h e  engine t h a t  d r i v e s  t h e  e n t i r e  model. There 

a r e  severa l  d i s t i n c t  reg ions i n  which t h e  " i o n i z i n g "  continuum i s  observed: 

1)  The u l t r a v i o l e t ,  E<13.6 eV: observed f o r  low r e d s h i f t  ob jec t s  by IUE and 

f o r  h i gh  r e d s h i f t  ob jec t s  by ground based observers. 

2) The i o n i z i n g  extreme u l t r a v i o l e t  (XUV) 13.6<E<500 eV: observed over  p a r t  

o f  t h i s  range f o r  h i gh  r e d s h i f t  ob jec t s  by IUE but,  f o r  t h e  most pa r t ,  has t o  

be i n f e r r e d  from observat ions o f  l i n e s  o r i g i n a t i n g  from i ons  w i t h  w i t h  h i g h  

i o n i z a t i o n  p o t e n t i a l s  o r  by c o n t i n u i t y  arguments between t he  UV and s o f t  X-ray 

spectra.  

3) The s o f t  X-ray range .5<E<7 keV: observed over t h e  t h i s  energy range by a  

combinat ion o f  spectrometers on t h e  E i n s t e i n  observatory  and HEAO-1. 

4 )  The "hard"  X-ray range E< 7  keV: observed by spectrometers on HEAO-1, i n  

t h i s  energy range atomic processes a re  no t  very impor tan t  and t h e  major  

i n t e r a c t i o n s  o f  photons w i t h  i ons  i s  through t h e  Thompson cross-sect ion. 

X-ray Spectrum 

The observed X-ray spect ra  o f  broad emission l i n e  ob jec t s  ( p r i m a r i l y  

Sey fe r t  1 ' s )  over t h e  energy range E>3 keV (Mushotzky 1984) Ro thsch i l d  e t  a l .  

1983) i s  q u i t e  simple. It i s  we l l  f i t  over  t h e  range from 3  -100 keV by a  

power law w i t h  mean spec t ra l  s lope o f  0.7 and w i t h  a  very small d i spe rs i on  o f  

+/-0.15. There does no t  seem t o  e x i s t  any dependence o f  t h i s  s lope  on t o t a l  

l um inos i t y ,  o p t i c a l  spec t ra l  t ype  o r  r a d i o  p r o p e r t i e s  and thus  t h i s  s lope  can 



be cons idered t o  be one o f  t h e  d e f i n i n g  c h a r a c t e r i s t i c s  o f  broad l i n e  a c t i v e  

ga lax ies .  For h i gh  l u m i n o s i t y  ob jec ts ,  l o g  L(x)>43.7 i n  t h e  2-10 keV band, 

t h i s  c h a r a c t e r i s t i c  s lope cont inues down t o  0.5 keV (Pe t re  e t  a l .  1984). 

However lower l u m i n o s i t y  ob jec t s  (Mushotzky 1982, Re icher t  e t  a l .  1984) show a  

r o l l o v e r  a t  lower  energ ies due t o  t h e  p h o t o e l e c t r i c  absorp t ion  o f  X-rays by 

"coo l  ", l o g  T<7.5 K, ma te r i a l .  

The r e l a t i o n s h i p  of t h e  X-ray t o  " o p t i c a l "  (by o p t i c a l  one t y p i c a l l y  

r e f e r s  t o  f l u x  i n  t h e  2500-10,000 angstrom range) has been w e l l  determined by 

a  wide v a r i e t y  o f  observers w i t h  data ob ta ined  from t h e  E i n s t e i n  observatory  

(see K r i s s  1984 f o r  a  recent  rev iew) .  I f  we use a (ox)  a  parameter which i s  

r e l a t e d  t o  t h e  l o g a r i t h m i c  s lope o f  t h e  mean X-ray t o  o p t i c a l  f l u x e s  a (ox )=  

( l o g  f ( o p t ) - l o g  f ( x ) ) / 6  l ogv )  (Tananbaum e t  a l .  1979) one f i n d s  t h a t  t h i s  

q u a n t i t y  i s  narrowly  d i s t r i b u t e d  w i t h  almost a l l  t h e  ob jec t s  having a (ox )  

between 0.8 and 1.7. However t h i s  narrow d i s t r i b u t i o n  i n   OX) i s  m is lead ing  

because t h e  l o g a r i t h m i c  compression "h ides"  t h e  wide range i n  t h e  r a t i o  o f  

X-ray t o  o p t i c a l  l u m i n o s i t i e s  (Re icher t  e t  a l .  1982). The r a t i o  o f  

1  umi nos i  t i e s  i s  l o g  (L(x)/L(opt)=3.125-2.605a(ox). Thus t h e  r a t i o  o f  X-ray t o  

o p t i c a l  l u m i n o s i t y  v a r i e s  by a  f a c t o r  of over  300. 

The Ul t r a v i  01 e t -Opt i  c a l  Spectrum 

The na tu re  o f  t h e  UV continuum i s  a  much more compl icated subject .  

Desp i te  t h e  apparent s i m p l i c i t y ,  d e t a i l e d  a n a l y s i s  has shown t h a t  t h e  form o f  

t h e  continuum i n  t h e  500-10,000 angstrom range i s  q u i t e  compl icated and no t  

w e l l  understood a t  present.  Wu,Boggess and Gu l l  (1983) have noted t h a t  t h e  UV 

continuum i s  no t  g ross l y  d i f f e r e n t  f rom o b j e c t  t o  o b j e c t  and seems moderately 

w e l l  fit over t he  e n t i r e  I U E  range by a  s imple powerlaw. Malkan and co- 

workers (e.g. Malkan 1983) have f i t  a  model t o  t h e  I R - U V  spectrum of a  f a i r l y  

l a r g e  sample o f  a c t i v e  ga lax ies.  They f i n d  t h a t  most ob jec t s  r e q u i r e  two 

continuum cornponents t o  f i t  t h e  data. A power law o f  index near 1.2, and an 

a d d i t i o n a l  component which we w i l l  r e f e r  t o  as t h e  "b lue bump" (Grandi 

1982). These authors  f e e l  t h a t  t h e  mean spec t ra l  index does n o t  vary much 

frorn o b j e c t  t o  ob jec t  bu t  t h a t  t h e  r a t i o  o f  t h e  b l ue  bump t o  power law 

component i s  q u i t e  var iab le .  Green and co-workers (e.g. Bechto ld  e t  a l .  1984) 

have found t h a t  t h e  spectrum o f  severa l  h i g h  r e d s h i f t  quasars seems t o  be 



cons iderab ly  s teeper  than Malkan's mean power law a t  wavelengths s h o r t e r  than  

t h e  Lyman l i m i t .  It i s  no t  c l e a r  a t  present  i f  t h i s  steepening i s  due t o  

abso rp t i on  due t o  i n t e r v e n i n g  hydrogen clouds between t h e  observer and t h e  

continuum source, t o  a  steepening o f  t h e  power law component o r  t o  t h e  h i g h  

frequency exponent ia l  r o l l  over o f  t h e  b l ue  bump. 

To cons iderab ly  confuse t h e  s i t u a t i o n  d e t a i l e d  s tud ies  o f  severa l  

S e y f e r t  1  ga lax ies  (such as NGC 4151, NGC 4593, NGC 3783 etc . )  seem t o  show 

t h a t  t h e  s lope  o f  t h e  power law i n  t h e  IUE band i s  s t r o n g l y  c o r r e l a t e d  w i t h  

l u m i n o s i t y ,  t h a t  i s  t h e  instantaneous l u m i n o s i t y  o f  t h e  galaxy seems t o  be 

c o r r e l a t e d  w i t h  t h e  spec t ra l  slope, w i t h  t h e  s teeper  spect ra  be ing assoc ia ted  

w i t h  lower  luminos i t y .  There i s  no c o r r e l a t i o n  between t h e  abso lu te  

l u m i n o s i t y  o f  a  ga laxy and t he  s lope o f  t h e  UV continuum. However t h e r e  i s  a t  

p resen t  some con t roversy  over whether t h i s  e f f e c t  i s  r e a l  o r  i f  r e a l  whether 

i t i s  due t o  an i n t r i n s i c  change i n  t h e  continuum form, t o  v a r i a b l e  reddening, 

o r  t o  a  change i n  t h e  b l ue  bump. 

The na tu re  o f  t h e  b l ue  bump i s  unc lear  a t  present. The present  

specu la t i on  cen te rs  around t h r e e  poss ib l e  o r i g i n s ,  v iz .  an ext remely  s t r o n g  

Balmer continuum o f  r a t h e r  p e c u l i a r  shape (see Oke, Shie lds and Korycansky 

1984), a  "b lack  body component" due t o  t h e  a c c r e t i o n  d i s k  around a  massive 

b l ack  h o l e  o r  a f o r e s t  o f  F e I I  emission l i n e s  (see Netzer e t  a l .  i n  t h i s  

symposium). It i s  most l i k e l y  t h a t  t h e  observed component i s  due t o  t h e  sum 

o f  two o r  more o f  these p o s s i b i l i t i e s  ( o r  perhaps something e lse ) .  The 

d e t a i l e d  data a v a i l a b l e  f rom I U E  on NGC 4151 (Perola e t  a l .  1982) i n d i c a t e s  

t h a t  t h i s  b l ue  component does no t  c o n t r i b u t e  much t o  t h e  i o n i z a t i o n  o f  C I V  and 

w h i l e  s t r o n g l y  c o r r e l a t e d  t o  t h e  power law continuum sometimes may vary  ou t  o f  

phase w i t h  it. The Oke e t  al .  r e s u l t s  show t h a t  t he  bump i s  s t r o n g l y  

c o r r e l a t e d  w i t h  H  B but  no t  w i t h  Mg 11. IUE data on moderate r e d s h i f t  o b j e c t s  

z=0.5+/-.2 where t h e  Lyman and Balmer l i n e s ,  t h e  s t r ong  pe rm i t t ed  UV l i n e s  and 

t h e  continuum over  a  broad band i s  d i r e c t l y  observable wi 11 be o f  g rea t  use i n  

understanding t h e  na tu re  o f  t h e  bump. 

Given a l l  these compl i ca t ions  most models o f  t h e  i o n i z i n g  continuum have 

used a  s imple two power law form w i t h  a  r e l a t i v e l y  steep, a - 1.2 UV 

continuum and a  f l a t ,  a - 0.7 x-ray continuum. To avo id  ove r -p red i c t i ng  t h e  

s o f t  X-ray f l u x  (Pe t re  e t  a l .  1984) t h e  UV continuum i s  r equ i red  t o  steepen a t  



some energy g rea te r  than  13.6 eV. However t h e  energy a t  which t h i s  occurs and 

t h e  form o f  t h e  steepening a re  poo r l y  determined obse rva t i ona l l y .  

Cloud Model and Geometry 

The X-ray data on absorp t ion  due t o  c o l d  m a t e r i a l  i n  t h e  l i n e  o f  s i g h t  

p rov ides  unique i n f o r m a t i o n  on t he  column dens i ty ,  cover ing  f r a c t i o n  and 

g l o b a l  geometry o f  t h e  clouds. 

The d i r e c t  observa t ion  i n  t he  X-ray o f  abso rp t i on  i n  severa l  ob jec t s  

g ives  an observed range i n  t he  t o t a l  column d e n s i t y  f rom 2-13 ~ 1 0 2 2  

atms/cm2. This  r e s u l t  i s  i n  q u i t e  good agreement w i t h  models developed t o  

"exp la i n "  t h e  anomalous Balmer decrement i n  AGN (e.9. Kwan and K r o l i k  1981) 

which r e q u i r e  t h i c k  c louds o f  column dens i t y  g rea te r  than  i n  a d d i t i o n  t o  

X-ray hea t i ng  o f  these deep, warm reyions. This agreement, i f  no t  f o r t u i t o u s ,  

i n d i  ca tes  t h a t  t h e  'x - ray abso rp t i  on i s  due d i  r e c t l y  t o  t h e  clouds responsi  b l e  

f o r  t h e  o p t i c a l  emission l i n e s  (and o f  course t h a t  t h e  models developed t o  

exp l  a i  n  these 1  i nes  have some p red i  c t i  ve capabi 1  i t y ) .  

The f a c t  t h a t  some ob jec t s  do show absorp t ion  i n  t h e  X-ray band i n d i c a t e  

t h a t  most o f  t h e  l i n e  o f  s i g h t  t o  t h e  c e n t r a l  X-ray source i s  covered by 

c loud(s ) .  I f  t h i s  i s  n o t  c i r c u m s t a n t i a l  then  t h i s  means t h a t  t h e  clouds have 

a  l a r g e  cover ing  f a c t o r  i n  these ob jects .  Ana lys is  o f  r e l a t i v e l y  l a r g e  sample 

o f  ob jec t s  (Mushotzky 1982, Re icher t  e t  a l .  1984) shows t h a t  t h e  p r o b a b i l i t y  

t h a t  an ob jec t  w i l l  be absorbed i s  i n v e r s e l y  r e l a t e d  t o  i t s  luminos i t y .  

However a  d e t a i l e d  ana l ys i s  o f  these data (Re icher t  e t  a l .  1984), i n  

p a r t i c u l a r  e x p l a i n i n g  why some ob jec t s  seem t o  be on ly  " p a r t i a l l y  covered" 

( H o l t  e t  a l .  1981), i n d i c a t e s  t h a t  t h i s  l u m i n o s i t y  e f f e c t  i s  probably  due t o  

t h e  matching o f  c loud  and continuum sizes. That i s ,  t h e  i n t r i n s i c  c l oud  s i z e  

p robab ly  i s  constant  from ob jec t  t o  o b j e c t  b u t  t h e  continuum source i n  t h e  

l owe r  l u m i n o s i t y  sources a re  small. Thus a t  low l u m i n o s i t i e s  t h e  p r o j e c t e d  

s o l i d  angle t o  t h e  clouds i s  t h e  same s ize ,  o r  l a r g e r ,  than  t h e  continuurn 

source and when a  c loud  "gets  i n  t h e  way" we have a  t o t a l  ec l ipse .  For h i ghe r  

l u m i n o s i t y  ob jec t s  a  s i n g l e  c loud  i s  t o o  small t o  o c c u l t  a l l  t h e  r a d i a t i o n  

f rom t h e  l a r g e  continuum source and t h e  source looks e i t h e r  unabsorbed o r  

p a r t  i a  1  l y  cove red. 

The r a t i o  o f  t h e  s t r e n g t h  o f  t h e  X-ray i r o n  6.4 keV f l uo rescen t  l i n e  t o  

t h e  depth o f  t h e  X-ray Fe K  absorp t ion  edge o p t i c a l  depth i s  a  measure o f  t h e  



g loba l  geometry o f  t he  absorbing region (see Mushotzky e t  al .  1978). I f  the  

l i n e  i s  s t rong r e l a t i v e  t o  the  edge we are probably observing a d i s k l i k e  

system face on wh i l e  i f  the  edge i s  s t rong r e l a t i v e  t o  t h e  l i n e  the  system i s  

edge on. Unfor tunate ly  only  two ob jec ts  a re  b r i g h t  enough t o  have had these 

parameters we1 1  determined, Cen-A (Mushotzky et.  a l .  1978) and NGC 4151 (Ho l t  

e t  a l .  1980). I n  these two systems the  data are cons is ten t  w i t h  a  spher ica l  

absorbing region. 

Dust and Metal 1  i c i t y  

The e f f e c t  o f  dust on the u l t r a v i o l e t  emission l i n e s  i s  p o t e n t i a l l y  very 

important.  Not only  does one have t o  co r rec t  t he  observed l i n e  st rengths f o r  

t h e  e f f e c t  o f  reddening but  a l so  co r rec t  t he  form o f  t h e  continuum. I n  t h e  UV 

even a  small amount o f  dust has a  very l a r g e  e f f e c t .  For E(B-V)=O.l t he  f l u x  

i n  Lyman a i s  changed by a  f a c t o r  o f  8  and C I V  by a  f a c t o r  o f  7. The slope o f  

t he  spectrum i n  the  u l t r a v i o l e t  i s  changed by 6a =2.5E(B-V). The UV spectrum 

o f  Sey fer t  galax ies and quasars does not  evince a  st rong 2200 A f ea tu re  which 

i s  i n d i c a t i v e  o f  dust i n  our galaxy. However, as demonstrated by t h e  

reddening curve i n  t he  LMC (Hutchings t h i s  symposium) i t  i s  no t  c l e a r  t h a t  a l l  

dust has t h i s  feature. More d e t a i l e d  measurements, espec ia l l y  i n  t he  i n f r a r e d  

wavelengths where s i l i c a t e s  and i ces  show spect ra l  features, w i l l  be necessary. 

t o  determine the  amount o f  dust. I n  a d d i t i o n  i f  the  p a r t i a l  cover ing models 

a re  c o r r e c t  t he  ana lys is  o f  the  reddening w i l l  have t o  inc lude the  e f f e c t  o f  

l i g h t  l eak ing  through the  holes (Mushotzky 1982). This can be an extremely 

important  e f f e c t  i n  t he  UV; f o r  example the  Seyfer t  I 1  NGC 1068 has a  very, 

l a r g e  amount o.f dust i n  the  l i n e  o f  s i g h t  as determined by I R  observat ions 

(see Rieke and Lebofsky 1979) but  a l so  has a  st rong UV continuum (Neugebauer 

e t  a1 1980). Thus i n  t h i s  system the  UV l i g h t  must e i t h e r  o r i g i n a t e  i n  a  

d i f f e r e n t  reg ion  frorn the  I R  f l u x  o r  there  must be holes. 

The m e t a l l i c i t y  o f  the  gas i n  the broad l i n e  reg ion  i s  poor ly  determined. 

As pointed out i n  Ferland and Mushotzky (1984) since the  cool ing i n  the  BLR 

clouds i s  p r i m a r i l y  due t o  the  st rong emission l i n e s  o f  t he  metals (as we1 1  

has hydrogen) t h e i r  i n t e n s i t i e s  cannot change g r e a t l y  i n  an energy conserving 

model. Thus from the  s t rength  o f  the emission l i n e s  we can only  conclude t h a t  

t h e  clouds must have a  metal abundance roughly cons is ten t  w i t h  solar.  X-ray 



absorp t ion  measurements o f  t h e  s t reng th  of t he  K absorp t ion  l i n e s  i n  AGN can 

p o t e n t i a l  l y  determine t h e  colurnn dens i t y  o f  t h e  heavy elements ( i n  p a r t i c u l a r  

Fe, Si  and S) i f  t h e  column dens i t y  i s  g rea te r  than I n  t h e  case o f  

NGC 4151 i t  appears as i f  t h e  Fe abundance i s  t w i c e  so lar .  With f u t u r e  X-ray 

spectroscopy missions, such as OSS-2, i t  should be poss ib le  t o  determine these 

abundances i n  many more objects.  

Model B u i l d i n g  and Results 

I n  developing t h e  models t he re  have been two general approachs, a  

constant  pressure, and a  constant dens i ty  model. I n  t h e  these two cases t h e  

va lue o f  t h e  i o n i z a t i o n  parameter U i s  de f ined  d i f f e r e n t l y .  I n  t h e  constant 

dens i t y  model t h e  parameter i s  d imensional ly  L / ~ R ~  where L  i s  t h e  luminos i ty ,  

o r  number o f  i o n i z i n g  photon, n  i s  t h e  dens i t y  i n  t h e  c loud and R i s  t he  

d is tance o f  t h e  c loud from t h e  i o n i z i n g  source. I n  t h e  constant  pressure 

models (see Kallman and McCray 1982) t h e  i o n i z a t i o n  parameter i s  L/R2p where P 

i s  t h e  pressure. As one can see both models have two e s s e n t i a l l y  ad jus tab le  

parameters once a l l  t h e  o ther  i npu ts  a re  speci f ied.  

Both models can adequately f i t  t h e  observed AGN spectra w i t h  a  f a i r  

amount o f  d e t a i l  (see t a b l e  i n  Fer land and Mushotzky 1982). I n  p a r t i c u l a r  i n  

t h e  constant  dens i t y  models i t  i s  found t h a t  v i r t u a l l y  a l l  t h e  AGN spectra 

(Mushotzky and Fer land 1984) can be f i t  w i t h  values o f  l o g  dens i ty  between 9  

and 10.2 and values o f  l o g  U between -0.5 and -3.0. These models adequately 

account f o r  v i r t u a l l y  a1 1  t h e  s t rong  emission l i n e s  (but  see below) and can 

e x p l a i n  apparent t rends i n  t he  data. I n  p a r t i c u l a r ,  t h e  Baldwin e f f e c t ,  t h e  

f a c t  t h a t  h igher  l um inos i t y  ob jec ts  have a  smal le r  equ iva len t  w id th  o f  C I V ,  

appears t o  be r e l a t e d  t o  a  luminos i ty  dependent mean value o f  U w i t h  t h e  

h ighe r  L ob jec ts  having a  lower value of U (Mushotzky and Fer land 1984). I n  

add i t i on ,  these models more o r  l ess  c o r r e c t l y  p r e d i c t  t h e  s i z e  o f  t he  BLR. I n  

t h e  case o f  NGC 4151 Fer land and Mushotzky (1982) ca l cu la ted  a  s i z e  o f  16 

( n / 3 x 1 0 ~ ) - ~ / ~  l i g h t  days. The observat ions o f  Ul r i c h  e t  a l .  g i ve  a  s i z e  o f  13 

l i g h t  days. 

Despi te  t h e  r e l a t i v e  success o f  these models t h e r e  s t i  11 are many 

d i f f i c u l t i e s  i n  understanding t h e  broad l i n e  regions. F i r s t  and foremost i s  

t h e  problem o f  dynamics (Mathews 1982). How do t h e  clouds acqui re t h e i r  h igh  



v e l o c i t i e s ,  a re  these v e l o c i t i e s  i n f l o w ,  ou t f low,  t u r b u l e n t  o r  r o t a t i o n a l ?  

Furthermore t h e  d e t a i l e d  IUE s tud ies  o f  severa l  Sey fe r t  I galax ies  show t h a t  

t h e  l i n e  p r o f i l e s  o f  d i f f e r e n t  l i n e s  (e.g. C I V  vs. Mg 11) a re  d i f f e r e n t  and 

change w i t h  t ime. I n  p a r t i c u l a r  U l r i c h  e t  a l .  (1984) c l a i m  t h a t  these e f f e c t s  

r e q u i r e  t h e  ex is tence  o f  severa l  reg ions o f  emission o f  t h e  broad l i n e s .  It 

i s  a l s o  n o t  c l e a r  what t h e  d e t a i l e d  geometry o f  t h e  broad l i n e  reg ion  i s .  How 

a r e  t h e  c louds d i s t r i b u t e d ,  what a re  t h e  shapes o f  t h e  clouds themselves 

(pancakes, spheres e tc ) .  I n  a d d i t i o n  t h e  f i e l d  o f  absorp t ion  l i n e  

spectroscopy o f  Sey fe r t  ga lax ies  i s  i n  i t s  i n f ancy  (Penston e t  a l .  1979). It 

seems c l e a r  t h a t  i n  those ob jec t s  w i t h  a  l a r g e  cover ing  f r a c t i o n ,  such as 

NGC 4151, t h a t  h i gh  r e s o l u t i o n  absorp t ion  l i n e  s tud ies  o f  t h e  C I V  absorp t ion  

l i n e  w i l l  g i v e  d e t a i l e d  i n f o r m a t i o n  on t h e  number o f  c louds and t h e i r  s i zes  

r e l a t i v e  t o  t h e  continuum . 
I n  a d d i t i o n  t o  these general problems t h e r e  s t i l l  a re  cons iderab le  

d i f f i c u l t i e s  i n  f i t t i n g  c e r t a i n  l i n e s ,  i n  p a r t i c u l a r  t h e  He l i n e s  (MacAlpine 

1981) and t h e  F e I I  l i n e s  (Netzer e t  a l .  t h i s  symposium). These two 

d i f f i c u l t i e s  a r e  r a t h e r  vexing as t h e  He l i n e s  should be e a s i l y  p r e d i c t a b l e  

and t h e  very  s t r ong  UV l i n e s  make t h e  est imates o f  t h e  t o t a l  c o o l i n g  o f  t h e  

deep coo l  reg ions  where t h e  HB l i n e s  o r i g i n a t e  very uncer ta in .  O f  course, t h e  

na tu re  o f  t h e  "b lue bump" i s  s t i l l  very  uncer ta in .  I f  i t  i s  r e l a t e d  t o  t h e  

l i n e s  t h e  p h o t o i o n i z a t i o n  models must be ab le  t o  account f o r  it. 

It seems c l e a r  t ha t ,  a t  present,  we have a t  l e a s t  some understanding o f  

t h e  o r i g i n  o f  t h e  broad l i n e s  i n  a c t i v e  ga lax ies  and have developed models 

t h a t ,  a t  l e a s t  computat ional ly ,  a re  s e l f  cons i s ten t  and account f o r  many o f  

t h e  observed p r o p e r t i e s  o f  these ob jects .  However, t h e r e  i s  much l e f t  t o  do 

and many observat ions a re  needed t o  c o n s t r a i n  t h e  (more compl icated) models 

t h a t  w i l l  be developed. While t h e  Space Telescope w i l l  be o f  g rea t  use, t h e  

mon i t o r i ng  c a p a b i l i t y  o f  IUE f o r  these v a r i a b l e  ob jec t s  w i l l  con t inue  t o  be 

very  impor tan t  (see Wamsteker e t  a l .  these proceedings).  The f u t u r e  o f  X-ray 

spectroscopy i s  much more p rob lemat ica l  and h o p e f u l l y  we w i  11 no t  have t o  w a i t  

u n t i l  AXAF t o  o b t a i n  new resu l t s .  

Apology : I have no t  been .ab le  i n .  t h i s  s h o r t .  paper t o  t r u l y  re fe rence  a1 l 

t h e  e x c e l l e n t  work i n  t h i s  f i e l d  and I- apolog ize  t o ,  t h e  var ious  workers i n  t h e  



f i e l d  f o r  over- re ferenc ing my own papers. I n  such a vast  sub jec t  ones 

p re jud i ces  have t o o  much room t o  operate. 
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ABSTRACT 

The present paper summarizes the k i nd  o f  informat ion t ha t  has been derived 
f r o m  u l t r a v i o l e t  observations o f  i n t e rac t i ng  binary s ta rs  and po in ts  out  
problems o f  current  i n t e res t .  The tasks f o r  observations o f  c lose binary 
systems i n  the extreme u l t r a v i o l e t  w i l l  be discussed i n  a separate paper. 

INTRODUCTION 

I n  view of several  recent col loquia,  workshops, extensive reviews, and 
co l l ec t i ons  of research papers devoted t o  i n t e rac t i ng  binary stars, there 
appears t o  be l i t t l e  need f o r  another comprehensive review o f  the proper t ies  
o f  i n t e rac t i ng  b inar ies  as revealed i n  t h e i r  u l t r a v i o l e t  spectra. I n  
addi t ion,  exce l lent  reviews were given a t  previous IUE Conferences (Plavec, 
1981; Dupree, 1982; McCluskey, 1982; Lambert, 1982; de Loore and Maeder, 
1982). 

The present paper w i l l  therefore only b r i e f l y  summarize the k i nd  o f  
in format ion t ha t  has been derived from u l t r a v i o l e t  observations o f  
i n t e rac t i ny  binary stars,  and po in t  out problems of current  i n t e res t .  
Comments f o r  the tasks for  observations o f  close binary systems i n  the 
extreme u l t r a v i o l e t  are discussed i n  a separate cont r ibut ion.  The present 
paper contains a de ta i led  l i s t  o f  IUE-related papers, w i t h  t i t l e s  which dea l  
w i t h  b inary s t a r  research, and which have been published i n  the major 
i n t e r n a t i o n a l  astronomical journals since the l a s t  IUE Conference, and 
references t o  proceedings o f  meetings devoted t o  the same subject. 

The f a c t  t ha t  mass i s  t ransferred between the components o f  c lose binary 
systems and l o s t  from the system, as w e l l  as the manner i n  which t h i s  i s  
done, i s  o f  prime importance t o  the evolut ion o f  c lose binar ies.  The l a s t  
few years have shown a continued strong i n te res t  i n ,  and considerable 
e f f o r t s  devoted to ,  the observational and theore t i ca l  aspects o f  t h i s  
problem. 

About 80 IUE re la ted  papers deal ing with binary s ta r  research have been 
published i n  the major i n t e rna t i ona l  astronomical journa ls  i n  1982 and 1983; 
they account f o r  about 20% o f  a l l  IUE-related publ icat ions.  I n  addi t ion,  
several  extended reports o r  proceedings of i n t e rna t i ona l  conferences deal ing 
w i t h  b inar ies  have been published since 1982. 



Recently Observed Proper t ies  o f  I n t e r a c t i n g  B ina r ies  

From o p t i c a l  photometry and spectroscopy, c e r t a i n  p r o p e r t i e s  o f  i n d i v i d u a l  
components and the  presence o f  c i r c u m s t e l l a r  mat ter  i n  c lose  b inary  systems 
cou ld  be der ived already a t  t h e  end o f  l a s t  century. Belopolsky (1893; 
1897) detected i n  Beta Lyrae l i n e s  whose Doppler s h i f t s  d i d  no t  f o l l o w  the  
mot ion o f  e i t h e r  component, and Barney (1923) observed i n  A l g o l  s ta t i ona ry  
m e t a l l i c  (Fe, Mg) features which d i d  no t  show the Doppler s h i f t s  o f  the  
photospheric l i n e s .  A pronounced asymmetry i n  the  r a d i a l - v e l o c i t y  curve o f  
t h e  e c l i p s i n g  b inary  U Cephei was observed by Carpenter (1930) and Struve 
(1944), and expla ined by Struve through Itgas streamsI1 within the  system. 
These and subsequent observations, mainly i n  the  u l t r a v i o l e t  s p e c t r a l  range 
with t h e  Copernicus and espec ia l l y  t he  I U E  s a t e l l i t e s ,  have c l e a r l y  
demonstrated the  observat iona l  s ign i f i cance  o f  such spectroscopic anomalies. 
Plasma was observed which f o r  many apparent ly "normal'1 b inary  systems had 
much h igher  temperatures than expected from o p t i c a l  observations, and which 
i s  genera l ly  ascr ibed t o  gas streaming from one s t a r  t o  i t s  companion, 
a c c r e t i o n  o f  mat ter  onto degenerate s tars ,  and considerably enhanced 
chromospheres and coronae i n  coo ler  s tars .  

I n  t h e  u l t r a v i o l e t ,  m u l t i p l e  emission l i n e s  i n  i n t e r a c t i n g  b ina r ies ,  i.e., 
i n  Beta Lyrae, were f o r  t he  f i r s t  t ime ex tens ive ly  s tud ied by Hack, 
Hutchings, Kondo, McCluskey, Plavec, Pol idan, and o thers  (1975 and 
subsequent papers). Chapman (1980) reported the  f i r s t  spectroscopic 
de tec t i on  o f  u l t r a v i o l e t  emission l i n e s  dur ing  the  ec l i pse  o f  Zeta Aurigae. 
Data on t h i s  s t i l l  myster ious and fasc ina t ing  b inary,  and i t s  analys is ,  
belong c l e a r l y  t o  the  h i g h l i g h t s  o f  recent  IUE observations. 

Zeta Aurigae i s  the  pro to type f o r  a group o f  e c l i p s i n g  b inary  systems t h a t  
cons is t  o f  a la te- type supergiant s t a r  and a much smaller,  ear ly- type 
companion. Before and a f t e r  t o t a l  ec l ipse,  t h e  l i g h t  o f  t h e  companion 
passes through the  extended atmosphere and wind plasma o f  t he  supergiant i n  
what i s  c a l l e d  an atmospheric ec l ipse.  

Chapman (1981) and Ahad,  Chapman and Kondo (1983) have der ived a model o f  
t h e  K-star wind, f a r  from t h e  K-star, and i t s  i n t e r a c t i o n  with the  B-star. 
They f i n d  a mass l o s s  r a t e  from the  K-star o f  2x10-8 Mo yr-l. The 
r a t e  o f  acc re t i on  by the  8-star  o f  m a t e r i a l  from the  K-supergiant i s  such 
t h a t  t he  matter  accreted i n  the  course o f  about 10 years i s  o f  t he  order  o f  
t h e  t o t a l  mass o f  t he  photosphere o f  t he  B-star. 

The problem o f  mass t r a n s f e r  i n  i n t e r a c t i n g  b i n a r i e s  was dur ing  the  l a s t  
seve ra l  years ex tens ive ly  i nves t i ga ted  by severa l  authors. Very d e t a i l e d  
s tud ies  o f  a number o f  d i f f e r e n t  ob jec ts  have been c a r r i e d  ou t  by Kondo and 
co-workers; t y p i c a l  examples i nc lude  Beta Lyrae, U Cephei, UW CMa, and many 
o the r  systems where espec ia l l y  h i g h  r e s o l u t i o n  IUE spectra r e v e a l  t he  
occur reme o f  mass l o s s  o f  severa l  10-6 Mo/year, and l o s s  o f  angular 
momentum, o f t e n  causing a s t rong pe r iod  decrease o f  t he  order  o f  p/p 
2x10-5/year. 



The expanding gas i n  Beta Lyrae, e.g., appears t o  be divided i n t o  two 
regions: a llchromospheric" region with T lo*, Ne 1012 cm-3 
which ives r i s e  t o  the low ion iza t ion  l ines; and a vcoronalfl region with 
T lo%, Ne 1010 cm-3 which gives r i s e  t o  the high ion iza t ion  
l ines.  

But i n  sp i te  o f  such obviously very successful observations and in terest ing 
resul ts,  I th ink i t  i s  safe t o  say tha t  the in te rpre ta t ion  of the 
photometric as w e l l  as spectroscopic anomalies observed from the ground and 
i n  the u l t r a v i o l e t  wi th  the IUE of ten s t i l l  present major i n t r i gu ing  
problems. 

I n  many binaries, several unusual features are discovered, such as those 
revealed i n  the very unusual spectrum of the close binary R Arae, as 
discussed by Kondo and McCluskey (1983). The outside-eclipse u l t r a v i o l e t  
continuum f l u x  varied by more than a factor of 2 i n  10 days, and by more 
than 50 percent w i th in  the same o r b i t a l  cycle. The resonance l i n e s  o f  C 11, 
S i  I V ,  S i  11, Fe I1 and Mg I1 have P Cygni p ro f i les ;  t h e i r  emission 
component strengths vary wi th  time, while the absorption components reveal 
both o r b i t a l  and non-orbital veloci ty variat ions. E inste in (HEAO-2) 
s a t e l l i t e  data show t h i s  system also t o  be an X-ray source. 

Another very unusual u l t r a v i o l e t  spectrum was reported by Parsons e t  a l .  
(1983) f o r  HD 207739; i t  showed abnormally s t ro tq  and numerous absorption 
features i n  the far-UV, and exceptionally strong Mg I1 emissions. While f o r  
R Arae there are as yet no corresponding ground-based observations available, 
HD 207739 showed very s imi la r  phenomena also i n  the v i s i b l e  spectral  range 
(Kondo, 1984) . 
Symbiotic stars, Wolf-Rayet binar ies and related objects continued t o  be 
under close scrutiny, e.g., by Michalitsianos e t  a l .  (1982); Sahade e t  a1  
(1984) ; W i l l i s  (1983) ; and others; but the complexity of t h e i r  UV spectra i s  
such tha t  addit ional  observations and in terpretat ions are c lear ly  needed. 

Evideme f o r  a high temperature accretion region i n  Algol-type binary 
systems was pursued by Peters and Polidan (1984); they observed strong 
absorption l i n e s  o f  N V, C I V ,  etc. i n  the UV spectra of A lgol  primaries 
whose photospheric temperatures are much too cool t o  form such ions. 

Anomalies i n  Zeta Aurigae (Chapman, 1981), Zeta Aurigae-type systems, y2 
Velorum (Sahade e t  al., 19841, o f  UW CMa and other early-type systems 
(Dupree, Heap, Hutchings, Koch, Plavec, e t  al. ) were interpreted as the 
e f fec ts  o f  winds i n  these systems. 

Winds are considered as the energy source f o r  X-ray emission i n  massive 
binar ies as a consequence o f  the interact ions of an early-type and a 
degenerate s ta r  ( ~ y g  X-11, o f  a l a t e  type s ta r  and a white dwarf (AM Her), 
or  of  a nonnal and a degenerate s ta r  (Her X-1). 



Spec ia l  a t t e n t i o n  is required f o r  systems l i k e  Beta Lyrae and P lavec l s  W 
Serpen t i s  s t a r s  (SX Car, RX Cas, W Se r ,  U367 Cyg, etc.). According t o  
Plavec (19811, t h e  UV r ad ia t ion  i n  these  systems comes probably from a 
region which is much smaller  than t h e  observed su r face  and is associa ted  
with accre t ion .  

W Serpen t i s  systems have r e l a t i v e l y  l a r g e  dimensions, t h e  secondary 
component is, however, r a t h e r  small;  the outflowing matter  has a l a rge  
angular  momentum and forms an accre t ion  d i sk ,  s i m i l a r  t o  t h e  condi t ions  i n  
cataclysmic variables--only t h a t  i n  W Serpen t i s  s t a r s ,  acc re t ion  occurs by a 
normal B s t a r ,  not  a white dwarf. 

A more d e t a i l e d  study of these W Serpen t i s  s t a r s  requi res ,  however, 
a d d i t i o n a l  UV observations,  e spec ia l ly  a t  high resolut ion.  U n t i l  now, no 
such high reso lu t ion  spectrum has been obtained. 

Prompted by a growing i n t e r e s t  of Western astronomers i n  binary s t a r  
research  i n  China, I asked Prof. Shen Liangzhao of Beij ing Astronomical 
Observatory, who i s  an exper t  on binary s t a r  research i n  China, f o r  a b r i e f  
o u t l i n e  of i n t e r a c t i n g  binary s t a r  research i n  China f o r  t h i s  meeting. 
Among o the r  research p r o j e c t s  conducted, pho toe lec t r i c  photometry, 
spectroscopy and r a d i a l  ve loci ty  measurements a r e  c a r r i e d  out  with the  
Bei j ing  60-cm and the Yunnan 1 m Cassegrain te lescopes  f o r  short-period 
ec l ips ing  b ina r i e s ,  with emphasis on W Ma-type s t a r s  (Acta Astrophysica 
S in ica  2 131; 144, 1982; IBVS No. 2274, 1983; A J  88, 1679, 1983; etc.); of 
RS cvn-ripe b ina r i e s ;  and of long-period b i n a r i e s  a r i n g  ec l ipse .  The 
observations a r e  complimented by t h e o r e t i c a l  s tud ies .  I should a l s o  point  
ou t  t h a t  a recent  repor t  published by the  Academia S in ica  summarizes 
astronomical research present ly  conducted i n  China. 

U n t i l  recent ly ,  most model computations f o r  the  evolut ion of i n t e r a c t i n g  
b i n a r i e s  were c a r r i e d  out  under conservative assunptions,  e.g., under t h e  
assumption t h a t  t h e  t o t a l  mass and the  t o t a l  angular momentum remained t h e  
same during t h e  mass t r a n s f e r  phase. 

Especia l ly  UV observations, however, provided extensive evidence t h a t  f o r  a 
number of b ina r i e s  where t h e  primary is los ing mass, a f r a c t i o n  of t h e  
expelled matter  l eaves  t h e  system. 

For low-mass systems, c a l c u l a t i o n s  including t h e  effects of l o s s  of mass and 
angular  momentum, were c a r r i e d  out  by Plavec e t  a l .  (1973); f o r  massive 
systems by de Loore e t  a l .  (1979). For massive systems, s t e l l a r  wind mass 
l o s s e s  before the Roche lobe overflow were a l s o  taken i n t o  account. The 
evolut ion  of t h e  two components was ca lcula ted  simultaneously by Helling e t  
a l .  (1982). 



In te rpre ta t ion  of Spectroscopic Anomalies 

Although over the years, numerous studies deal t  w i th  i n te rac t i on  processes, 
as w e l l  as wi th  the i n i t i a l  condit ions leading t o  mass t ransfer  from one 
component t o  the other, the question o f  mass t ransfer  i t s e l f ,  and a d e f i n i t e  
i d e n t i f i c a t i o n  of escaping mass w i th  spectroscopic anomalies i s ,  however, 
s t i l l  not completely and unambiguously solved (see, e. g . , Plavec, 1968, 
Kopal, 1971, 1978, 1983; Paczynski, 1971; McCluskey , 1982). On several 
occasions, Kopal has commented on the problems tha t  are involved when 
physical  models f o r  in te rac t ing  binar ies are constructed based on 
photometric and spectroscopic observations; he has enumerated several 
Itcaveatsw ar is ing  i n  t h i s  connection (cf. p. 472 o f  Kopal, 1978; p. 555 of  
Kopal, 19811, some o f  which might also be mentioned i n  the present paper. 

I n  problems characterized by very many degrees of  freedom, as i s  the case 
w i th  in te rac t ing  binaries, i t  i s  v i r t u a l l y  hopeless t o  t r y  t o  a r r i ve  a t  
t h e i r  so lu t ion without the support o f  adequate physical  theory. 

The phenomena exhibi ted by close binary systems can only be in terpreted i n  
the framework o f  hydrodynamics (or  hydmagnet ics) o f  rad ia t ing  media, and 
not  p a r t i c l e  mechanics. I f  the motions o f  atoms o r  ions which are observed 
i n  in te rac t ing  binar ies could be described by co l l i s i on less  p a r t i c l e  
t ra jector ies,  the density o f  the gas consist ing o f  such pa r t i c l es  would be 
too low by many orders o f  magnitude f o r  any kind o f  observational detection. 

One should also remember t h a t  the concept o f  c r i t i c a l  Roche equipotent ia l  
surface as defined conventionally--and used continuously--is o f  s igni f icance 
only f o r  equi l ibr ium configurations, and becomes physical ly i r re levant  i n  
the presence o f  motion, o r  i n  the presence o f  a strong f i e l d  o f  radiat ion. 
Respect should be paid t o  the Roche lobe whenever i t  i s  deserved; but i t s  
concept should not be abused and stretched t o  cases where i t  no longer 
applies--such as those involv ing gas motions, where i t  i s  the Jacobi 
i n t e g r a l  which should take i t s  place; o r  the-Bernoul l i  i n t e g r a l  i n  the case 
o f  f l u i d  flow. 

A l oss  o r  t ransfer  o f  mass i n  close binary systems i s  re la ted  with any 
per iod changes by equations which are o f  vector (not scalar) form. I n  order 
t o  specify any period change, one needs t o  know not only the amount o f  mass 
involved i n  the process, but also the ve loc i ty  and d i rec t i on  o f  escape, as 
we l l  as the region o f  the s ta r ' s  surface from which the escape may take 
place. 

F ina l l y ,  before one goes too f a r  speculating on the e f fec t s  which wshellsw, 
"ringsIt, Itmass e~change ,~  etc., may produce i n  the observations, one should 
address the questions on how, and by which process, could such formations 
have come i n t o  being; if they did, what t h e i r  l i f e t ime  would be; what would 
maintain them; what would prevent t h e i r  dissolution; and whether the 
contemplated formation would be necessary, or only optional, t o  produce the 
observed effects. 



After  these  words of caut ion ,  we should continue i n  f u r t h e r  pursu i t  of t h e  
goal ,  t o  b e t t e r  understand t h e  o r i g i n  and evolut ion of c l o s e  binary 
systems--strongly supported by IUE and its superb s t a f f ,  e spec ia l ly  
Drs. Bogyess and Kondo here a t  Goddard, and Drs. Benvenuti and Wamsteker a t  
Vilspa. , 
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Outer Atmospheres of Cool Stars Observed with N E  
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The outer atmosphere of the Sun is a plasma where complex magnetic 
fields play a prevailing role. The magnetic fields not only govern the morphol- 
ogy but also influence the energy balance throughout the outer atmosphere. 
The magnetic field varies, in strength and structure, over a wide range of tem- 
poral and spatial scales. These variations in the magnetic field of the solar at- 
mosphere'produce the myriad of time-variable phenomena labeled "solar activi- 
ty." The importance of magnetic fields in solar activity is underscored by the 
wide variety of phenomena controlled by the interplay of magnetic fields, from 
ephemeral solar flares to the long-term sunspot cycle. 

The chromosphere, transition region, corona and solar wind comprise 
the outer solar atmosphere. The temperature in these outer layers can be vastly 
hotter than that of the solar photosphere. The elevated temperatures are 
powered by heating mechanisms that dominate the radiative losses and other 
cooling mechanisms in these layers (cf. Stein and Leibacher 1974; Linsky 1980; 
Baliunas 1983). In the quiet Sun, for example, the gradual rise in temperatue 
through the chromosphere (5000 L T L 20,000K) is partially caused by the 
damping of short-period acoustic waves generated by the subsurface convective 
layer (cf. Ulmschneider 198 1; Ulmschneider and Stein 1982). The sh fF In- crease in temperature through the transition zone (20,000K L T L 10 K) is 
fueled by the loss of efficient radiators present in the lower chromosphere (for 
example, H I Ly a, Ca II H and K and Mg XI h and k emissions) and by conduc- 
tive heat downward from the corona. The temperature of the corona (T - tfb 1-2 x 10 K) is likely maintained by the deposition energy by magnetic mechan- 
isms offset by partial cooling provided by the solar wind and by radiative cool- 
ing in the X-ray and extreme ultraviolet spectrum. Such a simplified picture 
neglects the imperspicuous impact of, for example, magnetic processes which 
may also be a source of non-radiative heating in the outer solar atmosphere (cf. 
Stein and Leibacher 1974; Ulmschneider and Stein 1982). 

Studies of the outer atmosphere of the Sun and its magnetic fields bene- 
fited greatly from ultraviolet and X-ray measurements over the past two de- 
cades. The visible face of the solar photosphere and gllmpses of the chromo- 
spheres available from the ground were augmented by hlgh-spectrum and 
spatial-resolution observations of the chromosphere, transition region and corona 
and solar wind available from space-based missions such as SkylabIApolh Tele- 
scope Mount. Theoretical modeling has made great strides in our understanding 
of the energy balance through the outer solar atmosphere and the mechanisms 



powering solar magnetic phenomena. 

Fundamental studies of stellar chromospheres of cool stars were accom- 
plished about threg decades ago from ground-based observations, primarily of 
the Ca If H and K emission cores. Stellar activity in the guise of the Ca 11 H and 
K cores was noted to be ubiquitous among stars later than about spectral type 
mid-F. It is reasonable to assume that the impact of magnetic fields on the Sun 
is similar to that inferred from Ca 11 emission on other stars. It is also tempting 
to assume that the mechanisms powering the entire solar atmosphere, not only 
the chromosphere, are valid for other stellar atmospheres as well. Under the 
tutelage of solar activity, studies of stellar activity in cool stars burgeoned with 
the opening of X-ray and ultraviolet windows. The experiments on satellites, 
for example, SAS-3 and Copernicus, along with rocket-borne experiments of the 
early 1970's, indicated the direction along the road paved by recent satellites 
such as HEAO-1, HEAO-2 and IUE. The N E  satellite has opened a window into 
the ultraviolet spectrum in a variety of cool stars, many of which resemble the 
solar ultraviolet spectrum, and many of which do not. IUE is providing guide- 
lines for theoretical work on atmospheric heating mechanisms which is driven 
by logical positivism. 

In a way similar to the studies of stellar chromospheric Ca 11 H and K 
of 30 years ago we seek answers to questions such as: Are the mechanisms ex- 
citing the outer solar atmosphere present on other stars? What influences and 
controls these processes, and in particular, what is the role of the magnetic 
fields? Ultraviolet observations of cool stars in conjunction with coronal X-ray 
or ground-based chromospheric measurements, or both, have served both to re- 
fine and to define our understanding of stellar activity. 

The sensitivity of IUE down to a reasonable limiting magnitude put 
many different stars' ultraviolet spectra at our fingertips. Understanding of 
stellar activity throughout stellar atmospheres has progressed because we can 
observe in the ultraviolet particular stars in great detail and many stars in 
snapshot surveys. 

XI. RESULTS OF ULTRAVIOLET SURVEYS 

The advent of IUE provided ultraviolet spectra of stellar chromospheres, 
tr sition re ons, and winds indicated by features accessible to the range 5 x 54 13 - 2 x 10 K. Figure I (upper panel) shows the low-dispersion, short- 
wavelength spectrum of a dwarf star, [ Boo A (G8V), with relatively strong 
chromospheric emission compared to the quiet Sun. The canonical "solar-like 
transition-region featurestt such as Si N a 1400), C N a1550) an$ N V (A 1240) 
indicate the presence of plasmas of temperatures up to T - 2 x 10 K, the tem- 
perature of formation of N V, in the dwarf Boo A. There is bright M g  11 h 
and k (X2800) chromospheric emission in this active star as well. On the other 
hand, the cool giant /3 And (MO III), while lacking in observable amounts of 
high-temperature transition-region material typified by C N and N V, does show 
chromospheric emission formed at temperatures less than 20,000K (lower panel, 
Figure 1). In addition to these two broad categories of short-wavelength IUE 
~)'pectra, namely, the ttsolar-likett and ttnon-solar-llkett transition-region spectra, 



there is a third. The supergiant a Aqr (G2Ib) (middle panel, Fig. 1) possesses 
not only a "solar-likeq( t r m t i o n  region with N V, C IV and Si N, but also evi- 
dence of a strong wind in t e form of Mg 11 circumstellar absorption blue- 
shlfted by about -70 km i! The supergiant a Aqr is one of the "hybrid" stars. 
Winds and mass loss will be discussed further below, following an investigation 
of the parameters governing ultraviolet emission in dwarf stars. 

A Chromospheric Emission in Main-Sequence Stars 

Along the lower main sequence, the chromospheric emission strength 
denoted by Ca 11 H and K emission is correlated with relative youth and rapid 
rotation in single stars. It should be noted parenthetically that rapid rotation 
can be the result of youth or duplicity, a condition inducing rapid rotation .by 
tidal forces in close binary systems. The conclusion that chromospheric emis- 
sion decays with time for single, main-sequence stars resulted from studies of 
stars whose ages could be determined, either by membership in galactic clusters 
or by models of lithium depletion in field stars (Wilson 1963; Skumanich 1972; 
Duncan 1981). Further, for dwarf stars of a given mass, Ca 11 chromospheric 
emission was linearly correlated with rotational velocities (Kraft 1967; 
Skumanich 1972; Soderblom 1982). The dependence of emission upon rotation 
and the decay of emission with time led to the conclusion that rotation and em- 
ission decreased approximately with a square-root dependence on stellar main- 
sequence age (Skumanich 1972). Qualitatively, the action of a magnetic 
dynamo links the stellar magnetic fields and rotation with chromospheric, and 
presumably coronal emission (cf. Skumanich and Eddy 1981). 

With IUE the chromospheric indicator provided by the flux in the M g  
11 h and k emissions can be inve-ated among main-sequence stars. Two paral- 
lel studies of the dependence of Ca 11 H and K (Noyes et al. 1984) and M g  II h 
and k (Hartmann et al. 1984a) show the same phenomena controlling both chro- 
mospheric indicators. In Figure 2, the total stellar surface flux in M g  11 (h + 
k), normalized by the stellar bolometric luminosity, is plotted as a function of 
the quantity (r/P) in main sequence stars. The quantity P is the measured rota- 
tion period (Vaughan et al. 1981, Baliunas et al. 1983a), and r is a function of 
(B-V) color, or equivalently, the lower main-sequence mass, only. Noyes et al. 
(1984) suggested that r could represent the convective turnover t h e  for stellar 
interior models where the mixing-length parameter a = 2 pressure scale heights. 
The solid line is the vertically-scaled relation for the (Ca 11, 7/P) fifth derived 
by Noyes et al. 1984). 

As expected, Mg 11, as well as Ca 11, is not only dependent upon rota- 
tion, but also on color, or main-sequence mass. The small scatter for both M g  11 
and Ca 11 reveals that both rotation and maln-sequence mass, or by inference, 
convective zone properties, dictate the level of chromospheric emission in dwarf 
stars. The ratio of the convective turnover time to the rotation perioC is the in- 
verse of the Rossby number, a parameter fundamental in stellar dynamo theory 
(cf. Parker 1979). This important result indicates that there is a single deter- 
minant of chromospheric activity in lower main-sequence stars that is charac- 
terized by the Rossby number and therefore closely linked to dynamo theory. 



B. Transition-Region Emission in Main-Sequence Stars 

Among the dwarf stars, rapid rotation produces enhanced fluxes in, for 
example C IV (Hartmann et al. 1979; Schrijver et al. 1984), the expected result 
because the transition-region emission is well-correlated with chromospheric 
fluxes (Hartmann et al. 1979; Dupree et al. 1979; Ayres et al. 1981; Hartmann 
et al. 1982a). As a function of age, the cool dwarf stars, from T Tauri stars to 
the Sun, show a pronounced decay of flux with time (Boesgaard and Simon 
1982; Walter et al. 1984). The fluxes of the high-temperature species, such as 
He II, C II, C IV, N V and Si IV, are approximately inversely proportional to age, 
unlike the chromospheric emissions that show a dependence of fluxes propor- 
tional to the inverse square root of time. ' The different behavior of the chro- 
mospheric and transition region fluxes as a function of activity level can be 
stated alternatively. Figure 3 shows the surface fluxes, relative to those of the 
quiet Sun, for a variety of stars. The quiet dwarf 6 Pavonis has a relative pau- 
city of the transition-region material, whlle active dwarf stars, whose surface 
fluxes can be factors of 10-100 above that of the quiet Sun, display an increas- 
ing enhancement of high-temperature gas as flux levels increase (Hartmann et 
al. 1979; Ayres et d. 1981; Hartmnnn et al. 1982a). With greater activity, the 
emission increases faster in the transition region than it does in the chromo- 
sphere. 

This behavior was noted for the active portions of the Sun relative to 
the quiet (Dupree et al. 1973) and other active-chromosphere stars observed 
with IUE whose surface fluxes and transition-region pressures are similar to 
those in the active Sun (Dupree et al. 1979; Ballunas et al. 1979; Ayres et al. 
1981; Hartmann et al. 1982a). Undoubtedly the increased role of conduction in 
dominating the radiative losses in these higher-pressure transition regions of the 
active stars causes the relative enhancement of the fluxes of the high- 
temperature ions, as inferred from the quiet and active Sun (Dupree et al. 1973; 
Baliunas and lhpree 1982). 

In dwarf stars, a comparison of the total radiative losses in the chromo- 
sphere, transition region and corona suggests that for quiet-chromosphere stars, 
the chromospheric losses dominrrte. With increasing activity, the losses 
throughout the atmosphere increase in a comparable fashion. Hence, the 
enhancements become largest in the transition region and corona as activity lev- 
els progressively increase among stars (Hartmann et al. 1982a; Hartmann 1983; 
Hammer et al. 1982). 

The relative emission measures for the transition region and X-ray 
measurements agree reasonably well with simple, static "loop" models such as 
those of Rosner et al. (1978; cf. Hartmann et al. 1982a). Because these loop 
models explain a range of chromospehric activlty in dwarf stars, energy budget- 
ing processes found on the Sun must also behave similarly in other stars. 

C. Chmmospheric and Coronal Emission in Giant Stars 

A survey of F5 III-KO m stars with IUE (Simon 1984) reveals thzt the 
C N flux, as a fraction of bolometric lnminosity, increases from F5 III to a 



maximum at GO III, then sharply declines to limits of detectability at type KO 
III. The stars earlier than about 62 III are first crossing stars, that is, they are 
in a state subsequent to departure from the maip sequence but prior to ascension 
to the red-giant branch where hellurn ignites in the core. The relative increase 
in C IV fractional emission between F5 III and GO III might be attributed to the 
development of convective zones that power the chromospheric emission in 
these stars. In addition, Simon (1984) finds a good correlation between frac- 
tional C N flux and projected rotational velocity. Thus, for giant stars initially 
exiting from the main sequence, the chromospheric and coronal emission is con- 
trolled by the same factors as in main-sequence stars: rotation and depth of the 
convective zone. 

Beyond the spectrum type of late G-giants, however, the sample of gi- 
ants becomes mixed with second crossing, or post helium flash, stars and the 
picture of chromaspheric and coronal emission becomes murky. One puzzle, 
however, is apparent among these evolved cool stars. In the Hyades, there are 
four KO III cluster stars that are presumably homogeneous and coeval. The 
range in C IV emission is at least a factor of SIX (see Ngure 4) and no obvlous 
macroscopic parameter, such as age or rotation can reasonably account for the 
discrepancy (Baliunas et al. 1983b; RUhm-Viteme 1984). Two proposals have 
been forwarded to account for the range in ultraviolet emission in these stars. 
For example, the Hyades giants do differ slightly in photospheric effective tem- 
perature (but only by as much as about 200K) and a steep dependence of chro- 
mospheric heating may exist to produce the wide range of C IV emission 
(BUhm-Vitense 1984). Alternatively, the giants may have been sampled at ran- 
dom phases of long-term activity cycles analogous to those common in main- 
sequence stars (Baliunas et al. 1983b). In either case, the disparity in emission 
levels in stars thought to be so similar in macroscopic characteristics indicates 
that a hidden parameter controlling the emission in evolved stars remains to be 
discovered. 

D. Winds and Mass Loss in Evolved Stars 

For evolved stars, chromospheric emission is also present, and in addi- 
tion the extended atmospheres of these stars are cool and can possess strong 
winds d circumstellar shells. Compar to solar d, with a temperature of %a ad4 T - 10 K, and a mass loss rate, zh - 10- Mg V - T h e  winds in giants and 
super ants rea h temperatures of only T - 10% with large mass loss rates, d~ 8 - 10- Mg yr-I (Linsky and Haisch 1979; Hartmann et sl. 1982s). 

These extremes in the winds of cool stars are readily observable in the 
ultraviolet with IUE. On the one hand, the "solar-typew outer atmosphere, 
showing as it does a temperature rise of over two orders of magnitude from the 
chromosphere to the wind produces signatures of plasmas accessible from IUE 
from T - 5000 to 200,000K. On the other hand, a cool giant star(for example, 

And, Fig. 1) lacks observable amounts of these ions sgd this lack would sug- 
gest little gas, if any, exists at temperatures of T - 10 K. Spectrum features 
seen in the ultraviolet in 10 And are formed at temperatures cooler than about 
20,000K. While And does possess a chromosphere, it does not maintain a 
wsolar-like" transition region. The hot transition zones avoid stars in the upper 



right of the H-R diagram. 

This dichotomy between llsolar-llkew and "n~nsolar-llke~~ outer ,atmo- 
spheres (Linsky and Haisch 1979) is also manifest in the chromospheric Mg 11 h 
and k features observed at high-resolution (- 0 .d )  with the long-wavelength 
camera of IUE (cf. Ngtue 1). The strong Mg 11 k 012795) emission core of 
Boo A is symmetric, while that of p And is asymmetric. The deep central rever- 
sal of the emission core in p And b caused in part by absorption by interstellar 
Mg II, but the strong asymmetry, wlth the blue-shifted emission peals weaker 
than the red-shifted peak is likely caused by an outwardly-expanding wind at 
these temperatures. The mass-loss rate in p And is modest, so little circumstel- 
1 .  absorption is apparent. The disappearance of observable hot transition-region 
material occurs wlth the appearance of circumstellar shell absorption h e s  and 
chromospheric M g  11 and Ca 11 b e  asymmetries indicating mass loss in the 
upper-right of the H-R diagram (Reimers 1977; Stencel 1978; Stencel and Mul- 
Ian 1980). 

The possible explanation for this seemingly upbroachable dichotomy of 
the ultraviolet character of cool outer atmospheres must be examined in light of 
a new category of ultraviolet spectra: the l1hybridl1 stars. Also shown in Figure 
1, the star a Aqr (62 Ib) possesses the hot transition-region lines such as Si IV, 
C IV and N V. The Mg 11 k h e ,  however, is strongly asymmetric, with the 
blue peak depressed relative to the red, similar to that of Cg And and indicative 
of outflows in the extended atmosphere. In addition there is a strong cir- 
cumstellar shell at the relatively cool temperature of Mg 11, but blue-shifted by 
about -70 km s-', prima fade evidence of a strong stellar F d .  

The hybrid stars, such as a Aqr (62 Ib), Aqr (GO Ib), a TrA (K1 II), 8 
Her (K3 XI), y Aql (K3 11) and c Aur (K3 11) (Hartmann et al. 1981, 1984b; Rei- 
mers 1982) provide a ling: between the hot, rare.fied winds similar to that in 
the Sun, and the'cool, dense winds in the cool supergiants. The hybrid stars po- 
pulate an intermediate domain of modest winds yet these stars maintain a hot 
trapsition region with 10-100% solar transition zone surface fluxes. 

One proposed explanation of the difference between the solar and non- 
solar ultraviolet spectra across the H-R diagram is that wlnd expansion preve ts 9 the atmosphere in cool giants and supergiants from reaching the hot (T - 10 K) 
transition-region temperatures because the wind provides enough cooling via 
adiabatic expansion (Linsky and Haisch 1979). With the discovery of the hy- 
brid stars, however, an alternative suggestion has developed. Hartmann and 
MacGregor (1980) propose that stellar winds are driven by Alfven wave dissipa- 
tion. In lrrmiaous stars, the extended density dfstribution in these atmospheres 
provides the extra cooling by radiation in order that the terminal velocities of 
the wind be small, in agreement with observations. The transition-region lines, 
observed to be quite broad, denote the onset of a warm wind (Hartmann et d. 
1982a). Alternatively, L f n s 4  (1982) proposed that the atmospheres of a hybrid 
star have two components--one with closed magnetically-confined loops respon- 
sible for most of the emhion measure at high temperatures of C N, Si IV and N 
V, and magnetically open structures analogous to coronal holes where most of 
the cool gas at Mg 11 temperatures escapes. The AZhren-wave-driven wind 



theory, however, may well be compatible with the observational evidence pro- 
vided by the hybrid stars and, therefore, may represent the same mechanism by 
which mass is lost on the Sun. Although the wind process is similar, the low- 
gravity of the evolved stars drastically alters the outer atmosphere structure. 
The evidence provided by the hybrid stars and its interpretation in the context 
of the wave-driven winds is as follows (Hartmann et al. 1984b). 

Variations are evident in the short-wavelength portion of the Mg I1 em- 
ission in a TrA. The changes occur on timescales of a year in the high-velocity 
wind absorption. Neither the overall flux of the chromospheric Mg I1 emission 
nor of the high-temperature fluxes, such as C N, varies significantly. Thus, 
variations are caused by the wind, far above the stellar photosphere. Not only 
the amount of material in the wind but also its velocity is variable. An expo- 
sure saturating the dhromospheric e on cores reveals faint Mg 11 absorption 
in the wind blueshifted by -180 l u n 7  close to the escape velocity of the star. 
A terminal ve ld ty  as large as this eases the severe constraints upon wind 
theory that were previously imposed by observationally-biased low velocities. 
Such a large outflow velocity may be common among the hybrid stars; howev- 
er, its discovery may be selected against by the lack of background radiation at 
these wavelength in these late-stellar photospheres. 

The widths of the transition region lines are supersonic, evident from a 
R A  even in the optically thin transition region lines C III] A 190f and Si 111] 
X1892, whose full widths at ?a-intensity are about 100 km s- and in the C 
N lines about 150-200 km s' . The deposition of ven-Mv waves n the 1v t transition region could produce mass loss rates of 1% to 10- yr- , con- 
sistent with observed limits (cf. Drake and Linsky 1984). The wave motions 
may turbulently broaden the transition zone lines to th observed widths. No 
evidence exists for Doppler shifts larger than 10 km if in the high- 
temperature lines of a TrA This would be consistent with the large amount of 
line broadening deposited at the base of the wind. Hartmann et al. (1982B) 
show that optically thin line profiles would be broadened nearly symmetrically 
by such a wave-deposition process. In a TrA, for example, the line widths pro- 
duced by models of wave deposition can be 140-170 k m  s" In C III] and C IV, 
in reasonable agreement with the observed line widths (Hartmann et al. 1984b). 
Interestingly, the theoretical C IV profile, with only a marginal optical thick- 
ness (7 - ?), is mildly P-Cygd in character with an apparent "redshiftfl of about 
+ 8 k m s ' .  

The overall picture outlined by Hartmann et al. ( 1984b) for the hybrid 
stars produces a cool, modest wind by a solar-type wind mechanism in stars 
with an extended density distribution. The turbulence in the high-temperature 
lines might be provided by the damping of the Alfven waves. These high- 
temperature lines are formed relatively close to the stellar surface, the accelera- 
tion of the wind is much further out in the atmosphere. The waves heat, and 
the energy is radiated in the extended density distribution of the outer atmo- 
sphere. Far out in the wind, recombination of ~ g + +  and caU ions cause the 
blueshifted absorption features. The absorption features are highly variable, 
suggesting that the far wind is, also. The fluxes of the high-temperature lines 
do not measurably vary, an indication that although formed in a turbulent re- 



I gion, the line-forming region is close to the stellar surface. ere is no direct T$ evidence that the temperature of the wind is only a few x 10 K and no hotter. 
Although no outflow velocities are apparent in the regime of C IV-N V, IUE pro- 
vides no further information with vfPich to probe the proposed lnterfaca 
between the turbulent gas at 2 x 10 K and the cool, modest wind at 10 & 

E. Dynamics in Ultraviolet Spectra of Cool Stars 

Dynamics apparent from high- esolution spectra show small significant t redshifts (less than or about 10 km s- ) of the transition-region lines in slight- 
ly higher-gravity stars. In these stars the redshifts are also accompanied by 
supersonically broad emission lines as observed for the hybrid supergiants. 
Indeed, in the few high-resolution spectra of evolved stars showing transition- 
region lines such as p h a  (62 Ib-II), Brown et al. 1984). A And (68 N-m), a 
Aur (F9 III + 62 m), 19 Ceti (G9 III) (Apes et al. 1983), the C IV A1550 and Si 
IV 01400) emissions are br d, for example C IV has a width of up to 120 km 
f1 in u Aur and 200 k m  f % f l  ha .  Ayres et al. (1983) conclude that the 
width of these features is not caused by opacity effects in the line-forming re- 
gion; they also suggest that the redshifted velocities are the result of small 
dovmflows in magnetically-confined, "loop" regions, as seen on the Sun. Alter- 
natinly, the origin of the redshifts may be the result of distortions caused by 
the deposition of Alfven waves, sim3lar to the suspected line-broadening process 
in the hybrid supergiants. 

Magnetic phenomena observed on the Sun can be sought on other stars. 
While the surfaces of most stars remain spatially unresolved, the existence of 
inhomogeneities can be revealed by time-serial observations. Two examples are 
active areas, associated with starspots, and flares. 

A. Active Areas and Starspots 

Detailed investigations in the visible and ultraviolet revealed surface 
Inhomogeneities in the active-chromosphere star X And (Baliunas and Dupree 
1979, 1980, 1982). The G8 IV-III component in this 20-day (orbital period) RS 
CVn-type binary system has strong chromospheric emission and an unseen 
secondary star. For over 50 years, variations have been noted in the V-passband 
of up to 30% with a period of about 54 days. These modulations are llkely 
caused by spots, dark in photospheric light, which pass through our line of 
sight during a stellar rotation period of 54 days. Spectra from N E  reveal an 
anticorrelation of visible light with the strength of the ultraviolet raidation 
(Figure 5a). The appearance of the spotted areas which may cover as much as 
30% of the visible hemisphere corresponds to the darkening of the photometric 
light, and the brightening of the chromospheric and transition-region emissions. 
The Ca 11 K emission brightens in concert with the ultraviolet lines. (The flux 
in Mg 11 h and k does not measurably vary in the Baliunas and Dupree (1982) 
studies primarily because the phase coverage of Mg 11 was not complete.) The 



enhancement of the chromospheric and transition region emissions at pho- 
tometric light minimum are akin to those observed for sunspots and associated 
solar active regions. 

Another RS CVn-type binary, II Peg, wlth an orbital period of 8.7 d, 
nearly synchronous with the active KO N star's rotation period, and x Ori, a 
GO V star with n rotation period of 5.1 days were also monitored in the ultra- 
violet. In II Peg, fluxes of the chromospheric lines including NLg 11 and the 
transition region lines increased dramatically as the visual magnitude (moni- 
tored vrith the FES) decreased (Marstad et al. 1982). The enhancement of C N, 
a factor of five, was the largest among the transition-region lines. The 
enhancement in the Mg II and other chromospheric llnes was less than a factor 
or' two. In absolute terms, however, the radiative losses over the active area in 
the chromospheric emission are comparable if not slightly larger than those in 
the transition zone. For 11 Peg, the shapes of the visible light curve and the ul- 
traviolet flux curves suggest that the photospheric spots cover nearly 30% of 
the hemisphere while the transition-region inhomogeneity, the active area, is 
limited to some 6% of the hemisphere (Linsky 1984). 

In the study of the behavior of the ultraviolet emission in X1 Ori over 
its rotation modulation phase, Boesgaard and Simon (1984) find a contrast in the 
transition zone fluxes of factor of about two in C N. The He 11 01640) feature 
and chromospheric Ca 11 K flux also correlates with the behavior of C IV. In- 
terestingly, significant variations detected in the emission flux of N V, 0 I 
(A 1305). C 11 (A 1335). Si IV and C I (X 1657) do not always correlate with those 
of C N. The Mg 11 emission does not measurably vary, but in  terms of absolute 

1 losses, the lack of any variation is not troublesome. On x Ori, then, the pic- 
ture emerges that low-chromosphere species have contrasts of 3-5 times the 
quiet regions aad can be coincident with the higher-level lines. These regions 
producing the lower-lying emissions may not be long lived. The most persistent 
inhomogeneities appear in C IV, possibly in phase over 325 days, and covering 
some 40% of the hemisphere at maximum emission. 

B. Stellar Flares 

Ultraviolet spectra from IUE of stellar flares provide important con- 
straints for theories of flare mechanisms. Flares in dMe stars are well- 
doc-umented in visible light, and additional information results from ultraviolet 
measuremen* of flares in Proxima Centauri (dM5e. Haisch et el. 1983), G1 867A 
(dMBe, Butler et al. 1981). and E42 Peg B (dM5.5e, Baliunas and Raymond 1984). 
In addition, flares in the ultraviolet have been detected from active chromo- 
sphere stars whose photospheres are hotter than those of the dMe stars and 
overwhelm the visible light variations present in the flares, for example, in UX 
M (KO IV, Simon et al. 1980) and X And (68 N-III) (Ballunas et al. 1984). 
With supplemental X-ray measurements, Haisch (1983) concludes that the stel- 
Ltx flares, observed primarily among the dMe stars, are similar to moderate solar 
fleres in terms of temperatures, inferred loop lengths, emission measures and 
luminosities, but with shorter decay times compatible with densities about an 
order of magnitude higher than in solar flares. 



The flare observed from A And (Figure 6) was remarkable in that the 
enhancement of factors of several in the transition-region lines persisted for 
over six . The energy radiated just in the ultraviolet was in excess of 
about 1OB8:@. The energy present in the ultraviolet is a few orders of mag- 
nitude greater than that of the largest solar flares. For this flare, both the Mg 
II and H I ly a emissions were measured. In Mg I1 h and k, the energy radiated 
is five times that of C IV, although the contrast of the increase in C IV is larger 
than for Mg IL The enormous radiative losses in Mg II and H I Ly a are ob- 
scured by the small percent changes in these strong lines. The nonradiative in- 
put of energy during the flare is at least comparable in the chromosphere and 
transition region. The input of this energy in the flaring component of the at- 
mopshere of X And must be sustained over the duration of the event. 

In the dMe stars G1 867A (Butler et al. 1981) and EQ Peg B (Ballunas 
and Raymond 1984), the ultraviolet flare is also accompanied by the appearance 
of detectable continuum emission in the wavelength region XX1700-2000 (Fig- 
ure 7). The ultraviolet continuum is consistent with models that produce such 
amission ( alo with Balmer line emission) in the chromosphere at tempera- 
tures near 10 % (Katso va, gosovichev and Livshitz 198 1). 

The ultraviolet fluxes durlng the flare in EQ Peg B are .plmilar to those 
either in the thermal phases of large, two-ribbon solar flare where radiative 
cooling balances thermal conduction or in gas cooling quickly from X-ray emit- 
ting temperatures (Ballunas and Raymond 1984). 

The ultradolet observations available from IUE are providing informa- 
tion on outer atmospheres of cool stars at a challenghg pace. Studies of time 
variations have revealed atmospheric inhomogeneities, such as the counterparts 
to active regions and flares. The parameters controlling chromospheric and 
coronal emission are be- sorted out by surveys of ultraviolet amission. Addi- 
tionally, mechanisms thought to balance the energy budget in the solar atmo- 
sphere are being extended and tested across the H-R diagram. 

This work is supported in part by NASA grant NAGS-87 to the Smlth- 
sonian Institution. I would also llke to acknowledge the support of the 
Langley-Abbot Program of the Smithsonian Institution. 
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Figure 1 -- IUE ultraviolet, short-wave1en.1:; h siectra (left) and high-resolution 

M g  I1 (right) spectra of & active chromosphere dwarf, Boo A, 
a t'hybridw-atmosphere star a Aqr, and a giant, f l  And. In the 
short-wavelength spectra, the presence of high-temperature gas 
is indicated by N V, C IV and Si IV in Boo A and a Aqr. The 
star f l  And shows no observable amounts of these transition- 
region lines. In a Aqr and fl And, the Mg 11-k profile suggests 
mass outflow by the asymmetry of the emission peaks (violet 
peak weaker than red), and i addition, blue-shifted absorption 
is present at about -70 k m  s-' in a Aqr (Dupree 1983, by per- 
mission of the author). 

- '1 

Figure 2 -- M g  I1 h and k emission, normalized by the stellar bolometric lumi- 
nosity as a function of 7/P in lower main sequence stars. ' The 
rotation period is P, and r is a function of (B-V), or main se- 
quence mass, alone. The parameter r is similar to the convec- 
tive turnover time for a = 2. The Sun is denoted by its symbol 
"Ow. The solid line is the fi t  of Ca I1 emission as a function of 
I/P, with a vertical displacelnent to account for the larger 
fluxes in  M g  I1 compared to Ca I1 (Hartmann et al. 1984a, by 
permission of the authors). 



WAVELENGTH (d l  

Figure 3 -- Stellar surface fluxes relative to quiet Sun surface fluxes as a func- 

Fuure 4 -- IUE, short-wavelength, low resolution spectra of the four Hyades 
giants (KO III) compared to the field star Gem. Note the pres- 
ence of high-temperature, transition-region lines (N V, C IV, Si 
N) in 77 Tau and y Tau, which are not detected in E Tau, 8 
Tau and the field star f l  Gem. The presence of high- 
temperature material in 77 Tau and y Tau is correlsted with 

. hcreased emission in Ca 11 and IvSg 11 compared to the other 
stars (Baliunas 1983a, by permission of the authors). 

tion of approximate temperature of formation of ions in a 
variety of cool stars. Note the paucity of high-temperature ma- 
terial relative to the Sun in, for example, 6 Tau. In more ac- 
tive stars, such as V W  Cep, the transition-region emission in- 
creases faster than the chromospheric fives (Hartmann et al. 
1982a, by permission of the authors). ' 
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Figure 5 -- (a) The photometric modulation of And (68 III-N + ?) caused by 
visibly dark starspot areas during stellar rotation with a period 
of about 54 days. For the times of maximum and minimum 
light, marked on the plot, the IUE, short-wavelength spectra 
(b) show an anti-correlation of ultraviolet emission with light, 
similar to the behavior of active regions overlying sunspots on 
the Sun (Baliunas and Dupree 1982, by permission of the au- 
thors). 



Figure 6 -- IUE, short-wavelength spectra during (above) and before (below) a 
flare lasting over six hours on X And. The largest enhancement 

LAMBDA ANDROMEDAE is observed in C N (Ballunas et al. 1984), by permission of the 
SWP 18482 authors). 
0 6  NOV 1982 

9 5; I 

WAVELENGTH ( b )  

SWP 14880 ':" 2 SEPTEMBER 1981 

SWP 18479 
05 NOV 1982 
21h 17'" UT  I 

Figure 7 -- IUE, short wavelength spectra during (above) and before (below) a 
flare on I%l Peg (dM4.5e + dM5.5e). Note the appearance of 
continuous emkcion (Xh 1750- 1950) during the flare (Baliunas 
and Raymond 1984, by permissiono of the authors). 



FUTURE ULTRAVIOLET EXPERIMENTS, 
INCLUDING F'USE/COLUMBUS 

Albert Boggess 
Goddard Space Flight Center 

Several new facilities for ultraviolet astronomy are 
under construction or study for launch within the coming 
decade. These include the Hubble Space Telescope to be 
launched in 1986 with instruments for spectroscopy, imaging, 
and photopolarimetry in the ultraviolet; the ASTRO Spacelab 
payload, also to be launched in 1986 with a similar range of 
instrumentation; STARLAB, a combined Canadian, Australian and 
U.S. mission concentrating primarily on imagery; and the Far 
Ultraviolet Spectroscopic Explorer (FUSE), which has been 
renamed COLUMBUS. COLUMBUS is currently under study by NASA 
and ESA as a future joint mission for spectroscopic studies 
of astrophysical plasmas covering a temperature range from 
"103 to "10'~. In order to achieve this objective, the 
optics should be optimized for wavelengths below 1200 
Angstroms, with a total wavelength range from "2000 to "100 
Angstroms. The operational concept will be based on 
experience with IUE, but changes in communications techniques 
since IUE was designed suggest some interesting new 
approaches to observing. 
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Cather ine L. Imhoff 
Astronomy Programs 

Computer Sciences Corporat ion 

ABSTRACT 

IUE has g iven  us  our f i r s t  good look a t  t h e  u l t r a v i o l e t  s p e c t r a  of 
pre-main sequence ob j ec t s .  This review concent ra tes  on t h e  obse rva t ions  
and r e s u l t s  ob ta ined  f o r  t h e  T Tauri  s t a r s  and r e l a t e d  ob j ec t s .  The T 
Taur i  s t a r s  r ep re sen t  a normal phase of pre-main sequence evo lu t ion  f o r  
s o l a r  mass s t a r s .  As  such they provide an  i nva luab le  probe of t h e  phys i ca l  
mechanisms involved i n  s t a r  formation and t h e  genes i s  of s t e l l a r  magnetic 
f i e l d s  and su r f  ace a c t i v i t y .  

U l t r a v i o l e t  s t u d i e s  of t h e  T Tauri  and r e l a t e d  s t a r s  have been 
concent ra ted  i n  fou r  a r ea s .  F i r s t ,  t h e  very s t r o n g  Mg I1 emission l i n e s  
have been observed i n  o r d e r  t o  determine f l u x e s ,  l i n e  p r o f i l e s ,  and 
v a r i a b i l i t y .  Most evidence po in t s  t o  t h e  formation of t h e s e  s t r o n g  l i n e s  
i n  an  extended atmosphere and/or wind. Second, t h e  f a r - u l t r a v i o l e t  
emission l i n e s  have been observed t o  provide d i agnos t i c s  of t h e  h o t t e r  
a tmospheric  regions.  The behavior of t he se  l i n e s  is very s i m i l a r  t o  t h a t  
of t h e  most a c t i v e  la te - type  s t a r s ,  l ending  credence t o  t h e  b e l i e f  t h a t  
many of t h e  T Taur i  c h a r a c t e r i s t i c s  a r e  t h e  r e s u l t  of high l e v e l s  of 
s u r f a c e  a c t i v i t y .  Third,  t h e  u l t r a v i o l e t  continuum, which o r i g i n a t e s  
l a r g e l y  i n  t h e  chromosphere, shows p o t e n t i a l  a s  a chromospheric 
d i agnos t i c .  F i n a l l y ,  observa t ions  of r e l a t e d  o b j e c t s  may be used t o  ga in  
i n s i g h t  i n t o  t h e  evolu t ionary  changes occuring during pre-main sequence 
evolu t ion .  

INTRODUCTION 

The IUE s a t e l l i t e  has  proven an extremely u se fu l  t o o l  i n  s t u d i e s  of 
pre-main sequence evolu t ion .  IUE programs t h a t  have con t r ibu t ed  t o  o u r  
understanding of s t a r  formation inc lude  s t u d i e s  of young 0 s t a r s ,  T Tauri  
s t a r s ,  Herbig-Haro o b j e c t s ,  Herbig Ae s t a r s ,  s t a r  formation i n  o t h e r  
g a l a x i e s ,  and t h e  i n t e r s t e l l a r  medium. This  review concent ra tes  on t h e  T 
Taur i  s t a r s  and r e l a t e d  ob j ec t s .  

The T Taur i  s t a r s  were recognized some t i m e  ago a s  a c l a s s  of p e c u l i a r  
v a r i a b l e  s t a r s  (Joy 1945). They a r e  i d e n t i f i e d  through t h e i r  v i s u a l  
s p e c t r a ,  which a r e  cha rac t e r i zed  by s t r o n g  Balmer l i n e  and Ca I1 H,K 
emission,  o f t e n  Fe I1 and [S 111  emission, a nea r -u l t r av io l e t  excess ,  
v e i l i n g  of broad photospher ic  l i n e s  of G,  K ,  and M-type s p e c t r a ,  an 
i n f r a r e d  excess  due t o  dus t  emission, and i r r e g u l a r  v a r i a b i l i t y  of most of 
t h e s e  c h a r a c t e r i s t i c s .  The broad resonance emission l i n e  p r o f i l e s  a r e  



usua l ly  i n t e r p r e t e d  t o  i n d i c a t e  s i g n i f i c a n t  mass loss .  However, var ious  
s cena r io s  have been used t o  exp la in  t h e  T Tauri  c h a r a c t e r i s t i c s ,  i nc lud ing  
s t e l l a r  winds, extended gas  envelopes,  and a c c r e t i o n  ( s e e  r e f e r ences  i n  
Hartmann 1982; a l s o  see DeCampli 1981, Hartmann e t  a l .  1982). 

The fundamental i n t e r e s t  i n  t h e  T Taur i  s t a r s  i s  due t o  t h e i r  unique 
evolu t ionary  s t a t u s  - they appear t o  r ep re sen t  a  normal phase of evo lu t ion  
f o r  roughly solar-mass s t a r s  wi th  ages of a  few m i l l i o n  years .  HR diagrams 
a s s o c i a t e  t h e  s t a r s  wi th  t h e  e a r l i e s t  v i s i b l e  phases of p r o t o s t e l l a r  
evo lu t ion  (Cohen and Kuhi 1979, S t a h l e r  1983). It has been suggested t h a t  
t h e  T Tauri  phase of evo lu t ion  i s  a s soc i a t ed  with t h e  Hayashi phase,  i .e .  
when t h e  s t a r  i s  f u l l y  convect ive (Jones and Herbig 1979). 

The fundamental ques t i ons  t h a t  we  seek  t o  answer about t h e  T Tauri  
s t a r s  and r e l a t e d  o b j e c t s  are these.  (1 )  Why a r e  t h e i r  s p e c t r a  and f l u x  
d i s t r i b u t i o n s  s o  p e c u l i a r ?  (2 )  Why a r e  t h e  var ious c l a s s e s  of r e l a t e d  
o b j e c t s  (T Tauri  s t a r s ,  FU Orionis  s t a r s ,  post-T Tauri  s t a r s )  s o  d i f f e r e n t ?  
(3 )  What can be learned  from t h e s e  s t a r s  about s t e l l a r  evolu t ion?  

The f i r s t  repor ted  u l t r a v i o l e t  d e t e c t i o n  of a  T Tauri  s t a r  was not - 
w i t h  IUE but with ANS (deBoer 1977). However i t  is  probably f a i r  t o  s ay  
t h a t  t h i s  f i e l d  of s tudy  d id  not  e x i s t  before  t h e  lauch of I U E  i n  1978. A 
number of r e sea rche r s  have cont r ibu ted  t o  t h e  s tudy  of t h e  T Tauri  s t a r s  i n  
t h e  u l t r a v i o l e t .  A t  t h e  end of t h i s  paper,  a  (hopefu l ly)  complete l i s t  of 
r e f e r ences  i s  given f o r  I U E  observa t ions  of t h e  T Tauri  s t a r s .  A s e p a r a t e  
l i s t  of re fe rences  is  g iven  f o r  papers r e f e r r e d  t o  i n  t h e  t e x t  of t h i s  
paper. P lease  no t e  t h a t  i n  t h e  i n t e r e s t  of p resen t ing  a s  much ma te r i a l  a s  
p o s s i b l e  no f i g u r e s  a r e  r e p r i n t e d  i n  t h i s  a r t i c l e ;  t h e  f i g u r e s  given here  
a r e  those  n o t  o therwise  a v a i l a b l e  i n  publ ished a r t i c l e s .  

EARLY IUE RESULTS 

The papers desc r ib ing  t h e  observa t ions  from t h e  f i r s t  few years  of I U E  
r ep re sen t  t he  p ioneer ing  r e s u l t s  on t h e  T Tauri  s t a r s  ( s ee  r e f e r ences ) .  
These e a r l y  r e s u l t s  a r e  summarized here  and elsewhere (Gahm 1981, Giampapa 
1983,. Giampapa and Imhof f  1984). 

The primary e a r l y  r e s u l t  on t h e  T Taur i  s t a r s  was t h a t  they could be 
de t ec t ed  by IUE! These 11-13 mag G,  K, and M s t a r s  would no t  have been 
de t ec t ed  i f  i t  were not f o r  t h e i r  extreme UV emission. 

The second r e s u l t  was t h e  g r e a t  s t r e n g t h  of t h e  Mg I X  h ,k  emission 
l i n e s  a t  2800 A. ( I n  our  f i r s t  observing run, Mark Giampapa and I never  
g o t  a n  LWR exposure s h o r t  enough t o  proper ly  expose t he  MgII l i n e  i n  RW 
Aurigae!) The s u r f a c e  f l u x  of Mg X I  i n  t h e  T Taur i  s t a r s  is  t y p i c a l l y  50 
t imes t h a t  of t h e  Sun. About 0.1% of t h e  s t a r ' s  bolometric luminosi ty  i s  
emi t t ed  i n  t h a t  p a i r  of l i n e s  (Giampapa e t  a l .  1981). 

F i n a l l y ,  s e v e r a l  high-temperature emission l i n e s  were i d e n t i f i e d  i n  



t h e  f a r - u l t r a v i o l e t .  These inc lude  S i  I V ,  C I V ,  and sometimes He I1 and 
N V. The f a r -W s p e c t r a  of t he  T Tauri  s t a r s  were found t o  be q u i t e  
s i m i l a r  t o  t h e  s p e c t r a  of t h e  a c t i v e  la te - type  s t a r s  observed wi th  IUE. I n  
t hese  latter s t a r s ,  t h e  f a r -W emission l i n e s  a r i s e  i n  t he  chromospheres 
.and t r a n s  i t i o n  regions of t h e  s t a r s  ' atmospheres, o r i g i n a t i n g  a t  
temperatures  of 6000 K t o  2 x lo5 K. The su r f ace  f luxes  of t h e  fa r -W 
emission l i n e s  i n  t h e  T Taur i  s t a r s  a r e  around 3 x lo3 times those  of t h e  
Sun. These values a r e  a s  high and h igher  than f o r  any o t h e r  la te - type  
s t a r s .  The far-UV emission l i n e s  c o n t r i b u t e  another  0.1% t o  t h e  s t e l l a r  
luminosi ty  f o r  t h e  T Tauri  stars (Imhoff and Giampapa 1982a,b). The h ighe r  
temperature regions of t h e  atmospheres must be produced by i n  s i t u  hea t ing ,  
n o t  by coronal  conduction, t o  produce t h i s  much emission (Cram e t  a l .  
1979). 

The s i m i l a r i t y  of t h e  T Tauri UV s p e c t r a  t o  those of t h e  a c t i v e  
chromospheric la te - type  s t a r s  has provided t h e  s t ronges t  evidence t o  d a t e  
t h a t  t h e  "T Tauri  phenomenon" i s  pr imar i ly  r e l a t e d  t o  s t e l l a r  su r f ace  
a c t i v i t y .  Some i n t e r e s t i n g  d i f f e r ences  a r e  seen  i n  t h e  UV s p e c t r a  of t h e  
"extreme" T Tauri  s t a r s ,  i .e.  t he  s t a r s  showing t h e  g r e a t e s t  l i n e  and 
continuum emission i n  t he  v i s i b l e .  Their  far-UV s p e c t r a  show weakened 
l i n e s  of t h e  high temperature l ines .  The N V and He I'I emission l i n e s  a r e  
n o t  seen ,  although one might argue t h a t  t h i s  could be an  obse rva t iona l  
problem wi th  noisy data .  More convincingly, t h e  C I V  l i n e  i s  d e f i n i t e l y  
weakened r e l a t i v e  t o  S i  IV.  Since C I V  i s  an i n t r i n s i c a l l y  s t r o n g e r  l i n e  
than  S i  I V ,  C I V  i s  v i r t u a l l y  always seen a s  t h e  s t ronge r  l i n e  i n  la te - type  
s t a r s .  Yet i t  i s  weaker than S i  I V  i n  a handful  of extreme T Tauri  
s t a r s .  We could exp la in  t h i s  only i f ,  f o r  some reason, t h e  maximum 
temperature reached i n  t h e  s t a r ' s  atmosphere is  around t h e  temperature of 
formation of S i  I V ,  i.e. 8 x lo4 K. We hypothesized t h a t  t h e  mass l o s s ,  o r  
s t e l l a r  wind, i n  t hese  s t a r s  c a r r i e s  away enough energy t o  i n h i b i t  t he  
temperature r i s e  t o  a coronal  region (Imhoff and Giampapa 1980). 

FURTHER STUDIES WITH IUE 

These e a r l y  r e s u l t s  s t imula ted  a number of i n v e s t i g a t i o n s  of t h e  T 
Taur i  s t a r s  wi th  IUE. These have pr imar i ly  been concerning with r e f i n i n g  
our  understanding of t h e  T Tauri  atmospheres by more d e t a i l e d  
i n v e s t i g a t i o n s  and extending the  observa t ions  t o  a v a r i e t y  of r e l a t e d  
objec ts .  These r e s u l t s  a r e  summarized below. 

MgII h,k Emission Lines 

The s t rong  Mg I1 l i n e s  have provided us  wi th  a u se fu l  d i a g n o s i t i c  f o r  
t h e  T Tauri  chromospheres and winds. I f  t h e  Mg I1 l i n e  i s  chromospheric i n  
o r i g i n ,  then  one would expect i t  t o  be v a r i a b l e  due t o  changes i n  t h e  
s u r f a c e  a c t i v i t y  and t o  t he  r o t a t i o n  of b r i g h t  "plages" ac ros s  t h e  s t e l l a r  
d i sk .  However, repeated observat ions of DG Tauri  show no c l e a r  v a r i a b i l i t y  
g r e a t e r  than  10% (Imhoff and Giampapa 1984b). A similar r e s u l t  is  found 
f o r  t h e  extreme T Taur i  s t a r  RW Aurigae ( s e e  F igure  1).  The only d ivergent  



value  was , obtained when t h e  s t a r  was p a r t i c u l a r l y  a c t i v e  (Imhoff and 
Giampapa 1984a). The imp l i ca t ion  of t h i s  l ack  of v a r i a b i l i t y  is t h a t  t h e  
Mg I1 emission i s  being produced i n  an  extended region,  perhaps i n  t he  
expanding atmosphere, o r  wind, of t h e  s t a r s .  

Thanks t o  t h e  s t r e n g t h  of t he  Mg I1 emission l i n e s ,  i t  has proven 
poss ib l e  t o  s tudy them a t  high d ispers ion .  Ten stars have been observed a t  
high d ispers ion;  about  ha l f  of t hese  have been published. The l i n e  
p r o f i l e s  of the  Mg I1 h,k l i n e s  a r e  very reminiscent  of t he  those of t h e  
o t h e r  resonance emission l i n e s ,  such a s  H-alpha and Ca I1 H,K. The l i n e s  
are broad ( s e v e r a l  100 kmlsec) and appear t o  be cu t  by s t r o n g  blue-shif ted 
absorpt ion.  V a r i a b i l i t y  is  seen  where more than  one s e t  of l i n e  p r o f i l e s  
have been obtained. I n t e r e s t i n g l y ,  the  v a r i a b i l i t y  seems t o  occur  only i n  
t h e  o v e r a l l  s t r e n g t h  of t h e  emission and i n  t h e  blueward absorp t ion  (Imhoff 
and Giampapa 1984a, Jordan e t  a l .  1982). Again t h i s  sugges ts  t h a t  t h e  Mg 
I1 emisson a r i s e s  i n  an  extended atmospheric region o r  wind. It is  
i n t e r e s t i n g  t o  no te  t h a t  t h i s  same r e s u l t  has  been obtained f o r  some o t h e r  
a c t i v e  la te - type  s t a r s  (Bal iunas,  t h i s  volume). 

Fa r -u l t r av io l e t  Emission Lines 

The f a r - u l t r a v i o l e t  emission l i n e s  provide d iagnos t ics  of t he  
chromosphere and t r a n s i t i o n  region i n  t h e  T Tauri  atmospheres. Of s p e c i a l  
i n t e r e s t  a r e  t h e  h o t t e r  regions of t he  atmosphere t h a t  a r e  a c c e s s i b l e  only 
wi th  IUE. (Note: " t r a n s i t i o n  region", we he re  r e f e r  t o  an atmospheric 
reg ion  of around K. No p a r t i c u l a r  phys ica l  mechanism is  implied; 
conduction from a corona is unl ike ly  t o  produce t h i s  reg ion  i n  t h e  T Taur i  
stars, e s p e c i a l l y  i f  some of them don't  have coronae!) 

As many IUE observers  know, t h e  IUE s p e c t r a  a r e  somewhat noisy. The 
i d e n t i f i c a t i o n  of weak f e a t u r e s ,  e s p e c i a l l y  f o r  long i n t e g r a t i o n s  where 
p a r t i c l e  " h i t s "  and camera a r t i f a c t s  a f f e c t  t h e  image, can be d i f f i c u l t .  
On t h e  o t h e r  hand, two of t h e  more i n t e r e s t i n g  high-temperature emission 
l i n e s  i n  t h e  f a r - u l t r a v i o l e t ,  He I1 and N V, a r e  i n t r i n s i c a l l y  weak 
compared t o  C I V  and S i  I V .  Careful  r e a n a l y s i s  of a dozen T Taur i  s p e c t r a  
shows t h a t  t h e  He I1 and N V l i n e s  a r e  d e f i n i t e l y  de tec ted  i n  only a smal l  
p ropor t ion  of t h e  dozen s t a r s  examined (Imhoff and Giampapa 1984b). 

One may compare t h e  r e l a t i v e  l i n e  s t r e n g t h s  of t h e  T Tauri  s t a r s  t o  
t hose  of o t h e r  a c t i v e  la te - type  s t a r s .  Ayres, Marstad, and Linksy (1981) 
showed t h a t  t he  emission l i n e s  of t h e  la te - type  stars tend t o  c o r r e l a t e  
w e l l  w i th  each other .  As one progresses  t o  s t a r s  wi th  g r e a t e r  l e v e l s  of 
s u r f a c e  a c t i v i t y ,  a l l  t he  emission l i n e s  become s t ronge r  but the,  h igher  
temperature l i n e s  tend t o  be enhanced even more so. For t h e  moderate 
temperature l i n e s  (01, S i  11, C 11) ,  t h e  T Tauri  s t a r s  fol low these  
r e l a t i o n s  very wel l ,  l y ing  j u s t  beyond t h e  h ighes t  values f o r  t h e  s t a r s  
examined by Ayres e t  a l .  The T Tauri s t a r s  d iverge ,  however, f o r  t h e  He I1 
l i n e  ( thought  t o  be produced by recombination a f t e r  X-ray photo ioniza t ion  
i n  many ' la te- type s t a r s ) ,  t h e  so£ t X-rays, and f o r  C I V  (no t  p lo t t ed  
s e p a r a t e l y  by Ayres e t  a l . ) .  This  divergence occurs even f o r  T Taur i  s t a r s  



i n  which He I1 and t h e  X-rays have been de t ec t ed ,  not j u s t  t h e  "extreme" T 
Taur i  s t a r s .  Thus t h e  r e l a t i v e  weakening of t h e  high temperature reg ions  
appears  t o  be a gene ra l  f e a t u r e  of t h e  T Taur i  atmosphere. Such e f f e c t s  
a r e  a l s o  seen  i n  models of a s t e l l a r  wind and a deep chromosphere 
(Hartmann, Edwards, and Avre t t  1983). 

Because of t h e  long , i n t e g r a t i o n s  involved,  s t u d i e s  of t h e  f a r -  
u l t r a v i o l e t  v a r i a b i l i t y  of t h e  T Tauri  s t a r s '  a r e  l imi ted .  The star RW 
Aurigae has  been observed s e v e r a l  t imes s i n c e  1978, encompassing periods 
when t h e  star was p a r t i c u l a r l y  a c t i v e  and when i t  was not .  I n  F igbre  2, 
t h e  f a r - u l t r a v i o l e t  s p e c t r a  of RW Aur a r e  shown f o r  fou r  epochs of 
observa t ion .  These a r e  ranked from top  t o  bottom, from most a c t i v e  t o  
l e a s t  a c t i v e  and from when t h e  s t a r  was b r i g h t e s t  t o  when i t  was 
f a i n t e s t .  (Most la te - type  s t a r s  a r e  f a i n t e s t  when most a c t i v e ,  due t o  t h e  
dark  s t a r s p o t s .  The T Taur i  s t a r s  appear t o  have "br ight"  spo t s ,  o r  
"superplages",  wi th  s t r o n g  chromospheric continuum emission which a f f e c t s  
t h e  v i s u a l  b r igh tnes s  of t h e  s t a r s . )  The v a r i a t i o n s  i n  t h e  l i n e s  a r e  more 
e a s i l y  followed i n  Figure 3, where t h e  i n d i v i d u a l  l i n e  f l uxes  a r e  p l o t t e d  
a g a i n s t  t h e  v i s u a l  b r igh tnes s  of t he  s t a r  ( i n '  FES counts).  The lower 
temperature l i n e s  of C I1 and S i  11 increased  propor t iona l ly  wi th  t h e  FJ3S 
counts ,  by a f a c t o r  of 2.5, but  t he  high temperature l i n e s  of S i  I V  and 
C I V  a r e  p ropor t iona l ly  much s t ronger .  Figure 4 d e p i c t s  t he  dramatic  
change i n  t h e  u l t r a v i o l e t  continuum. These s p e c t r a l  changes - enhancement 
of t h e  h igh  temperature l i n e s ,  appearance of a W continuum - resemble 
s t r o n g l y  t h e  behavior seen  i n  o the r  la te - type  s t a r s  dur ing  f l a r e s  (Bal iunas 
1983). The primary d i f f e r e n c e  appears to 'be i n  t ime sca l e .  In  most l a t e -  
type s t a r s ,  f l a r e s  occur i n  minutes o r  a t  most hours. The l e v e l  of 
activity seen  i n  RW Aur i n  1979 appeared t o  p e r s i s t  over a few days. Thus 
a reg ion  of f l a r i n g  a c t i v i t y ,  r a t h e r  than '  a s i n g l e  f l a r e ,  may have been 
involved. 

It i s  c l e a r  from a number of l i n e s  of evidence t h a t  atmospheric 
motions - winds and turbulence  - a r e  very important i n  understanding t h e  
s t r u c t u r e  of t he  T Taur i  atmospheres. Line p r o f i l e s  f o r  t h e  Balmer l i n e s ,  
Na I D l i n e s ,  Ca I1 H,K, and Mg I1 h,k have been obtained,  but a l l  of t h e s e  
l i n e s  a r i s e  i n  r e l a t i v e l y  low 'temperature regions. A p a r t i c u l a r l y  u se fu l  
observa t ion  would be l i n e  p r o f i l e s  f o r  t h e  high temperature l i n e s .  -Since 
t h e  i n t e g r a t i o n  time f o r  t h e s e  l i n e s  i n  - low d i spe r s ion  i s  a t  b e s t  .3 hours ,  
few such observa t ions  have been attempted. Penston and Lago (1982) have 
r epor t ed  one succes s fu l  observa t ion  of t h e  f a r - u l t r a v i o l e t  emission l i n e s  
of RU Lupi., another  extreme T ~Taur i  s t a r .  The l i n e s ,  a r e  r e l a t i v e l y  broad, 
about 350 kmlsec. The C I V  l i n e  p r o f i l e s ,  though noisy,  appear  t o  show 
blueward emission up t o  -150 kmlsec from t h e  r e s t  ve loc i ty .  , . 

The W Continuum 

In  t h e  T Taur i  s t a r s ,  t h e  u l t r a v i o l e t  continuum seems t o  be l a r g e l y  
produced i n  t he  chromosphere (Calvet e t  a l e  1984). This then  provides u s  
wi th  a new chromospheric d iagncs t ic .  The continuum f l u x e s  may be compared 
wi th  t h e  newly a v a i l a b l e  model c a l c u l a t i o n s . ~  

. . 



Since t h e  UV continuum is  r e l a t i v e l y  e a s i l y  observed wi th  IUE with 
i n t e g r a t i o n s  of less than  an hour, i t  can be used t o  s tudy  the  v a r i a b i l i t y  
of t h e  s t a r s  wi th  reasonably good time r e s o l u t i o n  and b e t t e r  accuracy than 
can be obtained wi th  IUE da ta  f o r  s i n g l e  emission l i n e s  a t  low 
d ispers ion .  Reca l l  t h a t  t h e  Mg I1 l i n e s  do no t  show much v a r i a b i l i t y .  
However, t h e  W continuum can show dramatic  v a r i a b i l i t y  ( a s  seen  i n  Figure 
4 ) .  We have r e c e n t l y  observed s e v e r a l  T Tauri  s t a r s  wi th  IUE i n  
coord ina t ion  with t h e  photometric monitoring program of E r i c  Rydgren and 
Fred Vrba. Our prel iminary r e s u l t s  i n d i c a t e  t h a t  t h e  W continuum 
v a r i a t i o n s  matched the  v i s u a l  continuum v a r i a t i o n s  seen over t he  r o t a t i o n  
of t h e  s t a r s .  This  confirms t h a t  t h e  emission a r i s e s  i n  t h e  same o r  
r e l a t e d  reg ions  of t h e  atmosphere, sugges t ing  t h a t  f u r t h e r  use may be made 
of t h e  UV continuum t o  he lp  us  t o  understand t h e  T Tauri  s t a r s .  

Related Pre-Main Sequence Objects 

I n  a d d i t i o n  t o  t h e  T Taur i  s t a r s ,  t h e r e  a r e  s e v e r a l  o t h e r  members of 
t he  "pre-main-.sequence zoo". The o b j e c t s  a r e  gene ra l ly  d i s t i ngu i shed  by 
some unique obse rva t iona l  c h a r a c t e r i s t i c s ,  bu t  u l t ima te ly  we would l i k e  t o  
f i t  them i n t o  the  evolu t ionary  scheme of things.  

Recent r e s u l t s  on b i p o l a r  flows, j e t s ,  and Herbig-Haro o b j e c t s  
i n d i c a t e  t h a t  some very e n e r g e t i c  events  a r e  a s soc i a t ed  with the  e a r l i e s t  
s t a g e s  of evolu t ion  of a p ro tos t a r .  The scena r io  is  not  y e t  e n t i r e l y  
c l e a r ,  but t hese  e n e r g e t i c  e j e c t i o n  events  appear t o  be a s soc i a t ed  with t h e  
e a r l i e s t  p a r t  of t h e  T Taur i  phase and even t h e  "pre-T Tauri" phase, when 
t h e  p r o t o s t a r  is  s t i l l  heav i ly  embedded i n  i ts  n a t a l  cloud of dus t  and gas. 

FU Orionis  is  a pre-main sequence o b j e c t  t h a t  br ightened by over 5 
magnitudes i n  1936. A s i m i l a r  nova-like br ighten ing  was seen  i n  1969 i n  
V1057 Cygni. I n  t h e  l a t t e r  case,  pre-outburst observa t ions  ind ica t ed  t h a t  
t h e  progeni tor  was a f a i n t  pre-main sequence s t a r  wi th  T Tauri  
c h a r a c t e r i s t i c s .  A s t a t i s t i c a l  a n a l y s i s  by Herbig (1977) showed t h a t  i n  
a l l  l i ke l ihood  such ou tbu r s t s  a r e  q u i t e  common during a T Tauri  s t a r ' s  

4 l i f e t i m e  - an  ou tbu r s t  every 10 years ,  o r  500 o u t b u r s t s  i n  a l i f e t i m e  of 5 
x lo6 years .  Some confirmation of t h i s  i d e a  is  found i n  t he  expanding 
s h e l l s  seen i n  t h e  Na I D l i n e  p r o f i l e s  of s e v e r a l  T Taur i  s t a r s  (Mundt 
1982). The na ture  of t he  ou tbu r s t  is  not  we l l  understood (Larson 1980). 

We have obta ined  s e v e r a l  s p e c t r a  of FU Orionis  wi th  IUE. Among these  
a r e  two h igh  d i s p e r s i o n  s p e c t r a  y i e l d i n g  t h e  Mg I1 emission l i n e  
p r o f i l e s .  The broad emission components of t h e  h and k l i n e s  do no t  appear 
p a r t i c u l a r l y  remarkable,  u n t i l  one r e a l i z e s  t h a t  t h e  emission i s  nea r ly  a l l  
redward of t h e  r e s t  ve loc i ty .  This does - not  appear t o  i n d i c a t e  mass 
i n f a l l ,  however. Observations of t h e  H-alpha and Na I D l i n e s  i n d i c a t e  a 
very s t rong  s t e l l a r  wind (Hartmann 1983). Thus t h e  redward emission of t he  
Mg I1 l i n e s  appears t o  correspond with the  emission por t ion  of pronounced 
P Cygni l i n e  p r o f i l e s .  The blueward abso rp t ion  is  not  seen  because t h e  
u l t r a v i o l e t  continuum is very weak i n  t h e s e  h igh  d i spe r s ion  spec t r a .  Thus, 
a f t e r  almost 50 yea r s ,  FU Orionis  cont inues  t o  l o s e  mass i n  a s t rong  



s t e l l a r  wind. 

The heavi ly  embedded, very young p r o t o s t a r s  would no t  appear t o  be 
good candida tes  f o r  IUE observat ions.  An o b j e c t  obscured by 5 magnitudes 
of v i s u a l  e x t i n c t i o n  experiences a  f a c t o r  of about lo5 a t t e n u a t i o n  around 
t h e  C I V  l i n e .  The Cohen-Schwartz s t a r  is  such an embedded T Tauri  star 
t h a t  has  been i d e n t i f i e d  a s  t he  source of Herbig-Haro o b j e c t s  1 and 2. 
Observations of t h i s  s t a r  wi th  IUE unexpectedly turned up a  weak, extended 
UV continuum (Bohm and Bohm-Vitense 1982). However W i t t  and Mundt (1983) 
have argued convincingly t h a t  the  weak continuum is  due t o  t h e  Orion 
r e f l e c t i o n  nebulosi ty .  Addi t iona l  I U E  observa t ions  obtained of t h e  Orion 
nebula near  t he  s t a r  confirm t h i s  explanat ion (Wit t  1983). 

This  r e s u l t  d id  not  d e t e r  i n v e s t i g a t o r s  when the  i n f r a r e d  o b j e c t  IRS 8 
a s s o c i a t e d  wi th  Herbig-Haro 57 was repor ted  i n  outburs t .  Three groups of 
r e sea rche r s  (Bohm, Bohm-Vitense, Maran, Stecher ,  Michal i t s ianos ,  
Kalinowski, and Imhoff) teamed up t o  o b t a i n  a long i n t e g r a t i o n  o n - t h e  s h o r t  
wavelength camera at  IRS 8-HH 57. Nothing was detected.  

S tudies  of so l a r - l i ke  main sequence s t a r s  have been very s u c c e s s f u l  i n  
f i n d i n g  c o r r e l a t i o n s  of s t e l l a r  su r f ace  a c t i v i t y  with t h e  age of t h e  
star. I n  a d d i t i o n  t o  e a r l i e r  work with t h e  Ca I1 H,K emission l i n e s  (e.g. 
Skumanich 1972), age r e l a t i o n s  have been found f o r  u l t r a v i o l e t  
chromospheric and t r ans i t i on - r eg ion  l i n e s  from IUE d a t a  (Boesgaard and 
Simon 1982, Simon and Boesgaard 1983). Most of t he  a v a i l a b l e  d a t a  a r e  f o r  
s t a r s  o l d e r  than lo8 years.  The T Tauri  s t a r s  have ages around a  few 
m i l l i o n  years .  Thus t h e r e  i s  a gap i n  our age coverage between t h e  T Tauri  
s t a r s  and the  main sequence. P ro tos t a r s  a t  t h i s  s t a g e  of evo lu t ion  (known 
as "post-T Tauri" s t a r s ;  Herbig 1973) apparent ly  resemble normal s t a r s  i n  
most of t h e i r  obse rva t iona l  c h a r a c t e r i s t i c s ,  s o  few of them have been 
found. An unexpectedly good method of f i nd ing  them has been i n  t h e  X-ray 
reg ion  of t h e  spectrum, where the  s t a r s  a r e  q u i t e  luminous. 

A handful  of post-T Taur i  s t a r s  have been observed wi th  IUE. The LWR 
spectrum of HD 283572 shows a  photospheric  continuum and weak Mg 11 
emission bare ly  r i s i n g  above t h e  continuum i n  low d ispers ion .  The f a r -  
u l t r a v i o l e t  spectrum of t h i s  post-T Tauri  star has been obta ined  by Walter 
(1983). A s  i n  many o t h e r  a c t i v e  la te - type  s t a r s ,  C I V  i s  t h e  s t r o n g e s t  
l i n e  and He I1 and N V a r e  c l e a r l y  seen. Thus i n  t he  u l t r a v i o l e t ,  t h i s  
s t a r  appears  t o  be in te rmedia te  i n  i t s  c h a r a c t e r i s t i c s  between t h e  T Tauri  
s t a r s  and t h e  young main-sequence s t a r s .  

The i n t e r e s t i n g  a spec t  of a l l  of t h i s  i s  t h a t  t h e r e  is  no s t rong  
evidence t h a t  t he  known post-T Tauri  s t a r s  a r e  i n  f a c t  o l d e r  o r  more 
evolved than  t h e  T Taur i  s t a r s .  I f  they a r e  placed i n  t h e  H-R diagram, 
they f a l l  i n  a  por t ion  of t he  region occupied by T Tauri  s t a r s  ( a l b e i t  a t  
t h e  "bottom" of t h e  convect ive t r acks ) .  The s t r e n g t h  of t h e  l i t h i u m  l i n e ,  
o f t e n  used a s  an age i n d i c a t o r ,  does not  d i s t i n g u i s h  the  two groups of 
s t a r s .  I f  one then  hypothesizes  t h a t  t h e  s t a r s  a l l  r ep re sen t  t h e  same 
evolu t ionary  s t a g e ,  then one must exp la in  t h e  s t r o n g  d i f f e rences  among t h e  



s t a r s .  It i s  d i f f i c u l t  t o  exp la in  t h e  h ighe r  s u r f a c e  a c t i v i t y  of t h e  T 
Taur i  s t a r s  with t h e  dynamo e f f e c t ,  s i n c e  t h e  post-T Taur i  s t a r s  r o t a t e  a t  
l e a s t  a s  f a s t  a s  t h e  T Taur i  s t a r s  (un l e s s  one invokes some o t h e r  parameter 
such a s  convect ive envelope depth o r  d i f f e r e n t i a l  r o t a t i o n ) .  This ques t i on  
may be expected t o  keep t h e  pre-main sequence evo lu t ion  observers  and 
t h e o r i s t s  busy f o r  some t i m e .  

SUMMARY 

Most of t h e  IUE re sea rch  on t h e  T Taur i  s t a r s  has focussed on t h e  
f i r s t  of t h e  "big ques t ions"  - why a r e  t h e  T Taur i  s t a r s  s o  s t r a n g e ?  The 
answer appears  t o  be t h a t  they a r e  no t  s o  s t range .  ' Thei r  UV s p e c t r a  have 
demonstrated t h e  s i m i l a r i t i e s  of t h e  T Taur i  stars ' to  o t h e r  a c t i v e  l a t e -  
type  s t a r s .  The s p e c t r a l  p e c u l i a r i t i e s  s een  i n  t h e  v i s u a l  appear  t o  be 
secondary e f f e c t s  produced by the  very h igh  l e v e l  of s u r f a c e  a c t i v i t y  
ev iden t  i n  t h e  u l t r a v i o l e t .  

The evolu t ionary  ques t i ons  a r e  more d i f f i c u l t  t o  -answer. A t  p r e sen t  
it is  n o t  pos s ib l e  t o  a s s i g n  a unique age t o  any given p r o t o s t a r ;  thus  no 
evolu t ionary  sequence can be r e l i a b l y  cons t ruc ted  from t h e  a v a i l a b l e  
da ta .  However, i t  is tempting t o  c r e a t e  a hypo the t i ca l  s cena r io  such a s  
t h e  following. An embedded p r o t o s t a r  a c c r e t e s  matter,. g iv ing  rise t o  
var ious  e r u p t i v e  events  such a s  FU Orionis-type ou tbu r s t s  and t h e  c r e a t i o n  
of Herbig-Haro o b j e c t s  and jets. As t h e  c i r c u m s t e l l a r  d i s k  t h i n s ,  t h e  s t a r  
becomes v i s i b l e  a s  a T Taur i  s t a r .  A h igh  l e v e l  of s u r f a c e  a c t i v i t y  i s  
seen  due t o  s t r o n g  magnetic f i e l d s ,  which may be pr imorhia l  and/or  produced 
through a dynamo a s s o c i a t e d  wi th  t he  deep convect ive zone and r o t a t i o n .  
Waves generated i n  t h e  convect ive zone h e a t  and extend t h e  'atmosphere, 
where a t  t h e  coo le r  temperature  zones emission l i n e s  r a d i a t e  away much of 
t h e  energy. However a t  around lo5 K a wind may car ry  o f f  a s i g n i f i c a n t  
amount of t h e  energy. As time goes by t h e  convect ive zone s h r i n k s ,  t h e  
l e v e l  of a c t i v i t y  decreases ,  and t h e  atmospheric  d e n s i t i e s  decrease.  The 
non-radiat ive energy b u i l d s  up i n  t h e  atmosphere, which can now reach  
corona l  temperatures.  A t  t h i s  po in t  t h e  p r o t o s t a r ' s  atmosphere has  become 
s t r u c t u r a l l y  very s i m i l a r  t o  a main-sequence s t a r .  
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Figure 2.  Four SWP spectra of RW Aur, each o f f s e t  by 0.2 x 10'13 i n  the 
v e r t i c a l  a x i s .  The s trongest  emission l i n e s  are  0 I 1300, S i  IV 1400, C IV 
1550, S i  I 1  1815, and S i  111 1892. 
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WHITE DWARF STARS A T  ULTRAVIOLET WAVELENGTHS 

James Liebert 
Steward Observatory, Universi ty o f  Arizona 

ABSTRACT 

Numerous discoveries wi th the IUE Observatory have stimulated research 
on  most spectroscopic types o f  degenerate dwarf  stars. The  hottest helium- 
r i c h  cases apparently have substantial abundances of  certain ions heavier than 
helium, due most l ikely t o  selective radiat ive acceleration. Hydrogen DA 
stars show trace abundances at temperatures as low as 20,000 K and prov ide 
evidence f o r  modest outf lowing winds. Cooler DA stars exhibi t  mysterious 
b road  features near WOOA and 160u. The element carbon is almost omnipresent 
in cool helium-rich stars, unless metallic features are seen instead. The  
carbon is most l ike ly  dredged-up by a deep convective envelope. The  metals 
are a t t r ibuted to  interstel lar accretion. IUE has played an important role in 
temperature determinations f o r  helium-rich and magnetic stars. White dwar f  
components in detached and cataclysmic binaries have been studied extensively 
w i th  IUE, o f ten f o r  the  f i r s t  time. Among the  potential resul ts are mass 
determinations and information on the photospheric temperature distr ibut ions 
f o r  accreting primaries. 

1 NTRODUCTION 

White dwarfs normally show qui te dull optical spectra; even w i th  a 4-5 
meter telescope and state-of-the-art detectors, only the  dominant atmospheric 
consti tuent appears. Hydrogen atmosphere cases are classified DA, regardless 
o f  temperature; stars showing neutral helium lines are called DB. Stars too 
cool f o r  the dominant element to  b e  excited generally show no optical 
features, and are classified DC. The reason fo r  these monoelemental 
atmospheres is that  -- at  the  high surface gravit ies -- the l ightest element 
in the  envelope floats to the top rather quickly, while heavier elements sink. 
A f t e r  all, t he  physical depth o f  a white dwarf  atmosphere is  of order  a 
hundred  meters! 

O f  course, if the foregoing were completely true, I wouldn't  have had a 
Ph.D. thesis der ived from detailed optical spectrophotometry (L iebert  1977). 
There have been three k inds o f  (nonmagnetic) exceptional white dwarf spectra, 
a l l  associated wi th helium-rich atmospheres: (1) Some DB stars show traces 
o f  hydrogen, near t he  limit o f  detectabil ity; (2) metallic l ine (DZ) stars 
show a few metals, but generally no hydrogen o r  carbon; and (3) the  carbon- 
band  white dwarfs generally show no metals o r  hydrogen. A t  the time of launch 
o f  IUE, nobody understood how these three groups related to  each other, o r  why 
they  were exceptional. 

A f t e r  s ix  years o f  IUE observations, t he  vast majori ty o f  target ted 
degenerate stars have revealed ultraviolet spectral features. Generally, only 



those white dwarfs too cool and fa in t  for th is 0.45-meter telescope retain a 
s t r i c t  DC (featureless) spectral type. In the  following discussion, several 
areas of white dwarf  research which have been advanced b y  IUE observations are 
b r i e f l y  reviewed. These discoveries are the dominant reason that  my earl ier 
review (Liebert 1980) is now out  o f  date. 

TRACE ELEMENTS I N  HOT WHITE DWARFS 

It is logical that  the ve ry  hottest objects would be  among the best can- 
didates fo r  showing multi-element atmospheres. Recently-formed degenerate 
stars are, of course, less l ikely to have undergone gravitational diffusion. 
Moreover, selective radiat ive acceleration o f  certain ions hav ing resonance 
transit ions near the s tar 's  Planckian radiation peak may resul t  in the suspen- 
sion o r  even expulsion o f  these io s. For unsaturated l ine transitions, the  
radiat ive acceleration depends on d f f / A  (where A is  the  atomic mass of the  
element being considered). Stars wi th helium-rich atmospheres seemed to b e  
more logical candidates than hydrogen-rich cases fo r  two reasons. First,  
helium-rich atmospheres generally have higher pressures at a given optical 
depth, and the resu l t ing increased l ine widths reduce the effect o f  saturation 
on  the lines. Secondly, the  reduced continuum opacities mean that  trace ele- 
ments are detectable at lower column densities. 

Indeed, the ve ry  hot pulsat ing PG1159-035 stars show carbon and probably 
n i t rogen features at optical wavelengths (McGraw -- et al. 1979; L iebert  and 
Green 1979); a r i c h  var ie ty  o f  ultraviolet metallic features are revealed wi th  
t h e  low resolution IUE camera (Wesemael, Green and Liebert 1984). Still, 
there is a possible discrepancy in temperature estimates for  these helium-rich 
stars. IUE spectra ap ear t o  show weak C Ill, N Ill transitions, which 
suggests that  Teff '? 10F K. This is a bit lower than the  estimate fo r  the 
proto type based on the Einstein X-ray detection and the ve ry  hot far-UV energy 
d is t r ibut ion measured wi th the Voyager detector (Wegner et al. 1982). The 
supposedly cooler DO star PG1034+001 shows s t rong N V but no N Ill features in 
a high dispersion spectrum (Sion, Liebert and Wesemael 1984). A well-exposed 
ul t ravio let  echelle spectrum o f  PG1159-035 might clear up the problem, showing 
whether the low ionization features -- if real -- belong to the  photosphere. 
The  f i r s t  heavy element abundance determinations fo r  a helium-rich object -- 
PG1034+001 -- indicate substantial n i t rogen and carbon values -- log (NIHe) - 
-2.5 and log (CIHe) - -2.5 (Sion, Liebert and Wesemael 1984). 

For reasons stated earlier, it was more surpr is ing that  apparently- 
photosphere metal features have now been found in some hot DA (hydrogen) white 
dwarfs, rang ing in temperature from about 70,000 K (Feige 24, Dupree and 
Raymond 1982) to  22,000 K (W1346, Bruhweiler and Kondo 1983). T o  be  sure 
these transit ions o f  silicon, n i t rogen and carbon are qui te weak (a  few 
hundred  milliangstroms o r  less) and detectable only wi th the IUE echelle. 
Some show radial velocities in agreement wi th optical H values, though an or i -  
gin outside the  photosphere cannot b e  ru led  out. Others show "shortward 
shif ted" velocities, leading Bruhweiler and Kondo (1983) to  argue that  there 
i s  evidence fo r  modest outf lowing winds in DA stars down to  Teff - 20,000 K. 
The lack o f  such features in stars as cool as 40 E r i  B (- 16,000 K)  indicates 
that  the radiat ive acceleration and/or wind processes are no longer operative 



a t  lower temperatures. The  f i r s t  photospheric metal-line calculations f o r  
Feige 24 and W1346 indicate abundances of  N, C and Si  some 1-3 orders o f  
magnitude below solar and wi th ve ry  non-solar relat ive values (Wesemael, Henry  
and Shipman 1984). The radiation f ields o f  hot  white dwarfs are capable o f  
produc ing circumstellar Stromgren spheres; their  number densities suggest the  
possibi l i ty  that  they are substantial contr ibutors t o  the  ionization balance 
o f  the  interstel lar medium (Dupree and Raymond 1983). 

TRACE ELEMENTS I N  COOL WHITE DWARFS 

It was not surpr is ing that  the  cool, helium-rich degenerate stars 
showing metallic lines at optical wavelengths unvei led a harvest  o f  new lines 
at IUE wavelengths. Such studies o f  key stars as b y  Shipman and Greenstein 
(1983) and Cottre l l  and Greenstein (1980) have shown that  a simple theory  o f  
accretion from an interstel lar cloud followed by di f fusion does not work. It 
i s  s t i l l  necessary to  explain why hydrogen is so effect ively screened ou t  
(L iebert  1979), and why the heavier metals (Ca, Mg, Fe) are accreted more 
readi ly than the  CNO species. The recent papers by Alcock and l l lar ionov 
(1980) and T ru ran  and Wesemael (1982) lend insight  into how a more complicated 
accretion theory might b e  made to work -- see also Shipman (1984). 

O n  the other hand, IUE observations have now l inked together the cool DC 
degenerates wi th those showing molecular carbon (C2) at optical wavelengths: 
Both groups exhibi t  atomic and molecular carbon features at u l t ravio let  wave- 
lengths. Comprehensive studies summarized by Koester, Weidemann and Zeidler 
-K.T. (1982), and Wegner and Yackovich (1984) indicate that  the  features span 
the  range 6,000 - 12,000 K. Koester -- et al. argued that  the trace carbon abun- 
dance is due to contamination o f  the outer helium convection zone by the  tai l  
o f  the  equil ibr ium carbon distr ibution. Models pred ic t ing t he  amounts o f  
dredged-up carbon by Fontaine -- et al. (1984) are in ra ther  good agreement wi th  
abundance determinations which peak in the stars near 10 - 12,000 K. The  
abundances are generally low enough that  the carbon features may b e  masked in 
those stars which accrete from the ISM: The metals supply ex t ra  electron 
donors, which increase the continuum opacity, and h ide the carbon. 

Despite the absence o f  sharp metallic o r  carbon features, it is perhaps 
t he  cool DA stars which exhibi t  the biggest surprises at IUE wavelengths. A 
f a i r  number o f  stars show strong, broad o r  asymmetric absorption d ips centered 
near 14008 and 16008, s tar t ing wi th the discovery o f  the former in excellent 
40 E r i  B spectra b y  Greenstein (1980). Both features appear strongest at tem- 
peratures near 10,000 K but have been detected in stars as high as 20,000 K. 
Tentative explanations include molecular hydrogen transit ions (Greenstein 
1980), Si II autoionization lines (Sion, Wesemael and Guinan 1984) and bound- 
free edges of  Ca II and Mg II (Wegner 1984a,b). It is possible that  the 16008 
feature is related to some seen in Lambda Bootis and other peculiar A stars o f  
lower gravi ty.  

TEMPERATURES AND OTHER STELLAR PARAMETERS 

The  IUE telescope has proven moderately useful as an ul t ravio let  photo- 
meter fo r  degenerate stars. Temperatures der ived fo r  hot  helium-rich (DO) 



s ta rs  f rom IUE f l uxes  are  sometimes substant ia l ly  lower t h a n  those assigned 
f r o m  He I 1  and  He I (opt ical)  absorpt ion features. While quest ions remain 
about  t h e  accuracy o f  t h e  IUE f l u x  cal ibrat ion, t h e  problem arises in on ly  
some o f  t h e  stars; t h e  more l i ke l y  c u l p r i t  h e r e  i s  in ters te l la r  reddening. 
S tandard  u l t rav io le t  ex t inc t ion  cu rves  p red ic t i ng  as much 2200A "bumpI1 absorp- 
t i o n  as 12008 absorpt ion are  simply unreliable, especially f o r  these small 
amounts (Greenberg and Chlewick i  1983). Likewise, temperature assignments f o r  
h o t  D A  s tars  can b e  made more re l iab ly  f rom hyd rogen  l ine  st rengths.  

O n  t h e  o ther  hand, IUE is  p l a y i n g  an important  photometr ic ro le f o r  ho t  
D B  s tars  in t h e  20,000 - 40,000 K range. Th is  range represents t h e  b r o a d  peak 
o f  He I opacity,  and  t h e  l i ne  pro f i les  show remarkably l i t t l e  variat ion. 
While it would seem tha t  precise opt ical photometry e . ,  Stromgren, 
mult ichannel) should b e  accurate enough, the re  have been numerous instances o f  
systematic e r r o r s  due  t o  d i f f e r i n g  photometr ic systems in use. IUE can there- 
f o r e  p lay  a dominant ro le in establ ish ing t h e  temperature boundaries o f  t h e  
newly-discovered D B  pulsat ional ins tab i l i t y  s t r i p  (i.e., Winget -- et al. 1982, 
1984; Koester, Weidemann and Vaucla i r  1983). In F i g u r e  1, I show a fit by 
Francois Wesemael to  t h e  f i r s t  d iscovered pu lsa t i ng  D B  s tar  GD358, u s i n g  p u r e  
helium, b lanketed logg = 8 models f rom Wesemael (1981). We get  a marginal ly 
h i g h e r  temperature estimate (- 28,000 K vs. 26,000 K )  than  Koester -- et al. 
Cur iously,  t h e  o ther  d isplayed D B  s ta r  (PG0112+10) obviously has a v e r y  simi- 
l a r  temperature but does - not pulsate (Winget 1983, p r i v a t e  communication)! 
F inal ly ,  t h e  IUE f luxes  severely constra in t h e  temperature o f  t h e  s t range 
hybrid He, H composition object GD323 t o  b e  near those f o r  pu l sa t i ng  D B  stars 
(L iebe r t  -- et al. 1984). 

U l t rav io le t  spectra and energy  d is t r ibu t ions  f rom IUE have resu l ted  in 
dras t ica l ly  a l tered temperature estimates and composition in terpre ta t ions  f o r  
t w o  magnetic whi te dwarfs. T o  b e  sure, t h e  temperature determinat ion f o r  t h e  
low f i e ld  (- 1.8 x l o 7  gauss) s ta r  Feige 7 was consistent w i th  p r i o r  
opt ical ly-based values and implied a normal whi te dwar f  rad ius  (Greenstein and 
Oke  1982). However, these authors de r i ved  a substant ia l ly  h ighe r  temperature 
( 14,500 K )  f o r  t h e  high f i e ld  magnetic degenerate s ta r  Grw+70°8247 by 
r igo rous ly  fitting t h e  extended energy  d is t r ibu t ion .  Th is  would imply an 
abnormally small rad ius  (- 0.007 R o )  and cor respond ing ly  la rge mass. O n  t h e  
o the r  hand, t h e  u l t rav io le t  ene rgy  d i s t r i bu t i on  shows evidence f o r  extensive 
b lanket ing,  especially below 1400A. which can af fect  t h i s  conclusion. 
Greenstein (1984) now a t t r i bu tes  th i s  b lanke t ing  t o  Ly a absorption, in 
agreement w i t h  Ange l ' s  (1979) composition hypothesis f o r  t h i s  star. Final ly,  
it should . b e  noted tha t  t h e  IUE f l uxes  f o r  another strongly-magnetic case, 
GD229, resu l t  in a dras t ic  rev is ion  o f  t h a t  s t a r ' s  temperature -- but th i s  
t ime t h e  d i rec t ion  is  downwards (Green and L ieber t  1981)! 

U l t rav io le t  spectroscopy is  an  ' invaluable tool f o r  t h e  s t u d y  o f  b inar ies 
conta in ing  a ho t  whi te dwarf,  b o t h  detached systems and  cataclysmic variables 
(CVs).  In many cases, IUE has p rov ided  t h e  f i r s t  d i r e c t  s t u d y  o f  a white 
d w a r f  component. Examples f o r  detached systems inc lude t h e  D A  companion of 
t h e  G8 l l l p  bar ium s ta r  Zeta Cap (BShm-Vitense 1980), t h e  DO companion t o  





HD149499 (Sion, Guinan and Wesemael 19821, and such short -per iod products  o f  
common envelope evolut ion as t h e  Hyads V471 T a u  and  HZ9 (Guinan and Sion 
1984). 

It i s  o f ten  possible t o  make d i rec t  determinat ions o f  o the r  stel lar 
parameters besides t h e  temperature. T h e  cool companion's radia l  ve loc i ty  p ro-  
v ides  the  systemic reference f rom which t h e  gravi tat ional  redsh i f t  and mass o f  
t h e  whi te dwar f  may b e  estimated f rom echelle observations. Sion and Guinan 
(1983) find an impl ied mass of 0.5 M o  for  HD149499B, t h e  f i r s t  d i rec t  deter-  
minat ion f o r  a ho t  hel ium star.  Moreover, t h e  re la t ive  masses at  least may b e  
obta ined f rom radia l  ve loc i ty  cu rves  f o r  close pairs, general ly  t h e  cool s ta r  
i s  measured wi th  a h igh-disper ison opt ical spectrograph. Finally, l ine p ro -  
f i l e  analyses permi t  g r a v i t y  determinat ions by llatmosphericlf techniques and 
comparison t o  isolated whi te dwarfs. 

CATACLYSMIC VARIABLE PRIMARY STARS 

D i rec t  observat ions o f  t h e  whi te dwar f  in several CV systems have  been 
possible, f o r  t h e  f i r s t  time, u s i n g  IUE. Such observat ions are  b o t h  oppor-  
t un i s t i c  and complicated t o  in terpre t .  T h e  accret ion d i sk  general ly dominates 
t h e  energy  ou tpu t  at  u l t rav io le t  wavelengths. However, some dwar f  novae and 
perhaps al l  o f  t h e  diskless AM Hercul is objects go  in to  such low accret ion 
states tha t  t h e  whi te dwarf  p r i m a r y  dominates t h e  u l t rav io le t  energy  d i s t r i bu -  
t ion. Important  examples inc lude MV L y r a e  (Robinson e t  al. 1981), VW H y i  
(Mateo and Szkody 1984), and probab ly  U Gem in quiescence (Panek and  Holm 
1983). A l l  appear to  have ho t  (Teff 2 40,000 K)  components, though th is  may 
b e  d u e  t o  selection. In t h e  case o f  t h e  recent  low state o f  T T  A r i  (Shaf te r  
e t  al. 1984), t h e  spectrum o f  t h e  white dwar f  at  opt ical wavelengths permi ts  a -- 
standard  photospher ic  analysis. T h e  star  can b e  classif ied DAO, y ie lds Teff - 
70,000 K, and  a He IH  ra t i o  no t  too d i f f e ren t  f rom solar, as expected f o r  
recently-accreted matter. Moreover, t h e  agreement between opt ical and  IUE 
temperature determinat ions leaves n o  evidence f o r  temperature var iat ions 
across t h e  sur face o f  t h e  accre t ing  star. Th is  i s  in cont ras t  t o  t h e  
s i tuat ion f o r  t h e  magnetic AM H e r  in i t s  low state. Schmidt, Stockman and 
Margon (1981) suggested Teff 5 22,000 K f rom the i r  analysis o f  t h e  magnetic 
p r i m a r y ' s  opt ical spectrum, but Szkody e t  al. (1982) r e q u i r e d  Teff - 50,000 K 
t o  fit t h e  u l t rav io let .  T h e  obvious answer i s  tha t  a res idual  polar  ho t  spot 
dominates t h e  u l t rav io let ,  whi le larger ,  cooler areas o f  t h e  photosphere domi- 
nate t h e  opt ical light (L ieber t  and Stockman 1983). 

I great ly  appreciated many usefu l  discussions w i th  and  receipt  o f  i n fo r -  
mation in advance o f  publ icat ion f rom E d  Sion, Francois Wesemael and Paul 
Szkody. T h i s  work has been suppor ted by var ious NASA IUE g ran ts  and b y  
National Science Foundation g r a n t  AST 82-18624. 
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SUPERNOVA REMNANTS AND THE CARBON ABUNDANCE I N  M33 

William P .  Blair and John C. Raymond 

Harvard-Smithsonian Center for Astrophysics 

ABSTRACT 

We have combined IUE and optical spectral data on a supernova remnant in 
M33 in order to determine the abundance of carbon in the interstellar gas of 
M 3 3 .  We have used new shock model calculations to guide the interpretation 
and find that a suSstantially lower value of the ratio C/O than has been as- 
sumed previously for M 3 3  may be necessary to explain the data. However, some 
inconsistencies in the observed and predicted line intensities indicate that 
the spectra may be partly contaminated by 11 I1 region emission or that the 
preshock gas has been ionized by nearby stars. 

INTRODUCTION 

Recent improvements in the techniques for calculating shock wave models 
(Raymond 1979, Shull and McKee 1979, Dopita -- et al. 1984) have allowed observa- 
tions of the emission line ratios from supernova remnants (SNRs) to be inter- 
preted in terms of abundances. For all SNRs larger than roughly 5 pc diame- 
ter, the supernova blast wave will have swept up many times more interstellar 
gas than was ejected by the supernova. Hence, this analysis can be used to 
determine abundances in the interstellar gas. This has been done optical.ly 
for SNRs in several nearby galaxies, including M31 and M 3 3  (Dopita, D'Odorico 
and Benvenuti 1980; Blair, Kirshner and Chevalier 1382; Dopita -- et al. 1984; 
Blair and Kirshner 19841, with the results from SNRs being compared with 
results from H I1 regions to assess the gas phase abundance gradients in these 
galaxies. One of the uncertainties in the abundance gradient analyses is the 
unknown abundance of carbon, which has no readily detectable lines in the opt- 
ical. Previous investigations have had to assume a value for the C/O ratio. 
Since carbon is an important coolant in both photoionized and shock heated 
gas, an incorrect carbon abundance can affect the line intensities (and hence 
abundance estimates) of other elements. 

Observations of galactic SNRs with IUE ( e . ~ .  Eenvenuti -- et al. 1980; Ray- 
mond -- et al. 1981) have shown that the ultraviolet emission lines of carbon are 
among the strongest lines in SNR spectra over a wide range of conditions. In 
addition, the ratio C I111 A1909 / C IV A1550 is sensitive to shock velocity. 
During the fifth and sixth years of IUE, we have observed five SNRs in M33 in 
order to investigate the carbon abundance and determine to what extent the 
previously assumed abundance of this element may have affected abundance esti- 
mates for other elements. Here we will discuss only the observations of M33-8 
from the catalog of D'Odorico, Dopita and Benvenuti (1980). In collaboration 
with S. DIOdorico, P. Benvenuti and M. Dopita, we obtained an 840 minute SVP 
exposure during an ESA-US1 shift pair. This remnant was chosen for its high 
surface brightness and low reddening. The remnant has a diameter of about 1 1  
pc and appears to be an isolated emission region on interference filter photo- 



TABLE 1 
Comparison of M33-8 Observations to Model Calculations 

M33-8 Model A Model B 
Line X F( A) I(A) 90 km/s 120 km/s 

Si IV 
1394 )<64 ) <80 5 2 25 

0 IVI 1402 57 245 
C IV 1550 336 41 1 346 547 
Ile I1 1640 <46 <56 28 2 4 
o 1111 1664 163 197 219 196 
Si I111 1892 <40 <50 103 6 0 
C 1111 1909 57 70 402 176 
LO 111 3727 (520 a 543 604 542 
[Ne 1111 3869 (26): 2 7 2 3 17 
[S 111 4070 (14) 14.4 2 1 19 
[ O  1111 4353 (12.2)~ 12.8 3 2 27 
He I1 4686 (12) 12.1 5 4 
H B 486 1 100 100 100 100 
EO 1111 4959,5007 340 338 413 343 
LN I] 5200 < 4 < 4 23 26 
He I 5876 10.3: 10.0: 4 4 
EO I] 6300,6364 27 : 26 : 4 5 5 5 
H a  6563 315 300 303 297 
CN I11 6548,6584 152 144 153 151 
[s 111 6717,6731 197 187 228 225 
CO I13 7320 , 7330 < 5 <4.7 3 9 2 6 
E(B-V) 0.05 --- --- 
F(H6) 1.26 E-14 --- --- 

a Line intensities in parentheses from Dopita et al. (1930). 

TABLE 2 
Model Parameters and Abundances Relative to Cosmic 

Parameter Model l! Model B 
Cosmic 

~bundances~ 

5 2 n (cn-3)- --- 
V: (km S- I ) 9 0 120 --- 
log l!e 10.93 10.93 10.93 
log C 7.70 8.00 8.52 
log EJ 7.56 7.56 7.96 
log 0 8.42 8.62 8.82 
log Me 7.22 7.52 7-92 
10€3 ~ T E  6.92 7.22 7.42 
log Si 6.62 7.22 7.52 
log S 7.00 6.90 7.20 
C/O 0.19 0.24 0.50 

a Cosmic abundances by number, from Allen (1973). 



graphs .  

The observed and redden ing  c o r r e c t e d  l i n e  f l u x e s  a r e  l i s t e d  i n  Tab le  1, 
, a l o n g  w i t h  o p t i c a l .  d a t a  from Dopi ta  st al .  (1980; d a t a  i n  p a r e n t h e s e s )  and 

B l a i r  and Ki r shner  (1984).  The o p t i c a l  reddening e s t i m a t e s  and HB f l u x  from 
B l a i r  and K i r s h n e r  (1984) a r e  a l s o  shown. Reddening c o r r e c t i o n  h a s  been per-  
formed assuming a t h e o r e t i c a l  r a t i o  o f  I(Ma)/I(Hf3) = 3.0 and t h e  e x t i n c t i o n  
c u r v e  o f  Sea ton  (1979) .  We n o t e  t h a t  t h e  comparison o f  t h e  o p t i c a l  and UV 
l i n e  intens.i.t.Les is o n l y  a s  good a s  t h e  o p t i c a l  f l u x  c a l i b r a t i - o n  ( k 35%; B l a i r  
and K i r s h n e r  1984).  

INTERPRETATION -- 

C u a l i t a t i v e l y ,  t h e  low v a l u e  o f  t h e  C 1111 / C I V  l i n e  r a t i o  a r g u e s  f o r  a 
h i g h  shock v e l o c i t y ,  and t h e  s m a l l  C 1111 / 0 III! A1664 r a t i o  i m p l i e s  a C/O 
r a t i o  c o n s i d e r a b l y  s m a l l e r  than  t h e  v a l u e  o f  1 /3  p r e v i o u s l y  assumed (Dopi ta  et 
al .  -- 1980).  Tab le  1  shows two model s p e c  r a  f o r  shock v e l o c i t l e s  o f  90 and 120 -5 km/s. Preshock d e n s i t i e s  o f  5 and 2 cm were assumed t o  match t h e  d e n s i t i e s  
i n f e r r e d  from t h e  o p t i c a l  [S I S ]  d o u b l e t  rat ;-o,  and t h e  preshock g a s  was t a k e n  
t o  be f u l l y  i o n i z e d .  The models were computed w i t h  a n  updated v e r s i o n  o f  t h e  
code used by Raymond (1979) wj-th improved e x c i t a t i o n ,  i o n i z a t t o n  and recombi- 
n a t i o n  r a t e s .  The abundance s e t s  used a r e  l i s t e d  i n  Tab le  2. While t h e  
agreement between observed and p r e d i c t e d  i n t e n s i t i e s  o f  t h e  s t r o n g  o p t i c a l  
l i n e s  is good, and could  c l e a r l y  be improved by modest a d j u s t m e n t s  t o  t h e  as- 
sumed abundances,  two major d i s c r e p a n c i e s  s t a n d  o u t .  The C IV/C 1111 r a t i o  
p r e d i c t e d  by t h e  90 km/s shock i s  f a r  t o o  low t o  match t h e  o b s e r v a t i o n .  The . 
120 km/s shock does b e t t e r ,  though a s t i l l  h i g h e r  v e l o c i t y  would be needed t o  
r e a c h  t h e  observed va lue .  However, t h e  upper l i m i t  on t h e  0  IVI-Si I V  b lend 
a t  1400 A c o n f l i c t s  w i t h  model v e l o c i t i e s  above 90 km/s. T h i s  canno t  be 
avoided by i n c r e a s i n g  t h e  C t o  0 abundance r a t i o  because  o f  t h e  h i g h  observed 
v a l u e  o f  t h e  0 I I I I / C  1111 i n t e n s i t y  r a t i o .  The o n l y  a p p a r e n t  way t o  recon- 
c i l e  t h e  rcodel.swith t h e  observed spectrum is  t o  a p p e a l  t o  i o n i z a t i o n  o f  t h e  
preshock s a s .  The i o n i z a t i o n  p o t e n t i a l  o f  0  SIX c o i n c i d e s  w i t h  t h a t  o f  He 11, 

t h e  C I11 i o n i z a t i o n  p o t e n t i a l  is 7 eV lower.  Model s t e l l a r  a tmospheres  
have v e r y  deep He I S  absorp t i .on  edges ,  s o  t h a t  t h e  oxygen .in an I1 I1 r e g i o n  is  
mos t ly  0 111, w h i l e  t h e  carbon is l a r g e l y  C I V .  A s low shock (V < 90 km/s) 
5n g a s  i n  whlch t h e  carbon is p r e i o n i z e d  t o  C I V  would produce t 8 e  observed 
l a r g e  C I V / C  III! r a t i o  w i t h o u t  producing t o o  much emiss ion  a t  1400 A. It . 
might  a l s o  be p o s s i b l e  f o r  r a d i a t i o n  produced by t h e  SNR i t s e l f  t o  c r e a t e  t h e  
n e c e s s a r y  i o n i z a t i o n  s t a t e  i f  He I1 a b s o r b s  most o f  t h e  photons  above t h e  
0  111 edge ,  b u t  t h i s  would r e q u i r e  a  s p e c i f i c  e v o l u t i o n a r y  s t a t e  f o r  t h e  SNR. 

\!hi.l.e t h e  s t r o n g  I S  I11 d o u b l e t  s u g g e s t s  a  b a s i c a l l y  c o l l i s i o n a l l y  ion-  
i z e d  g a s ,  t h e  t empera tu re  s e n s i t i v e  l i n e  r a t i o s  [O II! AA7320,30/A3727 and 
[O 1111 A4363/X5007 a r e  much l o v e r  than  p r e d i c t e d  by t h e  models. IaJhile h i g h e r  
v e l o c i t y  shock models do produce lower  v a l u e s  f o r  t h e s e  r a t i o s ,  t h e  s t r o n g  
upper  l i m i t  on 0 I V ]  A1400 p r e c l u d e s  a h?gh enough shock v e l o c i t y  f o r  t h i s  t o  
be a v i a b l e  exp?ana t ion .  On t h e  o t h e r  hand, low v a l u e s  o f  t h e s e  r a t i o s  are 
t y p i c a l  o f  p h o t o i o n i z e d  gas .  While t h e r e  is  no c l e a r  ev idence  f o r  H I1 r e g i o n  
con tamina t ion  f o r  t h i s  SNR, a n o t h e r  r.133 emiss ion  r e g i o n  h a s  r e c e n t l y  been 
identified a s  j u s t  such a combination:  a s m a l l  d i a m e t e r  SNR embedded i n  a n  



)I I1 r e g i o n  (b133-7, s e e  B l a i r  and K i r s h n e r  1934 1. One cou ld  imagine e i t h e r  
con tamina t ion  o f  t h e  spect rum by H I1 r e g i o n  emiss ion  o r  p h o t o i o n i z a t i o n  o f  
t h e  shocked g a s  o f  t h e  SNR by nearby s t a r s .  The observed r a t i o  o f  t h e  [ S  I11 
X4070/hX6717,30 l i n e s  is c l o s e  t o  t h a t  p r e d i c t e d  by t h e  shock models,  s u g g e s t -  
i n g  t h a t  t h e  [S  111 is indeed formed by c o l l i s i o n a l . l y  i o n i z e d  gas .  Presumably 
t h i s  means t h a t  t h e  CS I11 e m i s s i c n  o f  t h e  pho to ion ized  r e g i o n s  is weak, a s  is 
g e n e r a l l y  observed.  One trould e x p e c t  t h a t  t h e  l i n e s  o f  [O I], [ N  I] and He I1 
would a l s o  be produced i n  shocked gas .  T h e i r  weakness r e l a t i v e  t o  t h e  Balmer 
l i n e s  (when compared w i t h  t h e  shock models)  s u g g e s t s  rough ly  e q u a l  c o n t r i b u -  
t i o n s  of shocks  and pho to ion ized  g a s  t o  t h e  Balmer l i n e  i n t e n s i t i e s .  

With t h e  e x c e p t i o n  of t h e  1400 1 f e a t u r e ,  model B does  a r e a s o n a b l e  job 
of matching many o f  t h e  s t r o n g  emiss ion  l i n e  i n t e n s i t i e s .  A s  can be s e e n  from 
Tab le  2 ,  t h e  C/O r a t i o  f o r  t h i s  model is a b o u t  h a l f  o f  t h e  cosmic v a l u e ,  w h i l e  
t h e  C I I I ] / O  1111 l i n e  i n t e n s i t y  r a t i o  from Tab le  1 is l a r g e r  than  observed by 
rough ly  a f a c t o r  of 2.5. Hence, i t  is c o n c e i v a b l e  t h a t  t h e  C/O  r a t i o  i n  11133 
h a s  been p r e v i o u s l y  o v e r e s t i m a t e d  by a f a c t o r  o f  t h r e e  t o  f i v e ,  a l thougi l  a 
more complete a n a l y s i s  is needed t o  e s t a b l i s h  t h i s  c o n c l u s i v e l y .  T h i s  i s  
l a r g e  enough t o  a f f e c t  t h e  abundance d e t e r m i n a t i o n s  from StIR s p e c t r a  (9. 
Dopi ta  e t  a.1. 1984). 

SNRs i n  nearby g a l a x i e s  a r e  d i f f i c u l t  t a r g e t s  f o r  IUE and t h e  u n c e r t a i n t y  
i n  t h e  r e l a t i v e  c a l i b r a t i o n  of o p t i c a l  and UV d a t a  p l a c e s  l i m i t a t i o n s  on t h e  
e f f e c t i v e n e s s  o f  t h e  comparison.  The i n c r e a s e d  s e n s i t i v i t y  and r e s o l u t i o n  o f  
t h e  F a i n t  O b j e c t  Spec t rograph  on Space Telescope (Giaccon i  1982; Table  1 )  
a l o n g  w i t h  s tmul taneous  UV/optical  coverage ( 1  150-7000 1) w i l l  pe rmi t  many o f  
t h e  M33 SNRs t o  be observed and w i l l  a l lokl  a more complete  abundance a n a l y s i s  
t o  be performed. T h l s  work i s  suppor ted  by NASA g r a n t  WAG 5-87 t o  t h e  Smith- 
s o n i a n  A s t r o p h y s i c a l  Observatory .  
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COMMENTS ON THE ORIGINS AND VARIATIONS OF 
CARBON AND NITROGEN IN THE ISM OF GALAXIES 

AS EVIDENT FROM IUE SPECTROSCOPY OF H I1 REGIONS 

Reginald J. Dufour 
Rice University and Dominion Astrophysical Observatory 

ABSTRACT -- 

During the last several years IUE observations of UV spectra of galactic and extragalac- 
tic H I1 regions have provided our first good quantitative measurements of gaseous-phase C 
abundances in the ISM of several galaxies over a broad range of "metallicity". This paper 
illustrates the observed relative variations of C, N, and 0 based on IUE and ground-based 
observations of H I1 regions and discusses the trends evident using current concepts regard- 
ing stellar nucleosynthesis of CNO element group and simple models of galactic chemical 
evolution. 

INTRODUCTION 

The first detailed abundance study utilizing IUE observations of the UV spectrum of 
an H I1 region was that of the Orion Nebula by Torres-Peimbert, Peimbert, and Daltabuit 
(1980). They found C/H and C/O to be essentially "solar" in Orion, with no evidence that 
C varied across the nebula in any manner consistent with the dust distribution, which sug- 
gested that depletion of C in dust does not significantly affect the gaseous-phase C abun- 
dances obtained a t  least for the Orion Nebula. Subsequently, Dufour, Shields, and Talbot 
(1982) reported IUE observations and C abundances for several H I1 regions in the Large 
and Small Magellanic Clouds derived through model analyses. They found C/O lower in 
the LMC by 0.34 dex and lower in the SMC by 0.75 dex compared with Orion. Somewhat 
surprisingly, the C depletion in the SMC: is larger than even N. From the observed C/O 
and C/N ratios in the Clouds and Orion, they concluded that the nucleosynthetic origins 
of C are different from 0 ;  and that most of the N in the Clouds is the result of primary 
nucleosynthesis in massive stars, rather than from secondary processing of C. Additional 
evidence that  N/C increases with decreasing C/H in metal--poor extragalactic H I1 regions 
has been presented by Gondhalekar (1983), who derived C abundances from IUE UV data 
on To1 1924, NGC 2363, NGC 5471, Mkn 59, and NGC 4258. 

NEW ANALYSIS OF C ABUNDANCES IN EXTRAGALACTIC H I1 REGIONS 

In a separate paper at  this symposium Dufour, Schiffer, and Shields (1984) presented 
a review of IUE archive data and additional low and high disperison observations of UV 
emission lines in extragalactic H I1 regions. To date, largely from C 1111 measurements, 
C abundances have been derived in nine extragalactic H I1 regions or galaxies in addition 
to the Magellanic Clouds and Orion Nebula (NB: the UV spectra of several other galactic 
H I1 regions were observed with the IUE or studied in the archives without any success 
in measuring any of the UV C lines). The CNO abundance results were summarized in 



the previous paper. In this paper the relative variations of C, N, and 0 derived for the 
various objects are presented graphically, and some preliminary conclusions are briefly 
discussed in the context of current ideas regarding stellar nucleosynthesis and galactic 
chemical enrichment. 

RELATIVE VARIATION OF CARBON AND NITROGEN 

Figure 1 illustrates the observed variation of N against C in the objects for which 
C 1111 has been measured. It is fairly well established that 0 abundances in a majority 
of well observed nearby irregular galaxies follow the expectations of the simple "closed 
box" chemical evolution model with instantaneous recycling and little or no infall (cf. the 
review by Page1 and Edmunds 1981 and references therein). For such a situation, if N is 
produced entirely by secondary processing of pre-existing C in stars and ejected into the 
ISM, then N/H should vary with the square of the C/H abundance. It is clear from Figure 
1 that N does not follow such a trend in galaxies for which 12 + log (C/H) < 8.0; log (N/C) 
decreases with log(C/H) over this range. Aside from the two H I1 regions in M33 (NGC 604 
and NGC 588, for which the optical-to-UV transformation is still suspect), N/H varies as 
the square root of C/H over the metal-poor range. (NB: P. M. Gondhalekar reports in 
a private communication to the author that the To1 1924 point in Figure 1, which comes 
from his 1983 study, is now more firmly established based on additional observations.) 

The question as to whether N in galaxies orginates predominantly from primary or 
secondary nucleosynthesis in stars has received much discussion in the literature during the 
last few years. Observations of N/O in the H I1 regions of nearby irregular galaxies suggest 
that it is roughly constant (log(N/O) = -1.5 f 0.2, Talent 1980; also see Figure 1 in Page1 
and Edmunds 1981) in systems for which 12 + log(O/H) < 8.4, but varies roughtly as the 
square of O/H in the more metal-rich spirals. Such variation is accountable if N has both 
primary and secondary origins, such that massive stars produce relatively small amounts of 
primary N, which is ejected into the ISM via SN I1 with a yield y(N) = 0.03y(O), and less 
massive stars (M 5 5 Ma) produce significant amounts of secondary N, which is ejected 
into the ISM via planetary nebulae and novae (and/or SN I?). However, both theory and 
observation are uncertain regarding C dredge-up amounts and how much C is transformed 
into N in intermediate mass stars during various dredge-up phases of AGB evolution (cf. 
the excellent review by Iben and Renzini 1983). Such mechanisms would then result in 
largely primary N being ejected by intermediate mass stars; and if the same objects eject 
most of the C, then N/C = constant over the range of C and 0. From Figure 1, this may 
indeed be the situation for evolved systems with 12 + log(C/H) > 8.0, but the data are 
too few to  draw any conclusions regarding the variation of N/C in the high metallicity end 
of the range of H I1 region abundances (observations of C 1111 for such objects are usually 
very difficult due to low ionization levels and particularly low electron temperatures). 
However, Laird (1984) found C/Fe and N/Fe - constant in a majority of galactic field 
dwarf stars spanning a range of metallicity of almost three orders of magnitude in Fe/H. 
This result, which is somewhat at  odds with ours for the N/C ratio, led him to suggest 
that the nucleosynthesis of both N and C are predominently primary and arise from the 
same stars. 

RELATIVE VARIATION OF CARBON AND OXYGEN 

Figure 2 shows the variation of log(0 C) verses 12 + log(C/H for the program H I1 
regions or galaxies. Over the range of 1.5 d ex in log(C/H) it is foun d that C/H varies as the 
square of O/H. While this result of C is suprising in the sense that in the simple model it 
is the variation expected of an element produced as the result of secondary nucleosynthesis 



of 0 or some other primary element, a more likely explanation is that most of the C 
production and enrichment occurs in lower mass stars than those responsible for the 0 
enrichment. 

The expected variation of a primary element produced predominantly in lower mass 
stars (i.e., SN 11, PNe, and novae progenitors) than those which produce most of the 0 
(SN I) following the simple chemical evolution model has been calculated and discussed 
by Tinsley (1979). Letting her fictitious element Z1, which is produced in stars between 
4 and 6.5 Ma (originally intended to represent the "Fe group"), be identical to C, results 
in the variation of O/C observed in Figure 2 (cf. her Figure 3). To illustrate this, the 
variation of log(O/Z1) verses 12 + log(Z1 /H) from three of her models is shown in the 
figure, normalized to the values of C and 0 for Milky Way H I1 regions. Models 1 and 
2 represent simple closed-box models of varying gas exhaustion timescales (or conversely, 
star formation rates) of 2 x lo1' years in Model 1 and lo8 years in Model 2. Model 3 is 
her "extreme infall" model for which the SFR keeps up with infalling gas such that the 
gas mass remains constant while the total mass of the system grows. 

As can be seen from the figure, the O/C data for the galaxies fall between, but along, 
the variation of O/C against C/H predicted from the slow SFR Model 1 and the high 
SFR Model 2 or infall Model 3. The data are therefore consistent with the simple model 
predictions for reasonable SFRs if C is predominantly produced (with Fe) in intermediate 
mass stars, while most of the 0 comes from short-lived massive stars. The concept that the 
nucleosynthetic origins of C and Fe are similar is further supported by the spectroscopic 
studies of C/Fe in field dwarf stars by Sneden, Lambert, and Whitaker (1979) and Laird 
(1984), which found C/Fe to be constant and essentially solar amoung stars spanning three 
orders of magnitude in Fe/H abundances. 
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ABSTRACT 

This report summarizes progress made in studying the UV spectra of several prominent 
extragalactic H I1 regions with the IUE during the two years since our last report in the 
Second Goddard IUE Symposium. High dispersion spectra have been obtained of N81 and 
N66A in the SMC, the 30 Doradus Nebula in the LMC, NGC 2363 in the SBm galaxy 
NGC 2366, NGC 5471 in M101, and NGC 604 in M33, that are superior in quality to 
low dispersion spectra in the statistical accuracy and resolution of the nebular emission 
lines of ions such as C 1111, Si 1111, N 1111, and 0 1111. These data are combined with 
ground-based spectroscopy to diagnose physical conditions (temperatures, densities, and 
ionization) and abundances in over twenty extragalactic H I1 regions derived from recent 
IUE low dispersion observations and/or archival spectra are also presented. 

INTRODUCTION 

The emission line spectrum of H I1 regions in the ultraviolet contains astrophysically 
important lines of C 111, C 1111, C IV, Si 1111, N 1111, and others, which have no counterparts 
in the spectral region accessible to ground-based telescopes. The IUE was the first space- 
borne observatory suited to  observing these lines in several of the more prominent galactic 
and extragalactic H I1 regions in the sky. A good compilation of the result from IUE 
low dispersion observations of the UV spectra of extragalactic H I1 regions and of the 
publications through 1982 has been given in the form of a spectral atlas by Rosa, Joubert, 
and Benvenuti (1984). 

Because of their relative faintness, most of the IUE observations of extragalactic H I1 
regions have been at  low dispersion. While this offers the advantages of highest sensitivity 
per unit wavelength interval, for most of the objects studied, inclusion of the exciting OB 
stars in the IUE large aperture results in the H I1 region spectra being dominated by the 
stellar continuum rather than the emission lines. This limits exposure times and makes 
extraction of accurate emission line strengths difficult or impossible for many objects. To 
get around these problems, we began a program of observing extragalactic H I1 regions 
with the IUE at  high dispersion in 1982. This paper .reports on some of our initial results. 
By its necessarily brief nature, we must limit this report to a few examples with somewhat 



incomplete discussion. The complete results for various objects and a more extensive 
astrophysical discussion will appear in a series of papers in the Astrophysical Journal 
during 1985. 

STATE OF HIGH ~ DISPER.SION OBSERVATIONS AND EXAMPLE RESULTS 

Long exposure (6 -8 hour) high dispersion SWP and LWR (or LWP) spectra have been 
obtained of N66A and N81 in the SMC, the 30 Doradus Nebula in the LMC, the giant 
H I1 region NGC 2363 in the SBm galaxy NGC 2366, NGC 5471 in M101, and NGC 604 
in M33. In most cases, the 70x dillution of the underlying stellar continuum at high 
dispersion resulted in significantly improved detectability and accuarcy of measurement 
of emission line strengths compared to comparable exposure low dispersion spectra of the 
same objects. 

As an example, in Table 1 we compare the results of a 500 minute high dispersion 
S WP exposure of NGC 2363 to results obtained from several low dispersion SWP spectra 
(summed exposure equalled 444 minutes). It is evident that the general agreement between 
the net fluxes of "strong" lines from both spectra is good (suggesting that the absolute 
calibration of the SWP high dispersion orders is accurate), but the statistical errors of the 
line measurements are generally much better at  high dispersion (these errors are rms signal- 
to-noise estimates between the line profile and adjacent continuum uneveness). Moreover, 
since the velocity resolution of high dispersion is superior to that at  low dispersion, weak 
emission lines can be better detected and measured (or better upper limits set) by fitting 
a least-squares gaussian profile to a region of the high dispersion spectrum expected to 
contain the line (where the profile shape and IUE velocity adjusted wavelength can be 
determined accurately from strong lines such as C 1111 X1907/9). Such techniques have 
proven futile with low dispersion spectra because of the poor wavelength resolution and 
the sometimes severe blending with stellar absorbtion features. These results lead us to 
believe that the HRS on the ST may be a better instrument for studying the emission line 
spectra of distant nebulae than the lower resolution FOS. 

Table 1 - Line Measurements for NGC 2363 - - - 
- 1014 FA - 

Wavelength Ion SWP 18192 (HD) Low Dispersion 

1393.755 s i  IV 5.5 f 6.3 < 12 
1402.769 n 13.2 f 6.5 
1406.000 Si IV] 13.1 f 6.2 

} < l o  
1666.153 [0 1111 14.8 =t 5.0 12.8 f 6.5 
1793.800 Ne I11 3.6 f 2.7 < 6 
1892.030 Si 1111 6.4 f 1.5 16.2 f 9.5 

Another advantage of utilizing high dispersion observations of extragalactic H I1 re- 
gions is the additional scientific information provided by the separation of emission line 
multiplets. Such information is useful for determination of the temperature or density 
of a nebula, or as a check on values of atomic parameters. An example of this is the 
C 1111 X1906.680/1908.734 pair, for which the ratio is sensitive to the electron density for 
lo2 <N, 5 lo6 ~ m - - ~ .  Calculations of the X1909/1907 ratio as a function of electron density 



have been made using rnodern atomic data by Nussbaumer and Schild (1979) for physical 
situations appropriate to nebulae. For low densities, N, 5 lo2 cm-', and te~nperatures, 
T, e lo4 K ,  appropriate t,o H I1 regions, their calculations suggest that 11909/11907 z 1.5. 
By contrast, our high dispersion observatioris for five H I1 regions (all with N, < lo3 cm-' 
from ground based st,udies) indicate ratios between 1.7 and 1.9. Therefore, either the 
atomic data (specifically the collision strengths), the calculations, or the calibration of the 
IUE high dispcrsion instrl~mental response is in error. Since these lines have been and 
are being used in many investigations of emission line objects, resolution of this problem 
concerning the low dcnsit,y limit ratio of the C 1111 lines is important. 

During the past year we have analyzed over a hundred SWP and LWR low disper- 
sion spectra of galactic and extragalactic H I1 regions with thc Goddard RDAF from the 
archives or, in some cases, obtained as part of our continuing JUE observing program. Em- 
phasis was placed on measuring or obtaining upper limits on the C 1111 X1907+1909 flux 
in H I1 regions having accurate ground-based spectrophotometry available (or obtained 
by us a t  CTIO and/or KPNO) in order to  derive C abundances using model analyses. 
Currently, relatively litklc information is available on C abundances in the H I1 regions 
of galaxies spanning thc range of metallicity found from ground-based studies. For the 
Galaxy, only the Oriori Nebula has been adaquately studied in the UV for determination 
of the C abundance froni the UV lines (Torres-Peimbert, Peimbert, and Daltabuit 1980), 
which was found to be similar to the solar value. Subsequently, Dufour, Shields, and Tal- 
bot (1983) have used IUE low dispersion data to determine C abundances in several H I1 
regions of the Large and Srriall Magellariic Cloutls, and fourid notably lower C/O ratio in 
the Clouds, particularly the SMC (which has a C/N lower than solar), compared to the 
sun or Orion. Most recently, Gondhalekar (1983) has reported lower than solar C/N values 
in several metal-poor systcms (Tololo 1924, NGC 5471, and NGC 2363). 

Tablc 2 gives CNO abundances for 13 H I1 regions or galaxies for which the C abun- 
dance was derived from measurements of C 1111 X1907+1909 from IUE low dispersion spec- 
tra. For objects other than the SMC, LMC, and MWG H I1 regions (for which the CNO 
values come from the review by Dufour 1984a), and To1 1924 (taken from Gondhalekar 
1983), the calculation of C abundances (as well as for 0 and N) followed the model-inferred 
ionization correction approach of Dufour, Shields, and Talbot (1983). The ground-based 
data used in the calculations generally come from two or more spectrophotometric inves- 
tigations with modern spectrometers published in the literature or personal unpublished 
observations made by the authors. Full details of the observations and physical analysis 
will be submitted for publication in the near future. 

The objects are grouped together in order of the accuracy for which the C abundances 
are believed to be determined. This accuracy is largely set by how well the UV spectral 
data could be combined with the optical spectrophotometry. Group A contains the best 
studied systems, the SMC and LMC, for which the C results are based on three or more 
H I1 regions which are in excellent agreement with each other in a given Cloud. Group B 
contains three "objects" (the MWG H I1 C abundance is based solely on the Orion Nebula) 
for which the UV spectra were tied to the optical spectra physically based on multiplet lines 
of (0 1111 or (0 11] observed in both the UV and optical regions). Group C consists of two 
objects for which it is believed that  the entire emitting region flux is contained within the 
IUE large aperture and the UV/optical data combined from total fluxes of lines. Group D 
consists of nebulae for which the UV data were combined to  the optical spectra based on a 
"effective HP flux" derived from optical surface photometry extracted to match the shape 



and area of the IUE large aperture. Lastly, Group E consists of two 0-poor blue-dwarf 
irregular systems - I Zw 18 and To1 1924 - for which only limits are to the C 1111 line and 
C abundance are known. Formal errors to the abundances are difficult to derive because of 
the heterogenous mix of data from various sources. However, the O/H abundances should 
1)o accurate to f 0.1 dex in most cases, and N/H t,o k0.2 dex - except for Group E. C/H 
abundances are probably accurate to f 0.1 dex for Group A, f0 .2  dex for Groups B and C 
and f 0.3 dcx or worst for Group D. Some of the astrophysical implications of these results 
are discussed in the paper by Dufour (1984b) at this symposium. 

Table 2 - CNO Abundances in H I1 Regions 
- 

[XI = 12 + log( X/H) 
Group Nebulae [C] [N] 101 log( N/C log( O/C ) 

A SMC 7.16 6.46 8.02 -.70 0.89 
LMC 7.90 6.97 8.43 - .93 0.48 

B MWG H I1 8.46 7.57 8.70 - .89 0.14 
NGC 2363 7.30 6.63 8.01 - .67 0.71 
NGC 5471 7.58 6.72 8.22 - .86 0.64 

C NGC 4861 7.27 6.53 8.05 - .74 0.78 
h4KN 36 6.88 6.45 7.83 - .43 0.95 

D NGC604 7.28 6.99 8.30 - .29 1.02 
NGC 588 7.25 6.94 8.25 -.31 1 .OO 
NGC 5455 8.19 7.31 8.57 - .88 0.38 
IC 4662 - 7.49 6.73 8.28 -.76 0.79 

E I ZW 18 <6.5 5.71 7.16 > - .8 : >0.66 
To1 1924 >6.54 6.31 N/A < - .23 - 

Sun 8.65 7.96 8.87 - .69 0.22 
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THE USUAL HOT STARS I N  IJNIJSUAL GALAXIES 

* * 
S. A. Lamb , J. S. c a l l a g h e r t ,  M. J. Hjel lming , and D. A. Hunter  t 

ABSTRACT --- 
Two h o t  amorphous g a l a x i e s ,  NGC 1705 and NGC 1800 were s u c c e s s f u l l y  ob- 

se rved  w i t h  t h e  IlJE when we o b t a i n e d  Low d i s p e r s i o n ,  s h o r t  wavelength  d a t a .  
These s p e c t r a ,  t o g e t h e r  w i t h  new o p t i c a l  d a t a ,  i n d i c a t e  t h a t  t h e  OR s t e l l a r  
c o n t e n t  of  t h e s e  sys tems  i s  q u i t e  l i k e  t h a t  of  t h e  normal OB complexes found 
i n  s p i r a l  and r e g u l a r  I r r  g a l a x i e s .  

/ 

INTRODIJCTION ------- 
Amorphous g a l a x i e s  form a  c l a s s  of b l u e ,  i r r e g u l a r - l i k e  g a l a x i e s  which 

are remarkable  f o r  t h e i r  l a c k  of  d i s t i n c t  OR s t e l l a r  g roups ,  even though 
s e v e r a l  examples a r e  c l o s e  enough t o  he e a s i l y  r e s o l v a h l e .  These systems a r e  
a  s u b s e t  of  t h e  I O  o r  I r r  11 g a l a x i e s  f i r s t  d e s c r i b e d  by Holmberg (1958) and 
were c l a s s i f i e d  by Sandage and Rrucato  (1979; s e e  a l s o  Krienke and Hodge 
1974). B a s i c a l l y  amorphous g a l a x i e s  have smooth, e l l i p t i c a l - l i k e  o p t i c a l  
image p r o p e r t i e s ,  b u t  n o n - i n t e r a c t  i n g  members of t h e  c l a s s  resemble t h e  Magel- 
l a n i c  (Im) i r r e g u l a r s  i n  terms of g l o b a l  parameters ;  i .e .  t h e y  have low t o t a l  
masses,  h igh  hydrogen c o n t e n t ,  moderate l u m i n o s i t i e s ,  and b l u e  c o l o r s  (e.g. 
NGC 1800-Cal lagher ,  Hunter and Knapp 1981). 

O p t i c a l  s p e c t r a  of amorphous i r r e g u l a r s  o f t e n  g i v e  ev idence  of a  major 
i n t e r m e d i a t e  age s t e l l a r  component i n d i c a t i n g  t h a t  t h e  s t a r  fo rmat ion  p rocess  

9  h a s  been a c t i v e  f o r  a t  l e a s t  t h e  p a s t  10 yea r s .  Fur thermore ,  we s e e  s t a r  
fo rmat ion  c o n t i n u i n g  i n  t h e s e  g a l a x i e s  today. S p a t i a l l y  extended o p t i c a l  
e m i s s i o n  l i n e s  from i o n i z e d  hydrogen r e g i o n s  show t h a t  OR s t a r s  w i t h  masses of 
> 15 MO a r e  p r e s e n t ,  and i n  some c a s e s  t h e  i n f e r r e d  s t a r  fo rmat ion  r a t e  i s  s o  - 
h i g h  t h a t  t h e  g a l a x i e s  must be i n  compara t ive ly  s h o r t  Lived s t a r  fo rmat ion  
b u r s t  phases  ( c f .  NGC 1569-Hunter, G a l l a g h e r ,  and Rautenkranz 1982). Yet i n  
s p i t e  of t h e  p resence  of i o n i z e d  g a s  and d i s t i n c t  H I 1  complexes, which a l b e i t  
t end  t o  b lend  i n t o  one a n o t h e r ,  i n d i v i d u a l  OR a s s o c i a t i o n s  a r e  v i r t u a l l y  unde- 
t e c t a b l e .  Thus, t h e  fo rmat ion  of OR s t a r s  i n  amorphous i r r e g u l a r s  is  a  puzz le  
which d e s e r v e s  a  c l o s e r  look. 

I n  o r d e r  t o  f u r t h e r  e x p l o r e  t h e  massive s t e l l a r  p o p u l a t i o n s  i n  such sys- 
tems, we have o h t a i n e d  I1JF s a t e l l i t e  u l t r a v i o l e t  s p e c t r a  and new o p t i c a l  ob- 
s e r v a t i o n s  of two amorphous g a l a x i e s ,  NGC 1705 and NGC 1800. 

* U n i v e r s i t y  of I l l i n o i s  a t  Urbana-Champaign. 
t K i t t  Peak N a t i o n a l  Observa to ry ,  o p e r a t e d  by Associa ted  U n i v e r s i t i e s  f o r  

Research i n  Astronomy, Inc .  under c o n t r a c t  t o  t h e  N a t i o n a l  Sc ience  Foundation.  



THE ULTRAVIOLET OBSERVATIONS 

Shor t  wavelength, low 
d i spe r s ion ,  l a r g e  a p e r t u r e  

PROPERTIES OF THE ULTRAVIOLET SPECTRA 

s p e c t r a  were obtained of 2 .  6 I I I I I 

The s t rong  i n t e r s t e l l a r  l i n e s  seen  i n  NGC 1705 r e f l e c t  absorp t ion  due t o  
gas  wi th in  NGC 1705 and i n  our Galaxy (our s p e c t r a l  r e s o l u t i o n  is  i n s u f f i c i e n t  
t o  r e so lve  t he se  two components f o r  t h e  640 km s'l r e d s h i f t  v e l o c i t y  of NGC 
1705; Lauberts  1982). Since NGC 1705 l i e s  comparatively near  the  Large Magel- 
l a n i c  Cloud ( s epa ra t i on  of - 20°),  we have used t h e  d a t a  presented by Savage 
and de Boer (1981) t o  roughly e s t ima te  t he  G a l a c t i c  i n t e r s t e l l a r  equiva len t  
widths. Resu l t s  a r e  presented i n  Table 1 ,  where we a l s o  have used t h e  Savage 
and de Boer J,MC d a t a  a s  a  guide t o  i n t e r s t e l l a r  l i n e  s t r e n g t h s  i n  ho t  galax- 
ies, which enables  us t o  c l a s s i f y  t h e  o r i g i n s  of t he  observed absorp t ion  
l i n e s ,  most of which a r e  i n t e r s t e l l a r  i n  o r ig in .  The only p o t e n t i a l l y  anoma- 
l ous  r e s u l t  i s  the  g r e a t  s t r e n g t h  of A1 11 11677, which a l s o  i s  seen  t o  be 
q u i t e  pronounced i n  some H I1 regions.  The presence of s t rong  i n t e r s t e l l a r  
l i n e s  from wi th in  NGC 1705 i n d i c a t e s  t h a t  t he  emergent W energy d i s t r i b u t i o n  
has  been modified by i n t e r s t e l l a r  mat te r  and thus  we must r e l y  p r imar i l y  on 
s t e l l a r  s p e c t r a l  f e a t u r e s  t o  diagnose t h e  mix of s t a r s  r e spons ib l e  f o r  the IJV 
l uminos i t i e s  of these  ga l ax i e s .  

NGC 1800 and NGC 1705 wi th  
t h e  I n t e r n a t i o n a l  Ultra-  
v i o l e t  Exptorer  Sa t  l l i t e  - 

t% 
q 2.1- 

on the  14L" and 15 May N 

1983, r e spec t ive ly .  SWP 5 
519992 of NCX 1705 i s  a  240 2 I.,! 

NGC 1705 

- 

ki .- H - 
minute exposure. The con- 5 I i 7 steltar tinuum l e v e l  i s  220 IUE L lines 
Data Numbers (DN) and the  U ,  

V 1.3 - - 
background is 58 DN. Thus r) 

t h e  continuum t o  background o 
r a t i o  of 4: l  i s  h i ~ h  enough 0.9 _ 
t o  allow a  d e t a i l e d  analy- * 
sis of t he  spectrum. SWP x 
819983 of NGC 1800 is  a  350 
minute exposure. Here t h e  LL 

continuum l e v e l  ranges be- # .- tween 200 DN a t  s h o r t  wave- 0:o 
l eng ths  t o  180 DN a t  long 1150 1300 1450 1600 1750 1900 2050 
wavelengths. However t he  
high background noise  l e v e l  Wave 1 e n g  t h (a) 
of 165 DN precludes a  de- FIGURE 1 - The u l t r a v i o l e t  spectrum o f  NGC 1705. 
t a i l e d  a n a l y s i s  of t h e  
spectrum, but does a l l ow  
t h e  gene ra l  s l ope  of t h e  W t o  be e s t ab l i shed .  The ex t r ac t ed  spectrum of NGC 
1705 with l i n e  i d e n t i f i c a t i o n s  i s  shown i n  Figure I .  



, TABLE 1 

Absorpt ion L ines  i n  t h e  U l t r a v i o l e t  Spectrum of  NGC 1705 

'OBS( ') 
I .D.  total) (A)  gal) a( A) WX(1705) (A) o r i g i n  

1178 C I I I  1.30 b  - - s t e l l a r  
1264 S i I I  2.94 1.37 1.57 I S  
1308 O I , S i I I , S i I I I  3.12 1.34 1.78 I S  ., 

1339 C I I  , O I V  4.22 1  .h5 2.57 b o t h  
1396-1409 SiIV , O I V  3.43 .38 3.05 s t e l l a r  
1531 S i I I  0.75 .78 .03 
1555 C I V  3.84 .62 . 3.22 s t e l l a r  
1571-1576 ? 1.44 c -- 
1677 A1 I1 3.47 1  .05 2.42 I S  

a )  e s t i m a t e s  from Savage and de Roer (1981) 
b) C I T 1  was n o t  w i t h i n  range p resen ted  
c )  no a b s o r p t i o n  f e a t u r e  l i s t e d  

Both t h e  C I V  and S i  I V  b lends  a r e  l i k e l y  t o  o r i g i n a t e  p r i m a r i l y  from 
s t e l l a r  pho tospheres ' and  a r e  approximately  e q u a l  i n  s t r e n g t h .  T h i s  f a c t  im- 
media te ly  exc ludes  dominant presence of v e r y  h igh  mass (> 30-40 M0) s t a r s ,  a s  
does  t h e  absence of s t r o n g  P Cygni p r o f i l e s ,  d e s p i t e  the-very b l u e  c o l o r  o f  
NGC 1705. Also,  t h e  1JV spectrum ( p l u s  o p t i c a l  emiss ion  l i n e s )  r u l e s  o u t  any 
extreme d e f i c i e n c i e s  of OR s t a r s  i n  NGC 1705. The s t r e n g t h s  of C I V  a n d . S i  I V  
a r e  c l o s e l y  matched t o  t h o s e  expected f o r  a  BO o r  B1 s t a r  i n  a  Mage l lan ic  type 
system, which cor responds  t o  a main sequence s t a r  of mass - 20 b. This  i n  
f a c t  p rov ides  a  lower bound f o r  t h e  maximum s t e l l a r  mass. I f  t h e r e  i s  any  
major  abnormal i ty  i n  t h e  upper i n i t i a l  mass f u n c t i o n ,  i t  must occur  on ly  f o r  
t h e  most massive stars and is  u n l i k e l y  t o  be  s o l e l y  r e s p o n s i b l e  f o r  t h e  o p t i -  
c a l  appearance of t h e s e  g a l a x i e s .  

A comparison of t h e  IlJE spectrum of NGC 1705 w i t h  I U E  s p e c t r a  of o t h e r  
b l u e  o b j e c t s  i n d i c a t e s  t h a t ,  i n  t h e  u l t r a v i o l e t ,  NGC 1705 i s  most similar t o  
t h e  nuc leus  of M83, which i s  thought  t o  he i n  a  s t a r b u r s t  s t a t e  (Rohl in  e t  a l .  
1983). It i s  a l s o  remarkably s i m i l a r  t o  t h e  composite spectrum of  t h e  two b l u e  
g a l a x i e s  NGC 4214 and NGC 4670, w i t h  t h e  r a t i o  of t h e  wid ths  of t h e  s t e l l a r  
a b s o r p t i o n  l i n e s  S i  I V  11400 A and C TV X1555 A comparable and approx imate ly  
e q u a l  t o  one. The IUE spectrum of R 136a,  on t h e  o t h e r  hand, i s  i n d i c a t i v e  o f  
a h o t t e r  o b j e c t .  However, a l l  of t h e s e  systems are r e l a t i v e l y  h o t ,  and i n t e r -  
s t e l l a r  A 1  I1 A1677 A a p p e a r s  t o  be a  ha l lmark  of h o t ,  g a s  r ich' ,  h l u e  sys tems.  

STRUCTURAL AND EVOLUTIONARY CHARACTERISTICS 

Fol lowing t h e  approach developed i n  G a l l a g h e r ,  Hunter ,  and Tutukov (1984) 
i t  i s  p o s s i b l e  t o  p l a c e  t h e  s t a r  fo rmat ion  h i s t o r i e s  of t h e s e  two g a l a x i e s  on 
a  s y s t e m a t i c  b a s i s .  T h i s ' h a s  been done by Lamb e t  a l .  (1984).  They deduce 
t h a t  i n  NGC 1800 t h e  a s t r a t i o n  r a t e  h a s  been n e a r l y  c o n s t a n t  o v e r  t h e  p a s t  
s e v e r a l  b i l l i o n  y e a r s ,  a l though  i t  may have d e c l i n e d  s l i g h t l y  o v e r  t h e  l i f e -  



time average. However t h e  observa t ions  suggest  t h a t  NGC 1705 i s  i n  a mild 
s t a r  formation b u r s t  phase. New small-aperture  o p t i c a l  photometry o ta ined  a t  
Cerro Tololo Inter-American Observatory (CTIO), however, suggests  t h a t  t he  re- 
gion observed wi th  t h e  IUE is  i n  a l o c a l  post-burst  phase wi th  weaker emission - 
than  t h e  g a l a c t i c  average. This  p i c t u r e  i s  supported by-long s l i t  SIT s p e c t r a  
taken wi th  t he  CTIO 4-m te lescope ,  which d e t e c t  a major emission reg ion  wel l  
o f f  of t h e  b r i g h t  s t e l l a r  core  which c o n t r i b u t e s  heavi ly  t o  t h e  Ya f lux .  

A l l  of t h e  a v a i l a b l e  d a t a  a r e  c o n s i s t e n t  wi th  a model f o r  t h e  c e n t e r  o f  
NGC 1705 i n  which a major s t a r  forming event  has  evolved t o  the  po in t  where 
t h e  ho t  s t a r s  have l a r g e l y  emerged from t h e i r  n a t a l  gas.  This  phenomenon i s  
n o t  unique, but  i s  seen  i n  a v a r i e t y  of normal a c t i v e l y  s t a r  forming ga l ax i e s .  

The unusual f e a t u r e s  of t h e  event  i n  NGC 1705 a r e  i t s  smooth h igh  s u r f a c e  
b r igh tnes s ,  l a r g e  luminosi ty ,  and minimal numbers of surrounding f e a t u r e s  (e.g. 
o t h e r  smal le r  OB s t a r  complexes) which produce l i t t l e  o p t i c a l l y  r e so lvab le  
s t r u c t u r e .  That a smal l  galaxy should support  few a c t i v e  s t a r  forming cen t e r s  
i s  n o t  s u r p r i s i n g ,  but t h a t  t h e  one should appear t o  be  an unresolved super- 
g i a n t  OB complex i s  remarkable. We do not  know, however, whether t he  region 
i n  NGC 1705 a c t u a l l y  i s  a s i n g l e  coherent  OB s t e l l a r  group o r  many smal le r  
ones t h a t  over lap  i n  t h e  l i n e  of s i g h t .  Nevertheless ,  t h e  IUE spectrum shows . 
t h a t  t h e  massive component of t h e  s t e l l a r  popula t ion  i s  t y p i c a l  of l a r g e  s t a r -  
formation events  found i n  o t h e r  ga l ax i e s  ( s e e  a l s o  Lequeux e t  al .  1981). 

For NGC 1800 more than a s i n g l e  s t a r  forming c e n t e r  i s  involved,  a s  can 
be seen  from t h e  mu l t i p l e  H I1 complexes de t ec t ed  i n  e c h e l l e  s p e c t r a  obtained 
by Hunter (1982). These i n d i v i d u a l l y  appear t o  be smal l ,  but ev iden t ly  spa- 
t i a l l y  ove r l ap  t o  g ive  r i s e  t o  t h e  amorphous appearance of NGC 1800 (Sandage 
and Brucato,  1979; GHK). Since t h e  UV d a t a  a r e  of poorer q u a l i t y ,  we have 
less information on t h e  s p e c i f i c s  of. the  ho t  s t e l l a r  populat ion mix than i n  
NGC 1705, but again t h e r e  a r e  no i n d i c a t i o n s  of major s t e l l a r  populat ion anom- 
a l i e s  a s soc i a t ed  w i th  t h e  unusual ly  smooth s p a t i a l  p a t t e r n  of s t a r  formation. 
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HIGHLY I O N I Z E D  GAS ASSOCIATED WITH THE 

SMALL MAGELLANIC CLOUD 

Edward L. F i t z p a t r i c k  and Blair D. Savage 
Washburn Observatory, The Univers i ty  o f  Wisconsin-Madison 

High d i s p e r s i o n  IUE s p e c t r a  o f  SMC stars a r e  examined t o  s ea rch  f o r  
evidence o f  a widespread d i s t r i b u t i o n  o f  h igh ly  ion ized  gas .  o r  a l l  o f  t h e  F s t a r s ,  abso rp t ion  by C I V  and/or S i  I V  is found near  160 km s- , and is 
a t t r i b u t e d  t o  nebular  ma te r i a l .  I n  a d d i t ' o n ,  t h e  s t a r s  show abso rp t ion  by t h e  -t high ion  l i n e s  i n  t h e  range 100-130 km s . This absorp t ion  might i n d i c a t e  
t h e  presence o f  g l o b a l  d i s t r i b u t i o n s  o f  t he se  i o n s ,  such as a h o t  phase o f  t h e  
i n t e r s t e l l a r  medium o r  a ha lo- l ike  region.  

INTRODUCTION 

Evidence o f  widespread C I V  and S i  I V  absorp t ion  a t  large z-d is tances ,  i n  
t he  Ga lac t i c  ha lo ,  was first demonstrated through IUE obse rva t ions  o f  s t a r s  i n  
t he  Large and Small Magellanic Clouds (LMC and SMC; Savage and de Boer 1979, 
1981) and has  been confirmed wi th  observa t ions  o f  high l a t i t u d e  G a l a c t i c  OB 
stars ( P e t t i n i  and West 1982). An important i s s u e  is whether o t h e r  g a l a x i e s  
a l s o  possess  ex t ens ive  haloes .  Such ha loes  have been suggested a s  t h e  sou rces  
of  QSO abso rp t ion  l i n e  systems (Bahcal l  and S p i t z e r  1969). de Boer and Savage 
(1980) found t h a t  t h e  u l t r a v i o l e t  absorp t ion  l i n e  v e l o c i t y  c h a r a c t e r i s t i c s  o f  
SMC n e u t r a l  and h igh ly  ion ized  g a s  a r e  s i m i l a r  t o  those  found f o r  t h e  Milky 
Way. This  suggested t h a t  some, i f  no t  most, o f  t h e  abso rp t ion  i n  t h e  h igh ly  
ion ized  g a s  is occu r r ing  i n  a gaseous ha lo  s i m i l a r  t o  t h a t  surrounding the  
Milky Way. However, Prevot e t  a l .  ( 1980) argued t h a t  t h e  C I V  and S i  I V  l i n e s  
more l i k e l y  a r i s e  i n  t h e  nebular  environments o f  t he  t a r g e t  s t a r s .  A r e c e n t  
d i s cus s ion  o f  t h i s  c o n t r o v e r s i a l  s u b j e c t  i s  found i n  de Boer (1984). 

I n  t h i s  paper we examine the  high d i spe r s ion  I U E  s p e c t r a  o f  a number o f  
SMC stars t o  determine i f  evidence e x i s t s  f o r  a g l o b a l  d i s t r i b u t i o n  o f  h igh ly  
ion ized  g a s  ( a s  opposed t o  " l o c a l n  o r  c i r c u m s t e l l a r  d i s t r i b u t i o n s ) .  Seven SMC 
s t a r s  a r e  cons idered  here .  These s t a r s  (and t h e i r  s p e c t r a l  t ypes )  a r e :  
HD5980 (oB?+wN~) ,  ~ k 8 0  (07 I a f + )  , Sk108 ( 0 6 . 5 + ~ ~ 3 ) ,  ~ k 1 8 8  ( ~ 0 4 + 0 7  1111, ~ k 8 2  
(BO I a )  , Sk159 (B0.5 I a )  , and ~ ~ 5 0 4 5  (B1-2 I ) .  I n t e r s t e l l a r  l i n e  p r o f i l e s  f o r  
most of  t h e s e  s t a r s  can be found i n  Savage and de Boer (1979, 1981 ), 
F i t z p a t r i c k  and Savage ( 1983; Paper I ) ,  and F i t z p a t r i c k  ( 1984a, 1984b; Papers 
I1 and 111, r e s p e c t i v e l y ) .  The reduc t ion  procedures app l i ed  t o  t h e  d a t a  a r e  
d i scussed  i n  Paper I. 

DISCUSSION 

The C I V  ~A1548, 1550 and S i  I V  AAl393, 1402 i n t e r s t e l l a r  l i n e s  f o r  t h e  



s t a r s  considered he re  a r e  shown i n  Figure 1. For s e v e r a l  o f  t h e  s t a r s ,  one o r  
more o f  t h e  l i n e s  a r e  a f f e c t e d  by a  cosmic r a y  h i t  i n  t h e  spectrum o r  a r e  
loca ted  i n  extremely low s i g n a l h o i s e  r a t i o  r eg ions  and a r e  no t  shown. 
Spec t r a  o f  SMC s t a r s  typ ica l ly l show C I V  and S i  I V  ~ b s o r p t i o n  i n  t h r e e  
ve o c i t y  ranges: near  0  km s- , near  100-130 km s- , and near  160 km -$ s . The 0 km s-' absorp t ion  ~ ~ i s e s  i n  t h e  Milky yay h a l o  and is not  
considered here.  The 160 km s and 100-130 km s- components a r e  
discussed s e p a r a t e l y  below. 

a )  160 km s-' Absorption 

The s t r o n g e s t  C I V  and/or S i  I V  abso rp t ion  a t  SMC v e l o c i t i e s  is seen 
t y a r d  t h e  0 and WR+O s t a r s  (m5980,  Sk80, Sk108, and Sk188) near 160 km 
s . Among t h e  otheri t h r e e  s t a r s  i n  Figure 1 ,  Sk82 and Sk159 show prominant 
S i  I V  near  160 km s- , with  weak o r  absent  corresponding C I V .  N S i  I V  o r  
C I V  is p o s i t i v e l y  de tec ted  i n  t h e  ID5045 spectrum near  160 km s-', al though 
the  no i se  l e  e l  is high. F i t z p a t r i c k  and Savage (1984) show t h a t  a  v e l o c i t y  
o f  160 km s-' i n d i c a t e s  t h a t  t h e  l i n e s  most l i k e l y  form i n  t h e  nebular  
environments o f  t he  s t a r s  (which a r e  a l l  s i m i l a r  k inema t i ca l l y ) .  S t e l l a r  
UV-photoionization is suggested as t h e  dominant product ion mechanism, a l though 
o the r  mechanisms a r e  probably a l s o  a t  work. I n  p a r t i c u l a r ,  t h e  presence o f  N 
V absorp t ion  a t  nebular  v e l o c i t i e s  toward t h e  well-observed s t a r  HD5980 
r e q u i r e s  an a d d i t i o n a l  source  o f  i on i za t i on .  

b )  100-130 km s-' Absorption 

The 100-130 km s-I component is most apparent  i n  t h e  C I V  l i n e s  o f  
Sk159 and HD5045. Its presence is revealed i n  t h e  s p e c t r a  o f  t he  0 and WR+O 
s t a r s  by the  asymmetric extengion o f  t he  s t r o n g  nebular  l i n e s  t o  lower 
v e l o c i t i e s .  No 100-130 km s component is seen i n  t h e  Sk82 spectrum, bu t  
t he  most l i k e l y  i n d i c a t o r  o f  such a  component, C I V  A1548, is un fo r tuna t e ly  
buried i n  t h e  s t e l l a r  P Cygqf troygh. For Sk159 and HD5045, t h e  C I V  l i n e s  
i n d i c a t e  N(C I V )  = 3-4 x 10 cm- and the  weakness o r  absence o f  S i  I V  
g ives  N(C IV)/N(Si I V )  > 10. Due t o  t h e  s eve re  blending wi th  t h e  nebular  
l i n e s ,  no such measurements can be-rpade f o r  ~ ~ 5 9 8 0 ,  ~ k 8 0 ,  ~ k 1 0 8 ,  o r  ~ k 1 8 8 .  
N V abso rp t ion  i n  t h e  100-130 km s v e l o c i t y  range,  blended wi th  a  h igher  
v e l o c i t y  component, is seen i n  t h e  ~ ~ 5 9 8 0  spectrum. 

The 0 and WR+O s t a r s  a r e  no t  s u i t a b l e  t a r g e t s  f o r  an a t t empt  t o  
d i  c r imina te  between a g loba l  and a loca l /nebular  o r i g i n  fo_~ t h e  100-130 km -9 s absorp t ion .  The v e l o c i t y  o f  t h e  f e a t u r e  is 30-60 km s more nega t ive  
than expected f o r  "normal" nebular  m a t e r i a l ;  however, high v e l o c i t y  motions 
a r e  known t o  e x i s t  i n  t he  environments o f  e a r l y  type  s t a r s  (e.g., t h e  Carina 
nebula;  Walborn, Heckathorn, and Hesser 1984). Thus any sugges t ion  o f  a  
g l o b a l  o r i g i n  f o r  t he se  l i n e s  would be v i t i a t e d  by the  s t r o n g  p o s s i b i l i t y  o f  
c i r c u m s t e l l a r  o r  nebular  con t r ibu t ions .  

The presence o f  t he  absorp t ion  i n  t h e  s p e c t r a  o f  t h e  B-type supe rg i an t s ,  
Sk159 and HD5045, a l lows the  s e r i o u s  cons ide ra t i on  o f  a g l o b a l  d i s t r i b u t i o n  o f  
t h e  h igh ly  ion ized  gas .  The s t a r s  a r e  l oca t ed  i n  appa ren t ly  qu i e scen t  
environments and, while  c i r cums te l l a r /nebu la r  o r i g i n s  cannot be ru l ed  o u t ,  a 



g l o b a l  o r i g i n  seems a t  l e a s t  as l i k e l y .  Two types  of  g l o b a l  d i s t r i b u t i o n s  
sugges t  themselves - e i t h e r  a  t r u l y  i n t e r s t e l l a r  d i s t r i b u t i o r i  ( s i m i l a r  t o  t he  
hot  phase o f  t h e  Milky Way i n t e r s t e l l a r  medium) o r  a llcircqm-SMCn d i s t r i b u t i o n  
(perhaps analogous t o  t h e  Milky Way ha lo) .  Toward t h e  s t a r s  considered he re ,  
t he  bulk o f  t h e  absorp t ion  f  om the  n e u t r a l  i n t e r s t e l l a r  medium occurs  i n  t he  -C v e l o c i t y  range 130-140 km s . A ho t  phase would not  be expected o  mimic - f i  exac t ly  t h e  v e l o c i t y  o f  the  n e u t r a l  ma te r i a l  and t h e  100-130 km s v e l o c i t y  
is not  i n c o n s i s t e n t  with such an o r ig in .  A l t e r n a t i v e l y ,  t h e  high i o n i z a t i o n  
absorp t ion  might be a s s  c i a t e d  with d i f f u s e  low i o n i z a t i o n  s t a g e  absorp t ion  -9 
seen a t  about  100 km s toward a l l  o f  t he  SMC s t a r s  observed. It is shown 
i n  Paper I11 t h a t  t he  gas  producing t h i s  absorp t ion  probably l i es  "abovev 
( i . e . ,  nea re r  t o  the  Galaxy than)  t he  main n e u t r a l  i n t e r s t e l l a r  complex. Such 
a  s i t u a t i o n  is  sugges t ive  o f  t he  Milky Way halo.  Also, t h e  l a r g e  
N(C IV)/N(Si IV) ~ a t i o  i n  t h e  Ga lac t i c  ha lo  ( - 4-6) is s i m i l a r  t o  t he  va lue  i n  
t he  100-130 km s- absorpt ion.  A d i scuss ion  o f  a  pos s ib l e  SMC "halow is 
complicated by the  f a c t  t h a t  both t he  dynamics and the  morphology of t he  SMC 
have l i k e l y  been shaped by g r a v i t a t i o n a l  i n t e r a c t i o n  wi th  t h e  Milky Way and 
t h e  LMC (e.g., Fujimoto and Murai 1984). Thus, a  circum-SMC d i s t r i b u t i o n  o f  
h igh  and low i o n i z a t i o n  s t a g e  g a s  might resemble t h e  Milky Way ha lo  i n  some 
r e s p e c t s ,  bu t  t h e  o r i g i n  o f  such a  d i s t r i b u t i o n  might be q u i t e  d i f f e r e n t  
(Songai la  1981 ) . 

I n  conc lus ion ,  examination o f  the  a v a i l a b l e  high d i spe r s ion  IUE s p e c t r a  
of  SMC s t a r s  sugges t s ,  o r  a t  l e a s t  permits ,  t he  ex i s t ence  o f  a  widespread 
d i s t r i b u t i o n  o f  h igh ly  ion ized  gas .  This gas  may e x i s t  i n  an SMC ha lo  with 
p r o p e r t i e s  s i m i l a r  t o  t he  Milky Way halo.  However, o the r  explana t ions  f o r  t h e  
o r i g i n  o f  t h i s  ga s  are c e r t a i n l y  allowed by t h e  da ta .  
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F i g u r e  1  C I V  AX1548, 1550 and S i  I V  XX1393, 1402 i n t e r s t e l l a r  l i n e  p r o f i l e s  
f o r  SMC stars. S p e c t r a  a r e  p l o t t e d  on a n e t  i n t e n s i t y  vs .  h e l i o c e n t r i c  
v e l o c i t y  s c a l e .  T i c k  marks on t h e  v e r t i c a l  a x e s  i n d i c a t e  t h e  z e r o  l e v e l s .  
"Bfl d e n o t e s  e i t h e r  a "hot p i x e l n  o r  d a t a  a f f e c t e d  by cosmic r a y  h i t s  on t h e  
d e t e c t o r ;  llR1l i n d i c a t e s  a d e t e c t o r  r e s e a u  mark. The h i g h e s t  q u a l i t y  d a t a  a r e  
f o r  HI15980 and Sk159, f o r  which 7 and 3  IUE s p e c t r a ,  r e s p e c t i v e l y ,  have been 
combined. 
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ABSTRACT 

G a l a c t i c  a b s o r p t i o n  l i n e s  were d e t e c t e d  and measured from t h e  low 
d i s p e r s i o n  s p e c t r a  of 10 a c t i v e  g a l a x i e s .  Four of t h e s e  a r e  a t  g a l a c t i c  
l a t i t u d e s  g r e a t e r  t h a n  60° and t h e  remaining 6 a r e  a t  l a t i t u d e s  between 
20° and 60° and behind h igh  v e l o c i t y  21-cm clouds .  I n  our  g a l a c t i c  
a b s o r p t i o n  l i n e  sys tems,  whi le  C I1 A1335 is  commonly seen,  C I V  ~ 1 5 5 0  
is d e t e c t e d  w i t h  conf idence  on ly  i n  h i g h  l a t i t u d e  o b j e c t s  and F a i r a l l  9 
which h a s  a l a t i t u d e  c l o s e  t o  60° and l i e s  i n  t h e  g e n e r a l  d i r e c t i o n  of 
t h e  Mage l lan ic  Clouds. The C I V  t o  C I1 r a t i o  is about  one f o r  t h e  h i g h  
l a t i t u d e  o b j e c t s ;  and lower f o r  t h e  low l a t i t u d e  o b j e c t s .  T h i s  is  
c o n s i s t e n t  wi th  t h e  p i c t u r e  t h a t  C IV and C I1 e x i s t  most ly  i n  t h e  h a l o  
and  d i s k ,  r e s p e c t i v e l y .  I n  t h e  q u a s a r  a b s o r p t i o n  l i n e  sys tems,  C I1 is 
r a r e l y  s e e n  w h i l e  C IV is  g e n e r a l l y  s t r o n g .  Th is  s u g g e s t s  t h a t  t h e  h a l o  
o f  i n t e r v e n i n g  g a l a x i e s  a r e  l a r g e  compared t o  t h e i r  d i s k .  T h e r e f o r e ,  
t h e  s i g h t  l i n e s  t o  h i g h  z QSOs f r e q u e n t l y  i n t e r c e p t  t h e  h a l o  b u t  r a r e l y  
b o t h  t h e  d i s k  and h a l o  of i n t e r v e n i n g  g a l a x i e s .  

INTRODUCTION 

I U E  low d i s p e r s i o n  o b s e r v a t i o n s  of a c t i v e  g a l a x i e s  a l low t h e  probe 
of t h e  g a l a c t i c  d i s k  and h a l o  i n  many s i g h t  l i n e s .  The low d i s p e r s i o n  
d a t a  do n o t  have s u f f i c i e n t  s p e c t r a l  ( v e l o c i t y )  r e s o l u t i o n  f o r  s t u d y i n g  
t h e  geometry o f  t h e  h a l o  from t h e  l i n e  p r o f i l e s ,  however, t h e y  can g i v e  
reasonab ly  r e l i a b l e  e q u i v a l e n t  widths  f o r  many ions .  The h a l o  of 
i n t e r v e n i n g  g a l a x i e s  have been sugges ted  t o  be t h e  o r i g i n  of some 
a b s o r p t i o n  l i n e  systems observed i n  t h e  s p e c t r a  of q u a s i s t e l l a r  o b j e c t s  
( f o r  review, s e e  Weymann, Carswel l ,  and Smith 1581 1. I n  t h i s  r e p o r t ,  
t h e  a b s o r p t i o n  l i n e  s p e c t r a  of t h e  d i s k  and h a l o  o f  our  galaxy a r e  
compared wi th  t h o s e  seen  i n  t h e  s p e c t r a  of h i g h  z QSOs. The e q u i v a l e n t  
w i d t h s  and l i n e  r a t i o s  of t h e  d e t e c t e d  i o n s  p r o v i d e  impor tan t  
i n f o r m a t i o n  on t h e  h a l o  of g a l a x i e s .  

RESULTS 

Absorp t ion  l i n e s  o r i g i n a t e d  i n  t h e  d i s k  and h a l o  of o u r  Galaxy a r e  
r e a d i l y  d e t e c t a b l e  i n  t h e  low d i s p e r s i o n  s p e c t r a  of some S e y f e r t  



galaxies  and QSOs. Figures 1 and 2 show the  absorption l i n e s  i n  the  SWP 
and LWR s p e c t r a l  regions of the  Seyfer t  galaxy F a i r a l l  9. Figures 1 and 2 
a r e  the  r e s u l t s  of combining 12 SWP and 8 LWR images, respect ive ly ,  a f t e r  
the r ad ia t ion  h i t s  have been removed from the  line-by-line data. 

J u s t  from the  data  obtained by two of us  (AB and CCW), s t rong  g a l a c t i c  
absorption l i n e s  were found i n  the  following objects:  (1 )  PG 1116+216, 
( 2 )  PG 1119+120, ( 3 )  Q 1229+204, ( 4 )  3C 273, (5)  Akn 120, ( 6 )  PG 
0803+76, (7 )  NGC 3783, (8 )  Mrk 279, (9 )  Mrk 817, and (10) F a i r a l l  9. 
The f i r s t  four 'are a t  g a l a c t i c  l a t i t u d e s  g rea te r  than 64O and a r e  not known 
t o  be behind any high veloci ty  21-cm clouds. For f u r t h e r  discussion,  they 
w i l l  be designated a s  "Pole' objects.  Objects (5 )  - (9 )  a r e  a t  g a l a c t i c  
l a t i t u d e s  23O - 54O, and a r e  a l l  behind 21-cm clouds; they w i l l  be 
designated a s  "Cloud" objects .  F a i r a l l  9 is  a t  5g0 l a t i t u d e  and behind a 
21-cm cloud. It a l s o  l i e s  i n  the  general d i r ec t ion  of the  Magellanic 
Clouds. 'The equivalent  widths of the  absorption l i n e s  i n  the  spect ra  of 
the  Pole and Cloud objec ts  and F9 a r e  given i n  Table 1 together  with HD 
5980 i n  SMC, HD 36402 i n  LMC (Savage and Jeske 1981) and the  absorption 
l i n e  systems seen i n  the  spect ra  of QSOs PKS 2126-158 (Young e t  a l .  1979) 
and Q 1756+237 (Turnshek, Weymann, and W i l l i a m s  1979). In  Table 1, i f  a 
given species is  seen i n  more than one objec t ,  the  range of the  equivalent  
width is reported. These equivalent  widths were measured only from the  
spectra taken by ourselves. S i  I V  1400 was never r e l i a b l y  i d e n t i f i e d .  
However, we have acquired a l l  t h e  a c t i v e  galaxies da ta  from the  archive. 
For a given objec t ,  adequately exposed spec t ra  were se lec ted ,  r a d i a t i o n  
h i t s  were removed from the  l i n e  by l i n e  da ta  and combined. A s  shown i n  
Figure 1, S i  I V  1400 is  present  i n  the  spectrum of F9 with the  two 
components resolved. 

The following statements can be made based on the  comparison of the  
absorption l i n e  spect ra  f o r  the  d i f f e r e n t  s i g h t  l i n e s  reported i n  
Table 1: (1 )  The absorption l i n e  spectrum seen i n  F9 i s  q u i t e  s imi la r  t o  
t h a t  i n  HD 36402 (LMC), but it is s i g n i f i c a n t l y  s t ronger  than t h a t  i n  HD 
5980 (SMC) and seems t o  sample gas, a t  an average, of lower ioniza t ion .  
This may be understood from the  f a c t  t h a t  F9 is behind a 21-cm cloud which 
is dominated by low ioniza t ion  species. (2 )  The g a l a c t i c  absorption 
systems (Pole and Cloud) have equivalent  widths comparable t o  some QSO 
absorption systems. (3)  The g a l a c t i c  absorption systems have C I V  1550/C 
I1 1335 < 1. This d i f f e r s  s i g n i f i c a n t l y  from the  QSO absorption systems. 
Mixed ioniza t ion  systems which have both the  low ioniza t ion  species  l i k e  S 
11, S i  11, C 11, 0 I, A 1  11, Fe I1 and Mg I1 and the  moderate ion iza t ion  
species  l i k e  S i  I V  and C I V  a r e  r a r e  among t h e  QSO absorption systems. For 
example, there  a r e  22 C IV systems i n  Young, Sargent and Boksenberg (1982) 
f o r  which the  wavelength coverage includes C 11, but  C I1 is detected only 
i n  6 of them. Similarly,  i n  the  sample of Weymann e t  a l . ,  (1979), C I1 is 
present  only i n  5 out  of 30 C I V  systems i n  which it might be seen. In  
o ther  words, f o r  most QSO absorption systems, C IV 1550/C I1 1335 >> 1. 
Even f o r  the  mixed systems (e.g., see  Table 11, C I V  1550/C I1 1335 is  
general ly g rea te r  than 1 (Weymann e t  a l . ,  1981). 



We can a t tempt  t o  r econc i l e  t h e  above observa t ions  by making t h e  
fol lowing arguments: ( 1 )  For t h e  g a l a c t i c  absorp t ion  systems, most of t h e  
C I1 and o t h e r  low i o n i z a t i o n  absorp t ion  occurs  i n  t h e  d isk ,  and most of 
t h e  C IV absorp t ion  occurs  i n  t h e  halo. Then our  ha lo  is s i m i l a r  t o  t h e  
h a l o  of i n t e rven ing  ga l ax ie s  i n  having C IV/C I1 >>I .  ( 2 )  Mixed 
i o n i z a t i o n  systems belong t o  t he  r a r e  s i g h t  l i n e s  which i n t e r c e p t  both t h e  
h a l o  and t h e  d i sk  of a galaxy. And it is even more uncommon f o r  a s i g h t  
l i n e  t o  pas s  through a n e u t r a l  cloud which w i l l  l e ad  t o  C IV/C I1 << 1 a s  
some of our Cloud objec ts .  (3 )  Since most of the  QSO absorp t ion  systems 
do not con ta in  low i o n i z a t i o n  spec ies ,  t h e  ha lo  of t h e  in t e rven ing  g a l a x i e s  
t end  t o  be l a r g e  compared t o  t h e i r  disk. 
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TABLE 1 
ABSORPTION LINE EQUIVALENT WIDTIIS ( A )  

Line Identification Pole Cloud F9 SMC MC 2126-158 1756,237 
IlD 5980 IID 36402 Za=2.7685 Z,=1.673 

S 11 1254 0.3-0.5 0.2 0.2 

S i  I1 + S I1 1260 0.6-0.7 0.7 0.7 0.4 0.9 1.1 1.3 

C 11 + C II* 1335 0.4:-1.1 0.8-2.4 1.7 0.6 >1.0 1.3 1.3 
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Fig.  1. - SWP s p e c t r a l  reg ion  of F a i r a l l  9.  G a l a c t i c  absorp t ion  l i n e s  
a r e  i d e n t i f i e d .  x marks t h e  reg ion  a f f e c t e d  by reseau.  
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Fig. 2. - LWR s p e c t r a l  reg ion  of F a i r a l l  9 .  G a l a c t i c  absorp t ion  l i n e s  
a r e  i d e n t i f i e d .  x marks t h e  reg ions  a f f e c t e d  by reseau.  
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STRUCTURE OF THE SEYFERT BROAD LINE REGION AND ABSORPTION REGION OF NGC 4151 
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BACKGROUND 

We have monitored the  Seyfe r t  nucleus of NGC 4151 f o r  s i x  yea r s ,  
including per iods  of in tens ive  study of the  complex v a r i a t i o n s  i n  the  u l t r a -  
v i o l e t  spectrum with I U E ,  and some co-ordinated o p t i c a l  and X-ray observa- 
t i o n s .  Here we b r i e f l y  review important I U E  r e s u l t s  r e l a t i n g  t o  t h e  s t r u c t u r e  
of t h e  Broad Line Region and its physical  condit ions.  Our d e t a i l e d  analyses 
and r e s u l t s  a r e  published i n  a s e r i e s  of papers,  v i z :  Penston e t  a 1  1981 
(Paper I: i n i t i a l  I U E  r e s u l t s ) ;  Perola e t  a 1  1982 (Paper 11: continuum); 
Ulrich e t  a 1  1984 (Paper 111: broad emission l i n e s ) ;  Bromage e t  a 1  1984 
(Paper I V :  absorption l i n e  r eg ion) ;  Sn i jde r s  e t  a 1  1984 (Paper V: a t l a s  and 
survey).  A f u r t h e r  paper ( V I )  on the  very low luminosity s t a t e  of t h e  
nucleus,  i s  i n  prepara t ion .  A b r i e f  p i c t o r i a l  review of t h e  low-dispersion 
IUE da ta  and impl ica t ions  can be found i n  proceedings of the  1982 Madrid IUE 
Conference (Bromage e t  a 1  1982) . 

Unravelling t h e  complexities of the  NGC 4151 I U E  spect ra  t o  der ive  t h e  
valuable physica l  information on the  BLR has necessa r i ly  involved a 
s u b s t a n t i a l  amount of observing time - f o r  improving signal-to-noise r a t i o s ;  
f o r  observing a t  high resolu t ion;  f o r  e s t ab l i sh ing  t imescales of t h e  many 
v a r i a b i l i t y  phenomena; f o r  long-term monitoring; and f o r  t h e  key, in tens ive  
fol lowing of any ou tburs t s .  The main aim of such s tud ies  of Active Galac t ic  
Nuclei is  t o  der ive  d e t a i l e d  cons t ra in t s  on rad ia t ion  mechanisms and physica l  
condi t ions  i n  t h e  emission region,  and hence a l s o  c o n s t r a i n t s  on poss ib le  
c e n t r a l  power sources.  We would maintain t h a t  t h i s  can b e s t  be achieved by 
in tens ive  study of a few key A G N ' s  l i k e  NGC 4151 - not  only with IUE bu t ,  a 
f o r t i o r i ,  with HST and f u t u r e  u l t r a v i o l e t  and X-ray experiments. 

RESULTS 

The u l t r a v i o l e t  spectrum of NGC 4151 comprises continuum, strong 
emission l i n e s  with d i f f e r e n t  widths, and a r i c h  absorption l i n e  spectrum. 
A l l  components vary (Paper I ) ,  with t h e  f a s t e s t  changes occurring on a time- 
s c a l e  of some 5 days. The continuum i s  most simply represented a s  a power 
law together  with ( a t  many, b u t  not a l l ,  epochs of observation) an add i t iona l  



component seen a s  a ' f a r  UV exces s ' .  The power l a w  component hardens as it 
b r i g h t e n s ,  with an index of - 3 when t h e  ~ 2 5 0 0 i  f l u x  is  only  5 M y ,  and 
- 1.5 a t  20 M y .  This  power-law component appears  t o  d r i v e  t h e  changes i n  
emission and absorp t ion  l i n e s ,  suggest ing t h a t  t h e  a d d i t i o n a l  component is  
weak i n  t h e  f a r  EUV and t h u s  may be  thermal emission - perhaps from an 
a c c r e t i o n  d i s k  i n  t h e  c e n t r e  (Paper 11). 

From t h e  v a r i a b i l i t y  t imesca les  and time-lag information f o r  va r ious  
emission l i n e s ,  and from t h e i r  v e l o c i t y  coverage, a p a r t i a l  s t r a t i f i c a t i o n  of  
t he  BLR i n t o  a t  l e a s t  3 zones is  ind ica t ed  (Paper 111). The behaviour  i s  
broadly c o n s i s t e n t  with a black hole /accre t ion  d i s k  scena r io  with a c e n t r a l  
mass of l o8 -0  - 8 - 5  s o l a r  masses. The v a r i a b i l i t y  d a t a  sugges t  a cha in  of 
cause  and e f f e c t :  e v e n t s . a r e  f i r s t  seen i n  t h e  ' thermal '  continuum component 
( f u e l  supp ly ) ,  l a t e r  i n  t h e  power law continuum, and l a s t  i n  t h e  emission 
l i n e s .  

Var i a t ions  i n  t h e  'broad '  absorp t ion  l i n e s  seem t o  d e r i v e  p r i n c i p a l l y  
from changes i n  column d e n s i t i e s  of absorbing spec i e s  r a t h e r  than  i n  v e l o c i t y  
d i s p e r s i o n s  o r  l i n e  p r o f i l e s  (Paper I V ) .  High d i spe r s ion  p r o f i l e s  and low 
d i spe r s ion  doub le t - r a t io s  imply a roughly cons t an t  e f f e c t i v e  b-value of some 
500 kms-1. The t o t a l  v e l o c i t y  range i s  - 1100 t o  + 100 kms-1 approximately 
( r e l a t i v e  t o  t h e  narrow l i n e  reg ion  of NGC 4151).  Our r e s u l t s  sugges t  a 
model with l a r g e  numbers of outf lowing absorbing c louds  t h a t  a r e  almost 
o p t i c a l l y  t h i n .  Information c o l l e c t e d  on space d e n s i t i e s  (mainly from 
metas tab le  a b s o r b e r s ) ,  on v e l o c i t i e s  covered, and on t h e  l a c k  of time l a g s ,  
t oge the r  p o i n t  t o  most a b s o r p t i o n ' s  occurr ing  i n  a t h i n  s h e l l  i n  t h e  ou te r -  
most p a r t s  of t he  BLR. 

The f a r - u l t r a v i o l e t  continuum of NGC 4151 has  v a r i e d  by nea r ly  3 
magnitudes during I U E ' s  l i f e t i m e .  Recently it has  been a t  i t s  lowes t  
recorded UV luminos i ty ,  and a l a r g e  o u t b u r s t  i s  overdue! Such an occasion 
would provide a golden oppor tuni ty  f o r  f u r t h e r  un rave l l i ng  of t h e  BLR 
s t r u c t u r e  and c o n s t r a i n t s  on models f o r  t he  c e n t r a l  powerhouse - e s p e c i a l l y  
i f  simultaneous UV and X-ray observa t ions  a r e  obta ined  throughout t h e  out -  
b u r s t .  
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ABSTRACT 

We have c a r r i e d  o u t  s imultaneous u l t r a v i o l e t  and o p t i c a l  obse rva t i ons  o f  
severa l  S e y f e r t  1 ga lax i es  and QSOs i n  an a t t emp t  t o  unders tand some broad 
emiss ion f ea tu res  between 2000 and 5000 a .  Most o f  t h e  emiss ion  i s  due t o  
Fe I 1  and Balmer continuum. We have used improved model c a l c u l a t i o n s  t o  
es t ima te  t h e  f l u x  i n  these coniponents and t o  compare t h e  s t r e n g t h s  o f  t h e  
u l t r a v i o l e t  and o p t i c a l  Fe I 1  l i n e s .  Our s p e c t r a l  f i t t i n g  shows t h a t  t h e  
u l t r a v i o l e t  Fe I 1  l i n e s  a re  much s t r onge r  than p r e v i o u s l y  be l i eved .  I n  many 
cases I ( F ~  I 1  UV)/I(F~ I 1  o p t )  > 5  and I ( F e  I 1  U V ) / I ( M ~  I 1  ~ 2 7 9 8 )  > 3. 
St rong u l t r a v i o l e t  Fe I 1  l i n e s  a re  present  even i n  o b j e c t s  showing weak o p t i -  
c a l  Fe I 1  l i n e s .  The t o t a l  f l u x  i n  Fe I 1  l i n e s  sometimes exceeds t h e  Lyman 
a f l u x  by  up t o  a  f a c t o r  o f  2, and t he re  may w e l l  be a  genera l  "Fe I I /Lyman 
a" problem, w i t h  impo r tan t  consequences f o r  t h e  model ing o f  t h e  broad emis- 
s i o n  l i n e  r e g i o n  i n  a c t i v e  g a l a c t i c  n u c l e i .  

INTRODUCTION 

There has been renewed $ n t e r e s t  i n  t h e  s t udy  o f  broad emiss ion f e a t u r e s  
i n  t h e  spectrum o f  A c t i v e  G a l a c t i c  Nuc le i  (AGN). I n  p a r t i c u l a r ,  t h e  r e g i o n  
between 2000 and 5500 f i  has been s tud ied  by  ground based te lescopes , and b y  
t h e  IUE, i n  an a t tempt  t o  measure Balmer l i n e s  and continuum, as w e l l  as 
many broad Fe I 1  1  i nes .  Th i s  was n o t  p o s s i b l e  t o  do be fo re  t h e  IUE, a t  l e a s t  
f o r  low r e d s h i f t  o b j e c t s  s i nce  t h e  continuum l e v e l  must be determined f rom 
observa t ions  over  a  wide wavelength range. 

Thousands o f  Fe I 1  l i n e s  a re  seen i n  t h e  above wavelength r eg ion .  The 
o p t i c a l  Fe I I 1 i nes have been known f o r  many years  (see Wampl e r  and Oke 1967, 
Osterbrock 1977, P h i l l i p s  1978a, b ) .  They a re  s t r o n g  and d i s t i n c t  i n  most 
S e y f e r t  ga lax ies ,  b u t  weak i n  some low r e d s h i f t  quasars, and a l l  Broad L i n e  
Radio Galax ies.  More r e c e n t l y  W i l l s  -- e t  a1 . (1980) have shown t h a t  t h e  
cor responding u l t r a v i o l e t  l i n e s  a re  q u i t e  prominent i n  many quasars. No sys- 
t ema t i c  search comparing t h e  s t r e n g t h  o f  t h e  u l t r a v i o l e t  and o p t i c a l  Fe I 1  
l i n e s  i n  S e y f e r t  1s has y e t  been publ ished.  

Several i n t e r e s t i n g  problems should be .addressed: f i r s t ,  i t  i s  known 
t h a t  a  few S e y f e r t  1s and most BLRG, do n o t  have s t r o n g  o p t i c a l  Fe I 1  l i n e s .  
I s  t h i s  a l s o  t r u e  f o r  t h e  u l t r a v i o l e t  mu1 t i p l e t s ?  Second, t h e  t o t a l  energy 
i n  t h e  broad emiss ion fea tu res  between 2000 a and 4000 a have n o t  been 
measured. Th i s  has impo r tan t  i m p l i c a t i o n s  f o r  AGN models. T h i r d ,  t h e  con- 
t inuum shape o f  GANs cannot  be determined u n t i l  b e t t e r  unders tand ing  o f  t h e  
broad f ea tu res  i s  ob ta ined .  



A t  t h i s  meet ing we g i v e  a  s h o r t  r e p o r t  o f  a  new s t u d y  o f  broad emiss ion 
f e a t u r e s  i n  severa l  AGNs. A  more e x t e n s i v e  o b s e r v a t i o n a l  and t h e o r e t i c a l  
s t u d y  i s  g i v e n  i n  two o t h e r  papers ( W i l l s ,  Netzer ,  and W i l l s  1984, and Ne tze r  
e t  a l .  1984). -- 
OBSERVATIONS 

We have o b t a i n e d  s imul taneous ground based and IUE o b s e r v a t i o n s  o f  sev- 
e r a l  S e y f e r t  1s and BLRGs t h a t  show weak o r  no o p t i c a l  Fe I 1  l i n e s .  The 
o p t i c a l  p a r t  o f  t h e  spectrum was observed a t  McDonald Observatory  u s i n g  t h e  
2.7 m te lescope  and t h e  IDS d e t e c t o r .  We have a l s o  o b t a i n e d  ground based 
o b s e r v a t i o n s  o f  i n t e r m e d i a t e  r e d s h i f t  quasars. (0.5 s z  s 1) c o v e r i n g  t h e  
r e s t  wavelength range o f  1900 - 5500 a .  Our own and a r c h i v a l  IUE d a t a  have 
been used i n  some cases t o  supplement o u r  ground based da ta .  

F ig .  1 shows t h e  spectrum o f  t h e  S e y f e r t  1 Galaxy Mk290, o b t a i n e d  on 
J u l y  12, 1983. The l o n g  wavelength  IUE da ta  j o i n s  n i c e l y  w i t h  t h e  o p t i c a l  
spectrum and p e r m i t s  a  good e s t i m a t e  o f  t h e  cont inuum f rom 1900 8 t o  7500 8 .  
We have c o r r e c t e d  t h e  spectrum f o r  g a l a c t i c  redden ing  (Av = 0.11 mag) and 
f o r  i n t e r n a l  reddening (Av = 0.1), which we found necessary  because o f  a  
r e s i d u a l  2200 a f e a t u r e .  The r e s u l t i n g  cont inuum has been f i t t e d  b y  a s i n g l e  

ower-law continuum, F, a v '0-59.  The f i t  i s  q u i t e  s a t i s f a c t o r y  f o r  X I 5500 i, b u t  s teepening o f  t h e  cont inuum a t  l o n g e r  wavelengths g i v e s  some d isagree-  
ment towards t h e  r e d  end o f  t h e  spectrum. S ince we a r e  o n l y  i n t e r e s t e d  i n  
s p e c t r a l  fea tu res  w i t h  X < 5500 we c o n s i d e r  t h i s  good enough. 

As e v i d e n t  f rom F i g .  1, t h e  o p t i c a l  Fe I 1  l i n e s  i n  t h e  spectrum o f  Mk290 
a r e  v e r y  weak, compared w i t h  most o t h e r  S e y f e r t s  (see Os te rb rock  1977).  The 
5300 f e a t u r e  (mu1 t i p l e t s  48, 49) i s  n e a r l y  absent,  and t h e  4570 8 band 
( m u l t i p l e t s  37, 38) i s  no s t r o n g e r  than He I 1  X 4686. However, an e x t r e m e l y  
s t r o n g  2300 - 2600 f i  Fe I 1  f e a t u r e  i s  c l e a r l y  seen, s i m i l  a r  t o  t h a t  observed 
i n  many quasars ( W i l l s  e t  a1 . 1980).  T h i s  i s  demonstrated a l s o  i n  t h e  l o w e r  
p a r t  o f  t h e  f i g u r e ,  where  z e  power-law cont inuum has been s u b t r a c t e d  f rom 
t h e  da ta .  

We have l o o k e d  a t  t h e  combined s p e c t r a  o f  severa l  o t h e r  Sey fe r t s  (Mk 10, 
Mk 915),  BLRGs (3C390.3) and many quasars and found s t r o n g  u l t r a v i o l e t  Fe I 1  
l i n e s  i n  many cases o f  weak o p t i c a l  Fe I 1  l i n e s .  P a r t  o f  t h e  d a t a  i s  f rom 
t h e  IUE l o n g  wavelength camera, which i s  some cases i s  t o o  n o i s y  t o  be used 
f o r  r e l i a b l e  measurement. The g a l a x i e s  a r e  d iscussed  b y  Ne tze r  -- e t  a1 . (1984) 
and t h e  quasars b y  W i l l s ,  Netzer ,  and W i l l s  (1984) .  

MODEL FITTING AND DISCUSSION 

Our goal  i n  t h e  p r e s e n t  work i s  t o  f i  t ' a l l  s p e c t r a l  f e a t u r e s  between 
1900 and 5500 1. For t h i s  we have looked  i n t o  some problems r e l a t e d  t o  AGN 
models. We have r e s t u d i e d  t h e  Fe I 1  problem and found t h a t  s e v e r a l  impor-  
t a n t  processes have been n e g l e c t e d  i n  t h e  p a s t  (Ne tze r  and W i l l s  1983). Our 
p r e s e n t  Fe I 1  model c o n s i s t s  o f  severa l  thousand l i n e s ,  and i s  p a r t  o f  a  more 
genera1 p h o t o i o n i z a t i o n  model c a l c u l a t i o n .  We have a s l o  c a l c u l a t e d  t h e  
s t r e n g t h s  o f  Balmer l i n e s  and continuum, under a  v a r i e t y  o f  c o n d i t i o n s  
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F i g .  1. The combined u l  t r a v i o l e t - o p t i c a l  spect rum o f  Mk290, o b t a i n e d  on 
J u l y  12, 1983. Top: The spect rum c o r r e c t e d  f o r  g a l a c t i c  and i n t r i n s i c  red -  
den ing,  w i t h  a  power-law cont inuum f i t t e d .  Bottom: Model f i t t i n g  t o  t h e  
power-law s u b t r a c t e d  spectrum. I n c l u d e d  a r e  Balmer l i n e s  and cont inuum, 
Fe I 1  l i n e s ,  Mg I 1  2798, He I, He 11, and s e v e r a l  0  I11 l i n e s .  

expected i n  AGNs' b road l i m e  c louds .  The n6w c a l c u l a t i o n s  a r e  used t o  f i t  
t h e  observed d a t a  i n  t h e  wave length  range o f  i n t e r e s t .  

F i g .  1 showsone such model. We cannot  d e s c r i b e  a l l  t h e  d e t a i l s  here,  
b u t  men t ion  t h e  most i m p o r t a n t  aspects .  We found t h a t  a  good f i t  can be 
ach ieved  w i t h  t h e  f o l l o w i n g  l i n e  r a t i o s :  Ha:HB:Hy:H&:H€:H8 = 3.93:1:0.5: 
0.27:0.24:0.15, (Mg I 1  2798)/H@ = 1.8, Fe I 1  (2000 - 3000 a ) / ~ e  I 1  (3500 - 
6000 f i )  = l o ,  Fe 11 ( t o t a l  )/HB = 13, Balmer Continuum/HB = 8. As seen i n  



F i g .  1 ( s o l i d  l i n e s )  t h i s  model e x p l a i n s  q u i t e  s u c c e s s f u l l y  a l l  t h e  observed 
fea tu res .  We shou ld  a l s o  men t ion  t h a t  t h e  model i s  r a t h e r  s i m i l a r  t o  models 
o f  o t h e r  o b j e c t s  showing v e r y  weak o p t i c a l  Fe I 1  1  i n e s .  It demonst ra tes  
t h a t  u l t r a v i o l e t  T ines  can be e x t r e m e l y  s t r o n g  even i n  o b j e c t s  showing v e r y  
weak o p t i c a l  Fe I 1  l i n e s .  

Several  o f  t h e  l i n e  r a t i o s  ment ioned above may f o r c e  us t o  change o u r  
v iew o f  t h e  p h y s c i a l  c o n d i t i o n s  i n  AGNs' c louds ,  e s p e c i a l l y  because o f  t h e  
l a r g e  i n t e n s i t y  o f  Fe I 1  l i n e s .  A l though  s h o r t  wave length  IUE d a t a  f o r  Mk290 
a r e  n o t  a v a i l a b l e ,  we can assume t h a t  t h i s  g a l a x y  i s  s i m i l a r  t o  o t h e r  
S e y f e r t s  i n  i t s  LaIHB r a t i o ,  i . e . :  5 < LaIHB 5 10. T h i s  means Fe I 1  ( t o t ) /  
L a  = 2! We f i n d  s i m i l a r  va lues  f o r  o t h e r  o b j e c t s  where La i s  d i r e c t l y  ob- 
served,  and p r e s e n t  t h i s  as a  severe problem. Another  aspec t  i s  t h e  i n t e n s e  
Balmer cont inuum, which i s  n o t  c o n s i s t e n t  w i t h  p r e s e n t  p h o t o i o n i z a t i o n  c a l -  
c u l  a t i  ons. 

There a r e  s e v e r a l  ways t o  e x p l a i n  t h e  o b s e r v a t i o n s .  Reddening o f  l i n e s  
and perhaps a l s o  t h e  cont inuum i s  a  l i k e l y  p o s s i b i l i t y .  A h i g h  d e n s i t y  
component (-1011 cmm3) and l a r g e  i r o n  abundance a r e  a l s o  p o s s i b l e .  T h i s  i s  
d i scussed  i n  d e t a i l  i n  W i l l s ,  Ne tze r ,  and W i l l s  (1984) .  
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THE UV SPECTRA OF INTERMEDIATE REDSHIFT QUASARS 

A.L. Kinney, P.J. Huggins, 
J .N. Bregman, and A.E. Glassgold 

Physics Department, New York University 

ABSTRACT 

A sample of 21 intermediate redshift quasars have been 
observed with the IUE in order to study their line and 
continuum properties. Approximately half of these spectra were 
taken by us and the rest were obtained from the IUE archives. 
In addition, 18 of the quasars have been observed by the 
Einstein observatory. These measurements allow us to study the 
ionizing continuum and the anomalous La/H~ ratio in a well 
defined sample of quasars. Our data also allow us to determine 
the percentage of the quasar continuum that is covered by gas 
clouds. 

INTRODUCTION ---.-- 

Until the advent of IUE, the UV line and continuum 
properties were known only for high redshift quasars which 
suffer the effects of reddening by intervening material. The 
IUE has enabled us to study the important UV region in low and 
intermediate redshif t quasars, which do not suffer the same 
contamination effects as their high redshift counterparts. 
From our sample of spectra of 21 intermediate redshift quasars 
we have been able to study statistically the UV line and 
continuum properties, which are reported upon here. 

RESULTS ----- 
To characterize the continuum spectra, power law fits 

(F, a ,a) were made to the data over the wavelength range 
observed, excluding a standard template of regions with known 
line emission. A power law fit was in most cases an adequate 
representation of the data. The power law slopes range from 
-1.65 to 0.29, with a mean of -0.99+0.11. 

The IUE observations of this sample of quasars can be 
combined with observations in the X-ray by the Einstein 
observatory to try to understand the structure of the ionizing 
continuum. The average value of the slope from 1200 A to 
2 keV (rest frame) for the 16 objects with X-ray detections is 
-1.45+ .03. For two thirds of these objects we find that 
extrapolation of the UV continua into the X-ray region pass at 
least two sigma above the observed X-ray fluxes. In these 
cases one would expect to see a turnover of the spectra in the 
extreme UV. 



When Baldwin  (1977)  combined o b s e r v a t i o n s  o f  t h e  f l u x  o f  
HB o f  h i g h  r e d s h i f t  q u a s a r s  w i t h  La o b s e r v a t i o n s  o f  l o w  
r e d s h i f t  q u a s a r s ,  a  v e r y  low l i n e  r a t i o  was found  (La/HB - 3 ) .  
T h i s  l o w  r a t i o  h a s  been t h e  m o t i v a t i o n  for much t h e o r e t i c a l  
work (London, 1977,  Kwan and K r o l i k ,  1 9 8 1 ) .  

W e  have h e r e  t h e  o p p o r t u n i t y  to  e x p l o r e  t h i s  i m p o r t a n t  
r a t i o  f o r  an  e n t i r e  sample  o f  q u a s a r s .  The  r e s u l t i n g  La/HB 
ra t ios  r a n g e  from 3.3 to  12 .3  w i t h  a mean v a l u e  o f  8.3k1.4. 
T h i s  is similar  to  t h e  v a l u e  o f  6.6k0.9 found  by Wu, Boggess  
and  G u l l  (1983)  f o r  a sample  o f  25 S e y f e r t  g a l a x i e s .  

T h i s  sample  a l s o  a l l o w s  t h e  e s t i m a t i o n  o f  t h e  c o v e r i n g  
f a c t o r .  P h o t o i o n i z a t i o n  models  p r e d i c t  t h a t  e a c h  a b s o r b e d  
i o n i z i n g  photon  r e s u l t s  i n  0.94 Lyman a p h o t o n s  (Kwan and 
K r o l i k ,  1 9 8 1 ) ,  so t h a t  t h e  r a t i o  NLa/Ncont is a d i r e c t  measure  
o f  t h e  c o v e r i n g  f a c t o r .  From o u r  d a t a ,  t h i s  r a t i o  is 
c a l c u l a t e d  from t h e  o b s e r v e d  La f l u x ,  t h e  f l u x  a t  912 A ,  and 
t h e  cont inuum s l o p e s .  The s l o p e  is assumed to e x t e n d  i n t o  t h e  
e x t r e m e  u l t r a v i o l e t  t o  a c u t o f f  a t  f o u r  Rvdberss .  F o r  t h e  
sample  NLa/Ncont r a n g e s  from 0.04 to  0 .47 -wi th -a  mean o f  
0.17k0.02. 

CONCLUSIONS 

W e  have s t u d i e d  t h e  l i n e  and cont inuum p r o p e r t i e s  o f  2 1  
i n t e r m e d i a t e  r e d s h i f t  q u a s a r s  i n  t h e  u l t r a v i o l e t  and X-ray 
wavebands.  The main r e s u l t s  a r e :  i) The mean UV s l o p e  f o r  t h i s  
s ample  is -0.99k0.11. i i) The mean s l o p e  from 1200 A t o  2 keV 
is  -1.45'0.03. iii) Two t h i r d s  o f  t h e  o b j e c t s  have  UV s l o p e s  
t h a t  e x t r a p o l a t e  to more t h a n  t w o  s igma above t h e  X-ray f l u x .  
i v )  F o r  11 o b j e c t s ,  t h e  mean L ~ / H B  r a t i o  is 8.3k1.4.  v )  The 
c o v e r i n g  f a c t o r  is e s t i m a t e d  to  be  a b o u t  0.17. 
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MULTIFREQUENCY OBSERVATIONS OF 
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ABSTRACT 

W e  r e p o r t  on  t h e  s t a t u s  o f  o u r  p r o g r a m  t o  o b t a i n  s i m u l -  
t a n e o u s  m u l t i f r e q u e n c y  s p e c t r a  of  BL Lac o b j e c t s  and v i o l e n t l y  
v a r i a b l e  q u a s a r s  from t h e  X-ray through r a d i o  wavebands. W e  
i l l u s t r a t e  t h e  impor tance  of t h e  u l t r a v i o l e t  d a t a  i n  d e f i n i n g  t h e  
o v e r a l l  shape  of o p t i c a l l y  t h i n  s y n c h r o t r o n  e m i s s i o n ,  i ts  r e l a -  
t i o n  to  t h e  X-ray e m i s s i o n ,  and t h e  d e t e r m i n a t i o n  of b a s i c  phys i -  
c a l  p a r a m e t e r s  of  t h e  continuum e m i t t i n g  reg ion .  

INTRODUCTION 

W e  have been pursu ing  a  program of o b t a i n i n g  u l t r a v i o l e t  
o b s e r v a t i o n s  of  BL Lac o b j e c t s  and v i o l e n t l y  v a r i a b l e  q u a s a r s  
t h a t  a r e  s i m u l t a n e o u s  w i t h  o b s e r v a t i o n s  made i n  t h e  r a d i o ,  
i n £  r a r e d ,  o p t i c a l ,  and X-ray reg ions .  E leven  s o u r c e s  have been 
obse rved  i n  t h i s  m u l t i f r e q u e n c y  mode, most of them more t h a n  
once ,  and a  few u n u s u a l l y  a c t i v e  s o u r c e s  many t imes .  The g e n e r a l  
g o a l  o f  t h i s  p r o g r a m  i s  t o  d e v e l o p  a  b e t t e r  u n d e r s t a n d i n g  o f  t h e  
continuum e m i s s i o n  i n  t h e s e  sources .  I n  p a r t i c u l a r ,  w e  a r e  
concerned  w i t h  d e t e r m i n i n g  t h e  fundamenta l  p r o p e r t i e s  i n  t h e  
non the rmal  continuum e m i t t i n g  r e g i o n s  ( s i z e ,  magne t i c  f i e l d ,  
d e n s i t y ,  bu lk  mot ion)  and t h e  r e l a t i o n s h i p  between t h e  e m i t t i n g  
r e g i o n s  which dominate  t h e  observed f l u x  i n  t h e  v a r i o u s  wavebands 
( r a d i o ,  u l t r a v i o l e t ,  X-ray). Here we summarize t h e  p r o g r e s s  t h a t  
w e  h a v e  made i n  t h i s  p rogram.  

The a p p r o a c h  o f  o b t a i n i n g  d a t a  a c r o s s  a s  much o f  t h e  elec- 
t r o m a g n e t i c  spect rum a s  is p o s s i b l e  r e q u i r e s  a  v a r i e t y  of i n s t r u -  
ments  on a  v a r i e t y  of  t e l e s c o p e s .  Due to  t h e  l i m i t a t i o n  o f  
t e l e s c o p e s  and d e t e c t o r s ,  n i n e  d i f f e r e n t  t e l e s c o p e s  have been 
u s e d  t o  o b t a i n  d a t a  f r o m  1 0 ~ - 1 0 ~ ~ ~ z ,  w h i c h  i s  t h e  r a n g e  o f  
f r e q u e n c i e s  t h a t  w e  a t t e m p t  t o  sample. I t  is o b v i o u s l y  impos- 
s i b l e  f o r  one group to  o b t a i n  a l l  t h e  n e c e s s a r y  d a t a ,  and w e  a r e  
d e e p l y  i n d e b t e d  t o  our  c o l l a b o r a t o r s ,  who have been e s s e n t i a l  i n  
t h e  s u c c e s s  of  t h i s  p r o j e c t  (Table  1). 

RESULTS 

Due t o  t h e  l i m i t a t i o n  of i n s t r u m e n t s  a s  w e l l  a s  e x t i n c t i o n  
due to  t h e  a tmosphere  and i n t e r s t e l l a r  gas ,  e m i s s i o n  f r o m  quasars  
was c o n v e n i e n t l y  d i v i d e d  up i n t o  t h r e e  s e c t r a l  r e g i o n s ,  which 

1P broad ly  speak ing ,  a r e  t h e  r a d i o  (lo8-10 H z ) ,  t h e  o p t i c a l  (10''- 
I O ~ ~ . * H Z ) ,  and t h e  X-ray r e g i o n s  ( 1 0 1 6 - 5 - 1 0 1 8 ~ ~ ) .  ~ l t h ~ ~ ~ h  f a r -  
i n f r a r e d  and s u b m i l l i m e t e r  o b s e r v a t i o n s  a r e  now a b l e  t o  p r o v i d e  
d a t a  i n  t h e  gap between t h e  o p t i c a l  and r a d i o  r e g i o n s ,  i t  is 
s t i l l  u s e f u l  t o  c o n s i d e r  t h e  t h r e e  r e g i o n s  s e p a r a t e l y .  



The  r a d i o  c o n t i n u u m ,  w h i c h  is  f a i r l y  f l a t  i n m o s t  o f  o u r  
s o u r c e s ,  is p r o b a b l y  c r e a t e d  by s e v e r a l  p a r t i a l l y  o p t i c a l l y  t h i c k  
s y n c h r o t r o n  s o u r c e s  (e.g. C o t t o n  e t  al .  1980) .  The  IR-UV 
cont inuum,  which p r o b a b l y  a r i s e s  f r o r o p t i c a l l y  t h i n  s y n c h r o t r o n  
e m i s s i o n ,  is s t e e p e r  t h a n  t h e  r a d i o  cont inuum. B e f o r e  d a t a  i n  
t h e  f a r - i n f r a r e d  gap  was a v a i l a b l e ,  t h e  m u l t i f r e q u e n c y  d a t a  sug-  
g e s t e d  t h a t  t h e  change  i n  s l o p e  o c c u r r e d  i n  t h e  1010-1012*5 Hz 
r e g i o n  (Bregman -- e t  a l .  1983, G l a s s g o l d  e t  al.  1983,  Bregman e t  -- - 
al .  1984). N o w  t h a t  d a t a  h a s  become a v a i l a b l e  i n  t h i s  f a r -  - 
i n f r a r e d  gap ,  t h e  r e g i o n  of t h e  s p e c t r a l  t u r n o v e r  c a n  be  l o c a t e d  
w i t h  g r e a t e r  a c c u r a c y  and is n e a r  300 GHz f o r  O J  287 and  3C 345, 
and 0V-236 (Fig.  1). Because  t h e  r a d i o  r e g i o n  is known to  be  
o p t i c a l l y  t h i c k  w h i l e  t h e  o p t i c a l  r e g i o n  is  n o t ,  it is o f t e n  
s u g g e s t e d  t h a t  t h e  f r e q u e n c y  of t h e  s p e c t r a l  b r e a k  o c c u r s  where  
t h e  o p t i c a l  d e p t h  f i r s t  r e a c h e s  u n i t y .  I f  c o r r e c t ,  t h e  l o c a t i o n  
o f  t h e  s p e c t r a l  b r e a k  r e g i o n  is of  f u n d a m e n t a l  i m p o r t a n c e  to  
d e t e r m i n i n g  t h e  p r o p e r t i e s  o f  t h e  cont inuum e m i t t i n g  r e g i o n .  

Because  t h e  IR-UV e m s s i o n  is o p t i c a l l y  t h i n  s y n c h r o t r o n  
r a d i a t i o n ,  i t s  s h a p e  y i e l d s  i n f o r m a t i o n  on  t h e  e n e r g y  d i s t r i b u -  
t i o n  of  t h e  e l e c t r o n s  r e s p o n s i b l e  f o r  t h e  e m i s s i o n .  The s l o p e  of 
t h e  cont inuum i n  t h e  i n f r a r e d  and f a r - i n f r a r e d  r e g i o n  c a n  u s u a l l y  
b e  f i t  w i t h  a  s i n g l e  p o w e r - l a w  w i t h  a  s l o p e  o f  a b o u t  -1, a l t h o u g h  
t h e  s l o p e s  r ange  f rom -0.7 t o  -1.5 i n  o u r  sample.  Some s o u r c e s  
show l i t t l e  o r  no s p e c t r a l  s t e e p e n i n g  i n  t h e  o p t i c a l  and u l t r a -  
v i o l e t  r e g i o n s  (IZw-187; Bregman e t  a l .  1983) ,  some d i s p l a y  s l o w  -- 
b u t  s t e a d y  s p e c t r a l  s t e e p e n i n g  (e.g. O J  049) ,  w h i l e  o t h e r s  d i s -  
p l a y  e x t r e m e l y  r a p i d  s t e e p e n i n g  i n  t h e  u l t r a v i o l e t  r e g i o n  (BL Lac  
and 3C 446). F u r t h e r m o r e ,  t h e  s h a p e  o f  t h e  IR-UV cont inuum is 
g e n e r a l l y  p r e s e r v e d  when t h e  s o u r c e  changes  i t s  b r i g h t n e s s ,  
a l t h o u g h  s p e c t r a l  v a r i a t i o n  is sometimes d e t e c t e d  (1156+295, 
G l a s s g o l d  -- e t  a 1  1983; 0735+178, Bregman e t  a 1  1984) .  -- 

One of t h e  most  common broad-band f e a t u r e s  s e e n  i n  t h e  
o p i c a l - u l t r a v i o l e t  s p e c t r u m  of n o n - v a r i a b l e  q u a s a r s  is  t h e  3000 A 
bump. T h i s  f e a t u r e  is g e n e r a l l y  a b s e n t  i n  o u r  s a m p l e ,  w i t h  t h e  
e x c e p t i o n  o f  t h e  BL L a c  o b j e c t  IZw-187,  w h i c h  h a s  a  weak 3000 A 
bump (Bregman -- e t  a l .  1983) .  W e  a r g u e d  t h a t  a t  3000 A bump i n  a 
BL L a c  o b j e c t  w o u l d  b e  e v i d e n c e  t h a t  t h e  bump is  n o t  a s s o c i a t e d  
w i t h  e m i s s i o n  l i n e  g a s ,  a s  h a s  been s u g g e s t e d  (e.g. G r a n d i  1982) .  
However, d u r i n g  a  s u b s e q u e n t  o b s e r v a t i o n  o f  t h i s  s o u r c e ,  weak 
o p t i c a l  e m i s s i o n  l i n e  were d i s c o v e r e d  t h a t  had n o t  p r e v i o u s l y  
been  d e t e c t e d .  

Another  f e a t u r e  o f  i n t e r e s t  is t h e  e x t r e m e l y  s h a r p  t u r n o v e r  
s e e n  i n  t h e  s p e c t r u m  o f  BL Lac and 3C 446. T h i s  t u r n o v e r ,  which  
would n o t  have been d i s c o v e r e d  w i t h o u t  u l t r a v i o l e t  o b s e r v a t i o n s ,  
i s  s i m i l a r  i n  s h a p e  t o  t h a t  f o u n d  i n  t h e  c l a s s  o f  o b j e c t s  known 
as  Red QSOs. The d i f f e r e n c e  is t h a t  t h e  t u r n o v e r  o c c u r s  i n  t h e  
i n f r a r e d  r e g i o n  f o r  Red QSOs i n s t e a d  o f  i n  t h e  u l t r a v i o l e t  
r e g i o n .  The t u r n o v e r  h a s  been  a t t r i b u t e d  to  an  a b r u p t  c u t o f f  i n  
t h e  e l e c t r o n  d i s t r i b u t i o n  f u n c t i o n .  The l o c a t i o n  of t h e  t u r n o v e r  
d e p e n d s  n o t  o n l y  upon t h e  m a g n e t i c  f i e l d  b u t  upon  t h e  e n e r g y  o f  
t h e  e l e c t r o n s ,  which h a s  proved  a n  e l u s i v e  p r o p e r t y  to  measu re  
(Bregman e t  al.  1981, Beichman e t  a1 1981) .  -- -- 



The  m u l t i f r e q u e n c y  s p e c t r a  c a n  be  u s e d  to  d i s c u s s  t h e  con- 
n e c t i o n  b e t w e e n  t h e  IR-UV and t h e  X-ray r e g i o n s .  I n  o u r  s a m p l e ,  
t h e  u l t r a v i o l e t  con t inuum,  when e x t e n d e d  to  h i g h e r  f r e q u e n c i e s ,  
would n e a r l y  a l w a y s  p a s s  be low t h e  X-ray datum.  T h i s  implies  
t h a t  t h e  X-rays are n o t  s i m p l y  a n  e x t e n s i o n  o f  t h e  IR-UV e m i s s i o n  
( a l t h o u g h  IZw-187 is an  e x c e p t i o n  to  t h i s  r u l e ,  Bregman e t  al .  -- 
1983) .  I n  t h e  BL Lac  o b j e c t  0735+178 (Bregman et &. 1 9 8 4 ) ,  t h e  
l a c k  of v a r i a t i o n  i n  t h e  X-ray f l u x  d u r i n g  p e r i o d s  o f  v i o l e n t  
v a r i a b i l i t y  o f  t h e  IR-UV c o n t i n u u m  s u g g e s t  t h a t  t h e  X-rays are 
n o t  p roduced  c o s p a t i a l l y  by a d i f f e r e n t  p r o c e s s .  R a t h e r ,  t h e  X- 
r a y s  are p roduced  i n  an  e n t i r e l y  d i f f e r e n t  r e g i o n ,  p o s s i b l y  by a 
d i f f e r e n t  p r o c e s s .  Whether  t h i s  b e h a v i o r  is common f o r  t h i s  
class o f  o b j e c t s  is t h e  s u b j e c t  o f  o u r  c u r r e n t  program.  

We have  examined  t h e  c o r r e l a t i o n  o f  t h e  X-ray e m i s s i o n  w i t h  
t h e  o p t i c a l  a n d  r a d i o  f l u x  f o r  t h e  s a m p l e  o f  s o u r c e s  i n  w h i c h  t h e  
X-ray f l u x  c a n n o t  be an  e x t e n s i o n  o f  t h e  u l t r a v i o l e t  con t inuum.  
W e  f i n d  t h a t  t h e  X-ray e m i s s i o n  is b e t t e r  c o r r e l a t e d  w i t h  t h e  
r a d i o  f l u x  t h a n  w i t h  t h e  i n f r a r e d ,  o p t i c a l ,  o r  u l t r a v i o l e t  f l u x .  
T h i s  is s imi la r  to  f i n d i n g s  by Owen, H e l f a n d ,  and  S p a n g l e r  (1981)  
and  Zamoran i  e t  al .  (1981) f o r  d i f f e r e n t l y  s e l e c t e d  s a m p l e s .  

7- 

A comparison o f  t h e  c o n t i n u u m  e m i s s i o n  b e t w e e n  BL Lac  
o b j e c t s  and  v i o l e n t l y  v a r i a b l e  q u a s a r s  y i e l d s  f e w  d i f f e r e n c e s .  
The  s p e c t r a l  s h a p e  o f  3C 446 is n e a r l y  i d e n t i c a l  to  t h a t  f o r  BL 
Lac ( a l t h o u g h  t h e  l u m i n o s i t y  is d i f f e r e n t ) .  S e v e r a l  BL L a c  
o b j e c t s  (e.g. IZw-187) a r e  v e r y  a b u n d a n t  i n  i o n i z i n g  p h o t o n s ,  so 
t h e  l a c k  o f  l i n e s  i n  t h e s e  s o u r c e s  m u s t  b e  d u e  t o  a l a c k  o f  
a v a i l a b l e  g a s ,  n o t  a l a c k  o f  i o n i z i n g  pho tons .  

The p h y s i c a l  c o n d i t i o n s  i n  t h e  o p t i c a l l y  t h i n  e m i t t i n g  
r e g i o n  c a n  be  d e t e r m i n e d  f r o m  t h e  m u l t i f r e q u e n c y  s p e c t r a  i f  o n e  
a d o p t s  a model ,  s u c h  as t h e  s y n c h r o t r o n - s e l f  -Compton mode l  (e.g. 
J o n e s ,  O ' D e l l ,  and  S t e i n  1974) .  I n  d o i n g  so, w e  f i n d  t h a t  t h e  
o p i c a l l y  t h i n  r e g i o n  h a s  a s i z e  b e t w e e n  a l i g h t  week  a n d  a f e w  
l i g h t  months ,  t h e  m a g n e t i c  f i e l d  is 0.1 - 100  G ,  and  t h e  L o r e n t z  
f a c t o r  o f  b u l k  m o t i o n  of t h e  e m i t t i n g  p l a s m a  i s  1-5,  T h e  e n e r g y  
o f  t h e  e l e c t r o n s  e x t e n d s  up to  a b o u t  1 0  GeV,  and  t h e  e n e r g y  
d e n s i t i e s  i n  e l e c t r o n s ,  p h o t o n s ,  and  m a g n e t i c  f i e l d  are compar-  
a b l e .  By compar ing  t h i s  to  VLBI d a t a ,  w e  see t h a t  t h e  r a d i o  
e m i s s i o n  comes f r o m  a l a r g e r  r e g i o n  o f  lower m a g n e t i c  f i e l d  a n d  
w h e r e  t h e  e n e r g y  d e n s i t y  is  n e a r l y  e n t i r e l y  i n  t h e  p a r t i c l e s  (e.g 
K e l l e r m a n n  and  P a u l i n y - T o t h  1981) .  - 
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VERY RECENT IUE OBSERVATIONS OF 2 BL LACERTAE OBJECTS 

3 C.M. ~ r r ~ l * ~ ,  Y.  ond do^, K.R.H. Hackney , 
R .L. ~ a c k n e ~ ~ , ~ . ~ .  M ufson4, and W. Wisniewski5 

ABSTRACT 

IUE observations o f  t w o  BL Lacertae objects, consisting o f  2 spectra o f  1218+304 
and 12 spectra of Mrk 421, are presented. The former object has never been observed 
with IUE, possibly because It i s  very faint, bu t  the  fac t  t ha t  it I s  an X-ray source, and a 
highly varlable one, m akes It particularly Interesting. M rk 421 has been observed m any 
t imes wlth IUE as par t  o f  a continuing monitoring program. The present observations 
indicate an intensity decrease o f  -25% on a timescale o f  one month, wlth l i t t l e  i f  any 
associated spectral change. With one exception, the  spectra o f  these t w o  objects show 
no discrete features, and the  continua are well fit by power law models. The one excep- 
t ion  I s  a long SWP exposure o f  Mrk 421, from 1984 March 9, which shows a broad emlssicrrt 
feature near -1580 4 The val idi ty o f  this feature has not  y e t  been established. 

INTRODUCTION 

As par t  o f  a continuing program o f  monitoring t h e  broad band spectra o f  BL 
Lacertae objects, 1218+304 and Mrk 421 were observed with IUE I n  January, February, 
and March o f  th is  year  (1984). Here we present the  IUE data, and where possible, men- 
t ion  the  s l  m ultaneous coverage i n  other bands. 

1218+304 

The BL Lac object 1218+304, f i r s t  detected with the  Ade l  V X-ra satellite, was 
the f l r s t  BL Lac t o  be discovered as an X-ray source (Wilson e t  al. 1979. 3 I n  t he  X-ray, it 
has been seen t o  vary both i n  intensity (Wilson e t  al.) and I n  spectral shape (Worrall e t  al. 
1981, Urry 1984). It was also detected i n  the  ~m1 X-ray A l l  Sky Survey ( ~ i c c i n o t m t  
al. 1982), and I s  one o f  t h e  few extragalactic sources from t h a t  survey t h a t  has no t  be= - 
observed with IUE. (Because I t s  vfsual magnitude I s  -16, it i s  one o f  t he  faintest objects 
tha t  can be successfully observed wlth IUE.) 

On 1984 February 2, we obtained 
t w o  1 m ages, SUP 22187 (exposed 395 

-25.8 minutes durlng US 1) and LWP 2733 - (exposed 210 minutes during a very l ow  
P -26 .0  . 
.I . background US 2). The binned data 

n 

G -26.2 
(Ax-12%) are shown i n  Figure 1, with . 

.I w error  bars determined from the  stan- 
L, 

2 -26.4 
dard deviation from the mean, and wlth 

9 'a l ine  indicat ing t h e  best fit power law 
d -26.6 

3 
model o f  t h e  form Fv= (~11026) 

15.0 15.1 15.2 15.4 ( ~ 1 1 0  15) -a ergslcm 2/s/ HZ, where 
A=Oe66i0.08 and a=0.64*0.19. The in te-  

rn ~ Q U E N C I  (Hz) grated u l t rado le t  f lux from th is  object 
Figure 1. IUE Spectrum of 1218+304 

l ~ o h n s  Hopkins University, now a t  MIT. 2 N A S  A l ~ o d d a r d  Space Flight Center. 
W estern Kentucky University. 41ndiana University. 5 university o f  Arizona. 



Figure 2. Composite Spectrum of 
12 18+304 

i s  (7.2t0.9)~10-17 ergs/cm2/s. The com- 

continuum with a gaussian extract ion 
method, t o  see i f  th is  f l a t  index 
changes (see Hackney, Hackney, and 
K ondo; th is  volu me). 

posite spectrum, compiled from non- 
simultaneous data ( the simultaneous X -  
ray, optical, and infrared data are not 
ye t  reduced), i s  shown i n  Figure 2. 
Because o f  t he  reported variability, i t  
i s  d i f f i cu l t  t o  com ment on th is  spec- 
t r u  m, beyond saying t h a t  it has the  
typical f l a t  radlo-to-optical appear- 
ance, fol lowed by a break around 1014- 
1015 Hz, with a steeper spectmm 
extending smoothly i n t o  the X-ray 
regime. The IUE s p e c t ~ m  seems too  

-83 

- -84 

h 
L -8s 

&-a- .. 
" .I = - 8 1 -  
Z 

5 -n 
-n 

-so 

Mrk 421 

D I I t l U M O * ~ ~ .  
 LO^ r tr11 

f lat, f l a t t e r  than the  optical, and we 
intend t o  Improve t h e  definit ion o f  the  

i l l  1 1 1 ~ ~ ~ 1 1  - - 
- - . . 12 18+304 

- - 
Weietrop 

e t  .I. 1 9 s ~ -  - 

sss : - 
- 

- - 
1 ~ ~ ~ ~ ~ 1 1 * 1 8  

Mrk 421 i s  one o f  t h e  brightest BL Lac objects observed wi th IUE, and has been 
monitored steadily since t h e  launch o f  t h e  satel l i te (Boksenberg e t  a1 1978, Ulrich e t  al. 
1984). The observations discussed here were made on 5 d i f f e m n m s :  3 days a t  t K n d  
o f  January and beginning o f  February, and 2 days a t  the  beginning o f  March. The date, 
image number, and duration o f  each observation i s  given i n  Table 1. In the one month 
between the  t w o  groups of observations, the  intensity o f  Mrk 421 decreased dramatically, 
confirming it as one o f  t h e  most variable BL Lac objects. The u l t rado le t  and opt ical  
intensit ies both decreased by about 20-253 i n  the  space of 4 weeks; there was no ob- 
vious variabil i ty between the  observations t h a t  were separated by only a few days  This 
i s  f l lustrated by the l i gh t  curve i n  Figure 3, i n  which we have plotted the  ultraviolet and 
V band fluxes (values taken o r  adapted from Table 1). 

Table 1. Recent IUE Observations of Mrk 421 

Date Image Length 
(mln) 

LWP 2699 
1984 Jan 23 SUP 22082 

LWP 2700 

LWP 2711 
1984 Jan 28 SUP 22128 

LWP 2712 

1984 Feb 2 LUP 2732 

LWP 2881 
1984 Mar 3 SUP 22398 

LWP 2882 

1984 Mar 9 KL :::i5 
'Oeterrnfned from L W P spectNm only, extrapolated where necessary. 
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1984 
I n  each case, t he  power law 

h 

For  each day's observations, HRK 4 2 1  IUE 

model provided a good fit t o  t h e  
data. The detai ls o f  t he  simulta- 

t he  LWP and SWP spectra were CI 

d 10- com bined (except f o r  t h e  February a 
w 2 observation, when only 1 LWP 

4 
a -  

spectrum was taken), and t h e  A 

continuum was fit with a power law I 

2 6 -  
o f  t h e  form given earlier. The - s 4-: para meters A and a are l i s ted  i n  
Table 1. In  Figure 3, t h e  spectral  tl 

index determined f o r  each se t  o f  1.3 

spectra has been plotted, and $ 1 . 2 -  
conf i rming prevfous f lndlngs f o r  H 

t h i s  and o ther  BL Lac objects (Urry 1.1 

e t  al. 1982, Maraschl e t  al. 1983, 
~ j l ~ ; r c h  e t  al. 1984). wen0 8 Id 1.0: 

e v i d e n c x r  strong spectral varia- P.' 
cn 

b i l i t y  acco.mpanylng t h e  more 5 O S 9 :  

Figure 3. Light Curve of Mrk 421 

neous measure m ents i n  o ther  UV flux, V band flux, and UV spectral 
wavebands are n o t  y e t  avaflable, index as a function of time. 
although we know t h a t  t h e  X-ray 
f lux  was weak during January and 
March 1984, re la t i ve  t o  previous X -  - 2 1  
r ay  observations (Y.  Tanaka, pr l -  - 
vate com m unlcation). We have 7, = -24 

assem bled a co m posite spectrum o f  L 
Mrk 421, shown i n  Figure 4, f rom y = -25  

non-simultaneous observations. U 

n 

This f igu re  suggests t h a t  l i k e  other  z '26 

BL Lac objects, Mrk 421 has a Y - 
r -27  

s m 00th spectrum extending f r o  m b. 

U rad io  t o  X-ray frequencies, w l th  a o, -,, 
break near 1013 o r  1014 Hz. 
Detai led analysis o f  t h e  broad band -29 

spectru m w i l l  be postponed un t i l  
t h e  simultaneous observations are -)O 0 9 (0 II 12 u 14 15 16 IT 18 I9 

asse m bled. 
LOG FREQUENCY (Hz) 

obvious in tens i ty  varfability. JAN FEB UAR 

I 

t 9 * ' - F ~  Band - . -F uv 
+ t  

* . *  - 
' *  

a 

-r 

I n  t h e  f ina l  SUP s p e c t ~ m  o f  
M r k  421 there i s  a dramatic, broad 

- 
- 

- 

- 

Figure 4. Composite Spectrum of Mrk 421 

- 

emission feature near  1580 A, wlth 
equivalent width 1011 A. The 4 SWP spectra are shown i n  Figure 5. The rea l i t y  of t h i ?  
feature i s  i n  doubt fo r  a t  leas t  3 reasons: (1) i t  was no t  present i n  t he  SWP image obtalned 
6 days earner  ( there i s  a suggestion o f  a weaker feature, E W - 2  A, displaced -5 A 
shortward); (2) it may be re la ted t o  a ho t  spot i n  the SWP camera near 1570 A ( Hackney, 
Hackney, and Kondo 1982); and (3) If it i s  C I V ,  it i s  a t  a redshi f t  z=0.017&0.002, no t  t h e  
repor ted [optical] redshi f t  o f  t he  galaxy (z=0.0308, Ulr ich e t  al. 1975). However, o ther  
fac ts  must also be considered. First, BL Lac objects are h m v a r i a b l e ,  and Mrk 421, 

- 
I , 



which i s  one of t he  most variable, i s  
certainly variable on the  timescale of a 
day. Second, t he  observed emission 
feature i s  broader than a typical  cosmlc 

6 . 0  ray hit, and I les  direct ly on top  o f  the  
spectrum, centered a t  l ine  28 (as i s  the 

4.0 rest  of t h e  spectrum). Third, there may 
be reasons t o  expect discrete features 

2.0 t o  be blue-shifted re lat ive t o  t he  source 
fra me; I n  particular, t h e  emission o r  

6.0 absorption might arise I n  a cloud t h a t  i s  
movfng an a re lat iv fs t ic  j e t  closely 
aHgned wlth our  l ine  of sight, as was 

, suggested t o  explain t h e  absorption 
feature seen I n  t h e  X-ray spectrum o f  
another BL Lac object, PKS 2155-304 
(Canlzares and Kruper 1984). Further 
lnvestlgatfon o f  t h e  val idi ty o f  th ls  
feature, including examination o f  t he  

2.0 photowrites from the  IUE observations 
i m medlately preceding and fol lowing 

0 - O  the  March 9 observation (to look f o r  
spurlous emission near 1580 A); examln- 

w ~ ~ ~ o c r m  6)  I ng  reprocessed 110x110 ff les t o  deter- 
mine more precisely t h e  prof i le  and 

Figure 5. SWP Spectra of Mrk 421 locat ion o f  t h e  feature i n  the  cross- 
dispersion direction; and repeating t h e  
observations, i n  t h e  ul traviolet  and/or 
visual bands, w i l l  be attempted as soon 
as possi b l  e. 
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COORDINATED MULTIFREQUENCY OBSERVATIONS OF THE BL LAC OBJECTS 
MRK 180, MRK 421, and MRK 501 

S. L. Mufson, Indiana University; D. J. Hutter, Georgia State University; 
K.R. Hackney and R.L. Hackney, Western Kentucky University; Y. Kondo and 
C.M. Urry, NASA Goddard Space Flight Center; W.Z. Wisniewski, Lunar and 
Planetary Laboratory; M.F. Aller and H.D.  Aller, University of Michigan 

Over the past several years we have been investigating the properties 
of the three BL Lac objects Mrk 180, Mrk 421, and Mrk 501 using data 
gathered a t  u l t rav io le t ,  X-ray, optical , and radio wavelengths. These three 
objects are relat ively nearby ( z  = .046, .031, and .034, respectively) 
composite systems in which a moderately luminous ( L  = lo4" ergs/s) BL Lac 
object i s  found a t  the core of an el  l ip t ica l  galaxy (Ulrich 1978; Ulrich 
e t  a l .  1975). These objects have been classif ied as BL Lacs because of the 
absence of emission l ines  in the i r  spectra (Ulrich 1978; Ulrich e t  a l .  1975), 
thei r l inearly polarized optical continuum emission (Angel and Stockman 1980; 
Maza, Martin, and Angel 1978), and the i r  f l a t  radio spectra 
(Kojoian e t  a l .  1976). 

In order t o  understand the processes and conditions occurring within 
the nonthermal emission region of these B L  Lac objects, we have obtained 
coordinated observations of them a t  ul t raviolet ,  X-ray, opt ical ,  and radio 
wavelengths (Mufson e t  a l .  1984a; Mufson e t  a l .  1984b). These observations 
have given us a single epoch snapshot of the continuous spectrum of each 
object. The ul t raviolet  observations were obtained by the SWP and LWR 
cameras on IUE. The X-ray data were obtained by the IPC and the MPC on 
HEAO-2. The optical photometry consists of broadband BVRI measurements 
using the 1-m and 1.5-m telescopes of the University of Arizona M t .  Lemon 
Observatory. The radio data were obtained w i t h  the University of Michigan 
computer controlled 26-m radio dish. The single epoch data for  the three 
sources are shown in Figs. 1-3. These figures contain in addition archival 
radio and infrared data. The additional radio data demonstrate that  the 
radio spectra of a1 1 the sources are f l a t .  

For each time-frozen spectrum we have computed an inhomogeneous, rela- 
t i v i s t i c  j e t  model (Mufson e t  a l .  1984a; 1984b). Our j e t  model i s  a modi- 
fication of the j e t  d e s c r i b e d  Blanford and KGnigl (1979) and ~{nig l  (1981). 
O u r  main reason fo r  choosing th i s  model i s  the growing body of evidence sug- 
gesting that  highly r e l a t i v i s t i c  jet-1 i ke features are common in active galac- 
t i c  nuclei (Kellermann and Pauliny-Toth 1981). In the je t s  described here, 
r e l a t i v i s t i c  electrons flow outward with bulk r e l a t iv i s t i c  velocity along 
a f ree ,  conical je t .  As they flow outward, the electrons emit synchrotron 
and self-Compton emission. In Figs. 1-3 we show our best model f i t s  
( ~ ~ 1 d . o . f .  S 1.5 f o r  a l l  cases) superposed on the data. I t  i s  evident that  
the model spectra f i t  the data well. I t  ought to  be noted a t  this  con- 
ference in par t icular  the importance of the ul t raviolet  data t o  these 
calculations. The u l t rav io le t  i s  the one spectral region where we are 
seeing synchrotron emission uncontaminated by galaxy emission, self-Compton 
erniss~on, or optical depth effects .  



A steepening synchrotron emission spectrum from the infrared to  the 
ul t raviolet ,  which i s  character is t ic  of r e l a t i v i s t i c  j e t s  (Kcnigl 1981), 
is  present i n  our model spectra. We can see from the figures tha t  t h i s  
spectrum, when extrapolated to  high frequencies, can account fo r  the X-ray 
observations. This implies t h a t  self-Compton emission i s  unimportant i n  
these sources. In addition, the superposition of many different  synchrotron 
spectra from di f fe rent  regions a1 ong the inhomogeneous j e t  produces the 
observed f l a t  radio spectral index, nearly independent of the opti cal-uv 
spectral index. One further resul t  of our computations i s  the relat ive con- 
tribution of galact ic  and nonthermal emission to  the observed optical flux. 
Figs. 1-3 show that  galaxy emission i s  most important fo r  Mrk 501 and l e a s t  
important for  Mrk 421. 

We have found from our model f i t s  that  the physical structure of a l l  
three je t s  i s  very similar. The j e t s  d i f f e r  only in the angle a t  which they 
are a1 igned to the 1 ine-of-sight. We find that  the r e l a t i v i s t i c  par t ic les  
a l l  move outward with the same bulk velocity, a resul t  which implies tha t  
a l l  three j e t s  have the same opening angle. In addition, the variation of 
the par t ic le  density and magnetic f i e ld  strength with radius i s  s imilar  f o r  
a l l  three sources. Assuming tha t  the par t ic le  density f a l l s  l ike  r'" and 
the f i e ld  strength f a l l s  l ike  r-m, we find that  <n> = 1.4 and <m> = 1.3, 
where the averages are taken over the values fo r  the three model je ts .  
For a j e t  which i s  free t o  expand adiabatically,  conservation of par t ic le  
number and magnetic flux predict tha t  n = 2 and m = 1.6. Since the par t ic le  
density in the models f a l l s  off more slowly than th is  prediction, par t ic le  
injection must be occurring along the je t .  The magnetic f i e ld  strength,  
however, may be conserved along the je t .  

Many of the differences observed in these three BL Lac objects can be 
ascribed to  differences i n  the angle tha t  the j e t s  make with our line-of- 
sight. Our calculations show t h a t  the j e t  i n  Mrk 421 i s  most closely 
aligned with our line-of-sight ( 9  = 4:6); the one in Mrk 501 i s  l eas t  
closely aligned ( 8  = 23"). Since the j e t  i n  Mrk 421 is most closely aligned 
to the line-of-sight, i t s  Doppler enhancement factor ( 6  = 7.7) i s  greatest  
and i t s  nonthermal radiation i s  most strongly beamed toward us. This 
explains why nonthermal emission i s  such a large fraction of the flux 
observed from Mrk 421 in the optical. The radiation from the je t s  i s  
Mrk 180 ( 6  = 1.8) and Mrk 501 ( 6  = 1.1) are beamed less ,  and so galact ic  
emission contributes a larger fraction of the optical flux. In addition, 
re lat ive j e t  alignment explains why flux variabi l i ty  i s  more pronounced in 
Mrk 421 than i t  i s  in the .other two sources. 
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Fig .  1. Coordinated o b s e r v a t i o n s  and b e s t  f i t  j e t  model (dashed l i n e s )  f o r  
Mrk 180. 



Fig. 2. Coordinated observations and best fit jet model for Mrk 421. 
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FLUORESCFXT I>XCITATION OF FR 11, PIN 11, TI 11, N 1 

LINES BY C IV, N V, O V I ,  . EMTSSION LINES IN 

THZ SPECTRA CF SYFBIOTIC STARS & SEYFEHT GALAXIES 

Daya P. Gilra 

SIC Systems and Research Corporation, Lanham, Md. 20706 

.45:';T!t ACT 

Analysis of the publ ished TUE and  round based high r e so lu t ion  s p e c t r a  of 
symbiotic stars, pa r t i cu l  a r l y  Xi Tel, shows t h a t  the do9inant exci t a t i o n  
mechanism of  Fe 11, Yi IT, Ti 11, K I 1 i ne s  ( many o f  these a r e  l e f t  un ident i -  
f i e d  i n  t he  publ ished spectra) is the s e l e c t i v e  f luo rescen t  exci t a t i o n  of 
soae l e v e l s  by the st ran^ C IV, N V, C VI, . . . . . emission l i nes .  The sime 
mechanism should work f o r  t h e  e x c i t a t i o n  of Fe TI l i n e s  i n  the s p e c t r a  of 
S e y f e r t  ga1:txies and !:SO'S whose emission s p e c t r a  are r~u i  t e  similar to ttinse 
of s.ymbiotic s t a r s .  

< '?he s i rn i l a r i  t i e s  ;md differences between the f luo rescen t  exci t a t i o n  
mechanism repor t ed  i n  this paper and the Bowen's rnechanisin w i l l  be analysed. 
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ABSTRACT 

The v a r i a t i o n s  o f  NGC 5548 over t he  f u l l  pe r i od  o f  IUE observing u n t i l  
February 1984 are analyzed. The r e s u l t s  i n d i c a t e  t h a t  t he  ampl i tude o f  
t h e  v a r i a t i o n  i s  l a r g e s t  a t  t h e  shor te r  UV wavelengths. The imp l i ca t i ons  
of t h i s  wavelength dependence are o f  importance f o r  t he  continuum 
modeling. A f i t  t o  a s imul taneously  obta ined UV and o p t i c a l  spectrum i n  
J u l y  1981, based on the  Fe I 1  f luorescence model o f  Netzer and W i l l s  
(1983) i s  shown t o  g i ve  an extremely good match w i th  t he  data. 

The Sey fer t  I galaxy NGC 5548 has been repo r ted  t o  be v a r i a b l e  i n  t he  UV 
(Barr e t  al., 1983). L i n e  s tud ies  based on IUE data  have been presented 
by ~ o i z o r a n d  U l r i c h  (1983) and Gregory e t  a l .  (1982). The r e s u l t s  
presented here  are based on da ta  f rom t h e f u r ~ a t a  Base and obta ined 
under our program o f  simultaneous UV and o p t i c a l  spectroscopy. Athough 
a cons iderab ly  l a r g e r  da ta  s e t  i s  ava i lab le ,  we w i l l  here  o n l y  d iscuss 
t h e  combined spectr um o f  J u l y  1981. 

Continuum V a r i a t i o n  

I n  F igu re  1 we show t h e  l i gh t - cu rve  o f  NGC 5548 as determined f o r  a 
continuum window a t  13581 over the  pe r i od  1978-1984. The large-scale 
v a r i a t i o n  seen i n  F igure  1 has a t ime  sca le  o f  approximately 1 year and 
i s  very  s i m i l a r  t o  t he  v a r i a t i o n  seen i n  QSO's. Also some i n d i c a t i o n  i s  
present  i n  F igure  1 for v a r i a t i o n s  on a much shor ter  t ime  scale--of t he  
order o f  1-2 weeks--however, t h e  dominant v a r i a t i o n  appears t o  be a t  t h e  
l a r g e r  t ime  scale. Of course, t h e  sampling i n t e r v a l  i s  no t  s u f f i c i e n t l y  



s h o r t  nor regu la r  enough t o  be ab le  t o  f u l l y  evaluate the  importance o f  
s h o r t  term va r i a t i ons .  Some o f  t he  da ta  sampled wi th a  sho r t  t ime 
i n t e r v a l  have been taken w i t h  r e l a t i v e l y  s h o r t  i n t e g r a t i o n  times, so t h a t  
these continuum p o i n t s  have cons iderab ly  la rger  e r r o r s  associated w i th  
them. The br igh tness  v a r i a t i o n  i s  o f  s i m i l a r  shape over the  whole IUE 
wavelength range from 1100a t o  3200R. The ampl i tude v a r i e s  as a  f u n c t i o n  
of wavelength. A t  the  shor te r  wavelengths the ampl i tude i s  l a r g e r  than 
a t  t h e  longer wavelengths. To i 1 l u s t r  a t e  t h i s  wavelength dependence, we 
show i n  f i g u r e  2  t he  behavior o f  two l oga r i t hm ic  c o l o r  i nd i ces  as a  
f u n c t i o n  of t h e  continuum br igh tness  a t  16961. F igure  2a shows the  co lo r  
index (1446a-18141). A1 though a  s l i g h t  tendency t o  ge t  b lue r  when 
b r i g h t e r  i s  ind ica ted ,  t he  t r e n d  i s  no t  very  strong. I n  F igure  2b t h e  
l o g a r i t h m i c  c o l o r  index (1446a-27101) i s  shown. A a u i t e  marked and w e l l  
de f i ned  c o r r e l a t i o n  i s  ind ica ted .  These f i g u r e s  i 1 l u s t r a t e  a u i t e  c l e a r l y  
the  decrease i n  ampl i tude w i t h  inc reas ing  wavelength. Consideri  ng t h a t  
a t  l e a s t  p a r t  o f  t he  f l u x  seen i n  t he  UV i s  represented by a power law 
spectrum, t he  da ta  are most e a s i l y  expla ined i n  terms o f  a  non- or, o n l y  
s l i $ t l y  var iab le ,  component i n  t he  spectrum whose r e l a t i v e  s t rength  wi th 
respec t  t o  the power law spectrum increases towards longer wavelengths. 
A t  longer wavelengths the  importance o f  the  Balmer continuum and Fe I 1  
increases s t r o n g l y  as has been suggested by var ious authors (e.g. Netzer 
and Wi l l s ,  1983). 

. . 
Continuum F i t  

Since t h e  sho r t  wavelength range shows continuum which i s  more d i r e c t l y  
r e l a t e d  t o  t he  v a r i a b l e  component i n  the spectrum, i t  i s  bes t  t o  match a  
power law i n  t h e  SWP range. We can then use the  combined o p t i c a l  and UV , 

spectrum t o  at tempt  t o  match the  observed data. The o p t i c a l  spectrum . . 
used was obta ined a t  McDonald Observatory; both IUE and o p t i c a l  da ta  were 
obta ined between June 28, 1981 and J u l y  3, 1981, so they can be . s 

considered as simultaneous. I n  F igure  3  we show the  combined spectrum i n  
a  l o g  Fv - l o g  v p l o t  ( co r rec ted  f o r  g a l a c t i c  reddening E(B-V) = 0.05 
and z = 0.0174). A model f i t  i s  a l so  shown. The model cons i s t s  o f  a  - 
power law w i t h  a = - 0.5, Fe I 1  l i n e s  (vt  = 20 kmls, Netzer and Wi l l s ,  
1983), case B Balmer and Paschen continuum a t  2 0 , 0 0 0 ~ ~ .  The l i n e s  i n  t he  
model have n o t  been c a l c u l a t e d  b u t  are obta ined through a  Gaussian l i n e  
decomposit ion o f  t he  data. I t  can be seen t h a t  the  model f i t s  the  da ta  
a u i t e  we l l .  The model s t i l l  l e f t  some excess f l u x  a t  wavelengths. 
>45001. Th is  cou ld  be al lowed f o r  by a  smal l  c o n t r i b u t i o n  o f  normal 
s t e l  1  ar f l u x  (= 2  mJy a t  5400a). The s t e l  1  ar c o n t r i b u t i o n  ,was taken f rom 
the  M31 observat ions by Oke -- e t  al . ,  (1978). This  made the f i t  r a t h e r  
good. We are aware t h a t  t h i s  f i t  i s  ra the r  crude, e.g., t h e  choice o f  
t = 20,000°~ f o r  hydrogen recombinat ion i s  l i k e l y  t o  be t o o  h igh.  
However, i f  t h e  o p t i c a l  depth i s  considerably  h igher  than i s  v a l i d  f o r  
Case B, a  s i m i l a r  shaped Balmer continuum would r e s u l t  f o r  a  lower 
temperature. 



CONCLUSIONS 

The r e s u l t s  presented here show t h a t  t h e  spectrum o f  t he  Seyfer t  I galaxy 
NGC 5548 can be f a i r l y  w e l l  represented by a combination o f  a s i n g l e  
power law continuum, Fe I 1  1 ines, Balmer l i n e s  and continuum and s t e l l a r  
r a d i a t i o n  (see a l s o  Netzer e t  a1 elsewhere i n  t h i s  symposium). The - -* 9 

v a r i a b i l i t y  data suggest t h a t  t he  v a r i a t i o n s  i n  t he  s t rength  of t he  power 
law soectrum are n o t  accompanied by  l a r g e  changes i n  the  spec t ra l  index. 
Apparent spec t ra l  index v a r i a t i o n s  can occur due t o  the  d i f f e r e n c e  i n  
r e l a t i v e  importance of i n d i v i d u a l  components a t  d i f f e r e n t  wavelengths. 
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Figure 1 - 
The continuum (1348A-13684) v a r i a t i o n  o f  NGC 5548 between 
1978 and February 1984. The large, long term v a r i a t i o n  i s  
s i m i l a r  t o  t h a t  seen i n  QSO's. One obswvation, c l e a r l y  
a f fec ted  by inst rumenta l  e f fec ts ,  i s  shown i n  parentheses. 
Although some very r a p i d  br ightness changes seem t o  occur, 
the long term v a r i a t i o n  appears dominant. 



LOG F 1%- ) 

F igure 2a- 
The logar i thmic  co lo r  index l o g  ( F 1 4 4 ~ f  F1814) i s  Shown 
as a f u n c t i o n  of l o g  F16 . The continuum 
windows were chosen a t  7838~-1455~,  1687A-1704A. and 
1808A-1820A. Although some dependence o f  the co lor  index on 
br ightness i s  indicated, t h i s  i s  o n l y  marg ina l l y  s i g n i f i c a n t .  

2a, o n l y  now the co lo r  index i s  109 
(F14 6 + F2710), w i t h  t h e  long wavelength window 28961- 
2725i. I n  contrast  t o  F i a u r e  2a. here t h e  co lo r  index i s  

F igure 3 - 
The UV o p t i c a l  spectrum of NGC 5548 i s  shown f o r  J u l y  1981. 
Somevhat d isp laced below i s  shown the model spectrum, which 
represents the d a t a  extremely wel l .  The model cons is ts  o f  a 
power law -~-0.5. Case 6 hydrogen recombinat ion a t  T = 
20,000'~, Fe I 1  emission a t  VT = 20 km sec-1 (Netzw and 
Wi l l s ,  1982). and -2mJY ( a t  S ~ O O A )  s t e l l a r  continuum (see 
a lso  t e x t ) .  

very c l o s e l y  co r re la ted  w i t h  the -b r igh tness  a t  1446A. 
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ABSTRACT 

Four more PN i n  t he  Clouds have been observed with I U E  (LMC P2, P9, P33; 
SMC N43). Rel i ab l e  C abundances were computed f o r  t he  f i r s t  time f o r  each PN, 
and o t h e r  abundances were ca l cu l a t ed  from i o n i z a t i o n  models t ak ing  t h e  IUE and 
e a r l i e r  groundbased s p e c t r a  i n t o  cons idera t ion .  P9 has  t he  r i c h e s t  spectrum 
of any e x t r a g a l a c t i c  PN t h a t  we  have s tud i ed  i n  t he  W; t h r e e  i o n i z a t i o n  
s t a g e s  of N were de tec ted .  We a l s o  reobserved th ree  PN (LMC P40; SMC N2, N5) 
t h a t  were s tud i ed  i n  1981, t o  search  f o r  time v a r i a t i o n s  t h a t  might be 
a n t i c i p a t e d  from the  r e l a t i v e l y  high luminos i t i e s  and masses t h a t  were de r ived  
f o r  t h e  c e n t r a l  s t a r s  of these  young, compact ob j ec t s .  For P40, wi th  a 
der ived c e n t r a l  s t a r  mass of 1.2 Mo,  the  continuum observa t ions  h i n t  a t  
v a r i a t i o n  of t he  a n t i c i p a t e d  type but a r e  not dec is ive .  

DISCUSSION 

For procedures adopted, s ee  Maran e t  a l .  (1982), S techer  e t  a l .  (1982),  
and Maran e t  a l .  (1984) Our 1983 IUE observa t ions  of four  more p l a n e t a r i e s  i n  
t h e  Clouds a r e  seen i n  Figs.  1 and 2. A s  seen from Fig. 1 ,  P9 has a r i c h  
u l t r a v i o l e t  spectrum, with t h r e e  i o n i z a t i o n  s t ages  of N. P re l iminary  
abundance c a l c u l a t i o n s  (Table 1 )  show t h a t  i t  is N-rich ( t h e  f i r s t  such PN 
t h a t  we have observed i n  the  Clouds), while LMC P2 and P33 a r e  C-rich and thus  
t h e i r  p rogen i to r s  were carbon s t a r s .  Modelling of SMC N43 is  i n  progress .  
S techer  e t  a l .  (1982) der ived masses of 1.2 Mo, 0.9 Mo, 1.1 Mo, r e s p e c t i v e l y  
f o r  t h e  c e n t r a l  s t a r s  of LMC P40, SMC N2, and SMC N5. h e o r e t i c a l  f ac to r -  
of-10 fading times s i n c e  Teff reached 30,000 K vary a s  :''.', with  tf - 20 y r  
f o r  M = 1.2 Mo and 300 y r  f o r  0.9 Mo (Paczynski 1971). The d a t a  i n  Table  2 
show no evidence f o r  changes i n  t he  s t ronges t  two W emission l i n e s  i n  each of 
t h e s e  t h r e e  PN over two years ,  a l though i n  t he se  dense but o p t i c a l l y  t h i n  
nebulae t he  emission l i n e s  might be expected t o  c l o s e l y  t r a c k  changes i n  t h e  
i o n i z i n g  s t e l l a r  continuum with n e g l i g i b l e  delay. A s  seen from Table  3 ,  t h e  
mean r a t i o  (averaged over f i v e  wavelength b ins )  of continuum f l u x  measured i n  
Aug. 1983 t o  continuum f l u x  measured i n  May 1981 is  1.05 5 0.07, c o n s i s t e n t  
wi th  no change. However, i n  t he  s h o r t e s t  wavelength b in  (where the  f l u x  is  
dominated by the  s t a r ,  according t o  Stecher  e t  a l .  1982), t h e r e  is  an apparent  
16% decrease  over two years ,  while i n  t h r ee  o the r  b ins  (where t h e  f l u x  is  
mainly due t o  the  nebular  recombination continuum), t h e r e  were apparen t  
i n c r e a s e s  of 6%, 112, and 18%. Looking a t  t he se  r e s u l t s ,  we cannot avoid 
no t ing  t h a t  i f  t he  c e n t r a l  s t a r  were fading r ap id ly ,  a s  a n t i c i p a t e d  i f  M = 1.2 
Mo, t he  f l u x  i n  t he  s h o r t e s t  wavelength b in  ( a r i s i n g  from t h e  s t a r  i t s e l f )  
would decrease i n  agreement with the  observa t ions ,  whi le  f l u x  i n  t h e  longer  
wavelength b i n s  would a t  f i r s t  i nc rease ,  thanks t o  i nc reased  recombination due 
t o  t h e  reduc t ion  i n  i on i z ing  r a d i a t i o n .  However, t o  determine whether we can 
be conf ident  i n  t h e  s i g n i f i c a n c e  of apparent  continuum changes a t  t h e  observed 
l e v e l s  (even a t  16% and 182, s u r e l y  no t  a t  6%) we would need t o  i n spec t  



repeated long exposure observations of the same nebula, made at the same 
epoch. Such observations are not available, nor are pairs of long exposure 
1981 and 1983 continuum observations of N2 and N5. It would be desirable to 
monitor P40, N2, and N5 photometrically in H-beta. 
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Table 1: Chemical Abundances Table 2: Stability of Emission Line 
Fluxes Over Two Years 

P9 P2 P33 
11.23 11.06 11.08 P40 N2 N5 
7.74 8.75 8.77 C 119 0.995 0.89 1.04 
8 040 7.74 7.65 . C IV 0.92 1.06 0.92 
8 -02 8.24 8.43 
7 .54 7.42 7.65 Tabulated: (1983 flux)/(1981 flux). 
6.84 6.59 6.72 
6.35 6.02 6.20 

Table 3: Ultraviolet Continuum Fluxes at Two Epochs 

Wavelength Bin May 198 
angstroms erg cme2 s-' A-I erg cm 
1800 - 1880 2.20 x 10'15 2.34 X lo'l5 
1760 - 1840 2.26 X l0'l5 --- 
1680 - 1760 2.46 X 10'~' 2.74 X l0'l5 
1360 - 1440 2.70 X 10'15 3.18 X 10"~ 
1260 - 1340 2.80 x 10'15 2.41 X 10'15 

Mean change, (1983 Flux)/(1981 Flux) in Table 3 = 1.05 + 0.07. 
No reddening corrections applied to data in Table 3. 

FIGURE CAPTIONS 

Fig. 1: Low dispersion, short wavelength ultraviolet spectrum of LMC 
P9. The top spectrum is a 30-min exposure, taken with the target slightly off 
center in the large entrance aperture. The center spectrum is a 721nin 
exposure, taken with the target centered in the aperture. At the bottom is an 
exposure-weighted average of the two upper spectra. 

Fig. 2: Low dispersion, short wavelength IUE spectra of three planetary 
nebulae in the Magellanic Clouds. Top: SMC N43, 33-min exposure. Center: 
LMC P33, 70-min exposure. Bottom: LMC P2, 150-min exposure. 
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ABSTRACT. 

We present  IUE da t a  of the  e c l i p s i n g  nucleus of NGC 2346 obtained a t  3 phases 
of t h e  1983 observing season. A t  4) = 0.02 a h ighly  asymmetric C IV emission 
l i n e  is seen,  bu t  t he  He I1 l i n e  has a gaussian p r o f i l e  wi th  a s l i g h t  
sugges t ion  of an inve r se  P Cygni charac te r .  The s t e l l a r  continuum i n  the  
1200-1950A region and high e x c i t a t i o n  emission l i n e s  argue f o r  a ho t  subdwarf 
component i n  t he  binary nucleus. 

INTRODUCTION 

The s ingle- l ined  spec t roscopic  binary nucleus of the  b ipo la r  p lane tary  nebula 
NGC 2346 was found by Kohoutek (1982) t o  show deep e c l i p s e s  i n  l a t e  1981. 
Searches of Harvard p l a t e  ma te r i a l  by Schaefer (1983) and Sonneberg m a t e r i a l  
by Luthardt  (1983) i n d i c a t e  t h a t  no e c l i p s e s  took p lace  between the  yea r s  1897 
and 1981. The r e l a t i v e l y  b r igh t  v i s i b l e  c e n t r a l  s t a r  has been known t o  be of 
s p e c t r a l  type A5 V,  which is  i n s u f f i c i e n t  t o  i on ize  the  nebula; an unseen ho t  
companion was the re fo re  suspected a s  the  source of e x c i t a t i o n .  A cons iderable  
amount of confusion has a r i s e n  f o r  the  o r b i t a l  elements from c o n f l i c t i n g  
va lues  of photometric vs. r a d i a l  v e l o c i t y  measurements. 

For t he  present  d i scuss ion ,  we adopt t he  period of 15.991 days and to = 
2443126.0 from Mgndez, Gath ier  and Niemela (1982) but  add t h a t  t he  fol lowing 
comments of our  IUE observa t ions  should be viewed a s  a prel iminary r e p o r t  
pending f u r t h e r  confirmation of ground-based photometry and spec t roscop ic  
s t u d i e s ,  poss ib ly  augmented by i n f r a r e d  observat ions.  The r a d i a l  v e l o c i t y  
per iod  remained cons tan t  a t  s l i g h t l y  l e s s  than 16 days, but t he  shape of t he  
l i g h t  curve changed d r a s t i c a l l y  during the  i n t e r v a l  1981 t o  1983 and 
presumably is s t i l l  changing. Both the  maximum and minimum values have 
s t e a d i l y  decreased and the  minimum has become extremely broad ( ~ 6 n d e z  e t  a l .  
1982; Kohoutek 1983). A s p h e r i c a l  dus t  cloud model f o r  t h i s  behavior was 
proposed by Me'ndez e t  a l .  (1982) but r equ i r e s  some modif icat ion.  

1983 IUE OBSERVATIONS 

We obtained low d i spe r s ion  IUE spectrograms of t he  nucleus and of t he  nebula 
a t  t h r e e  phases of t he  16-day period during the  1983 observing season, a s  
summarized i n  Table 1. Our o r i g i n a l  i n t e n t  was t o  ob ta in  a high d i spe r s ion  
spectrogram a t  maximum l i g h t ,  based on the  p red ic t ion  by ~ g n d e z  e t  a l .  (1982) 
t h a t  the e c l i p s e s  of the  binary system should cease by March o r  Apr i l  of 1983, 



bu t  t h i s  was not t he  case. I n  f a c t ,  the  e n t i r e  l i g h t  l e v e l  of the system 
continued t o  dec l ine  so  t h a t  when our f i r s t  observa t ion  was made on Apr i l  17, 
1983, t h e  IUE guidance system locked onto the  cen te r  of l i g h t  which was of 
nebular  o r i g i n ,  thus  r e s u l t i n g  i n  a spectrum of the  nebula; t he  f a i n t n e s s  of 
t h e  nucleus thus precluded obta in ing  a high d i spe r s ion  spectrum. We then used 
b l ind  o f f s e t s  t o  t he  coord ina tes  of t he  c e n t r a l  s t a r ( s )  and obtained s t e l l a r  
s p e c t r a  o r i g i n a t i n g  p r imar i ly  from the  hot companion s i n c e  the  con t r ibu t ion  of 
t h e  A-type s t a r  shortward of 1600A is e s s e n t i a l l y  zero. A t  t he  time of 
observa t ion  we were2unaware t h a t  t he  shape of t he  l i g h t  curve had d r a s t i c a l l y  
changed from the  one published by Kohoutek (1982) t o  t h a t  of Kohoutek 
(1983). This  broadening of the  minimum, however, expla ins  the  d iscordant  
po in t  of our  1982 " l i g h t  curve" (Feibelman and Al l e r ,  1983). The progress ive  
d e c l i n e  of t he  maximum continued during the  1983 observing season, a s  
i nd ica t ed  by Marino, Williams and Walker (1984) who were no longer  ab l e  t o  
d e t e c t  t he  peaks of t he  l i g h t  curve which had become f a i n t e r  than m, = 14. 
A minor complication f o r  our observing program a rose  from t h e  f a c t  t h a t  t h e  
planned observat ion a t  maximum on May 12 was "bumped" by one day due t o  t he  
p r i o r i t y  given t o  Comet IRAS-Araki-Alcock. A l l  observa t ions  were taken 
through the  l a r g e  (10" x 20") en t rance  a p e r t u r e  and inc lude  some nebular  
con t r ibu t ion  t o  the  He I1 l i n e  f o r  the  f l u x  shown i n  Table 1. 

DISCUSSION AND RESULTS. 

From the  f luxes  of the  s t e l l a r  C ZV l i n e  given i n  Table 1 it is seen t h a t  i t s  
i n t e n s i t y  was maximum near  4 = 0.02.. We i n t e r p r e t  t h i s  t o  be i n  agreement 
wi th  the  p red ic t ion  of Me'ndez (1983) t h a t  t he  br ightness  of t he  e x c i t i n g  h o t  
s t a r  should be a t  maximum a t  the  same time when the  br ightness  of t he  A-star 
is near  minimum,, and v iceversa .  We i n d i c a t e  our observa t ions  a t  3 phases by 
v e r t i c a l  l i n e s  i n  Fig 1 ,  which is  adopted from Mgndez e t  a l .  (1982) with the 
a d d i t i o n  of Kohoutek's (1983) l a t e s t  da t a  ad jus ted  t o  t he  o r b i t a l  elements of 
Mgndez e t  a l .  (1982). Fig. 2 shows the  asymmetric C I V  emission l i n e  p r o f i l e  
a t  4 a 0.02 which' sugges ts  a blue s h i f t e d  component t h a t  may be due t o  a 
s t e l l a r  wind o r  gas stream. The asymmetry is l a r g e s t  at t h i s  phase. The 
He I1 l i n e ,  shown i n  Fig.3 f o r  the  same phase, is a mixture of s t e l l a r  and 
nebular  emission (determined from the  photowri te  image) and has a gaussian 
p r o f i l e  with a s l i g h t  suggest ion of an inve r se  P Cygni p r o f i l e .  I f  r e a l ,  t h i s  
would s i g n i f y  inf low of ma te r i a l  a t  4 = 0.02. A nearby reseau mark may have 
con t r ibu ted  t o  t he  absorp t ion  f e a t u r e  but  is not seen a t  o the r  phases. A more 
d e t a i l e d  a n a l y s i s  of t h i s  and o ther  emission l i n e s  t o  deconvolve the  s t e l l a r  
and nebular  components is planned f o r  t h e  near fu tu re .  The narrow s t e l l a r  
continuum is c l e a r l y  seen on the  photowrite throughout t h e  SWP range. The 
s p h e r i c a l  dus t  cloud model proposed by Me'ndez e t  al. (1982) exp la ins  some of 
t h e  observed c h a r a c t e r i s t i c s  of t h i s  s t r ange  system but r equ i r e s  so,me 
modi f ica t ions ,  a s  w a s  a l r eady  suggested i n  the  footnote  added by Mendez e t  a l .  
(Astr. ,Ap.,-119, cor rec ted  vers ion  of 116, L5) s i n c e  the  e c l i p s e s  d id  not s top  
i n  t h e  sp r ing  of 1983. The progress ive  reddening of the  nucleus shown by 
Kohoutek's (1983) p l o t  of v s  (B-V) suppor ts  the  dus t  cloud model. 
The s t e l l a r  continuum evident  on the  present  SWP spectrograms, the  emission of 
C I V ,  He  I1 and N V,  t oge the r  wi th  t h e  e s t ima te  of a minimum mass of 0.32 Mo 
and an 'upper l i m i t  of 0.45 Mo f o r  t h e  companion determined by ~e 'ndez  and 
Niemela (1981) suggest  a hot subdwarf with Teff i n  t h e  range of 60,000- 
100,000K and unusual ly low mass as the  e x c i t i n g  s t a r  of NGC 2346. 



Table 1. 
1983 IUE OBSERVATIONS OF NGC 2346. 

Date,  1983 Image Expos . ( m i d  Phase a ~ ( 1 5 5 0 ) ~  F( 1 6 4 0 ) ~  Remarks . 
A p r i l  17 SWP 19740 150 1.7 7 00 nebula 

LWR 15756 25 nebula 
I. SWP 19741 105 0.836 <1 .o* 12 .8 nucleus 
I. LWR 15757 75 high rad. 

A p r i l  20 SWP 19768 165 0.020 3 -9 10 08 nucleus 
May 13 SWP 19967 180 0.496 3 1 9 .6 nucleus 

I LWR 15928 120 nucleus . 
a phases a r e  based on o r b i t a l  elements of Mgndez e t  a1.(1982), to = 2443126.0 
and P = 15.991d, and a r e  not  compatible with those of Kohoutek (1982,1983) o r  
t he  ones used by FA derived from them. The phase shown r e f e r s  t o  the  midpoint 
of the  exposure f o r  t h e  r e spec t ive  SWP images of the  nucleus.  

Flux i n i t s  05 lo-13 rgs  sec- l* t hese  a r  3 fkservef  ~ a l u e f  n t 
c o r r e c t e a  ?or red ening,  gecause of the  Gncertain i e r e n t  a e x t  hctyon of 
$ t a r  and nebula. 

Low va lue  may be due t o  poor s i g n a l  t o  no i se  r a t i o .  
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FIGURE CAPTIONS 

Fig. 1. Radial  v e l o c i t i e s  and BJ magnitudes adopted from Mgndez e t  a l .  (1982) 
and Kohoutek (1982, 1983). I n  t h e  upper panel ,  t he  open squares  i n d i c a t e  
v e l o c i t i e s  obtained from December 1976 t o  February 1981; t h e  10 f i l l e d  squares  
a r e  v e l o c i t i e s  obtained i n  March-April 1982, connected by a dashed l i n e .  I n  
t he  lower panel ,  t he  f i l l e d  squares  a r e  BJ magnitudes measured by Kohoutek i n  
January-February 1982. The open squares  a r e  BJ magnitudes measured by ~ a t h i e r  
i n  March-April 1982. The lowest l i g h t  curve is from Kohoutek (1983) but  
adjusted for the orbital elements of ~ g n d e z  et  al .  (1982). The v e r t i c a l  l i n e s  
i n d i c a t e  t he  phases a t  which 1983 IUE d a t a  were obtained. 
Fig. 2. The s t e l l a r  C I V  l i n e  a t  4 = 0.02. 
Fig. 3. The He 11 l i n e  a t  4 = 0.02; t he  * ' s  r e p r e s e n t  the  d a t a  po in t s ,  with a 
computer-generated gauss ian  p r o f i l e  superposed ( s o l i d  l i n e ) .  
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Abstract 

IUE low dispersion observations of the "jet" emission feature in 
the symbiotic variable R Aquarii were obtained over the course of two 
years. A comparison SWP AX1200-2000 spectra obtained of both this 
Eeature and the central W star indicates significant differences exist 
between these emission regions; Si 1111 A1893 which is prominent in the 
central star is virtually absent in the "jet". Based upon analyses of UV 
and optical emission line spectra, the spectral properties tt th -5 Eeature suggest it is a highly excited tenuous region -10 cm 
characterized by prominent forbidden nebular line emission. 
1. Introduction 

The composite emission object R Aquarii embodies a number of 
characteristic - properties that distinguish it from other peculiar 
emission'stars. The visual spectrum (M7 + pec) indicates the presence of 
a cool Mira variable in close association with a hot unresolved ionizing 
source of radiation that appears to be responsible for the high 
excitation nebular emission observed. Encircling this spatially 
unresolved ionized region is an extended ring-like filamentary nebula 
that subtends -1 arcmin on either side of the central object. Spectra 
obtained by Merrill (1935,1950) indicate that R Aquarii continues to 
exhibit sporadic outbursts which he characterized as a "simmering nova"; 
from 1928 to 1935 the optical spectrum exhibited a strong blue 
continuum, and P-Cygni structure in the hydrogen lines dominated the 
normally strong molecular features and absorption continuum formed in 
the extended atmosphere of the 387-day period Mira. 
2. Observations 

Positioning of the large 10x20" entrance aperture of IUE was 
EaciLitated by- high spatial ;esolution (-1 arcsec) - 6-cm VLA radio maps 
(Kafatos et al. 1982) (Fig. 1). A comparison between low dispersion 
ultraviolet spectra obtained with IUE of the central ionized.region and 
"jet", slit positions B and A, respectively (Fig. 2), that significant 
differences exist between these regions. Most striking is the absence or 
comparative weakness of Si 11 A1808 and Si I111 A1892 emission in the 
feature, while C 1111 A1909 is prominent in both regions (Michalitsianos 
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a (1 950.0) 
and Kaf a t o s  1982). From i n i t  i a l  o b s e r v a t i o n s  of t h e  " j e t "  o b t a i n e d  w i t h  
IUE, t h e  apparen t  weakness o r  absence of s i l i c o n  i n  t h e  f e a t u r e  probably  
r e f l e c t s  a  low abundance. More r e c e n t  I U E  o b s e r v a t i o n s ,  however, r e v e a l  
t h e  p resence  of very  weak emiss ion  from t h e  S i  1111 XX1883,1892 
m u l t i p l e t .  Usua l ly  s e e n  i n  ve ry  low d e n s i t y  o b j e c t s  such a s  p l a n e t a r y  
nebulae  such as NGC 7662 Harr ing ton  e t  a l .  (1982),  t h e  appearance of 
S i  I I I ]  A1883 emiss ion  is  a n o t h e r  i n d i c a t i o n  t h a t  t h e  p r e v a i l i n g  
d e n s i t i e s  i n  t h e  f e a t u r e  a r e  q u i t e  low, i . e .  >lo4 ~ m - ~ - t h e  ens  t y  i n  4 b t h e  compact nebula  t h a t  su r rounds  t h e  c e n t r a l  system is ne-10 -10 cme3 
M i c h a l i t s i a n o s  e t  al. (1980). Accordingly ,  t h e  comparat ive  weakness of 
s i l i c o n  i n  t h e  f e a t u r e  is  probably  due t o  a combination of Low abundance 
and very low e l e c t r o n  d e n s i t i e s .  A d d i t i o n a l l y ,  IUE o b s e r v a t i o n s  i n d i c a t e  
t h a t  t h e  o v e r a l l  UV continuum and l i n e  i n t e n s i t y  l e v e l  have con t inued  t o  
i n c r e a s e  o v e r  -1 year !  The appearance of t h e  C IV XX1548,1550 double t  i n  
I U E  s p e c t r a  of t h e  "jet" s u g g e s t s  t h a t  t h e  f e a t u r e  is extended (-3") and 
is  n o t  complete ly  c o - s p a t i a l  w i t h  t h e  continuum. I n  p a r t i c u l a r ,  t h e  
continuum which appears  t o  o r i g i n a t e  from a p o i n t  source  c o i n c i d e n t  wi th  
t h e  peak r a d i o  con tours  of VLA 6-cm maps, whereas t h e  h igh  e x c i t a t i o n  
C IV l i n e s  appear  extended s p a t i a l l y .  T h i s  s t r u c t u r e  cou ld  r e f l e c t  
o p t i c a l  dep th  e f f e c t s  i n  t h e  l i n e  and continuum, i n  which t h e  r e g i o n  of 
peak r a d i o  emiss ion i n  t h e  f e a t u r e  c o i n c i d e s  wi th  t h e  g r e a t e s t  e l e c t r o n  
d e n s i t i e s  -lo5 which g r a d u a l l y  d e c l i n e  i f  we proceed i n  a 
d i r e c t i o n  a c r o s s  t h e  f e a t u r e .  
. The F e a t u r e  A appears  t o  have enhanced emiss ion  i n  low e x c i t a t i o n  

s p e c i e s ;  t h e  C I11 A1335 and 0 I X -1300 l i n e s  a r e  p a r t i c u l a r l y  s t r o n g  
i n  t h e  f e a t u r e .  The continuum i n  t h e  XX1200-2000 range  i n  t h e  " j e t "  
appears  t o  r i s e  w i t h  d e c r e a s i n g  wavelength;  t h e  W continuum of t h e  
c e n t r a l  ion ized  reg ion  is  independent of wavelength over  t h i s  r eg ion .  
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The wavelength dependent continuum i n  the  " j e t "  is poss ib ly  explained by 
blends of low e x c i t a t i o n  l i n e s  which combine t o  form a pseudo-continuum 
t h a t  is most pronounced above Lyman-a. For example, s t rong  u n i d e n t i f i e d  
l i n e s  a t  X1250.5 and X1259.5 i n  the  " j e t "  a r e  poss ib ly  a t t r i b u t e d  t o  
S 11 emission (Micha l i t s ianos  and Kafatos 1982). D i f f i c u l t i e s  i n  
ana lys ing  the  W continuum p r o p e r t i e s  of t he  R Aquarfi  system a r e  
f u r t h e r  co~npounded by c i r c u m s t e l l a r  absorpt ion.  Brugel e t  a l .  (1982) 
r e c e n t l y  found t h a t  t he  gene ra l  l e v e l  of absorp t ion  i n  the  c e n t r a l  
o b j e c t  has  dec l ined  from a value of E p V  = 0.65 i n  1977, t o  va lues  
around 0.40f0.05 and 0.15*0.05 i n  1979 and 1982, r e spec t ive ly .  This  
could support  t h e  model of an obscuring dus t  cloud having p a r t i a l l y  
eclipsed the Mira variable (Willson e t  al. 1981). This i s  further 
c o i n s i s t e n t  with Whitelock e t  al.(L983) who f i n d  evidence from (JHKL) 
i n f r a r e d  photometry f o r  a p a r t i a l  e c l i p s e  of the Mira i n  1975-78 having 
occurred by an obscuring dus t  cloud. 

The abso lu t e  W f l u x  i n t e n s i t y  and gene ra l  i o n i z a t i o n  l e v e l  i n  t he  
Eeature appears  lower i n  comparison t o  the  u l t r a v i o l e t  emission from t h e  



c e n t r a l  unresolved region.  The "jet " appears  t o  have enhanced emission 
i n  low e x c i t a t i o n  spec i e s ;  t he  C I11 A1335 and 0 I X -1300 l i n e s  a r e  
p a r t i c u l a r l y  s t r o n g  i n  t h e  Feature.  The continuum i n  t he  XX1200-2000 
range i n  t h e  "jet" appears  t o  r i s e  with decreas ing  wavelength; the  W 
continuum of t he  c e n t r a l  ion ized  region i s  independent of wavelength 
over t h i s  region. e t  a1.1980). 

Overa l l ,  t h e  W spectrum of t he  f e a t u r e  e x h i b i t s  a wide range of 
e x c i t a t i o n .  The high degree of s p a t i a l  s t r u c t u r e  ev ident  i n  VLA r a d i o  
maps suggest  t h a t  m a t e r i a l  expuls ion  is d i r e c t e d  outwards,  s i m i l a r  t o  
t h a t  observed i n  Herbig-Haro ob jec t s .  For example, t he  extended CO 
s t r u c t u r e  seen i n  t h e  i n f r a r e d  i n  Herbig-Haro o b j e c t s  has  been 
i n t e r p r e t e d  a s  a s t rong  s t e l l a r  wind channeled i n t o  bi-polar flow from 
an acc re t i on  d i sk  ( c f .  S n e l l  e t  a1.1980). Continued monitoring of the  W 
s p e c t r a l  emission of t he  f e a t u r e  a r e  planned dur ing  t h e  7 t h  I U E  
observing yea r ,  which w i l l  provide a t h r e e  year  d a t a  base f o r  
i n v e s t i g a t i n g  the  temporal W emission p r o p e r t i e s  of t h i s  unique ob j ec t .  
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ABSTRACT 

IUE spectra of H-H1 taken in March 1982 and December 1983 show steady 
qualitative- changes of the short wavelength emission line spectrum. Earlier 
IUE studies (in 1979 and 1980) had shown the typical "high excitation 
object" ultraviolet spectrum with the CIV 1550 and the CIII] 1909 lines 
being very strong. These line fluxes have steadily decreased and are 
presently not detectable on a 4-112 hour exposure. While the spectrum 
looked very similar to that of H-H2 in 1980, it now gives more the 
impression of the spectrum of a low excitation H-H object with a possible 
presence of fluorescent lines from the H2 Lyman bands. 

INTRODUCTION 

Ultraviolet spectra of Herbig-Haro (H-H) objects (cf. Ortolani and 
dlOdorico 1980, Buhm, Buhm-Vitense and Brugel 1981, Brugel, Shull and Seab 
1982, Buhm-Vitense et al. 1982, Schwartz 1983a) show emission lines and 
continua or quasicontinua. In view of the rather low optical brightness and 
the moderately large color excess of these objects, their ultraviolet 
brightness is surprisingly large. Nevertheless, the number of H-H objects 
observable with IUE is small. It is, however, surprising that among the 
objects observed so far in the ultraviolet there seemed to be two distinct 
classes: 1) objects showing relatively high ionization with CIV 1550 and 
CIII] 1909 being the strongest lines (H-HI, H-H2, H-H32); and 2) objects 
showing almost only fluorescent lines of the H2 Lyman bands (H-H43, H-H47) 
(see Schwartz 1983a). The membership in class 1 or 2 is correlated with the 
property of being a "high excitation" or "low excitation" object (cf. Dopita 
1978, Buhm, Brugel and Mannery 1980) in the optical range. It is surprising 
that, until recently, we had seen only these two types of "extremef' cases 
and no "intermediate" ultraviolet spectra. 

Why is all this important? During the last few years more and more 
evidence for the interpretation of H-H objects in terms of high velocity 
gas-dynamic processes has accumulated (cf. Herbig and Jones, 1981, 1983). 
The interpretation of the optical spectra by studying their formation in the 
cooling regions of plane shocks (cf. Dopita 1978, Raymond 1979) or of bow 
shocks (cf. Hartmann and Raymond 1984, Choe, Buhm and Solf 1984) has been 
fairly successful. On the other hand, the simultaneous interpretation of 
optical and UV spectra in terms of shock wave models has caused considerably 
more problems (cf. Schwartz 1983b, Buhm 1983) and the question remains 
whether in the ultraviolet we see only the line formation which is to be 



expected for the models which (approximately) explain the optical spectra or 
whether more sophisticated models are needed. 

Recent observations of qualitative changes in the ultraviolet emission 
line spectrum of H-H1 which we shall describe below show some new and 
unexpected aspects of this problem. We emphasize that the spectrum changes 
are qualitative, so that they cannot be due to (reasonably moderate) 
uncertainties of the spectrophotometric accuracy. 

THE OBSERVATIONS 

Our results are based on a comparison of the early IUE observations of 
H-H1 to our recent observations in March 1982 and December 1983. In the 
early observations Buhm et al. (1981) and Ortolani and dlOdorico (1980) both 
found a CIII] flux of 330 (if F H ~  = 100) and a CIV flux of 416 (~b'hm et 
al. 1981) or 232 (Ortolani and dlOdorico 1980). Both groups also detected 
and measured the flux in NIII] 174711754 (Bohm et al.: 188, Ortolani and 
dlOdorico: 315). We cannot easily decide whether the differences of the 
order of 40% which occur for the CIV and NIII] lines are due to measurement 
problems or whether they indicate already a time change. This, however, is 
of no great importance for the following. The earlier measurements of H-H1 
showed especially in the CIV 1550 and CIII]] 1909 line fluxes (relative to 
Hg), a great similarity to the values which were later found for H-H2. 

With the measurements of March 22, 1982, it became clear that a drastic 
time change had occurred in H-H1 (see Figure 1). CIV 1550 was barely 
detectable, CIII] 1909 weak. A strong line at X ~ 1 4 8 9  A had appeared and 
dominated the spectrum. This may be the 1489.6 fluorescent H 2  line or the 
NIV] 1486 line or a blend of both. 

An even more drastic change had occurred when we observed H-H1 on 
December 14, 1983. Of the "standard" emission lines which are known to 
occur in "high excitation" H-H objects, only NIII 1750 remains. An 
outstanding feature seems to be a broad "emission band" in the range 1440 A 
'L 
< 21560 A. It is possible that a considerable part of the flux in this 
band is a consequence of the clustering of fairly strong fluorescent H 2  
lines in this wavelength range which are not clearly recognizable because 
the spectrum is faint and noisy. In Figure 1 we have marked the positions 
of the five strongest fluorescent lines. We have numbered them according to 
their strength in H-H43 (Schwartz 1983a, b) with 1 being the strongest and 5 
the relatively faintest line. The maximum in the H-H1 distribution occurs 
near 1505 A, which is the wavelength of the strongest H 2  fluorescent line in 
the low excitation H-H object H-H43. The line 3 (1446 A) seems to be 
clearly present. 

We conclude from the observations presented in Figure 1 that the 
ultraviolet (SWP) spectrum of H-H1 has definitely changed drastically since 
1980, when we saw a spectrum similar to the UV spectrum of H-H2. The CIV 
1550 and CIII] 1909 emission line fluxes had declined considerably already 
by March 1982 and are now undetectable on a 4-112 hour exposure. 



DISCUSSION 

We believe that the present investigation is of considerable importance 
for the shock wave interpretation of Herbig-Haro objects. The shock wave 
interpretation (Schwartz 1975) undoubtedly has been the fundamental recent 
breakthrough with regard to our understanding of H-H objects. But it is 
also true that the easily convincing interpretations are mostly restricted 
to the optical part of the spectrum. The combination of optical and 
ultraviolet observations lead to some apparent contradictions (cf. BUhm 
1983) which, however, can be overcome to some extent (Schwartz 1983b). 

The present observations of time variations point towards a more 
fundamental problem. During the time interval 1980-1983, during which these 
drastic changes in the ultraviolet have been observed, no drastic changes 
have been noticed in the optical part of the spectrum. In January 1982 Solf 
and BUhm have taken high resolution Coude spectra of a number of H-H 
objects, including H-HI. They clearly show that, e.g., the flux ratio of 
[OIII] 5007/H (which is very sensitive to the shock conditions; cf. Shull 
and McKee 1979) has practically not changed. 

The shock wave theory of H-H objects has been so successful in 
explaining different aspects of optical observations that we feel that it 
must be basically correct. The drastic changes in the ultraviolet must then 
mean that either a more sophisticated shock wave theory contains some 
aspects which are not yet understood and which lead to strong changes in the 
UV but not in the visual spectrum or that the shock wave interpretation is 
not the only relevant aspect of a complete theory o f  H-H objects. The 
situation would be especially complicated if it is confirmed that H-H1 does 
indeed make a transitibn from a hiih excitation to a low excitation object 
in the UV. 
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Figure I: Comparison of the SWP spectrum of H-H2 (to which the spectrum of

H-HI was practically identical in 1980) (a) to the SWP spectrum
of H-HI in March 1982 (b) and in December 1983, (c). Figure a is

corrected for reddening, Figures b and c are uncorrected. Note

the different abscissa scales in (a), (b) and (c). In spite of

these shortcomings of this way of presentation, we can clearly

recognize the change of CIV 1550 and CIII] 1909 from being the

strongest emission lines in 1980 to becoming undetectable in
December 1983.
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SHORT-WAVELENGTH OBSERVATIONS OF HH-2H and HH-24A 

Edward W. Brugel and J. Michael Shull 
Laboratory for Atmospheric and Space Physics 

University of Colorado, Boulder 

ABSTRACT 

There still remains some debate about the exact origin of the very blue 
optical and ultraviolet continuum in Herbig-Haro objects. We Believe that 
there is reasonably good evidence for a two-photon continuum in HH-2H. It 
has recently been suggested that there is a significant contribution to the 
uv continuum from scattered light in the general Orion region. We present 
evidence from spatially resolved IUE spectra which indicate the continuum 
and emission line fluxes have the same spatial distribution. A very low 
ultraviolet extinction is indicated based upon an enhanced two-photon 
origin for the uv continuum. A recent observation of HH-24A shows an 
interesting absence of high excitation emission lines and a weak continuum. 

INTRODUCTION 

Ultraviolet observations of Herbig-Haro objects have lead to several 
new insights, as well as new enigmas. The initial uv observations of HH-1 
(Ortolani and DIOdorico 1980; Bohm, Bohm-Vitense and Brugel 1981) presented 
two interesting problems - (1) the continuum seemed to increase monotonically 
to shorter wavelengths out to 1216A; (2) the uv line spectrum corrected for 
standard IS extinction, indicated an ionization which was considerably too 
high to be compatible with the shock-wave parameters deduced from the 
optical forbidden line spectrum. This difficulty with the emission line, 
uv-optical incompatiblity is of course very dependent upon the reddening 
correction as applied in the uv where it is least understood. 

It has also been discovered that the uv spectra of the low excitation 
objects, HH-43 and HH-47 (Schwartz 1983) are significantly different than 
those of HH-1 or HH-2H. These objects are characterized by a prominent 
continuum which has an apparent turnover at approximately 1500A indicative 
of enhanced two-photon radiation. In addition, there is a complete absence 
of high excitation uv lines (e.g. CIV 15498; CIII] 1909A), yet surprisingly 
strong flourescent lines of molecular hydrogen are seen. 

The first IUE observations of HH-2H were presented by Bohm-Vitense, 
et al. (1982) and contained two SWP spectra with a total exposure time of 
560 minutes. An additional single exposure of 430 minutes was obtained 
(Brugel, Shull and Seab 1982) with improved signal-to-noise, which provided 
evidence of the two-photon nature of the uv continuum in these shock 
excited nebulae. 



RESULTS: New observa t ions  of HH-2H 

Herbig-Haro o b j e c t  No. 2H i s  t h e  obse rva t iona l ly  b r i g h t e s t  HH o b j e c t  i n  
t h e  u l t r a v i o l e t  and i t  has rece ived  t h e  most observing time. We have obtained 
two a d d i t i o n a l  s p e c t r a ,  thus  t h e r e  a r e  now f i v e  SWP images wi th  a t o t a l  
exposure time of 1750 minutes (29.1 hours ) .  There remains some debate  
concerning t h e  i n t e r p r e t a t i o n  of t h e  u l t r a v i o l e t  spectrum. The f i r s t  t o p i c  
of d i s p u t e  i s  t h e  continnum. Mundt and W i t t  (1983) have suggested t h a t  a 
l a r g e  f r a c t i o n  (35% f o r  t h e  f l u x  a t  1500A) of t h e  observed s h o r t  wavelength 
continuum is  not  formed wi th in  t h e  HH o b j e c t  bu t  r a t h e r  i s  s c a t t e r e d  l i g h t  
seen  i n  t h e  genera l  Orion region. One way t o  test t h i s  hypothesis  is  t o  
compare t h e  s p a t i a l  d i s t r i b u t i o n  of t h e  continuum f l u x  wi th  t h a t  of t h e  
emission l i n e s ,  which a r e  be l ieved  t o  be formed i n  s i t u .  Of course ,  t h i s  
comparison w i l l  l e a d  t o  v i a b l e  conclusions only i f  t h e  f l u x  i n  t he  emission 
l i n e s  does not  f i l l  t h e  e n t i r e  I U E  ape r tu re .  

A s p a t i a l  r ep re sen ta t ion  of t h e  f l u x  i n  t h e  continuum was cons t ruc ted  
by adding t h e  unca l ibra ted  f l u x  from 1230-16008 i n  each of t h e  55 s p a t i a l l y  
resolved line-by l i n e  s p e c t r a  and then s u b t r a c t i n g  t h e  f l u x  due t o  t he  
known emissions i n  t h i s  s p e c t r a l  region.  The CIV double t  a t  1550A was used 
a s  r e p r e s e n t a t i v e  of t h e  s p a t i a l  d i s t r i b u t i o n  f o r  t h e  emission l i n e  f l u x ;  
t h e  wavelength i n t e r v a l  used was 1540-1560A. To compare these  l ine-by-l ine 
d i s t r i b u t i o n s ,  t h e  f l u x e s  were sca l ed  so  t h a t  t h e  background l e v e l s  were 
equal .  This  i s  i l l u s t r a t e d  i n  f i g u r e  1. It i s  apparent  t h a t  t h e  s p a t i a l  
d i s t r i b u t i o n  i s  l a r g e r  t h a t  a po in t  source but  i t  d e f i n i t e l y  does no t  f i l l  
t h e  ape r tu re .  I n  a d d i t i o n ,  t h e  continuum f l u x  very c l o s e l y  fol lows t h e  
e x t e n t  of t h e  emission l i n e .  We conclude t h a t  t h e  observed continuum and 
t h e  emission l i n e s  a r e  a s soc i a t ed  phenomena, and t h a t  t h e r e  is  no conclus ive  
evidence f o r  a s c a t t e r e d  l i g h t  c o n t r i b u t i o n  t o  t h e  observed continuum. 

We maintain t h a t  t h e  b e s t  explana t ion  f o r  t h e  observed uv continuum 
(Brugel,  Shu l l  and Seab 1983) is  c o l l i s i o n a l l y  enhanced HO two-photon 
emission, a s  t h e o r e t i c a l l y  suggested f o r  t h e  f a r  uv (Shul l  1982) and t h e  
b lue  continuum (Dopita, B i n e t t e  and Schwartz 1982).  A l l  t he  a v a i l a b l e  s h o r t  
wavelength da t a  f o r  HH-2H is  shown i n  f i g u r e  2. The continuum f l u x  has been 
averaged over approximately 50A wide b i n s  and t h e  b ins  have been chosen t o  
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exclude any obvious emission l i n e s .  There s t i l l  remains t h e  "unresolved" 
problem of  p o s s i b l e  c o n t r i b u t i o n s  due t o  weak u n i d e n t i f i e d  emission l i n e s ;  
t h i s  problem w i l l  remain unresolved u n t i l  h igher  d i s p e r s i o n  obse rva t ions  
become poss ib l e .  A semi-empirical two-photon continuum i s  a l s o  p l o t t e d  i n  
f i g u r e  2; t h i s  curve  is  based upon t h e  t h e o r e t i c a l  (Sp i t ze r  and Greenstein 
1951) two-photon energy d i s t r i b u t i o n  normalized t o  t h e  observed reddening 
c o r r e c t e d  o p t i c a l  continuum a t  4500A (Bruel ,  Bohm and Mannery 1982, Dopita ,  
B i n e t t e  and Schwartz 1982).  Thus t h i s  curve r e p r e s e n t s  an  upper l i m i t  t o  
t h e  i n t r i n s i c  u l t r a v i o l e t  two-photon continuum emi t ted  by HH-2H. S ince  
t h i s  " i n t r i n s i c "  curve i s  only  s l i g h t l y  g r e a t e r  than t h e  observed uncorrected 
d a t a ,  i t  i s  apparent  t h a t  t h e  degree of u l t r a v i o l e t  e x t i n c t i o n  i s  n o t  l a r g e .  
Cor rec t ing  t h e  emission l i n e s  w i th  t h i s  much smal le r  than average I S  
e x t i n c t i o n  g r e a t l y  reduces t h e  disprepancy between t h e  uv and o p t i c a l  l i n e  
s t r e n g t h s ,  i n  terms of a s i n g l e  set of shock parameters .  

I n  l i g h t  of  t h e  r e c e n t  d i scovery  of dramatic  v a r i a b i t y  i n  t h e  uv 
emission l i n e  s t r e n g t h s  of HH-1, we have re-examined a l l  f i v e  s p e c t r a  of 
HH-2H. W e  do s e e  d i f f e r e n c e s  i n  l i n e  s t r e n g t h s  from one spectrum t o  
another  and t h e s e  d i f f e r e n c e s  can be a s  l a r g e  a s  50%. Nonetheless,  i t  i s  
n o t  p o s s i b l e  t o  a s c e r t a i n  nny p a t t e r n  t o  t h e s e  d i f f e r e n c e s  o r  t o  convince 
onese l f  t h a t  they  a r e  r e a l  v a r i a t i o n s .  

A s i n g l e  540 minute SWP exposure of  HH-24A was obtained on 11 Nov 1983. 
This  o b j e c t  was chosen because of i t s  unique ly  l a r g e  o p t i c a l  continuum 
p o l a r i z a t i o n  (Schmidt and Miller 1979) and i t s  s t rong  continuum r e l a t i v e  
t o  i t s  emission l i n e s  (Brugel,  Bohm and Mannery 1982).  This  s h o r t  wavelength 
spectrum i s  shown i n  f i g u r e  3. With t h e  p o s s i b l e  except ion  of 0111 1661A, 
t h e r e  is  an absence of h igh  e x c i t a t i o n  l i n e s  a s  is  a l s o  seen  i n  t h e  low 
e x c i t a t i o n  nebulae HH-43 and HH-47. However, HH-24A does no t  possess  a 
low e x c i t a t i o n  o p t i c a l  l i n e  spectrum. There i s  a l s o  no i n d i c a t i o n  of an  
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identifible two-photon continuum which appears prominent in HH-43 and HH-47. 
A few of the known H lines appear to be present, there are also some lines 
which are not seen. 2 ~ h e  weakness of this spectrum prevents any definite 
assertion that molecular is definitely detected. It should be noted that 
this object has an E(B-V) = 0.71, as determined by the optical emission line 
spectrum. It is possible that the region in which the uv lines are formed 
is totally obscured by the large ultraviolet extinction, though these regions 
can be seen at longer optical wavelengths. Perhaps the observed uv radiation 
comes from scattering in the outter.most part of the nebula. Extreme variab- 
ility in the uv lines cannot be excluded as recently seen in HH-1 (Bohm, 
Bohm-Vitense and Brugel 1984). 
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DUST IN THE REGION OF HERBIG-HARO OBJECTS: 

THE CASE OF NGC 1999 
I 1  

J.  A. Cardelli and K. H .  Bohm 
Astronomy Department, University of Washington 

ABSTRACT 

We have used observations of the  ref lect ion nebula NGC 1999 (taken a t  a 
small o f f s e t  angle) and i t s  illuminating s t a r  V380 Ori t o  examine the  proper- 
t i e s  of dust i n  the  region of Herbig-Haro objects H-H 1 and H-H 2. The r a t i o  
of nebular in tens i ty  t o  s t e l l a r  f lux i s  f a i r l y  f l a t  i n  the uv and i s  remark- 
ably s imi la r  t o  t h a t  f o r  NGC 7023lHD 200775 fo r  small o f f s e t  angles. I f  
ref lected l i g h t  represents a strong contribution t o  the  continua of H-H objects ,  
then our r e su l t s  seem t o  ru le  out geometries i n  which t h i s  re f lec t ion  a r i s e s  
from forward sca t te r ing  of l i g h t  from imbedded T Tauri s t a r s .  In addit ion,  we 
have examined the  extinction t o  V380 Ori and find i t  s imilar  t o  the curve f o r  
H D  200775, both of which a r e  lower than the  average ga lac t ic  extinction curve 
i n  the  uv .  This seems t o  j u s t i f y  , the use of extinction curves l i k e  8 Ori f o r  
correcting the  observations of H-H objects ,  pa r t i cu la r ly  H-H 1 and 2, fo r  
reddening . 
INTRODUCTION 

I t  has been an accepted r ea l i t y  f o r  qu i te  some time tha t  the  propert ies 
of dust i n  regions of s t a r  formation, pa r t i cu la r ly  extinction by dust, tend t o  
deviate from the  ga lac t ic  average. As a consequence, the  analysis  of the  
i n t r i n s i c  propert ies of astrophysical objects associated w i t h  t h i s  dust has 
become d i f f i c u l t .  A good example of t h i s  concerns the  study of Herbig-Haro 
objects.  In addition t o  the problems of extinction correction,  some uncertain- 
t y  must be assigned t o  the  or igin  of the  observed continuum i n  some of these 
objects.  There has been some debate over the  past few years as t o  whether H-H 
continua a r i s e  from scat tered l i g h t  (Strom, Grasdalen and Strom 1974, Strom, 
Strom and Kinman 1974) o r  a r i s e  by some internal  procgss such as two-photon 
radiation by hydrogen (Brugel, Shull and Seab 1982, Bohm 1983). 

In an attempt t o  understand the  propert ies of dust i n  the region of H-H 1 
and H-H 2, we have chosen t o  examine the  propert ies of the  nearby re f lec t ion  
nebula NGC 1999 and i t s  illuminating s t a r  V380 Ori. A t  a distance of about 
500 pc (Herbig 1960), NGC 1999 l i e s  about 0.29 pc from H-H 1. Because V380 
Ori is a Herbig Ae s t a r  and consequently a young object ,  i t s  associat ion with 
t h i s  general region of s t a r  formation seems reasonable. In addit ion,  s ince  
the  reddening t o  V380 Ori (E(B-V)-0.40) i s  s imilar  t o  t ha t  of H-H 1 and 2 ,  i t  
seems plausible t o  assume tha t  the  dust associated w i t h  NGC 1999 could be 
s imi la r  t o  the  dust  associated w i t h  the  nearby H-H objects.  

OBSERVATIONS AND REDUCTIONS 

We have obtained low resolution observations of NGC 1999 using both the  
shor t  and long wavelength cameras of IUE. In addit ion,  we have extracted 
several images of V380 Ori from the  IUE archives. The nebular observations 



were obtained a t  an of fse t  angle of 15" eas t  of V380 Ori w i t h  the aperature 
oriented in a N-S direction. The data foreboth cameras were reasonably good 
with the exception of the range 1900-2300 A where the data a re  f a i r ly  noisy. 

For such a small of fse t  angle, one must consider, i n  general ,contamina- 
t ion of the nebular observations by instrumentally scattered l igh t  originating 
from the illuminating s t a r  (Witt, Bohlin and Stecher 1982). However, the 
re1 a t i  vely high surface brightness of the nebula ( Warren-Smi t h  1983) coup1 ed 
w i t h  the faintness of V380 Ori (mv~10.3) makes t h i s  unlikely (Witt, private 
communication). More 1 i kely i s  the contamination of the s t e l  l a r  observations 
by nebular l igh t .  Normal s t e l l a r  images generally show no flux outside of a 
spat ia l  width of 3-5 pixels. However, f lux for  V380 Ori increases by about 
15% i f  the spat ia l  width of the spectrum i s  increased from 5-9 pixels. To 
determine the wavel ength dependence of th i s  contamination, we compared the 
spa t i a l ly  summed 5 l ine  (pixel) reduction w i t h  a single l ine  through the imge 
center and a small aperature observation. The l a t t e r  two, which we considered 
to  suffer  from the l eas t  nebular contamination, show the same wavelength 
dependence. In comparison, however, the 5 ine spectrum (normalized a t  3000 A) 
shows,an increasing excess flux below 3000 1 ( t o  a maximum of about 20% a t  
1300 A). Since we are  only interested in the normalized wavel ength dependence 
of nebular to  s t e l l a r  l igh t ,  we have used the above resul ts  t o  correct our 
s t e l l a r  observations fo r  nebular contamination. 

RESULTS 

Figure 1 shows a plot of the ra t io  of nebular intgnsity ( I )  to  s t e l l a r  
flux (F) in the uv normalized i n  the region 2900-3100 A. Also plotted i s  the 
data fo r  NGC 7023/HD 200775 a t  an of fse t  angle of 22'.'5 taken from Witt, Bohlin 
and Stecher (1982). As indicated, the r a t io  of nebular to  s t e l l a r  l igh t  for  
both nebulae i s  remarkably similar. In addition, the reddening for  V380 Ori 
(E(B-V)~0.40) i s  quite similar to  tha t  of H D  200775 (E(B-V)=0.44) and indicates 
tha t  both s t a r s  are-imbedded. T h i s  seems to  imply tha t  conditions giving r i se  
t o  the  scat ter ing  o f  radiation ( i . e .  small angle scat ter ing)  are s imi lar  in  
both nebulae. The above s imi lar i t ies  seem even more s ignif icant  when you con- 
s ider  similar plots as i n  f igure 1 fo r  the Pleiades (Witt, Bohlin and Stecher 
1982) which a r i se  by l igh t  scattered from s t a r s  w i t h  small reddenings ( s t a r s  
tha t  a re  not imbedded). Such plots r i s e  steeply towards shorter wavelengths 
and appear to  be the resu l t  of predominantly large angle scattering. 

We have also made an attem t to  determine the extinction towards V380 Ori. 
Herbig 0960) and Mendoza (1968y assign V380 Ori a spectral type of A0 - A2 
based on the underlying absorption spectrum in the visual. The uv  data seep 
to  infer  types B9 - A0 (type A1 proved deff i c ient  in f 1 ux below about 1700 A). 
Figure 2 shows the resulting curve for  V380 Ori found using E(B-V)=0.40 (an 
appropriate average from the l i t e ra tu re )  and an A0 V comparison s t a r  (main 
sequence s t a r s  were used because they were readily available from the IUE 
Spectral Atlas; Wu e t  a l .  1983). Also shown i s  the curve for  H D  200775 
(Walker e t  a1. 1980) and the average galactic extinction curve of Seaton (1979). 
Comparison of V380 Ori with a B9 V and a B9.5 I11 gave similar resul ts  t o  type 
A0 V throughout except a t  the shorter wavelengths where the extinction more 
closely followed the Seaton curve. In l igh t  of the s imi lar i t ies  between 



NGC 1999/V380 O r i  and NGC 7023/HD 200775 shown i n  f i g u r e  1, we f i n d  t h e  q u a l i -  
t a t i v e  agreement i n  f i g u r e  2 sa t i s f y i ng .  Also, t h e  e x t i n c t i o n  t o  bo th  o f  these 
s t a r s  seems t o  e x h i b i t  t h e  same type  o f  anomalous e x t i n c t i o n  o f t e n  seen i n  
reg ions  o f  s t a r  fo rmat ion  (Snow and Seab 1980, B o h l i n  and Savage 1981). 

Wi th regard  t o  t h e  problem o f  continuum formation i n  H-H ob jec ts ,  we 
conclude t h e  f o l l o w i n g .  Because o f  t h e  agreement between NGC 1999 and NGC 
7023 discussed above, we f i n d  i t  tempting t o  imp ly  t h a t  t h e  ana l ys i s  f o r  NGC 
7023 (Wi tt e t  a1 . 1982, W i  tt, B o h l i n  and Stecher 1982) a l so  app l i es  t o  NGC 
1999. For  NGC 7023 they f i n d  t h a t  t h e  phase f u n c t i o n  changes f rom s t r o n g l y  
forwagd s c a t t e r i n g  (gw0.6-0.7) i n  t h e  v i s u a l  t o  n e a r l y  i s o t r o p i c  (gd0.25) a t  
1400 A. I f  t h i s  app l i es  i n  general t o  s i t u a t i o n s  o f  smal l  o f f s e t  angles f rom 
an imbedded i l l u m i n a t i n g  source, then such a geometry must be r u l e d  o u t  f o r  
H-H 1 and 2 and p o s s i b l y  H-H ob jec t s  i n  general .  For t y p i c a l  T Tau r i  s ta rs ,  
i t  does n o t  seem poss ib le  t h a t  such a geometry cou ld  r e s u l t  i n  t h e  s teep l y  
i nc reas ing  continual,(see f i g u r e  1 ) towards s h o r t e r  wavelength: observed i n  
many H-H o b j e c t s  (Bohm, Bohm-Vitense and Brugel 1981, Bohm, Bohm-Vitense and 
C a r d e l l i  1982, Brugel, Shu l l  and Seab 1982). 

F i n a l l y ,  o u r  t e n t a t i v e  e x t i n c t i o n  r e s u l t s  f o r  V380 O r i  ( f i g u r e  2) seem 
t o  imp ly  t h a t  t h e  dus t  i n  t h e  reg ion  o f  H-H 1 and 2 i s  s i m i l a r  t o  o t h e r  regions 
o f  s t a r  fo rmat ion  t h a t  a l s o  show p e c u l i a r  ( lower  than average) e x t i n c t i o n .  As 
such, i t  seems t o  add j u s t i f i c a t i o n  towards t h e  use o f  e x t i n c t i o n  curves l i k e  
0 O r i  (Boh l i n  and Savage 1981) i ns tead  o f  t h e  average g a l a c t i c  curve (Seaton 
1979) t o  c o r r e c t  observat ions o f  H-H ob jec t s  ( p a r t i c u l a r l y  H-H 1 and 2) f o r  
reddening. 
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IUE  Observa t ions  of Blue Hor i zon ta l  Branch Globular  C l u s t e r s  and 
UV-Bright S t a r s  
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Brian Nolton and Ter ry  A.  Mat i l sky  
Rutgers  Un ive r s i t y  

ABSTRACT . 

Recent t h e o r e t i c a l  a t t emp t s  t o  unders tand t h e  l a t e r  evolu- 
t i o n  of  Popula t ion  I1 s t a r s  have met with some s u c c e s s  i n  
account ing  f o r  t h e  p o s i t i o n s  o f  UV-bright stars i n  g l o b u l a r  
c l u s t e r  c o l o r  magnitude diagrams. I n  p a r t i c u l a r ,  model ca l cu l a -  
t i o n s  have been publ i shed  which sugges t  t h e  e x i s t e n c e  of  two 
d i s t i n c t  sub -c l a s se s  of  UV-bright s tar ,  based on t h e i r  l uminos i ty  
above t h e  h o r i z o n t a l  branch (HB).  IUE obse rva t ions  of  i n d i v i d u a l  
UV-bright stars i n  s e v e r a l  g l o b u l a r  c l u s t e r s  do i ndeed  show a 
s e p a r a t i o n  i n t o  two luminos i ty  groups,  with more t han  h a l f  o f  t h e  
stars belonging t o  t h e  high luminos i ty  c l a s s .  Whereas s p e c t r a  o f  
r e s o l v e d  h o t  sou rces  found i n  t h e  co re s  of  seven c l u s t e r s  l e a d  u s  
t o  b e l i e v e  t h a t  t h e y  a r e  a l s o  UV-bright stars, u n l i k e  t h e  s t a r s  
o u t s i d e  t h e  co re  t hey  f a l l  most ly  i n  t h e  low luminos i ty  group. 
F u r t h e r  o b s e r v a t i o n s  a r e  planned t o  extend t h e s e  r e s u l t s  t o  more 
c l u s t e r s .  

INTRODUCTION 

The UV-bright r e g i o n  i n  a g l o b u l a r  c l u s t e r  c o l o r  magnitude 
diagram i s  u s u a l l y  de f ined  as t h a t  b r i g h t e r  than  t h e  HB and red-  

of  t h e  r e d  g i a n t s .  UV-bright stars a r e  found p r e f e r e n t i a l l y  
i n  c l u s t e r s  wi th  predominantly b lue  HBs ( i . e . ,  BHB c l u s t e r s ;  
Harris,  Nemec and Hesser ,  1983).  I n  a d d i t i o n ,  h o t ,  luminous s t a r s  
have been found t o  be p re sen t  i n  t h e  co re s  of  some c l u s t e r s ,  as 
f i r s t  ahotvn by Dupree, e t  a l .  (1979).  S ince  i t  would t a k e  almost  
1060 r e d  g i a n t s  t o  equa l  t h e  b r i g h t n e s s  of  a s i n g l e  BIIB star a t  
1500 A (Code, 1982) ,  SWP images t aken  through t h e  l a r g e  a p e r t u r e  
can e a s i l y  d i s t i n g u i s h  t h e s e  h o t  stars from t h e  c o o l e r  sou rces  
t h a t  dominate c l u s t e r  o b s e r v a t i o n s  i n  t h e  o p t i c a l  bands. 

UV-bright stars a r e  cons idered  t o  be Popula t ion  I1 o b j e c t s  
i n  one of t h e  fo l lowing  s t a g e s :  

a 13volved o f f  t h e  zero-age IIB; i n  t h i s  s t a g e  t h e  star i s  
burn ing  helium i n  t h e  co re  and hydrogen i n  a s h e l l  j u s t  
o u t s i d e  t h e  core .  The c o l o r  o f  t h e  s tar  depends c r i t i c a l -  
l y  on i t s  envelope mass and chemical  composit ion (on ly  
small d i f f e r e n c e s  a r e  expected i n  t h e  mass of  t h e  He core),. 



The low mass (0.5Mo \( M 4 0.6Mo), low m e t a l l i c i t y  stars 
which i n h a b i t  t h e  b lue  end of t h e  HB i n  t h e  temperature  
range  4.1 ( l o g  Te f , <  4.3 e v e n t u a l l y  evolve i n t o  UV- fi b r i g h t  stars somew a t  r e d d e r  and about  1 magnitude b r i g h t -  
e r  t h a n  t h e i r  zero-age l o c i .  Such stars a r e  known i n  t h e  
l i t e r a t u r e  as supra-HB stars (Zinn,  1974). S ince  t h e  more 
massive (0.65M06 M 6 0.8Mo) HB stars evolve d i r e c t l y  on to  
t h e  asymptot ic  g l a n t  branch (AGB) from t h e i r  p o s i t i o n s  a t  
t h e  r e d  end, on ly  BHB stars c o n t r i b u t e  t o  popu la t i ng  t h e  
supra-HB domain; 
Evolved o f f  t h e  AGB; as wi th  t h e  f i r s t  g i a n t  branch,  t h e r -  
mal p u l s e s  and r a p i d  mass l o s s  c h a r a c t e r i z e  evo lu t ion  o f f  
t h e  AGB. Such stars a r e  powered v i a  a double s h e l l  s t r u c -  
t u r e ,  wi th  t h e  H burning s h e l l  p rov id ing  9074 of t h e  lumin- 
o s i t y .  Such a c o n f i g u r a t i o n ,  however, i s  u n s t a b l e ,  and 
post-AGB e v o l u t i o n  i s  r a p i d .  Ca l cu l a t ed  model t r a c k s  a r e  
c o n s i s t e n t  wi th  t h e  presence of a small number of h o t ,  
ve ry  b r i g h t  stars s e v e r a l  magnitudes above t h e  HB 
(Sweigar t ,  Mengel and Demarque, 1974).  Evidence t h a t  mix- 
i n g  might be impor t an t  a t  t h i s  s t a g e  i s  suggested by l i n e s  
of  H e  a t  o r  g r e a t e r  t han  t h e  l e v e l  of  Popula t ion  I abun- 
dances i n  such stars as Barnard 29 i n  Ml3, 133 i n  M10 and 
Von Ze ipe l  1128 i n  M3 (5trom and Strom, 1970).  

OBSERVATIONS 

I n  F igure  1 we have p l o t t e d  t h e  r e l a t i v e  SWP f l u x e s  of sev- 
e r a l  UV-bright stars, a l l  found w e l l  o u t s i d e  t h e  c o r e s  of t h e i r  
r e s p e c t i v e  g l o b u l a r  c l u s t e r s .  The d a t a  h a s  been averaged i n  50 A 
b i n s ,  c o r r e c t e d  f o r  i n t e r s t e l l a r  reddening and s c a l e d  t o  t h e  d i s -  
t a n c e  of  NGC 6397 t o  f a c i l i t a t e  comparison. Also p l o t t e d  a r e  t h e  
r e c e n t l y  d i scovered  h o t  o b j e c t  i n  M5 (Bohl in ,  e t  a l . ,  1983), 
K 648, the  p l a n e t a r y  nebula  i n  1415 and, t o  r e p r e s e n t  t h e  l e v e l  of 
t h e  BHB i n  t h i s  wavelength range ,  one of t h e  two stars found i n  
t h e  core  o f  M13 by de Boer and Code (1981).  The stars appear t o  
f a l l  i n t o  two luminos i ty  groups;  about  1 magnitude above t h e  HB 
f o r  t h e  lower group and almost  3.5 magnitudes above t h e  HB i n  t h e  
h i g h e r  l uminos i ty  group a t  1600 A .  Not shown i n  F igu re  1 i s  t h e  
star K 559 i n  Ml5 which almost  e x a c t l y  o v e r l a p s  t h e  M.5 source .  
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I n  o r d e r  t o  d i s c u s s  t h e  s o u r c e s  found i n  t h e  c o r e s  of  t h e  
c l u s t e r s  i t  i s  necessary  t o  r e s o l v e  them s p a t i a l l y ,  f o r ,  a s  
shown i n  F i g u r e s  2  and 3, t h e  f l u x  d i s t r i b u t i o n  i n  t h e  l a r g e  ap- 
e r t u r e  c l e a r l y  i n d i c a t e s  m u l t i p l e  sources .  Figure  2 i s  inc luded  
as a n  example of  an  lleasyM case :  two stars a r e  obvious ly  p r e s e n t  
and we conf i rm t h e  r e s u l t  of de Boer and Code (1381) t h a t  t h e  two 
have very  similar s p e c t r a .  F igure  3 i s  an  example of  t h e  o p p o s i t e  
extreme: even a t  t h e  s h o r t  v~avelength  end t h e  sou rces  a r e  blended 
and a r e  d i f f i c u l t  t o  r e s o l v e  by simple i n s p e c t i o n .  For such c a s e s  
we employ an  i n t e r a c t i v e  l e a s t  squa rc s  f i t t i n g  scheme'ahich as- 
sumes a gauss i an  p o i n t  spread  func t ion .  I n  t h i s  way t h e  f l u x  d i s -  
t r i b u t i o n  i n  F igure  3 h a s  been l l reso lvedH i n t o  3 sou rces .  The 
sou rce  p r o f i l e s  and t h e i r  sum ( p l u s  background) a r e  shown i n  Fig- 
u r e  4. I n  a  similar manner m u l t i p l e ,  over lapp ing  sou rces  were 
r e s o l v e d  i n  M15, M2, M30, M92 and NGC 6752. I t  should  be noted i n  
E'igure 4 t h a t  t h e  de r ived  FYfiIMs a r e  s t i l l  s l i g h t l y  broader  t han  
t h e  i n s t r u m e n t a l  p o i n t  spread  f u n c t i o n  ( FI'lI-IM = 5u.4 a t  1400 A ) .  
Thus, t h e  f l u x e s  de r ived  from t h i s  f i t t i n g  procedure . a r e  upper 
l i m i t s .  F igu re  5 shows many ( f o r  c l a r i t y ,  over lapp ing  sou rces  
have no t  been p l o t t e d )  of  t h e  r e s o l v e d  stars found by t h i s  pro- 
cedure.  Again, t h e  HB s t a r  i n  Ml3 i s  inc luded  f o r  comparison. i{o. 
gap i s  immediately appa ren t ,  as i t  i s  i n  F igure  1. The stars 
l a b e l e d  M92 11, M70 A and NGC 6752 a r e  between 1.2 and 0.7 mag- 
n i t u d e s  above t h e  HB s t a r  a t  1600 A while t h e  very  b r i g h t e s t  
sou rce ,  t h e  s t a r  i n  M15 i s  about 2.3 magnitudes above t h e  same , 

star a t  1500 A ,  i n  l i n e  wi th  t h e  va lue  found by Gursky and Davis 
(1980).  The most i n t e r e s t i n g  comparison occu r s  when t h e  range  of  
l o g  f l u x  v a l u e s  i n  F igu re  5 i s  compared t o  t h a t  i n  Figure 1. Ye 
n o t e  t h a t  most o f  t h e  co re  stars, vnth  t h e  p o s s i b l e  excep t ion  o f  
t h e  one i n  Ml5, would f a l l  i n  t h e  lower luminos i ty  group of Fig- 
u r e  1. 

DISCUSSION 

S v ~ e i g a r t ,  Mengel and Demarque (1974) po in ted  o u t  t h a t  t h e  
l u m i n o s i t i e s  of  t h e  post-AGB t r a c k s  a r e  very  s e n s i t i v e  t o  t h e  
t o t a l  mass of t h e  model. The most massive s t a r s  r each  t h e  high- 
e s t  l u m i n o s i t i e s  be fo re  r each ing  t h e  t u r n o f f  p o i n t  t h a t  l e a d s ,  
u l t i m a t e l y ,  t o  t h c  whi te  dwarf coo l ing  curves .  S ince  HB stars of  
a l l  bu t  t h e  s m a l l e s t  masses e v e n t u a l l y  r each  t h e  AGB, any i n t r i n -  
s i c  mass sp read  a long  t h e  zero-age HB should  r e s u l t  i n  a lumin- 
o s i t y  sp read  among t h e  post-AGE UV-bright s t a r s .  

That a lmost  a l l  o f  our  co re  sources  seem t o  be supra-HB 
stars, whereas one might expect  massive stars i n  t h e  core  of 
dynamically r e l a x e d  systems,  might be duc t o  t h e  small number 
o f  stars accomodated by t h e  I U X  a p e r t u r e  and t h e  very  r a p i d  
(105 y e a r s )  t imesca l e  f o r  post-AGB evo lu t ion  com a r e d  t o  HB 

;P l i f e t i m e s  (108 y e w s )  and supra-IIB l i f e t i m e s  (10 y e a r s ) .  I n  
t h i s  view, t h e  b r i g h t e r  group of s t a r s  might be i n  t h e  core  bu t  
a r e  s o  r a r e  t h a t  t h e  1 0  X 20 arcsecond IU3: a p e r t u r e  would have 
t o  be p r e c i s e l y  po in t ed  t o  f i n d  them. A l t e r n a t e l y ,  i t  j u s t  may 
be t h a t  f o r  t h e  HB and post-HB s t a r s  t h e  c l u s t e r  c o r e s  a r e  not 



dynamically r e l axed ,  and t h a t  t h e r e f o r e  t h e  most massive stars 
a r e  p0-J i n  t h e  co re s  a t  a l l .  C lea r ly ,  more d a t a  i s  needed before  
t h e s e  r e s u l t s  a r e  f u l l y  understood.  A much b e t t e r  way t o  look a t  
t h e s e  r e l a t i v e  l u m i n o s i t i e s ,  of course ,  would be t o  c o n s t r u c t  
l o g  (L/L@) ve r sus  l o g  Teff diagrams, bu t  s o  f a r  f i t s  t o  model 
atmospheres have been hampered by t h e  ub iqu i tous ,  broad absorp- 
t i o n  f e a t u r e  cen te red  a t  1600 A. U n t i l  t h e  problem of  t h i s  Ifdip" 
i s  so lved ,  r e l i a b l e  temperature  de t e rmina t ions  w i l l  e lude us.  

This  work was p a r t i a l l y  supported by NASA g r a n t  NAG 570. 
We acknowledge t h e  h e l p  of t h e  Nat iona l  Space Science Data 
Center i n  o b t a i n i n g  a r c h i v a l  s p e c t r a  of  c l u s t e r s  and UV-bright 
stars used i n  t h i s  s tudy.  
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A SEARCH FOR YOUNG STELLAR CHROMOSPHERES IN NGC 2264 

Theodore Simon 
Institute for Astronomy, University of Hawaii 

ABSTRACT 

Pre-main-sequence stars in the galactic cluster NGC 2264 were observed 
with - IUE to search for ultraviolet chromospheric and transition region (TR) 
emission lines. Fifteen cluster members of spectral type A-K, ranging in age 
from 1 to 10 million years, and 4 other stars in the direction of the cluster 
were observed at low resolution. Chromospheric emission was detected only in 
the faint Ha emission-line star NX Mon (W 79); its Mg I1 surface flux, FMg = 
1 x lo8 ergs cm-2 s-l, is comparable to that observed for very active T Tauri 
stars. Upper limits on chromospheric and TR line emission of the remaining 
stars are an order of magnitude below the surface fluxes and normalized 
fluxes, fL/Rbol, of T Tau stars and of the chromospherically-active Ae star 
HR 5999. These upper limits are comparable to the emission-line strengths of 
solar-type stars in the Hyades and UMa clusters and of the youngest field 
stars. The bright pre-main-sequence stars in NGC 2264 therefore have weaker 
chromospheres and TRs than do the T Tau stars, but it is uncertain whether 
their activity levels are intermediate between those of the T Tau and older 
stars, as would be expected if chromospheres steadily decline with age. 

INTRODUCTION 

The chromospheric emission of solar-type main-sequence stars in the 
nearby field and in nearby open clusters like Ursa Major and the Hyades is 
inversely correlated with age. According to Skumanich (1972), the strength of 
the emission in the cores of the Ca H-K lines declines with the square root of 
age for stars older than -0.1 Gyr. Similar power laws have been derived for 
UV chromospheric and TR lines (Simon and Boesgaard 1983), except that the 
high-temperature lines decline more steeply with age than do the low- 
temperature lines. For very young stars the chromospheric activity-age 
relation may be more complicated than this; there are major difficulties in 
interpreting the W (and X-ray) observations of pre-main-sequence T Tau stars 
in terms of surface activity and in placing these stars on the activity-age 
relations of the older stars. 

This paper reports on a search for chromospheric activity in the bright- 
est pre-main-sequence stars in NGC 2264. This cluster has been the subject of 
numerous modern photometric and spectroscopic studies, starting with Herbig's 
(1954) census of faint emission-line stars. Members of the cluster have been 
identified from their proper motions by Vasilevskis et al. (1965). NGC 2264 -- 
has a normal main sequence populated from 06 to B9, but many of the cooler 
members lie in a band above and parallel to the ZAMS (Walker 1956). These 
stars are still gravitationally contracting toward the main sequence; from a 
comparison with isochrones, Strom -- et al. (1971) derived ages for these stars 
of 1 to 10 million years. 



OBSERVATIONS 

Nineteen stars were selected from Walker (1956) and Vasilevskis et al. -- 
(1965). Fifteen stars of spectral type A-K are bona fide members, 2 are 
probable foreground stars. Most lie above the main sequence, a few are close 
to or below the ZAMS, and 7 are rapid rotators (Vogel and Kuhi 1981) expected 
to show intense dynamo action and chromospheric emission. Low-resolution 
spectra were obtained with the SWP and LWR cameras, usually under low noise 
conditions, with exposure times of 5 to 240 min. The spectra were well 
exposed for the hot stars but underexposed for some faint cool stars. The FES 
magnitudes agree with published V band photometry, except for 2 stars where 
the identification of the IUE target is now suspect. - 

Examples of spectra are presented in Figures 1 and 2. Detection limits 
for integrated emission-line fluxes are 2 x 10'14 - 4 x 10-13 ergs cme2 s'l. 
No stellar chromospheric lines were detected in the 1200-2000 A spectral 
region. In the long exposures of a few stars (e.g., W 92), nebular emission 
fills the large aperture. Stellar emission lines are present in the 2000-3200 
A spectra of W 90, an Ae star located below the main sequence, and W 79 (= NX 
Mon), a -16th mag Ha emission-line star. The other stars have normal 
absorption line spectra. The emission lines of Mg I1 and Fe I1 (UV62 and 
UV63) in the spectrum of W 90 most likely arise in the CS envelope of this 
star. The variable Mg I1 emission of NX Mon might be chromospheric. The 
optical spectrum is heavily veiled (Herbig 1954), indicating an extremely 
thick chromosphere or a very extensive CS shell. The average surface flux in 
Mg, F M ~  = 1.6 x lo8 r*-2 dex (0.8 A,) = 5 x lo7 ergs cm-2 s-l if I assume a 
radius r* = 2 ro and an interstellar extinction correction, Av = 0.25 mag. 
This surface flux is comparable to the intrinsic (reddening-corrected) surface 
fluxes of the most active T Tau stars in star-forming regions like Tau-Aur, 
and is an order of magnitude larger than the flux of young solar-type field 
stars (e.g., x1 Ori), 30 times the quiet-Sun value, and -100 times the 
quiescent surface flux of nearby active dMe flare stars. 

DISCUSSION 

In order to assess the present results we need to consider what levels of 
activity observed by - IUE in nearby young stars could be detected at the dis- 
tance of this cluster. The 20 detection threshhold (for cool stars) was 
-4 x 10-l4 ergs cm-2 s'l. Scaled to 800 pc, the observed emission-line fluxes 
of only the most active pre-main-sequence stars would be detected, and then 
only for the Mg I1 lines. Corrected for extinction, the intrinsic surface 
fluxes of the strong lines of nearly all the T Tau stars observed to date 
would be detected easily; if the stars in NGC 2264 are post-T Tau stars whose 
CS envelopes have been cleared away to reveal intense surface activity, these 
fluxes would be observable. The Mg flux of young solar stars like Ori, 
however, would be an order of magnitude below this detection limit and their 
C IV emission would be 1000 times too faint to be detected. The emission from 
dMe stars would fall short by 2-6 orders of magnitude even during flares. For 
hot stars the detection limit was 4 x 10-l3 ergs cme2 s-1 because of their 



strong continuum emission. The Mg I1 and C IV lines of the Ae star HR 5999 
(Tjin A Djie et al. 1982) are just barely detectable at 800 pc. 

At the distance of NGC 2264, interstellar absorption lines might be 
strong enough to mask completely any chromospheric emission features. The 
interstellar Mg I1 lines in high-dispersion - IUE spectra of S Mon have an 
EW = 0.75 A and coincide with the radial velocity of the cluster. Equally 
strong interstellar lines of C 11, C 111, and 0 VI are present in Copernicus 
spectra of S Mon (Shull 1980). To estimate whether the interstellar lines 
would obliterate stellar chromospheric emission in Mg 11, we can use the line 
width-luminosity relation (Weiler and Oegerle 1979). This relation predicts 
that late-type cluster members intrinsically brighter than 16th mag would have 
Mg lines broader than the interstellar features, and interstellar absorption 
would typically remove half the intrinsic stellar line emission. For NX Mon, 
90% of the stellar emission may be masked, but the amount of obscuration 
depends on the (unknown) v sin i of the star. Since the line widths of T Tau 
stars are observed to be up to -3 times wider than the predicted widths, the 
extinction correction appropriate to NX Mon is probably smaller. 

For 10 cluster stars whose bolometric luminosities are known, we derive 
normalized ~g II line flux upper limits, fM /lbol < 5 x 10-5 - 1 x 10-4. 
These limits are 20-40 times smaller than t R e normalized intrinsic fluxes of 
T Tau stars and comparable to those of Ori and the Hyades dwarfs. The C IV 
normalized fluxes of the cluster stars, fc IV/~bol < 3 x are an order of 
magnitude below the T Tauris, lying between them and the young solar-type 
stars. We also use the Barnes-Evans relation to convert from upper limits on 
fL to upper limits on FL. The limit for F-K stars, FL < 5 x lo6, is a factor 
of 10 below the T Tau stars and lies between them and Ori. The upper limit 
for the A-type stars in NGC 2264, FL < 4 x lo7, is slightly below the T Tau 
intrinsic fluxes. In summary, the pre-main-sequence stars in NGC 2264 exhibit 
weaker W chromospheric activity than do various T Tau stars (RW Aur, AS 205, 
RU Lup, etc.), but the comparison with nearby field and cluster stars is 
inconclusive. 
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Figure 1 - SUP spectra Figure 2 - LWR spectra 
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THE UV EXTINCTION LAWS IN TWO VERY YOUNG CLUSTERS, 
NGC 6530 IN THE GALAXY AND NGC 2100 IN THE LMC 

Erika BUhm-Vitense, Paul Hodge and Don Boggs 
University of Washington, Seattle 

ABSTRACT -- 

We have studied the UV extinction for a number of 0 and B stars in the 
galactic cluster NGC 6530. We also have studied.the extinction law for 
several stars in the LMC cluster NGC 2100. We find distinct differences for 
different stars in the same cluster. In NGC 6530 we see a correlation of 
the extinction law with Teff or with position in the cluster. In NGC 2100 
the 2200 A absorption appears to be much stronger in the center of the 
cluster. 

We have also studied the interstellar gas line absorption for the stars 
in NGC 6530. No correlation with the variations in the UV extinction law 
has been found so far. 

INTRODUCTION 

It is well known that the interstellar UV extinction law may vary from 
place to place in the galaxy (see, for instance, Savage and Mathis 1979, 
Meyer and Savage 1981, Massa, Savage and Fitzpatrick 1983). Variations are 
believed to be related to differences in grain size. Some dependence on 
spectral type of the star has been suggested by Massa and Conti (1981). In 
our studies of the position of the NGC 6530 stars in the HR diagram, a 
careful determination of the UV extinction law emerged as a byproduct. In 
the following we report our results. 

THE OBSERVATIONS -- 

These studies relied heavily on archival data. Several of our program 
stars had been observed previously by different observers for various 
programs. These existing observations were supplemented by our own 
observations when necessary. The European observations were generally less 
noisy than the ones taken on this side of the Atlantic, which were taken 
during US2 shifts with large background radiation. 

DETERMINATION OF EFFECTIVE TEMPERATURES 

Color excesses E(B-V) were determined from the UBV color measurements 
of Walker (1957) and Chini and Neckel (1981). Unfortunately, their U-B 
colors show some systematic but unexplained differences. From the 
theoretical relations between different colors, using the UV and visual data 
and effective temperatures, it became obvious that the U-B colors are most 
sensitive to Teff and therefore suited best for the determination of Teff. 
The uncertainty in the U-B colors is therefore rather unfortunate. After 



the best possible determination of Teff, we determined the ratio of the 
measured UV fluxes to the model atmosphere fluxes of Kurucz (1979). The 
differences in magnitudes were interpreted as interstellar extinction. With 
the E(B-V) determined from the UBV colors, the (AA-AV)/E(B-V) could be 
determined as a function of wavelength. Small corrections to the originally 
determined Teff were then tpplied in order to match the average galactic 
extinction law for X>2600 A. 

THE UV EXTINCTION LAWS IN NGC 6530 

In Figure 1 we compare the (AA-%)/E(B-V) values as a function of 
wavelengths as measured for the different stars in NGC 6530. The curves are 
arranged in order of Teff of the stars. We see distinct changes in the AX 
for A< 1900 A. In Figure 2 we show a schematic plot with the positions of 
the stars with respect to the center of the cluster. It turns out that the 
hottest stars are also those which have the largest distance from the center 
of the cluster. It is therefore possible that we actually see a dependence 
of the UV extinction on the distance from the cluster center. The stars in 
the center of the cluster show the smallest extinction for A <  1900 k. 

Small variations in A X  are also seen for 2300 1 <A< 2600 1. We 
prese2tly have no explanation for these variations. The bump strength at 
2200 A is, however, very similar for all the cluster stars. 

The angular size of the region studied here is less than lo in each 
dimension, which corresponds to less than 35 pc, at the cluster distance of 
about 2000 pc. 

THE CORRELATION OF UV EXTINCTION WITH INTERSTELLAR GAS ABSORPTION IN 
NGC 6530 

If the observed variations in the UV extinction law are due to the 
destruction of small grains in the cluster interstellar material we might 
perhaps see a correlation of the depletion of heavy elements with the 
variation of the extinction law. So far we have looked at interstellar 
lines of Fe, Si, Mn, and Mg. No such correlation has been found so far. We 
are continuing our studies. 

INTERSTELLAR EXTINCTION IN THE LMC CLUSTER NGC 2100 

In a separate note in this volume Ch. Proffitt will report on our 
extinction determination for NGC 2100 in the LMC. Here we only want to 
point out that in this cluster again we find variations of the extinction 
over the surface of the cluster which has a diameter of about 30 pc. Figure 
3 shows the observed energy distributions for our rogram stars. There is 
little (B20) or no indication of the 2200 1 absorption band due to 
interstellar extinction in the spectra of the program stars. In Figure 3 we 
also show energy distributions from images obtained by Geyer and by Cohen 
for the whole cluster. Geyer obtained the image placing the center of the 
cluster in the center of the large entrance aperture of the IUE 



spec t rograph .  We do no t  know the  exac t  p o s i t i o n  of theo image  taken by 
Cohen. For t he se  two s p e c t r a  t h e  d i p  due t o  t he  2200 A absorp t ion  is 
c l e a r l y  p re sen t .  It then appears  ghat  i n  t h i s  populous young c l u s t e r  
t h e  m a t e r i a l  which causes  t h e  2200 A e x t i n c t i o n  i s  concent ra ted  nea r  t h e  
c e n t e r  whi le  very l i t t l e  of t h i s  m a t e r i a l  i s  found i n  t he  o u t e r  reg ions .  
This s i t u a t i o n  i s  very d i f f e r e n t  from what we f i nd  i n  t he  g a l a c t i c  c l u s t e r  
NGC 6530. 
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, (Figure 1. The UV e x t i n c t i o n  laws der ived  
NGC 6530 f o r  t h e  d i f f e r e n t  s t a r s  i n  NGC 6530. 
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Figure 2. P o s i t i o n s  of our  s t a r s  
I r e l a t i v e  t o  t h e  c l u s t e r  c e n t e r .  

F igure  3 .  Energy d i s t r i b u t i o n s  f A  [erg/cm2/sec] ob ta ined  f o r  our  program 
s t a r s  i n  t h e  .LMC c l u s t e r  NGC 2100 a r e  shown a s  a  func t ion  of wavelength 
on t h e  r igh thand  s i d e .  On the  le f thand  s i d e  t h e  energy d i s t r i b u t i o n s  f A  
[erg/cm2/sec] f o r  t h e  c l u s t e r  NGC 2100 obta ined  by Geyer (SWP 14738, LWR 
11302) and by Cohen (sWP 17208, LWR 13494) a r e  shown a s  a  func t ion  of t h e  
wavelength A .  



ULTRAVIOLET STUDIES OF THE YOUNG POPULOUS CLUSTER 
NGC 2100 I N  THE LMC 

Er ika  BHhm-Vitense, Paul Hodge and Charles  P r o f f i t t  
Univers i ty  of  Washington, S e a t t l e  

ABSTRACT 

S t a r s  i n  t h e  populous young c l u s t e r  NGC 2100 were observed wi th  I U E  i n  
t he  low r e s o l u t i o n  mode. Color excesses ,  e f f e c t i v e  temperatures  and 
luminos i t i e s  were determined f o r  e i g h t  s t a r s  i n  t he  c l u s t e r .  A comparison 
of observed and model atmosphere energy d i s t r i b u t i o n s  shows t h a t  t h e  Nandy 
e t  a l .  (1981) average LMC e x t i n c t i o n  curve does no t  give good matches f o r  
t h e  c l u s t e r  s t a r s .  For most of  t h e  c l u s t e r  s t a r s  no hump i n  t he  e x t i n c t i o n  
a t  2200 A i s  observed and too  l i t t l e  f l u x  i s  observed between 1400 and 2000 
A. 

We f ind  masses between 15 and 30 s o l a r  masses f o r  our s t a r s  and an age 
of aljollt 6x10 ti yea r s .  Two s t a r s ,  B27 and C 1 ,  may have an age of  up t o  
12x10 yea r s .  

INTRODUCTION 

I n  t h e  LMC t h e r e  a r e  a  number of b lue  c l u s t e r s ,  whose appearance 
resembles g lobu la r  c l u s t e r s .  They lack  g a l a c t i c  coun te rpa r t s .  Apparently,  
smal l  populous c l u s t e r s  a r e  s t i l l  forming i n  t he  LMC. NGC 2100, nea r  t h e  
30 Doradus reg ion ,  i s  one of  these .  Previous s t u d i e s  of t h i s  c l u s t e r  i n  t he  
B and V bands were publ ished by Robertson (1974) and Westerlund (1961) ,  and 
i n d i c a t e d  an age of about 7 x 1 0 ~  y e a r s ,  but  t he  s c a t t e r  i n  t h e  observa t ions  
was l a r g e  and t h e  reddening poorly determined. With b e t t e r  UBV photometry 
and low r e s o l u t i o n  IUE s p e c t r a ,  b e t t e r  va lues  f o r  t h e  reddening,  e f f e c t i v e  
temperature  and luminosi ty  of  s t a r s  i n  t h i s  c l u s t e r  can be ob t a ined ,  and the  
i n t e r s t e l l a r  e x t i n c t i o n  i n  the  u l t r a v i o l e t  can be s tud i ed .  

THE OBSERVATIONS 

UBV Colors  

P h o t o e l e c t r i c  UBV c o l o r s  of our  e i g h t  program s t a r s  were ob ta ined  i n  
1984 wi th  t he  0.9m r e f l e c t o r  a t  CTIO. These and some e a r l i e r  p h o t o e l e c t r i c  
measurements k ind ly  provided by J. Nemec (1982) a r e  l i s t e d  i n  Table 1. The 
va lues  ag ree  r a t h e r  we l l .  For t h e  sake of cons is tency ,  only t h e  1984 
observa t ions  a r e  used i n  t he  fol lowing d i scus s ions .  S ince  an 11" diameter  
en t r ance  a p e r t u r e  had t o  be used,  t he  c o l o r s  of t h e  s t a r s  c l o s e  t o  t he  
c e n t e r  of t h e  c l u s t e r  (B27, B20 and ~ 7 )  may be a f f e c t e d  by background 
s t a r l i g h t .  



IUE Observations 

Both short (1200-1950 A) and long (1950-3000 A) wavelength low 
resolution spectra of each of the program stars were obtained with IUE. 
Most of the observations were made using blind offsets from B1 and we must 
be aware of the possibility that some light may have been lost because of 
incorrect centering of the star in the entrance aperture. For two of our 
program stars, C13 and C14, the observed ultraviolet flux levels are 
inconsistent with the UBV data. We therefore do not use the IUE data for 
these two stars in the following discussions. 

DETERMINATION OF THE EFFECTIVE TEMPERATURES 

If the intrinsic colors and surface gravity of a star are known, its 
effective temperature can be determined. Theoretical unreddened UBV colors 
and visual to 2912 A colors were obtained from Kurucz's (1979) model 
atmospheres (Table 5B). (The UV line absorption in these models was 
corrected for a reduced metal abundance of [A/H] = -0.5 appropriate for the 
LMC.) The appropriate surface gravity to be used to determine the unreddened 
colors was derived from the position of the star in the HR diagram and the 
evolutionary tracks of Brunish and Truran (1982). A distance modulus of 
mv-Mv = 18.6 was used. 

For the two stars, C7 and B20, whose UBV colors are uncertain because 
of background contamination, only the f(2912)/f(~) versus B-V diagrams were 
used. For the other stars both color-color plots give consistent results. 

From the dereddened colors and magnitudes, the effective temperatures 
and luminosities are determined using model atmospheres. The results are 
listed in Table 2 and the H-R diagram is plotted in Figure 1. 

With the values for the color excesses and temperatures determined 
above we can correct the observed energy distribution for interstellar 
extinction using Nandy's (1981) average LMC extinction curve. We assume 
that 0.05 of' the reddening is due to our galaxy and use Seaton's (1979) 
average galactic extinction law for the correction. We can then compare the 
dereddened energy distributions with model atmosphere energy distributions. 
The spectra for B27 and C7 are both better fit with higher temperatures than 
derived from the color-color plots. The spectra and best fit model 
atmosphere energy distributions are plotted in Figure 2. 

For most of the stars, except B20, we seem to ,have overcorrected for 
the 2200 A feature. Also, between 1400 and 2000 A the spectra show strong 
absorption features not present in the models. Either the models 
overestimate the flux at these wavelengths (see Koornneef and Code 1981, 
Llorent de Andres, et al. 1981), or the extinction in the cluster is larger 
at these wavelengths than found by Nandy for the average LMC extinction. If 
the model energy distributions in Figure 2 are assumed to be correct, the 



extinction laws can be determined from a comparison of the ratios of the 
observed to model atmosphere energy distributions. The results are shown in 
Figure 3. The absorption bump around 1600 A is clearly visible in all stars 
and its strength does not seem to be well correlated with effective 
temperature. We are thus inclined to attribute most of this absorption to 
interstellar extinction'rather than to absorption features in the stars. 

THE AGE OF NGC 2100 

B20, C31 and B1 (and also C7 if the higher temperature found in Section 
IV is used) seem to lie very close to a single mass track of about 25M with 
very little spread in age. This corresponds to an age of about 6x10~ years. 
The positions of the other stars in the H-R diagram are less accurately 
determined, but may indicate a slightly larger age. The position of C1 
corresponds to an age of 12x10~ years. Perhaps this star is not a cluster 
member, or it may represent the initial phase of star formation in the 
cluster and its larger association of stars (Westerlund 1961). 
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Table 2  

From log  (f2912/fv)  vs .  B-V From (U-B) v s .  B-V 
S t a r  Teff  l og  g  E ~ - ~  Mv l o g  L/LO Te f f  l o g  g  E ~ - ~  Mv log  L/Lo - . - - - . - . - . - . - . - - . - . . . . - . . . . . . . . . . . . -. . , . . . -. . . . . . . . . . . - . . -...--. - . ___.--___. 

+ 2912%, B,V - 
x UV spectra 

4.6 4.4 4.2 4.0 

log Teff 

Figure 1. The H-R diagram f o r  NGC 2100, 15 and 30 s o l a r  mass model 
evolu t ionary  t r acks  from Brunish and Truran (1982) and a  30 s o l a r  mass 
model t r a c k  from Maeder 1981 a r e  shown. 
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Figure 2. Comparison of dereddened 
IUE spectra to Kurucz model 
atmosphere energy distributions. 

'Figure 3. LMC reddening curves 
derived agsuming model atmosphere 
energy distributions as shown 
in Figure 1. Galactic reddening 
with E ( B - V )  = 0.05 and Seaton's 
1979 average galactic reddening 
curve was assumed. 
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IUE ;,BYERVP!IICNS OF INTE,SSTI<LLAR LINES 

Ijaya 1'. G i l r a  
SM Sys terns and Research Corporation, Lanham,Xd. 

For  t he  s tudy of i n t e r s t e l l a r  l i n e s  about 550 s p e c t r a  of about 40 stars 
were obta ined  from the  IUE Vilspa d a t a  bank and analysed. The pre l iminary  
r e s u l t s  are :- 

1 ) Ihave discovered 1 i ne s  due t o  i n t e r s t e l l a r  Gcnn.mium,Gall ium, and 'r(rypt,on, 
These elements are inuch l e s s  cleple t e d  than the  i r o n  group el emen ts ( i  t 
is: p o s s i b l e  t h a t  they a r e  undepl e ted) .  'i'hcse a r e  a1 1 with atomic 
number n r e a t e r  than 30, I'his discovery w i l l  have important bea r ing  on the  
genera l  deple t ion  problem i n  i n t e r s t e l l a r  gas. 

2) Several  intercombinat ion l i n e s  of Fe I1 ,and s eve ra l  X i  I1 l i n e s  have been 
discovered, 'dith t h e  observa t ions  of the intercombinat ion l i n e s  t h e  column 
d c n s i t i e s  can be e a s i l y  der ived s i n c e  the l i n e s  -3re on the 1 i n e a r  p a r t  of 
the  curve of  rrowth. 

3) There i s  a q u a l i t a t i v e  d i f f e r ence  between tihe l i n e s  of h ighly  ion ized  
spec i e s  such a s  C I V ,  S i  I V  a r i s i n g  i n  H TI reg ions  on t h ~  one hand .and 
t h r ~ s e  a r i s i n g  i n  i n t e r s t e l l a r  -cediurn where no R IT region  can be t raced.  
The H I1 r e r i o n  l i n e s  a r e  considerably nar*rower, I n  both cases ,  however, 
mu l t ip l e  components a r e  spen. M.my of these  components h:tve no counter- 
p a r t s  i n  the S i  I1 o r  C II l i n e s .  

4)  There i s  a probable de tec t ion  of one Fe 1 1 ine. Cn the  o t h e r  h,md 6 Eq I 
l i n e s  have been de t ec t ed  ( many f o r  t he  f i r s t  time). Apart from the  much 
h ighe r  dep le t ion  of  Fe, the r a t i o  Fe I / Fe 1.1 is  much lower than the  
Mg I / Mg 11 r a t i o ,  

) An apparent ly  ~ ~ n s u c c e s s f u l  a t tempt  was made t o  d e t e c t  i n t e r s t e l l a r  l i n e s  
from h igh ly  metas tab le  l e v e l s  of exc i t ed  t e n s . , ~ p e c i f i c a l l y ,  no l i n e  was 3 de tec t ed  from the Kg I P l e v e l  ( l i f e  time= 10 seconds.) T h i s  fact 
combined w j  t h  the  strerlr8h of the l i n e s  f r o s  t he  ground l e v e l  of Jig I a l s o  
has  important  bea r inp  on thi? i on iza t ion  :md recombination pvocesses i n  
i n  ter-s t e l l a r  space. 

13 6)  B sezrch  .'or inolecyl,es o t h e r  than 0' *0 and C 0 was apparent1 y unsuccessful .  
Two " forbidden" i:"O ':l:+.rlds were a l s o  observed, 35 147899, the heavi ly  
reddened star i n  ',he Zho Ciph cloud shows the s t r o n g e s t  CC l i n e s .  

7) Several  instrumental  e f f e c t s ,  such as ,  the backqround problem, the f ixcd  
p a t t e r n  noise ,  the i n s  trurnen ts.1 rnsolu t i on ,  anci the wavelenyth ca l  i S r a t i o n  
were also s tudied ,  



OBSERVATIONS OF MG I AND MG I1 IN THE LOCAL ISM 

3 3 F. ~ruhweiler! W. 0egerle? E. Weiler, R. Stencel, and Y.   on do^ 

ABSTRACT 

We have used high quality - IUE data combined with that acquired by 
Copernicus to study the Mg II/M~ I ionization balance in the local inter- 
stellar medium within 50 pc of the Sun. The high resolution, high signal-to- 
noise Copernicus data reveal, in three stars, weak interstellar Mg I features 
at 2852 A. High quality IUE data for interstellar Mg I1 near 2800 A were ac- 
quired by coadding high dispersion images and incorporating an observing 
technique that minimized the effects of camera fixed-pattern noise. The re- 
sults are in agreement with the local cloud model as presented previously by 
Bruhweiler. The Mg I and Mg I1 column densities are used to place constraints 
on the physical conditions of the interstellar gas near the Sun. 

INTRODUCTION 

Recent studies of the local interstellar medium (LISM) (Bruhweiler and 
Kondo 1981, 1982a, 1982b; Bruhweiler 1982) based primarily on - IUE data show 
the Sun is embedded in and near the edge of a rather diffuse cloud with a 
total column density of (1-2)~10~9cm-~. However, in directions away from the 
cloud core lies the ervasive, extremely low density (n40-~-5cm-3), high 
temperature (T-105-9K) gas with no evidence of additional clouds within at 
least 50 pc for the lines of sight studied. 

If the Sun is indeed embedded in and near the edge of the local cloud, 
then the gas in the immediate vicinity should be quite warm (T-8,000:~; 
McKee and Ostriker 1977). 

Since neutral magnesium originates primarily in the interstellar medium 
through dielectronic recombinations near 104~, significant amounts of Mg I 
would be present in any warm gas near the Sun. Thus, Mg I might be useful as 
a tracer for the warm neutral and ionized gas components (WNM and WIM) dis- 
cussed by McKee and Ostriker (also see York 1983). 

OBSERVATIONAL DATA 

We present - IUE and Copernicus data corresponding to the interstellar 
lines of Mg I and Mg I1 (Mg I 2852; Mg I1 2795, 2802 A) for five B and A 
stars within 40 pc of the Sun. All the Mg I data presented were acquired 
using the spectrometer aboard Copernicus. The Mg I1 data presented were 
obtained bv both the IUE and Co~ernicus. - 

Although the Copernicus data is of high resolution, and in most cases 
higher signal-to-noise than that obtained with the - IUE, Copernicus data ob- 
tained with the near-UV detectors have large charged particle backgrounds. 
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This background can in some cases far exceed the stellar signal. Techniques, 
developed to correct for this background (Weiler 1978), have proven quite 
successful when the background levels are comparable or less than the stellar 
signal. This is a negligible problem in the case of Mg I, where the expected 
and observed features are weak and on the linear portion of the curves-of- 
growth. However, the Mg I1 features can be quite strong and approaching 
saturation. Since each member of the Mg I1 doublet is scanned seperately and 
have seperate background corrections applied, any errors in the background 
subtraction might be magnified in deriving the Mg I1 column densities. 

The - IUE data is of lower resolution than Copernicus data and of limited 
signal-to-noise. However, background subtraction is no problem near 2800 A 
where the echelle orders are widely spaced and the interorder signal can be 
reliably measured. To achieve good signal-to-noise in - IUE data, one must 
choose exposure times which maximize the signal-to-noise for specific fea- 
tures. When interstellar lines are in troughs of photospheric features, one 
must overexpose the stellar continuum. Also, the signal-to-noise can be im- 
proved by coadding data from multiple - IUE images (Bruhweiler and Kondo 1982b). 
Yet, the detector fixed-pattern noise limits the increase in signal-to-noise, 
when - IUE images acquired during a single observing session are coadded. For 
images significantly seperated in time, the thermal behavior of the - IUE cam- 
era (Thompson, Bohlin, and Turnrose 1982) effectively uncorrelates the fixed- 
pattern noise and does not seriously limit the improvement in signal-to- 
noise when images are coadded. One can artificially uncorrelate the fixed- 
pattern noise by taking repeated images in a short time period with the 
target positioned at different locations in the lO"x22" aperture. During the 
data reduction process, the spectral data can be aligned and coadded with the 
desired results. This technique was applied in acquiring the - IUE spectral 
images for d. Gru. (See Figures 1 and 2. ) 

RESULTS 

A comparison of the - IUE and Copernicus results for Mg I1 in Table 1 
shows excellent agreement. Although the comparisons are limited, the agree- 
ment, especially for CC'Gru, implies that the bgckground corrections for the 
Copernicus data are quite good. The nine individual measurements of the Mg I1 
interstellar lines in the three - IUE images (Mg I1 2802 is in echelle orders 
82 and 83) yielded a maximum deviation of 8 mA. This suggests that the co- 
added equivalent widths for ,;CGru have an accuracy on the order of 3 mA. The 
IUE results suggest that for a b-value on the order of 4.5 km s-1 (typical of - 
those found here), reliable column densities can be obtained for interstellar 
features with equivalent widths 5,170 mA. For larger b-values and more obser- 
vations, this limit might be pushed to larger equivalent widths. These 
results show that useful interstellar data can be obtained with the - IUE, pro- 
viding care is taken in collecting, reducing, and analyzing the data. The 
apparent disagreement in the case of XPsA is most likely due to the very 
high background level in the Copernicus data. Kondo et al. (1978) cautioned 
that their Copernicus results on XPsA were highly uncertain due to the high 
background level for that star. In contrast, the background level for the 
other Copernicus observations were equal to or less than the local continua 
-for the Mg I and Mg I1 interstellar features. (See accompanying Figures and 



Table 1 .) 
Backscattering results for H I Lymand'and He I 584 .A imply a neutral 

hydrogen number density near the Sun of n(H I)=0.04-0.06 and that 
(N(H II)/N(H I)) s 1.5 (Weller and Meier 1981). From Table 1, we adopt 
(N(Mg II)/N(M~ 1))=500. By substituting7 = 8xl0'!! s-1 (de Boer et al. 1973) 
and the total recombination rate ofKT(T) (Shull and Van Steenburg 1982) into 
the ionization equation, N(Mg II)/N(M~ I)=P/~,$(T), we find that 
T = 7,500 - 10,000 K, in the local solar vicinity. This result compares 
favorably with the 9,000 - 15,000 K deduced by Weller and Meier. The absence 
of Mg I toward KPsA, when combined with limits on n (Bruhweiler and Kondo 
1982b) indicates much lower temperatures. More detailed results of this work 
will appear elsewhere. 
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TABLES AND FIGURES 

* 
SW!ARY OF MAGNESIUM DATA , 

Star Equivalent' Width(nA) Column ~ensity (~m'~) . Hg I1 2795 Hg I1 2802 Mg I2852 N(Mg 11) N(Mg I) 
QQCa 

A Gru 

U Eri 

U Lyr 

U PEA 

- 

The ratios given in each row are the IUE value over the Copernicus value. 
Numbers in parentheses are the number of IUE images used to get the result. 
Notes for individual objects are given below: 
UCXa- This direction is away from cloud core, hence the low Hg I and Mg 11 

column densities. 
CCLyr-IUE data have very low exposure levels for local continuum for IS lines. 

Photospheric features are quite sharp(v sin i -17 kmls). Interstellar 
and photospheric features likely not completely resolved. 

CCPsA- Very high Copernicus background level,(background/local continuum)-15. 
IUE data from Bruhweiler and Kondo 1982b. 



Figure 1. Coadd Mg I1 data 
for three IUE images of 
OCGru. Corrections for 
echelle ripple have been 1.28 

applied. Data were normal- 
ized after coadding images.9 
The smooth curve is a d 0.90 

Gaussian fit to the broad 
spectral features of CK Gru. 
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THE DEPENDENCE OF INTERSTELLAR ELEMENT DEPLETIONS ON MEAN SPACE DENSITY 
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ABSTRACT 

Corre la t ions  of i n t e r s t e l l a r  gas-phase deple t ions  with hydrogen column 
dens i ty  N (HI  , and with mean l ine-of-sight  space dens i ty  fi (H) = N ( H )  /r, a r e  
inves t iqa ted  f o r  14 elements. For the  6 most depleted elements, c o r r e l a t i o n s  
with E ( H )  a r e  c l e a r l y  stronger than with N ( H ) .  I n  genera l ,  the  survey 
supports the  proposal t h a t  deple t ion  is  mainly governed by density-dependent 
processes. I t  a l s o  suggests t h a t  deplet ion occurs i n  r e l a t i v e l y  low densi ty  
gas a s  well a s  i n  dense clouds. 

INTRODUCTION 

Inves t iga t ions  of absorption by i n t e r s t e l l a r  gas  i n  the  s igh t - l ines  t o  
many s t a r s  have been c a r r i e d  o u t  wi th  the  Copernicus and IUE s a t e l l i t e s .  
Moreover, the  t o t a l  amount of archived data  now enables surveys t o  be made of 
absorption by p a r t i c u l a r  elements i n  a l a rge  number of s igh t - l ines ,  with a 
wide d i s t r i b u t i o n  of g a l a c t i c  co-ordinates, column d e n s i t i e s ,  and so on. 

Two of the  most i n t e r e s t i n g  t rends  i n  these  da ta ,  of relevance t o  
theor ie s  of g ra in  formation and gas-grain i n t e r a c t i o n s ,  a r e  t h e  c o r r e l a t i o n s  
of gas-phase deple t ion  with element condensation temperature and with mean 
space densi ty.  The more v o l a t i l e  elements a r e  l e s s  depleted;  and deple t ion  
increases  with space dens i ty  (see:  Savage and Mathis 1979 f o r  a review and 
references  t o  o r i g i n a l  work). There i s  now increas ing evidence (Savage and 
Bohlin 1979, P h i l l i p s  e t  a 1  1982, Murray e t  a 1  1984, Har r i s  e t  a 1  1984) of 
good c o r r e l a t i o n s  between deple t ions  of severa l  elements such a s  Fe, Ca, A l ,  
Mg, and the  mean l ine-of-sight  space dens i ty  E ( H )  = N ( H ) / r ,  where N ( H )  is  t h e  
t o t a l  H column dens i ty  (2N(H2) + N ( H 1 )  ) and r is t h e  s i g h t - l i n e  length .  We 
repor t  here  on d e t a i l e d  inves t iga t ions  of these  t r ends ,  v i a  surveys of the  
two v o l a t i l e  elements Zn and C 1  using IUE and Copernicus d a t a ,  and v i a  a 
genera l  survey of deple t ions  and E(H). These surveys a r e  described i n  more 
d e t a i l  elsewhere (Harr is  e t  a 1  1983, 1984; Harr is  and Bromage 1984). 

ZINC AND CHLORINE 

Both zinc and chlor ine  a r e  v o l a t i l e ,  and e a r l y  Copernicus r e s u l t s  
suggested they were both undepleted. Zinc is  p a r t i c u l a r l y  s u i t a b l e  f o r  study 
with IUE.  



The main conclus ions  from t h e  z inc  s tudy ( H a r r i s  e t  a 1  1983, 1984) a r e  
t h a t  t h e  element is  only very s l i g h t l y  deple ted  (0.2 dex) and t h a t  t h e  
abundance i s  e s s e n t i a l l y  independent of N ( H )  and f i ( H ) .  For example, t h e  
l i n e a r  c o r r e l a t i o n  c o e f f i c i e n t  f o r  abundance ve r sus  l o g  f i ( H )  i s  only 0.24 and 
t h e  s lope  of t h e  b e s t  f i t  i s  only 0.08 dex pe r  order  of magnitude change i n  
i i ( H ) .  Indeed the  abundance of z inc  is  so i n v a r i a n t  t h a t  H a r r i s  e t  a 1  (1983) 
suggested t h e  element can be  used a s  a  r a t h e r  r e l i a b l e  t r a c e r  of m e t a l l i c i t y  
i n  t h e  i n t e r s t e l l a r  medium. 

However, c h l o r i n e  behaves d i f f e r e n t l y .  Har r i s  and Bromage (1984) have 
demonstrated t h e  completely unexpected r e s u l t  t h a t  t h e  c h l o r i n e  abundance 
shows a  marked decrease with inc reas ing  n ( H ) .  I t  seems t h a t  c h l o r i n e  adheres  
t o  d u s t  g r a i n s  r a t h e r  more r e a d i l y  than was previous ly  thought .  

GENERAL SURVEY: RESULTS 

Bearing i n  mind t h e  e a r l i e r  demonstration of a  s t rong  c o r r e l a t i o n  of 
dep le t ion  w i  t h  E ( H )  by Savage and Bohlin (1979) f o r  highly-depleted Fe, 
t oge the r  with our  d e t a i l e d  r e s u l t s  f o r  Zn and C 1 ,  we undertook a  gene ra l  
survey us ing  publ i shed  da t a .  We i n v e s t i g a t e d , t h e  c o r r e l a t i o n s  of dep le t ion  
wi th  bo th  N ( H )  and : ( H I .  The da t a  sources a r e  given i n  H a r r i s  e t  a1  (1984).  
The main r e s u l t s  a r e  surnmarised i n  Table 1 ,  where t h e  elements a r e  l i s t e d  i n  
o r d e r  of decreas ing  mean dep le t ion .  For t h e  6 most heav i ly  dep le t ed  elements,  
t h e  c o r r e l a t i o n  wi th  ; ( H I  i s  c l e a r l y  t he  s t ronger  one. This  i s  s u r p r i s i n g  i f  
dep le t ion  only  occurs  i n  dense c louds ,  s i n c e  N ( H )  would then  be t h e  more 
r e a l i s t i c  d e n s i t y  i n d i c a t o r .  Thus ou r  r e s u l t s  a r e  c o n s i s t e n t  with a  more 
homogeneous d i s t r i b u t i o n  of deple ted  gas .  

Table 1 

Mean - Cor re l a t ion  c o e f f i c i e n t  ( l i n e a r )  
Spec ies  dep le t ion  f o r  abundance versus :  

( dex ( a )  l o g  N ( H )  (b )  l og  i i ( H )  



Table 1 (Continued) 

Mean Cor re l a t ion  c o e f f i c i e n t  ( l i n e a r )  
Species  dep le t ion  f o r  abundance versus :  

(dex) ( a )  log  N ( H )  (b) l og  ii(H) 

CONCLUSIONS 

For heav i ly  dep le t ed  elements ,  t h e  c o r r e l a t i o n  of dep le t ion  with E(H) is  
c l e a r l y  s t ronger  than  wi th  N ( H ) ,  wh i l s t  f o r  Zn, N ,  0  and D t h e r e  is  v i r t u a l l y  
no c o r r e l a t i o n  with e i t h e r  q u a n t i t y .  No evidence is  found f o r  any s i g n i f i c a n t  
dep le t ion  of deuterium. The two v o l a t i l e  elements Zn and C 1  behave r a t h e r  
d i f f e r e n t l y ,  with C 1  be ing  s i g n i f i c a n t l y  deple ted .  

In  gene ra l ,  t h e  r e s u l t s  support  t h e  proposal  t h a t  dep le t ion  is  mainly 
governed by density-dependent processes  ( g r a i n  a c c r e t i o n  and/or s p u t t e r i n g ) .  
They a l s o  suggest  t h a t  dep le t ion  occurs  i n  r e l a t i v e l y  low dens i ty  gas  a s  wel l  
a s  i n  dense clouds.  

I n  conclusion it should be  emphasised t h a t  our  surveys descr ibed  above a r e  
b u t  pre l iminary  s t e p s ,  i n  t h a t  they  mainly use  i n t e g r a t e d  l ine-of -s ight  
parameters .  The t r e n d s  revealed a r e  both  e x c i t i n g  and t a n t a l i s i n g .  We 
eage r ly  awa i t  t h e  next  genera t ion  of f a r - u l t r a v i o l e t  astronomy experiments t o  
probe t h e  s i g h t - l i n e s  t o  d i s t a n t  o b j e c t s  a t  h igher  s p e c t r a l  r e s o l u t i o n  than 
IUE, and a t  s h o r t e r  wavelengths than  e i t h e r  IUE o r  t h e  HST. 
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HIGH-VELOCITY INTERSTELLAR GAS 
I N  THE LINE-OF-SIGHT TO H D  5 0 8 9 6  

J o y  N.  H e c k a t h o r n  
C o m p u t e r  S c i e n c e s  C o r p o r a t i o n  

R o b e r t  A. F e s e n  
U n i v e r s i t y  o f  C o l o r a d o  

ABSTRACT 

U s i n g  h i g h - d i s p e r s i o n  I U E  s p e c t r a ,  w e  h a v e  d i s c o v e r e d  a  ' 

l a r g e  i n t e r s t e l l a r  s h e l l  s t r u c t u r e  i n  t h e  l i n e - o f - s i g h t  t o  t h e  
W o l f - R a y e t  s t a r  H D  5 0 8 9 6 .  B l u e - s h i f t e d  i n t e r s t e l l a r  a b s o r p t i o n  
l i n e s  i n d i c a t i v e  o f  h i g h - v e l o c i t y  g a s  a r e  p r e s e n t  i n  t h e  s p e c t r a  
o f  f o u r  B s t a r s  l o c a t e d  u p  t o  2' away f r o m  H D  5 0 8 9 6  a n d  a t  a  
d i s t a n c e  o f  1000-1400  p a r s e c s ,  s u g g e s t i n g  a  l i n e a r  d i a m e t e r  f o r  
t h e  s t r u c t u r e  o f  a t  l e a s t  4 0  p a r s e c s .  T h e s e  h i g h - v e l o c i t y  
c o m p o n e n t s ,  p r e s e n t  o n l y  i n  t h e  l o w  i o n i z a t i o n  l i n e s  a n d  
e x h i b i t i n g  n e a r l y  c o s m i c  a b u n d a n c e s ,  c a n  b e  i n t e r p r e t e d  a s  a  
h e r e t o f o r e  unknown a n d  e x t r e m e l y  o l d  s u p e r n o v a  r e m n a n t .  The  
e x i s t e n c e  o f  s u c h  a  s u p e r n o v a  r e m n a n t  p o t e n t i a l l y  a s s o c i a t e d  w i t h  
H D  5 0 8 9 6 ,  a  r u n a w a y  Wol f -Raye t  s t a r  b e l i e v e d  t o  h a v e  a  c o m p a c t  
c o m p a n i o n ,  i m p l i e s  t h a t  H D  5 0 8 9 6  may b e  a  b i n a r y  i n  i t s  s e c o n d  
W o l f - R a y e t  p h a s e  o f  e v o l u t i o n .  

INTRODUCTION 

W o l f - R a y e t  s t a r s  a r e  g e n e r a l l y  b e l i e v e d  t o  e v o l v e  f r o m  
e i t h e r  m a s s i v e  s i n g l e  0 s t a r s  o r  f r o m  b i n a r y  s y s t e m s  c o n t a i n i n g  
m a s s i v e  0  s t a r s .  The s c e n a r i o  f o r  b i n a r y  s t a r s  i s  t h a t  two  O B  
s t a r s  u n d e r g o  m a s s  t r a n s f e r  t h r o u g h  s t e l l a r  w i n d s  a n d  R o c h e  Lobe  
o v e r f l o w  o f  t h e  p r i m a r y  t o  p r o d u c e  a  W o l f - R a y e t  s t a r  a n d  a n  O B  
s t a r  ( d e  L o o r e ,  1 9 8 1 ) .  The  W o l f - R a y e t  s t a r  t h e n  b e c o m e s  a  
s u p e r n o v a ,  l e a v i n g  a  n e u t r o n  s t a r .  Assuming  t h e  s y s t e m  r e m a i n s  
b o u n d ,  t h e  r e m a i n i n g  O B  s t a r  t h e n  e v o l v e s  i n t o  a  W o l f - R a y e t  s t a r  
by means  o f  mass  t r a n s f e r  a n d  may a l s o  u l t i m a t e l y  u n d e r g o  a  
s u p e r n o v a  e x p l o s i o n .  

A l t h o u g h  a  c r u c i a l  t e s t  o f  t h i s  e v o l u t i o n a r y  t h e o r y  w o u l d  be  
t o  f i n d  o b j e c t s  i n  t h e  s e c o n d  W o l f - R a y e t  s t a r  p h a s e  o f  e v o l u t i o n ,  
n o  W o l f - R a y e t  s t a r  h a s  b e e n  a s s o c i a t e d  w i t h  a  known s u p e r n o v a  
r e m n a n t .  T h i s  i s  p e r h a p s  n o t  s u r p r i s i n g  s i n c e  t h e  maximum 
l i f e t i m e  f o r  a  s u p e r n o v a  r e m n a n t  t o  b e  d e t e c t a b l e  v i a  e i t h e r  
r a d i o  o r  o p t i c a l  e m i s s i o n  i s  l o 5 - l o 6  y e a r s ,  w h i c h  i s  l e s s  t h a n  
t h e  p r e d i c t e d  t i m e  b e t w e e n  t h e  s u p e r n o v a  e x p l o s i o n  a n d  t h e  
b e g i n n i n g  o f  t h e  W o l f - R a y e t  s t a g e  f o r  t h e  s e c o n d a r y  ( d e  L o o r e ,  
1 9 8 2 ) .  However ,  t h e  co lumn  d e n s i t i e s  o f  t h e  c o o l  d e n s e  s h e l l  i n  



s u c h  a n  o l d  s u p e r n o v a  r e m n a n t  (SNR) s h o u l d  b e  s u f f i c i e n t  t o  be  
d e t e c t e d  i n  a b s o r p t i o n  w i t h  IUE. HD 5 0 8 9 6  i s  o n e  o f  s i x  known 
r u n a w a y  Wol f -Raye t  s t a r s  a n d  i s  b e l i e v e d  t o  h a v e  a  c o m p a c t  
c o m p a n i o n  ( F i r m a n i ,  e t  a l . ,  1 9 8 0 ) .  A l s o ,  i t  i s  w e l l  b e l o w  t h e  
g a l a c t i c  p l a n e  ( b = - 1 0 " )  a l l o w i n g  l e s s  c o n f u s i o n  i n  d e t e c t i o n  of  
a n y  h i g h - v e l o c i t y  s h e l l  s t r u c t u r e .  It  i s  t h e r e f o r e  a  p r i m e  
c a n d i d a t e  f o r  t h e  s e c o n d  Wol f -Raye t  s t a r  s t a g e  o f  b i n a r y  
e v o l u t i o n  h a v i n g  a n  a s s o c i a t e d ,  h i g h l y  e v o l v e d  SNR. 

OBSERVATIONS 

H i g h  d i s p e r s i o n  IUE s p e c t r a  o f  HD 5 0 8 9 6  show h i g h - v e l o c i t y  
c o m p o n e n t s  i n  t h e  l o w - i o n i z a t i o n  i n t e r s t e l l a r  l i n e s  ( S m i t h ,  e t  
a l .  1 9 7 8 ) .  We h a v e  o b s e r v e d  e i g h t  B s t a r s  a t  h i g h  d i s p e r s i o n  
w i t h i n  2 "  o f  HD 5 0 8 9 6 .  F o u r  o f  t h e s e  s t a r s  ( s e e  T a b l e  1 )  w e r e  
f o u n d  t o  show h i g h  v e l o c i t y  c o m p o n e n t s  o f  t h e  same l o w - i o n i z a t i o n  
i n t e r s t e l l a r  l i n e s  t h a t  a p p e a r  i n  t h e  s p e c t r a  of  H D  50896 .  T h e s e  
l o w  i o n i z a t i o n  l i n e s  a r e  M g I I ,  C 11, S i  11, A 1  11, Fe  11, a n d  
0  I. The  s p e c t r a  o f  t h e  m o s t  d i s t a n t  t a r g e t ,  HD 5 1 2 8 5  a t  
2.9 k p c ,  show 2  d i s t i n c t  h i g h - v e l o c i t y  c o m p o n e n t s  a t  -115 a n d  
- 8 0  k m l s e c ,  b o t h  o f  c o m p a r a b l e  s t r e n g t h  ( F i g .  1 ) .  HD 5 0 8 9 6 ,  
H D  5 1 8 5 4 ,  a n d  HD 5 0 6 4 6  g e n e r a l l y  show o n l y  a  componen t  a t  
- 8 0  k m l s e c .  However ,  a n  a d d i t i o n a l  weak  c o m p o n e n t  a t  -100  k m l s e c  
i s  p r e s e n t  i n  Mg I1 i n  t h e  s p e c t r a  o f  H D  50896 .  T h i s  i s  
c o n s i s t e n t  w i t h  t h e  e a r l i e r ,  h i g h e r  r e s o l u t i o n  C o p e r n i c u s  d a t a  
( S h u l l ,  1 9 7 7 ) .  The s p e c t r a  o f  HD 5 1 0 3 8  d i f f e r s  f r o m  t h e  o t h e r s  
i n  t h a t  o n l y  t h e  c o m p o n e n t  a t  -100  k m l s e c  i s  p r e s e n t ,  w i t h  
e q u i v a l e n t  w i d t h s  30-50% o f  t h e  e q u i v a l e n t  w i d t h s  i n  t h e  h i g h -  
v e l o c i t y  c o m p o n e n t s  o f  t h e  o t h e r  s t a r s .  

DISCUSSION 

We b e l i e v e  w e  h a v e  d e t e c t e d  a  l a r g e ,  e x p a n d i n g  s h e l l - l i k e  
s t r u c t u r e ,  t h e  n e a r  s i d e  h a v i n g  a r a d i a l  v e l o c i t y  o f  
a p p r o x i m a t e l y  -115  k m l s e c  a n d  t h e  f a r  s i d e  h a v i n g  a r a d i a l  
v e l o c i t y  o f  a b o u t  -80  k m / s e c  w i t h  r e s p e c t  t o  t h e  ma in  
i n t e r s t e l l a r  c o m p o n e n t  a t  +36  k m l s e c .  The  d a t a  i n d i c a t e  t h a t :  
1 )  The s t a r  HD 5 1 2 8 5  i s  b e h i n d  t h e  s t r u c t u r e  we h a v e  d e t e c t e d ,  
a n d  t h a t  t h e  n e a r  a n d  t h e  f a r  s i d e s  a r e  a p p r o x i m a t e l y  e q u a l l y  
d e n s e  i n  t h i s  l i n e  o f  s i g h t ,  2 )  The  s t a r s  H D  5 0 8 9 6 ,  H D  5 1 8 5 4  a n d  
H D  5 0 6 4 6  a r e  p r o b a b l y  a l s o  b a c k g r o u n d  t o  t h e  s t r u c t u r e ,  b u t  i n  
t h e s e  c a s e s ,  t h e  f r o n t  s i d e  of t h e  s t r u c t u r e  i s  much l e s s  d e n s e  
t h a n  t h e  b a c k  s i d e  a n d  t h e  c o m p o n e n t s  a r e  b l e n d e d ,  a n d  
3 )  H D  5 1 0 3 8  may b e  w i t h i n  t h e  s t r u c t u r e ,  b e c a u s e  i t  s h o w s  o n l y  
t h e  h i g h e r  v e l o c i t y  c o m p o n e n t .  B a s e d  o n  t h e s e  c o n c l u s i o n s ,  t h e  
d i s t a n c e  t o  t h e  s h e l l  w o u l d  b e  a b o u t  1 . 1  k p c ,  i t s  r a d i u s  a t  l e a s t  
20  p a r s e c s ,  t h e  r a d i a l  v e l o c i t y  o f  t h e  medium i n  w h i c h  t h e  s h e l l  
i s  mov ing  -90 t o  -95  k m l s e c  w i t h  r e s p e c t  t o  t h e  main  c o m p o n e n t ,  
a n d  t h e  e x p a n s i o n  v e l o c i t y  o f  t h e  s h e l l  i t s e l f  15-20  k m l s e c .  



An a l t e r n a t e  i n t e r p r e t a t i o n  o f  t h e s e  o b s e r v a t i o n s  m i g h t  be 
t h a t  a l l  t h e  h i g h - v e l o c i t y  c o m p o n e n t s  a r i s e  i n  t h e  f r o n t  s i d e  o f  
t h e  s h e l l  s t r u c t u r e ,  r e p r e s e n t i n g  f i l a m e n t s  mov ing  a t  v e l o c i t i e s  
r a n g i n g  f r o m  -80  t o  - 1 1 5  k m l s e c .  The b a c k  s i d e ,  b e i n g  a t  a  
g r e a t e r  z  d i s t a n c e ,  may b e  much l e s s  d e n s e  t h a n  t h e  f r o n t  s i d e ,  
a n d  p o s s i b l y  u n d e t e c t a b l e .  I n  t h i s  c a s e ,  t h e  e x p a n s i o n  v e l o c i t y  
o f  t h e  s h e l l  w o u l d  be  g r e a t e r  t h a n  15 -20  k m l s e c ,  b u t  t h e  d i s t a n c e  
e s t i m a t e  wou ld  b e  a p p r o x i m a t e l y  t h e  same.  

T h e  p a r a m e t e r s  o f  t h e  s h e l l  w e  h a v e  d e t e c t e d  a p p e a r  
c o n s i s t e n t  w i t h  t h o s e  o f  a n  o l d  s u p e r n o v a  r e m n a n t .  No s t a r  i n  
t h e  f i e l d  c o u l d  h a v e  s u f f i c i e n t  s t e l l a r  w i n d  t o  p r o d u c e  a n  
i n t e r s t e l l a r  b u b b l e  o f  t h i s  m a g n i t u d e ,  o t h e r  t h a t  H D  5 0 8 9 6 ,  w h i c h  
a p p e a r s  t o  be  o u t s i d e  t h e  s h e l l .  A l s o ,  t h e  s h i f t e d  c o m p o n e n t s  
a r e  p r e s e n t  o n l y  i n  t h e  l o w  i o n i z a t i o n  l i n e s  a n d  t h e  e x p a n s i o n  
v e l o c i t y  i s  l o w ,  a s  w o u l d  b e  e x p e c t e d  f o r  a n  v e r y  o l d  SNR 
( W o l t j e r ,  1 9 7 2 ) .  I f  H D  5 0 8 9 6  w a s  i n  f a c t  t h e  O B  c o m p a n i o n  t o  t h e  
s t a r  w h i c h  c a u s e d  t h e  SN e x p l o s i o n ,  i t  w o u l d  h a v e  moved w e l l  
o u t s i d e  t h e  SNR ( t o  a  d i s t a n c e  o f  a p p r o x i m a t e l y  2 0 0  p a r s e c s  f r o m  
t h e  c e n t e r  o f  t h e  r e m n a n t )  when t h e  W o l f - R a y e t  p h a s e  b e g a n  a f t e r  
a b o u t  6  x  l o 6  y e a r s  ( d e  L o o r e ,  1 9 8 2 ) ,  b a s e d  o n  a r a d i a l  v e l o c i t y  
o f  3 6  k m l s e c .  I t  t h e r e f o r e  a p p e a r s  a  v i a b l e  p o s s i b i l i t y  t h a t  
HD 5 0 8 9 6  i s  r e l a t e d  t o  t h e  o l d  s u p e r n o v a  r e m n a n t  w e  h a v e  
d e t e c t e d .  

CONCLUSIONS 

I n  summary ,  a  l a r g e  i n t e r s t e l l a r  s t r u c t u r e  a t  l e a s t  2 0  
p a r s e c s  i n  r a d i u s  a n d  e x p a n d i n g  a t  15 -20  k m l s e c  h a s  b e e n  d e t e c t e d  
i n  t h e  l i n e - o f - s i g h t  o f  H D  5 0 8 9 6  by means  o f  i n t e r s t e l l a r  
a b s o r p t i o n  l i n e s  i n  t h e  I U E  s p e c t r a  o f  f i e l d  s t a r s .  T h i s  
s t r u c t u r e  may b e  t h e  r e m n a n t  l e f t  by t h e  s u p e r n o v a  e x p l o s i o n  
c a u s e d  b y  t h e  c o m p a n i o n  t o  H D  5 0 8 9 6 .  I f  t h i s  s c e n a r i o  i s  
c o r r e c t ,  H D  5 0 8 9 6  w o u l d  t h e n  r e p r e s e n t  t h e  s e c o n d  W o l f - R a y e t  
s t a g e  o f  t h e  e v o l u t i o n  o f  a  m a s s i v e  O B  b i n a r y .  
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TABLE 1 
S h i f t e d  Component  

O b j e c t  S p e c t r a l  T y p e  D i s t a n c e  P r e s e n t ?  
H D  5 1 2 8 5  Be 2 9  Yes 

F i g u r e  1 :  M o n t a g e  o f  IUE s p e c t r a  i n  t h e  r e g i o n  o f  t h e  Mg 11 l i n e s  
f o r  HD 5 0 8 9 6  a n d  4 s t a r s  t h a t  show t h e  p r e s e n c e  o f  h i g h - v e l o c i t y  
c o m p o n e n t e .  



The Var i a t ion  of Ga lac t i c  I n t e r s t e l l a r  Ext inc t ion  

i n  t h e  U l t r a v i o l e t  

A. N. W i t t ,  Univ. of Toledo; R. C.  Bohlin,  STSI; I 

and T. P. S techer ,  GSFC 

The i n t e r s t e l l a r  e x t i n c t i o n  i n  t he  UV (3.25 u-' I A-I 5 8.0 u-l) has  
been determined from - LUE s p e c t r a  f o r  29 reddened ear ly- type s t a r s  by use  of 
t h e  p a i r  method. The s t a r  sample waz s e l e c t e d  on t h e  b a s i s  of h ighly  devian t  
r a t i o s  of t h e  s t r e n g t h  of t h e  A4430 A d i f f u s e  i n t e r s t e l l a r  absorp t ion  
f e a t u r e  t o  c o l o r  excess  E(B-V) (15 s t a r s )  and on t h e  b a s i s  of a s s o c i a t i o n  
wi th  r e f l e c t i o n  nebulae (9 s t a r s ) .  The incidence of p e c u l i a r  e x t i n c t i o n  
curves among t h i s  sample a s  measured by s i g n i f i c a n t  dev ia t ions  from t h e  mean 
ga1act;c e x t i n c t i o n  law is  near  70%. Deviat ions i n  t he  s t r e n g t h  of t h e  
A2175 A e x t i n c t i o n  bump appear t o  occuroindependently of dev ia t ions  i n  t h e  
r i s e  of t h e  far-UV e x t i n c t i o n  a t  A1250 A i n  about 35% of t h e  s t a r s .  On t h e  
average,  s t a r s  a s soc i a t ed  wt th  dense i n t e r s t e l l a r  c louds e x h i b i t  weaker UV 
e x t i n c t i o n  i n  t h e  A < 2500 A range than do s t a r s  observed through low-density 
d i f f u s e  c louds ,  i f  normalized t o  cons tan t  E(B-V). A t  A1250 i t h i s  d i f f e r e n c e  
between t h e  averages of t h e  two groups amounts t o  27%, metsured i n  u n i t s  of 
t h e  average  g a l a c t i c  e x t i n c t i o n  pe r  u n i t  E(B-V) a t  A1250 A, b u t  wide d i s -  
pe r s ions  a r e  ev ident  f o r  both groups. 

The average g a l a c t i c  e x t i n c t i o n  i n  t h e  W f o r  d i f f u s e  cloud s t a r s ,  
measured by ~(1250-V)/E(B-V) and ~(2160-V)/E(B-v), was found t o  be  d i s t i n c t l y  
h ighe r  than  t h e  g a l a c t i c  average based on t h e  mean g a l a c t i c  e x t i n c t i o n  law 
of Savage and Mathis.  The average s t r e n g t h  of t h e  2200 i e x t i n c t i o n  bump 
was found t o  be  t h e  same f o r  both types of cloud environment and t o  agree  
wi th  t h e  previous  g a l a c t i c  average. . 

E a r l i e r  c laims by o t h e r  au tho r s  regarding r eg iona l  v a r i a t i o n s  of UV 
e x t i n c t i o n  c h a r a c t e r i s t i c s  dependent on p o s i t i o n  i n  g a l a c t i c  l ong i tude  o r  
on l o c a t i o n  w i t h i n  t h e  Perseus arm a r e  supported by our r e s u l t s .  

A d e t a i l e d  account of t h e  work w i l l  be  publ ished i n  t h e  A p r i l  15, 1984, 
i s s u e  of t h e  Ast rophys ica l  Journa l .  Ma te r i a l  support  was provided by t h e  
National  Aeronaut ics  and Space Administrat ion through g r a n t s  NAG 5-167 and 
NAGW-89. 



INTERSTELLAR EXTINCTION IN THE NUCLEUS O F  H PER * 

A. hlag&zu(') and R. . ~ t o l i o ( ~ ) ' ( ~ )  

(1) SISSA-ISAS, Trieste; (2) Ossen-atorio Astronomico, Trieste; (3) National Solar Observatory, 
Tucson 

We cons t r~~r t  tlla cstinction di~rves in the direction of four early-B main sequence stars located 
in the nuclcuv of h Pcr: BDf50'502, BDS5tY510, Oo 029 nnd 00 936 ( 0 0  numbers are from 
OosterhoiT, 1937), and compare them among each othcr' and with the extinction curves derived 
from eight stars of the same gcncml area but lying at:different distances. UBV photometry and 
low dispersion optichI and ult.raviolet (IUE) spectroscopy were used to dcrive these curves. The 
results of this study can be summarized as follows: 

(a) The interstellar reddening law in the line of sight of the four h.Per s t a n  is constant. This 
result, together with the constant color excess found by Crawford et at. (1070) for a larger sam- 
ple of member stars, indicates that there is no appreciable gradient in the properties of the dust 
particles withill t l ~ e  nucleus i ts~lf,  contrary to what was suggeited by Wildey (1904). 

(b) The sirme curves agree well with the curves derived from'stars located in the region of the 
Pcrseus arm sill-rounding the clnstcr. This indicates that the interstellar medium in h Per has 
the samc prol~crti(>s as the ~ncdiurn outside the cluster; thus the high energy ratlintion and mass 
fluxes produced by the very large number of hot star popnlating 11 Per do not affect the proper- 
tics of the dust ~):~rticlcs. 

(c) Thcre is a rathcr srrlooth clecrcnsc of the extinction per unit clistancc with increasing 11right 
from the galactic plane which is consistent with the expected lower colu~nn deusities of the 
interstellar rnctli~~m a t  higher g:llactic lat,itudcs and suggests the absence of any eu;iancement in 
tohe Perscus arin. 
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CORONAL EFFECTS ON THE WINDS OF EARLY-TYPE STARS 

Wayne L. Ualdron 

Applied Research Corporation 
and 

Bar t01  Research Foundation, Univers i ty  of Delaware 

ABSTRACT 

The X-ray emission from early- type stars can be a dominant f a c t o r  i n  de- 
te rmining  t h e  i o n i z a t i o n  s t r u c t u r e  of a s t e l l a r  wind. Using a base  coronal  
model, t h e  UV resonance l i n e s  of N V ,  S i  I V ,  and C I V  a r e  ca l cu la t ed  by sub- 
j e c t i n g  them t o  changes i n  t h e  coronal  emission measure, coronal  temperature,  
and mass l o s s  rate. The c a l c u l a t i o n s  p r e d i c t  t h a t  a unique behavior  is pre-  
s e n t  i n  t h e  v a r i a t i o n s  of  t h e s e  l i n e  p r o f i l e s .  This  sugges ts  t h a t  it would be 
p o s s i b l e  t o  d i s t i n g u i s h  which quan t i t y  was re spons ib l e  f o r  t h e  v a r i a t i o n .  A 
p re l iminary  search  f o r  t h i s  p red ic t ed  v a r i a b i l i t y ,  u s ing  t h e  h igh- reso lu t ion  
SW d a t a  from t h e  IUE a rch ives ,  has  been conducted f o r  s e v e r a l  stars. 

INTRODUCTION 

One o f  t h e  p r e s e n t  unsolved problems concerning t h e  atmospheres of  ea r ly -  
type  stars is determining t h e  source  and l o c a t i o n  of  t h e  X-ray emission. 
l lodels developed t o  exp la in  t h e  X-ray emission suggest  t h a t  r a d i a t i v e l y  d r iven  
shocks occuring i n  t h e  s t e l l a r  wind may produce t h e  observed X-rays (LUCY and 
Khite  1980), o r  t h a t  coronal  zones loca t ed  a t  t h e  base of  t h e  s t e l l a r  wind lnay 
be r e spons ib l e  ( ~ a s s i n e l l i  and Olson 1979; Waldron 1984). It is q u i t e  pos- 
s i b l e  t h a t  both processes  may c o n t r i b u t e  t o  t h e  observed X-rays. However, 
Waldron (1384) h a s  shown t h a t  t h e  base coronal  model a l o n e  can be very suc- 
c e s s f u l  i n  reproducing t h e  observed IPC X-ray s p e c t r a  f o r  ear ly- type stars. 

V a r i a b i l i t y  i n  t h e  UV l i n e s  of ear ly- type stars has  been known f o r  s e v e r a l  
years .  Recently,  v a r i a b i l i t y  i n  t h e  X-rays has  a l s o  been de tec ted  f o r  s e v e r a l  
ear ly- type  stars (snow e t  a l .  1981 ; C a s s i n e l l i  e t  a l .  1983). The v a r i a b i l i t y  
i n  t h e  UV and X-rays both have time s c a l e s  ranging from hours t o  years .  
Waldron (1984) not iced  t h a t  small changes i n  t h e  coronal  p r o p e r t i e s  of a base 
coronal  zone can produce s i g n i f i c a n t  changes i n  t h e  t o t a l  wind s t r u c t u r e  ( i , e . ,  
v e l o c i t y ,  i on i za t ion ) .  These changes should be r e f l e c t e d  i n  t h e  UV resonance 
l i n e s  and may provide  a u s e f u l  d i agnos t i c  i n  t h e  understanding o f  UV l i n e  
v a r i a b i l i t y  , 

MODEL U V  RESONANCE LINES 

Using t h e  base  coronal  models of Waldron (19814), model P-Cygni l i n e  pro- 
f i l e s  of  N V ,  S i  I V ,  anc! C IV a r e  ca l cu la t ed  by sub jec t ing  them t o  changes i n  
$he coronal  emission measure, EM,, coronal  temperature,  Tc, and mass l o s s  r a t e ,  
M. The models were ca l cu la t ed  assuming a s i n g l e  component of t h e  doublet .  
Therefore,  only t h e  absorp t ion  s i d e  of t h e  P-Cygni p r o f i l e  is a p p r o p r i a t e  i n  
comparing with t h e  observa t ions ,  and a r e  shown i n  Figure 1 f o r  t h e  star E O r i  
( B O I ~ ) .  The curve labe led  2 corresponds t o  t h e  base coronal  model t h a t  g i v e s  



t h e  b e s t  f i t  t o  t h e  observed X-rays. T h e ' o t h e r  c u r i e s  r ep re sen t  changes i n  
?3Mc and k by arld Tc by ?2%. I n  each case ,  whi le  0r.e q u a n t i t y  was 
v a r i e d ,  tine o t h e r  two q u a n t i t i e s  were he ld  f ixed  a t  t h e i r  va lues  ind ica ted  by 
curve  2. . , 

Seve ra l  j n t e r e s t i n g  f e a t u r e s  are i l l u s t r a t e d  i n  Figure 1 ; ( I )  The C I V  
l i n e  r e w i n s  s a t u r a t e d ,  while  s i g ~ i f i c a n t  changes can occur  i n  t h e  V l i n e  a t  
nigh v e l o c i t i e s ,  and t h e  S i  I V  l i n e  a t  low v e l o c i t i e s .  (2)  Changes i n  Tc o r  6, 
protluce t h e  salnf: e f f e c t  i n  a 3 1  3 l i n e s ,  except  t h a t  a l a r g e r  change i n  T 
(f255) is needed to  produce a n  aquivalorlt  e f f e c t  -hy a smilller charge i n  E . 
( 1 )  (3) Ar! ir)crea:;e/decrease i n  3XC ( ~ i g .  la) produces the same e f f e c t  as 
a dscreasa/ i t lcrease i n  Tc (~5 .6 .  l b )  o r  $I ( ~ i g ,  - 1 ~ ) .  (b ]  However, t h e  S i  I V  
i irle h a s  a unique Lehav lor. Lila t provides  a way t o  ' d  is L irrgd i sh which quarr t i ty  
was re spons ib l e  f o r  t h e  change. For  a n  ir:crease in '  mic , . the  S i  I V  absorpt ior i  
kccomes s t r o n g e r  a t  high v e l o c i  !ias, axid wesker a t  low _.xeloci Lles . Corres- 
pondingly, a dec rease  i n  T o r  ?I produces weaker abscrrpt-ion a t  both high arid 
low v e l o c i t i ~ s  i n  S i  I V .  75) Another important r e s u l t  is shown 111 t ho  H V 
lirle when fi is increased ,  ir. t h a t  t h e  s t , r e r ~ g t i ~  of  tine absorption dec reases  
c o n t r a r y  t o  what one would n o r ~ s l l y  expect .  Tile reason  f o r  t h i s  efi 'ect  is 
t h a t  by increasirig fi, t h e  abso rp t ion  of  X-rays by t h e  wind %ecornes s t ronge r ,  
and +,he ion i c  abundance of N V decreases .  

These c t ~ a r a c t e r i s  t ic f e a t u r e s  arc! d i r e c t l y  r e l a t e d  t o  t h ~  s t r e n g  ti] of  the 
X-ray f l u x  throughout t h e  stellar wind and t h e  r e s u l t a n t  velocit ,y and ion- 
i z a t i o n  s t . ructuras .  A d e t a i l e d  d i s cus s ion  of  t h i s  UV v a r i a b i l i t y  and t h e  cor -  
rea2onding v a r i a b i l i t y  i n  t h e  X-rays is c u r r e n t l y  i n  p repa ra t i on  f o r  
p u b l i c a t i o n  elsewhere.  

OBSERVATIOIIS AND SUWIkRY - 
A pre l iminary  search  Tor t h i s  p r ed i c t ed  v a r j a b i l i t y  focused on stars 

which a r e  krlown o r  suspected X-ray v a r i a b l e s .  The high-1-esolution S'VIP d a t a  
were obtailled from the IUF: archives and reduced a t  the Godrlard Space F l i g h t  
Center  reduc t ion  f a c i l i t y .  The s p e c t r a  ware tiormalized t o  t h e i r  r e s p e c t i v e  
continulrm va lues ,  arid t h e  wavelen&i. s c a l e s  wFre converted t o  a normalized. 
v e l o c i t y  scale. The u n c e r t a i n t i e s  i n  t h e  f l u x  a r e  approximately f1%. 

The r e s u l t s  of 2 stars are shown i n  F igure  2. The first t h i n g  t o  n o t i c e  
is t h a t  f o r  both stars, , t h e  C I V  l i n e s  are e s s e n t i a l l y  unchanged and t h e  N V ,  
S i I V  l i n e s  do i n d i c a t e  v a r i a t i o n s  as s u g ~ e s t e d  by t h e  models. For  e Ori, 
between t h e  d a t e s  ind ica ted  by curve 1 and 2 ,  t h e  v a r i a t i o n s  i n  ii V and S i  I V  
may have been produced by a n  i nc rease  ir! Tc o r  f1 (decrease  i n  abso rp t ion  i n  
N V a t  high v e l o c i t i e s i  I nc rease  i n  abso rp t ion  i n  S i  I V  a t  both h igh  and low 
v e l o c i t i e s ) .  For  5 O r i ,  t h e  change ind i ca t ed  by curve  1 and 2 i n  N V and 
S i  1'1 is sugges t ive  t h a t  a dec rease  i n  mlc may have occured (decrease  i n  
abso rp t ion  i n  N '4 at  h igh  v e l o c i t i e s ;  and f o r  S i  I V ,  a dec rease  i n  abso rp t ion  
a t  high v e l o c i t i e s  and a inc rease  a t  low v e l o c i t i e s ) .  However, f o r  both stars 
t h e  v a r i a t i o n s  are margina l ly  c l o s e  t o  t h e  u n c e r t a i n t i e s  i n  . the  f l u x .  

S i m i l a r  r e s u l t s  have been de t ec t ed  i n  .a few o t h e r  stars, bu t  t h e  
statistics are c u r r e n t l y  t o  weak t o  make any kind of  d e f i n i t i v e  s ta tement  on 



whether the predicted va r ia t ions  have been observed, It is planned t o  con- 
t i n u e  searching f o r  these  systematic va r ia t ions  i n  t h e  N V and S i  I V  l i n e s ,  
and develop o the r  models f o r  a broader range of s t a r s ,  

This work was supported i n  p a r t  by NASA gran t  NAG5-344 a t  the  Bart01 
Research foundat ion, 

~ a s s i n e l l i , ~ . ~ ,  , Hartmann,L., Sanders,W ,T., Duyree,A.K., and ~ y e r s  , R e v r n  1983, 
A P ~ J *  ,268,205m 
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~igure 1. Model P-Cygrii absorption fea tu res  
f o r  6 O r i  a r e  shown f o r  t h e  
resonance l i n e s  of N V ,  S i  I V ,  and C I V .  



Figu re  2. Okserva t iona l  d a t a  showirig t h e  P-Cygni abso rp t ion  
f e a t u r e s  f o r  6. and 8 O r i .  The dates of t h e  
observa t ions  are ind ica ted  i n  each f i g u r e .  



SUPERIONIZED SPECIES AND WINDS I N  LOW LUMINOSITY 

B AND Be STARS 

Paul K. Barker, J. M.  Marlborough, and J. D. Landstreet  
Department of Astronomy, Universi ty of Western Ontario 

ABSTRACT 

High dispers ion  IUE spec t ra  have been obtained of 72 luminosity c l a s s  
1 1 1 - V  Be s t a r s  and 82 luminosity c l a s s  IV-V normal (no H a  emission) B s t a r s ,  
with t h e  o b j e c t s  i n  each group d i s t r i b u t e d  a t  random i n  projec ted  r o t a t i o n a l  
ve loc i ty  and s p e c t r a l  type. For normal B s t a r s ,  the  C I V  XX1548,SO resonance 
doublet  i s  observed only a t  type B2 o r  e a r l i e r ,  whereas C I V  can occur a s  l a t e  
a s  B9 among t h e  Be s t a r s .  I n  both groups of s t a r s  the  average C I V  equivalent  
width i s  g r e a t e s t  a t  the  e a r l i e s t  s p e c t r a l  types, and decreases r ap id ly  i n  
s t r e n g t h  toward l a t e r  types; however, a t  each s p e c t r a l  su3type a l a rge  range 
of  C I V  equivalent  widths e x i s t s .  From BO t o  B2 the  average C I V  equivalent  
width i s  about a f a c t o r  of two higher f o r  Be s t a r s  than f o r  normal B s t a r s .  
For t h e  Be s t a r s  the re  i s  no cor re la t ion  between the  equivalent  widths of C I V  
absorpt ion  and H a  emission. Neither normal B nor Be s t a r s  show any c l e a r  
c o r r e l a t i o n  between C I V  equivalent  width and projec ted  r o t a t i o n a l  ve loc i ty  
v s i n  i. C I V  emission i s  d e f i n i t e l y  p resen t  i n  only two Be s t a r s ;  t h i s  i s  
i s  sharp c o n t r a s t  t o  the  magnetic s t a r s  i n  t h i s  s p e c t r a l  region,  which 
f requent ly  show C I V  s t rong ly  i n  emission above the  continuum. 

INTRODUCTION 

I n  previous inves t iga t ions  (Snow 1981, 1982; Marlborough and Pe te r s  1982; 
S le t t ebak  and Carpenter 1983) it has been demonstrated t h a t  the  resonance 
double ts  of "superionized" species  such a s  N V, C I V ,  and S i  I V  may be present  
i n  t h e  W spec t ra  of  near  main sequence Be s t a r s .  These species  o f t en  show 
extended shortward absorption and asymmetry, ind ica t ive  of high ve loc i ty  
(%lo00 km/s) mass l o s s  v i a  a s t e l l a r  wind. On the  o the r  hand, t h e  Balmer 
emission l i n e s  i n  the  o p t i c a l  spec t ra  of  Be s t a r s  apparently a r i s e  from an 
envelope whose expansion ve loc i ty  i s  l e s s  than %lo0 km/s. Clearly one wishes 
t o  understand t h e  r e l a t ionsh ips ,  i f  any, between the  s t e l l a r  winds and 
emission envelopes of  Be s t a r s ,  and between the  s t e l l a r  winds of Be and 
normal B s t a r s .  

Because r e l a t i v e l y  few Be s t a r s  have been observed i n  the  p r i o r  studies-- 
and even fewer normal B stars--a survey of  superionized species  has been 
c a r r i e d  out  with IUE i n  a l a rge  sample of normal B and Be s t a r s .  Contempor- 
aneous ground based observations of H a  were made with the  Universi ty of 
Western Ontario in tens i f ier -d issec tor-scanner  (Barker 1983a,b).  



RESULTS 

This paper p resen t s  prel iminary r e s u l t s  o f  the  survey, f o r  t h e  C I V  doub- 
l e t  and Ha. The program s t a r s ,  and t h e i r  d i s t r i b u t i o n  i n  s p e c t r a l  type and 
v s i n  i, a r e  shown i n  Figure 1. Note t h a t  t h e r e  i s  a shortage of B e  s t a r s  a t  
moderate and low v s i n  i, a s  well  a s  a lack of moderate and high v s i n  i B 
s t a r s ,  f o r  t h e  e a r l i e s t  s p e c t r a l  types. Among Be s t a r s ,  C I V  can occur a t  
much l a t e r  s p e c t r a l  types than f o r  normal B s t a r s .  

SPECTRAL TYPE 

Figure 1.--The d i s t r i b u t i o n  i n  s p e c t r a l  type and v s i n  i of t h e  normal B and 
Be s t a r s  surveyed. F i l l e d  c i r c l e s  mark those s t a r s  i n  which C I V  XX1548,50 
i s  d e f i n i t e l y  present ;  h a l f - f i l l e d  c i r c l e s  represent  o b j e c t s  i n  which C I V  
may be present ;  open c i r c l e s  loca te  s t a r s  with no i d e n t i f i a b l e  C I V .  

Figure 2 shows t h e  measured C I V  absorption equivalent  widths; a t  each 
s p e c t r a l  subtype the re  i s  a l a r g e  range of equivalent  widths, and the  average 
C I V  s t r eng th  decreases r ap id ly  toward l a t e r  types. There i s  a s i g n i f i c a n t  
d i f f e rence  between the  Be and normal B s t a r s  i n  t h a t  n o t  only does C I V  occur 
f o r  l a t e r  types among the  Be s t a r s ,  bu t  a l s o  the average C I V  equivalent  width 
from BO t o  B2 i s  about a f a c t o r  of two higher f o r  Be s t a r s  than f o r  normal B 
s t a r s .  Figure 2 a l s o  shows t h a t  the re  i s  no obvious c o r r e l a t i o n  between C I V  
equivalent  width and v s i n  i i n  e i t h e r  group of s t a r s .  Note t h a t  t h e  apparent 
excess of normal B s t a r s  with s t rong  C I V  a t  low v s i n  i a r i s e s  because t h e  
normal B s t a r s  show C I V  only f o r  types B2  and e a r l i e r ,  and the re  is  a shor t -  
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age of high v s i n  i normal e a r l y  B s t a r s  i n  t h e  sample. S imi la r ly ,  the  super- 
f i c i a l  lack of low v s i n  i Be s t a r s  with s t rong  C I V  may r e f l e c t  only the  
s c a r c i t y  of low v s i n  i Be s t a r s  i n  general .  The luminosity c l a s s  I11 Be 
s t a r s  tend to -have  t h e  s t ronges t  C I V  a t  each subtype, b u t  t h e  c l a s s  I11 s t a r s  
a r e  s c a t t e r e d  throughout t h e  C IV/v s i n  i diagram. 

Figure 3 demonstrates the  complete lack  of  any c o r r e l a t i o n  between the  
equivalent  widths of C I V  absorption and H a  emission among the  B e  s t a r s .  
Thus, i f  t he re  i s  any s t rong physica l  r e l a t ionsh ip  between the  s t e l l a r  winds 
and Balmer emission envelopes of Be s t a r s ,  it i s  n o t  d i sce rn ib le  i n  a "snap- 
shot"  survey such a s  - t h i s .  

I n  the  sample drawn from.the 100 b r i g h t e s t  northern Be s t a r s ,  t he re  a r e  
only two ins tances  of d e f i n i t e  C I V  emission. However, the  magnetic helium- 
s t rong s t a r s  i n  this s p e c t r a l  region (some of which do show weak H a  emission, 
and thus  a r e  magnetic Be s t a r s )  frequently have q u i t e  s t rong C I V  emission 
above t h e  continuum, from t h e i r  magnetospheres and winds (Barker -- e t  a l .  1982).. 
Thus the  d i s t r i b u t i o n  of c i rcumste l lar  ma te r i a l  around magnetic Be s t a r s  i s  
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Figure 2.--Left panel  shows t h e  dependence upon s p e c t r a l  type of C I V  equiv- 
a l e n t  widths measured i n  normal B and Be s t a r s .  Right panel  shows the  lack 
of c o r r e l a t i o n  between'c I V  equivalent  width and v s i n  i f o r  both groups of 
s t a r s .  I n  6 t h  panels ,  f i l l e d  c i r c l e s  i d e n t i f y  the  luminosity c l a s s  I11 
Be s t a r s .  
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Figure 3.--The l a c k  o f  c o r r e l a t i o n  
between the  equ iva l en t  widths of  C I V  
and H a  f o r  B e  s t a r s .  The B e  s t a r s  
wi th  no C I V  f e a t u r e  a r e  a l s o  d i s t r i b -  
u ted  randomly with r e s p e c t  t o  H a  
emission s t r eng th .  

H a  EQUIVALENT WIDTH A 

l i k e l y  t o  be s i g n i f i c a n t l y  d i f f e r e n t  from t h a t  around o rd ina ry  Be s t a r s .  

Future a n a l y s i s  of  t h e  l a r g e  d a t a  base acqui red  dur ing  this survey w i l l  
i nc lude  examination of  o t h e r  superionized f e a t u r e s  such a s  S i  I V ,  determin- 
a t i o n  of  te rmina l  v e l o c i t i e s  and mass l o s s  r a t e s ,  and comparison with syn- 
t h e t i c  s p e c t r a  i n  o r d e r  t o  eva lua t e  t h e  e f f e c t s  o f ,  f o r  example, t h e  blending 
o f  s e v e r a l  Fe I11 l i n e s  with C I V .  Mult iple  observa t ions  o f  more than h a l f  
t h e  sample w i l l  permi t  s tudy  of  v a r i a b i l i t y  i n  Be and B s t e l l a r  winds; a few 
repea ted ly  observed o b j e c t s  w i l l  f u r t h e r  a l low a search  f o r  any dynamic r e l -  
a t i o n  between C I V  and H a .  

The con t r ibu t ion  of  t he  World Data Center A i n  supp ly ing ' a r ch iva l  IUE 
d a t a  i s  acknowledged. This  work was supported by the  Natural  Sciences and 
Engineering Research Council o f  Canada. 
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STELLAR WINDS I N  THE YOUNG GALACTIC CLUSTER NGC 6530 

Erika  Buhm-Vitense and Paul Hodge 
Univers i ty  of  Washington, S e a t t l e  

ABSTRACT 

We have s tud i ed  l i n e  p r o f i l e s  f o r  0  s t a r s  on o r  c l o s e  t o  t h e  main 
sequence i n  t h e  young g a l a c t i c  c l u s t e r  NGC 6530. P Cygni p r o f i l e s  a r e  seen 
f o r  T e f f  >36000~. D i f f e r e n t  s t a r s  show, however, d i f f e r e n t  l i n e s  and 
d i f f e r e n t  outf low v e l o c i t i e s .  The degree of  i o n i z a t i o n  i n  t h e  wind appears  
t o  depend on Teff .  

INTRODUCTION 

It i s  w e l l  known t h a t  f o r  ear ly- type  s t a r s  mass l o s s  r a t e s  g e n e r a l l y  
i nc rease  w i t h  i nc reas ing  luminosi ty  of  t h e  s t a r s  (Lamers 1981, Ga th i e r ,  
Lamers and Snow 1981). For given luminos i t i e s  supe rg i an t s  appear  t o  have 
l a r g e r  mass l o s s  r a t e s  than main sequence s t a r s .  S ince  along t h e  main 
sequence t h e  luminosi ty  decreases  wi th  decreas ing  Tef f ,  mass l o s s  r a t e s  
decrease  when going down the  main sequence. Mass l o s s  f o r  main sequence 
s t a r s  s t o p s  t o  be observable  around s p e c t r a l  types  BO. We s t i l l  do no t  
understand which mechanism s t a r t s  t h e  flow. We be l i eve  t h a t  once t h e  flow 
has  s t a r t e d ,  r a d i a t i o n  p re s su re  w i l l  a c c e l e r a t e  i t ,  though we a l s o  do n o t  
know how the  observed momentum can be t r a n s f e r r e d  from t h e  photons t o  t he  
wind. We a l s o  do n o t  understand what causes  t h e  h igh  degree of i o n i z a t i o n  
i n  t he  winds, though X-rays from t h i n  ho t  coronae have been suggested 
( C a s s i n e l l i  and Olson 1979) a s  i o n i z a t i o n  sources  f o r  O V I .  S ince  s t e l l a r  
winds d i e  i n  a  more o r  l e s s  continuous way, when we go down the  main 
sequence we may be a b l e  t o  l ea rn  something about t h e  i o n i z a t i o n  mechanism 
when s tudying  sys temat ic  changes of i o n i z a t i o n  along t h e  main sequence. 
Unfor tuna te ly ,  w e  cannot observe t h e  O V I  l i n e s  wi th  IUE, which show t h e  
h ighes t  degree o f  i o n i z a t i o n ,  but we can observe NV, N I V ,  C I V ,  HeII ,  SiIV, 
S i I I I ,  C I I ,  S i I I .  

For t h e  s t a r s  i n  NGC 6530 we have the  advantage t o  know t h a t  they a r e  
a l l  on o r  c l o s e  t o  t he  main sequence. We know they a l l  have about t he  same 
age and chemical composition. The only f r e e  parameter i s  Teff o r  L. 
Rota t ion  could perhaps e n t e r .  

We have looked a t  t h e  p r o f i l e s  of "wind" l i n e s  f o r  s t a r s  i n  NGC 6530 
wi th  d i f f e r e n t  T e f p  I n  t he  fol lowing we s h a l l  de sc r ibe  our  r e s u l t s .  We 
must admit t h a t  w e  do n o t  y e t  understand them, bu t  they look i n t e r e s t i n g  
anyhow. 



THE OBSERVATIONS 

High r e s o l u t i o n  s p e c t r a  f o r  our program s t a r s  were obtained e i t h e r  from 
t h e  d a t a  bank o r  by u s ,  i f  no s p e c t r a  were a v a i l a b l e .  The q u a l i t y  of  some 
of  our  s p e c t r a  s u f f e r e d  from h igh  background r a d i a t i o n .  I n  Figure 1 we 
reproduce t h e  l i n e  p r o f i l e s  of t he  NV (1240 A) and t h e  C I V  (1550 A) l i n e s  
f o r  s t a r s  wi th  d i f f e r e n t  Te f f .  NV ( x i o n  (NIV) = 47.4) l i n e  p r o f i l e s  
i n d i c a t i n g  i t s  presence i n  winds i s  only seen f o r  t h e  h o t t e s t  s t a r s ,  9 Sgr 
and W118. (W numbers a r e  from Walker 1957.) HeII i s  on ly  seen i n  t he  wind 
o f  W 118, which i s  a."spectroscopic b inary  -but m e  a l s o  be t h e  h o t t e s t  s t a r  
i n  t h e  c l u s t e r .  I t  i s ' i n t e r e s t i n g  t o  no t e  t h a t  t h e  N I V  l i n e  a t  1718.5 A 
shows a P Cygni p r o f i l e  only f o r  W7 = 9 Sg<l Even W118 does no t  show any 
i n d i c a t i o n  of i t s  presence i n  t he  wind, even though the  NV and C I V  l i n e s  a r e  
s t rong  i n  t he  wind. For t h e  coo le r  s t a r s  t h e  C I V  P Cygni emission 
d isappears  f i r s t ,  and then a l s o  t he  shortward extended wings. For W9 wi th  
T e f f  %33000K, no i n d i c a t i o n s  of a s t e l l a r  wind a r e  seen any more i n  t h e  C I V  
l i n e .  . ,  

l l T>(  : 5  ,. 
,,:. ' ' ; .  1 -  

',- 
For t h e  c o o l e s t  s t a r , s -  i i k e  W73 (Tef f  % 3 0 0 0 0 ~ ) . t h e  C I V  l i n e  looks l i k e  

i t  has  some shortward emi is ion  ( s e e  F igure  3) .  For t h i s  s t a r  we observe an 
extended shortward wing f o r  t h e  Si3V l i n e  1393.75 which is  not  seen i n  t h e  
wind f o r  any ' o f  t h c o t h e r  stars (nothing * i s  seen i n  t he  1403 l i n e ) .  For 
t h i s  s t a r  we a l s o  s e e  a blueward extended'wing ( v e l  100 km/sec) f o r  a 
narrow S i I I  l i n e  a t  1808'A, which looks almost l i k e  an i n t e r s t e l l a r  l i n e .  
This l i n e  must be formed a t  a l a r g e  d i s t a n c e  from t h e a s t a r .  It  might then 
i n d i c a t e  t h a t  f o r  t h i s  s t a r  t h e  wind v e l o c i t y  i s  decreas ing  outward. The 
v e l o c i t y  seen i n  t he  SiIV l i n e  i s  l e s s  than the  escape v e l o c i t y .  

For W93, a l s o  wi th  T e f f  % 30000K, t he  HeII ,  1640 A,  ' l i n e  and the  C I V ,  
1550.8 A l i n e  show longward extended wings, extending t o  about 750 km/sec, 
which i s  about t he  f r e e  f a l l  v e l o c i t y  f o r  t h i s  s t a r  ( s e e  Figure 4 ) .  

We wonder whether f o r  those  s t a r s  c l o s e  t o  t he  temperature  when the  
wind d i e s ,  t he  wind may never reach escape v e l o c i t i e s  and may a c t u a l l y  
r e t u r n  t o  t he  s t a r .  

Of course ,  t h e r e  may be h ighe r  v e l o c i t y  m a t e r i a l  which i s  o p t i c a l l y  too  
t h i n  t o  be observable .  The p r o f i l e  o f , t h e  S i I I  l i n e  i s  c e r t a i n l y  puzzl ing.  - .* .. . 

i -  I - . .  I 

:' G'eneraPky, itJ seems t h a t  ' f o r  decreas ing  Tif; t he  degree of i o n i z a t i o n  
i n  t h e  wind seems t o  decrease.  
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Figure 1 .  NV (1240 A) and CIV (1548 A) l i n e  p r o f i l e s  for  s t a r s  i n  NGC 
6530. The h o t t e s t  s t a r s  are i n  the top l i n e ,  the cooler  s t a r s  a t  the . .  
bottom. 

. I 



Figure  2. Line p r o f i l e s  f o r  t h e  HeII l i n e  a t  1640 A .  

Figure 4. The C I V  (1548 A )  and 
the  HeII (1640 A) l i n e  p r o f i l e s  
i n  t he  s t a r  W93 show longward 
extended wings. 

Figure 3. Line p r o f i l e s  i n  t he  
s t a r  W73 wi th  Teff 30000K. 



MAIN SEQUENCE B STARS WITH STRONG WINDS 

D. Massa and B.D. Savage 
Washburn Observatory, Univers i ty  o f  Wisconsin 

INTRODUCTION 

Aside from MK c l a s s i f i c a t i o n s ,  very l i t t l e  spec t ro scop ic  work h a s  been 
c a r r i e d  o u t  on d i s t a n t  main sequence B s t a r s  i n  e i t h e r  t h e  v i s u a l  o r  t h e  UV. 
We obta ined  low r e s o l u t i o n  JXJ observa t ions  of  BO-2V stars i n  s e v e r a l  young 
open c l u s t e r s  as p a r t  o f  a p r o j e c t  t o  d e r i v e  t h e  UV e x t i n c t i o n  t o  t h e  
c l u s t e r s .  The aim o f  t h i s  s tudy was t o  use t h e  e x t i n c t i o n  found from t h e  B 
s t a r s  t o  deredden t h e  c l u s t e r  0 s t a r s .  I n  t h e  process ,  it became obvious 
t h a t  t h e  BO-2V s t a r s  i n  t h e  nuc lear  c l u s t e r  o f  Sco OBI, NGC 6231, had very  
unusual UV spec t r a .  This  discovery prompted u s  t o  o b t a i n  a high d i s p e r s i o n  
IUE spectrum o f  one o f  t h e  pecu l i a r  NGC 6231 B s t a r s ,  BD-41'7719. - 
OBSERVATIONS 

Low r e s o l u t i o n  s p e c t r a  o f  t h e  NGC 6231 B s t a r s  a r e  presented i n  Fig.  
1. Most o f  t h e  program s t a r  s p e c t r a  l i e  ou t s ide  t h e  2-dimensional 
c l a s s i f i c a t i o n  g r i d  defined by t h e  s t anda rds  given by Wu e t  a l .  (1983). The 
C I V  abso rp t ion  i n  t h e  s p e c t r a  o f  HD326330, BD-41'7724, BD-41 '7743, BD-41 ' 77 19 
and BD-41°7727 is s t ronge r  than i n  any o f  t h e  s tandards .  The s p e c t r a  o f  
BD-41'7730, BD-41'7736 and Braes 1017 a r e  a l s o  considered p e c u l i a r  This  is 
because t h e  wavelength o f  t h e  maximum depth o f  t h e i r  C I V  abso rp t ion  is  
s i g n i f i c a n t l y  s h o r t e r  than any o f  t h e  s tandards .  BD-41'7719 (whose low 
d i s p e r s i o n  spectrum is shown i n  Fig. 1 )  was observed a t  high d i spe r s ion .  Its 
spectrum is remarkably s i m i l a r  t o  normal B1V s t a r s  except  f o r  t h e  resonance 
l i n e s  o f  SiIV and C I V .  

ANALYSIS 

The model f i t s  shown i n  Figure 2 use Olson's (1982) model f o r  doublet  
formation i n  a s t e l l a r  wind. It is obvious t h a t  BD-41'7719 h a s  a much l a r g e r  
mass l o s s  r a t e  than normal BIVts a l though its C I V  p r o f i l e  is sti l l  
unsa tura ted .  Furthermore, t h e  wind of  BD-41'7719 must a c c e l e r a t e  very  
qu ick ly .  This  is because its C I V  p r o f i l e  shows l i t t l e  evidence f o r  
reemiss ion  by t h e  wind even though t h e r e  is  s u b s t a n t  a 1  w i  d absorp t ion .  The 
model f i t  imp l i e s  a mass l o s s  r a t e  o f  a t  l e a s t  ~ ~ I O - ' E I  yr-P wi th  a 
t e rmina l  v e l o c i t y  o f  2,300 km/s. The lower l i m i t  f o r  &he mass l o s s  r a t e  was 
obtained by assuning  t h a t  t h e  C I V  doublet  f u r n i s h e s  a l l  o f  t h e  a c c e l e r a t i o n  
t o  t h e  wind a t  high ve loc i ty .  The parameters  o f  t h e  model f i t  can then  be 
used t o  determine a minimum mass l o s s  r a t e  ( s e e  Lamers and Rogerson 1978). 

DISCUSSION 

Throughout t h e  d i s cus s ion ,  we assume t h a t  a l l  t h e  B s t a r s  wi th  p e c u l i a r  



UV s p e c t r a  ( s e e  Fig. 2) a l s o  have s t r o n g  winds. I n  a s e p a r a t e ,  bu t  r e l a t e d ,  
s tudy we found t h a t  s e v e r a l  o f  t h e  0 s t a r s  i n  NGC 6231 have abnormally l a r g e  
UV c o l o r  temperatures .  When t h e  p o s i t i o n s  of  a l l  t h e  p e c u l i a r  c l u s t e r  s t a r s  
a r e  p l o t t e d  on t h e  sky,  a very i n t e r e s t i n g  p a t t e r n  emerges ( s e e  Fig. 3 ) .  

We now cons ider  some l i k e l y  causes  f o r  t he  s t r o n g  B s t a r  winds. 
@ - Thei r  p o s i t i o n s  i n  t h e  HR diagram o f  t h e  c l u s t e r  i n d i c a t e  t h a t  they a r e  
main sequence s t a r s  ( s e e  Garr ison and Sch i ld  1979). 
Rota t ion  - This  explana t ion  seems u n l i k e l y  s i n c e  none o f  t h e  program s t a r s  
a r e  Be s t a r s  and t h e i r  H be t a  photometric i n d i c e s  a r e  normal. 
Magnetic F i e l d s  - The argument a g a i n s t  t h i s  o r i g i n  is t h a t  t h e  c l u s t e r  
con ta in s  very few stars with t h e  s p e c t r a l  p e c u l i a r i t i e s  normally a s soc i a t ed  
wi th  s t r o n g  atmospheric magnetic f i e l d s  (Garr ison and Sch i ld  1979). 
Chemical Composition - An overabundance o f  carbon is c e r t a i n l y  t h e  most 
s t r a igh t fo rward  i n t e r p r e t a t i o n  o f  both t h e  s t r o n g  wind and photospheric  
abso rp t ion  o f  C I V  i n  t h e  spectrum o f  BD-41'7719. Walborn (1976) found a 
l a r g e  number o f  chemical ly  pecu l i a r  OB supe rg i an t s  i n  Sco OBI and noted a 
tendency f o r  them t o  concent ra te  near  NGC 6231. The f a c t  t h a t  t he  main 
sequence 0 and B s t a r s  do not  have MK p e c u l i a r i t i e s  does no t  c o n f l i c t  wi th  
t h i s  i n t e r p r e t a t i o n  because abundance anomalies o f  about  5 t imes s o l a r  w i l l  
not  be de t ec t ed  by MK c l a s s i f i c a t i o n s  of  t h e s e  s t a r s  (Baschek and Scholz 
1974). 

There a r e  a l s o  t h e o r e t i c a l  reasons t o  expect  t h a t  unsa tura ted  wind l i n e s  
should be very s e n s i t i v e  t o  abundance anomalies. The reason is t h a t  me ta l i c  
l i n e s  f u r n i s h  t h e  f o r c e  r e spons ib l e  f o r  r a d i a t i v e l y  d r iven  s t e l l a r  winds. 
Consequently, mass l o s s  r a t e s  s c a l e ,  roughly, a s  abundance. Furthermore, t h e  
o p t i c a l  depth o f  an overabundant i o n  i n  t h e  wind a l s o  s c a l e s  a s  i ts  
abundance. The n e t  r e s u l t  is t h a t  t h e  absorp t ion  o f  a wind l i n e  due t o  an 
overabundant element has  an abundance squared dependence - one power from the  
increased  mass l o s s  r a t e  and one power from the  enhanced number o f  t he  
element pe r  u n i t  mass i n  t h e  wind. 

A l l  of  t h e s e  f a c t o r s  lead  us  t o  conclude t h a t  t h e  p e c u l i a r  s p e c t r a  of  
t h e  main sequence B s t a r s  i n  NGC 6231 a r e  t h e  r e s u l t  o f  an  overabundance o f  
carbon (and poss ib ly  o t h e r  elements) i n  t he i r  atmospheres. Q u a n t i t a t i v e  
a n a l y s i s  shows t h a t  an  enhancement o f  about  3-5 t imes  s o l a r  i s  s u f f i c i e n t  t o  
e x p l a i n  t h e  observa t ions .  

It is remarkable t h a t  t he  pecu l i a r  s t a r s  a r e  concent ra ted  i n  such a 
smal l  reg ion  o f  space (Fig.  3).  This  sugges ts  t h a t  smal l  s c a l e  chemical 
inhomogenei t ies  can develop wi th in  a molecular cloud complex e i t h e r  before  o r  
dur ing  the  process  o f  s t a r  formation and t h a t  t h e  UV c o l o r  temperatures  o f  0 
s t a r s  may a l s o  be r e l a t e d  t o  abundances. 
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Figure 3. Distribution on the sky of NGC 6231 stars observed with - IUE. The 
figure is centered on HD 152248 which defines the centroid of the 0 and early 
B stars in the cluster. The cross denotes the cluster centroid determined 
from star counts. Symbols represent the following: square - WC star; open 
circles - 0 stars with normal UV continua; filled circles - 0 stars with 
large W color temperatures; open triangles - BO-2V stars with normal W line 
spectra(HD 326309 and HD 326364 are beyond the boundaries of the figure); 
filled triangles - BO-2V stars with peculiar UV line spectra. A clustering 
of the peculiar stars is apparent. 
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ABSTRACT 

From t h e  s tudy  of t h e  o p t i c a l  and u l t r a v i o l e t  spectrum of t h e  P Cyg v a r i a  - 
b l e  AG Car, w e  conclude t h a t  t h i s  h igh  luminosi ty  ( ~ ~ ~ l z  -8.3), high mass l o s s  
star is  a  massive o b j e c t  evolving towards t h e  WR reg ion  a f t e r  a  cool  supe rg i an t  
phase. Like i n  o t h e r  superluminous s t a r s ,  t h e  l a r g e  photometric and spec t ro sco  
p i c  v a r i a t i o n s  a r e  a t t r i b u t e d  t o  f l u x  r e d i s t r i b u t i o n  of  t h e  s t e l l a r  rad ia t ion-  
due t o  s t r u c t u r e  v a r i a t i o n s  of t h e  expanding atmosphere. 

INTRODUCTION 

AG Car (HD94910) is  a  v a r i a b l e  P Cyg s t a r  surrounded by a  smal l  r i n g  neb: 
la. For i t s  p e c u l i a r i t i e s ,  t h i s  s t a r  c l o s e  resembles t h e  ca tegory  of t h e  h igh  
luminos i ty  v a r i a b l e  s t a r s ,  inc lud ing  t h e  g a l a c t i c  y Car, t h e  Hubble-Sandage 
v a r i a b l e s ,  and t h e  LMC s t a r s  S Dor and R 71 .  
The n a t u r e  o f  t h e s e  o b j e c t s  i s  s t i l l  ma t t e r  of controversy.  The i r  h igh  lumino- 
s i t y  and l a r g e  mass outf low suggest  t h a t  they a r e  massive s t a r s  undergoing a  
r a p i d  evolu t ionary  phase.  The s tudy of t h e s e  s t a r s  could t h e r e f o r e  be  a  t o o l  
t o  c l a r i f y  t h e  n a t u r e  of t h e  superluminous s t a r s ,  and t o  i n v e s t i g a t e  t h e  
s t r u c t u r e  and t i m e  v a r i a b i l i t y  of t h e i r  atmospheric envelopes.  

AG Car i s  known f o r  i t s  l a r g e  photometric (from V=6 t o  8.5)and spec t ro sco  - 
p i c  v a r i a b i l i t y .  Caputo and V i o t t i  (1970) found t h a t  t h e  equ iva l en t  s p e c t r a l  
t ype  i s  v a r i a b l e  from A 1 1  t o  B O I ,  c l o s e  resembling P Cyg a t  minimum, and S Dor 
a t  maximum ( c f .  Wolf and S t a h l  1982). I n  a d d i t i o n  t h e  s t a r  i s  cha rac t e r i zed  by 
a s t r o n g  IR  excess  sugges t ing  t h e  e x i s t e n c e  of an i n t e n s e  s t e l l a r  wind (Ben- 
sammar e t  a l .  1981). This r e s u l t  i s  confirmed by t h e  mass l o s s  r a t e  of  3 x 1 0 - ~  
&y-l der ived  by Wolf and S t a h l  (1982) from t h e  H p r o f i l e .  
More r e c e n t l y ,  Whitelock e t  a l .  (1983) found l a r g e  v a r i a t i o n s  of t h e  I R  f l u x ,  
being s t r o n g e r  and redder  a t  v i s u a l  maximum, and suggest  a mechanism of s h e l l  
e j e c t i o n  i n  1980. The h igh  r e s o l u t i o n  W spectrum i s  descr ibed  i n  d e t a i l  by 
Johnson (1982). Like P Cyg, AG Car d i s p l a y s  a  UV spectrum dominated by Fe I I  
abso rp t ions  s h i f t e d  by -200 km s'l and f a i n t  emission components. 

* 
Based on obse rva t ions  w i th  - IUE c o l l e c t e d  a t  t h e  V i l l a f r anca  S a t e l l i t e  Track - 

i n g  s t a t i o n  o f  ESA, Madrid, Spain,  on a r ch ive  images, and on spec t ro scop ic  
obse rva t ions  ob ta ined  w i t h  t h e  1.5m t e l e scope  and wi th  t h e  CAT-CES system of 
t h e  European Southern Observatory (ESO) - a t  La S i l l a ,  Chile.  



OBSERVATIONS 

Low r e s o l u t i o n  UV s p e c t r a  o f  AG Car and o f  i t s  n e b u l a  were o b t a i n e d  w i t h  
IUE i n  1981 August, when t h e  s tar  was n e a r  maximum (V=6.2), and i n  1983 June,  - 
when i t  was a t  minimum (V=7.2). F i g u r e  1 shows t h a t  between 1981 and 1983 t h e  
UV f l u x  o f  t h e  s t a r  h a s  l a r g e l y  decreased  i n  t h e  LW r e g i o n ,  bu t  i n  t h e  meantime 
t h e  far-UV f l u x  was more i n t e n s e  a t  minimum, i n d i c a t i n g  a tempera tu re  i n c r e a s e  
of t h e  continuum. This  r e s u l t  i n d i c a t e s  t h a t  t h e  observed l a r g e  l u m i n o s i t y  va- 
r i a t i o n s  cou ld  b e  a t t r i b u t e d  - as a l s o  sugges ted  by t h e  I R  photometry and o p t i  - 
c a l  spec t roscopy  d i s c u s s e d  above -, t o  f l u x  r e d i s t r i b u t i o n  a t  d i f f e r e n t  wave- 
l e n g t h s  due t o  t empera tu re  and d e n s i t y  v a r i a t i o n  o f  t h e  extended a tmospher ic  
enve lope  o f  AG Car. 

I n  o r d e r  t o  v e r i f y  t h i s  p o i n t ,  we have measured t h e  dereddened energy d i -  
s t r i b u t i o n  o f  AG Car i n  d i f f e r e n t  epochs u s i n g  t h e  a r c h i v e  IUE images and t h e  - 
I R  photometry of White lock e t  a l .  (1983). The f l u x e s  were  c o r r e c t e d  f o r  an  
i n t e r s t e l l a r  e x t i n c t i o n  of E(B-V)=0.60 f .05, as d e r i v e d  from t h e  i n t e n s i t y  of 
t h e  2200 A band and t h e  Ly, l i n e .  The UY f l u x  shor twards  o f  t h e  IUE range  was 
d e r i v e d  u s i n g  a Kurucz (1979) model atmosphere t o  f i t  t h e  visual-to-UV energy 
d i s t r i b u t i o n ,  as shown i n  F igure  2. 
For an  assumed d i s t a n c e  o f  2500 p c ,  t h e  b o l o m e t r i c  magnitude o f  AG Car d u r i n g  
1978 t o  1982 remained n e a r l y  t h e  same (Mbol=-8.21-8.5) i n  s p i t e  of t h e  l a r g e  
o p t i c a l  and UV v a r i a b i l i t y .  

The o p t i c a l  spectrum of AG Car i s  c h a r a c t e r i z e d  by prominent H emiss ions .  
I n  1984 February w e  have o b t a i n e d  t h e  v e r y  h i g h  r e s o l u t i o n  ( ~ = 1 0 5 )  H, p r o f i l e  
u s i n g  t h e  CESIRETLCON system of t h e  3.6m - ESO t e l e s c o p e  a t  La S i l l a ,  f e d  by t h e  
1.4m a u x i l i a r y  t e l e s c o p e .  The & p r o f i l e  o f  AG Car shows a s t r o n g  c e n t r a l  peak 
f l a n k e d  by extended wings ,  probably  produced by e l e c t r o n  s c a t t e r i n g ,  and by a 
b l u e  s h i f t e d  a b s o r p t i o n  w i t h  a s h a r p  edge i n d i c a t i n g  a t e r m i n a l  wind v e l o c i t y  
of abou t  -200 km s-1. This  v a l u e  i s  lower t h a n  t h e  t e r m i n a l  v e l o c i t y  of -320 
km s-1 d e r i v e d  from t h e  UV l i n e  p r o f i l e s  o f  F e I I  and MgII, probably  because  t h e  
l i n e s  a r e  formed a t  d i f f e r e n t  d e p t h s  of t h e  expanding envelope.  
W e  have a l s o  found l a r g e  v a r i a t i o n s  of t h e  o p t i c a l  and W l i n e  p r o f i l e s .  For 
i n s t a n c e ,  H,during some epochs d i s p l a y e d  a double  a b s o r p t i o n  component ( c f .  
Bensamrnar e t  a l .  1981).  

One o f  t h e  major  p e c u l i a r i t i e s  of AG Car i s  i t s  r i n g  n e b u l a  which i s  pro- 
bab ly  formed by m a t t e r  e j e c t e d  by t h e  s t a r . e 4 0 0 0  y e a r s  ago.  
The LWR images t a k e n  i n  1981 and 1983 show a spectrum o f  t h e  nebu la  v e r y  s i m i l  - 
ar t o  t h a t  o f  t h e  s t a r ,  e x c e p t  f o r  some F e I I  emiss ion  f e a t u r e s .  V i o t t i  e t  a l .  
(1984) found t h a t  t h e  s t a r l n e b u l a  f l u x  r a t i o  i s  n e a r l y  independent  on ;\ , and 
s u g g e s t  t h a t  t h e  n e b u l a r  continuum is  probably  due t o  s c a t t e r i n g  of s t a r l i g h t  
by d u s t  p a r t i c l e s .  
F i g u r e  4 shows t h e  o p t i c a l  spectrum of t h e  nebu la  o b t a i n e d  i n  1983 February 
w i t h  IDS a t  t h e  1.5m - ESO t e l e s c o p e .  Also i n  t h i s  c a s e  w e  can i d e n t i f y  prominent 
low e x c i t a t i o n  emiss ion l i n e s  ( H ,  [NII] , [SII]) formed i n  t h e  n e b u l a ,  and a 
r a t h e r  s t r o n g  continuum olhich i s  a t t r i b u t e d  t o  s c a t t e r e d  s t a r l i g h t .  

CONCLUS IONS 

Our o p t i c a l  and UV o b s e r v a t i o n s  shows t h a t  AG Car i s  a lu rdnous  P Cyg star  
w i t h  v a r i a b l e  s t r u c t u r e  of t h e  expanding envelope c a u s i n g  t h e  observed s p e c t r o  - 
s c o p i c  and pho tomet r ic  v a r i a t i o n s ,  w h i l e  i t s  bo lomet r ic  magnitude p robab ly  



remained cons t an t .  I n  t h i s  r e s p e c t  AG Car c l o s e  resembles t h e  LMC v a r i a b l e s  
S Dor and R71 ( c f .  Wolf and S t a h l  1982). Also i n  t h e  case  of qCar t h e  p re sen t  
bolometr ic  luminosi ty  (mostly emit ted a t  IR wavelengths) i s  c l o s e  t o  t h e  lumi- 
n o s i t y  of  t h e  s t a r  dur ing  t h e  l i g h t  maximum of l a s t  century,  t h e  observed l a r g e  
luminosi ty  f ad ing  being caused by t h e  formation of t h e  dus t  envelope ( c f .  
Andriesse,  Donn and V i o t t i  1978). 
Also t h e  l a r g e  luminosi ty  v a r i a t i o n s  observed i n  t h e  Hubble-Sandage v a r i a b l e s  
could be a t t r i b u t e d  t o  v a r i a t i o n  of t h e i r  wind s t r u c t u r e  and, i n  some cases  t o  
d u s t  formation,  a l though i t  is  d i f f i c u l t  t o  say whetherthey a r e  a l s o  a s soc i a t ed  
t o  l a r g e  changes of t h e  mass outf low r a t e .  

The presence  of dus t  g ra ins  i n  t h e  AG Car nebula would imply t h a t  e i t h e r  
l i k e  i n q C a r , d u s t  has been condensated dur ing  t h e  explos ive  phase 4000 yea r s  
ago,  o r  t h a t  d u s t  was p re sen t  i n  t h e  atmospheric envelope of t h e  s t a r  dur ing  
a previous s h o r t ,  high mass l o s s  phase. We t h e r e f o r e  conclude t h a t  most proba- 
b ly  AG Car i s  a post-MS massive s t a r  moving back towards t h e  WR reg ion  a f t e r  a 
cool-supergiant ,  high mass l o s s  phase, i n  agreement w i th  t h e  t h e o r e t i c a l  e v o l u  
t i o n a r y  scena r io  ( c f .  Chiosi  e t  a l .  1978). 

REFERENCES 

Andriesse,  C.D.,  Donn, B.D., V i o t t i ,  R. 1978, Mon. Not. R. A. S. 185, 771. 
Bensammar, S . ,  e t  a l .  1981, I A U  Coll .  59, C. Chiosi ,  R. S t a l i o  (eds.)  ,p.67. 
Caputo, F,, V i o t t i ,  R. 1970, Astron, Astrophys. 2 ,  266. 
Chiosi ,  C . ,  Nasi ,  E . ,  Sreenivasan,  S.R. 1978, A s t r .  Astrophys. k 3 ,  103. 
Johnson, H.M. 1982, Ap.J. Suppl. Ser .  50, 551. 
Kurucz, R.L. 1979, Ap.J. Suppl. Ser.  $I, 1. 
V i o t t i ,  R.,  C a s s a t e l l a ,  A , ,  Ponz, D., The, P.S. 1984, i n  
Whitelock, P.A., e t  a l .  1983, Mon. Not. R. A. S. 2A5, 577. 
WolG, B. ,  S t a h l ,  0. 1982, A s t r .  Astrophys. L 2 ,  111. 

Figure 1. The low r e s o l u t i o n  I U E  spectrum of AG Car i n  1981 August and 1983 
June. Ordinates  a r e  observed f l u x e s  i n  10-l2 e r g  cm-2s-l~-l .  The i n t e r s t e l l a r  
2200 A band i s  ind ica t ed .  
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AG Car - 1981 August . 
dereddened (0.60) F igure  2 .  The energy d i s t r i b u -  

t i o n  of AG Car from 1200 A t o  
3.6 pm i n  1981, co r r ec t ed  f o r  
E(B-V) = 0.60. V i s  from t h e  
IUE FES. The v i s u a l  and W is  
compared w i t h  a Kurucz model 
atmosphere w i th  P16000K. 

Figure 3. The h igh  re- 
s o l u t i o n  H, p r o f i l e  of  
AG Car i n  1984 Februa- 
r y  obtained w i t h  t h e  
ESO CAT/CES system. 
Note t h e  b lue  s h i f t e d  
abso rp t ion  and t h e  
broad wings. 
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Figure 4 .  The IDS (1.5m ESO te lescope)  spectrum of t h e  r i n g  nebula  of AG Car. 
Ordinates  a r e  f l u x e s  i n  10'14 e r g  cm'2s-l~-l f o r  a 4x4 a r c s e c  ape r tu re .  
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ABSTRACT 

Coordinated IUE high dispersion and visual observations of W Orionis (HD 37490, 
B2 IIIe) in 1982-1983 covering periods of both low and high B-band linear 
polarization have shown that line profile variability seen in the ultraviolet 
resonance lines of Si IV and C IV is not correlated with the visual continuum 
polarization state of the star. Variations in the visual colors and continuum 
fluxes are correlated with the amount of linear polarization. Ha 
emission strength variations are only weakly correlated with the polarization 
activity. The variation seen in C IV and Si IV is consistent with density 
perturbations propagating through the wind acceleration zone. The observed data 
are interpreted as indicating that the stellar wind is latitudinally separated 
from the continuum scattering envelope. 

INTRODUCTION 

I t  is now well established that some of the better studied Be stars are characterized 
by visual line profile and continuum light variations, as well as by ultraviolet line 
profile variability. The relation between the various formation zones is still unclear. 
We present results of a coordinated program of ultraviolet and visual observations of 
the bright Be star W Orionis (vsini-160 km/s (Slettebak 1982)). Data 
for this study was obtained between 1982 August 14 and 1983 April 27. 

VISUAL DATA 

During the study period Omega Ori went through two distinct episodes of increased 
B-band linear polarization (Figure 1). The first, and weaker event was centered 
on JD 244 5318. The main event began no later than JD 244 5367, reached maximum 
strength by JD 244 5379, and then decreased gradually until the end of the study 



period. The morphology of the main event is similar to previous episodes 
reported by Hayes (1980) and Hayes and Guinan (1984). When the observed data 
are plotted in the Stokes parameter (Q-U) frame, the data can be least squares 
f i t  to a straight line with a standard deviation of only 0.025 percent. The 
visual polarization data allow two important inferences to be made about this 
star. First, the intrinsic polarization denotes a non-negligible scattering 
optical depth, and hence an asymmetric distribution of scatterers in an extended 
atmosphere or envelope. The colinearity of the data in the Stokes parameter 
(Q-U) frame implies that the scatterers have an axially symmetric distribution. 

A limited number of visual photometry and Balmer line profile spectra were 
obtained during the study period. These showed that the continuum light increased 
during the polarization episodes, and appeared to follow the behavior of the polarization. 
The star also became redder during the episode. This is similar to results reported by 
Hayes and Guinan (1984). H a emission was observed throughout the study 
period, and appears to have increased slightly by the end of 1983 April. 
Ha line profiles taken before and during the polarization episode, show that 
essentially identical line profiles can occur during both polarization low and 
high states. This suggests at most a weak correlation between Ha emission and 
the linear polarization. 

ULTRAVIOLET DATA 

Three resonance lines, Si 111, Si IV and C IV show high velocity absorption 
from the stellar wind. As noted by Peters (1982) the lines are characterized by 
asymmetric absorption profiles with an enhanced absorption "narrow component" of 
the type reported by Snow (19771, and Lamers et al. (1982) in 0 stars. During 
the study period, the centroid velocities of the narrow components were the same 
in all three ions in any given image, but varied from image to image. Multiple 
absorption components are sometimes observed in both Si IV and C IV. 

During the study period both Si IV and C IV showed significant variation. The 
largest variations in absorption depth relative to the continuum were observed in C IV 
between -400 and -700 krn s". Similar changes were observed in Si IV. In addition 
to changes in the maximum absorption depth, Si IV and C IV also showed changes of up to 
a factor of 15 in the overall absorption equivalent width (see figure 3). These changes 
are significant at the 2.5 sigma level. The narrow component radial velocity and absorption 
depth are anticorrelated (see figure 4). The linear relation between the centroid velocity 
and the absorption depth, which is proportional to the column density, is similar to the result of 
Henrichs, et al. (1983) for 7 Cas. The absorption components become more 
pronounced with respect to the underlying profile as the ionization potential of the species 
increases, in agreement with the observations of Lamers et al. (1982) for 0 stars. Most of 
the line profile variation in W Ori appears to be due to variations in 
distribution in radial velocity, and strength of these components. 

DISCUSSION 

The visual and ultraviolet data present very different views of the envelope of W Ori. 
From the visual data alone, the picture which emerges is of episodic increases 
in the number of electron scatterers, aligned presumably in a disk. Hayes and 



Guinan (1984) have suggested that these events represent the morphology of mass 
loss episodes. If this were true, a correlation between the visual activity and 
the ultraviolet wind might be expected. This is not observed. In addition no 
strong correlation between the continuum variability and the Balmer line 
activity is observed. The lack of any clear-cut correlation between the 
continuum polarization and the Balmer line features is understandable since the 
Balmer lines are expected to be formed further from the photosphere, although, 
still primarily in the equatorial plane (Fuhrenlid and Young, 1980). A less 
pronounced correlation of Balmer line emission and linear polarization was also 
observed in a previous polarization episode (Hayes and Guinan 1984). A likely 
explanation for the lack of correlation reported here is that the region giving 
rise to the continuum polarization is radially separated from the Balmer line 
formation zone. The wind acceleration zone observed in the ultraviolet 
resonance lines may in turn be latitudinally separated from the polarization, 
continuum light, and Balmer line formation zones, since model calculations for B 
stars (see Slettebak, et al, 1980) predict that the equatorial zones which are 
distended by the rotation are also considerably cooler that the regions 
producing detectable polarization. Under such a scenario, the wind occurs at  
high latitudes, while the radially separate electron scattering, and Balmer line 
formation zones occur in the equatorial plane. 
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Figure 2: Visual Photometry of U Ori. The photometric data consist of 
intermediate band (A 6585 ) continuum observations, narrow band 
(Ha) data ( where larger negative values indicate stronger emission), 
and color indices derived from A 4530 and A 6585 observation 
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ABSTRACT 

We present optical (3600 - 10000 A) and IUE (1200 - 3200 A) observ- 
ations of the peculiar, luminous early-type supergiant star S 18/SMC which 
cover the period 1981 - 1983. This is supplemented by objective prism and 
high dispersion studies from 1967 - 1980. The He11 4686 line is variable 
in the optical, with He11 1640, CIV 1550 and NV 1245 also variable. FES 
magnitude data suggest that the photometric variations are less than 0?1. 
P Cygni profiles are observed on the hydrogen lines to H9, and HeI, FeII, 
[F~II}, NIII, and weak SiII are seen in the optical spectrum. The red CaII 
lines are strong in 1983. There is no evidence for a red companion. The 
W spectrum is dominated by emission lines of nitrogen. The variations 
show a striking similarity to HBV475, and the UV spectrum and derived N 
enhancement is quite similar to Sanduleak's star in the LMC. We present 
evidence for a nitrogen overabundance of a factor of the order of 70, and 
discuss a preliminary stellar wind model for the star. 

INTRODUCTION 

Attention was first called to S 18/SMC by Henize (1956) on the basis 
of its hydrogen emission, while interest in the star was aroused by the 
observation of strong He11 4686 variations by Sanduleak (1974). At the 
time, it was called a symbiotic. The line varies from invisibility on 
objective prism plates to a strength about the same as H p .  It was studied 
by Azzopardi et al. (1981), who obtained a low dispersion optical spectrum 
that showed P Cygni profiles on the hydrogen lines, and no evidence for 
photospheric absorption lines. Graham (1974, unpublished) has confirmed 
the variations of He11 4686 using nova patrol objective prism plates. The 
star was included in the survey by Shore and Sanduleak (1982, 1984) of the 
most luminous early-type emission line stars of the Magellanic Clouds, and 
it was this survey that first found the strong variations of the UV emi- 
ssion lines of NV, CIV and HeII. Having now several years of ,data, we 
here will attempt to piece together a picture of the physical nature of 
this remarkable star. 

OBSERVATIONAL MATERIAL 

Optical spectra have been obtained using several instruments. Only 



one publ ished o p t i c a l  spectrum e x i s t s  (Azzopardi e t  a l .  1981).  This  was 
obtained i n  1978. Almost a t  t h e  same t ime,  a spectrum was obtained us ing  
the  Boksenberg device a t  AAT a t  s i m i l a r  r e s o l u t i o n  (June 1978 ). This  
l a t t e r  spectrum covers  3600 - 7000 A ,  while  t he  ESO spectrum does no t  i n c l -  
ude t h e  Ha' and He1 6678 l i n e s .  Two a d d i t i o n a l  s p e c t r a ,  one obtained a t  t he  
AAT us ing  t h e  F a i n t  Object Spectrograph wi th  a CCD d e t e c t o r  (Oct. 1983) and 
one from CTIO us ing  the  l m  Yale te lescope  and CITS system wi th  I I I a J  p l a t e  
a t  121  A mm-1, have been secured.  Both cover t h e  red reg ion ,  with t h e  AAT 
spectrum going from 5000 - 10000 A and t h e  CTIO spectrum covering 3600 t o  
7000 A ( see  t a b l e  1 f o r  j ou rna l  of observa t ions) .  The l a s t  three-mentioned 
s p e c t r a  a r e  c a l i b r a t e d ,  t he  one from ESO is d e n s i t y  only.  

A l l  u l t r a v i o l e t  s p e c t r a  have been obta ined  wi th  t h e  SWP camera of IUE. 
An LWR spectrum was a l s o  obta ined ,  bu t  w i l l  n o t  be  discussed i n  t h i s  paper 
(o ther  than t o  mention t h a t  t h e r e  i s  no s t r o n g  emission and no 2200 A bump 
observed i n  t h i s  wavelength reg ion) .  The s p e c t r a  cover  1981 - 1983. 

FES magnitudes were obtained a t  t he  time of each IUE exposure. The 
average magnitude was about 13.5, wi th  no v a r i a t i o n  g r e a t e r  than 0?1 being 
observed, d e s p i t e  t h e  marked changes seen i n  t h e  W spectrum. There i s  no 
publ ished photometric h i s t o r y  f o r  t h i s  s t a r .  

OBSERVED SPECIES 

Hydrogen: Balmer emission is  seen t o  H9, P Cygni p r o f i l e s  being p re sen t ,  
and weak absorp t ion  seen t o  H 10 o r  H 11. Paschen l i n e s  a r e  observed t o  
P 14. There i s  emission i n  t h e  Paschen continuum observed on t h e  Oct.1983 
spectrum. P Cygni s t r u c t u r e  i s  weak on Hp , and q u i t e  marked on a l l  bu t  
t h e  June 1974 spectrum, on a l l  h igher  Balmer l i n e s .  
Helium: Neut ra l  helium i s  observed on a l l  s p e c t r a ,  wi th  He1 5875, 6678 and 
7065 among t h e  s t r o n g e s t  emission l i n e s  i n  t h e  spectrum. H e 1 1  4686, 5411 
and 8237 a r e  observed i n  t he  o p t i c a l ,  wi th  HeII 1640 being one of t h e  most 
v a r i a b l e  and o v e r a l l  s t r o n g e s t  l i n e s  i n  t h e  UV. The He11 4686 i s  v a r i a b l e  
on a t imesca le  of about one month, while  t h e  HeII 1640 i s  v a r i a b l e  on a 
t imesca le  l i k e l y  s h o r t e r  than 3 months. 
Carbon: Weak CIII 1910 i s  p re sen t  on a l l  UV spec t r a .  C I V  1550 i s  s t rong  
and v a r i a b l e  on the  same t imesca le  a s  He11 1640. No C I I  i s  seen i n  emission 
i n  e i t h e r  t he  W o r  o p t i c a l .  
Nitrogen: The n i t rogen  spectrum i n  t h i s  s t a r  i s  very  r i c h .  A l l  s t a g e s  from 
N I I I  - NV a r e  observed. Since no forbidden l i n e s  a r e  seen ,  i t  i s  no t  a 
s u r p r i s e  t h a t  N I I  i s  not  observed. N I I I  4640, 1751, N I V  1487,1718 and 
NV 1245 a r e  a l l  observed. NV i s  the  most v a r i a b l e  l i n e  i n  t he  UV, w i th  
changes of more than a f a c t o r  of two i n  equiva len t  width observed. 
Oxygen: 0 1  1304 and [OI] 6300 a r e  p r e s e n t ,  t h e  l a t t e r  being extremely 
weak. OIII] 1667 i s  present  on a l l  SWP s p e c t r a .  
S i l i con :  S i I I  5958-79 is  p re sen t ,  bu t  weak, i n  Oct. 1983. S ~ I I I J  1895 i s  
p re sen t  on a l l  W s p e c t r a ,  wi th  about t he  same s t r e n g t h  a s  CIII] 1910. The 
SiIV 1400 l i n e  i s  d i f f u s e  and probably v a r i a b l e ,  bu t  p re sen t  on a l l  of t he  
UV s p e c t r a .  Its p r o f i l e  i s  q u i t e  s i m i l a r  t o  t h a t  observed i n  Sanduleak's 
s t a r  i n  t h e  LMC (Kafatos -- e t  a l .  1983). 
Calcium: No CaII  H and K emission i s  de tec ted  i n  t he  o p t i c a l  s p e c t r a .  The 
CaII  l i n e s  a t  8491, 8542 and 8662 a r e  q u i t e  s t r o n g  on the  Oct.1983 spectrum. 



Very weak [ C ~ I I ]  7291-7324 emission i s  ' a l s o  p re sen t .  
I ron:  A r i c h  permit ted Fe I I  spectrum i s  p re sen t .  Only [ F ~ I I ~  4277 ,  4287 - 
and 4414 a r e  weakly p re sen t  i n  t he  June 1974 and Dec. 1983 s p e c t r a .  
Argon: Weak [ A ~ v ]  emission i s  observed i n  t h e  Oct.1983 red spectrum. 
Chlorine:  Weak [ ~ l  111J 5550 i s  observed i n  t h e  Oct. and Dec. 1983 spec t r a .  

RESULTS AND DISCUSSION 

The s teepness  of t he  Balmer decrement i s  s i m i l a r  t o  a number of o t h e r  
s t a r s  which we have observed (Shore, Sanduleak and Chu 1984, in prep.)  The 
average of 7 s t a r s  i s  4.452.5, f o r  those s t a r s  wi th  s t rong  emission,  and 
t h e  wind s t a r s  show t h e  s t e e p e r  decrement. The h ighes t  Balmer l i n e  g ives  
a te rmina l  v e l o c i t y  of t he  order  of 1200 km s-1, s i m i l a r  t o  t h e  v e l o c i t y  
width of t h e  W l i n e s  ( see  Shore and Sanduleak 1984).  Despi te  t he  l a r g e  
v a r i a t i o n s  of t h e  h igher  e x c i t a t i o n  l i n e s ,  t he  He1 and H l i n e s  a r e  q u i t e  
cons tan t  i n  r e l a t i v e  i n t e n s i t y ,  although t h e r e  a r e  suggest ions t h a t  t he  
equiva len t  widths of t h e  Balmer l i n e s  a r e  q u i t e  v a r i a b l e .  Some of t h i s  
may be due t o  d i f f e r ences  i n  ins t rumenta t ion .  The CaII red system i s  
q u i t e  s t r o n g ,  looking much l i k e  a chromosphere. There i s  no evidence,  t o  
1f , f o r  a red component i n  t h e  system, so  i t  would appear t h a t  t hese  l i n e s  
a r i s e  i n  the  wind i t s e l f .  It  i s  c l e a r  t h a t  S 18  is - not  a symbiotic of 
any convent ional  s o r t ,  and t h e  emission l i n e s  and P Cygni p r o f i l e s  would 
lead  t o  t h e  conclusion t h a t  i t  i s  a s i n g l e ,  extremely luminous, mass- 
l o s i n g  s t a r .  

The model we have derived i n  s i m i l a r  i n  many ways t o  S 134 (= 
HD 38489; Shore and Sanduleak 1983). From t h e  C I I I ~ ~ ~ ~ O / C I V  1550 r a t i o ,  
we g e t  ~ + 3 / @ 2  0.9 (Kaler -- e t  a l .  1976) (us ing  f o r  r e f e rence  T = 2 x 1 0 4 ~ ,  
e .g .  Shore and Sanduleak 1984) . The ~111L)1751/~111)1910 r a t i o  can then  
be used t o  g ive  an N / C  r a t i o  (Davidson e t  a l .  1983) which we f i n d  t o  be 
N/C%7.0. Using Maran e t  a1.(1982) f o r  abundances of SMC H I 1  r eg ions ,  we 
f i n d  a n i t rogen  enhancement of about 70x. This  i s  remarkably s i m i l a r  t o  
t h a t  found f o r  t he  LMC s t a r  Sanduleak's s t a r  by Kafatos e t  a1.(1983),  t o  
which t h e  W spectrum of S 18 bea r s  a s t r i k i n g  resemblence. U s i  g t he  
C I I I  1910, C I V  1550 and SiIV 1400 l i n e s ,  we de r ive  Pe Z 1015 *5fl*9 (from 
Cook and Nicolas  1979) s o  t h a t  ne 2 1011 cm-3 (+0.8 dex, assuming T from 
10000 t o  40000 K ) .  This  accounts f o r  t he  extreme weakness of t he  forbidden 
l i n e  spectrum. The mass l o s s  r a t e  agrees  wi th  t h e  a n a l y s i s  by Shore and 
Sanduleak (1984), being about 1 0 - ~ ~ . ~ r ' l .  It i s  most i n t e r e s t i n g  t o  no te  
t h a t  whi le  t h e  v a r i a t i o n s  of t h i s  s e a r  resemble t h e  w e l l  known symbiotic 
HBV475, i t s  spectrum i s  q u i t e  l i k e  an LMC s t a r  no t  known t o  c l e a r l y  be a 
b inary  (Sanduleak's s t a r ) .  I n  f a c t ,  i t  i s  s t r i k i n g  t o  n o t i c e  t h a t  two 
s t a r s  which began l i f e  wi th  presumably d i f f e r e n t  chemical makeup have 
wound up looking so  very much a l i k e .  This  should prove u s e f u l  f o r  models 
of nuc leosynthes is  i n  massive s t a r s .  

A more complete account of the  f u l l  obse rva t iona l  d a t a  i s  now i n  
prepara t ion .  

We thank the  IUE s t a f f ,  e s p e c i a l l y  K. Feggins and R.  Bradley, f o r  t h e i r  
kind he lp  and quick and s u r e  work. SNS and NS were gues t  observers  wi th  
IUE on program NAG 5-179 dur ing  1981 through 1984. 
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Table I: Journal of Observations 
1978 June AAT 10A resolution 3600-70006 (DM) 
1978 July ESO 114 A/mm 3600-60008 (Azzopardi et al. 1981) 
1981 July IUE SWP 14463, LWR 11058 (SNS ,NS) 
1981 Sept IUE SWP 15122 (SNS ,NS) 
1982 March IUE SWP 16599 (SNS ,NS) 
1983 March IUE SWP 19731 (SNS ,NS) 
1983 Oct. AAT FOS/CCD 4A reso1.5000-10000A(DAA) 
1983 Dec. CTIO 121A/mm IIIaJ 3600-7000 A (SNS) 

Table I1 : W Line Equiv.Widths (A) 
Spectrum NV1245 SiIV1400 CIV 1550 NIII1751 He11 1640. NIV1487 
SWP 14463 152 .O 69.9 46.0 30.8 120.5 ------ 
SWF' 15122 297.0 ---- 34.3 14.2 98.3 41.9 
SWP 16599 114.2 23.7 12.6 14.2 70.5 27.5 
SWP 19371 72.4 ---- 28.3 8.8 115.3 21.8 

Table 111: Optical Line Equivalent Widths (A) 
Spectrum Ha: /HP H p  /HY He14471 He15875 He16678 He114686 HP 
June78 4.9 3.8 3.4 25.0 5.5 33.5 170.0 
Oct 83 --- --- --- 25.8 16.8 ---- 40.0 
Dec 83 4.4 3.7 1.5 9.9 5.5 15.4 61.5 



AN EPISODIC RED-WING STRUCTURE OF S i I V ,  X 1 3 9 4 i ,  I N  y CAS 

V .  DOAZAN, G .  SEDMAK, R.  STALIO, R.N. THOMAS, A.J. WILL IS  
P a r i s  and T r i e s t e  O b s e r v a t o r i e s ,  I n s t i t u t  d t A s t r o p h y s i q u e  P a r i s ,  

U n i v e r s i t y  C o l l e g e  L o n d o n  

ABSTRACT 

IUE o b s e r v a t i o n s  o f  Y C a s  o b t a i n e d  i n  J a n u a r y  1 9 8 3  show t h e  
c o n s p i c u o u s  p r e s e n c e  o f  a  r e d - w i n g  s t r u c t u r e  i n  t h e  S i I V ,  A1394A, 
r e s o n a n c e  l i n e  i n  y C a s .  The ~ 1 4 0 3 A ,  shows a  much l e s s  enhanced  
t r a c e  o f  t h e  same e f f e c t .  A c o m p a r i s o n  b e t w e e n  1983 IUE s p e c t r a  w i t h  
p r e v i o u s - o n e s  o b t a i n e d  i n  1 9 8 0  show t h a t  i n  J a n u a r y  1983  t h e  r e d  
a b s o r p t i o n  w i n g  i s  s t r o n g l y  d e p r e s s e d  r e l a t i v e  t o  t h e  1 9 8 0  p r o f i l e  
w h e r e  t h e  r e d  f e a t u r e  was a b s e n t .  We c o n c l u d e  t h a t  t h i s  r e d  w i n g  
f e a t u r e  i s  i n  a b s o r p t i o n  r a t h e r  t h a n  i n  e m i s s i o n .  T h i s  same 
w i n g - s t r u c t u r e  i s  s u g g e s t e d  o n  1982  IUE s p e c t r a .  I t  h a s  a l s o  b e e n  
r e m a r k e d  b y  M a r l b o r o u g h  e t  a 1  ( 1 9 7 8 )  o n  1 9 7 6  C o p e r n i c u s  
o b s e r v a t i o n s ,  b u t  t h e s e  a u t h o r s  i d e n t i f y  i t  a s  an e m i s s i o n  f e a t u r e .  
t o m b i n i n g  l o n g - t e r m  v a r i a t i o n s  o f  YCas i n  t h e  v i s u a l ,  summar i zed  i n  
two p r e c e d i n g  p a p e r s ,  w i t h  p u b l i s h e d  f a r  UV d a t a ,  we n o t e  t h a t  t h i s  
r e d  f e a t u r e  seernsto o c c u r  p r e f e r e n t i a l l y  a t  e p o c h s  where  t h e  V / R  
r a t i o  o f  t h e  v i o l e t  and r e d  e m i s s i o n  p e a k s  a t  H a i s  l e s s  t h a n  one. 
We s u g g e s t  t h a t  t h e s e  t w o  c h a r a c t e r i s t i c s ,  v i s u a l  and f a r  UV, a r e  
l i n k e d  t o  t h e  f l o w - d e c e l e r a t i o n  i n  t h e  o u t e r - a t m o s p h e r e .  

FarUV o b s e r v a t i o n s  h a v e  c a u s e d  a  p r o f o u n d  new o r i e n t a t i o n  i n  
B e - s t a r  s t u d i e s .  V i s u a l  o b s e r v a t i o n s  a l o n e  c h a r a c t e r i z e d  t h e  Ha 
e m i s s i o n - e n v e l o p e ,  whose e x i s t a n c e  d e f i n e s  a  B e - s t a r ,  a s  : q u i t e  
v a r i a b l e ,  m o s t - s t r i k i n g l y  e x h i b i t e d  i n  t h e  6 - n o r m a l ,  Be, B e - s h e l l  
phases f o r  a  s i n g l e  s t a r  ; v e r y  e x t e n d e d  (5 -50  p h o t o s p h e r i c  r a d i i )  ; 
s i g n i f i c a n t l y  c o l d e r  t h a n  c l a s s i c a l  p h o t o s p h e r i c  m o d e l i n g  w o u l d  
p r e d i c t  ; u s u a l l y  e x p a n d i n g  a t  l e s s  t h a n  1 0 0  km/s, a l t h o u g h  some 
o b s e r v a t i o n s  o f  some s t a r s  a t  some p h a s e s  s u g g e s t  i n f a l l  m o t i o n s .  
B u t  i n  a  s u p e r f i c i a l l y - c o n f l i c t i n g  c o n f i g u r a t i o n ,  f a r  UV and  X - r a y  ' 

o b s e r v a t i o n s  e s t a b l i s h  t h e  u n i v e r s a l  p r e s e n c e  i n  Be and  B - n o r m a l  
s t a r s  o f  l o w - l y i n g ,  s u p e r h o t ,  r a p i d l y - e x p a n d i n g ,  c h r o m o s p h e r i c -  
c o r o n a l  r e g i o n s .  T h e s e  r a p i d  e x p a n s i o n  v e l o c i t i e s  a r e  
h i g h l y  v a r i a b l e  i n  a  g i v e n  s t a r ,  and  c a n  d i f f e r  s i g n i f i c a n t l y  among 
" s i m i l a r 1 '  s t a r s ,  r e a c h i n g  v a l u e s  a s  h i g h  a s  2000km/s f o r  a  B  
m a i n - s e q u e n c e  s t a r .  Any B e - s t a r  m o d e l  mus t  t a k e  i n t o  a c c o u n t  t h e  
p r e s e n c e  o f  t h e s e  t w o  k i n d s  o f  r e g i o n s .  The p r e c i s e  r e l a t i v e  
g e o m e t r y ,  and  e s p e c i a l l y  i t s  t i m e - v a r i a b i l i t y ,  and t h e  p h y s i c a l  
r e l a t i o n s  among t h e s e  s i m u l t a n e o u s l y - o b s e r v e d  s u p e r h o t  and s u p e r c o o l  
r e g i o n s  a r e  n o t  y e t  u n a m b i g u o u s l y - c l e a r .  We need  l o n g  t i m e - b a s e l i n e  



p a n s p e c t r a l ,  s t u d i e s ,  e s p e c i a l l y  o f  s t a r s  o b s e r v e d  t o  e x h i b i t  
d i f f e r e n t  p h a s e s  - - -Be,  B e - s h e l l ,  B - n o r m a l .  B e c a u s e  o f  t h e  l a r g e  
number o f  Be s t a r s  w h i c h  e x i s t ,  i n  t h e  8 - n o r m a l  a s  w e l l  a s  Be a n d  
B e - s h e l l  p h a s e s ,  a  r a n d o m  s a m p l i n g  o f  s u c h  s t a r s  a t  r a n d o m  p h a s e s  i s  
n o t  a d e q u a t e  t o  c l a r i f y  t h e  g e n e r a l  p h y s i c a l  p i c t u r e  o f  a  Be s t a r ,  
a n d  i t s  t i m e - v a r i a b i l i t y .  We n e e d  a  m o r e  s y s t e m a t i c  a p p r o a c h  t o  
c h o o s i n g  s t a r s  a n d  p h a s e s  f o r  d e t a i l e d  s t u d y .  We s t r e s s  t h a t  t h e  
o b s e r v e d  t i m e - s c a l e s  o f  s u c h  v a r i a b i l i t y  a r e  a l l  much s m a l l e r  t h a n  
e v o l u t i o n a r y  t imes  ; s o  t h e y  r e l a t e  t o  t h e  d y n a m i c a l  s t r u c t u r e  o f  
t h e  s u b a t m o s p h e r e ,  a t m o s p h e r e ,  a n d  l o c a l  e n v i r o n m e n t  o f  t h e  s t a r ,  
n o t  t o  a n  e v o l u t i o n a r y  c h a n g e  i n  a q u a s i - t h e r m a l  s t r u c t u r e .  And we 
stress t h a t  a p p a r e n t l y  t h e r e  a r e  a l a r g e  v a r i e t y  o f  s u c h  t i m e - s c a l e s :  
i n  b o t h  i n t e r v a l s  b e t w e e n  s i g n i f i c a n t  c h a n g e s  i n  s t r u c t u r a l  
c o n f i g u r a t i o n ,  a n d  i n  s p e e d  w i t h  w h i c h  a g i v e n  c h a n g e  o c c u r s  
( D o a z a n  a n d  T h o m a s ,  1 9 8 3  ; D o a z a n ,  1 9 8 3 ) .  

B e c a u s e  Be s t a r s  a r e  u n a m b i g u o u s l y  i d e n t i f i e d  o n l y  i n  t h e  
v i s i b l e ,  a n d  b e c a u s e  o n e  w o u l d  a s s u m e  t h a t  o b s e r v a t i o n a l  t r e n d s  m u s t  
e x i s t  b e t w e e n  a s s o c i a t e d  c h a n g e s  i n  h o t  a n d  c o l d  s t r u c t u r e s ,  i t  i s  
m o s t  u s e f u l  t o  t r y  t o  u s e  ' l w e l l - s t u d i e d ' l  s t a r s  t o  i d e n t i f y  " v i s u a l  
i n d i c a t o r s "  w h i c h  m i g h t  w a r n  o f ,  e v e n  t h o u g h  n o t  s u f f i c i n g  t o  
p r e d i c t  t h e  p r e c i s e  o b s e r v e a b l e  d e t a i l s  o f ,  t h o s e  s t r u c t u r a l  c h a n g e s  
w h i c h  a r e  r e f l e c t e d  t h r o u g h o u t  t h e  w h o l e  s p e c t r u m .  T h e n ,  
s i m u l t a n e o u s  s p e c t r a l  s t u d i e s  o f  t h o s e  s t a r s ,  a t  t h o s e  p h a s e s  o f  
s u c h  c h a n g e ,  w i l l  p r o v i d e  v a l u a b l e  i n f o r m a t i n  f o r  d i a g n o s i n g  t h e  
p h y s i c s  o f  B e  s t a r s .  We h a v e  u s e d  s u c h  i n d i c a t o r s  f r o m  
r e a s o n a b l y - d e t a i l e d  v i s u a l  s t u d i e s  o f  s u c h  s t a r s  a s  Y C a s ,  5 9  C y g ,  8 
% r e ,  8 8  H e r  t o  s e l e c t  t h o s e  s t a r s ,  a t  t h o s e  p h a s e s ,  w h e r e  
. s i m u l t a n e o u s  s t u d i e s  i n  t h e  s e v e r a l  s p e c t r a l  r e g i o n s  m i g h t  p r o v i d e  
i l l u m i n a t i n g  r e s u l t s .  S u c h  a n  a p p r o a c h  h a s  g i v e n  u s  a  p r e l i m i n a r y  
b r o a d  p i c t u r e  o f t h e  g e n e r a l  a t m o s p h e r i c  s t r u c t u r e  a s s o c i a t e d  w i t h  a 
m o n o t o n i c a l l y  o u t w a r d - e x p a n d i n g ,  a l t h o u g h  v a r i a b l y  a c c e l e r a t e d  a n d  
d e c e l e r a t e d ,  f l o w  - - - b a s e d  o n  s e q u e n c e s  o f  o b s e r v e d  b l u e - d i s p l a c e d  
s p e c t r a l  f e a t u r e s .  T h e s e  c o m b i n e  t o  p r o d u c e  a p i c t u r e  o f  b o t h  
a t m o s p h e r i c , a n d  l o c a l  e n v i r o n m e n t a l ,  s t r u c t u r e  a s s o c i a t e d  w i t h  s u c h  
m a s s - f l u x  f r o m  t h e  s t a r  ( D o a z a n ,  1 9 8 2 ,  T h o m a s ,  1 9 8 3  - - - t h i s  l a t e s t  
m o n o g r a p h  i s  a v a i l a b l e ,  o n  r e q u e s t ,  a t  t h i s  G o d d a r d  m e e t i n g . ) .  

T h e  p r e s e n t  c o m m u n i c a t i o n  i s  a p r e l i m i n a r y  p a r t  o f  o u r  3 r d  
p a p e r  i n  a s e r i e s  d e v o t e d  t o  t h e  s t u d y  o f  y C a s ,  t h e  
f i r s t - i d e n t i f i e d  Be s t a r ,  a n d  t h e  o n e  f o r  w h i c h  we h a v e  t h e  l o n g e s t  
b a s e l i n e s  o f  o b s e r v a t i o n s  i n  t h e  v i s u a l ,  f a r  U V ,  a n d  X - r a y  s p e c t r a l  
r e g i o n s .  P a p e r s  I a n d  I1 ( D o a z a n  e t  a l . ,  1 9 8 3 ,  1 9 8 4 )  s u m m a r i z e d ,  a n d  
d i s c u s s e d ,  t h e  v i s u a l  o b s e r v a t i o n s ,  a n d  t h e  s e v e r a l  m o d e l s  p r o p o s e d  
t o  i n t e r p r e t  t h e m .  Here, we t r y  t o  p u t  i n t o  f o c u s  a  p r e l i m i n a r y  
r e s u l t  o n  a  r e d - w i n g  s t r u c t u r e  i n  t h e  r e s o n a n c e  l i n e ,  X1394A,  o f  
t h e  S i I V  r e s o n a n c e  d o u b l e t .  T o  a  f i r s t  a p p r o x i m a t i o n ,  t h i s  
s t r u c t u r e ,  w h i c h  i s  v a r i a b l e ,  a p p e a r s  t o  b e  a s s o c i a t e d ,  e m p i r i c a l l y ,  
w i t h  t h e  b e h a v i o r  o f  t h e  V / R  r a t i o  i n  Ha. A l t h o u g h  t h e  e x i s t a n c e  o f  
t h e  Ha e n v e l o p e  r e q u i r e s  s i m p l y  a m a s s - f l o w ,  t h e  d e t a i l s  o f  i t s  
s t r u c t u r e  a p p e a r  t o  b e  l i n k e d  t o  t h e  s e l f - i n t e r a c t i o n  o f  a 
v a r i a b l e  m a s s - f l o w  w h i c h ,  i n  t h e  p o s t c o r o n a l  r e g i o n s ,  p r o d u c e s  a  



d e c e l e r a t i o n  o f  t h e  f l o w .  Thus, a  l i n k  b e t w e e n  a  c h a r a c t e r i s t i c  o f  
t h e  H a e n v e l o p e ,  and a  r e d - w i n g , r a t h e r  t h a n  b l u e - w i n g ,  s t r u c t u r e  o f  
a  l i n e  c o m i n g  f r o m  an i o n  w h i c h  i s  j u s t  m a r g i n a l l y - s u p e r i o n i z e d  i n  
t h i s  s t a r ,  i s  i m p o r t a n t  f o r  B e - s t a r  m o d e l i n g .  

I I . T H E  OBSERVATIONS : 

The o b s e r v a t i o n s  were  made w i t h  IUE a t  t h e  M a d r i d  (VILSPA) 
s t a t i o n ,  a t  h i g h  d i s p e r s i o n ,  i n  t h e  s h o r t  w a v e l e n g t h ,  w i t h  t h e  l a r g e  
' a p e r t u r e ,  and  an e x p o s u r e  t i m e  o f  9 s e c .  D a t a  a n a l y s i s  wa,s, done  a t  
t h e  C o m p u t i n g  C e n t e r  o f ' t h e  T r i e s t e  O b s e r v a t o r y .  

A c o m p a r i s o n  o f  t h e  S i I V  r e s o n a n c e  d o u b l e t ,  A1393.8 and  A 
1402 .8 ,  b e t w e e n  t w o  o b s e r v i n g  epochs  : May, 26 1 9 8 0  (SWP9130) ; 
J a n u a r y  27, 1983 (SWP19097) i s  shown i n  F i g u r e  1. These t w o  s p e c t r a  
show s t r i k i n g  d i f f e r e n c e s  i n  two  a s p e c t s  : ( 1 )  t h e  p a t t e r n  o f  t h e  
s e v e r a l  l i n e - c o m p o n e n t s  o f  t h e  d o u b l e t  s t r u c t u r e  ; ( 2 )  t h e  p r o f i l e s  
o f  e a c h  o f  t h e s e  componen'ts.  

( 1 )  I n  May 1980  t h e r e  were  two  s t r o n g  l i n e - c o m p o n e n t s  f o r  e a c h  
member o f  t h e  d o u b l e t  - - - a l m o s t  e q u a l  i n  c e n t r a l  i n t e n s i t y  b u t  
d i f f e r i n g  s i g n i f i c a n t l y  i n  w i d t h .  The b r o a d e s t  componen ts  w e r e  
v i o l e t - d i s p l a c e d  b y  s o m e  1 5 0 k m / s  ; t h e  n a r r o w e s t  w e r e  
v i o l e t - d i s p l a c e d  b y  some 1300km/s.  I n  J a n u a r y  1983,  one  c o u l d  a g a i n  
i d e n t i f y  t w o  l i n e - c o m p o n e n t s  f o r  each  member o f  t h e  d o u b l e t  : The 
s m a l l - d i s p l a c e d  l i n e s  r e t a i n e d  t h e i r  1 9 8 0  d e p t h s  p o s i t i o n s ,  w h i l e  
t h e  l a r g e - d i s p l a c e d  l i n e s  h a d  d e c r e a s e d  s t r o n g l y  t h e i r  d e p t h s  a n d  
t h e i r  d i s p l a c e m e n t  h a d  s u b s t a n t i a l l y  d e c r e a s e d  t o  some -950km/s.  
Such v a r i a b l e  a p p e a r a n c e  o f  a  h i g h - v e l o c i t y  component  o f  t h e  S i I V  
d o u b l e t  h a s  been  d i s c u s s e d  i n  t h e  l i t e r a t u r e  ( H e n r i c h s ,  e t  a l ,  1980,  
1983) i n  t e r m s  o f  " p u f f s "  o f  h i g h - v e l o c i t y  m a t e r i a l  m o v i n g  t h r o u g h  
t h e  o u t f l o w i n g  gas.  We h a v e  s u g g e s t e d  i t  more l i k e l y  m a r k s  a  
v a r i a b i l i t y  i n  p a r t i c l e  c o n c e n t r a t i o n  a t  n e a r l y  t h e  same l o c a t i o n  i n  
an o u t f l o w ,  where  t h e  o b s e r v e d  v e l o c i t y  o f  a  g i v e n  i o n  r e f l e c t s  t h e  
T - s t r u c t u r e  o f  t h e  a c c e l e r a t e d - d e c e l e r a t e d  v e l o c i t y  f i e l d  
(Boazan,  e t  a 1  1 9 8 0 ) .  

B u t  t u r n i n g  t o  ( 2 1 ,  t h e  p r o f i l e s  o f  t h e  s e v e r a l  componen ts ,  
one f i n d s  a  p r o m i n a n t ,  d i f f e r e n t i a l ,  change  i n  r e d - w i n g  s t r u c t u r e  o f  
t h e  l o w - v e l o c i t y  component  i n  1983 o v e r  t h a t  i n  1980 .  I t  i s  m o s t  
p ronounced i n  theh1394  component  o f  t h e  d o u b l e t  - - -whose f - v a l u e  i s  
some 3 0 %  l a r g e r  t h a n  t h e  A1403 component ,  where ,  h o w e v e r ,  t h e  
e f f e c t  i s  a l s o  d e t e c t a b l e .  A t  f i r s t  g l a c e ,  one  h a s  t h e  a l t e r n a t i v e s  
o f  a  r e d - d i s p l a c e d  e m i s s i o n  peak ,  o r  a  r e d - d i s p l a c e d ,  b y  a b o u t  
150km/s, a b s o r p t i o n  minimum. S u p e r p o s i n g  t h e 1 9 8 0  and 1 9 8 3  p r o f i l e s ,  
however ,  one  n o t e s  t h a t  t h e  s t r u c t u r e  i s  more n e a r l y  a  s i g n i f i c a n t  
d r o p  i n  t h e  r e d - w i n g  i n t e n s i t y .  The b l u e  w i n g s ,  and  a b s o r p t i o n  
m i n i m a ;  m a t c h  f a i r l y  w e l l  a t  t h e  two  epochs.  Much depends ,  o f  
c o u r s e ,  o n  where  one d raws  t h e  continuum.,Alternatively, one  c a n  
m im ic  t h e  phenomenon a s  t h e  a b s o r p t i o n - c e n t e r  i n  1983  b e i n g  s l i g h t l y  
r e d - s h i f t e d  r e l a t i v e  t o  1980 ,  and  a b r o a d e r  a b s o r p t i o n  p r o f i l e .  The 
o b s e r v e a b l e  d i f f e r e n t i a l  e f f e c t s  a r e  s m a l l e r ,  f o r  t h e  A 1 4 0 3  



componen ts ,  b u t  d e s c r i b a b l e  w i t h  t h e  same a l t e r n a t i v e s .  

S e a r c h i n g  t h e  l i t e r a t u r e ,  we f i n d  a n o t h e r  e x a m p l e  o f  t h e  same 
phenomenon. M a r l b o r o u g h ,  e t  a 1  ( 1 9 7 8 )  r e m a r k e d  t h e  same e f f e c t  i n  a  
January  1976  C o p e r n i c u s  o b s e r v a t i o n ,  a g a i n  i n  t h e A 1 3 9 4  component ,  
w h i c h  t h e y  i d e n t i f y  a s  p r o b a b l e  e m i s s i o n  i n  t h e  l i n e  c o r e .  They 
r e f e r e n c e  S l e t t e b a k  and Snow ( 1 9 7 8 )  a s  e x h i b i t i n g  o t h e r  e x a m p l e s  o f  
t h e  same phenomenon i n  t h e  c o r e s  o f  b o t h ,  o f  t h e  l o w - d i s p l a c e d  
componen ts  o f  t h e  d o u b l e t .  

111. DISCUSSION 

B e c a u s e  o f  t h e  i n c r e a s e d  s t r e n g t h  i n  t h e  A 1394A S i I V  
component ,  w i t h  t h e  l a r g e r  f - v a l u e ,  i t  i s  t e m p t i n g  t o  r e g a r d  t h i s  
r e d - w i n g  s t r u c t u r e  a s  a  r a d i a t i v e - t r a n s f e r  e f f e c t  a c c o m p a n y i n g  a  
s l i g h t  r e d - d i s p l a c e m e n t  o f  t h e  a b s o r p t i o n - w a v ' e l e n g t h  i n  some a toms  
c o n t r i b u t i n g  t o  t h a t  l o w - d i s p l a c e d  component  o f  t h e  d o u b l e t .  A 
s i m i l a r  c o n f i g u r a t i o n  h a s  been  s u g g e s t e d  f o r  t h e  s o l a r  C a I I  
r e s o n a n c e  d o u b l e t  (Thomas, 1 9 7 2 ) .  We n o t e  t h a t  t h e r e  a r e  t w o  
a t m o s p h e r i c  r e g i o n s  w h i c h  c a n  c o n t r i b u t e  t o  s u c h  a  l o w - v e l o c i t y  
componen t  o f  S i I V  : t h a t  i n  t h e  l o w  a t m o s p h e r e ,  i n  t h e  r i s e  t o  
c h r o m o s p h e r e - c o r o n a  ; and t h a t  i n  t h e  o u t e r - a t m o s p h e r e ,  j u s t  a f t e r  
t h e  d e c e l e r a t i o n  i n  t h e  p o s t - c o r o n a .  Because t h e  a p p e a r a n c e  o f  t h i s  
component a c c o m p a n i e s  a  w e a k e n i n g  o f  t h e  h i g h - v e l o c i t y  component ,  i t  
i s  t e m p t i n g  t o  i n t e r p r e t  t h i s  a s  a  s h i f t  i n  t h e  o p t i c a l - d e p t h  
l o c a t i o n  o f  t h e  d e c e l e r a t i o n  : t h a t  i n  1983 o c c u r i n g  c l o s e r  t o  t h e  
s t a r .  T h i s  w o u l d  d e c r e a s e  t h e  e x t e n t  o f  t h e  h i g h - v e l o c i t y ,  p r e s h o c k  
component  : and i n c r e a s e  t h e  e x t e n t  o f  t h e  p a s t  s h o c k  component .  We 
do n o t  p u s h  t h i s  s u g g e s t i o n  f u r t h e r ,  h e r e ,  u n t i l  we h a v e  a n a l y z e d  
a l l  o u r  d a t a .  

We a l s o  n o t e  t h a t  i f  we l o o k  a t  t h e  e p o c h s  o f  a l l  t h e s e  
o b s e r v a t i o n s  o n  t h e  " l o n g - t e r m  v a r i a b i l i t y "  c h a r t  f o r  y Cas, shown 
i n  Doazan . (1982)  and Doazan,  e t  a 1  (1983 ,  P a p e r  I), r e p r o d u c e d  h e r e  
a s  F i g 2 ,  t h e r e  i s  a  s u g g e s t i o n  t h a t  t h e y  o c c u r  a t  e p o c h s  when t h e  
V / R  r a t i o  i s  <1 f o r  t h e  Ha e m i s s i o n .  P o s s i b l y  u n j u s t i f i a b l y ,  we c a n  
a t t e m p t  t o  answer  why t h e r e  s h o u l d  b e  s u c h  a  c o r r e l a t i o n ,  b y  n o t i n g  
t h a t  t w i c e  d u r i n g  t h e  s p e c t a c u l a r  e p i s o d e  o f  v a r i a t i o n  
f o r  Y  Cas ( 1 9 3 2 - 4 2 ) ,  t h e  o c c u r r e n c e  o f  s h e l l  s p e c t r a  c o i n c i d e d  w i t h  
s u c h  t r a n s i t i o n s  i n  V / R .  I n d e e d ,  i t  was f r o m  o b s e r v i n g  t h e  
o c c u r r e n c e  o f  s u c h  V / R  f l u c t u a t i o n s  t h a t  a  s h e l l - p h a s e  h a s  been  
e x p e c t e d  t o  o c c u r  i n  r e c e n t  y e a r s  f o r y  Cas. I F  one i n t e r p r e t s  t h e  
c o o l i n g ,  and f o r m a t i o n  o f  n a r r o w ,  deep a b s o r p t i o n  c o m p o n e n t s  i n  t h e  
s h e l l  p h a s e  a s  i m p l y i n g  a  s t r o n g  i n c r e a s e  i n  l o c a l  p a r t i c l e  
c o n c e n t r a t i o n  i n  t h e  Ha e n v e l o p e  - - - t h e n  V / R  i s  a n  " i n d i c a t o r "  o f  
s u c h  d e n s i t y  i n c r e a s e ,  e v e n  t h o u g h  we do n o t  y e t  u n d e r s t a n d  t h e  
u n d e r l y i n g  p h y s i c s .  In w h i c h  c a s e ,  o c c u r r e n c e  o f  V / R  f l u c t u a t i o n s  
c a n  a l s o  i n d i c a t e  a  d e n s i t y  i n c r e a s e ,  b u t  one n o t  l a r g e  enough  t o  
p r o d u c e  t h e  s h e l l  phase .  A g a i n ,  f u r t h e r  s p e c u l a t i o n ,  u n t i l  t h e  b a s i s  
f o r  t h e  e f f e c t  i s  d e m o n s t r a t e d  q u a n t i t a t i v e l y ,  i s  u n w a r r a n t e d .  We 
o n l y  e m p h a s i z e  t h e  p o s s i b i l i t y  t h a t  we h a v e  f o u n d ,  h e r e ,  an  
o b s e r v a t i o n a l  a p p r o a c h  t o  d e m o n s t r a t i n g  a  d e c e l e r a t i o n  i n  t h e  f l o w ,  



a l s o ,  changes  w i t h  phase o f  t h e  s t a r .  
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Fig. 1 - The SiIV resonance l i n e s  of Yeas. 
Top, i n  January 27, 1983. Bottom, i n  May 26, 1980. 

Fig. 2 - The long-term var ia t ions  of Yeas i n  the  v i sua l  region. ( a )  In tens i ty  
var ia t ions  of the  Balmer emission l i ne s .  (b) Light var ia t ions;  ( c )  V/R varia-  
t ions  of the  f i r s t  Balmer l i ne s .  From Doazan e t  a l .  1983. . 
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IUE AND VOYAGER OBSERVATIONS OF VERY HOT 0-TYPE SUBDWARFS 
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D. ~ch6nberner  
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ABSTRACT 
We have observed 12 newly-discovered subdwarf 0 s ta rs  w i t h  IUE and have 

obtained complementary .observat ions o f  two o f  these w i t h  Voyager 1. We f i n d  
t h a t  these s t a r s  a l l  have e f f e c t i v e  temperatures o f  at l e a s t  60,000 K and t h a t  
they occupy a reg ion  i n  t he  H-R diagram between the  h o t t e s t  whi te dwarfs and 
t h e  c e n t r a l  s t a r s  o f  p lanetary  nebulae, i.e. t h a t  they are the  h o t t e s t  known 
0-type subdwarfs. We present evidence t h a t  the  abundances o f  H, He, C, N, and 
poss ib l y  Fe vary w ide ly  from s t a r  t o  s ta r .  We be l i eve  t h a t  these s ta rs  
represent the  s t a t e  o f  evo lu t i on  immediately preceding the  whi te dwarf s tate,  
and t h a t  t he  abundance d i f ferences are due t o  d i f f u s i o n  and convect ive mix ing 
i n  s u r f  ace 1 ayers. 

D r i  11 i ng (1983) has r e c e n t l y  discovered 12 hot, re1 a t  i v e l y  b r i g h t  
subluminous 0 s ta rs  (V < 13) dur ing a spectroscopic i n v e s t i g a t i o n  o f  non- 
emission OB+ s t a r s  from t h e  Case-Hamburg surveys and t h e i r  extension t o  b = 
f30° f o r  a = f60°. These surveys cover more than 13 times the  area o f  the  SGP 
survey o f  Slet tebak and Brundage (1971), from which most o f  the  sd0's inc luded 
i n  the  recent  s tudy o f  Hunger -- e t  a l .  (1981) were selected, but  D r i l l i n g ' s  
sample was expected t o  inc lude on ly  the  h o t t e s t  and/or he l ium-r ich  s t a r s  s ince 
on ly  t he  weakest- l ined 0 and B-type s ta rs  were inves t iga ted .  

We have used low- reso lu t ion  (6A) IUE spectra covering the  wavelength 
range 1200-3200 A t o  p lace these s ta rs  i n  the H-R diagram o f  F igure  1. We 
determined E(B-V) us ing  the  Seaton (1979) reddening law t o  n u l l i f y  the  2200 
A feature, and i n  a l l  cases E(B-V) < 0.25. E f f e c t i v e  temperatures were then 
determined us ing  R, t he  r a t i o  o f  the  t o t a l  f l u x  between 1240 and 1945 A t o  
t h a t  between 1945 and 3120 A. This q u a n t i t y  i s  dependent on e f f e c t i v e  
temperature and i s  nea r l y  independent o f  the  co lo r  excess f o r  a v a r i e t y  o f  
d i f f e r e n t  reddening 1 aws. 

In order t o  c a l i b r a t e  R against temperature, we chose f o u r  hot  s ta rs  from 
t h e  IUE data center w i t h  reasonably well-known temperatures, g r a v i t i e s ,  and 
composit ions (see Table 1).  Because R i s  dependent on composition, we 
c a l i b r a t e d  it against t he  co lo r  temperature, TBB, ra the r  than against 
e f f e c t i v e  temperature. This  i s  the  temperature o f  the black body which best 
f i t s  the  f l u x  d i s t r i b u t i o n  between 1200 and 3100 A o f  our model atmosphere 
corresponding t o  t h e  publ ished values o f  e f f e c t i v e  temperature, g rav i t y ,  and 
composit ion. We then est imated the  compositions o f  our subdwarf 0 s ta rs  from 



v i s u a l  spec t ra  ( D r i l l i n g  1983) and assigned t o  each s t a r  t h e  e f f e c t i v e  
temperature of t h e  model whose UV f l u x  best  matches t h a t  o f  a  b lack body w i t h  
temperature T  B. The e f f e c t i v e  temperatures range f rom 60,000 K t o  over 
100,000 K, an! are cons i s ten t  w i t h  t he  appearance o f  t he  v i s i b l e  spect ra .  
Because these 12 s t a r s  a l l  l i e  near t h e  Ga lac t i c  plane, we have a lso  been able 
t o  d e r i v e  absolute v i s u a l  magnitudes from t h e  c o l o r  excesses and apparent 
magnitudes ( D r i  11 i n g  1983) us ing  t h e  co lor -excess-d is tance re1  a t i o n s  o f  
F i t zGera ld  (1968), Lucke (1978), and Nandy e t  a l .  (1978).  The absolute -- 
magnitudes range f rom 1.5 t o  8, and are cons i s ten t  w i t h  t h e  sur face  g r a v i t i e s  
i n d i c a t e d  by t h e  v i s i b l e  spect ra .  

It i s  seen t h a t  our ob jec t s  occupy a  p r e v i o u s l y  empty reg ion  o f  t h e  H-R 
diagram which i s  bounded by t he  c e n t r a l  s t a r s  o f  p l a n e t a r y  nebulae, t h e  
h o t t e s t  wh i t e  dwarfs, and coo le r  subdwarf 0 s ta r s .  We be l ieve ,  i n  f a c t ,  t h a t  
they  represent  a  f u n n e l i n g  toge ther  i n  t h e  H-R diagram o f  two d i f f e r e n t  k i nds  
o f  e v o l u t i o n a r y  t r acks .  Those s t a r s  which l i e  i n  o r  near t h e  reg ion  o f  
c e n t r a l  s t a r s  i n  t h e  H-R diagram are post-AGE3 ob jec t s  which are evo l v i ng  
accord ing t o  t h e  e v o l u t i o n a r y  t heo ry  o f  Schonberner (1979, 1983). The r e s t  o f  
t h e  s t a r s  shown i n  F ig .  1 are descendants o f  t h e  extended h o r i z o n t a l  branch. 
A  t y p i c a l  e v o l u t i o n a r y  t r ack ,  f o r  a  0.5 M he l ium core surrounded by a  0.01 Mo 
envelope o f  normal composi t ion (Ca lo i  197!!), i s  shown by t h e  do t t ed  curve. 
Such an e v o l u t i o n a r y  scheme i s  not  on l y  ab le  t o  account f o r  the d i s t r i b u t i o n  
o f  t h e  sdO1s i n  F ig .  1, and f o r  t h e  much g rea te r  space d e n s i t y  o f  sdB1s 
i n d i c a t e d  by t h e  survey o f  Carnochan and Wilson (1983), bu t  i s  a lso  ab le  t o  
e x p l a i n  t h e  observed v a r i a t i o n s  i n  t he  H/He abundance r a t i o  as a  consequence 
o f  convect ion and g r a v i t a t i o n a l  s e t t l i n g  i n  sur face  l a y e r s  (Michaud -- e t  a l .  
1983, Winget and Cabot 1980, Wesemael -- e t  a l .  1982). 

We have a l so  observed two o f  these s ta rs ,  LSE 21 and LSIV +10°9, i n  t h e  
wavelength range 912 - 1200 A a t  25 A r e s o l u t i o n  us ing  t h e  u l t r a v i o l e t  
spectrometer on board Voyager 1 (Broadfoot -- e t  a l .  1977, Broadfoot  -- e t  a l .  
1981). These spec t ra  are d isp layed  i n  F ig .  2 along w i t h  low r e s o l u t i o n  I U E  
spec t ra  f o r  6 o f  t h e  s t a r s  and UBV photometry f o r  LSE 21 and LSIV +10°9 
( D r i  11 i n g  1983). The f o l l o w i n g  c a l i b r a t i o n s  were employed: Hol berg e t  a1 . 
(1982) and Holberg 2nd Po l i dan  (1983) f o r  t h e  Voyager 1 data, B o h l i n  T d T o l m  
(1980) f o r  t he  IUE data, and Hayes (1979) f o r  t h e  UBV photometry. A l l  f l u x e s  
have been co r rec ted  f o r  i n t e r s t e l l a r  absorp t ion  us ing  t h e  law o f  Savage and 
Math is  (1979) ex t rapo la ted  t o  AA/E(B-V) = 17.72 a t  A = 912 A. The model 
atmospheres mentioned above are a l so  shown i n  F ig .  2  f o r  t h e  s t a r s  observed 
w i t h  Voyager 1, and t h e r e  i s  an i n d i c a t i o n  t h a t  we have underest imated t h e  
e f f e c t i v e  temperatures o f  t h e  h o t t e s t  s t a r s .  I n  f a c t ,  t h e  s lope  o f  t he  
continuum o f  LSE 21  i s  i n d i s t i n g u i s h a b l e  f rom a  model o f  i n f i n i t e  temperature, 
and s o f t  X-ray observat ions o f  t h i s  ob jec t  would be h i g h l y  des i r ab le .  

The l ow- reso lu t i on  UV l i n e  spec t ra  are cons i s ten t  w i t h  t h e  H/He r a t i o s  
i n d i c a t e d  by  t h e  v i s i b l e  spectra,  i n  t h a t  t he  he l i um- r i ch  ob jec t s  tend t o  have 
s t ronger  H e I I  2 + H e I I  3 + -, and weaker Lyman absorpt ion,  than t he  normal 
and helium-poor ob jec ts .  The I U E  spec t ra  a l so  i n d i c a t e  l a r g e  v a r i a t i o n s  i n  
t h e  N/C abundance r a t i o  f rom s t a r  t o  s t a r .  For example, LSE 153 and LSE 259 
have s t r ong  NV and C I V  l i n e s ,  whereas LSE 263 has a  s t r ong  NV bu t  o n l y  a  weak 
C I V  absorpt ion.  On t h e  o the r  hand, LSIV +10°9 has t h e  s t r onges t  C I V  l i n e  o f  
a l l  12 ob jec ts ,  whereas NV i s  i n v i s i b l e .  A l l  f o u r  o f  these ob jec t s  l i e  i n  t he  



same p a r t  o f  t h e  H-R diagram and a l l  f o u r  are he1 ium-r ich. Three o f  t h e  f o u r  
ob jec ts  o f  h ighes t  l um inos i t y  show evidence o f  mass loss.  LSS 2018 and LSE 
125, which have been found t o  possess p lane ta ry  nebulae, have blueward 
d isp laced NV absorpt ions, and i n  LSE 259, P-Cygni p r o f i l e s  o f  NV and C I V  are 
present.  The blueward s h i f t s  correspond t o  wind v e l o c i t i e s  o f  1900 t o  2400 
kmlsec. F i n a l l y ,  many o f  these s ta rs  show considerable 1 ine-b lock ing  
shortward o f  1600 A, and h igh - reso lu t i on  IUE spectra obta ined f o r  s i x  o f  them 
show t h a t  t h i s  i s  due t o  numerous absorpt ion l i n e s  o f  FeV and FeVI. 

This  work was supported i n  p a r t  by NASA Grant Nos. NAG 5-71 and NAGW-147, 
and by NSF Grant Nos. AST-8018766 and INT-8219240. 

Table 1 

S ta r  Ref. 

HD 49798 47,500 1 .O 58,000 2.30 K u d r i t z k i  and Simon, 1978 
BD +75"325 55,000 1.5 63,000 2.50 K u d r i t z k i  e t  a l .  1980 
HZ 43 62,500 < 0.001 97,000 3.10 Auer and S X p K n ,  1977 
NGC 7293 105,000 0.01 145,000 4.00 B o h l i n e t  a l .  1982 

Mendez etx. -- 1983 
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F igu re  1. H-R diagram w i t h  t he  cen t ra l  s t a r  reg ion  (CPN) t o  t he  l e f t  o f  t h e  
shaded 1 ine, t h e  he1 ium main sequence (Paczynski 1971), t h e  extended 
h o r i z o n t a l  branch (q) ,  and the  l o c i  o f  our ob jec ts  (squares). The 
evo lu t i ona ry  paths o f  post-AGB models o f  0.565 and 0.644 Mo are f rom 
~ c h c n b e r n e r  (1979,1983), and t h a t  o f  a 0.5 Mo pure hel ium s t a r  i s  f rom 
Paczynski (1971). The c e n t r a l  hel ium-burnin phase o f  an EHB model w i t h  Mo = 
0.5 M and q = 0.95 (Sweigert and Gross 1976 7 i s  a lso shown. The (est imated)  
evolu?ion o f  a 0.5 Mo EHB s t a r  w i t h  q = 0.98 i s  marked by a dashed l i n e .  The 
crosses i n d i c a t e  t h e  te rm ina t i on  o f  c e n t r a l  he1 ium burning. The sd0's 
( c i r c l e s )  from Hunger e t  a l .  (1981) and sdB1s f rom Heber e t  a1 . (1983) are 
a lso d isp layed.  The n(HeTn(H) r a t i o s  are i nd i ca ted  as f 7 l G s :  open symbols: 
normal o r  helium-poor; h a l f  f i l l e d :  he l ium-r ich;  th ree-quar te rs  f i l l e d :  
probably  extremely hel ium-r ich;  f i l l e d :  extremely hel ium-r ich.  
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Figure 2.  De-reddened spectra of 6 very ho t  0-type subdwarfs between 912 and 
5500 A. The spectrum of LSE 21 i s  compared t o  a model atmosphere with Teff = 
100,000 K, log (g) = 8, and n(H)/n(He) = 0.1. That f o r  LSIV +10°9 i s  compared 
t o  a model with Teff = 65,000 K, log (g) = 6, and n(He)/n(H) = 1. In a l l  
cases, the  points represent Voyager 1 and UBV observations, and the  sol id  
curves represent - IUE observations and modeEtmosphere calcul a t i  ons. 
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ABSTRACT 

High-dispers ion IUE s p e c t r a  of t h e  subdwarf B s t a r s  W 1758+36 and Ton 
S-227 a r e  p resen ted .  These s p e c t r a  a r e  c h a r a c t e r i z e d  by t h e  presence of a 
l a r g e  number of p h o t o s p h e r i c  low- and medium-excitat ion l i n e s  from numerous 
ions .  The l i n e s  of C ,  N, and S i  a r e  used i n  c o n j u n c t i o n  w i t h  LTE metal  l i n e  
c a l c u l a t i o n s  t o  d e r i v e  p r e l i m i n a r y  abundances f o r  t h e s e  e lements .  These 
r e s u l t s  a r e  compared and c o n t r a s t e d  wi th  those  o b t a i n e d  f o r  t h e  h o t t e r  OB and 
0 subdwarfs. 

INTRODUCTION 

Abundance a n a l y s e s  OF hot  subdwarfs based on h igh-d i spers ion ,  f a r - u l t r a -  
v i o l e t  o b s e r v a t i o n s  from t h e  IUE c o n s t i t u t e  a powerful  t o o l  f o r  t h e  s t u d y  of 
t h e s e  s t a r s ,  a s  abundance d i f f e r e n c e s  between v a r i o u s  c l a s s e s  of subdwarfs 
w i l l ,  u l t i m a t e l y ,  have t o  be i n t e r p r e t e d  e i t h e r  i n  terms of d i f f e r e n t  i n i t i a l  
c o n d i t i o n s ,  o r  a s  t h e  l o g i c a l  consequence of p h y s i c a l  p r o c e s s e s  (such a s  
convec t ion  o r  element d i f f u s i o n )  o p e r a t i n g  a long  a s i n g l e  e v o l u t i o n a r y  t r a c k .  
The i n i t i a l  s t u d i e s  of h igh-d i spers ion  IUE s p e c t r a  of h o t  subdwarfs have 
underscored t h e  u s e f u l n e s s  of such o b s e r v a t i o n s  by r e v e a l i n g  an  u l t r a v i o l e t  
spectrum very r i c h  i n  meta l  l i n e s  (Daschek, K u d r i t z k i ,  and Scholz  1980; 
Gruschinske e t  a l .  1980; Ross i  e t  a l .  1980; Simon e t  a l .  1980; 
Bruhwei ler ,  Kondo, and McCluskey 1981; Baschek e t  a l .  1982 h e r e a f t e r  BKSS; 
Baschek, H d f f l i c h ,  and Scholz  1982, h e r e a f t e r  BHS; Heber e t  a l .  1982).  
These i n v e s t i g a t i o n s  have a l r e a d y  revea led  some i n t e r e s t i n g  p a t t e r n s .  S i l i -  
con,  f o r  example, has  been sugges ted  t o  be i n  s o l a r  abundance i n  t h e  h o t  sdO 
s t a r s ,  but s t r o n g l y  d e f i c i e n t  i n  t h e  in te rmedia te - t empera tu re  OB subdwarfs.  

I n  o r d e r  t o  f u r t h e r  s t u d y  abundance t r e n d s  i n  ho t  B subdwarfs,  we have 
observed W 1758+36 (V=11.4) and Ton S-227 (V=11.8) w i t h  t h e  IUE s a t e l l i t e .  A 
p r e l i m i n a r y  a n a l y s i s  of t h e s e  u l t r a v i o l e t  s p e c t r a  is  p r e s e n t e d  h e r e ,  t o g e t h e r  
w i t h  our i n i t i a l  e s t i m a t e s  of the  abundance of t h e  a s t r o p h y s i c a l l y  important  
C,  N, and S i  ions .  

OBSERVATIONS 

High-dispers ion I U E  s p e c t r a  of W 1758+36 and Ton S-227 were o b t a i n e d  wi th  
t h e  SWP camera on 1983 August 12 (SIJP 20668) and 1983 October 25 (SUP 
21362) r e s p e c t i v e l y .  The exposure  t imes  were 225 m and 210 m r e s p e c t i v e l y .  
Our r a d i a l  v e l o c i t y  measurements from t h e s e  images a r e  i n  f a i r  agreement wi th  
pub l i shed  v a l u e s  o b t a i n e d  from o p t i c a l  s p e c t r a  (v=-44 km s'l f o r  W 1758+36; 
v=+84 km s'l f o r  Ton S-227). 



The observed s p e c t r a  d i s p l a y  numerous low- and medium-ionization absorp- 
t i o n  l i n e s .  T h i s  is i l l u s t r a t e d  i n  F i g u r e  1 where we show t h e  r e g i o n  around 
1300 A i n  W 1758+36. The s e p a r a t i o n  between i n t e r s t e l l a r  and p h o t o s p h e r i c  
components is eased by t h e  l a r g e  s t e l l a r  r a d i a l  v e l o c i t y  a l though ,  i n  t h e  
c a s e  of W 1758+36, t h e  ISM l i n e s  were a l s o  found t o  be d i s p l a c e d  by a  r a t h e r  
l a r g e  v e l o c i t y  (vISM=-38kl km s - l ) ,  thus  r e n d e r i n g  t h e  s e p a r a t i o n  cons idera -  
b l y  more d i f f i c u l t  than  a n t i c i p a t e d .  The i d e n t i f i c a t i o n  of pho tospher ic  C,  N ,  
and S i  f e a t u r e s  was performed by comparing t h e  l a b o r a t o r y  wavelengths  of 
K e l l y  and Palumbo (1973) wi th  those  measured on our s p e c t r a  s h i f t e d  t o  t h e  
l a b o r a t o r y  frame. I n  g e n e r a l ,  a wavelength co inc idence  t o  b e t t e r  than  0 . 1  A 
was r e q u i r e d  f o r  i d e n t i f i c a t i o n .  We f i n d  no ev idence ,  a t  t h i s  s t a g e ,  f o r  P  
Cygni p r o f i l e s  (e.g., Hamann e t  a l .  1981) o r  f o r  l i n e  v e l o c i t y  s t r u c t u r e  
(e.g., Bruhwei ler  and Dean 1984) i n  t h e  s p e c t r a  of t h e s e  two o b j e c t s .  

Because of t h e  numerous a b s o r p t i o n  l i n e s  p r e s e n t  i n  t h e  u l t r a v i o l e t  spec- 
t ra  of B subdwarfs,  we found no t r u l y  o b j e c t i v e  way t o  s e t  t h e  continuum f o r  
e q u i v a l e n t  width  measurements. The procedure  we have adopted c o n s i s t s  of 
f i t t i n g  a  s p l i n e  through each o r d e r ,  u s i n g  t y p i c a l l y  12-15 v i s u a l l y  chosen 
p o i n t s  pe r  o r d e r  t o  d e f i n e  c o l l o c a t i o n  p o i n t s .  A l l  our measurements incor -  
p o r a t e  an  e m p i r i c a l  c o r r e c t i o n  t o  c o r r e c t  f o r  improper background s u b t r a c t i o n  
below - 1400 A. A s  a  check, we have used our method t o  measure e q u i v a l e n t  
wid ths  of s e v e r a l  l i n e s  i n  t h e  h igh-d i spers ion  images of t h e  sdOB stars HD 
149382 and Fe ige  66. A comparison of t h e s e  measurements wi th  those  of BKSS 
and BHS shows average d i f f e r e n c e s  of - 20% -with our  widths  being g e n e r a l l y ,  
but  no t  c o n s i s t e n t l y ,  lower than  those  of t h e s e  a u t h o r s  (who used t h e  s t a n -  
dard  IUE background c o r r e c t i o n  procedure) .  

ABUNDANCE DETERMINATIONS 

P r e l i m i n a r y  abundances f o r  t h e  C, N and S i  i o n s  i n  t h e  atmosphere of W 
1758+36 and Ton S-227 were ob ta ined  by performing LTE meta l  l i n e  c a l c u l a t i o n s  
f o r  two model atmospheres w i t h  t h e  fo l lowing  parameters :  Te=32,500 K, l o g  g= 
5.25, He/H=1.7~10'* f o r  W 1758+36 (Giddings and Dworetsky 1978); and 
Te=34,000 K,  l o g  g=6.0, and H e / ~ = 5 x 1 0 - ~  ( ~ e b e r  e t  a l .  1984) f o r  Ton S-227. A 
m i c r o t u r b u l e n t  v e l o c i t y  5=5 km s-l was adopted f o r  a l l  abundance determina- 
t i o n s .  T h i s  v a l u e  is c o n s i s t e n t  w i t h  t h a t  determined i n  t h e  OB subdwarf HD 
149382 by BKSS, and wi th  t h e  upper l i m i t s  i n  t h r e e  subdwarf 0  s t a r s  of Simon 
e t  a l .  (1980). 

The carbon abundance d e t e r m i n a t i o n  is based on t h e  presence of t h r e e  i o n i -  
z a t i o n  s t a t e s  (CII ,  C I I I ,  and CIV). The C I I I  A1176 l i n e  i n  our o b j e c t s  i s  
c o n t r a s t e d  wi th  t h a t  i n  t h e  two OB subdwarfs s t u d i e d  by RKSS and BHS i n  
F i g u r e  2. We b e l i e v e  our f i n a l  abundance t o  be q u i t e  r e l i a b l e ,  a l though  t h e  
e r r o r  b a r s  do r e f l e c t  a  tendency f o r  C I I  A1324 t o  y i e l d  somewhat l a r g e r  
abundances than  t h e  C I I I  , C I V  f e a t u r e s .  The n i t r o g e n  d e t e r m i n a t i o n  is a l s o  
based on t h r e e  i o n i z a t i o n  s t a t e s  ( N I I I ,  N I V ,  and NV), and is thus  r e a s o n a b l y  
s e c u r e .  The v a l u e s  given r e p r e s e n t  an average based on 5-7 f e a t u r e s .  The 
s i l i c o n  abundance i s  based e x c l u s i v e l y  on the absence of S i  I V  A1400 i n  t h e  
s p e c t r a  of both  stars ( s e e  Fig .  3 ) ,  which y i e l d s  r a t h e r  s t r i n g e n t  l i m i t s .  

Our p r e l i m i n a r y  abundances a r e  summarized i n  t h e  t a b l e ,  where we a l s o  l i s t  
those  v a l u e s  determined from IUE s p e c t r a  f o r  t h e  h o t t e r  OB and 0 subdwarfs. 
Be f i n d  both  t h e  carbon and s i l i c o n  abundances t o  be much l e s s  t h a n  s o l a r ,  
whi le  n i t r o g e n  appears  normal. The s i l i c o n  abundance, i n  p a r t i c u l a r ,  a p p e a r s  



q u i t e  d i f f e r e n t  from t h a t  i n  t h e  sdO stars, and a l s o  from t h a t  determined 
from o p t i c a l  and low-dispers ion u l t r a v i o l e t  d a t a  i n  o t h e r  sdB s t a r s  (Baschek 
and N o r r i s  1970; Baschek, S a r g e n t ,  and S e a r l e  1972; Heber e t  a l .  1984);  i t  is 
c o n s i s t e n t ,  however, wi th  t h a t  determined i n  two OB subdwarfs by BKSS and 
BHS. C l e a r l y ,  t h e s e  p r e l i m i n a r y  i n v e s t i g a t i o n s  sugges t  t h a t  t h e  heavy 
element ahundances i n  h o t  subdwarfs may w e l l  d i s p l a y  c o n s i d e r a b l e  v a r i a t i o n s  
from s t a r  t o  s t a r .  T h i s  p o i n t s  toward a  need f o r  f u r t h e r  h igh-d i spers ion  IUE 
s t u d i e s ,  coupled wi th  abundance a n a l y s e s ,  of t h e s e  oh j e c t s .  

T h i s  work was suppor ted  i n  p a r t  by t h e  NSERC Canada, t h e  NASA g r a n t  NAG 
5-343, and t h e  NSF g r a n t  AST 81-17177. 
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METAL ABUNDANCES IN HOT SUBDWARF STARS 

S t a r  Type Abundances l R e f e r e n c e  

Ton S-227 

HD 149382 
F e i g e  66 

F e i g e  110 
HD 49798 
HD 127493 
RD +75"325 
Sun 

sdOB 
sdOB 

R e f e r e n c e s  - a )  T h i s  work; b )  Daschek Gal. (1982);  c )  Baschek,  H o f f l i c h ,  
and S c h o l z  (1982) ;  d )  Heber e t  a l .  (1982);  e )  Simon Gal. 
(1980).  

E 12 + l o g  (N(Z)/N(H)) 



Fig. 1 - The region  
around 1300 8 i n  UV 
1758+36. Tick marks 
i n d i c a t e  f e a t u r e s  with 
a  prel iminary i d e n t i f i -  
ca t ion .  

0. 
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WAVELENGTH t k 1 WAVELENGTH( R I 
Fig. 2 - The C I I I  A1176 complex i n  Fig. 3 - The region around 1393 2 
two s d ~  stars (top) and two sdOB i n  our program s t a r s .  The arrows 
s t a r s  (bottom). i n d i c a t e  t h e  expected l o c a t i o n  of 

t h e  S i  IV A1393 component. 



MASS DISTRIBUTION AND EVOLUTIONARY SCHEME 
FOR CENTRAL STARS OF PLANETARY NEBULAE 

S a r a  R .  Heap,  G o d d a r d  Space  F l i g h t  C e n t e r  
a n d  

H a r r y  G. Augensen ,  W i d e n e r  U n i v e r s i t y  

I. INTRODUCTION 

N e a r l y  a l l  i n v e s t i g a t o r s  a g r e e  o n  t h e  g e n e r a l  scheme f o r  t h e  
l a t e  s t a g e s  o f  e v o l u t i o n  o f  s t a r s  h a v i n g  l o w  o r  i n t e r m e d i a t e  
m a s s e s .  A c c o r d i n g  t o  t h i s  scheme, a  s t a r  a s c e n d s  t h e  a s y m p t o t i c  
g i a n t  b r a n c h  a l l  t h e  w h i l e  l o s i n g  mass v i a  a  s t r o n g  s t e l l a r  w i n d .  
A t  some p o i n t ,  t h e  s t a r  e n t e r s  a  b r i e f  " s u p e r w i n d "  p h a s e ,  d u r i n g  
w h i c h  t h e  p l a n e t a r y  n e b u l a  i s  f o r m e d ,  a n d  t h e  r e m n a n t  c e n t r a l  
s t a r  t h e n  e v o l v e s  t o w a r d  i t s  f i n a l  f a t e  a s  a  w h i t e  d w a r f .  

I m p l i c i t  i n  t h i s  scheme i s  a  f u n n e l i n g  p r o c e s s  w h e r e b y  s t a r s  
w i t h  a  w i d e  r a n g e  i n  i n i t i a l  mass g e t  s k i n n e d  down b e l o w  t h e  
C h a n d r a s e k a r  mass l i m i t  (1 .44Me)  f o r  w h i t e  d w a r f s .  I b e n  a n d  Ren-  
z i n i  ( 1 9 8 3 )  h a v e  b u i l t  e v o l u t i o n a r y  m o d e l s  t h a t  a c c o u n t  f o r  
m a s s - l o s s  b y  r e d - g i a n t s  , b y  means o f  a  s e m i - e m p i r i c a l  f o r m u l a  
d e v i s e d  b y  R e i m e r s  ( 1 9 7 5 ) :  

0 

M = ll * 4.E-13 L / g / R  Me p e r  y e a r .  ( L ,  g, R i n  s o l a r  u n i t s ) .  

They  c o m p u t e  a  m a s s - f u n n e l i n g  ( F i g u r e  1 )  w h i c h  a t  l e a s t  q u a l i t a -  
t i v e l y  a p p r o x i m a t e s  o b s e r v a t i o n a l  e v i d e n c e  (Weidemann 1 9 8 1 ) .  

F i g u r e  1. R e l a t i o n  b e t w e e n  i n i t i a l  mass  ( m i )  a n d  f i n a l  mass ( m f )  
f o r  t h r e e  v a l u e s  o f  k. The  r a n g e  i n  t h e  masses  o f  n u c l e i  o f  
p l a n e t a r y  n e b u l a e  o b s e r v e d  w i t h  t h e  I U E  i s  i n d i c a t e d  b y  "NPN". 



What r e m a i n s  c o n t r o v e r s i a l  i s  j u s t  w h a t  t h e  v a l u e  o f  3 i s  
( a s s u m i n g ,  p e r h a p s  n a i v e l y ,  t h a t  t h e  R e i m e r s  f o r m u l a  i s  v a l i d ) .  
The  a n s w e r  t o  t h i s  q u e s t i o n  h a s  i m p o r t a n t  i m p l i c a t i o n s  f o r  s t e l -  
l a r  e v o l u t i o n .  The  v a l u e  o f  i s  t h o u g h t  t o  b e  a b o u t  one  b u t  
u n c e r t a i n  b y  a  f a c t o r  o f  t h r e e  o r  so.  If \ i s  a s  l o w  a s  
o n e - t h i r d ,  t h e n  s t a r s  i n i t a l l y  m o r e  m a s s i v e  t h a n  5Me become n e u -  
t r o n  s t a r s ,  a n d  s t a r s  l e s s  m a s s i v e  t h a n  5M0 become w h i t e  d w a r f s ;  
i f  i s  a s  h i g h  a s  t h r e e ,  t h e n  t h e  c r i t i c a l  mass d i v i d i n g  t h e s e  
t w o  e n d - p o i n t s  o f  e v o l u t i o n  i s  8M0. 

I n  t h i s  t a l k ,  we p r e s e n t  new e s t i m a t e s  o f  t h e  i n i t i a l  mass 
a n d  f i n a l  mass  o f  c e n t r a l  s t a r s  o f  p l a n e t a r y  n e b u l a e ,  a n d  we a r -  
g u e  f o r  a  l o w  v a l u e  o f  t. 

11. THE MASS DISTRIBUTION OF CENTRAL STARS 

We i n f e r r e d  t h e  ( f i n a l )  masses  o f  c e n t r a l  s t a r s  f r o m  t h e i r  
p o s i t i o n s  o n  an  e v o l u t i o n a r y  d i a g r a m ,  w h i c h  p l o t s  o p t i c a l  s t e l  1  a r  
m a g n i t u d e  v s .  k i n e m a t i c  age ,  a s  i n d i c a t e d  b y  t h e  r a d i u s  o f  t h e  
n e b u l a  ( R n e b ) .  T h i s  t y p e  o f  p l o t  ( F i g u r e  2 )  i s  an  e x t r a o r d i n a r -  
i l l y  s e n s i t i v e  m a s s - a n a l y z e r .  The  s e n s i t i v i t y  r e s u l t s  f r o m  t h e  
f a c t s  t h a t :  i )  t h e  m a i n  e f f e c t  o f  s t e l l a r  e v o l u t i o n  i s  o p t i c a l  
f a d i n g  o f  t h e  c e n t r a l  s t a r ,  a n d  i i )  t h a t  t h e  r a t e  o f  f a d i n g  i s  a n  
e x t r e m e l y  s t r o n g  f u n c t i o n  o f  mass.  T h i s  m e t h o d  o f  e v o l u t i o n a r y  
p l o t s  was f i r s t  d e v i s e d  a n d  a p p l i e d  b y  S c h o e n b e r n e r  ( 1 9 8 1 ) ,  b u t  
we h a v e  a d d e d  a  new t w i s t :  we u s e d  IUE  d a t a  t o  d e r i v e  t h e  s t e l -  
l a r  a b s o l u t e  m a g n i t u d e  a t  1 3 0 0  8.  The r e a s o n s  why we u s e d  I U E  
f l u x e s  f o r  t h i s  d i a g r a m  a r e  t h a t  t h e y  f o r m  a n  i n t e r n a l l y  c o n s i s -  
t e n t  a n d  r e m a r k a b l y  r e l i a b l e  s e t  o f  p h o t o m e t r i c  d a t a .  M o r e  i m -  
p o r t a n t l y ,  t h e y  o f f e r  t h e  g r e a t e s t  p o s s i b l e  d i s c r i m i n a t i o n  o f  t h e  
s t a r  a g a i n s t  t h e  s u r r o u n d i n g  n e b u l a .  T h i s  c o n t r a s t  e n h a n c e m e n t  
a f f o r d e d  b y  t h e  f a r - u l t r a v i o l e t  a l l o w e d  u s  t o  b r o a d e n  o u r  o b s e r v -  
i n g  s a m p l e  t o  i n c l u d e  s t a r s  embedded i n  s m a l l ,  b r i g h t  n e b u l a e .  

A t  t h e  t i m e  when we s t a r t e d  t h i s  s t u d y ,  t h e r e  w e r e  a b o u t  6 5  
p l a n e t a r i e s  whose  I U E  s p e c t r a  showed t h e  d e f i n i t e  p r e s e n c e  o f  a  
h o t  c e n t r a l  s t a r ,  a n d  s o  we u s e d  t h i s  s e t  a s  o u r  o b s e r v i n g  sam- 
p l e .  The  s p e c t r a  o f  t h e  I U E  s a m p l e  a r e  a s  d i v e r s e  a s  c e n t r a l  
s t a r s  i n  g e n e r a l  : t h e r e  a r e  w h i t e  d w a r f s ,  W o l f - R a y e t  s t a r s ,  O f ,  
0 ,  a n d  sdO s t a r s ,  a n d  s t a r s  w i t h  a p p a r e n t l y  c o n t i n u o u s  s p e c t r a .  
I n  o t h e r  ways,  t h e  s a m p l e  i s  somewhat  b i a s e d :  t h e  s t a r s  a r e  
among t h e  a p p a r e n t l y  b r i g h t e s t  o f  c e n t r a l  s t a r s ,  a n d  t h e i r  g a l a c -  
t i c  d i s t r i b u t i o n  t e n d s  m o r e  t o w a r d  a  h a l o  p o p u l a t i o n  t h a n  d o e s  
t h a t  o f  p l a n e t a r i e s  a s  a  w h o l e .  

F i g u r e  3 shows  a n  e v o l u t i o n a r y  p l o t  o f  u l t r a v i o l e t  s t e l l a r  
m a g n i t u d e  v e r s u s  o b s e r v e d  n e b u l a r  r a d i u s ,  c o r r e c t e d  f o r  v a r i a b l e  
e x p a n s i o n  v e l o c i t y  a n d  f o r  t h e  e f f e c t s  o f  o p t i c a l  t h i c k n e s s  
( R ' n e b ) .  The  s u p e r p o s i t i o n  o f  a  t h e o r e t i c a l  m a s s - a g e  g r i d  o n t o  
t h e  e v o l u t i o n a r y  d i a g r a m  i n d i c a t e s  t h a t  a l l  t h e  c e n t r a l  s t a r s  i n  
t h e  I U E  s a m p l e  h a v e  m a s s e s  i n  t h e  r a n g e ,  0.55 t o  0.75 Mo. T h i s  
mass  r a n g e  i s  e v e n  m o r e  r e s t r i c t e d  t h a n  t h a t  o f  w h i t e  d w a r f s  



( K o e s t e r  et d. 1 9 7 9 ) !  E v i d e n t l y  a  c e n t r a l  s  a r  m o r e  m a s s i v e  
t h a n  0.75Mo e v o l v e s  s o  q u i c k l y  t h a t  it 'becomes a  f a i n t  
w h i t e - d w a r f  b e y o n d  t h e  r e a c h  o f  I U E  b e f o r e  we r e c o g n i z e  t h a t  a  
n e b u l a  h a s  e v e n  b e e n  f o r m e d .  A  c e n t r a l  s t a r  l e s s  m a s s i v e  t h a n  
.55Me e v o l v e s  away f r o m  t h e  r e d - g i a n t  b r a n c h  s o  s l o w l y  t h a t  t h e  
n e b u l a  h a s  d i s a p p e a r e d  f r o m  v i e w  l o n g  b e f o r e  we r e c o g n i z e  t h e  
s t e l l a r  r e m n a n t  a s  a  h o t  p l a n e t a r y  n u c l e u s .  P e r h a p s ,  many o f  t h e  
f i e l d  sdO s t a r s  a r e  c e n t r a l  s t a r s  t h a t  h a v e  o u t l i v e d  t h e i r  n e b u -  
l a e .  

111 .  IMPLICATIONS FOR STELLAR EVOLUTION 

W i t h  s u c h  a  n a r r o w  d i s t r i b u t i o n  i n  s t e l l a r  mass ,  y o u  m i g h t  
n o t  e x p e c t  t o  d i s t i n g u i s h  m a s s - e f f e c t s  w i t h i n  t h e  s a m p l e .  Nev-  
e r t h e l e s s ,  t h a t  i s  e x a c t l y  w h a t  y o u  s e e .  I f  y o u  d i v i d e  u p  t h e  
I U E  s a m p l e  a c c o r d i n g  t o  p o p u l a t i o n  t y p e  ( u s i n g  h e i g h t  a b o v e  t h e  
g a l a c t i c  p l a n e  a n d  d e v i a t i o n  f r o m  c i r c u l a r  v e l o c i t y  a s  p o p u l a t i o n  
i n d i c a t o r s )  y o u  f i n d  ( F i g u r e  3 )  t h a t  t h e  h a l o - p r o n e  c e n t r a l  s t a r s  
h a v e  l o w e r  masses  t h a n  d o  t h e  d i s k - p r o n e  c e n t r a l  s t a r s .  E v i -  
d e n t l y ,  t h e  m e c h a n i s m  f o r  m a s s - l o s s  i n  r e d - g i a n t s  i s  s o  f i n e l y  
t u n e d  t h a t ,  r e g a r d l e s s  o f  p o p u l a t i o n  t y p e  a n d  i n i t i a l  mass o f  t h e  
p r e c u r s o r ,  t h e  f i n a l  r e m n a n t  mass f a l l s  n e a t l y  i n t o  a  s l e n d e r  
mass  r a n g e  w i t h  t h e  h i g h - m a s s  ( d i s k - t y p e )  p r o g e n i t o r s  p r o d u c i n g  
s l i g h t l y  m o r e  m a s s i v e  c e n t r a l  s t a r s  t h a n  t h e  l o w - m a s s  ( h a l o - t y p e )  
p r o g e n i t o r s .  

What a r e  t h e  p r o g e n i t o r s  o f  p l a n e t a r i e s ?  To a n s w e r  t h i s  
q u e s t i o n ,  l e t ' s  go  b a c k  t o  I b e n  a n d  R e n z i n i ' s  g r a p h  ( F i g u r e  1 )  
r e l a t i n g  i n i t i a l  mass t o  f i n a l  mass.  We h a v e - a n  e s t i m a t e  o f  t h e  
a v e r a g e  mass o f  c e n t r a l  s t a r s  i n  t h e  I U E  s a m p l e .  We a l s o  h a v e  an  
e s t i m a t e  o f  t h e i r  a v e r a g e  i n i t i a l  mass f r o m  t h e i r  g a l a c t i c  d i s -  
t r i b u t i o n  a n d  f r o m  S c h m i d t ' s  ( 1 9 6 3 )  c a l i b r a t i o n  o f  t h e  g a l a c t i c  Z 
- i n i t i a l  mass r e l a t i o n .  What we f i n d  i s  t h a t  t h e  h i g h e r - m a s s  
c e n t r a l  s t a r s  (m .7M~)  a r e  c o n c e n t r a t e d  i n  t h e  g a l a c t i c  d i s k  a n d  
d e r i v e  f r o m  s t a r s  w i t h  i n i t i a l  masses  o f  &1.4Me, w h i l e  t h e  
l o w - m a s s  c e n t r a l  s t a r s  (2 .55Me)  b e l o n g  t o  t h e  o l d - d i s k  o r  h a l o  
p o p u l a t i o n s  a n d  d e r i v e  f r o m  s t a r s  w i t h  i n i t i a l  m a s s e s  o f  2 1 . 0  Me 
o r  l e s s .  Armed w i t h  t h i s  i n f o r m a t i o n ,  we c a n  r e a d  o f f  t h e  v a l u e  
o f  IL d i r e c t l y  f r o m  F i g u r e  1. D e p e n d i n g  o n  w h e t h e r  we t r e a t  t h e  
I U E  s a m p l e  a s  a  homogeneous  g r o u p  o r  t a k e  i n t o  a c c o u n t  t h e i r  d i s -  
t r i b u t i o n  i n  p o p u l a t i o n  t y p e ,  we g e t  an  \ b e t w e e n  a  t h i r d  a n d  a  
h a l f .  T h i s  v a l u e  f o r  \ imp1  i e s  t h a t  w h i t e  d w a r f s  h a v e  p r o g e n i -  
t o r s  whose  masses  w e r e  5Me o r  l e s s .  
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F i g u r e  2. Mass-age g r i d  f o r  p l a n  t a r y  n u c l e i .  The o r d i n a t e  i s  
a b s o l u t e  s t e l l a r  m a g n i t u d e  a t  1300 B . The a b s c i s s a  i s  n e b u l a r  
r a d i u s  i n  p a r s e c s .  L i n e s  o f  c o n s t a n t  mass a r e  shown a s  s o l i d  
l i n e s ;  c o n s t a n t  s t e l l a r  t e m p e r a t u r e  a s  dashed  l i n e s .  

F i g u r e  3. E v o l  u t i o n a r y  p l o t  f o r  p l a n e t a r y  n u c l e i .  H a l o - ,  
i n t e r m e d i a t e -  and d i s k - t y p e  s t a r s  a r e  i n d i c a t e d  b y  H, a, and D, 
r e s p e c t i v e l y .  D o t s  c o n n e c t e d  b y  dashed  l i n e s  i n d i c a t e  o b j e c t s  
whose d i s t a n c e s  w e r e  compu ted  b o t h  on t h e  a s s u m p t i o n  o f  a n  o p t i -  
c a l l y  t h i c k  ( l o w e r  l e f t  d o t )  and o p t i c a l l y  t h i n  ( u p p e r  r i g h t  d o t )  
n e b u l  a. 
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ABSTRACT 

We present  i n  t h i s  paper high and low r e s o l u t i o n  IUE observa t ions  of t h e  
c e n t r a l  s t a r  of t h e  p l ane t a ry  nebula NGC 40. From cons idera t ion  of t h e  220.0nm 
i n t e r s t e l l a r  e x t i n c t i o n  f e a t u r e  w e  determine t h e  reddening towards NGC 40 t o  b e  
E(B-V)=0.50. The continuum d i s t r i b u t i o n  is  b e s t  f i t t e d  wi th  a  blackbody emission 
wi th  Temperature between 80000 and 100000K. Comparison wi th  e x i s t i n g  model 
atmospheres f o r  WR s t a r s  i s  a l s o  discussed.  

The l i n e  spectrum is  dominated by s t rong  emission l i n e s  from d i f f e r e n t  
i o n i z a t i o n  s t a g e s  of C. From t h e  high r e s o l u t i o n  spectrum we saw t h a t  almost 
a l l  t h e  emission l i n e  f l u x  i s  of s t e l l a r  o r i g i n ,  a s  a l l  t h e  l i n e s  a r e  extremely 
broad. P Cygni p r o f i l e s  of t h e  C I V  and SiIV resonance l i n e s  and of HeIIA1640 
i n d i c a t e  an expanding wind wi th  a  te rmina l  v e l o c i t y  of V 5-1800 K m / s .  

00 

INTRODUCTION 

A s  p a r t  of a  gene ra l  program t o  s tudy  t h e  d e t a i l e d  i o n i z a t i o n  s t r u c t u r e  of 
p l ane t a ry  nebulae,  we ob ta in  W spectrophotometry of c e n t r a l  s t a r s  and of o f f s e t  
pos i t i ons  i n  extended p l ane ta ry  nebulae. The UV d a t a  a r e  an important complement 
t o  t h e  o p t i c a l  observa t ions  ( CCD d i r e c t  imaging through i n t e r f e r e n c e  f i l t e r s  
and IDS and CES spectroscopy):  W low d i spe r s ion  s p e c t r a  al low a very  good 
determinat ion of t h e  reddening, and t o  s tudy t h e  c e n t r a l  s t a r  and nebular  con= 
tinuum d i s t r i b u t i o n .  From high r e s o l u t i o n  da t a  t h e  mass l o s s  from t h e  c e n t r a l  
s t a r  can be determined, which i s  an important parameter i n  t h e  evolu t ionary  
models f o r  PN's, and s e v e r a l  emission l i n e s  can be  reso lved ,  which a r e  good 
i n d i c a t o r s  of Temperature and Density. 

I n  t h i s  paper we d i scuss  t h e  UV spectrum of t h e  c e n t r a l  s t a r  of NGC 40: 
BDi-30-3639. The s t a r  was c l a s s i f i e d  a s  WC8 by H i l t n e r  and S h i l d  (1966). This  
s p e c t r a l  type was t h e  confirmed by s e v e r a l  authors .For  a  review of t h e  previous 
o p t i c a l  and W observa t ions  of t h e  s t a r  and t h e  nebula we r e f e r  t o  Grewing and 
Bianchi( l984)  , h e r e a f t e r  GB84. 

THE ULTRAVIOLET DATA 

The I U E  observa t ions  

We obtained low and h igh  r e s o l u t i o n  s p e c t r a  of t h e  nucleus of NGC 40 wi th  
t h e  I U E  SWP and LWR cameras.We a l s o  used d a t a  a v a i l a b l e  from t h e  IUE archive ,  
and combine them wi th  our da t a .  De ta i l s  of t h e  d a t a ,  and d i scuss ion  of t h e  
observa t ions  o f f s e t  t h e  nucleous can be found elsewere (GB84).The low r e s o l u t i o n  
spectrum ( combination of s e v e r a l  images) i s  shown i n  Fig.1. 



Extinction and d i s t a n c e  

In  t h e  l i t e r a t u r e  v e r y  d i f f e r e n t  v a l u e s  a r e  quoted f o r  t h e  reddening of NGC 
40, from E(B-V)=0.20 t o  0.82.  From t h e  s t r e n g t h  of t h e  220.0nm d i p  we d e r i v e  
E(B-V)=0.50+0.05, assuming t h a t  t h e  continuum d i s t r i b u t i o n  i s  smooth o v e r  t h e  
range.  We can i n  f a c t  exc lude  any c o n t r i b u t i o n  from t h e  n e b u l a r  continuum, a s  
t h e  s p e c t r a  a r e  n o t  extended,  and t h e  n e b u l a r  continuum observed i n  o f f s e t  
p o s i t i o n s  is  almost  two o r d e r s  of magnitude f a i n t e r  t h a t  t h e  s t e l l a r  f l u x .  A 
d e t a i l e d  d i s c u s s i o n  of p r e v i o u s  d e t e r m i n a t i o n s  of E(B-V) and of t h e  u n c e r t a i n t i e s  
ofl t h e  v a r i o u s  method used is g iven  i n  GB84. Our v a l u e  of 0.50 is i n  agreement 
w i t h  d e t e r m i n a t i o n s  based on t h e  r a t i o  Radio/Hp f l u x  (E(B-V)d0.65, Cahn and 
Kaler, 1971; E(B-V)=0.50, Cahn, 1976; E(B-V)=0.45, P o t t a s h  e t  3. ,1977) and based 
on t h e  Balmer l i n e  measurements by Clegg e t  a1. (1983) :E(B-V)=0.45 and 0.51. 
However Balmer l i n e  r a t i o s  can g i v e  v e r y  d i f f e r e n t  r e s u l t s ,  s i n c e  NGC 40 is  v e r y  
inhomogeneous ( e .  g . Cahn, 19 76, f i n d s  E (B-V) =O. 20) . 

Based on ANS d a t a ,  P o t t a s c h  e t  a1.(1978) f i n d  E(3-V)=0.38. We can see from 
our  s p e c t r a  t h a t  t h e  C I I I  A 229 7 l i n e  i s  v e r y  s t r o n g ,  which was i n c l u d e d  i n  t h e  
ANS band c e n t e r e d  a t  2200A. Th is  e x p l a i n  t h e  d i sc repancy  of t h e  r e s u l t s  by 
P o t t a s c h  e t  a l .  Also based on UV d a t a ,  Benvenuti  et  a1.(1982) quo te  E(B-V)=0.40 
and Clegg e t  a1.(1983) i n f e r  E(B-V)=0.34. These v a l u e s  however l e a v e  t h e  220nm 
bump s t r o n g l y  undercor rec ted .  

From o u r  v a l u e  of E(B-V)=0.50, we d e r i v e  a d i s t a n c e  f o r  NGC 40 of d=980pc, 
by comparison w i t h  s t a r s  of known d i s t a n c e  and reddening w i t h i n  2"from t h e  p o s i t i o n  
of NGC 40. T h i s  v a l u e  i s  i n  agreement w i t h  p r e v i o u s  d e t e r m i n a t i o n s ,  e x c e p t  f o r  
v a l u e s  based  on t h e  a n g u l a r  expansion v e l o c i t y .  

-1 L- L I L I- L.  - L  . .-I .J 
1200 1000 2e00 2400 2800 
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Fig .1 .  The SWP+LWR spectrum,, dereddened w i t h  E(B-V)=0.50 
i s  compared w i t h  blackbody d i s t r i b u t i o n s  f o r  T=80000K and 
T= 100000K. 



Temperature and l u m i n o s i t y  

I n  F ig .1  we show a blackbody f i t  t o  t h e  dereddened spec t rum f o r  T=80000K and 
T=100000K. Such a  h i g h  t empera tu re  is i n  agreement w i t h  t h e  t h e o r e t i c a l  p r e d i c t i o n s ;  
i n  f a c t ,  on t h e  b a s i s  of e v o l u t i o n a r y  c a l c u l a t i o n s ,  WN and WC s t a r s  a r e  expec ted  
t o  have t empera tu res  around'90000K (Vanbeveren, 1980).  E a r l y  o p t i c a l  s t u d i e s  
(e .g .  Kuhi,1966,1968) i n d i c a t e d  t h a t  WR c o n t i n u a  are v e r y  h o t ,  however much lower 
v a l u e s  (T=30000 t o  70000K) a r e , o f t e n  quoted i n  t h e  l i t e r a t u r e .  The d i s c r e p a n c i e s  
a r e  n o t  s u r p r i s i n g ,  s i n c e  i n  WR s t a r s  e f f e c t i v e  t empera tu re ,  c o l o r  t empera tu re  
and e x c i t a t i o n  t empera tu re  a r e  n o t  s imply r e l a t e d ,  and t h e  c o l o r  t empera tu re  depends 
on t h e  wavelength  a t  which i t  is  determined,  due t o  t h e  i n f l u e n c e  of t h e  "extended 
continuum" which can s i g n i f i c a n t l y  modify t h e  emergent flux: 

, , I '  - 
Cornparison of e x i s t i n g  models f o r  WR stars show t h a t  s t a r ;  w i t h  v e r y  d i f f e r e n t  

Tef f  can have t h e  same d i s t r i b u t i o n  'of, t h e - h e r g e n t  f l u x ,  'depending on t h e .  e x t e n t  
of t h e  dense  atmosphere.  A l l  t h e  models are c o o l e r  t h a n  o u r  observed spectrum. 
Maybe t h e  n u c l e  us  of NGC 40 does n o t  have a v e r y  extended dense envelope,  t o  
" f l a t t e n "  t h e  emergent f l u x .  T h i s  seem t o  b e  s u p p o r t e d  by t h e  d e n s ' i t ~  v a l u e s  d e r i v e d  
from t h e  C I I I  l i n e s  r e l a t i v e  i n t e n s i t i e s  ( see GB84). 

De te rmina t ions  of T based  on energy-balance methods ( OIII/OII r a t i 0 , e . g .  
KSppen and T a r a f d a r , l 9 7 8 ;  Z a n s t r a  method, e.g.Harmann and Seaton,1966) g i v e  low 
v a l u e s ,  around 30000K. T h i s  may b e  due t o  t h e  f a c t  t h a t  NGC 40 is  o p t i c a l l y  t h i n .  . . 

From t h e  blackbody f i t s  shown i n  F i g . 1  we d e r i v e ,  u s i n g  o u r  v a l u e  of t h e  
d i s t a n c e  d=980pc, a  r a d i u s  of t h e  e m i t t i n g  n u c l e u s  of R=0.45 and R=0.53 Rs f o r  
T=80000 and T=100000K r e s p e c t i v e l y .  T h i s  v a l u e  is  t y p i c a l  f o r  a WR PN n u c l e - u s .  

The l i n e  spectrum 

A t a b l e  w i t h  l i n e  i d e n t i f i c a t i o n s  and a b s o l u t e  f l u x e s  i s  g iven  i n  GB84. We 
show i n  Fig .2  some p o r t i o n s  of t h e  h i g h  r e s o l u t i o n  spectrum,  t o  i l l u s t r a t e  t h e  
f a c t  t h a t  t h e  emiss ion  l i n e s  from a l l  i o n i z a t i o n  s t a g e s  of C observed a r e  s t e l l a r ,  
hav ing  a w i d t h  o f  more t h a n  1000 K m / s .  N i t rogen  l i n e s  a r e  a lmost  a b s e n t ,  a s  i n  
most WC s t a r s .  The resonance d o u b l e t s  of C I V  and SiIV; and He11 A1640, show 
P Cygni p r o f i l e s  c h a r a c t e r i s t i c  of W R s ,  with very high:~emission/absorpt ion r a t i o .  
They i n d i c a t e  t h a t  t h e  enve lope  is  expanding wi th ,? . t ' e rmina l  v e l o c i t y  of -1800Km/s 
We a r e  i n  t h e  p r o c e s s  o f  f i t t i n g  t h e s e  p r o f i l e s  ~ i t h ~ t h e o r e t i c a l  c a l c u l a t i o n s ,  
t o  de te rmine  t h e  mass l o s s  r a t e  ( r e s u l t s ?  w i l l  b e  pub l i shed 'e l sewhere ) ;  

* .  i 
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F i g . 3  . Some p o r t i o n s  of t h e  h i g h  r e s o l u t i o n  spectrum of NGC 40 's  nuc leus  
are shown. In a and b : t h e  d o u b l e t s  of CII(1)1335 and C I I I  I 1908 a r e  
b lended ,  due to t h e  extreme broadening of t h e  s t e l l a r  l i n e s .  On t o p  o f  t h e  
C I I I  s t e l l a r  emiss ion t h e  two narrow n e b u l a r  components a r e  v i s i b l e  ( i n d i c a t e d  
w i t h  arrows) .  I n  c and d t h e  P Cygni p r o f i l e s  of CIV(1) and H e 1 1  a r e  
shown. 
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ABSTRACT 

Previous - IUE studies have found sharp, shortward-displaced absorption 
features in two DA white dwarfs (Bruhweiler and Kondo 1981, 1983) and in 
three 0 subdwarfs (Bruhweiler and Dean 1983) indicative of mass loss. Anoma- 
lous abundances and the presence of subordinate lines, especially in the case 
of the DA white dwarf, 2111+49, rules out an interstellar origin for these 
features. Continued analysis of new and archival data has added one DA white 
dwarf and possibly two 0 subdwarfs to the growing list of subluminous stars 
displaying these features. One, possibly both, of these new 0 subdwarfs are 
of extreme low luminosity, intermediate between normal 0 subdwarfs and the 
hot white dwarfs. These observations provide evidence that a single mechanism 
is responsible for the unusual features seen in 0 subdwarfs and DA white 
dwarfs. 

INTRODUCTION 

High dispersion - IUE data have revealed at least six hot white dwarfs to 
display absorption features of heavy elements. In two DA white dwarfs, 
G191-B2B and 2111+49, sharp, shortward-dispalced absorption features are 
seen, which are formed in an expanding halo, which further implies that these 
white dwarfs are undergoing mass loss (Bruhweiler and Kondo 1981, 1983). 
These features appear "interstellar-like" and an interstellar origin for 
these features has been proposed (Dupree and Raymond 1983). However, such an 
interpretation is in sharp conflict with most of the observed data. This is 
especially true for the "silicon" white dwarfs, W1346 and 2111+49 (Bruhweiler 
and Kondo 1983). In the case of 2111+49, only shifted features of Si 111 and 
Si IV are seen; this includes the strong 3~-3p0 subordinate lines of Si I11 
near 1300 A. The observed presence of only Si in 2111+49 and W1346 implies 
very unusual abundances. Either the unusual abundances in the Si white 
dwarfs, or the appearance of subordinate lines in 2111+49 is enough to rule 
out an interstellar origin for these lines. 

We have extended our search of shortward-displaced features to the high- 
er luminosity 0 subdwarfs, possible evolutionary progenitors to white dwarfs. 
We have specifically studied the spectral regions bracketting the resonance 
doublets of N V (1240 A), C IV (1550 A), and Si IV (1400 A). Preliminary 
inspection has revealed shortward-displaced features in ~ ~ 2 8 ~ 4 2 1 1 ,  ~ ~ 7 5 ~ 3 2 5  
and HD 128220 B (Bruhweiler and Dean 1983). Features are found t o  be both 
transient, lasting on the order of months or less before fading away, and 
persistent, remaining relatively constant in strength and velocity over at 
least nine months. Whether the features seen in 0 subdwarfs are manifesta- 
tions of a similar process occurring in the white dwarfs is not clear. 



OBSERVATIONS 

We present sample results obtained in our continuing program to search 
for, and hopefully, ultimately explain the presence of displaced sharp-lined 
features in hot subluminous stars. We briefly present recent results for one 
DA white dwarf and two 0 subdwarfs below. 

a. The DA White Dwarf GD 071 
We have utilized the exceptionally good interval wavelength scale of 

the SWP camera (Thompson, ~ohlin, and ~u;nrose 1982) to aid in searching for 
weak shifted features. Instead of analyzing the spectral data in the wave- 
length frame, we convert all data to the velocity frame with the transforma- 
tion v = c(h-,\dl& where c is the speed of light and is the laboratory 
wavelength of the transition of interest. Examining data in the velocity 
frame has proven quite valuable in confirming the existance of weak, short- 
ward-displaced features in 0 subdwarfs (Bruhweiler and Dean 1983). 

Figure 1 shows the results for the high-dispersion image SWP 22023, 
which displays the spectral regions around the stronger transitions of the 
resonance doublets of N V, C IVY and Si IV in GD 071. This figure reveals 
what can be interpreted as a spectral component in all three ions. These 
features are very weak, and the interpretation may at first appear question- 
able. However, the continua of hot DA white dwarfs are flat and featureless, 
except in rare instances where a few spectral lines are found. Thus, we can 
coadd the spectral-velocity information in Figure 1, such that any velocity 
components would be greatly enhanced. Figure 2 shows the results of coadding 
the data in Figure 1. Analysis performed on another high-dispersion image 
(SWP 18273) of GD 071 yielded identical results. Both images were in excel- 
lent agreement and a velocity component at V,= +36 km s-1 is unmistakable. 
The measurements yielded a u less than 4 lun s-1. This derived velocity com- 
pares to V,= 63f19 km s-1 determined for the photospheric Balmer lines 
(Trimble and Greenstein 1972), and V, = Ilk3 km s-1 for the interstellar lines. 
The evidence suggests that these are halo lines formed in the gravitational 
potential well, above the more gravitationally red-shifted photospheric Bal- 
mer lines of the white dwarf. Alternatively, the halo might be expanding, and 
similar to what is observed for G191-B2B and 2111+49. 

b. The 0 Subdwarfs LS I1 18'9 and LSE 21 
The - IUE spectra of the two unusually hot, and likely low luminosity 0 

subdwarfs LS I1 18 9 (T,g= 60,000 K; log (L/L,) = 1.1 +0.6/-0.8) and LSE 21 
(Tdf= 120,000 K; log (L/L,) - 1.7) (~chb'nberner and Drilling 1984) reveal 
shortward-skewed profiles-for the lines of the N V doublet at 1240 A (Figure 
3). Weak Fe VI photospheric features are expected at -30 and -34 km s-1 from 
the N V photospheric lines. Yet, they should be too weak and too sharp to 
account for the observed asymmetries. Since 0 subdwarfs typically show exten- 
sive Fe IVY V, and VI line blanketing in the UV (Bruhweiler, Kondo, and 
McCluskey 1981; Dean and Bruhweiler 1984), we cannot rule out other photo- 
spheric contributors. Nonetheless, these observations are consistent with 
shortward-displaced N V, either arising in a low terminal velocity wind or in 
discrete velocity components on the order of -70 to -125 km s-1. If this 
interpretation is correct, then these extreme low luminosity 0 subdwarfs may 



link to the mass loss phenomena seen in 0 subdwarfs to that seen in the hot 
DA white dwarfs. 

One can speculate that a common mechanism is responsible for these fea- 
tures, possibly akin to that which produces planetary nebulae. Or, one can 
alternately speculate that the appearance of sharp, shortward-shifted fea- 
tures in relatively unevolved 0 and B stars (Lamers et al. 1982; Peters 1982) 
may suggest that there is a universal mechanism producing these features in 
all hot stars regardless of luminosity. (More detailed results will be 
presented elsewhere.) 
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FIGURES 
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GD 071 I I I 

SWP 22023 

~i&re 1. The spectral regions of N V, Si IV, and C IV in GD 071. The regions 
around the stronger line of each resonance doublet is displayed. The spectra 
have been normalized for display purposes. Possible weak features near 
-40 km s'l are evident as indicated. 



Figure 2. The coadded spectral-velocity information. The spectra in Fig. 1 
are coadded. A definite velocity component appears at +36 km s-l. The 
component at 130 km s'l is an artifact and not real. 
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Figure 3. N V in LSE 21. A shelf or asymmetry is seen in the shortward 
wing of the N V profile. The stronger, shorter wavelength line of the 
N V doublet is represented by (+). 



IUE SPECTROPHOTOMETRY OF THE HOT HELIUM-RICH PG1159 DO DEGENERATES 

Edward M. s i  on1 , James ~i ebert2, Sumner s t a r r f  i e l  d3, and F. ~esemael4  

ABSTRACT 

The PG1159 degenerates represent t he  h o t t e s t  spectroscopic subgroup o f  
DO s ta rs .  The i r  o p t i c a l  spectra are  charac ter ized by broad He I I  ( ~ 4 6 8 6 )  
absorpt ion and several t r a n s i t i o n s  o f  C I V ,  N I I I  and C I I I .  High r e s o l u t i o n  
MMT scans reveal  c e n t r a l  emission reversa l  s. The d iscovery o f  complex, 
non-radial  pu lsa t ions  i n  four members of t he  c lass  underscores the  need f o r  
accurate temperatures, g r a v i t i e s  and abundances f o r  these ob jec ts .  We have 
obtained low r e s o l u t i o n  IUE spectra of  four  PG1159 s ta rs ,  PG1151-029, 
PG1424t535, PG1520t525 a r a n  add i t i ona l  ' image o f  PG1159-035 as we1 1 as an 
o p t i c a l  u l t r a v i o l e t  spectrum o f  PG2131t066. Our IUE (SWP) spectra suggest 
t h e  presence o f  numerous m e t a l l i c  absorpt ion f e a t E s  of C I I I  (A1426-29), 
NIII (~1345=48),  S i  I V  ( ~ 1 3 9 4 ,  1402), S I I I  (~1294-1303) C I V  ( ~ 1 5 5 0 ) ,  NV (A  
1240) and a few u n i d e n t i f i e d  features.  The metal absorpt ion l i n e s  and He I I  
(A1640) have equ iva len t  widths o f  a few angstroms. IUE/Optical  energy 
d i s t r i b u t i o n s  are considered. Tenta t ive  i d e n t i  f i c a t z s  o f  C I V  absorpt ions 
and poss ib ly ,  weak O V I  fea tures  i n  our o p t i c a l  u l t r a v i o l e t  r e t i c o n  spectra 
suggest a probable 1 i n k  t o  the  subl uminous Wol f-Rayet OVd p lanetary  nuc le i  . 
The PG1159 DO degenerates a r e  t h e  h o t t e s t  known ( T  10 K) ,  h i g h  g r a v i t y  
( l o g  g > 7) objects.  

'IJ 

INTRODUCTION 

The PG1159 s t a r s  appear t o  represent t he  h o t t e s t  spectroscopic subgroup 
of DO s t a r s  w i t h  two coo le r  subgroups being charac ter ized on t h e  bas is  o f  
t h e i r  spectra by PG1034t001 and PG0108+101 on t h e  one hand and the  coo les t  
DO s t a r s :  HZ21, Lanning 14 and HD149t99B on t h e  other .  The c r i t i c a l  
s c i e n t i f i c  importance o f  t he  PG1159 s t a r s  i s  mu1 t i - f o l d :  (1) they may 
represent  t h e  h o t t e s t  f u l l y  o r  near f u l l y  degenerate s t a r s  known iwesemael, 
Green and L i e b e r t  1984, hereaf te r  WGL) w i t h  l o g  g 3 7 and T 
Knowing how ho t  a f u l l y  degenerate s t a r  can be i s  o f  fundamgn % a1 lo importance K e  

i n  deterrni n i  ng t h e  f i n a l  evo lu t ionary  connect ion between t h e  h o t t e s t  wh i te  
dwarfs and t h e  subdwarf 0 s ta rs ,  p lanetary  nebulae nuc le i  and o ther  types of  
very  ho t  subl uninous s ta rs ;  (2)  t h e  d iscovery o f  complex, non-radia l  
p u l s a t i o n  modes i n  t h e  proto-type, PG1159-035, by McGraw e t  a1 . (1979) and 
t h e  subsequent d iscovery o f  pu l sa t i ons  i n  th ree  more members o f  the  c lass  
underscores the  need f o r  accurate temperatures, g r a v i t i e s ,  and abundances 
f o r  t h i s  new k ind  o f  p u l s a t i n g  s ta r .  Pu lsa t ion  computations by S t a r r f i e l d ,  
Cox, Hodson and Pesnel l  (1983) have es tab l ished a new - hot i n s t a b i l i t y  s t r i p ,  
where p a r t i a l  i o n i z a t i o n  o f  oxygen and carbon can d r i v e  pu lsa t ions ;  (3 )  
these very ho t  he l ium-r ich  DO s t a r s  may be the  immediate progen i to rs  o f  t h e  
v i r t u a l l y  pure he1 i u m  DB wh i te  dwarfs; (4)  i n  con t ras t  t o  t h e  excitement 
generated by t h e  d iscovery o f  weak ($50-300 mA) metal absorpt ion features i n  
h o t  wh i te  dwarf IUE eche l l e  spectra ( c f .  Bruhwei ler  and Kondo 1981; Sion and 
Guinan 1982; Dupree and Raymond 1982), t he  PG1159 s t a r s  e x h i b i t  a r i c h  metal 
absorp t ion  l i n e  spectrum whose equ iva len t  widths a re  a few Angstroms! Thus 
t h e  PG1159 degenerates present a c r i t i c a l  t e s t  o f  d i f f u s i o n  theory  and 
r a d i a t i v e  acce le ra t i on  i n  ho t  he1 ium-r ich  h igh  g r a v i t y  atmospheres. 



OPTICAL CHARACTERISTICS 

The o p t i c a l  spectra o f  these ob jec ts  a re  charac ter ized by a broad 
absorpt ion t rough a t  ~4640-4690 A whose red end i s  dominated by HeI I  (A 
4686) and b lue  end i s  b lanketed by  several t r a n s i t i o n s  o f  C I V ,  NI 11, and 
C I I I  w i t h  t he  b igges t  c o n t r i b u t o r  u s u a l l y  being C I V  (14658). A t y p i c a l  
spectrum i s  shown i n  f i g u r e  1. Note the  c e n t r a l  emission reversa ls  i n  C I V  
and He I I  which are  an a d d i t i o n a l  hal lmark o f  these ob jec ts .  The emission i s  
b l u e  s h i f t e d  w i t h  respect t o  t h e  absorpt ion centers o f  C I V  and HeI I .  We 
a l so  note t h a t  i n  sdO s ta rs ,  which are  presumably lower i n  g r a v i t y ,  the 
blends are  no t  observed and t h e  absorpt ion l i n e s  are  sharper. We a l so  
obta ined the  f i r s t  o p t i c a l  u l t r a - v i o l e t  r e t i c o n  spectrum o f  a PG1159 s ta r ,  
PG2131+066. We t$n t8 t i ve$y  i d e n t i f y  an absorpt ion fea tu re  a tX3687 as C I V  
( m u l t i p l e t  no. 6h H - 9 i  I ) ,  a  t r a n s i t i o n  observed i n  some WC Wol f-Rayet 
s t a r s  i n  emission. This  i d e n t i f i c a t i o n  i s  g r e a t l y  strenthened by the  
e x i  stence-CIV ~4658.4 blend w i t h  He1 I ( ~ 4 6 8 6 ) .  We note i n  passing 
t h a t  h i g h l y  t e n t a t i v e  i d e n t i f i c a t i o n s  of  weak O V I  l i n e s  a t  X3434, A3811, as 
we l l  as t h e  C I V  ~ 3 9 3 4  blend, i f  co r rec t ,  would suggest t h a t  PG2131+066 i s  
1 inked t o  the  O V I  p lanetary  n u c l e i  ( c f .  Heap 1975; Ka ler  and Shaw 1984) b u t  
i t  i s  coo le r  and has a h igher  g r a v i t y .  

ULTRAVIOLET ENERGY DISTRIBUTION AND LINE SPECTRA 

We have obtained low r e s o l u t i o n  IUE spectra o f  f o u r  "PG1159" s t a r s  
du r ing  A p r i l  1983 and December 1983, th ree  o f  which had no previous IUE 
spectra. Our shor t  wavelength spectra reveal ,  i n  some o r  a l l  o f  t he  s ta rs ,  
numerous m e t a l l i c  absorpt ion fea tures  o f  C I I I  ( ~1426-29 ) ,  NV (X1240), S i I V  (A 
1394, 1403), C I V  (x1550), N I I I  ( A  1345-78) and He1 I ( ~ 1 6 4 0 )  as we1 1 as a few 
u n i d e n t i f i e d  features. We present a summary o f  our  suggested UV l i n e  
i d e n t i f i c a t i o n s  i n  t a b l e  1. It i s  poss ib le  t h a t  a few o f  t h e  weaker low 
e x c i t a t i o n  features cou ld  have an i n t e r s t e l l a r  o r i g i n .  Also, t he re  are  
problems w i t h  the  N I I I  (11350) i d e n t i f i c a t i o n  due t o  an unce r ta in  wavelength 
coincidence and t h e  absence o f  N I I I  a t  X1750, a t r a n s i t i o n  having a much 
greater  o s c i l l a t o r  s t rength.  An O I V  i d e n t i f i c a t i o n  may be more p l a u s i b l e  
b u t  t h e  wavelength coincidence i s  even worse. I f  the  i d e n t i f i c a t i o n s  o f  
C I I I ,  C I V ,  N I I I  and NV are  c o r r e c t  and these fea tures  o r i g i n a t e  i n  t he  
s t g l l a r  photosphere, then the  e f f e c t i v e  temperature i s  constra ined t o  be 
10 K o r  s l i g h t l y  h igher  (see WGL). A crude g r a v i t y  de terminat ion  f o r  t he  
pro to- type ( f i t t i n g  t h e  red wing o f  He I I  A4686)yielded l o g  g = 7 . Our long 
wavelength spectra are  q u i t e  no isy  bu t  weak He I I  Paschen l i n e s  may be 
present.  The st rongest  UV fea tu re  i n  PG1151-029, PG1424+535 and PG1520+435 
i s  t he  A1350 absorpt ion t e n t a t i v e l y  i d e n t i f i e d  as N I I I .  

I n  f i g u r e  2 we present t h e  IUE and o p t i c a l  mult i -channel 
spectrophotometr ic energy d i s t r i b u t i o n s .  The energy d i s t r i b u t i o n s  of 
PG1151-029, PG1525+525 and PG1424+535 a re  q u i t e  s i m i l a r  t o  o the r  members o f  
t h e  subgroup and are  very c lose  t o  t h e  Rayleigh-Jeans L i m i t  . Observations 
o f  PG1159-035 w i t h  the  UV spectrometer on board t h e  Voyager 2 spacecraf t  
p rov ide  add i t i ona l  EUV f l u x  p o i n t s  b u t  s t i l l  no temperature d i sc r im ina t i on .  



DISCUSSION 

The "PG1159" DO spectroscopic subgroup now inc ludes  e i g h t  members, o f  
which fou r :  PG1159-035, 2131+066, 1707+427 and t h e  p lanetary  nucleus K1-16 
are  known t o  pulsate.  One o ther  ob jec t  PG1151-029 was a n u l l  de tec t i on  f o r  
pu l sa t i ons  (Hinget  1984) w h i l e  t he  o thers  have n o t  y e t  been observed. 

Ther t  can be l i t t l e  doubt t h a t  t h e  PG1159 DO s t a r s  a re  t h e  h o t t e s t  known 
(T > 10 K ) ,  h i gh  g r a v i t y  ( l o g  g > 7) objects.  The presence o f  t h e  C I V  
f e s t ~ r e s  i n  t h e  o p t i c a l  u l t r a v i o l z t  spectra, i f  they are  c o r r e c t l y  
i d e n t i f i e d ,  would p o i n t  t o  an extended atmosphere s t r u c t u r e  f o r  these 
ob jec ts ,  s imi  1 a r  perhaps t o  sub1 uminous Wol f-Rayet cen t ra l  s ta rs ,  b u t  w i t h  
h igher  g r a v i t y .  I n  o rder  t o  f u l l y  understand t h e i r  p u l s a t i o n  proper t ies ,  
and t h e  edges o f  t h e  ho t  i n s t a b i l i t y  s t r i p ,  a s t i l l  more accurate knowledge 
o f  t h e i  r g r a v i t i e s ,  sur face temperatures, and metal abundances i s  requi red.  
This work i s  now i n  progress us ing our UV l i n e  in for inat ion,  newly computed 
abundances together  w i t h  o p t i c a l  spectra and a forthcoming h igh  d i spe rs ion  
IUE eche l l e  observat ion o f  PG1159-035 i t s e l f .  

It i s  a p leasure t o  thank Dr. Anne Cowley f o r  a usefu l  d iscuss ion  o f  t h e  
absorpt ion fea tu re  a t  ~ 3 6 8 9 .  This  work has been supported by NASA g ran t  
NAG5-343, NSF grants  'AST81-17177, AST83-14788, AST82-24324 and the  NSERC 
Canada. 
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Figure  1. Steward 2.3 m PC 
Ret icon spectrum o f  t he  
PG1159 s t a r ,  K1-16 showing 
C I V  ( ~ 4 4 4 1 ) ,  and He11 A4686 
(+ C I V  A4658.4). 
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Figure 2. Energy d i s t r i b u t i o n s  
f o r  f o u r  o f  t h e  PG1159 ob jec ts .  
The ranges o f  the  mu1 ti 
channel scanner (MCSP), and 
o f  t h e  - IUE LWR and SWP are 
ind ica ted .  
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Self-consistent Recalibration of IUE and Determination of Hot 
DA White Dwarf Effective Temperatures 

David S. Fittley, Gibor Basri, Stuart Bonyer 

Astronomy Department, University of California, Berkeley 

ABSTRACT 

Using low dispersion short and long wavelength camera observations we have analyzed the spectra 
of over twenty stars identified as DA white dwarfs, with temperatures in the range 20,000 to 70,000 K. In 
addition to the IUE data. \ve have collected all other available data on these stars from which temperature 
estimates may be ni;~de. \Ye conipured the observed IUE fluxes with the FUV fluxes predicted by using the 
observed \' m3gnitudr.s ;lud tenipratures obtained from non-IUE data. These comparisons indicate a need 
to revise the ovemll 11'E cdlibraticln hy ' + 10%) in FA. We computed the appropriate correction as a func- 
tion of \vnvelength. .lnd applitd this correction to the measured IUE fluxes. We then obtained tempera- 
tures nith signitic.ul~ly nlorc 3ccur;lc)- 111311 is achievable with optical photometry. 

We initi~tcd an obzer~ing progr;tm two years ago to 
obtain spectru of a number of D.l  \?hire dwarfs with IUE. 
This was nloti\atcd to a I ~ r g c  extent by our upcoming EUV 
ull-sky survey with the ECV E\plorer. \vhich is likely to 
detect large numbers of hot \\bite d\varfs. \Ye began by 
uhing low and high dispersion ICE spectra of kno\vn D.-\'s 
with the objective of detern~i~iing T,.,,:i a11d NH for these 
objects. \Yith these parameters. one can predict EL\' detec- 
tability in the various bandpasses. .1dditionally. since EUV 
tluxes are a strong function of T,,,,:/. NH. and photospheric 
chemical composition. the FLY data will serve as an addi- 
tional constraint on these quantities. 

Our initial expectation of straightforwardly deriving 
temperutures on the basis of ICE fluxes was not borne out 
by the results. We found large discrepancies between meas- 
ured and expected tluxcs. . is  a result. we had to rederive 
the absolute photometric cdlibration for IUE before we 
could proceed uith the ~ n ~ l ~ s i s  of our stars. We will show 
here the rn~gnitudc ~ n d  ndturc of the ICE calibration 
errors. the means by which we corrected for these errors. 
and will then present our results for the stars \ve analyzed. 
Finally. we wil l  discuss some further consequences of the 
current state of the ICE culibr~tion. and describe some of 
the improvements that may be achieved by using our recali- 
bration. 

11. Observations and Data Reduction 
The program stars are as follows: WD0050-332, 

WD0549+158, WD0651-020, WD1031-114, WD1620-391, 
and WD2309f105. The spectra were taken in May and 
October of 1982. 

The data were analyzed by means of Basri's white 
dwarf model atmosphere code (Martin et.a/. 1982). This 
is based on Auer's linearization method, and implements 

hydrogen line blanketing in LTE. The models generated 
have log g = 8, n(He)/n(H) = l ~ l o - ~ .  The effects of 
other helium abundances within the DA range of < 1 0 -  3 

upon the FUV fluxes are minimal. 
- 

The analysis was performed as follows. First, we 
obtained monochromatic colors for the star and a particular 
model. We have that 

c,(A,) = -2.5 x log[f(hi)/f(Av)l 
while 

c, (Ai) = -2.5 x log [ H ( T ~ ~ ~  ,hi)/~(Teff ,A")] 
where the subscripts s and m refer o the star and the 

to-model color difference is just 
f model, respectively, and hv = 5490 . Then the stellar- 

Ac(Aj) = cs(Aj)-c, (Ai) 
The obvious criterion for having a match of model and stel- 
lar effective temperatures is that 

CIAc(Aj)l = 0 .  

We then proceeded to obtain effective temperatures 
for these objects, using the procedure described above. In 
addition to our program stars, we also analyzed spectra for 
HZ43 and G191-B2B which we had obtained from the 
archives. 

111. Discussion 

The results obtained were surprising. First, there 
were large systematic differences as a function of 
wavelength between the model fluxes and the IUE fluxes 
(-20 Yo). This is shown in Figure la, where we have plotted 
the stellar-to-model color difference as a function of 
wavelength for three typical stars; this color difference is 
calculated in the manner outlined in Section 11, then 



smoothed with a 21-point running boxcar mean to filter out 
random noise. Secondly, the temperatures obtained from 
fitting the IUE flux were all substantially lower than the 
temperatures derived from optical photometry and other 
measures (such as EUV photometry, ANS data, Balmer or 
Lyman line profile fitting). As can be seen in Figure 2a, in 
which we have plotted the temperature derived from 
uncorrected IUE fluxes US the temperature derived for each 
star from the available non-IUE data, the trend is for the 
FUVIoptical temperature difference to increase with increas- 
ing temperature. (Note the two different results for HZ43, 
for the different published values of Illv). The origin of 
the discrepancy is pointed out by the lower curve, which 
shows which temperatures would be deduced from the FUV 
data as a function of the true temperature if the IUE flux 
were systematically 10% low. Hence, this difference is most 
likely due to an error in the IUE calibration. 

Given such an error, which makes 55,000 K objects 
appear to be 40,000 K, the obvious desirable course of 
action is to obtain a correction factor which would bring the 
IUE flux in line with that predicted by the optical data and 
the models. DA white dwarfs represent the best available 
means of performing a calibration in the FUV. They are 
nearby (< 100 pc.) and hence generally unreddened, their 
FUV flux consists of a pure continuum, and the physics of 
high gravity pure hydrogen atmospheres is better known 
than for any other stellar type. Shipman (1979) estimates 
that the models predict the emergent flux to -2% accuracy. 
This correction factor could be obtained by taking a large 
sample of observations, predicting fluxes for each star, 
finding the difference between the predicted and actual 
fluxes, and averaging these differences together. The 
correction obtained should be very accurate, because 
although the flux predictions for individual objects have 
some random error due to observational uncertainties, the 
averaging procedure will cause these random errors to can- 
cel out when many different objects are utilized. 

Toward that end, we obtained more spectra from the 
archives in order to enlarge our time base and improve the 
statistical significance of the results. Data were obtained for 
WD'S 0004+330, 0136+351, 0346-011, 0644+375, 
1254+223, 1615-154, and 2111+498. We then obtained 
temperatures for the objects. We preferentially used the 
multichannel data from Greenstein (1984), with our model 
predictions of MC colors (i.e., (u-v)). For objects without 
MC data, we used the Greenstein data set to obtain the 
correlation between (u-v) and the appropriate Johnson or 
Stromgren colors to get (U-V) or (u-y) US. T e f f  Next, 
uncorrected flux comparisons were made for the stars. 
Results for all stars were similar to those previously pointed 
out in Figure la. Note that the smoothed color differences 
for the lower two spectra, from the same time period, 
match very closely, which points up the instrumental origin 
of the variations with wavelength. The top spectrum is 
from a somewhat earlier period, and is significantly different 
from the other two. This is due to the changing sensitivity 
of IUE with time (Sonneborn & Garhart, 1983). 

With the individual differences as a function of 
wavelength in hand for 14 observations of 13 objects (two 
observations of WD2309+105 were used), we then per- 
formed an averaging. For determining the wavelength 
dependence, we used the 9 highest quality, low-noise 

SWP+LWR spectra. Due to the changes in sensitivity with 
time, and the changeover in 1980 to the new extraction 
scheme, the objects were grouped into three time periods: 
late 1979, mid 1981, and mid 1982. The raw corrections for 
each time period were then made by averaging together the 
differences obtained for the stars within that group. Next, 
the appropriate "zero-shift" normalization had to be applied 
to the raw corrections. The magnitude of the normalization 
at each epoch was computed by calculating the wavelength- 
averaged mean color difference for all 14 observations: 

<Ac,> = z [ A c ( h i ) l .  
These individual offsets were then corrected for the known 
sensitivity change with time, and their mean found. The 
individual corrections were then normalized such that the 
variations of the corrected spectra from the mean offset 
were minimized. 

In Figure lb, we show the corrected stellar-to-model 
color differences, calculated and displayed in the same 
manner as in Figure la. After applying the correction, the 
match between the models and the corrected fluxes is 
extremely good: the previous large-scale variations of -0.3 
mag are reduced to small-scale differences of at most -0.05 
mag after smoothing. The RMS variation of the 
unsmoothed corrected fluxes relative to the models is typi- 
cally 0.05 mag (5%). The error in the zero point for the 
corrected fluxes is expected to be small. The individual 
stellar to model mean offsets have a l u  error of f 0.06 
mag, due to the optical color uncertainty of f 0.03 mag. 
With 13 objects bein averaged together, the formal error in 
the correction is 11 f 13 the individual errors, or '0.02 mag. 
A conservative estimate would be that the random error is 
< 0.04 mag. The RMS variation in the wavelength- 
averaged mean color differences for the entire group is 
-0.05 mag, which is within the f 0.06 mag expected to 
result from the f 0 . 0 3  mag uncertainty in the optical 
colors. 

Our final results are displayed in Figure 2b, where we 
have plotted optically determined temperatures VS tempera- 
tures obtained from the corrected IUE fluxes. A com- 
parison of Figures 2a and 2b shows that our photometric 
recalibration of IUE does indeed produce agreement 
between the different temperature determinations. Some 
points on the individual objects should be noted. 
WD2309+105 was observed twice: at epoch 1979.9, and 
epoch 1982.4. The success of compensating for the chang- 
ing sensitivity is evident in that the temperatures derived 
from the two different observations agree quite well. We 
thus find that 2309 is the currently known DA white dwarf 
which is nearest in temperature to HZ43. For the latter, 
however, the uncertainty in its V magnitude (due to the 3" 
separation between it and its companion M star) renders 
rather uncertain the fitting of the FUV continuum. Our 
present estimate of its effective temperature is based on 
matching the FUV slope, since matching the flux level rela- 
tive to mv gives the wrong slopes at either of the published 
values of mv. WD1254+223 has been detected by Einstein 
in X-rays, as reported by Kahn et.al. (1984). Our tem- 
perature of 40-46,000 K is in agreement with their value of 
40-44,000 obtained by fitting the Hp profile. WD0346-011 
is also an X-ray source; in this case, though, our FUV 
(SWP only) temperature of 36-40,000 K is significantly 
lower than Kahn's 45-50,000 K (again, based on Hp).  The 



lack of an LWR spectrum prevents us from obtaining an 
independent reddening estimate; assuming that the higher 
temperature is correct, the reddening would amount to 
EB- = 0.01-0.02 mag. Our analysis confirms that G191- 
B2B is the hottest known DA white dwarf. Our tempera- 
ture for it is 67,000 f 8,000 K. This higher temperature 
significantly alleviates the mass problem for G191. At 
55,000 K and with the nominal parallax distance of 48 pc, 
this star's radius would be that of a 0.21 solar mass dwarf. 
Taking our upper limit of 75,000 K and the minimum dis- 
tance of 43 pc. raises the derived mass to 0.38 solar masses, 
which is just below the 0.4 solar mass theoretical lower 
limit. 

IV. Further Ramifications of Results Obtained 

Beyond the improvement in the situation of the stars 
we have directly examined, other effects will also result 
from the IUE calibration correction we are proposing. 
Among WD's, there had remained a problem with Sirius B. 
Martin et.af. (1982) reported that fitting model atmosphere 
fluxes to the data from optical to X-ray produced an accept- 
able fit everywhere but in the FUV, where the IUE data 
appeared to be systematically -15% low. Our correction will 
significantly reduce that anomaly. Still in the realm of white 
dwarfs, there have been other IUE observations made of 
mixed composition WD which may have stratified atmo- 
spheres, and of cool He WD which appear to have 
significant FUV absorption by metals. Our enhancement of 
the photometric accuracy of IUE is sufficient to make 
reanalysis of such objects in order to obtain improved con- 
straints on the physical conditions in their atmospheres a 
worthwhile option. 

There is also another effect of our proposed recali- 
bration which is of general significance. We have displayed 
in Figure 3 the correction curves which we derived for the 
three epochs our observations were clustered around. The 
correction is formed from the average of the color 
differences for the different observations, as defined above 
the figure. Hence the correction is applied as follows: 

fx (true ) = f A (nominal) x 1 0 ~ ' ~ ~ '  
Note t t our correction curves have a pronounced peak at 
-2200 f of - 0.27 mag. corresponding to a 22% dip in the 
nominal fluxes. (We reemphasize that the stars used in 
obtaining the correction have nearly zero reddening). An 
observer who has taken recent spectra, and who took the 
IUE calibration at face value, would assume that an intrinsi- 
cally unreddened star actually was redden d by - 0.08 mag, W on the basis of the depth of the 2200 "feature". This 

ould correspond to - 0.7 magnitudes of extinction at 1400 X .  
V. Conclusions 

By analyzing a portion of the available IUE data from 
hot DA white dwarfs, we have been able to derive a correc- 
tion which substantially improves the photometric accuracy 
of the IUE data. This correction has been used by us to cal- 
culate effective temperatures for these stars which are more 

cautious in their interpretation of large and small scale 
features seen in low dispersion spectra at even the 20% level 
(as shown by Figure la). Finally, it has come to our atten- 
tion that a corrected calibration of IUE is now in the process 
of being done. We suggest that the existing data base of 
IUE spectra of DA white dwarfs would be useful for revis- 
ing the absolute photometric calibration. 
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accurate than those based on optical photometry. Our 
improvement in the photometric accuracy of IUE may help 
resolve some of the outstanding issues involving non-DA 
white dwarfs. Our results show that observers should be 
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CARBON, SILICON, AND OXYGEN I N  THE WHITE LWARF STAR GD 40 

Harry L. Shipman 
Physics Department, University of Delaware 

ABSTRACT 

An IUE spectrum of the  metal-rich DB white dwarf s t a r  GD 40 shows no 
unequivocal spectra l  features  i n  the  range of the SWP camera (1200-2000 
A) .  'Ihis wavelength region contains resonance l i n e s  of many common 
elements: H I, C I, C 11, S i  11, and 0 I. Upper l i m i t s  t o  t h e  abundances 
of H, C, S i ,  and 0 a re  derived from model atmosphere calculations.  These 
l i m i t s ,  combined with the detection of Ca 11, Mg 11, and Fe 11, conf l i c t  
with the predictions of dif fusion theories,  which have been widely invoked 
t o  explain the presence of metals i n  the spectra of the He-rich white 
dwarf s t a r s .  Tne upper limit t o  the C abundance indicates t ha t  the C 
abundances in He-rich white dwarfs peak a t  a temperature of about 12,000 
K. This paper concludes with some comments about how future  missions can 
contribute t o  fur ther  understanding of the chemical compositions of white 
dwarf s t a r s .  

White dwarf s t a r s  show an amazing var ie ty  of chemical compositions, 
in contras t  t o  s t a r s  i n  other pa r t s  of the HR diagram. About two-thirds of 
the white dwarf s t a r s  have hydrogen dominated atmospheres, with H e  
present, i f  a t  a l l ,  a t  the level  of He/H~1/10,000 or less. About one 
th i rd  have helium dominated atmospheres, where the He/H r a t i o  is reversed: 
H ~ / H  k 10,000, (these a r e  spectra l  types DB, DC, and DQ). The metal 
abundances in  the  He-rich s t a r s  vary enormously; for example, log [Ca/He] 
varies from -6 in  GD 401 t o  -11 i n  Van Maanen 2. Another important new 
factor is the var ia t ion i n  the  carbon abundance i n  the cooler 
He-atmosphere DQ s t a r s  (Wegner and Yackovich 1984; Koester, Weidemann, 
and Zeidler-K.T. 1983, and references therein) .  What causes the  
compositions of white dwarf photospheres t o  vary so widely? Some answers 
may come from the  s t a r  GD 40. It is the ho t t e s t  DB s t a r  t o  show metals, 
and IUE and opt ica l  spectra a t  longer wavelengths show Ca, Fe, and Mg 
features  (Shipman, Greenstein, and Boksenberg 1977; Shipnan and Greenstein 
1983). An IUE SWP spectrum of t h i s  object  was obtained on July 5 1983. 

RESULTS 

The SWP spectrum showed no unambiguous spectra l  features. An 
ambiguous, 1.5 sigma feature a t  the r ight  wavelength fo r  0 I 1302 is not 
regarded as rea l  a t  t h i s  time. Upper l i m i t s  t o  the abundances were 
calculated using an LTE spectrum a re  a s  follows, given a s  l i m i t s  t o  log 



[X/He]: H-(-5.5), C-(-6.7), 0-(-7.5), Si-(-6.7). These abundance limits 
are  determined from the non-visibil i ty of Lyman alpha, C I 1657, C I1 
1335, 0 I 1302, and S i  I1 1265. These a r e  the strongest  resonance l i nes  of 
these elements expected in  t h i s  spectra l  region. For Lyman alpha, only the 
l i n e  wings (1260-1400 A region) were used for the f i t .  

DISCUSSION 

For the pas t  decade or so,  it has generally been thought tha t  the 
heavy elements seen i n  s t a r s  l i k e  GD 40 come f r m  accretion from the 
in t e r s t e l l a r  medium. These elements d i f fuse  through the s t e l l a r  
photosphere with s l i gh t ly  d i f fe ren t  ve loc i t ies ,  but i f  they a re  accreted 
in  solar proportions, the r a t i o s  of one element t o  another do not depart 
by more than a factor  of 2-3 from the solar  value (see Fontaine and 
Michaud 1979, Vauclair, Vauclair, and Greenstein 1979, Muchmore 1984 for 
recent a r t i c l e s  on t h i s  topic) .  Were t h i s  t o  be the case, the metal 
abundance of a l l  species, re la t ive  t o  the solar  abundance, should be about 
the same. Figure 1 shows t h a t  both C and 0 should be present a t  a level  of 
0.01 times the solar  abu~dance, while the upper limits derived from t h i s  
investigetion a re  1-2 orders of magnitude lower. 

Figure 1. Element abundances i n  GD 40 plotted against  evaporation 
temperature. ?he dashed l i n e  shows, roughly, the predictions of sirnple 
diffusion theories;  "AI theory" r e f e r s  t o  the proposal by Alcock and 
I l l a r  ionov (see tex t )  . 



However, events in the circumstellar environment could alter the 
cornpasition of the material considerably from the solar value. Alcock and 
~llarionov (1980) suggest that, since much of the heavy elements in the 
ISM are in the form of grains, that the volatile elements should be 
evaporated in a circumstellar H I1 region and should accrete 
preferentially. ?he solid curve indicates the functional relationship 
predicted from their scheme. It fits the data even worse than a simple 
theory, which would be a straight line across the graph. 

Another outstanding question regarding the chemical cmpasition of 
white dwarf stars has to do with the abundance of carbon in the DC and DQ 
stars. Wegner, using the IUE, has investigated the carbon abundance of a 
variety of stars and shows that log [C/He] is about -6 for the coolest 
temperatures, 7,000 K, and it rises to -2 at 12,000 K (Wegner and 
Yackovich, 1984) . With GD 40 having log [C/He] < -6.7, this functional 
relationship must turn over at T(eff) = 12,000 K, as has been recently 
predicted by a theoretical calculation in which C is seen as being dredged 
up from below by the penetration of the He convection zone to the stellar 
core (Fontaine et al. 1984, Wesemael et al. 1984). 

PF?OSPECTS FOR THE FUTURE 

Since the topic of this conference is "the future of ultraviolet 
astronomy," it is appropriate to include a few words about how future 
instruments, specifically ST and FUSE/COLUMBUS, can assist in 
understanding the problem addressed in this paper: why do white dwarf 
stars have such peculiar and variable chemical compositions? These two 
instruments will give us photon counting detectors, higher spectral 
resolution, much greater aperture (in the case of ST) and somewhat greater 
aperture with an extension to shorter wavelengths (in the case of FUSE). 
The range of elements and ionization stages will be considerably greater 
when these missions fly. In particular, the short wavelength capability of 
FUSE/COLUMBUS is a real plus. 

One general class of theories for the origin of the heavy elements in 
white dwarf stars is the class of accretion/diffusion theories, in which 
the heavy elements come from the interstellar medium. Different 
theoretical schemes (see references above) predict various behaviors of 
the abundances of different elements as a function of variables which can 
include evaparation temperature of grains incorporating these elements and 
stellar effective temperature. Because of its limited spectral 
resolution, photometric accuracy, and collecting area, IUE can only 
measure lines of the strongest elements in the brighter white dwarf stars. 
ST and FUSE/COLUMBUS can probe a greater variety of less abundant elements 
and ions in fainter stars, probing any possible relation between element 
abundances, evaporation temperatures, and temperatures of the star (or any 
other parameter) . Specifically, Ar and N, two elanents which have very 
low condensation temperatures, can only be observed by FUSE since the 



resonance l i n e s  of Ar I, N I, and N I1 l ie  i n  the 900-1200 A spectral  
region. !the short-wavelength capabi l i ty  of FUSE/COLUMBUS can a l so  help a t  
the high-temperature end by measuring resonance l i n e s  of highly excited 
ions l i k e  N 111, 0 VI, S 11, and Fe 111. 

The range of problems re la t ing  t o  the l a t e  stages of s t e l l a r  
evolution which ST and FUSE/COLUMBUS can probe goes considerably beyond 
the question of chemical composition considered here. For example, these 
projects ,  especially FUSE/COLUMBUS, can determine temperatures for  hot 
white dwarfs or pre-white dwarfs and unscramble the  mess a t  the l e f t  hand 
s ide of the HR diagram. W measurements of the accretion disk spectra i n  
interacting binar ies  could be par t icu la r ly  excit ing.  Thus FUSE/COLUMBUS 
and ST can solve many problems i n  the  white-dwarf f i e l d  which go beyond 
those described in  t h i s  short  paper. 

SUMMARY 

Upper limits t o  the abundances of C, S i ,  0, and H i n  the  He-rich DBZ4 
s t a r  GD 40 are  derived f r m  IUE observations. These upper l i m i t s ,  
combined with the abundances of Ca, Mg, and Fe derived by Shipman and 
Greenstein (1983), a r e  inconsistent with both simple diffusion theories  
and more complex ones. Tne re la t ionship between the carbon abundance and 
temperature in  the  He-rich DB and DQ s t a r s  reaches a maximum near 12,000 
Kt agreeing with a recent theoret ical  prediction (Fontaine e t  a l .  1984, 
Wesemael et 61. 1984). 

Tnis research was supported by NASA (NAG 5-348) and by the NSF (NSF 
AST 81-15095 and 83-43067). 
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ABSTRACT 

Through the use of a doubly exposed large and small aperture SWP image it 
is possible to obtain Lyman a profiles for white dwarfs which are relatively 
free from geocoronal Lyman a contamination. For DA white dwarfs the analysis 
of both wings of these broad profiles yields well-determined temperatures and 
useful constraints upon surface gravity. Tko examples of such an analysis are 
discussed, and the results compared with temperatures determined from Voyager 
far W (912-1150 A)' fluxes. 

INTRODUCTION 

For hot DA white dwarfs, the relatively broad HI Lyman a (Lya, 1216 A) 
profiles which can be observed by IUE offer the promise of being a reliable 
means of estimating effective temperatures and, at the same time, providing 
useful constraints on surface gravity. The usefulness of IUE Lya profiles as 
temperature indicators in white dwarfs has been recognized by numerous authors 
including, Greenstein and Oke (19791, B6hm-Vitense et al. (19791, Greenstein 
(19801, and Sion, Wesemael, and Guinan (19831, among others. These authors 
have all either concentrated upon the red wing of Lya or have counseled 
caution in acceptance of the IUE blue wing data. The principle reason for 
reduced confidence in the blue wing is the strong instrumental sensitivity 
gradient and resulting uncertainty in the relative calibration of the last 
50 A (1150-1200 A) of SWP data. To this calibration uncertainty can be added 
well known problems with contamination of the core of the Lya profile with 
geocoronal Lya emission and the reseau at -1190 A in the SWP large aperture 
images. In this paper we discuss how these difficulties can be overcome. 

IUE LYMAN ALPHA PROFILES --- 
As is well known, substantial improvements in the appearance of Lya 

profiles result if SWP spectra are obtained through the small aperture. The 
chief advantages are a substantial reduction in geocoronal contamination and 
an absence of the annoying reseau. The principle disadvantage of a small 
aperture image is the loss of absolutely calibrated fluxes. This disadvantage 
can be almost entirely overcome if a double exposure of the object is made 
through both large and small apertures. The small aperture fluxes can then be 
normalized to the large, placing them on an absolute scale. The resulting 
improvement in Lya profiles is illustrated in Figure 1 where we show the 



result of such a double exposure for the DA white dwarf WD 0050-33 (GD 659). 
In Figure 1 the small aperture fluxes were adjusted to those of the large by 
application of a single scaling quantity. 

The question of the reliability of fluxes in the blue wing of Lya can be 
addressed by considering observations made with the Voyager 1 and 2 
ultraviolet spectrometers, which are sensitive over the range 500-1700 A. For 
hot stars fainter than magnitude 7 the useful range of Voyager is generally 
restricted to wavelengths shortward of 1150 A. This is due to a combination 
of low long wavelength sensitivity and scattering from the strong inter- 
planetary Lya emission line. Even though white dwarf Lya profiles are not 
observable with Voyager the remainder of the Lyman series are and this affords 
a valuable means of complementing IUE observations below 1150 A. To date we 
have observed nine of the brighter hot white dwarfs with Voyager. In Figure 2 
we display the complementary nature of Voyager and IUE (small aperture) with 
observations of the white dwarf CD -38' 10980. As illustrated by the model 
atmosphere comparison shown in Figure 2 the Voyager and IUE blue wing fluxes 
are remarkably compatible. The absolute calibration applied to the Voyager 
fluxes is that of Holberg et a. (1982) while the IUE calibration is that of 
Bohlin and Holm (1980). 

DISCUSSION 

There exist two DA white dwarfs, CD -38' 10980 and WD 0050-33, which have 
suitable SWP (large/small aperture) images and complementary Voyager observa- 
tions. We shall briefly discuss our analysis of the Lya profiles for both of 
these stars. CD -38' 10980 currently possesses the best Voyager and IUE data 
as well as a useful variety of ground based observations. In order to 
investigate this star in detail we have computed a small 3 x 3 grid of model 
atmospheres covering 24,000-26,000 K in temperature and log g = 7.5-8.5 in 
surface gravity. These pure H models are extensions of those of Wesemael 
a. (1980) and use the unified broading theory of Vidal, Cooper and Smith 
(1973). Similar models specifying emergent fluxes over the range 950-3200 A 
were employed in the Voyager observations of Sirius B (Holberg, Wesemael, and 
~ u b e n t  1984) . 

A complete discussion of the CD -38' 10980 data will be presented 
elsewhere. Here we are principally concerned with the analysis of the IUE Lya 
profile. The IUE Lya profile (1150-1350 A) shown in Figure 2 was compared 
with our grid of model atmospheres in the following manner. We used visual 
photometry (V = 11.00, Wegner 1973) to establish the apparent solid angle of 
the star. Emergent model fluxes were scaled by this solid angle and compared 
with the absolute IUE fluxes. Best fitting models were determined by 
computing a ~2 for a large number of models interpolated within our 3 x 3 
grid. The best fitting model was found to correspond to a temperature of 
24,700 K and a gravity of log g = 8.1. Applying the same procedure to the 
Voyager data alone one obtains a similar result; 24,600 K and log g = 8.1. 
The relationship of these two results is shown in Figure 3 where we also show 
results of a similar analysis of the observed Balmer a profile of 
CD -38' 10980. The contours shown in Figure 3 represent contours of equal x2. 
As can be seen all three results independently indicate good general 
agreement. The comparison model (24,700 K and log g = 8.0), shown in Figure 



2, represents a best fit to all the available data on CD -38' 10980. The 
important properties of Lya profiles in this temperature range can be seen in 
Figure 3. First, the sensitivity to temperature is evidenced by the 
narrowness of the Lya contour. Second the vertical alignment of the Lya 
contour demonstrates a lack of correlation between temperature and gravity. 
This latter aspect was also noted by Greenstein and Oke (1979). A final 
important 'observation which can be made from Figure 3 is that-the temperature 
and gravity dependence of Lya and Balmer a profiles are near orthogonal. 
Thus, joint analysis of Lyman and Balmer a profiles affords an excellent means 
of estimating two important atmospheric parameters, effective temperature and 
surface gravity. 

At present our grid of model atmospheres has not been extended to cover 
WD 0050-33. Therefore, in our discussion of this star we have fixed the 
surface gravity at log g = 8 and considered models varying only in 
temperature. Initially we ignore the Voyager data and consider the fit of the 
models to the absolute IUE fluxes (1150-1350 A) shown in Figure 1. The only 
constraint applied to the models is that they satisfy the observed visual 
magnitude of WD 0050-33 (V = 13.36, Wegner 1973). Subject to this constraint, 
the best fitting model had a temperature of 39,000 K. Treating the 912-1150 A - Voyager data in a similar manner yields nearly identical results (Teff - 
38,500 K). In Figure 4 we compare the best fit Voyager model (Teff = 38,500 K 
and log g = 8) to the IUE Lya profile. It should be noted that for this 
preliminary exploration of the temperature dependence of the model profiles we 
have not smoothed the models to the 6 A IUE spectral resolution, hence the 
sharp core shown in the model (Fig. 4). In the future it is planned to extend 
this type of analysis to include additional DA white dwarfs. 

CONCLUSIONS 

We have demonstrated that it is possible to obtain reliable Lya profiles 
including both red and blue wings, for white dwarfs using large and small 
aperture SWP images. Considerable confidence can be lent to the blue wing 
fluxes by consideration of Voyager observations shortward of 1150 A. Finally 
we have shown that the results obtained by a systematic analysis of the entire 
Lya profile are consistent with independent measures of temperature and 
gravity and that Lya profiles offer a sensitive means 6f estimating effective 
temperatures. 
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ABSTRACT 

Subgiant CH stars are F- and G-type subgiants and dwarfs showing enhanced car- 
bon and s-process abundances at their surfaces. Their low luminosities are difficult to 
understand in the context of standard stellar-evolution theory. One possible hypothe- 
sis is that subgiant CH stars are the former secondary components of binary systems 
in which processed material was transferred from a red-giant carbon-star primary; the 
former primary would now be an optically invisible white dwarf. However, IUE spectra 
of 21 subgiant CH stars have failed to reveal any of the predicted white-dwarf compan- 
ions. Together with the distribution of these objects in the HR diagram, the observations 
suggest that subgiant CH stars are former red giants that, evolving as single stars, have 
undergone violent mixing events that returned them to the vicinity of the main sequence. 
Nevertheless, many subgiant CH stars (and their probable descendants, the barium and 
CH stars) are long-period spectroscopic binaries. Our results are compatible with the 
conclusion that the unseen companions are generally unevolved red dwarfs. Apparently 
the primary components of such wide binaries are, for some as yet unknown reason, 
predisposed toward violent mixing. 

INTRODUCTION 

Barium stars and CH stars are red giants whose surfaces show enhanced abundances 
of carbon and the s-process elements (such as Sr, Y, Zr, and Ba). (For a recent review, see 
McClure 1984a.) The overabundant elements are believed to be synthesized by nuclear 
reactions (helium burning and neutron captures) that can only occur deep in stellar 
interiors. One of the outstanding problems in stellar astrophysics is to account for the 
presence of core materiai-at the surfaces of these stars. 

Subgiant CH stars are a more recently discovered class of F- and G-type stars lying 
on or near the main sequence, but having carbon and s-process enhancements similar to 
those of CH and barium red giants (Bond 1974; Sneden and Bond 1976; Sneden 1983): 
It has been suggested that subgiant CH stars are the immediate progenitors of the CH 
and barium stars (Luck and Bond 1982; Bond and Luck 1983). 

Two plausible explanations for the origin of subgiant CH stars (and hence of barium 
and CH stars) are (1) that they are members of close-binary systems in which the more- 
massive star became a red-giant carbon star and transferred processed material to its 
companion's surface before becoming an optically invisible white dwarf; or (2) that they 
are evolved single stars that have undergone mixing events violent enough not only to 
mix processed material to the surface, but to mix enough hydrogen into the stellar core 
to reduce the luminosity significantly. 

At first glance, the binary hypothesis appears more likely, since ground-based ob- 
servers have discovered that many barium and CH stars (and even several subgiant CH 
stars) are long-period single-lined spectroscopic binaries (McClure et al. 1980; Griffin 
and Griffin 1980; McClure 1983, 1984a,b). Furthermore, I U E  has revealed a white-dwarf 
companion of the brightest barium star, < Capricorni (Biihm-Vitense 1980). 



The case for additional examples of Ba I1 stars with degenerate companions is less 
convincing. It has been reported that two "mild" barium stars, q Cygni and Ceti, have 
hot subluminous companions (Bohm-Vitense 1980; Bohm-Vitense e l  al. 1983); however, 
short-wavelength observations of stars this bright must be corrected for a considerable 
contribution from scattered light in the SWP camera (Clarke 1981) before any definite 
conclusions can be reached. Dominy and Lambert (1983) obtained IUE spectra of five 
other classical and mild Ba I1 stars without finding any evidence for hot companions. 
Finally, the KO I1 star 56 Pegasi, which has a quite conspicuous hot companion (Schindler 
e t  al. 1982), has sometimes been considered to be a mild barium star. but a high-dispersion 
abundance analysis by Luck (1977) failed to confirm any barium characteristics. 

IUE OBSERVATI0,NS 

The binary hypothesis for the origin of subgiant CH stars implies that they should 
have white-dwarf companions (the remnants of the former red-giant primary stars). To 
test this hypothesis, we obtained low-dispersion IUE spectra for a total of 19 subgiant CH 
stars (most of which had been found on objective-prism plates by the writer during the 
past several years). The IUE archive also contains short-wavelength spectra (obtained by 
E. Bohm-Vitense) for two further subgiant CH stars, bringing the total number observed 
by IUE to 21. 

Although the program stars have visual magnitudes of 7-10, they are actually a t  
smaller distances than 3rd-magnitude q Cap (since they have much lower luminosities). 
Thus they provide the ideal proving ground for a test of the hyp~t~hesis  of degenerate 
companions of late-type peculiar stars. 

RESULTS 

Fig. 1 shows a typical IUE observation, in this case of the 7.8-mag subgiant CH star 
HD 182274 (which has recently been found to have a variable radial velocity by,McClure 
1984 b ) .  ,4 90-min S WP exposure and a 2-min LWR exposure have been combined to show 
the spectrum from 1250 to 3200 a. (The abrupt reduction in the noise level below 1950 
-4 is due to the much longer duration of the SWP exposure.) As can be seen, scattered 
light is not a problem in an SWP exposure of this length on a 7th-mag star. 

The IUE observations of HD 182274 show only the ultraviolet tail of the F-type star; 
there is no trace of a white-dwarf companion. The limits that can be placed on any such 
low-luminosity component are the following. From an analysis of coud4 spectrograms 
of HD 182274, Luck and Bond (1982) derived an effective temperature of 6000 K and a 
surface gravity that  leads to  an absolute magnitude i h  = +4.8 (for an assumed mass of 
1 ik). Since V = 7.8, the distance modulus is m - M = 3.0 (d = 40 pc). 

Consider a typical DA white dwarf, 40 Eridani B, which has an effective temperature 
near 17,000 K and a distance of 4.8 pc. Greenstein's (1980) IUE observations show a 
flux of 1.1 x 10-l1 erg cm-2 s-l A-1 at  wavelengths near 1500 a. Scaling 40 Eri B to the 
larger distance of HD 182274, we would expect a flux of 1.5 x 10-"erg cm-2 s-' A-1 at  
1500 A. Such a companion is clearly ruled out by Fig. 1. Of course, HD 182274 could 
have a cooler low-luminosity companion that would escape detection; we can only rule 
out degenerate companions hotter than about 12,000 K. 

None of the 21 subgiant CH stars that have been observed by IUE have shown any 
evidence for white-dwarf companions. 



DISCUSSION 

Before definitively ruling out the binary hypothesis for the origin of subgiant CH 
stars, we must consider the fact that white dwarfs gradually cool. A faint companion of 
a subgiant CH star that has cooled to an effective temperature similar to; or lower than, 
that of its primary could never be detected in the ultraviolet. As just described, we can 
only rule out companions hotter than about 12,000 K for a typical subgiant CH star. 
The cooling time to such a temperature is about lo9 years (e.g. Lamb and Van Horn 
1975). Thus if, for example, every subgiant CH star has a white-dwarf companion, and if 
these white dwarfs have ages spread uniformly between zero and the age of the galactic 
disk (say 5 x 10' years), then only 20% of them would be detectable with IUE. (This is 
actually a lower limit to the expected percentage, since the calculation ignores the time 
required for the former primary to evolve to the red-giant stage.) 

Among the 21 subgiant CH stars that have been observed with IUE, we would 
therefore expect to have detected at least four white-dwarf companions. Since, in fact, 
none were detected, significant doubt is cast upon the binary mass-transfer hypothesis. 

Further support for regarding subgiant CH stars as mixed stars, rather than con- 
taminated ones, comes from their positions in the HR diagram. The mass-transfer hy- 
pothesis would lead to the expectation that, since the subgiant CH star is merely an 
innocent bystander, it could lie at any random location along the main sequence. In fact, 
however, subgiant CH stars are found only in the vicinity of the turnoff for old disk stars 
(Luck and Bond 1982). This is just what would be expected if subgiant CH stars are 
low-mass old-disk stars that have recently returned to the vicinity of the main sequence. 

There remains, however, the disturbing ground-based evidence that many Ba 11, 
CH, and probably subgiant CH stars are long-periqd spectroscopic binaries. Our I U E  
observations strongly suggest that the unseen companions are usually unevolved K.or M 
dwarfs (although q Cap shows that the companion can occasionally be a white dwarf). 
This conclusion may imply that some binary-star mechanism more exotic than simple 
mass transfer is responsible for the presence of processed material at the surfaces of these 
stars-perhaps tidally induced mixing, although it would seem that any tidal effects 
in such wide binaries must be insignificant. Alternatively, it may be that mixing and 
binarism are both symptoms of some common cause; i.e., whatever it is that predisposes 
certain low-mass stars toward violent internal mixing tends to occur only in members of 
wide binaries. 

It thus appears that subgiant CH stars may provide a tantalizing hint of an unex- 
pected and important new property of binary systems. 

The writer thanks R. E. Luck for useful discussions, and acknowledges financial 
support through NASA grant NAG 5-197. 
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Figure 1 
I U E  spectrum of the subgiant CH star HD 182274. 

There is no evidence for a hot companion. 



THE WHITE DWARF COMPANION OF THE MILD BA STAR 61 Cet 
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and 
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ABSTRACT 

The mild Ba s t a r  E 1  Cet was found t o  have a hot  companion. The 
abso lu t e  i n t e n s i t i e s  and the  r e l a t i v e  energy d i s t r i b u t i o n  shows t h a t  i t  i s  a 
DA white  dwarf w i th  broad absorpt ion bands around 1400 and 1650 A. The 
temperature i s  determined t o  be Teff = 13000 + - 1000K. 

INTRODUCTION 

McClure, F l e t d i k r  arid Nemec (1979) found' t h a t  a l l  ~a s t a r s  show r a d i a l  
v e l o c i t y  v a r i a t i o n s ,  i n d i c a t i n g  t h e i r  binary na tu re .  These r e s u l t s  were 
confirmed by McClure (1983) when r a d i a l  v e l o c i t y  v a r i a t i o n s  were a l s o  found 
f o r  some mild Ba s t a r s .  Subsequently, white  dwarf companions were de t ec t ed  
f o r  t h e  Ba s t a r  5 Cap (BBhm-Vitense 1980),  t he  mild Ba s t a r s  5 Cyg 
(BBhrn-Vitense 1980, Lambert 1982) and 56 Peg ( ~ c h i n d l e r  e t  a l .  1982). We 
now a l s o  observed a white  dwarf companion f o r  t h e  mild Ba s t a r  t1 Cet.  I n  
t he  fol lowing we w i l l  descr ibe  i t s  p rope r t i e s .  

THE OBSERVATIONS 

A s h o r t  wavelength low r e s o l u t i o n  4 h  exposure was taken of c1 Cet,  a 
mild Ba s t a r  wi th  m v  = .4.ciS, wtiich ind ica t ed  the  presence of a f a i n t  
companion much h o t t e r  than  j l c e t .  Assuniing t h a t  i n  the  UV t he  r e l a t i v e  
energy d i s t r i b u t i o n  of  t he  Ba s t a r ' i s  s i m i l a r ' t o  the one seen f o r  E V i r ,  we 
sca l ed  the  E V i r  energy d i s t r i b u t i o n  t o  the  same v i s u a l  magnitude a s  c1 Cet 
and sub t r ac t ed  t h i s  s ca l ed  energy d i s t r i b u t i o n  from t h e  one observed f o r  E1 
Cet.  I n  t h i s  way we obtained the  energy d i s t r i b u t i o n  f o r  t h e  companion 
shown i n  F igure  1. Since t h e  energy ' d i s t r i b u t i o n  of c1 Cet probably does 
no t  correspond e x a c t l y  t o  E V i r ,  t h e  f l uxes  i n  t he  wavelength reg ion  A >  
1800 A a r e  very unce r t a in .  Some broad absorpt ion bands around 1400 and 1650 
A a r e  seen.  S imi l a r  bands have been observed f o r  s e v e r a l  DA white dwarfs 
wi th  Te f f  $ 12000 + 2000K  r re en stein 1980, Wegner 1982, Koester 1983). The 
o r i g i n  of t hese  bands is  p re sen t ly  not known, but  I understand t h a t  s t u d i e s  

- .  a r e  underway a t  s e v e r a l  places.  i :  .. , 

ATMOSPHERIC PARAMETERS FOR THE c1 Cet COMPANION 

D. Koester k ind ly  provided us wi th  model atmosphere energy 
d i s t r i b u t i o n s  f o r  DA white  dwarfs i n  t he  app ropr i a t e  range of Teff and wi th  - l og  g = 8.  I n  F igure  1 we reproduce model energy d i s t r i b u t i o n s  f o r  Teff - 
12000K and 13000K, which f i t  r a t h e r  we l l  a t  t h e  s h o r t e r  wavelengths except 
t h a t  some emission seems t o  be present  around 1300A i n  the  c1 Cet spectrum. 



THE MASS OF THE c1  Cet COMPANION 

With Teff assumed t o  be known from t h e  r e l a t i v e  energy d i s t r i b u t i o n  t h e  
abso lu te  i n t e n s i t y  of  t h e  observed f l u x  w i l l  g ive  us  t h e  r a d i u s  of t h e  
s t a r  i f  t h e  d i s t a n c e  i s  known. With t h e  atmospheric parameters f o r  t h e  
Ba s t a r  E,l Cet a s  determined by Pilachowski (1977) we can g e t  a c o n s i s t e n t  
p i c t u r e  i f  Cet h a s  a mass of 2.5 Mo and M, 1. This g ives  us t h e  
d i s t ance  and a r a d i u s  f o r  t h e  companion which f i t s  t h e  r a d i u s  of a whi te  
dwarf of  M = 0.7 Mo i f  Teff = 12000 and M = 0.8  Mo i f  Teff = 1 3 0 0 0 ° ~ .  
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Figure 1. The energy d i s t r i b u t i o n  of t h e  E,l Cet companion is  compared 
wi th  model atmosphere energy d i s t r i b u t i o n s  of DA white  dwarfs wi th  l og  
= 8.0,  which were k ind ly  provided t o  u s  by D.  Koester (1983). 
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The Outburst  and Long Term Behavior of t h e  
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ABSTRACT 

We have analyzed 48 of our  IUE s p e c t r a  and 16 a r c h i v a l  s p e c t r a  of t h e  
ca tac lysmic  v a r i a b l e  TV Col obtained over a 4 year  per iod  i n  o rde r  t o  s tudy  
v a r i a b i l i t y  a s soc i a t ed  wi th  t h e  o r b i t a l  per iod of 5.4gh, t h e  photometr ic  per iod  
of 5 . 1 9 ~  and a longer  b e a t  per iod of 4.024 days. Both t h e  s h o r t  and long  time- 
s c a l e  t r ends  a r e  probably complicated by random v a r i a b i l i t y .  The most extreme 
event  occurred i n  November, 1982 when TV Col underwent an unprecedented 2 
magnitude continuum ou tbu r s t  i n  t h e  W and o p t i c a l  wi th  l a r g e  inc reases  i n  t h e  
high e x c i t a t i o n  l i n e s  of He11 1640 and NV 1240. The only r e p e t i t i o n  t imesca l e  
apparent  from a l l  t h e  d a t a  appears  t o  h e  t h e  4 day b e a t  per iod.  The f l u x  
d i s t r i b u t i o n s  from W through 2 . 2 ~  can usua l ly  b e  represented  by a power law 
wi th  F ~ ~ x - ~ ' ~  and a b lack  body component wi th  T near  10000K. 

INTRODUCTION 

TV Col (= 2A0526-328) has  been i d e n t i f i e d  a s  a DQ Her type  ca tac lysmic  
v a r i a b l e  wi th  an  asynchronously r o t a t i n g  whi te  dwarf (Hutchings e t  a 1  1981).  
There a r e  3 per iods  known t o  b e  present ;  a spec t roscopic  o r b i t a l  per iod  of 
5h29"11S and photometric modulations of about 30% amplitude a t  5hllm29s and 
4.024 days (Motch 1981). Hutchings e t  a 1  suggested t h a t  t h e s e  per iods  can b e  
produced by an  a c c r e t i o n  column a t tached  t o  a magnetic wh i t e  dwarf which is 
r o t a t i n g  slower than  t h e  o r b i t a l  per iod.  Radiat ion from t h i s  column can 
i l l u m i n a t e  a p a r t  of t h e  acc re t ion  d i s k  o r  secondary a s  i t  r o t a t e s  once every 
4 days w i t h  r e spec t  t o  t h e  b inary  o r b i t .  

Previous IUE observa t ions  (Mouchet e t  a 1  1981) have shown a continuum 
f l u x  d i s t r i b u t i o n  t h a t  may be  f i t  by a power law  ah ah-^'^) p lus  a 9000K b lack  
body. I n  November, 1982, we observed TV Col wi th  IUE a t  low d i s p e r s i o n  and 
w i t h  ground based o p t i c a l  coverage a t  CTIO during 4 consecut ive US2 s h i f t s  i n  
o rde r  t o  s tudy  t h e  changes i n  the  2 components a s soc i a t ed  wi th  the  3 known 
per iods .  However, during t h i s  time, TV Col underwent an  unprecedented ou tbu r s t  
of 2 magnitudes which ruined t h e  coverage of t h e  4 day phenomena b u t  enabled a 
new study of t h e  v a r i a b i l i t y  a s soc i a t ed  wi th  t h i s  ob jec t .  We have s i n c e  
obta ined  a l l  e x i s t i n g  d a t a  from t h e  a rch ives  on t h i s  o b j e c t  i n  o rde r  t o  compile 
t h e  long term behavior .  This  inc ludes  48 of our  s p e c t r a  and 16  o t h e r s  from 
A p r i l  1980 through Sept 1983. El iminat ing t h e  21 s p e c t r a  obta ined  dur ing  and 
immediately fol lowing t h e  n igh t  of t h e  ou tbu r s t  l e f t  us  wi th  25 SWP s p e c t r a  and 
1 7  LWR spec t r a .  Seventeen p a i r s  of combined SWP + LWR s p e c t r a  taken from 8 
s e p a r a t e  s h i f t s  were a b l e  t o  b e  used t o  cons t ruc t  f l u x  d i s t r i b u t i o n  f i t s .  



RESULTS 

The Continuum F i t s  

With t h e  e x c e p t i o n  of 4  s p e c t r a ,  a l l  p a r r s  of SWP + LWR + o p t i c a l  c o n t i n u a  
could  b e  adequa te ly  r e p r e s e n t e d  by a 2  component f i t  o f  a power law and a b l a c k  
body. The a d d i t i o n  o f  i n f r a r e d  f l u x  p o i n t s  J, H, K (1.25-2.2~) d i d  n o t  change 
t h i s  f i t ,  i n d i c a t i n g  t h a t  t h e  secondary s t a r  is  of  l i t t le  importance.  An 
example o f  t h i s  f i t  i s  shown i n  F i g u r e  1. Although we cannot  imply t h a t  t h i s  
t y p e  o f  f i t  is  t h e  o n l y  one  p o s s i b l e  o r  t h a t  i t  a c t u a l l y  r e p r e s e n t s  t h e  
t empera tu res  o f  t h e  components invo lved ,  i t  i s  a p p a r e n t  t h a t  whenever a l o n g  
wavelength  d i s t r i b u t i o n  is  a v a i l a b l e  (SWP + LWR and e s p e c i a l l y  t h e  o p t i c a l ) ,  
a one component model is  n o t  adequate .  The SWP e s s e n t i a l l y  samples t h e  h o t t e r  
component and t h e  JJR and o p t i c a l  samples t h e  c o o l  conponent.  The range  o f  
a ' s  o f  our  f i t s  were  -3.77 t o  -2.31 and t h e  r a n g e  i n  BB t empera tu re  of t h e  c o o l  
component were 7193 t o  13770 OK. Table  1 g i v e s  t h e  mean v a l u e s  and d e v i a t i o n s  
f o r  a l l  t h e  d a t a  as w e l l  as f o r  t h e  i n d i v i d u a l  n i g h t s  o f  Nov 21  and 24, 1982 
when e n t i r e  s i n g l e  o r b i t s  were covered.  

The Outburs t  

P rev ious  t o  Nov. 1982, TV Col had remained a t  a s t e a d y  V=14 mag s t a t e .  
On t h e  n i g h t  o f  Nov. 22, t h e  W and o p t i c a l  continuum r o s e  by a lmost  2  
magnitudes d u r i n g  a 30 minute  t i m e s c a l e  and remained a t  a h i g h e r  than  normal 
s ta te  (V=13.5) t h e  f o l l o w i n g  n i g h t .  The continuum f i t s  showed a s t e e p e n i n g  of 
t h e  power law d i s t r i b u t i o n  and a n  i n c r e a s e  i n  T of t h e  l o n g e r  wavelength  s o u r c e .  
The W l i n e  f l u x e s  i n c r e a s e d  d r a m a t i c a l l y  (by f a c t o r s  o f  63 f o r  HeII ,  13 f o r  NV 
and 9  f o r  CIV), w i t h  P Cygni f e a t u r e s  p r e s e n t  a t  t h e  maximum of  t h e  o u t b u r s t  
( F i g u r e  2).  The t i m e s c a l e s  and i n t e n s i t y  o f  t h e  o u t b u r s t  are c o n s i s t e n t  w i t h  
a n  a c c r e t i o n  e v e n t  o c c u r r i n g  v e r y  c l o s e  t o  t h e  i n n e r  d i s k  s u r f a c e  (Szkody and 
Mateo, 1984) .  

The P e r i o d i c  V a r i a b i l i t y  

A f t e r  e l i m i n a t i n g  t h e  l a r g e  o u t b u r s t  e v e n t  and t h e  n i g h t  fo l lowing ,  we 
p l o t t e d  i n d i v i d u a l  continuum p o i n t s  throughout  t h e  SWP and LWR s p e c t r a  on t h e  
3  known p e r i o d s .  An example o f  t h e  t o t a l  f l u x e s  (conver ted  t o  FA magnitude 
u c i t s )  is  shown i n  F i g u r e  3. It is  a p p a r e n t  t h a t  random v a r i a b i l i t y  dominates 
any c o n s i s t e n t  v a r i a t i o n  on pho tomet r ic  o r  s p e c t r o s c o p i c  p e r i o d s  b u t  t h e  4  day 
b e a t  p e r i o d  v a r i a t i o n  i s  e v i d e n t .  Genera l ly ,  t h e  SWP shows a smaller r a n g e  of 
v a r i a t i o n  from t h e  mean (0 .18 mag) t h a n  t h e  LWR (0.35 mag), implying a g r e a t e r  
amount o f  change i n  t h e  c o o l  component ( h o t  s p o t ? )  r a t h e r  t h a n  t h e  h o t  component 
( o v e r a l l  d i s k ? ) .  The phase  o f  t h e  4  day v a r i a t i o n  i s  c o n s i s t e n t  w i t h  t h e  
ephemeris g iven  by Hutchings  e t  a 1  (1981).  On t h e  n i g h t s  o f  Nov. 21  and 24, 
1982 when i n d i v i d u a l  o r b i t s  were  covered,  t h e r e  i s  a t r e n d  f o r  h i g h e r  f l u x e s  
around pho tomet r ic  phase  0 . 2  and lower f l u x e s  n e a r  phases  0.7-0.8, b u t  even on 
2  c o n s e c u t i v e  o r b i t s  t h e  peak t o  peak v a r i a t i o n  i s  on t h e  o r d e r  o f  0 . 2  mag. I n  
g e n e r a l ,  t h e  c o o l  b l a c k  body component t empera tu re  i n c r e a s e s  and t h e  a l p h a  i n d e x  
s t e e p e n s  a s  t h e  t o t a l  f l u x e s  i n c r e a s e ,  i n  t h e  same manner as o c c u r r e d  d u r i n g  t h e  
l a r g e  o u t b u r s t .  I n  o r d e r  t o  r e s o l v e  t h e s e  dependencies ,  f u t u r e  o b s e r v a t i o n s  
w i l l  have t o  b e  made o v e r  s e v e r a l  s i n g l e  o r b i t s .  



TV Col ep i tomizes  t h e  d i f f i c u l t i e s  encountered w i t h  c a t a c l y s m i c  v a r i a b l e s  
i n  g e n e r a l .  The dominat ion of random v a r i a b i l i t y ,  t h e  o c c u r r e n c e  o f  unexpected 
o u t b u r s t s  and t h e  need f o r  s imul taneous  l o n g  wavelength  coverage means t h a t  
o b s e r v a t i o n s  must b e  conducted a t  s e v e r a l  wavelengths  s i m u l t a n e o u s l y  and t h a t  
combining d i f f e r e n t  o r b i t s  f o r  g r e a t e r  s i g n a l / n o i s e  o r  phase  coverage i s  n o t  
p r a c t i c a l .  

We acknowledge t h e  h e l p  of t h e  IUE o p e r a t o r s  and s t a f f  throughout  t h e  
c o u r s e  o f  s e v e r a l  r u n s  and D r .  John Hutchings  f o r  p r o v i d i n g  some of t h e  
a r c h i v a l  d a t a .  
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Tab le  1 - Continuum F i t s  

Mean a - CJ Mean T (OK) - u - N 
All Data -2.61 0.37 10210 1560 17  
Nov. 21, 1982 -2.41 0.06 10378 470 5 
Nov. 24, 1982 -2.47 0.04 9916 540 5 
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Fig.2  The normal (bottom) and 
o u t b u r s t  ( t o p )  SWP s p e c t r a .  

F i g . 1  The continuum f l u x  d i s t r i b u t i o n  
o f  TV Col. P o i n t s  a r e  d a t a , d o t t e d  
lines are a 10500K BB and  a power 
law of a=-2.6 and t h e  s o l i d  l i n e  
is t h e  sum of  t h e  2 components. 
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P CYGNI PROFILES I N  HL CMa 

J.C. Raymond - 
Harvard-Smithsonian C e n t e r  f o r  A s t r o p h y s i c s  

ABSTRACT 

The C I V  d o u b l e t  i n  s p e c t r a  o f  t h e  dwarf nova HL CMa shows s t r o n g  P Cygni 
p r o f i l e s  d u r i n g  t h e  l a t e  rise, peak and d e c l i n e  f r o a  o u t b u r s t  maximum. Very 
h i g h  v e l o c i t y  emiss ion  wings a r e  s e e n  i n  some s p e c t r a .  The N V,  S i  I11 and 
S i  I V  l i n e s  g e n e r a l l y  show b l u e s h i f t e d  a b s o r p t i o n  w i t h  v e r y  weak e m - s s i o n  com- 
ponents .  Models o f  t h e  i o n i z a t i o n  state o f  t h e  wind p r o v i d e  a b a s i s  f o r  d i s -  
c u s s i o n  o f  t h e  wind geometry. 

INTRODUCTION 

P Cygni p r o f i l e s  i n d i c a t i n g  h i g h  v e l o c i t y  winds and s u b s t a n t i a l  mass l o s s  
rates a r e  observed i n  s p e c t r a  o f  some dwarf novae i n  o u t b u r s t  (e.g. TW V i r ,  
Cordova and Mason 19821, nova- l ike  v a r j a b l e s  (e.g. LSI 55' - 8, Guinan and 
S ion  19821, and ex-novae (e.g.  HR Del, Hutchings  1980). N e i t h e r  d r i v i n g  f o r c e  
n o r  wind geometry is y e t  unders tood.  HL CMa (1E0643-1648) is  w e l l  s u i t e d  f o r  
s t u d y  o f  winds i n  dwarf nova o u t b u r s t  because  it  h a s  s t r o n g  C I V  P Cygni pro- 
f i l e s ,  i t  h a s  f r e q u e n t  o u t b u r s t s  ( r o u g h l y  e v e r y  15 days ,  Chlebowski, Halpern 
and S t e i n e r  1981) ,  and i t  is f a i r l y  b r i g h t .  The o r b i t a l  p e r i o d  is 0.2145.days  
(Wargau e t  a l .  19831, b u t  i t  is n o t  p r e c i s e l y  enough known t o  phase  s p e c t r a  
from d i f f e r e n t  o u t b u r s t s .  The w h i t e  dwarf mass is c l o s e  t o  1 s o l a r  mass, and 
t h e  i n c l i n a t i o n  a n g l e  is n e a r  45' (Hutchings  -- e t  al .  1982). From t h e  p r o b a b l e  
d e t e c t i o n  o f  T i 0  bands i n  t h e  spect rum a t  minimum and t h e  a b s o l u t e  magnitude 
o f  t h e  secondary  which would f i l l  its Roche l o b e  a t  t h e  known o r b i t a l  p e r i o d ,  
J. P a t t e r s o n  e s t i m a t e s  a d i s t a n c e  o f  120 pc. f g c r e t i o n  d i s k  models (Ty lenfg  
1981) t h e n  imply mass t r a n s f e r  rates o f  2 x 10 g / s  a t  minimum and 4 x 10 
g/s a t  maximum. 

OBSERVATION 

, Over 20 SWP s p e c t r a  o f  HL CMa were o b t a i n e d  a t  v a r i o u s  s t a g e s  o f  ou t -  
b u r s t .  Most used t h e  Large Aper tu re ,  b u t  a few Smal l  Aper tu re  s p e c t r a  p r o v i d e  
a n  a b s o l u t e  wavelength  s c a l e  and Ly a a b s o r p t i o n  p r o f i l - e s .  Thanks t o  J. Mat- 
t e i  and t h e  AAVSO, one spect rum was o b t a i n e d  d u r i n g  t h e  rise, s h o r t l y  b e f o r e  
maximum l i g h t .  F i g u r e  1 shows t h e  a v e r a g e  o f  n i n e  o f  t h e  S\!P s p e c t r a .  I n d i -  
v i d u a l  s p e c t r a  show f a i r l y  similar C I V  p r o f i l e  shapes ,  though t h e  e q u i v a l e n t  
w i d t h s  va ry  by a f a c t o r  o f  two. The t e r m i n a l  v e l o c i t y  is 4000 - 5000 km/s, 
which i s  similar t o  TW V i r  (Cordova and Mason 1982). The N V l i n e  i s  s t r o n g e r  
and t h e  S i  I V  l i n e  weaker t h a n  i n  TW V i r ,  implying a more h i g h l y  i o n i z e d  wind 
(Kallman 1984).  A few o f  t h e  s p e c t r a  show C I V  P Cygni emiss ion  a t  h i g h  ve lo -  
c i t i e s ,  and one o f  t h e  s p e c t r a  a t  minimum shows a pure  emiss ion  C I V  l i n e  
whose asymmetric p r o f i l e  s u g g e s t s  emiss ion  from a wind even a t  minimum. The 
N V and S i  I V  l i n e s  show v e r y  weak o r  a b s e n t  P Cygni emiss ion  components. 



Figure 2 shows the equivalent widths of the emission and absorption com- 
ponents of the C IV line at various outburst phases. The continuum flux at 
1285 A used as a measure of the system's brightness is closely correlated with 
the FES magnitude, but the correction to the FES magnitude for scattered light 
from Sirius makes the optical brightness less accurate. Each point is an 
average of 2 to 4 spectra, some of the averages including substantial varia- 
tions between sequential spectra. The unfilled circles show the equivalent 
widths from the rise phase spectra. The relatively small equivalent widths 
during rise show that either the mass loss rate or the C IV ionization frac- 
tion was substantially smaller just before maxlmum (though the terminal velo- 
city was unchanged). A smaller mass loss rate might be expected if the inner 
disk development is delayed by a day or so in comparison with the optical 
light (Hassall et al. 1981) and the wind is powered by the boundary layer. On 
the other hand, the wind is likely to be overly ion!-zed by the boundary layer 
emission, so that the C IV ionization fraction might be expected to drop as 
the boundary layer develops. 

MODELS 

It is not obvious whether the wind originates from the disk or in or near 
the boundary layer. So far we have computed absorption profiles for spheri- 
cally symmetric winds originating near the white dwarf. These profiles are 
unusual because the continuum emission originates in the disk and because most 

imes the white dwarf ra- of the continuum near 1500 A originates at 3 to 15 tl 
dius. This means that the wind is nearly at its terminal velocity throughout 
the region responsible for the absorption lines. Therefore, the velocity 
structure of the absorption lines reflects the geometry rather than the velo- 
city structure of the wind, and the line of sight velocity is close to the 
projection of the terminal-l~locity onto the line of sight. A typical profile 
for a mass loss rate of 10 solar masses per year, an inclination angle of 
45O, a C IV ionization fracttyp of 0.1, and the lfstandardfl velocity law for 
stellar winds ( v  1 - r r  ) is shown in Figure 3. The C IV ionization 
fraction is nearY$'constant thpouehout the wind, since both the ionizing flux 
and the density fall off as r- for r >> r,. The absorption profile clearly 
fails to match the observations. 

A further problem is that the boundary layer luminosity and temperature 
inferred from the white dwarf mass and the mass transfer rate (Prfegle 1977) 
ionize the wind far too effectively. For a mass loss rate of 10- solar 
masses per year ( r 1/4 the mass trans er rate), the C IV ionization fraction 5 is only 1.4 x lo-'. At T = 1.7 x 10 K, a model atmosphere flux distribu- 
tion would increase this !! 30% compared with the blackbody distribution used. 
Since the ionization fraction is proportional to the density (and therefore 
mass loss rate), a mass loss rate ten times the mass transfer rate would be 
needed to produce C IV optical depths near unity. Kal-lman (1984) also found 
that blackbody boundary layer emission predicted theoretically could not ac- 
count for the observed ionization state of the TW Vir wind. There are several 
plausible ways to get more C IV in the wind. One is to assume that the boun- 
dary layer lies in the plane of the disk, so that the ionizing flux is propor- 
tional to the cose. This gives substantial C IV densities near the disk. 



Models f o r  s p h e r i c a l  mass d i s t r i b u t i o n s  wi th  t h e  cose  i o n i z i n g  flux dependence 
s t i l l  r e q u i r e  a mass l o s s  rate comparable t o  t h e  mass t r a n s f e r  r a t e .  For 45' 
i n c l i n a t i o n  t h e  model p r o f i l e s  have minima near  1.0 and 0.7 v which might ma conceivably be i d e n t i f i e d  wi th  t h e  double minima i n  Figure 1. h o t h e r  way t o  
i n c r e a s e  t h e  C I V  is shock compression i n  t h e  wind s i m i l a r  t o  t h e  shocks i n  
t h e  r a d i a t i o n  p re s su re  d r iven  winds o f  ear ly- type  stzrs (Lucy and White 1980). 
These shocks could compress t h e  gas  and i n c r e a s e  t h e  C I V  i o n i z a t i o n  f r a c t i o n  
by f a c t o r s  l i k e  100. A t h l r d  p o s s i b i l i t y  is t h a t  p a r t  o f  t h e  i n n e r  d i s k  sha- 
dows t h e  o u t e r  d i s k  from t h e  boundary l a y e r  emission. A l i m i t a t i o n  on t h e  as-  
sumption is t h a t  boundary l a y e r  emission is observed from SS Cyg a t  a h igh  i n -  
c l i n a t i o n  angle .  A g r e a t  d e a l  more work w i l l  be needed t o  c o n s t r u c t  p l a u s i b l e  
models of  t h e  flow p a t t e r n  f o r  winds o r i g i n a t i n g  from t h e  d i s k  and t o  compute 
t h e  emission p r o f i l e s  o f  t h e  winds. 

Th i s  work has  been supported by NASA g r a n t  NAc5-87. 
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ABSTRACT 

We analyze coordinated UV and IR observations of the nova-like variable 
PU Vul made during the 1983 September active phase. A reddening of E(B-V) = 

0.49 is obtained, while the 1980 fading is attributed to absorption by dust 
formed in the interactive binary system, containing an active warm component 
and an M giant. 

INTRODUCTION 

PU Vul is a nova-like variable discovered by Y. Kuwano (~ozai 1979) which 
m 

underwent a large gradual luminosity increase from B=12-1 . 3m . to V=8.9 in 1978- 
79. During 1980 a large luminosity fading occurred, followed by a recovery to 
the present stage, about 0.5 mag brighter than in 1979 (~el~akina et al. 1982, 
Kolotilov and Belyakina 1982, etc.). The spectral type during the bright 
phases was that of an F supergiant (~ershber~ et al. 1982 ,Ii jima and Ortolani 
1984) , while at minimum thi.; warm spectrum disappeared, and a red continuum 
with strong Ti0 bands typical of an M5 giant emerged, with narrow emission 
lines of H, NaI, L N I ~  , and [OIII] (Gershberg et al. 1982). Emission lines of 

H, ~II) and LOIII] were recently observed by Purgathof er adn Schnell (1 983) in 
1983 September, probably indicating the occurrence of an active phase of PU 
Vul. It ;s therefore of particular interest the fact that during the same 
period we organized coordinated ultraviolet (IUE) and infrared (TIRGO) obser- 
vations with the aim of investigating the nature of this peculiar object. 

* Based on observations with IUE collected at the Villafranca Satellite 
Tracking Station of ESA, Madrid, and on archive IUE images, and on infrared 
photometry nbtained with the Italian National Infrared Telescope (TIRGO) at 
Gornergrat . 



OBSERVATIONS 

Fig.1 shows the low resolution LW IUE spectrum of PU Vul observed in 1983 
September compared with the previous spectrum obtained in 1982 August. The 
spectrum resembles that of a late A-early F giant or supergiant without clear 
evidence of emission lines, A large flux variation took place between 1982 
and 1983, while the visual magnitude was nearly the same,in agreement with the 
active phase found by Purgathofer and Schnell (1983). The ultraviolet energy 
distribution of PU Vul appears redder than in normal A-F stars. By comparison 
with the A7III star 8 Tau (~=3.41, E(B-~)=0.06) we derived for PU Vul a preli- 
minary estimate for the i.s. extinction of E(B-V) = 0.49 - + 0.02, with a wave- 
length dependence close to the standard one. 

PU Vul was observed at the Italian National Infrared Telescope (TIRGO) at 
Gornergrat on 1983, September 15 using the helium-cooled Ge bolometer of the 
Istituto Astrofisica Spaziale, Frascati. The IR magnitudes were: 

The K and L fluxes are close to those of Bensammar et al. (1980) taken in 1979 
April during the first bright stage of PU Vul (~=8.89). These values have to 
be compared with the value of K=6.4 found by Belyakina et al. (1982) in 1980 
October, when PU Vul was near the deep minimum(~=13.45). These results show 
that the IR flux only slightly varied during minimum, in spite of the largs 
optical variations. 

The ultraviolet-to-infrared energy distribution of PU Vul in 1983 Septem- 
ber is shown in Fig.2. The visual magnitude of V=8.53 was derived from the 
FES IUE counts. The energy distribution corrected for E(B-V) = 0.49 is also 
given in the figure. The optical-ultraviolet energy distribution can be 
fitted with a normal late-A giant spectrum. An IR excess is present below 
2-3 micron which could be attributed to the faint M star and/or to dust emis- 
sion. The exact value of the excess is difficult to be determined because of 
the uncertainty on the - true energy spectrum of the warm star, and cf the 
variability of PU Vul as discussed below. 

DISCUSSION 

We have measured the ultraviolet flux of PU Vul in line free regions 
during 1979-83, using the archive IUE spectra collected at VILSPA and GSFC. 
Fig.3 shows the W light curve of PU Vul compared with the visual light curve 
as derived from the AAVSO Circulars. For completeness, also the infrared (K) 
magnitudes are shown in the figure. As already noticed by Holm and Nu (1980)~ 
the UV flux began to decrease well before the optical fading. Also after the 
end of the visual minimum, the W flux continued to increase without large 
changes of the visual luminosity. 



I n  a d d i t i o n ,  p r e l i m i n a r y  examinat ion of a r c h i v e  IUE s p e c t r a  of 1979 A p r i l  
19 and 1980 May 5 s u g g e s t s  t h a t  t h e  f a d i n g  on t h e  l a t t e r  d a t e  may b e  accounted 
f o r  by a n  a d d i t i o n a l  a b s o r p t i o n  w i t h  a law similar t o  t h e  i n t e r s t e l l a r  one and 
a supplementary  E(B-V) o f  0.5. The 1980 October i n f r a r e d  magnitudes may s i m i -  
l a r l y  be  compat ib le  w i t h  an a d d i t i o n a l  E(B-V) o f  1.3. A s i m i l a r  i d e a  was used 
t o  i n t e r p r e t  o p t i c a l  o b s e r v a t i o n s  by Yamashita e t  a l .  (1982) .  

These r e s u l t s  c l e a r l y  i n d i c a t e  t h a t  PU Vul i s  an i n t e r a c t i v e  b i n a r y  
sys tem c o n t a i n i n g  an  a c t i v e  warm component, a  g i a n t  M s tar ,  and v a r y i n g  q u a n t i  - 
ties of d u s t  which can absorb  l i g h t  from bo th  components. Dust condensa t ion  
t h e n  o c c u r r e d  i n  s p r i n g  1980 and c l e a r e d  i n  1981. This  s t a r  may b e  r e l a t e d  t o  
t h e  D ( d u s t )  t y p e  symbio t ics .  Excluding t h e  minimum, i ts  s p e c t r a l  e v o l u t i o n  
r e c a l l s  t h e  e a r l y  phases  o f  RR T e l ,  and a f i n a l  f a d i n g  may soon o c c u r  a f t e r  
t h e  p r e s e n t  a c t i v e  phase.  
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F i g u r e  1. The low r e s o l u t i o n  LTJR spectrum of PU Vul i n  1982 and 1983. 



Figure 2 .  The u l t r a v i o l e t - t o - i n f r a  - 
r ed  energy d i s t r i b u t i o n  of PU Vul 
i n  1983 September. Open c i r c l e s :  
observa t ions ;  f i l l e d  c i r c l e s :  d a t a  
co r r ec t ed  f o r  E(B-V) = 0.49. 
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ABSTRACT 

We o b s e r v e d  Nova C o r o n a  A u s t r i n a  1 9 8 1  s y s t e m a t i c a l l y  o v e r  
a  p e r i o d  o f  s e v e n  m o n t h s  w i t h  t h e  IUE s a t e l l i t e .  T h e s e  s p e c t r a  
c o v e r  t h e  r a n g e  1 1 5 0 - 3 2 0 0  A ,  a n d  a r e  m o s t l y  a t  l o w  d i s p e r s i o n .  
T h e  e m i s s i o n  l i n e s  i d e n t i f i e d  i n  t h e  l o w  d i s p e r s i o n  s p e c t r a  c o v e r  
a  r a n g e  i n  i o n i z a t i o n  p o t e n t i a l  f r o m  a b o u t  8 e v  (Mg 1 1 )  t o  a b o u t  
8 0  e v  (N V). L i n e  e m i s s i o n  f l u x e s  a n d  w i d t h s  h a v e  b e e n  m e a s u r e d  
i n  a l l  s p e c t r a .  S e v e r a l  m o n t h s  a f t e r  maximum v i s u a l  l i g h t ,  h i g h  
i o n i z a t i o n  f o r b i d d e n  l i n e s  o f  s o d i u m ,  m a g n e s i u m ,  a n d  a l u m i n u m  
a p p e a r e d  a n d  t h e n  d e c l i n e d  o v e r  a  p e r i o d  o f  t w o  m o n t h s .  T h e  
a b u n d a n c e s  d e d u c e d  f r o m  t h e s e  l i n e s  i m p l y  t h a t  n i t r o g e n ,  o x y g e n ,  
n e o n ,  s o d i u m ,  m a g n e s i u m ,  a n d  a l u m i n u m  a r e  a l l  e n h a n c e d  w i t h  
r e s p e c t  t o  h e l i u m  w h i l e  c a r b o n  i s  n o t .  T h e  o b s e r v a t i o n s  o f  t h i s  
n o v a ,  p l u s  t h e  o b s e r v a t i o n s  o f  Nova C y g n i  1 9 7 5  a n d  Nova A q u i l a  
1 9 8 2 ,  i m p l y  t h a t  s o m e  f r a c t i o n  o f  n o v a e  c o n t a i n  w h i t e  d w a r f s  t h a t  
h a v e  u n d e r g o n e  n o n - d e g e n e r a t e  c a r b o n  b u r n i n g  p r i o r  t o  e n t e r i n g  a 
c l o s e  b i n a r y - n o v a  p h a s e  o f  e v o l u t i o n .  

INTRODUCTION 

Low d i s p e r s i o n  s p e c t r a  o f  Nova C o r o n a  A u s t r i n a  1 9 8 1  were 
b t a i n e d  o v e r  t h e  i n t e r v a l  f r o m  A p r i l  1 9 8 1  t o  November  1 9 8 1 .  T h e  
p e c t r a l  s c a n s  were a l l  r e d u c e d  a t  G o d d a r d  S p a c e  F l i g h t  C e n t e r  

u s i n g  t h e  R.D.A.F. t o  o b t a i n  f l u x  c a l i b r a t e d  s p e c t r a  a n d  
i n t e g r a t e d  l i n e  f l u x e s  were d e t e r m i n e d  f o r  a l l  e m i s s i o n  l i n e s .  
A s  i s  u s u a l l y  t h e  case  f o r  n o v a e  i n  t h e  d e c l i n e  p h a s e  o f  v i s u a l  



l i g h t ,  t h e  s p e c t r a  s h o w  o n l y  t h e  p r e s e n c e  o f  v e r y  b r o a d  e m i s s i o n  
l i n e s  f o r m e d  b y  h i g h  v e l o c i t y  e j e c t a .  Nova C r A  1 9 8 1  d i s p l a y e d  a  
n u m b e r  o f  U V  e m i s s i o n  f e a t u r e s  t h a t  h a v e  n o t  p r e v i o u s l y  b e e n  s e e n  
i n  a n y  a s t r o n o m i c a l  o b j e c t  ( W i l l i a m s ,  e t  a l .  1 9 8 4 :  h e r e a f t e r ,  
W84) .  F o r  t h e s e  l i n e s  w e  h a v e  a t t emp ted  t o m a k e  i d e n t i f i c a t i o n s  
w h i c h  a r e  c o n s i s t e n t  w i t h  t h e  p r e s e n c e  o f  well  known s p e c i e s .  The? 
l i n e  i d e n t i f i c a t i o n s  a n d  d e t a i l e d  a n a l y s e s  o f  t h e  s p e c t r a l  
c h a n g e s  w i t h  t ime  a r e  p r e s e n t e d  e l s e w h e r e  (W84) .  Here we a r e  
o n l y  c o n c e r n e d  w i t h  t h e  a b u n d a n c e  r e s u l t s  a n d  t h e  v e r y  i m p o r t a n t  
i m p l i c a t i o n s  o f  t h e s e  r e s u l t s .  

OBSERVATIONS - A N D  ANALYSIS 

On Hay 25, 1 9 8 1 ,  t h e  s p e c t r a l  e v o l u t i o n  o f  t h i s  n o v a  
u n d e r w e n t  i t s  f i r s t  s i g n i f i c a n t  c h a n g e  w i t h  t h e  a p p e a r a n c e  o f  
e m i s s i o n  l i n e s  w h i c h  we a t t r i b u t e  t o  f o r b i d d e n  l i n e s  f r o m  h i g h l y  
i o n i z e d  s p e c i e s .  T h e  s t r e n g t h  o f  t h e s e  l i n e s  i n c r e a s e d  t h r o u g h  
J u n e  1 9 8 1  a n d  t h e n  b e g a n  t o  d e c l i n e .  T h e y  d i s a p p e a r e d  i n t o  t h e  
c o n t i n u u m  i n  A u g u s t  1 9 8 1 .  D u r i n g  t h i s  same p e r i o d  t h e  CNO 
r e s o n a n c e  l i n e s  m a i n t a i n e d  r o u g h l y  t h e  s a m e  s t r e n g t h  r e l a t i v e  t o  
e a c h  o t h e r .  S i n c e  v i r t u a l l y  a l l  o f  t h e  p o s s i b l e  t r a n s i t i o n s  f r o m  
t h e  l o w e s t  e x c i t e d  l e v e l s  t o  t h e  g r o u n d  s t a t e  o f  m o d e r a t e l y  t o  
h i g h l y  i o n i z e d  l i n e s  o f  n e o n ,  a l u m i n u m ,  a n d  m a g n e s i u m ,  a r e  f o u n d  
i n  t h e  s p e c t r u m ,  w e  a r e  q u i t e  c o n f i d e n t  i n  t h e s e  i d e n t i f i c a t i o n s .  
We n o t e  t h a t  t h i s  b e h a v i o r  i s  s i m i l a r  t o  t h a t  o f  Nova V1500  C y g n i  
1 9 7 5  w h i c h  was d i s c o v e r e d ,  f r o m  o b s e r v a t i o n s  i n  t h e  n e a r  I R ,  t o  
h a v e  h i g h l y  i o n i z e d  w c o r o n a l n  f o r b i d d e n  l i n e s  f r o m  s o m e  o f  t h e s e  
same e l e m e n t s  a b o u t  o n e  m o n t h  a f t e r  t h e  p e a k  o f  t h e  o u t b u r s t  
( G r a s d a l e n  a n d  J o y c e  1 9 7 6 ) .  

T h e  a b u n d a n c e  r a t i o s ,  b y  n u m b e r ,  t h a t  we d e t e r m i n e  f o r  t h e  
e j e c t e d  g a s ,  u s i n g  t h e  s p e c t r a  o b t a i n e d  i n  J u n e  1 9 8 1 ,  a r e  a s  
f o l l o w s :  C/N=0.070 ;  N/O=0.77;  Ne /N=1.45 ;  Al /Mg=0.41 ;  S i / A 1 = 0 . 7 1 ;  
Mg/Ne=0.036 ;  a n d  N/He=0.075.  S i n c e ,  s e v e r a l  s t a g e s  o f  i o n i z a t i o n  
a r e  o b s e r v e d  a t  t h e  s a m e  t ime f o r  n e o n ,  m a g n e s i u m ,  a n d  a l u m i n u m ,  
t h i s  i m p r o v e s  o u r  c o n f i d e n c e  i n  t h e  a b u n d a n c e  d e t e r m i n a t i o n s .  
F i g u r e  1 s h o w s  t h e  r e l a t i v e  a b u n d a n c e  d i s t r i b u t i o n  p l o t t e d  f o r  
t h e  a b o v e  e l e m e n t s  a n d  n o r m a l i z e d  t o  He=l. T h e  s o l a r  a b u n d a n c e  
d i s t r i b u t i o n  i s  p l o t t e d  o n  t h e  same f i g u r e  f o r  c o m p a r i s o n .  T h e  
e n h a n c e m e n t  f o u n d  f o r  t h e s e  n u c l e i  i s  s t r i k i n g  a n d  u n u s u a l !  T h e  
o n l y  h y d r o g e n  e m i s s s i o n  a c c e s s i b l e  a t  I U E  w a v e l e n g t h s  i s  ~ y - a (  
a n d  i t  i s  s t r o n g l y  a f f e c t e d  b y  s c a t t e r i n g  f r o m  t h e  i n t e r s t e l l a r  
m e d i u m  a n d  g e o - c o r o n a l  e m i s s i o n .  One o p t i c a l  s p e c t r u m ,  o b t a i n e d  
s h o r t l y  a f t e r  o u t b u r s t ,  s h o w s  e m i s s i o n  f e a t u r e s ,  i n c l u d i n g  H q  , 
c h a r a c t e r i s t i c  o f  a  n o v a  i n  d e c l i n e .  

T h e  most s u r p r i s i n g  f e a t u r e  o f  o u r  IUE s p e c t r a  i s  t h e  
e x t r e m e  e n h a n c e m e n t  o f  n e o n ,  s o d i u m ,  m a g n e s i u m ,  a n d  a l u m i n u m  w i t h  
r e s p e c t  t o  h e l i u m  a n d  c a r b o n .  A l t h o u g h  C N O  e n h a n c e m e n t  i s  now 
r e g u l a r l y  r e p o r t e d  f o r  n o v a e  s t u d i e d  w i t h  m o d e r n  t e c h n i q u e s  
( c . f . ,  S t a r r f i e l d  1 9 8 4 ) ,  o n l y  m a r g i n a l  e n h a n c e m e n t s  o f  n e o n  ( i n  
n o v a e )  h a v e  b e e n  r e p o r t e d  p r e v i o u s l y  ( F e r l a n d  a n d  S h i e l d s  1 9 7 9 ;  
W i l l i a m s  a n d  G a l l a g h e r  1 9 7 9 ) .  On t h e  c o n t r a r y ,  i n  Nova C r A  1 9 8 1  



we f i n d  n e o n  t o  b e  m o r e  a b u n d a n t  t h a n  c a r b o n ,  n i t r o g e n ,  o r  o x y g e n  
a n d  t h e  e n r i c h m e n t  w i t h  r e s p e c t  t o  h e l i u m  i s  a  f a c t o r  o f  100.  
A n o t h e r  n o v a  w h i c h  s h o w e d  s i ' m i l a r  a b u n d a n c e s  a n d ,  t h e r e f o r e ,  
s u p p o r t s  t h i s  a n a l y s i s  i s  Nova A q l  1 9 8 2 .  S n i j d e r s ,  -- e t  a l .  ( 1 9 8 4 )  
h a v e  f o u n d  t h a t  t h e  n e o n  a b u n d a n c e  i n  t h e  e j e c t e d  g a s  w a s  r u g h l y  9 e q u i v a l e n t  t o  t h a t  o f  h e l i u m  i m p l y i n g  a n  e n h a n c e m e n t  o f  - 1 0  . 
D I S C U S S I O N  

T h e  a c c e p t e d  m o d e l  f o r  t h e  c l a s s i c a l  n o v a  o u t b u r s t  
i n v o l v e s  t h e  a c c r e t i o n  o f  h y d r o g e n - r i c h  m a t e r i a l  o n t o  a C / O  w h i t e  
d w a r f  u n t i l  a t h e r m o n u c l e a r  r u n a w a y  e n s u e s  i n  t h e  a c c r e t e d  
m a t e r i a l  ( s e e  S t a r r f i e l d  1 9 8 4  a n d  r e f e r e n c e s  t h e r e i n ) .  C a r b o n  
a n d  o x y g e n  n u c l e i  a r e  m i x e d  u p  f r o m  t h e  c o r e  i n t o  t h e  e n v e l o p e ,  
b y  s o m e  u n k n o w n  m e c h a n i s m ,  a n d  s e r v e  a s  c a t a l y s t s  t o  i n c r e a s e  t h e  
s t r e n g t h  o f  t h e  o u t b u r s t .  B o t h  p r e d i c t i o n s  a n d  o b s e r v a t i o n s  
c o n f i r m  t h a t  c a r b o n ,  o x y g e n ,  a n d  n i t r o g e n  a r e  e n h a n c e d  i n  e j e c t a  
o f  t y p i c a l  n o v a e .  ( T h e  e n h a n c e m e n t  o f  n i t r o g e n  i s  p r o d u c e d  b y  t h e  
C N O  r e a c t i o n s  w i t h  c a r b o n  a n d  o x y g e n . )  H o w e v e r ,  t h e  e n h a n c e m e n t s  
o f  n e o n ,  a l u m i n u m ,  a n d  m a g n e s i u m  r e l a t i v e  t o  C N O ,  o b s e r v e d  i n  
Nova C r A  1 9 8 1 ,  c a n n o t  b e  a c c o u n t e d  f o r  w i t h i n  t h e  f r a m e w o r k  o f  
t h e  c u r r e n t  n o v a  t h e o r y  -- i f  t h e  d e g e n e r a t e  s t a r  i s  a C/O w h i t e  -----  
d w a r f .  B o t h  t h e r m o n u c l e a r  r u n a w a y  s t u d i e s  a n d  n u c l e o s y n t h e t i c  
c a l c u l a t i o n s  s h o w  t h a t  o n l y  u n d e r  t h e  m o s t  e x t r e m e  c o n d i t i o n s  c a n  
a n y  C N O  n u c l e i  b e  p r o c e s s e d  t o  m a g n e s i u m  o r  a l u m i n u m  a n d  u n d e r  
t h e s e  same c o n d i t i o n s  t h e  m o s t  l i k e l y  p r o d u c t  i s  i r o n  ( W a l l a c e  
a n d  W o o s l e y  1 9 8 2 ;  T r u r a n  1 9 8 4 ) .  U n f o r t u n a t e l y ,  i t  w a s  n o t  
p o s s i b l e  t o  d e t e r m i n e  a n  i r o n  a b u n d a n c e  f o r  Nova C r A  1 9 8 1 .  I n  
Nova C y g n i  1 9 7 5  i t  w a s  s o l a r  ( F e r l a n d  a n d  S h i e l d s  1 9 7 8 ) .  

S i n c e  t h e  w h i t e  d w a r f  m u s t  b e  t h e  o r i g i n  o f  t h e  e n h a n c e d  
m a t e r i a l ,  t h e n  a  m o r e  l i k e l y  p o s s i b i l i t y  i s  t h a t  i t  i s  a n  O/Ne/Mg 
w h i t e  d w a r f  a n d  t h a t  i t  i s  t h i s  m a t e r i a l  w h i c h  h a s  b e e n  m i x e d  u p  
i n t o  t h e  a c c r e t e d  e n v e l o p e .  T h e  n e x t  n u c l e a r  b u r n i n g  s t a g e  t h a t  
o c c u r s  i n  a s t a r ,  a f t e r  h e l i u m  b u r n i n g ,  i s  c a r b o n  b u r n i n g  w h i c h  
p r o d u c e s  o x y g e n ,  n e o n ,  a n d  m a g n e s i u m .  We n o t e  t h a t  i t  h a s  
r e c e n t l y  b e e n  s u g g e s t e d  t h a t  s t a r s  w i t h  a  m a i n  s e q u e n c e  mass o f  
-10M t o  ,12M c a n  e v o l v e  t h r o u g h  c a r b o n  b u r n i n g  a n d  b e c o m e  
o / N ~ ? M ~  w h i t e e d w a r f s  ( c . f . ;  Nomoto 1 9 8 3 ;  I b e n  1 9 8 2 ;  Law a n d  
R i t t e r  1 9 8 3 ) .  If w e  a s s u m e  t h a t  t h e  b i n a r y  s y s t e m  o f  Nova C r A  
1 9 8 1  c o n t a i n s  s u c h  a  w h i t e  d w a r f ,  t h e n  i t  r e m a i n s  o n l y  t o  p e r f o r m  
n u c l e o s y n t h e t i c  c a l c u l a t i o n s  t o  d e t e r m i n e  i f  h o t  h y d r o g e n  b u r n i n g  
i n  a n  O/Mg/Ne m i x t u r e  c a n  p r o d u c e  t h e  o b s e r v e d  a b u n d a n c e  r a t i o s .  
We h a v e  r e c e n t l y  e v o J v e d  a n  a c c r e t i o n  s e q u e n c e  w i t h  o n l y  o x y g e n  
e n h a n c e d  a n d  f o u n d  t h a t  a  f a s t  n o v a  r e s u l t e d .  T h e s e  c a l c u l a t i o n s  
s h o w  t h a t  d u r i n g  t h e  e v o l u t i o n  t o  t h e  r u n a w a y  t h a t  a f r a c t i o n  o f  
t h e  o x y g e n ,  i n i t i a l l y  p r e s e n t  i n  t h e  e n v e l o p e ,  i s  b u r n t  t o  c a r b o n  
a n d  i t  i s  t h i s  c a r b o n  w h i c h  c a u s e s  t h e  f a s t  n o v a  o u t b u r s t  
( S t a r r f i e l d ,  S p a r k s ,  a n d  T r u r a n  1 9 8 4 ,  i n  p r e p a r a t i o n ) .  

T h e r e f o r e ,  we s u g g e s t  t h a t  t h e  w h i t e  d w a r f  c o m p o n e n t s  o f  
Nova C r A  1 9 8 1 ,  Nova A q l  1 9 8 2 ,  a n d  p o s s i b l y  V1500 Cyg c o n s i s t  o f  
O/Ne/Mg w h i t e  d w a r f s  ( s e e  a l s o  Law a n d  R i t t e r  1 9 8 3 ) .  T h e s e  



s y s t e m s  were  p r o b a b l y  fo rmed  f rom i n i t i a l l y  v e r y  w i d e l y  s e p a r a t e d  
b i n a r i e s  w i t h  a  l a r g e  main  s e q u e n c e  mass .  Hot h y d r o g e n  b u r n i n g  
t h e n  c o n v e r t e d  t h e  i n i t i a l  m i x t u r e  t o  t h o s e  n u c l e i  e n h a n c e d  i n  
t h e  e j e c t e d  g a s :  N ,  0 ,  Ne, Na, Hg, A l ,  and  S i .  

F i n a l l y  t h e s e  r e s u l t s  s t r o n g l y  i m p l y  b o t h  t h a t  c o r e  
m a t e r i a l  i s  b e i n g  d r e d g e d  up  i n t o  t h e  e n v e l o p e  and  t h a t  t h e  m a s s  
o f  t h e  w h i t e  d w a r f  d e c r e a s e s  a s  a  r e s u l t  o f  t h e  o u t b u r s t .  

We a r e  p l e a s e d  t o  a c k n o w l e d g e  v a l u a b l e  d i s c u s s i o n s  w i t h  
A r t h u r  Cox, I c k o  I b e n ,  J i m  MacDonald,  and  R i c k  W a l l a c e .  S. 
S t a r r f i e l d  t h a n k s  D r s .  George  B e l l ,  S t i r l i n g  C o l g a t e ,  and  U i c h a e l  
H e n d e r s o n  f o r  t h e  h o s p i t a l i t y  o f  t h e  Los  Alamos N a t i o n a l  
L a b o r a t o r y .  T h i s  r e s e a r c h  was s u p p o r t e d  i n  p a r t  by  N a t i o n a l  
S c i e n c e  F o u n d a t i o n  G r a n t s  t o  A r i z o n a  S t a t e  U n i v e r s i t y  
(AST81-17177 and AST83-14788) and  t h e  U n i v e r s i t y  o f  I l l i n o i s  
(AST83-14415) and by t h e  DOE. 
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ABSTRACT 

We h a v e  c o n t i n u e d  o u r  s i m u l a t i o n s  o f  t h e  1979 o u t b u r s t  o f  
t h e  r e c u r r e n t  nova  U S c o r p i i .  We h a v e  u s e d  a  L a g r a n g i a n ,  
h y d r o d y n a m i c  c o m p u t e r  c o d e  which now i n c o r p o r a t e s  a c c r e t i o n  i n  
t h e  e v o l u t i o n  t o  t h e  o u t b u r s t .  We computed t h r e e  e v o l u t i o n a r y  
s e q u e n c e s  i n  a n  a t t e m p t  t o  u n d e r s t a n d  t h e  v e r y  r a p i d  o u t b u r s t  and  
s h o r t  r e c u r r e n c e  t ime o f  t h i s  mos t  u n u s u a l  nova .  I t  i s  now 
p o s s i b l e  t o  r e p r o d u c e  t h e  CNO c o m p o s i t i o n  o f  t h e  e j e c t e d  
m a t e r i a l ,  t h e  l i g h t  c u r v e ,  t h e  amount o f  e j e c t e d  m a t e r i a l ,  and  
t h e  k i n e t i c  e n e r g y  o f  t h e  e j e c t a .  The b e s t  s e q u e n c e  t h a t  we 
s t u d i e d  i n v o l v e d  a c c r e t i o n  o f  s o l a g  r i c h  m a t e r i a l  o n t o  a  1.38Me 
w h i t e  d w a r f  a t  a  r a t e  o f  1.6 x 10- Me p e r  y e a r .  

INTRODUCTION 

I t  i s  now commonly a c c e p t e d  t h a t  t h e  c l a s s i c a l  n o v a  
o u t b u r s t  i s  t h e  r e s u l t  o f  a  t h e r m o n u c l e a r  runaway  ( h e r e a f t e r : T N R )  
i n  t h e  a c c r e t e d  h y d r o g e n  r i c h  e n v e l o p e  on a w h i t e  d w a r f  i n  a  
c l o s e  b i n a r y  s y s t e m .  A r e c e n t  r e v i e w  o f  b o t h  t h e  o b s e r v a t i o n a l  
a n d  t h e o r e t i c a l  e v i d e n c e  l e a d i n g  t o  t h i s  c l a i m  w i l l  s o o n  a p p e a r  
i n  p r i n t  (Bode and Evans  1984). I n  o u r  own s t u d i e s  ( s e e  
S t a r r f i e l d  1984) we h a v e  shown t h a t  i f  e n o u g h  m a t e r i a l  i s  
a c c r e t e d  by t h e  w h i t e  d w a r f  and t h a t  i f  t h i s  m a t e r i a l  i s  e n h a n c e d  
i n  CNO n u c l e i ,  by  some p r o c e s s  a s  y e t  unknown, t h e n  a  f a s t  nova  
o u t b u r s t  w i l l  o c c u r .  

However,  a  r e c e n t  I U E  s t u d y  o f  t h e  r e c u r r e n t  n o v a ,  U S c o ,  
h a s  f o u n d  some v e r y  s u r p r i s i n g  r e s u l t s  ( U i l l i a m s ,  -- e t  a l . ,  1981; 
h e r e a f t e r  W81). Firs:? t h e  amount o f  m a s s  e j e c t e d  g u r i n g  t h e  
o u t b u r s t  was o n l y  -10 Me, a t  l e a s t  a  f a c t o r  o f  10 s m a l l e r  t h a n  
f o r  a  c l a s s i c a l  n o v a .  S e c o n d ,  t h e  C N O  n u c l e i  were n o t  e n h a n c e d  
a b o v e  s o l a r  i n  t h e  e j e c t a  e v e n  t h o u g h  t h e  o u t b u r s t  was e x t r e m e l y  
r a p i d .  T h i r d ,  an  o p t i c a l  s t u d y  o f  t h e  o u t b u r s t  f o u n d  t h a t  t h e  



r a t i o  o f  h y d r o g e n  t o  h e l i u m  was  -0 .5  b y  number  ( B a r l o w ,  e t  a l .  -- 
1 9 8 1 ) .  F i n a l l y ,  r e c e n t  q u a s i - s t a t i c  s t u d i e s  o f  a c c r e t i n g  w h i t e  
d w a r f s  h a v e  i m p l i e d  t h a t  r e c u r r e n c e  t imes  a s  s h o r t  a s  t h a t  o f  
U S c o  ( 3 0  y r  a n d  4 6  y r )  c a n n o t  b e  p r o d u c e d  a s  a  r e s u l t  o f  a  TNR 
o n  e v e n  t h e  m o s t  m a s s i v e  w h i t e  d w a r f s  (MacDona ld  1 9 8 3 ) .  

T h e s e  r e s u l t s  c o u l d  i m p l y  t h a t  t h e  o u t b u r s t  o f  U S c o  was  
n o t  a  TNR e v e n t  b u t  was  c a u s e d  b y  some o t h e r  p r o c e s s  ( c . f . ,  
Webbink  1 9 7 6 ) .  I n  o r d e r  t o  i n v e s t i g a t e  t h i s  q u e s t i o n ,  we h a v e  
p e r f o r m e d  t h r e e  s t u d i e s  o f  a c c r e t i o n  o n t o  w h i t e  d w a r f s .  We h a v e  
u s e d  t h e  p u b l i s h e d  r e s u l t s  (W81; MacDonald  1 9 8 3 )  t o  d e f i n e  t h e  
i n i t i a l  c o n d i t i o n s  f o r  e a c h  o f  t h e s e  s e q u e n c e s .  We u t i l i z e d  
m a s s i v e ,  l u m i n o u s ,  w h i t e  d w a r f s  i n  o r d e r  t o  s h o r t e n  t h e  t i m e  t o  
o u t b u r s t .  We a l s o  a s s u m e d  a n  e v o l v e d  s e c o n d a r y ,  s i n c e  t h e  
a c c r e t i o n  d i s c  i n  U S c o  i s  v e r y  h e l i u m  r i c h ,  i n  o r d e r  t o  e n h a n c e  
t h e  m a s s  t r a n s f e r  r a t e .  F i n a l l y ,  we d i d  n o t  e n h a n c e  t h e  CNO 
n u c l e i  i n  o r d e r  t o  a g r e e  w i t h  t h e  o b s e r v a t i o n s  o f  U S c o .  The  
p r o g r a m  a n d  m e t h o d  o f  s o l u t i o n  w i l l  b e  d e s c r i b e d  e l s e w h e r e  
( S t a r r f i e l d ,  S p a r k s ,  a n d  T r u r a n  1 9 8 4 ;  h e r e a f t e r :  S S T ) .  

RESULTS 

We c a l c u l a t e d  t h r e e  e v o l u t i o n a r y  s e q u e n c e s  w i t h  a  1.38MB 
w h i t e  d w a r f .  Each  o f  o u r  m o d e l s  c o n s i s t s  o f  9 5  z o n g s  w i t h  a  h a r d  
c o r e  i n n e r  b o u n d a r y  t h a t  h a s  a  r a d J u s  o f  1 . 1 4 8  x  1 0  cm a n d  a 
s u r f a c e  m a s s  f r a c t i o n  o f  2.7 x  10-  M . Model  1 h a d  a  l u m i n o s i t y  
o f  0.1L -8nd we b (gan  t h e  e v o l u t i o n  w f t h  a n  a c c r e t i o n  r a t e  o f  
1 . 6  x 1 8  M y r  . Model  2 h a d  a  l y m i n o s i t y  o f  0.01L a n d  a n  
a c c r e t i o n  r a t e  o f  1 .6  x lo-' Me y r -  . Model  3  was  e v o f v e d  w i t h  
t h e  e n v e l o p e  i n i t i a l l y  i n  p l a c e  a n d  i n  t h e r m a l  a n d  h y d r o s t a t i c  
e q u i l i b r i u m .  I t  h a d  t h e  s ame  e n v e l o p e  m a s s  a s  was a c c r e t e d  
d u r i n g  t h e  e v o l u t i o n  o f  m o d e l  2  a n d  was  u s e d  t o  c o m p a r e  t h e  
e v o l u t i o n a r y  r e s u l t s  w i t h  a n d  w i t h o u t  a c c r e t i o n .  

H o d e l  1  r e q u i r e d  3 2 . 7  y r  o f  e v o l u t i o n  t o  r e a c h  t h e  e a k  o f  
t h e  o u t b u r s t .  O v e r  t h i s  t ime p e r i o d  i t  a c c r e t e d  5 . 2  x  lo-' M e  o f  
h y d r o g e n  r i c h  m a t e r i a l .  T h i s  v e r y  s h o r t  e v o l u t i o n  t i m e  a g r e e s  
q u i t e  c l o s e l y  w i t h  t h e  r e c u r r e n c e  times o b s e r v e d  f o r  U S c o  a n d  i s  
o n l y  a  f a c t o r  o f  3  l o n g e r  t h a n  t h e  a v e r a g e  r e c u r r e n c e  t ime o f  
T  P y x .  A TNR r e s u l t s  f r o m  t h i s  e v o l u t i  n  a n d  t h e  s h e l l  s o u r c e  8 r e a c h e s  a  p e a k  t e m p e r a t u r e  o f  f 4 2 3  x 1 0  If a n d  7 p e a k  r a t e  o f  - 
e n e r g y  g e n e r a t i o n  o f  -1 .3  x 1 0  e r g  gm- sec  . A c o n v e c t i v e  
r e g i o n  f o r m s  j u s t  a b o v e  t h e  s h e l l  s o u r c e  a n d  b y  t h e  t ime  o f  p e a k  
t e m p e r a  u r e  h a s  c a u s e d  t h e  l u m i n o s i t y  a t  t h e  s u r f a c e  t o  r e a c h  
- 3  x 1 0  ti 

L e .  
S i n c e  t h e  r a d i u s  o f  t h &  w h i t e  d w a r f  i s  s t i l l  s m a l l ,  

t h e  e f f e c t i v e  t e m p e r a t u r e  e x c e e d s  1 0  K a n d  t h e  o b j e c t  wou ld  b e  
o b s e r v e d  a s  a f a s t ,  s o f t ,  X-ray t r a n s i e n t  s o u r c e .  F i g u r e  1  s h o w s  
t h e  v a r i a t i o n  i n  t h e  t e m p e r a t u r e  o f  t h e  c o r e - e n v e l o p e  i n t e r f a c e  
a s  a  f u n c t i o n  o f  t ime a t  t h e  p e a k  o f  t h e  o u t b u r s t .  F i g u r e  2  
s h o w s  t h e  b o l o m e t r i c  a n d  v i s u a l  l i g h t  c u r v e s  d u r i n g  t h e  o u t b u r s t .  
The  r a p i d  r i s e  a n d  f a l l  i n  t h e  v i s u a l  o u t p u t  f r o m  t h e  n o v a  a r e  
c a u s e d  b y  t h e  d e c r e a s e  a n d  l a t e r  i n c r e a s e  i n  t h e  e f f e c t i v e  
t e m p e r a t u r e .  



T h i s  s e q u e n c e  e j e c t s  -3.0 M o f  m a t e r  a 1  m o v i n g  -1 w i t h  v e l o c i t i e s  f r o m  , 3 0 0  km s e c -  t o  ,3080  km sec  , i n  g o o d  
a g r e e m e n t  w i t h  t h e  o b s e r v a t i o n s  o f  U S c o .  A f t e r  a b o u t  o n e  y e a r  
o f  e v o l u t i o n  p a s t  t h e  p e a k  o f  t h e  r u n a w a y ,  t h e  n o n - e s c a p i n g  
m a t e r i a l  ( 9 4 %  o f  t h e  a c c r e t e d  m a t e r i a l )  h a s  r e t r e a t e d  t o  -2 x  1 0  9  

cm a p d  i s  f a l l i n g  b a c k  o n t o  t h e  w h i t e  d w a r f  a t  a  s p e e d  o f  -0 .2  km - 
set . We f i n d ,  t h e r e f o r e ,  t h a t  t h e  m a s s  o f  t h e  w h i t e  d w a r f  
g r o w s  a s  a  r e s u l t  o f  a  n o v a  o u t b u r s t  on  a  1.38M w h i t e  d w a r f .  

Model  2 t o o k  1 5 7 0  y r  t o  r e a q h  t h e  p e a k  o? t h e  r u n a w a y  a n d  
b y  t h i s  t ime  h a d  a c c r e t e d  2 .5  x  1 0  M , i n  e x c e l l e n t  a g r e e m e n t  
w i t h  t h e  c a l c u l a t i o n s  o f  t a c ~ o n a l d ( l 9 8 ? ) .  P e a k  t e m p e r a t u r e  i n  
t h i s  s e q y q n c e  i s  3 , 4  x 1 9  K and  p e a k  e n e r g y  g e n e r a t i o n  i s  
1 . 8  x 1 Q  e r g  gm- s e c -  . The p e a k  s u r f a c e  l u m i n o s i t y  i s  
-4  x 1 0  k a n d  t h e  e f f e c t i v e  t e m p e r a t u r e  h a s  a maximum v a l u e  o  
1 . 3  x  1 0  f e a r l y  i n  t h e  r u n a w a y .  T h i g  s e q u e n c e  e j e c t s l - 2  x  1 0  - f ;  
M o  a t  r a t h e r  l o w  s p e e d s :  -60  km s e c -  t o  -300  km s e c  . The 
l l g h t  c u r v e  i s  g i v e n  i n  F i g u r e  3. A s  i n  t h e  l a s t  s e q u e n c e ,  a  
m a j o r  f r a c t i o n  o f  t h e  a c c r e t e d  m a t e r i a l  i s  b u r n t  t o  h e l i u m  a n d  
f a l l s  b a c k  o n t o  t h e  w h i t e  d w a r f  s o  t h a t  t h e  mass o f  t h e  w h i t e  
d w a r f  a l s o  i n c r e a s e d  d u r i n g  t h i s  e v o l u t i o n .  

Model  3 ,  e v o l v e d  f o r  c o m p a r i s o n  p u r p o s e s ,  h a d  t h e  e n v e l o p e  
i n  p l a c e  s o  t h a t  n o  a c c r e t i o n  o c c u r r e d  d u r i n g  t h e  e v o l u t i o n  t o  
r u n a w a y .  We f i n d  t h a t  t h e  e v o l u t i o n  t i m e  t o  p e a k  t e m p e r a t u r e  

8  ( 3 . 5  x  1q4K)  i s  o n l y  1 0  - qr a n d  t h a t  p e a k  e n e r g y  g e n e r a t i o n  i s  
1 . 5  x 1 0  e r g  gm- s e c  . B o t h  o f  t h e s e  v a l u e s  a r e  i n  good  
a g r e e m e n t  w i t h  m o d e l  2 .  I n  f a c t ,  t h e  r e s t  o f  t h e  e v o l u t i o n a r y  
b e h a v i o r  i s  v e r y  s i m i l a r  t o  t h a t  o f  m o d e l  2  e n h a n c i n g  o u r  c l a i m  
t h a t  o u r  s t u d i e s  w i t h  t h e  e n v e l o p e  i n  p l a c e  a r e  v a l i d  
r e p r e s e n t a t i o n s  o f  s t u d i e s  w i t h  a c c r e t i o n  i n c l u d e d .  A l i g h t  
c u r v e  f o r  t h i s  m o d e l  i s  g i v e  i n  F i g u r e  4 .  

DISCUSSION 

We h a v e  f o u n d  t h a t  a  s i m u l a t e d  n o v a  o u t b u r s t  c a n  o c c u r  a s  
a  r e s u l t  o f  a  TNR o n  a  v e r y  m a s s i v e  w h i t e  d w a r f .  Our m a s s  
a c c r e t i o n  r a t e s  w e r e  e q u a l  t o ,  i f  n o t  g r e a t e r  t h a n ,  t h e  v a l u e s  
p r e d i c t e d  f o r  m a s s  t r a n s f e r  f r o m  a n  e v o l v e d  s e c o n d a r y  a s  i s  t h e  
c a s e  f o r  U S c o  a n d  T C r B .  The s h o r t e s t  t ime s c a l e  t o  r u n a w a y  
t h a t  w e  f o u n d ,  3 2 . 7  y r *  i s  i n  e x c e l l e n t  a g r e e m e n t  w i t h  t h e  
o b s e r v e d  r e c u r r e n c e  t imes  f o r  U S c o .  The  amoun t  o f  mass e j e c t e d  
d u r i n g  t h e  o u t b u r s t ,  M e  i s  a l s o  c l o s e  t o  t h e  v a l u e  f o u n d  
f o r  U S c o .  

The  m o d e l s  r e p o r t e d  i n  t h i s  p a p e r  showed t h a t  mass 
e j e c t i o n  a n d  a n o v a  l i g h t  c u r v e  o c c u r r e d  w i t h o u t  t h e  C N O  n u c l e i  
b e i n g  e n h a n c e d  i n  t h e  a c c r e t e d  e n v e l o p e .  T h i s  i s  i n  c o n t r a s t  t o  
o u r  s t u d i e s  o f  T N R ' s  o n  l ower  m a s s  w h i t e  d w a r f s  w h e r e  i t  was 
f o u n d  t h a t  CNO e n h a n c e m e n t  was  r e q u i r e d  t o  p r o d u c e  a  f a s t  n o v a  
o u t b u r s t .  The  c a u s e  o f  t h i s  d i f f e r e n c e  i s  t h a t  t h e  s t e a d y  
b u r n i n g  l u m i n o s i t y  o n  a  m a s s i v e  w h i t e  d w a r f  ( P a c z y n s k i  1 9 7 1 )  i s  
a p p r o x i m a t e l y  e q u a l  t o  t h e  E d d i n g t o n  l u m i n o s i t y  w h i c h  f a c i l i t a t e s  
e j e c t i o n  b y  r a d i a t i o n  p r e s s u r e .  We a l s o  f o u n d  t h a t  t h e  m a s s  o f  



F i g u r e  1 .  T h e  t e m p e r a t u r e  a t  t h e  c o m p o s i t i o n  i n t e r f a c e  a s  a  
f u n c t i o n  o f  time f o r  m o d e l  1 n e a r  t h e  p e a k  o f  t h e  o u t b u r s t .  
F i g u r e  2. T h e  l i g h t  c u r v e  f o r  m o d e l  1 a s  a f u n c t i o n  o f  t ime.  T h e  
u p p e r  c u r v e  i s  M b o l  a n d  t h e  l o w e r  c u r v e  i s  M V .  

F i g u r e  3 .  T h e  l i g h t  c u r v e  f o r  m o d e l  2 a s  a  f u n c t i o n  o f  time. T h e  
u p p e r  c u r v e  i s  M b  a n d  t h e  l o w e r  c u r v e  i s  M V .  
F i g u r e  4.  T h e  ligi$ c u r v e  f o r  m o d e l  3 a s  a  f u n c t i o n  o f  t ime. T h e  
u p p e r  c u r v e  i s  M b o l  a n d  t h e  l o w e r  c u r v e  i s  M V .  



t h e  w h i t e  d w a r f  i n c r e a s e s  a s  a  r e s u l t  o f  t h e  nova  o u t b u r s t .  T h i s  
i s  a l s o  i n  c o n t r a s t  t o  o u r  s t u d i e s  a t  l o w e r  mass  w h e r e  t h e  m a s s  
o f  t h e  w h i t e  d w a r f  dec rease s  a s  a r e s u l t  o f  t h e  o u t b u r s t  
( S t a r r f i e l d ,  T r u r a n ,  and  S p a r k s  1 9 8 1 ) .  A t  t h e  a c c r e t i o n  r a t e  t h a t  
we u s e d  i t  w i l l  t a k e  t h e  w h i t e  d w a r f  component  i n  U S c o  l e s s  
t h a n  l o 7  y r  t o  r e a c h  and e x c e e d  t h e  C h a n d r a s e k h a r  l i m i t .  T h i s  
s t a r  i s ,  t h e r e f o r e ,  w e l l  on  i t s  way t o  u n d e r g o i n g  a n  SN I 
e x p l o s i o n .  

F i n a l l y ,  o u r  c o m p a r i s o n  s e q u e n c e  d e m o n s t r a t e d  c l o s e  
a g r e e m e n t  w i t h  t h e  a c c r e t i o n  s e q u e n c e  a l t h o u g h  t h e  t i m e  s c a l e  t o  
r u n a w a y  was s h o r t e r .  T h i s  i m p l i e s  t h a t  o u r  p r e v i o u s  s t u d i e s  d o n e  
w i t h  t h e  e n v e l o p e  i n i t i a l l y  i n  p l a c e  a r e  c o m p l e t e l y  v a l i d  
r e p r e s e n t a t i o n s  o f  t h e  e v o l u t i o n .  We c a n  c o n t i n u e  t o  u s e  
q u a s i - s t a t i c  s t u d i e s  t o  d e t e r m i n e  t h e  v a l u e  o f  t h e  e n v e l o p e  m a s s  
t o  u s e  f o r  a  g i v e n  w h i t e  d w a r f  mass  and  l u m i n o s i t y  and  b e  q u i t e  
c o n f i d e n t  i n  t h e  e v o l u t i o n a r y  r e s u l t s .  

We a r e  p l e a s e d  t o  a c k n o w l e d g e  v a l u a b l e  d i s c u s s i o n s  w i t h  
Drs. A n t h u r  Cox, S t i r l i n g  C o l g a t e ,  J i m  MacDonald , R o b e r t  
W i l l i a m s ,  and R i c k  W a l l a c e .  S. S t a r r f i e l d  t h a n k s  Drs. G e o r g e  
B e l l ,  S t i r l i n g  C o l g a t e ,  and M i c h a e l  Henderson  f o r  t h e  h o s p i t a l i t y  
o f  t h e  Los  Alamos N a t i o n a l  L a b o r a t o r y  and a  g e n e r o u s  a l l o t m e n t  o f  
c o m p u t e r  t ime.  T h i s  r e s e a r c h  was p a r t i a l l y  s u p p o r t e d  by N a t i o n a l  
S c i e n c e  F o u n d a t i o n  G r a n t s  t o  A r i z o n a  S t a t e  U n i v e r s i t y  
(AST81-17177 and  AST83-14788) and  t h e  U n i v e r s i t y  o f  I l l i n o i s  
(AST83-14415) and by t h e  D O E .  
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ABSTRACT 

The i r r e g u l a r  Ae v a r i a b l e  HR 5999 has been observed by IUE during a 
period of minimum l i g h t  (7.4 < Mv < 7.7). By comparing these  spec t r a  wi th  
s p e c t r a  of t h e  star taken f i v e ~ y e a r ~ p r e v i o u s l y  near  maximum l i g h t  (MV - 6.9) 
we have obta ined  a W e x t i n c t i o n  curve. The shape of t h e  curve a s  a func t ion  
of wavelength does not resemble o ther  e x t i n c t i o n  curves.  A poss ib le  cause of 
t h e  e x t i n c t i o n  could be 110 nm g raph i t e  p a r t i c l e s  i n  t h e  s t a r ' s  atmosphere 
along our l i n e  of s i g h t .  It is  proposed t h a t  t h i s  s t a r  is in te rmedia te  as a 
d u s t  producer between o t h e r  Ae and T Taur i  s t a r s ,  whose v a r i a b i l i t y  appears  t o  
be due t o  s p o t t i n g ,  and R C r B  va r i ab l e s  where dus t  product ion is the  cause of 
t h e  l i g h t  ex t inc t ion .  

INTRODUCTION 

The Ae star HR 5999 i s  i r r e g u l a r l y  v a r i a b l e  between 6m.8 and 8m.0 wi th  a 
period on the  o rde r  of one ,month. It has been the  sub jec t  of numerous s t u d i e s  
over  t h e  p a s t  15 yea r s  (Tbe e t  a l . ,  1981) which have concluded t h a t  t h e  s t a r  
i s  surrounded by dus t  (The e t  a l . ,  1982); t h a t  t h e  v a r i a b i l i t y  i s  caused by 
t h e  formation of dus t  not,by changes i n  t h e  s t a r ' s  s u r f a c e  temperature o r  
r ad ius  ( T j i n  A D j i e  and The, 1978); and t h a t  some , a c t i v i t y  a t  the  su r f ace  is 
t r i g g e r i n g  t h e  dus t  formation ( ~ j i n  A D j i e  and The, 1982). Thus, t h i s  s t a r  
a f f o r d s  t h e  oppor tuni ty  both t o  study t h e  dus t  formation process  and t o  calcu- 
l a t e  a t r u e  dus t  e x t i n c t i o n  curve without having t o  use the  s tandard star 
comparison method. I n  both these  regards i t  is s i m i l a r  t o  t h e  R C r B  v a r i a b l e s  
(Hecht et al., 1984). 

RESULTS 

A f t e r  n o t i f i c a t i o n  by Dr .  F. Bateson of New Zealand t h a t  t h e  s t a r  had 
faded, we observed i t  on 6/2/83 (M = 7.6, SWP 20133, LWR 16060), and on 
8/31/83 (M = 7.4, SWP 20861-208@ LWR 16706107). It had a l s o  been ob- PES served e a r  i e r  a t  M = 7.6 on 8/28/82 (SW 17790, LWR 14027). Unfortunate- 
l y ,  only our 8 / 3 1 / f 8 ~  s p e c t r a  were wel l  exposed over t h e  e n t i r e  wavelength 
range. For comparison we used s p e c t r a  taken near maximum ( M ~ ~ ~  = 6.9) on 
5110178 (SUP 1514, LWR 1465) and on 5/18/78 (SWP 1511, LWR 1569). The ex t inc-  
t i o n  i s  propor t iona l  t o  loglO (Fmax/Fmln), where Fmax is the  f l u x  near maximum 
l i g h t ,  and Fmin i s  t h e  f l u x  a t  minimum when t h e  star is obscured by dus t  
(Hecht e t  a l . ,  1984). An e x t i n c t i o n  spectrum is shown i n  Fig. 1 which uses  
t h e  8/31/83 s p e c t r a  f o r  Fd, and t h e  1978 s p e c t r a  f o r  F,,. It resembles 
n e i t h e r  the  normal curve nor o the r  pecu l i a r  e x t i n c t i o n  curves. I n  p a r t i c u l a r  
whi le  t h e  bump p o s i t i o n  i s  near  t h e  normal i n t e r s t e l l a r  p o s i t i o n  a t  



2200 A ,  t h e  e x t i n c t i o n  a t  1600 a i s  much less than  a t  2800 8. Thus, t he  shape 
i s  more extreme than  t h a t  of 0 OR1 (Massa e t  a l . ,  1983) and approaches t h a t  of 
t h e  dereddened Herschel  36 (Hecht et al. ,  1982). However, t h e  l a t t e r  curve i s  
d i s s i m i l a r  t o  Fig. 1 from 2200-2800 8. 

The e x t i n c t i o n  f o r  t h e  well-exposed p a r t s  of t h e  6/2/83 s p e c t r a  is  simi- 
lar t o  Fig. 1 i n  t h a t  t he  peak is near 2200 A but i t  has an even s t e e p e r  
dec l ine  t o  1600 8. The 1982 e x t i n c t i o n  spectrum is  much f l a t t e r  than Fig. 1 
from 1600 t o  2200 8 wi th ,  i f  anything, more e x t i n c t i o n  a t  1600 8 than  a t  
2200 A. 

DISCUSSION 

Dust M a t e r i a l  

While both  carbon bearing and oxygen bearing ma te r i a l s  have been proposed 
f o r  t h e  2200 8 f e a t u r e  ( see  Massa e t  a l . ,  1983 o r  Hecht e t  a l . ,  1984) our 
c a l c u l a t i o n s  show t h a t  only g raph i t e  p a r t i c l e s  of near  110 nm rad ius  g ive  a 
reasonable f i t  t o  Fig. 1. I n t e r e s t i n g l y ,  both the  c a l c u l a t i o n  and da t a  ind i -  
c a t e  t h a t  t h e r e  i s  a second peak between 1200 and 1600 8. While our present  
observa t ions  a r e  t o o  noisy  t o  confirm t h i s ,  f u t u r e  we l l  exposed s p e c t r a  could 
determine i f  (1)  t h e  continuum e x t i n c t i o n  showed t h i s  second peak c o n s i s t e n t  
wi th  t h e  g r a p h i t e  hypothes is ,  and (2) whether t h e  ho t  s h e l l  emission l i n e s  of 
OI(1304) and CIV(1550) showed more o r  l e s s  e x t i n c t i o n  than the  continuum. I n  
a d d i t i o n  s imultaneous I R  and W observa t ions  could he lp  i d e n t i f y  t h e  p a r t i -  
c l e s .  The g r a p h i t e  i d e n t i f i c a t i o n  would be more l i k e l y  i f  the  10 p s i l i c a t e  
f e a t u r e  was not  seen  a t  t h e  same time a s  t h e  2200 8 fea tu re .  

Dust Formation 

The s h o r t  term ( s e v e r a l  days) v a r i a b i l i t y  of o t h e r  Ae and T Taur i  stars 
has r e c e n t l y  been a t t r i b u t e d  t o  su r f ace  s p o t t i n g  presumably a s soc i a t ed  wi th  
magnetic f i e l d s  (Herbst et a l . ,  1983). This  might be happening p a r t  of t h e  
time i n  HR 5999 s i n c e  t h e  1982 e x t i n c t i o n  curve shows f l a t t e r  e x t i n c t i o n  i n  
t h e  UV, w i th  an i n c r e a s e  towards 1600 8. This would be expected i f  p a r t  of 
t h e  star's s u r f a c e  were spot ted.  However, some of t h e  time dus t  formation 
must be t r i g g e r e d ,  perhaps by magnetic cool ing (Wdowiak, 1983), o r  by 
formation i n  t h e  cool  pos t  shock-front of e j e c t e d  gas (Fadeyev, 1983). Both 
have been proposed f o r  R C r B  var iab les .  I f  t he  gas is e j e c t e d  below t h e  
escape v e l o c i t y  of t h e  star, and expansion v e l o c i t i e s  f o r  HR 5999 appear t o  be 
below it (Bessel  and Eggen, 1972), then a f t e r  t h e  i n i t i a l  event  the  dust  could 
re-evaporate and t h e  star would r e t u r n  t o  normal magnitude. 

Another class of dus t  producing va r i ab l e s ,  t he  R C r B  s t a r s ,  a r e  hydrogen 
d e f i c i e n t ,  have long  term v a r i a b i l i t y ,  and e j e c t  amorphous carbon dus t  a t  
g r e a t e r  than escape ve loc i ty .  Thus HR 5999, which has s u b s t a n t i a l  atmospheric 
hydrogen and perhaps forms g r a p h i t i c  carbon, may be in te rmedia te  between the  
short-term v a r i a b l e ,  non dust-producing T Taur i  s t a r s ,  and t h e  long-term 
va r i ab l e ,  dus t -e jec t ing  R C r B  s t a r s .  
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Full line curve is the extinction for HR 5999 using August 
1983 and 1978 spectra for Fmin and Fmax respectively. 

is a calculated extinction curve for 110 nm 
graphite particles. 

x---x--- X is the normal interstellar extinction curve 

(Savage and Mathis, 1979) nunnalized to the graphite peak 
at 2200A. 
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ABSTRACT 
During the course of our study on the R and N stars we have 

obtained multiple observations of the carbon star TX Psc. We report 
here the probable time variations of the Yg I1 2800 A line and 
possible variation of the C I1 2325 A line in the spectra of this 
object. 

I. OBSERVATIONS 

The N-type carbon star TX Psc (NO;C6,2) ranks alon8 with Y CVn 
as the brightest carbon star in the sky. It is an irregular (Lb) 
-~ariabLe with V - 5. Four low-resolution, Long-wavelength 
(1900-3300 A )  spectra have been obtained with IUE over a 26-monch 
period. The spectra, exposure times, and dates are: (1) LWR 11843 
(120 minutes) on 25 October 1981; (2) LWR 14062 (90 minutes) on 31 
August 1982; (3) LWR 16373 (180 minutes) on 19 July 1983; (4) LWP 
2511 (300 minutes) on 27 December 1983. The spectra were converted 
to a flux scale using the absolute calibration of Bohlin and Holm 
(1980 1. 

11. LINE IDENTIFICATION 

The spectra of  TX Psc as observed on 25 October 1981 and 31 
August 1982 are shown in Figure 1. The features we are concerned 
with in this report are those near 2800 a and 2325 A.  

The Mg I1 resonance lines at 2795.5 and 2802.7 a are well known 
diagnostics of chromospheric activity in late-type stars. A t  our low 
resolution ( -  6 A) the h and k lines are blended together as one 
line. This feature is easily recognizable in all four oE our 
spectra. 

An issue of particular importance is the identification of the 
relatively strong feature at 2325-35 A. The reason for its importance 
is that if it is attributed to C 11, it becomes the line of highest 
excitation or ionization in the chromosphere and therefore sets 
rather relatively severe constraints on any chromospheric model for 
these stars (Avrett and Johnson 1983). The only plausible candidates 
for producing this strong feature are Fe I1 (W 2 1 ,  Fe I1 (W 3), Ni 
I1 (W 111, and C I1 (W 0.01). We consider each of these in turn. 



We note that Fe I i  multiplets (UV 11, (UV 41, (UV 5 ) .  ( U V  621, 
and ( W  63) are dececred bdt inu;riplecs (UV 2) and (UV 3 j  are e:~!-,?r 
marginally detecLed 3r not seen at all. The difference apparently 
arises from the density of lines within the multiplet. Those 
multiplets detected are dense aultiplets with all Lines packed within 
20-30 A (except for (UV 62, 631, which are spread over 40 A ) .  A11 
have noticeable line clumps. On the other hand, (UV 2) and (UV 3) 
are spread over 50-80 A and there are no line clumps. Even the 
strongest groups of lines in these latter muitiplets (at 23h3-4h, 
2381-83. and 2404-11 A )  are either absent or ,zery w e a i i i y  detected. - - 
de can therefore be assured that any contribution or :e TI muitiplets 
(UV 2) and (UV 3) to the peak at 2325-35 is neglislble. 

Xi TI rnulri?Let (UV 11) has its stronsesc Lines ac 2316, 2302, 
and 2297  A. There is certainly no evidencs for these lints beczuse 
rhe emission tends to rise rather sharply berveen 2320 and 2325 A. :>n 
the different spectra with relatively little or no emission si,orcvard 
of chat. Apparently :hen, Ni TI does not contribute to the ?eak ac 
2 3 2 5  A.  

A feature at this vavelensch is seen in all late-type giant 
stars as can be seen in the ultraviolet spectral atlas (Wu ec a;. 
1983). There its identification is certain since there is no 
possibility that any other features could be that strong and since 
high resolution spectra show it to be C I1 beyond any doubt. We are 
therefore forced to conclude that the same feature which is present 
in TX Psc and in almost all N-type carbon stars observed to date is 
also attributable to the C I1 intercombination line. 

111. LINE FLUXES AND THEIR VARIATION 

The Yg I1 and C I1 fluxes are shown in Tabie 1. We estimace 
that the errors for the C I1 fluxes is approximately 50% while the Yg 
11 fluxes for the observation cf 27 December 1983 nay be 
underestimated by a factor of 4-6. 

As is apparenc from the table, the flux in the ionized nagyesium 
Line varies by at least a factor of 3 and perhaps as much as 25 
depending on the value of the overexposure assigned to the December 
1983 exposure. The flux in the ionized carbon Line varies by a 
factor by about 50% although this may be within the uncertainty in 
the observations. 

If Hg I1 is the major source of radiative cooling in the 
chromosphere oE TX Psc, we must conclude that the cooling rate varies 
by the same rate as the emission flux seen in the line; that is, by 
at least a factor of 3. It appears that such a variation could have 
interesting consequences for theories of chromospheric heating and 
energy balance. 



Table 1 
Smission Line Fluxes 

Spectrum 
Number Yg I1 2800 A . C 11 2325 A 

peak flux* integrated peak flux': integrated 
line flux** line flux*+: 

LWR 11843 2.43 25.1 1.04 11.1 
LWR 14062 0.74 5.5 0.74 8.1 
LWR 16373 1.57 20.9 0.83 10.2 
LWP 2511 1.56+ 22.2+ 1.11 10.0 

*units 10'4 f 10 (ergs/cm2sfi) 

+Lower Limit; line saturated 

The only attempt of which we are aware to model a chromospter? 
for a cool carbon star are those of de la Reca (1980) azd A - ~ r e t t  and 
Johnson (1983). These workers attached various chromospheric models 
to a photosphere for the star from the models of Johnson i1982) with 
the parameters (3000/0.0/solar except C; C/O = 1.051, which are ciose 
to those for the star TX Psc (Johnson et al. 1982). The authors find 
that a chromospheric model can be found with the following properties 
and draw the following conclusions: (1) The Mg I1 line at 2800 A 
can be produced in approximately (though slightly less than its 
observed strength, while (2) no emission is observed in the Balmer 
Alpha Line of hydrogen, which is not observed in these stars 
(Yamashita 1972, 1975). To do so the authors are forced to consider 
a boundary temperature of 2000 K. The identification of the emission 
at 2325 A with C I1 sets a much more severe constraint upon the 
chromosphere and careful studies of the consequences of this 
identification will be fruitful. 

The authors acknowledge NASA Grants NSG 182-5 for IUE 
observations and NSF Grants AST 7913149 and 82-058-00 under which 
model atmospheres for these stars were computed and some of the line 
identifications were carried out. 
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Figure 1. Spectra of TX Psc taken 10 months apart show a factor 3 
vari:tion in the peak flux of the Mg I1 line near 
2800A. 
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ABSTRACT 

We have monitored the peculiar emission star RX Puppis with the 
International Ultraviolet Explorer in low and high dispersion. The 
ultraviolet spectrum of RX Puppis is characterized by strong permitted 
and intercombination emission lines similar to that observed in slow 
novae and symbiotic stars. The absolute emission fluxes of most lines 
appear to have increased since the first year of observations, during 
which the resonance doublet of C IV XX1548,1550 increased by 
approximately 14 percent. During this period the intensity ratio of the 
C IV I(A1548)/1(A1550) typically had values less than unity, and thus 
exceeded the optically thick limit. Over the several years of 
observations following maximum UV emission, the doublet ratio appears to 
be approaching values -1. C IV doublet ratios (1 could be explained by 
P-Cygni structure in the h1550.7 line, in which the broad absorption 
component deminishes emission at A1 48.2 during ejection. This would 
imply expansion velocities >500 lcm s-'. The high dispersion line profile 
structure in both permitted and intercombination lines appear generally 
complex and time dependent. We present a description of our IUE data and 
suggest that the temporal nature of the line profile structure is 
consistent with an ejection event having occurred. 

I. Introduction 

RX Puppis displays a rich emission line spectrum that features 
intense emission from He 11, [Fe VII] , [Ne V] and other emission lines 
from ions with >I00 eV ionization potential. The high dispersion W 
spectrum in the SWP XX1200-2000A wavelength range has been described 
previously by Kafatos et al. (1982). In addition to strong high 
excitation emission lines observed in the optical and UV, RX Puppis is 
also characterized by strong infrared emission (Swings and Allen 1972) 



t h a t  is v a r i a b l e  i n  t h e  1-4pm range ( F e a s t  e t  a l .  1977). F e a s t  e t  a l .  
a t t r i b u t e  t h e  i n f r a r e d  v a r i a b i l i t y  t o  t h e  p resence  of a  Mira-type 
v a r i a b l e ,  a l t h o u g h  Klu tz ,  e t  a l .  (1978) d i scounted  t h e  p resence  of an M 
g i a n t .  However, Bar ton e t  a l .  (1978) f i n d  from 1.9pm a b s o r p t i o n  t h e  
p resence  of wa te r  vapor (H20) which they f i n d  is s u g g e s t i v e  of a  Teff 
-2400K Mira v a r i a b l e  i n  t h e  system; Whitelock and Catchpole  (1982) f i n d  
a  580-day per iod  f o r  t h e  Mira. 

The emiss ion  l i n e s  of N IV] X1489, C I V  XX1548,1550, He II X1640, 
0 1111 XX1660,1666, N I111 A-1750, S i  I111 A1892 and C 1111 A1909 a l l  
e x h i b i t  i n t e n s i t y  v a r i a t i o n s  over t h e  course  of t h e  f o u r  year  obse rv ing  
program. I n  h i g h  d i s p e r s i o n  IUE s p e c t r a  t h e s e  emiss ion  l i n e s  e x h i b i t  
m u l t i p l e  component s t r u c t u r e .  The C I V  resonance double  e x h i b i t s  t h e  
most complicated l i n e  p r o f i l e  s t r u c t u r e ,  as e v i d e n t  i n  F i g u r e  1. I n  each 
of t h e  broad d o u b l e t  emiss ion l t n e s  w e  have i d e n t i f i e d  seven i n d i v i d u a l  
narrow emiss ion  components which blend t o  form t h e  extended p r o f i l e .  I n  
T a b l e  1 we show t h e  wavelengths i n d i v i d u a l  emiss ion components found i n  

Table  1 

Emission Components I d e n t i f i e d  i n  C I V  

1548.1 1550.7 
1548.3 1550.9 
1548.4 1551.1 
1548.6 --- 
1549 - 3  1551.9 
1549.8 1552.3 

e a c h  of t h e  d o u b l e t  l i n e s .  The average  v e l o c i t y  s e p a r a t i o n  of t h e  
i n d i v i d u a l  emiss ion  components t h a t  combine t o  form t h e  l i n e  p r o f i l e  is 
Av - 62 km s". Only one C I V  component is i d e n t i f i e d  s h i f t e d  blueward 
w i t h  r e s p e c t  t o  Xo. IUE d a t a  ob ta ined  on 22 March 81 probably  c o i n c i d e s  
c l o s e l y  w i t h  t h e  t i m e  of maximum emiss ion  because  t h e  r e s p e c t i v e  
a b s o l u t e  f l u x e s  now appear  t o  be approaching i n i t i a l  v a l u e s  measured i n  
20 Sep t  80. The dominant b r i g h t e n i n g  i n  C I V  and o t h e r  emiss ion l i n e s  
g e n e r a l l y  occur red  a t  t h e i r  r e s p e c t i v e  rest wavelengths.  The redward 
d i s p l a c e d  components have had more moderate i n t e n s i t y  enhancements 
compared t o  emiss ion  a t  t h e i r  r e s p e s t i v e  r e s t  wavelengths.  Observing 
t i m e  f o r  a l l  our  o b s e r v a t i o n s  d i d  not  permit  a  ve ry  deep h i g h  d i s p e r s i o n  
SWP exposure  i n  o r d e r  t o  d e t e c t  s t r u c t u r e  i n  t h e  f a r  wings of t h e  
emiss ion  l i n e s  n e a r e r  t h e  continuum. S i m i l a r  temporal  behavior  is a l s o  
e v i d e n t  i n  o t h e r  emiss ion  l i n e s  as well, such  as H e  X I ,  0 t111, N 1111 ,  
S i  I I I ]  ( s e e  F igure  l b ) ,  a l though  t h e  number of emiss ion components a r e  
fewer and t h e  l i n e  p r o f i l e  s t r u c t u r e  is no t  as complex a s  C I V .  
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The o v e r a l l  i n t e n s i t y  of t h e  C IV d o u b l e t  i n  RX Puppis is unusua l  
because  t h e  A1548 l i n e  is  g e n e r a l l y  weaker than  t h e  A1550 l i n e  i . e .  
I(X1548)/I(X1550) < 1; it  thus  exceeds t h e  o p t i c a l l y  t h i c k  case .  
T h i s  is  remin i scen t  of t h e  C I V  doub le t  r a t i o  observed i n  a s i m i l a r  
sys tems  such  a s  AG Pegas i  by Keyes and P lavec  (1982).  They a t t r i b u t e  t h e  
r a t i o  I(X1548.1 )/I( X1550.7),&l t o  t h e  broad P-Cygni a b s o r p t i o n  component 
of t h e  A1550 l i n e  t h a t  absorbs  emiss ion a t  X1548. Th is  would imply s h e l l  
expansion v e l o c i t i e s  of -500 km s-l. From F i g u r e  la,  i t  is  e v i d e n t  t h a t  
t h e  C IV d o u b l e t  r a t i o  I(A1548)/I(X1550) was c o n s i d e r a b l y  less t h a n  
u n i t y  d u r i n g  epochs when t h e  g e n e r a l  l i n e  i n t e n s i t i e s  of C I V  l i n e s  ( a s  
w e l l  as o t h e r  pe rmi t t ed  and in te rcombina t ion  l i n e s )  were n e a r  maximum. 
With t h e  cont inued d e c l i n e  i n  l i n e  i n t e n s i t y  emiss ion ,  t h e  C I V  d o u b l e t  
r a t i o  now appears  t o  be approaching v a l u e s  around u n i t y  ( s e e  F i g u r e  l a ,  
11 March 1984). There fore ,  i t  appears  t h a t  maximum enhancement i n  t h e  W 
l i n e  emiss ion  co inc ided  wi th  a  mass e j e c t i o n  even t .  Th i s  is  c o n s i s t e n t  
w i t h  t h e  temporal  behavior  of t h e  emiss ion  l i n e  i n t e n s i t y  r a t i o s  of t h e  
C I V  d o u b l e t ,  i f  t h e  expanding s h e l l  produced broad P-Cygni s t r u c t u r e  
t h a t  s u b s t a n t i a l l y  a f f e c t e d  emiss ion  a t  X1548. RX- Puppis  l i k e l y  
underwent a s low o u t b u r s t  i n  which t h e  m a t e r i a l  e j e c t e d  from t h e  o b j e c t  
took p l a c e  on a  dynamical t i m e s c a l e  of -1 t o  2  years .  T t  i s  f u r t h e r  
i n t e r e s t i n g  t o  no te  t h a t  i f  -500 km s-' is r e p r e s e n t a t i v e  of t h e  
e j e c t i o n  v e l o c i t i e s  from t h e  system, t h a t  t h e  h o t  s tar  i n  t h e  sys tem 
resembles  more a main sequence type s t a r .  From t h e  range of pa ramete rs  
c a l c u l a t e d  by Kafatos  e t  a l .  (1982) f o r  t h e  secondary i n  t h e  sys tem,  a 
main sequence s i z e  s t a r  would favor  a model f o r  t h e  component of Teff = 

3 40,00OK, R*/% = 0.88 and L*/L@ = 1 . 7 ~ 1 0  wi th  an EB,V=0.7. Ana lys i s  of 
IUE and o p t i c a l  d a t a  c o n t i n u e s  i n  o r d e r  t o  develop a  model f o r  t h e  
complex k inemat ic  behavior  of t h e  nebu la r  e m i t t i n g  gas  i n  t h i s  o b j e c t .  
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ABSTRACT 

We obtained IUE spectra of R CrB near the beginning of one of its infrequent 
minimum. These spectra show major changes in the apparent spectrum. We attempt to 
identify new features and to interpret the overall change in the continuum in terms 
of an obscuring cloud model. 

THE OBSERVATIONS 

At  the end of August 1983 the variable star R CrB started a descent to minimum 
(Fig. 1). IUE low dispersion spectra were obtained during the evening of Aug 
31/Sept 1, during Sept 2, and during the evening of Sept 8/9. Figure 2 shows the 
ultraviolet spectra observed on Sept 1 and on Sept 8. 

For reference, we also show a reference spectrum of R CrB at maximum light with 
identifications for the strong absorption features (Holm and Wu 1982). This spectrum 
represents the average of five observing runs between 1978 Dec 25 and 1980 April 30. 
The pulsational phase (Fernie 1983) of the reference observations is uncertain, but 
there clearly are phase dependent differences. The observed range at maximum light 
is less than 0.3 mag in the optical; at 1800 A it  is 1.2 mag. 

THE SPECTRA 

Our observations show major changes in the appearance of the ultraviolet 
spectrum of R CrB during the descent to minimum. In the Sept 1 spectrum many of the 
absorption features were filled in; only the Mg I1 and A1 I features were still 
strong. By Sept 8, more changes have occurred in the apparent spectrum. Mg I1 has 
acquired a strong emission core. The A1 I feature has disappeared. In addition, a 
number of new features are seen. The two most prominent are an apparent absorption 
feature at 2650 A with an equivalent width of 18 A and a broad feature covering the 
2980 A to 3050 A region with an equivalent width of 15 A. The Sept 2 spectrum is not 
illustrated in this paper; i t  generally resembles that of Sept 1, but is 0.6 mag 
fainter overall and shows weakly the features that are strong in the Sept 8 spectrum. 

Are there plausible identifications of these new features? For the 2980-3050 A 
feature we considered both the (0-4) band of the Fox-Herzberg system of C2 (Fox 
and Herzberg 1937) and an absorption complex seen in stars with spectral types around 
KO (Wu et al. 1983). Unfortunately both proposed identifications encounter 
problems. The absence of the Fox-Herzberg (0-3) band at XX2855-2903 weakens the 



argument for  C2. Likewise, the structure within the R CrB feature does not match 
the KO spectrum details. We do not propose an identification for  the 2650 A feature. 

2 The C I1 1335 A emission remained constant a t  about 9.OE-14 ergs/cm /s on 
Sept 1 and Sept 8. This f lux  is the same as at  maximum light (Holm and Wu 1982). 

To put  these apparent spectral changes into perspective, we point out that  
during the early stages of a typical minimum many optical emission lines of neutral 
and once ionized metals are seen (Herbig 1949, Payne-Gaposchkin 1963). Most of these 
lines gradually fade and leave an absorption spectrum similiar to the spectrum a t  
maximum. 

EXTINCTION 

The next stage in our analysis was to compare the spectra obtained during the 
descent to minimum wi th  the reference spectra to attempt to define the extinction 
characteristics of the obscuring material. 

There was a substantial interval between when the reference spectra were taken 
and the descent to minimum. To derive a correction for  the LWR's 
wavelength-dependent degradation of sensitivity (e.g. Sonneborn and Garhart 19831, 
we compared f ive  standard star spectra from Dec 1978 with four from Aug 1983. Figure 
3 shows the filtered and binned degradation function. We divided the R CrB 
observations by this function to correct them to a common epoch. 

Figure 4 shows the derived extinction. On Sept 1 nowhere was the UV extinction 
greater than the visual and it only reached the visual level at  a f ew  wavelength 
ranges. Everywhere else the star showed a UV excess relative to the visual. This 
excess was especially strong at  wavelengths where the reference spectrum showed 
strong absorption. This result is consistent wi th  the filled in appearance of the 
lines in the spectra. On Sept 8, the situation had changed a little. The UV had 
become relatively fainter than the visual from 1940 to 2300 A and a t  the 2650 A and 
2980-3050 A features discussed above. But the UV excess still persisted over wide 
wavelength bands. 

Neither of these curves show a 2400-2500 A bump such as observed for  RY Sgr 
during its recovery from the 1978 minimum (Holm, Wu, and Doherty 1982; Hecht et al. 
1984). 

DISCUSSION 

Can these observations be interpreted without  recourse to large and peculiar 
changes in  the underlying star? We believe so. First we point out that the Sept 1 
spectrum is not compatible with that  of any normal star because the absence of Fe I1 
absorption a t  2600 A is inconsistent wi th  the strong Mg 11 absorption. We discuss 
qualitatively below how an obscuring cloud can produce the observed spectrum. 

We take the following scenario for  the life cycle of an R CrI3 minimum. First a 
cloud of carbon grains (Loreta 1934; O'Keefe 1939) forms more or less along our line 
of sight near the star. The cloud grows either by expansion, by new condensation, or 
both unti l  i t  totally eclipses the star. As i t  continues to expand i t  gradually 



becomes optically thin, allowing the observer to see a recovery to maximum light. 

The observed initial absence of any ultraviolet extinction greater than that in 
the visual implies that the star was partially occulted by an opticallyLthick cloud. 
This is consistent with the above scenario since the grains constituting this cloud 
must form in dense, cool gas. 

The ultraviolet excess may be interpreted in two ways. First, i t  might be 
emission from the cloud of gas from which the dust cloud condensed. Second, i t  might 
be radiation from unocculted regions of the stellar atmosphere. The former 
interpretation is unlikely because the carbon grains will not condense until the gas 
temperature falls far  below the level required to produce the Mg I1 emission seen on 
Sept 8. The latter interpretation is similar to that proposed by Hartmann and 
Apruzese (1976) to explain the optical spectrum. Our model differs from theirs in 
that we consider that the ultraviolet excess might come from three sources: from a 
true chromosphere where most of the emission lines arise, from an extended region 
where the resonance lines of C 11, Mg 11, Ca 11, and Na I arise, and from 
wavelength-dependent differences in the photospheric limb darkening. This last 
source requires a brief explanation. Because of the transparancy of a helium 
atmosphere, we expect that limb darkening will be strong in R CrB's optical 
continuum. But limb darkening will not be as strong where line blanketing restricts 
the physical depth to which the observer can see. Thus, if an expanding cloud is 
centered on the stellar disk, the continuum will fade systematically faster than the 
line blanketed wavelength range. 

The apparent absorption features at 2650 A and at 2980-3050 A may be due to a 
relative absence of emission. 

Confirmation of this picture will require high resolution spectra during the 
early stages of a descent to minimum and low dispersion spectra a t  fainter visual 
magnitudes. The IUE is capable of obtaining such data, but the next minimum may not 
occur until the IUE mission is complete and i t  is necessary to use Space Telescope. 
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Figure 1 - Visual light curve of R CrB from B6hme 
(squares) and from the IUE's FES using (B-V)=+0.6 in 
the color term (filled circles). 

Figure 3 - The LWR camera's sensitivity degradation 
between Dec 1978 and Aug 1983 as derived from 
observations of standard stars. 

Figure 2 - R CrB spectra during the descent to minimum 
(Sept 1 and Sept 8) and a t  maximum. The wavelengths 
of strong atomic absorption features are indicated 
above the spectra; those of the Fox-Herzberg (0-3) 
and (0-4) bands of C2 are indicated below the 
spectra. 

Figure 4 - The extinction derived from the spectra of 
Sept 1 and Sept 8 relative to the reference spectrum; 
the horizontal lines represent the visual extinction. . 

Wavelengths of the strong absorption features in the 
reference spectrum are indicated above the curves. 



OBSERVATIONS OF RR LYRAE AND X ARIETIS WITH THE IUE SATELLITE 

J. T. Bonnell 
Astronomy Program, University of Maryland 

R. A. Bell 
Division of Astronomical Sciences, NSF 

ABSTRACT 

Seven low-dispersion spectra of RR Lyr and 11 of X Ari were obtained with 
the LWR camera of IUE. RR Lyr was also observed in the low-dispersion mode 
with the SWP camera (9 spectra) and in the high-dispersion mode with the LWR 
camera (3 spectra). The observed fluxes have been compared with fluxes 
calculated using synthetic spectra and angular diameters determined by Manduca 
et al. (1981) from photometry at longer wavelengths. The observed fluxes for 
RR Lyr were found to be significantly fainter than the computed ones. RR Lyr 
was also found to be 0.4 magnitudes fainter at 2200A and 2500A during minimum 
light than it was during previous ultraviolet observations with the ANS 
satellite. It is suggested that both these differences are due to the star's 
secondary cycle (the Blazhko effect). One of the high-dispersion exposures 
made near maximum light was deep enough to reveal the cores of the Mg I1 h and 
k lines. No emission was observed and a strong interstellar absorption 
component was present. Emission features were also generally absent from the 
SWP spectra. An excellent agreement between observed and calculated fluxes 
was found for X Ari for which no Blazhko effect has been observed. 

INTRODUCTION 

The accurate determination of absolute magnitudes of RR Lyrae stars is 
important in the matter of establishing the astronomical distance scale. 
Recent work in this field has exploited the dependence of stellar surface 
brightness and color index on effective temperature (e.g. Barnes and Evans, 
1976) to determine stellar angular diameters. Manduca et al. (1981) have used 
model atmospheres and synthetic spectra to interpret VR photometry of RR Lyr 
and X Ari and derive their angular diameters. The angular diameter curves 
combined with relevant radial velocity curves allow the derivation of the 
radius and absolute magnitude at any phase. 

IUE observations of these stars are an important independent test of the 
angular diameters derived from photometry at longer wavelengths. 

OBSERVATIONS AND CALCULATIONS 

The observations were made from January 23 through 28, 1980 and cover 
essentially one primary pulsation cycle for both stars. The high dispersion 
spectra of RR Lyr were taken near maximum light. Fluxes were derived from the 



low d i spe r s ion  observa t ions  made with the l a r g e  ape r tu re  based on the  May 1980 
c a l i b r a t i o n  (Bohlin and Holm). These f luxes  were then averaged wi th in  50A 
b i n s  and combined wi th  a  phase computed f o r  midexposure t o  produce the  
observed l i g h t  curves.  Bad d a t a  po in t s  were el iminated from the  averages.  To 
a l low a convenient comparison of the  ca l cu la t ed  and observed l i g h t  curves,  
phase zero was taken t o  be maximum l i g h t .  

The model atmospheres were taken from Manduca e t  a l .  with supplementary 
models cons t ruc ted  using the  computer program MARCS (Gustafsson e t  a l . ,  
1975). Surface f luxes  f o r  t he  models were computed using the  SSG program 
( B e l l  and Gustafsson,  1978) and averaged wi th in  the  re levant  b ins .  A metal  
abundance parameter,  [AIH], of -1.0(-2.0) was used f o r  RR Lyr(X Ari) .  The 
r e s u l t i n g  f l u x e s  were reddened using the average u l t r a v i o l e t  e x t i n c t i o n  curve 
of Savage and Mathis (1979) and E(B-V) = 0.016(0.153) f o r  RR Lyr(X Ari) 
fol lowing Manduca e t  a l .  These f luxes  were then combined with the derived 
angu la r  d iameters  t o  genera te  t he  ca l cu la t ed  l i g h t  curves.  Examples of t he  
l i g h t  curves a r e  i l l u s t r a t e d  i n  the  f i g u r e s ,  the s o l i d  l i n e s  represent  t he  
c a l c u l a t e d  curves and the  open c i r c l e s  the observed f luxes .  

DISCUSSION 

The computed f luxes  f o r  RR Lyr a r e  s i g n i f i c a n t l y  b r i g h t e r  than t h e  
observed ones,  being roughly 50% too b r igh t  during minimum l i g h t .  In  order  t o  
determine t h e  r e l a t i v e  con t r ibu t ion  of e r r o r s  i n  angular  diameter t o  t h i s  
d i f f e r e n c e ,  t he  observed f luxes  f o r  i nd iv idua l  observat ions were r a t i oed  t o  
t h e  observed f l u x  i n  t he  b i n  centered a t  2400A and compared t o  t he  ca l cu la t ed  
f l u x e s  r a t i o e d  t o  the ca l cu la t ed  f lux  a t  2400A. The d i f f e rences  a r i s i n g  from 
t h i s  comparison a r e  independent of t he  angular  diameters.  The ca l cu la t ed  f l u x  
r a t i o s  were a l s o  found t o  be i n s e n s i t i v e  t o  the  adopted sur face  g r a v i t i e s .  
The observed d i f f e r e n c e s  i n  t he  f l u x  r a t i o  comparison f o r  RR Lyr suggest t h a t  
e r r o r s  i n  t he  assumed reddening, s t e l l a r  temperatures and computed l i n e  
blocking cannot t o t a l l y  account f o r  t h e  d i f f e r ences  i n  t he  observed and 
ca l cu la t ed  l i g h t  curves.  The observed IUE f luxes  were a l s o  compared t o  
observa t ions  of RR Lyr made with the  ANS s a t e l l i t e  reported by Bonnell e t  a l .  
(1982) by appropr i a t e  binning of t h e  IUE f luxes  i n t o  the ANS bandpasses 
centered  a t  2200A and 2500A and t h e  use of t he  r e l a t i v e  c a l i b r a t i o n s  (Bohlin 
e t  a l . ,  1980). The IUE observa t ions  i n d i c a t e  t h a t  the s t a r  was 0.4 mag 
f a i n t e r  a t  minimum l i g h t  than during the  ANS observat ions.  The Manduca e t  a l .  
angular  diameters  reproduce the ANS l i g h t  curves s i g n i f i c a n t l y  b e t t e r  than the  
IUE ones. These r e s u l t s  i n d i c a t e  t h a t  these  angular  diameters  were not 
r e l e v a n t  to  the  s t a r  during t h e  IUE observa t ions .  This problem is  most l i k e l y  
r e l a t e d  t o  t he  s t a r ' s  secondary cyc le  (Blazhko e f f e c t ) .  I n  t he  course  of RR 
Lyr 's  secondary cyc le  t he  V magnitude is  known to  vary by a t  l e a s t  0.2 mag a t  
minimum l i g h t  (Pres ton  e t  a l . ,  1965). 

During maximum l i g h t  LWR high d i spe r s ion  observat ions of RR Lyr were 
at tempted.  An exposure time of 1:25 hours i n  the  l a r g e  ape r tu re  was necessary 
t o  record t h e  co re s  of t he  I f g  I1 h and k l i n e s .  No emission was de tec ted  and 
s t rong  i n t e r s t e l l a r  absorp t ion  f e a t u r e s  were present .  In  a d d i t i o n ,  the  l i n e  
p r o f i l e s  appear t o  be asymmetric when compared t o  s y n t h e t i c  ones computed 



assuming a cons tan t  photospheric  ve loc i ty .  During t h e  exposure it i s  
est imated t h a t  the  s t e l l a r  temperature changed by 400K and the  photospher ic  
v e l o c i t y  va r i ed  between +20 and -25 km/sec r e l a t i v e  t o  t h e  c e n t e r  of mass, 
making t h e  i n t e r p r e t a t i o n  of t he  p r o f i l e  uncer ta in .  An in spec t ion  of t h e  low 
d i s p e r s i o n  observa t ions  f o r  emission f e a t u r e s  i n d i c a t e s  t h a t  they a r e  
gene ra l l y  absent ,  with t he  poss ib le  except ion of two weak emission peaks 
corresponding t o  t h e  Al 111 resonance l i n e s  a t  1854A and 18628 which a r e  
v i s i b l e  i n  an SWP observa t ion  made a t  phase 0.38 corresponding t o  a 
Tef f / log(g)  of 6200j2.5. 

Unce r t a in t i e s  i n  t h e  a n a l y s i s  of X A r i  a r e  g r e a t l y  reduced by t h e  absence 
of an observed Blazhko e f f e c t ,  and the  observed and c a l c u l a t e d  l i g h t  curves  
ag ree  well .  The observed f l u x e s  u s u a l l y  match the  ca l cu l a t ed  curves t o  w i t h i n  
10% a t  minimum and maximum l i g h t .  Only small sys temat ic  d i f f e r e n c e s  a r e  
apparent  i n  t h e  sense  t h a t  t he  c a l c u l a t e d  f l uxes  a r e  s l i g h t l y  h ighe r  than  t h e  
observed f l uxes  a t  minimum l i g h t  i n  t he  longer  wavelength l i g h t  curves .  The 
observed and c a l c u l a t e d  f l u x  r a t i o s  a l s o  agree  wel l  between 1900A and 3000A. 
This  i n d i c a t e s  t h a t  t he  angular  d iameters  used a r e  accu ra t e  and confirms t h e  
r e s u l t s  obtained by Manduca e t  al. 

CONCLUSION 

The a b i l i t y  of t he  model atmospheres and s y n t h e t i c  s p e c t r a  t o  match 
u l t r a v i o l e t  observa t ions  of t he se  s t a r s  i n d i c a t e s  t h a t  the  parameters of t h e s e  
s t a r s  der ived by 14anduca et a l .  from t h e  i n t e r p r e t a t i o n  of VR photometry us ing  
spectrum syn thes i s  techniques a r e  v a l i d .  D i f f i c u l t i e s  encountered i n  t h e  
a n a l y s i s  of t h e  IUE observa t ions  of RR Lyr a r e  be l ieved  t o  be due t o  t h e  
s t a r ' s  secondary cyc le .  
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ABSTRACT 

High- and low-dispersion IUE s p e c t r a  of the  pre-main sequence s t a r ,  RU 
Lupi, have been obtained using both t he  SWP and LWR cameras. Strong P Cygni 
l i n e  p r o f i l e s  a r e  seen i n  Mg 11 and Fe I1 emission l i n e s ,  i n d i c a t i n g  t h a t  
the  l i n e s  a r e  formed i n  the  s t e l l a r  wind of RU Lupi. An inc rease  i n  t r a n s i -  
t i o n  region l i n e  widths is  seen wi th  i nc reas ing  temperature,  which cannot be 
due s o l e l y  t o  opac i ty  broadening, thus i n d i c a t i n g  t h a t  kinematic  broadening 
mechanisms ( e  .g. f lows and turbulence)  a r e  dominant. The t r a n s i t i o n  region 
dens i ty  is  -3 x 10l0  der ived from the  Si  111 A1892/C 111 A1909 l i n e  
r a t i o .  The s t a t u s  of our  atmospheric modeling of RU Lupi is  discussed.  

INTRODUCTION 

The T Tauri  s t a r s  a r e  pre-main sequence (PMS) o b j e c t s  which show many 
chromospheric phenomena i n  t h e i r  most extreme form. IUE has allowed t h e  
s tudy  of a number (-30) of t he se  s t a r s  a t  low d i spe r s ion  but high d i spe r s ion  
s p e c t r a  have proved d i f f i c u l t  t o  ob t a in  even f o r  the  Mg 11 resonance l i n e s ,  
which gene ra l l y  need s e v e r a l  hours of exposure t i m e .  RU Lupi shows the  
s t r o n g e s t  observed chromospheric and t r a n s i t i o n  region (TR) emission l i n e s  
of a l l  PMS s t a r s  and we have t h e r e f o r e  s tud i ed  t h i s  s t a r  ex t ens ive ly  a t  high 
and low d i spe r s ion  with IUE. 

RU Lupi is among the  most extreme of the  T Tauri  s t a r s  i n  t h a t  emission 
from its expanding atmosphere dominates i ts  photospheric  r a d i a t i o n  i n  both 
t h e  W and o p t i c a l  s p e c t r a l  regions.  Lago (1982) has cons t ruc ted  an atmo- 
s p h e r i c  model f o r  RU Lupi based on i t s  o p t i c a l  spectrum and Penston and Lago 
(1982) have d iscussed  e a r l i e r  IUE observa t ions  of t h i s  s t a r .  

IUE OBSERVATIONS 

We have obtained s p e c t r a  of RU Lupi during the  per iod 1983 Apr i l  15-16. 
These s p e c t r a  inc lude  both high d i spe r s ion  (SWP 19736, 755 min; LWR 15755, 
416 min; LWR 15746, 40 min) and low d i spe r s ion  (SWP 19739, 120 min; LWR 15745, 
25 min; LWR 15754, 8 min) exposures.  These d a t a  have been combined with ear-  
l i e r  s p e c t r a ,  p a r t i c u l a r l y  the  high-dispers ion image SWP 14980 (316 min), i n  
o rde r  t o  i n v e s t i g a t e  the W s p e c t r a l  p r o p e r t i e s  of RU Lupi. 



The low-dispersion SWP spectrum of RU Lupi is shown i n  Fig. 1 and the ob- 
served l i n e  f l uxes  der ived from t h i s  spectrum, Fe, a r e  given i n  Table 1. The 
f l u x ,  Fcorr, cor rec ted  f o r  i n t e r s t e l l a r  absorp t ion  (AV = 0.6 mag; Cohen and 
Kuhi 1979), using the  mean i n t e r s t e l l a r  e x t i n c t i o n  curve of Savage and Mathis 
(1979) is  a l s o  given. P r o f i l e s  of the s t r o n g e r  SWP emission l i n e s  a r e  shown 
i n  Fig. 2. These p r o f i l e s  a r e  obtained from the  a d d i t i o n  of images 19736 and 
14980 weighted by the r e l a t i v e  exposure times. It seems l i k e l y  t h a t  the  l i n e  
f l uxes  i n  the l a t e r  exposure were somewhat lower. Line widths (FWHM) were 
der ived  f o r  s e v e r a l  l i n e s  and a r e  given i n  Table I .  Figure 3 shows the  LWR 
s p e c t r a l  region conta in ing  the  UV1 m u l t i p l e t  of Fe 11. 
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Fig. 2. High d i spe r s ion  l i n e  p r o f i l e s  obtained from the  summation of two SWP 
images of RU Lupi. Bright  no ise  spo t s  were removed from SWP 14980 by repro- 
ce s s ing  the  image wi th  a median f i l t e r  s e t  with a s u i t a b l e  threshold.  The 
expected pos i t i ons  of c e r t a i n  emission l i n e s  a r e  i nd i ca t ed .  
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RESULTS PERTAINING TO THE ATMOSPHERIC PROPERTIES OF RU LUPI 

The r e s u l t s  d e r i v e d  from our  p r e l i m i n a r y  a n a l y s i s  of t h e s e  d a t a  a r e :  

1. The Fe 11 U V 1  and Mg I1 resonance l i n e s  show s t r o n g  c l a s s i c a l  P Cygni 
l i n e  p r o f i l e s  formed i n  t h e  s te l lar  wind of RU Lupi. While such p r o f i l e s  a r e  
g e n e r a l l y  seen  i n  t h e  Mg I1 l i n e s  of T Taur i  s t a r s ,  s t r o n g  P Cygni p r o f i l e s  i n  
Fe I1 have no t  been seen  before .  These Fe I1 p r o f i l e s  a r e  more extreme than t h e  
asymmetries s e e n  i n  t h e  l i n e s  of evolved coo l  g i a n t s  and s u p e r g i a n t s .  We i n t e n d  
t o  model t h e s e  p r o f i l e s  u s i n g  co-moving frame r a d i a t i v e  t r a n s f e r  t e c h n i q u e s ,  
which i n c o r p o r a t e  v e l o c i t y  f i e l d s  , a chromospheric r i s e  and PRD e f f e c t s  . 

2. The observed l i n e  widths  imply an i n c r e a s e  i n  l i n e  broadening w i t h  
t empera tu re  ( i . e .  t h e  FWHM a r e  -125 km s-l f o r  S i  I1 A1808; -155 km s-I f o r  
S i  111 X1892, and -200 km s'l f o r  S i  I V  A1394 and C I V  X 1548). While some 
o p a c i t y  broadening may be p r e s e n t  i n  t h e  resonance l i n e s ,  t h i s  cannot be 
t h e  c a s e  f o r  t h e  o p t i c a l l y - t h i n  S i  I11 l i n e .  Kinematic e f f e c t s ,  such a s  f lows 
and t u r b u l e n c e ,  appear  t o  be t h e  dominant broadening mechanisms. 

3. Assuming s o l a r  abundances,  t h e  S i  111 A1892/C I11 A1909 r a t i o  of 3.3 
i n d i c a t e s  t h a t  t h e  TR p r e s s u r e  a t  -6 x lo4 K i s  -2 x 1015 cm-3 K,  e q u i v a l e n t  
t o  a l o c a l  e l e c t r o n  d e n s i t y  of -3 x 10l0 ~ m ' ~ .  The c a l i b r a t i o n  of t h i s  l i n e  
r a t i o  used is  t h a t  of Jo rdan  (1983, p r i v a t e  communication), which i n c l u d e s  
improved a tomic  d a t a  f o r  S i  I11 a s  compared t o  t h a t  of Doschek et  a l .  (1978). 

4. The emiss ion  measure d i s t r i b u t i o n  of chromospheric and TR plasma can 
be d e r i v e d  from t h e  d a t a  i n  Table  1. We i n t e n d  t o  c a l c u l a t e  models of t h e  
t empera tu re  and d e n s i t y  s t r u c t u r e  of RU Lupi u s i n g  emiss ion measure a n a l y s i s  
( s e e ,  f o r  i n s t a n c e ,  Brown, F e r r a z  and Jordan  1984). S ince  both  t h e  upper  
l i m i t  t o  t h e  N V emiss ion  measure (Te - 2 x 1 0 ~  K) is low and t h e  E i n s t e i n  X- - 
ray  upper  l i m i t  (Gahm 1981) i m p l i e s  an even lower corona l  ( T  - lo6 K) emis- 
s i o n  measure, i t  seems t h a t  ve ry  l i t t l e  corona l  plasma is  p r e s e n t  i n  t h e  
atmosphere of RU Lupi (Brown and Jordan  1983; Imhoff and Giampapa 1982). 

S i n c e  emiss ion  from t h e  s t e l l a r  wind of RU Lupi dominates p h o t o s p h e r i c  
r a d i a t i o n  i n  t h e  W and o p t i c a l  s p e c t r a l  r e g i o n s ,  t h e  combination of emis- 
s i o n  measure a n a l y s i s ,  co-moving frame PRD c a l c u l a t i o n s  and p rev ious  o p t i c a l  
s t u d i e s  shou ld  a l l o w  t h e  c o n s i s t e n t  modeling of t h e  atmosphere of RU Lupi. 
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Mg I1 EMISSION OF POP. I1 LONG-PERIOD CEPHEIDS 
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ABSTRACT 

The Population I1 Cepheid pulsational variables AL Vir (P = 10.3 days) 
and W Vir (P = 17.3 days) were observed with IUE at two phases each. Only 
low-dispersion mid-UV exposures were feasible, but were sufficient to show 
a great range in Mg I1 emission behavior. The relationship to phase 
variation of emission in classical (Pop. I) Cepheids of long period is 
unclear. 

RESULTS 

W Vir showed Mg I1 2800 emission well in excess of the local continuum 
at both times (JD 2445561.65 and 2445755.18). The FES magnitudes at these 
two times were 10.0 and a faint 10.7. This means that the second 
.observation was taken near minimum light. The actual phase values are in 
doubt, pending investigation of recent ground-based data, since the period 
and form of light curve are known to vary. If we adopt the elements 
2436576.687 + 17.2736 E from the Second Supplement to the Third Edition of 
the General Catalogue of Variable Stars, the provisional phases are 0.16 
and 0.36, respectively. 

A .  Vir showed only photospheric absorption in Mg I1 at both times (JD 
. . 2445561.75 and 2445755.11). FES magnitudes were 9.5 and 10.1, and 

provisional phases from 2437823.45 + 10.30256 E are 0.10 and 0.87. The 
spectrum resembles early F-type luminous stars with their pronounced Fe I1 
absorption features. 

DISCUSSION 

Schmidt and Parsons (1982, 1984) found that among classical Cepheids 
with periods near 10 days, Mg I1 emission strength builds rapidly at the 
time of maximum outward acceleration of the photosphere, around phase 0.7-- 



0.8. This emission subsequently fades toward much smaller but still 
detectable levels at minimum light. In this framework, the observations of 
both Pop. I1 Cepheids are surprising. 

If similar mechanisms of shock heating and radiational cooling operate 
in both population types with similar efficiencies, then AL Vir should have 
had detectable emission, and the enormous emission in W Vir is unexpected. 
There is a trend among Pop. I Cepheids for greater overall emission 
strength at longer periods; the current sample of two stars would give a 
much steeper slope to such a trend. There are too many variables, however, 
including differences in light curve shape (i.e. pulsation dynamics), to 
be able to conclude at present whether the abundance differences between 
Pop. I and Pop. I1 have a direct affect on the nature of Cepheid 
chromospheres. 

REFERENCES 

Schmidt, E.G., and Parsons, S.B. 1982, Ap.J. Suppl., 48, 185. 

Schmidt, E.G., and Parsons, S.B. 1984, Ap.J., 279, - . (April 1) 



BLUE COMPANIONS OF CEPHEIDS 

Er ika  B8hm-Vitense and Charles  P r o f f i t t  
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ABSTRACT 

Nineteen Cepheids, known o r  suspected t o  have b lue  companions, have 
been observed. For 11 of  them, b lue  companions were indeed seen ,  though 
many of  them were f a i n t e r  i n  t he  UV than suspected.  For four  Popula t ion  I 
Cepheids t h e  suspected companions were no t  seen. For none of t h e  Populat ion 
I1 Cepheids could a  companion be de tec ted .  

For t h e  observed companions we have determined Te f f ,  l uminos i t i e s  and 
masses from t h e i r  p o s i t i o n  i n  t h e  HR diagram. 

INTRODUCTION 

The masses of Cepheids have been a  long debated sub jec t  ( s e e  Cox 1980 
f o r  a  review). While o r i g i n a l l y  p u l s a t i o n a l  masses were about 30-40% lower 
than evolu t ionary  masses, l a r g e r  d i s t a n c e s  and smal le r  Teff  f o r  t h e  observed 
Cepheids have reduced t h i s  discrepancy,  a t  l e a s t  f o r  Cepheids wi th  per iods  
<12 days. For Cepheids showing bea t  phenomena i n  t h e i r  ampli tudes,  
i n d i c a t i n g  t h e  e x c i t a t i o n  of two modes, t he  masses der ived  from t h e  r a t i o  of 
t he  per iods  a r e  s t i l l  a  f a c t o r  of two t o  t h r e e  smal le r  than the  masses 
der ived  from o t h e r  methods. 

As Hofmeister (1967) and Becker, Iben and Tuggle (1981) pointed o u t ,  
t h e r e  appears  t o  be a  su rp lus  of Cepheids wi th  long per iods  i n  comparison 
wi th  t he  b i r t h  r a t e s  of massive s t a r s .  This problem would be eased i f  a  
l a r g e  f r a c t i o n  of long per iod Cepheids have a c t u a l l y  smal le r  masses than 
p re sen t ly  thought.  For Cepheids wi th  per iods  longer than l od ,  Burki (1983) 
f i n d s  Wesselink masses lower by about 15 t o  20% than those found from 
evolu t ionary  t r acks .  

Because of t he se  d i s c r epanc i e s  between d i f f e r e n t  mass de te rmina t ions  i t  
would be of g r e a t  h e l p  t o  have dynamical mass de te rmina t ions  f o r  a  few 
Cepheids wi th  d i f f e r e n t  p u l s a t i o n a l  per iods .  

S u i t a b l e  b i n a r i e s  should be i d e n t i f i e d .  A s  Cepheids have v i s u a l  
magnitudes much b r i g h t e r  than t h e i r  main sequence c o u n t e r p a r t s ,  any 
companion wi th  a  mass l e s s  than t h a t  of  t h e  Cepheid i s  expected t o  be much 
f a i n t e r  but  much b lue r  than the  Cepheid un l e s s  i t  has  a  much smal le r  mass 
than the  Cepheid, i n  which case  i t  w i l l  be very hard t o  d e t e c t .  

For a  l a r g e  number of Cepheids, Madore (1977) observed t h e i r  pa ths  i n  
t h e  two-color diagram during t h e i r  p u l s a t i o n a l  cyc l e .  For s e v e r a l  of  them 
open loops i n  t he  two-color diagram were found, which he a t t r i b u t e d  t o  the  
presence of a  b lue  companion. 



We have observed many o f  t h e  suspec ted  b i n a r i e s  i n  a d d i t i o n  t o  Cepheids 
whose r a d i a l  v e l o c i t i e s  i n d i c a t e d  an o r b i t a l  v e l o c i t y  superimposed on t h e  
p u l s a t i o n a l  v e l o c i t y  c u r v e s  (Lloyd Evans 1982, Jacobsen 1974) .  Companions 
f o r  T  Mon and 0 Aql were observed by Mariska,  Doschek and Feldman (1980a and 
1980b) ,  who determined t empera tu res  of about  10000 and 9500K f o r  t h e  
companions. 

THE OBSERVATIONS 

Table  1 g i v e s  t h e  l i s t  o f  s t a r s  which have been observed by u s  and by 
o t h e r  IUE g u e s t  o b s e r v e r s .  The observed energy d i s t r i b u t i o n s  were c o r r e c t e d  
f o r  i n t e r s t e l l a r  reddening w i t h  t h e  E(B-V) g iven  by Dean, Warren and Cousins  
(1978) and w i t h  t h e  average  g a l a c t i c  e x t i n c t i o n  c u r v e s  a s  g i v e n  by Sea ton  
(1979).  The d i s t a n c e s  a r e  o b t a i n e d  from t h e  p e r i o d ,  c o l o r ,  l u m i n o s i t y  
r e l a t i o n  f o r  t h e  Cepheids.  We used t h e  r e l a t i o n  g iven  by Sandage and 
Tammann (1969) .  Assuming t h a t  t h e  companions a r e  main sequence s t a r s ,  we 
can de te rmine  t h e  s u r f a c e  f l u x  FA ( ~ , f f ) f o r  any g iven  wavelength  A ,  f o r  
i n s t a n c e ,  from Kurucz 's  1979 t a b l e s .  For main sequence s t a r s  we a l s o  know 
t h e  r a d i u s  R ( T e f f ) .  We can t h e r e f o r e  u s e  t h e  e q u a t i o n  

f A .  d 2  = FA ( ~ , f f )  . R ~  ( T e f f )  

t o  de te rmine  T e f f .  Here ,  f A  i s  t h e  observed f l u x  a t  wavelength  A. We used  
t h e  wavelengths  1950 A and 1550 A. For 1950 A t h e  Cepheid i t s e l f  sometimes 
c o n t r i b u t e s  a  s m a l l  f r a c t i o n  t o  t h e  observed f l u x .  We t h e r e f o r e  o b t a i n  a n  
upper  l i m i t  t o  t h e  Tef f  from t h i s  A. 

I n  o r d e r  t o  check whether  our  assumption t h a t  t h e  companions a r e  main 
sequence s t a r s  is  c o r r e c t ,  we compare t h e  observed,  r edden ing  c o r r e c t e d ,  
energy  d i s t r i b u t i o n s  w i t h  model energy d i s t r i b u t i o n s  a s  g i v e n  by Kurucz 
(1979) .  For most o f  t h e  companions we f i n d  good agreement ( s e e  F i g u r e  I ) ,  
excep t  f o r  t h e  RW Cam, SV P e r  and RY Nor companions, f o r  which we f i n d  
r a t h e r  l a r g e  d i s c r e p a n c i e s ,  a s  d i s c u s s e d  by B8hm-Vitense and S. B o r u t z k i  
(1983) .  It  i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e s e  a r e  a l l  Cepheids w i t h  p e r i o d s  
longer  t h a n  10 days .  

For  t h e  main sequence companions we can use  t h e i r  T e f f  t o  de te rmine  
t h e i r  masses.  The r e s u l t s  a r e  shown i n  F i g u r e  2,  where we have p l o t t e d  t h e  
r e l a t i o n  between e v o l u t i o n a r y  and p u l s a t i o n a l  masses and t h e  l e n g t h s  o f  t h e  
p e r i o d s ,  and a l s o  t h e  masses f o r  t h e  companions of t h e  Cepheids s t u d i e d  
h e r e .  

For  t h e  s t a r s  w i t h  n e a r l y  e q u a l  masses ,  t h e  companion i s  r e l a t i v e l y  
b r i g h t  and h o t  i n  comparison w i t h  t h e  Cepheid. We t h e r e f o r e  have a  v e r y  
good chance t o  observe  t h e  companion w i t h  h i g h  r e s o l u t i o n  and de te rmine  t h e  
r a d i a l  v e l o c i t i e s .  S t u d i e s  f o r  SU Cyg and S  Mus a r e  underway by N .  Evans, 
by u s ,  and by E ichendor f .  It  appears  t h a t  KN Cen would a l s o  be a  good 
c a n d i d a t e  and o p t i c a l  s t u d i e s  shou ld  be under taken  t o  d e t e r m i n e  t h e  o r b i t a l  
p e r i o d s  and o r b i t a l  v e l o c i t i e s  f o r  t h i s  Cepheid.  Once t h e  o r b i t a l  
v e l o c i t i e s  of t h e  Cepheids a r e  known i n  p r i n c i p l e ,  one v e l o c i t y  r a t i o  w i l l  



then  de te rmine  t h e  mass r a t i o  o f  t h e  two s t a r s .  

S t u d i e s  o f  t h e  r a d i a l  v e l o c i t i e s  of t h e  W S g r ,  V636 Sco, and U Aql 
companions a r e  a l s o  underway. It i s  hoped t h a t  i n  t h e  n e a r  f u t u r e  we w i l l  
f i n a l l y  be a b l e  t o  de te rmine  dynamical masses f o r  t h e  Cepheids.  

REFERENCES 

Becker,  S.A., Iben ,  I .  and Tuggle,  K.S. 1977, Ap.J. 218, 633. - 
~ U h m - ~ i t e n s e ,  E . ,  B o r u t z k i ,  S. and H a r r i s ,  H. 1983, Proceedings  o f  I A U  
Colloquium 105, Geneva. 
Burk i ,  G .  1983, p r e p r i n t .  
Cox, A.N. 1980, Ann. Rev. Astron.  Astrophys.  18, 15. 
Dean, C .A. ,  Warren, W.H. and Cousins ,  A.W.J .  1978, MNRAS 183, 569. 
E ichendor f ,  W. 1982, p r i v a t e  communication. 
Evans, N. 1982, p r i v a t e  communication. 
Hofmeis ter ,  E. 1967, 2 . f .  Astrophys .  - 65,  194. 
Jacobsen ,  T.S. 1974, Ap.J. 191, 691. - 
Kurucz, K. 1979, Ap.J. Suppl .  40, 1. 
Lloyd Evans, T. 1982, MNRAS 199, 925. 
Madore, B.F. 1977, MNRAS 178, 505. - 
Mariska,  J .T. ,  Doschek, G.A.  and Feldman, U. 1980a, Ap.J. L e t t e r s  238, - 
L87. 
Mariska ,  J .T. ,  Doschek, G.A. and Feldman, U. 1980b, Ap.J. - 242, 1083. 
Sandage, A.R.  and Tammann, G .  1969, Ap.J. 157, 683. 
Sea ton ,  M . J .  1979, MNRAS - 187, 73. 

Table  1 
P r o p e r t i e s  o f  Cepheids w i t h  Main Sequence Companions 

Teff M / M , ~  
S t a r  <m,> <B>-<V> E(B-V) P[d]  M,, d [ p c ]  comp . comp . 

su C Y ~  
V636 Sc 
U Aql 
11 Aql 
W Sgr  
S Mus 
T Mon 
KN Cen 

1. The u n c e r t a i n t y  l i m i t s  g iven  i g n o r e  t h e  u n c e r t a i n t y  i n  t h e  reddening 
c o r r e c t  i o n s .  



F i g u r e  1. The observed redden ing  c o r r e c t e d  energy  d i s t r i b u t i o n s  f o r  t h e  
companions of  W S g r ,  V636 Sco and U Aql a r e  compared w i t h  model e n e r g y  
d i s t r i b u t i o n s  f o r  l o g  g = 4 and t h e  t e m p e r a t u r e s  g i v e n ,  a s  i n t e r p o l a t e d  
from t h e  model ene rgy  d i s t r i b u t i o n  g i v e n  by Kurucz 1979. 

A observed, MS 

x evol mass Cox I 
puls moss, Cox 

KNCen 

I2 i I 

S Mus 

F i g u r e  2. E v o l u t i o n a r y  and p u l s a t i o n a l  masses of  Cepheids a r e  shown a s  
a  f u n c t i o n  o f  t h e i r  p u l s a t i o n a l  p e r i o d s  f o r  t h e  s t a r s  s t u d i e d  by Cox 1980. 
Also  shown a r e  t h e  masses f o r  t h e  main sequence companions of  t h e  Cepheids 
s t u d i e d  h e r e .  



ULTRAVIOLET OBSERVATIONS OF POPULATION I1 CEPHEIDS 

Erika Bvhm-Vitense, Charles Proffitt and George Wallerstein 
University of Washington, Seattle 

ABSTRACT 

The two Population I1 Cepheids, ST Pup and W Vir, have nearly the same 
length of period and B-V colors, yet spectral types are very different, 
indicating large differences in metal abundances. We have determined metal 
abundances, Teff and the color excess from the observed discontinuities at 
1700 A, at 2600 A, the ultraviolet to visual colors, and the 2400 A 
absorption band. The observations for ST Pup were made shortly after 
maximum light. For ST Pup we found E(B-V) = 0.2, Teff = 6600 + lOOK at 0.5 
days after maximum. A metal abundance of [A/H] = -1.7 + 0.2 was determined. 
For W Vir a metal abundance of [A/H] %-0.9 is suggested, 

INTRODUCTION 

The two Population I1 Cepheids, ST Pup and W Vir, have nearly the same 
periods: 18.44 days for ST Pup and 17.8 days for W Vir. Their B-V colors 
differ only slightly, but ST Pup has much weaker metallic lines. It is 
therefore suspected that ST Pup is much more metal deficient than'W Vir. 
For W Vir, Abt (1954) used nearly solar metal abundances. Barker et 
al. (1971) determined [A/H] = -1.2 from spectrum analysis. B8hm-Vitense 
(1974) found agreement of the UBV color variations with phase assuming [A/H] 
= -1. We are not aware of any analysis of ST Pup. 

I .  

As has been shown previously (Bvhm-Vitense 1980), the discontinuity in 
the energy distribution at 1700 A observed for late A and F stars provides 
an excellent opportunity to determine [A/H], if Teff is known, for instance, 
from ultraviolet to visual flux ratios after correction for interstellar 
extinction. Another temperature and metal abundance sensitive apparent 
discontinuity is observed at 2600 A. We have used these two discontinuities 
and the overall energy distribution to determine the atmospheric parameters 
of these two Population I1 Cepheids, together with a determination of the 
color excess. We will report here on the results. 

THE OBSERVATIONS 

We tried to observe both stars one-half to one day after maximum light, 
such that we might expect to have nearly optimum flux in the ultraviolet, 
yet have the atmosphere be close to equilibrium; i.e., that the outmoving 
shocks would not be of serious influence. At these phases the comparison 
with equlibrium model stellar atmospheres should be correct. For ST Pup 
V. Smith (1982) kindly made a new phase determination about one-half year 
before the observations. For W Vir we did not foresee any phase shifts, but 
it appeared that maximum light was delayed by two-days. With one day 
separation between the two observations, we measured the same visual 
magnitude on both days, always close to maximum light. The observations of 



W V i r  met w i t h  t he  a d d i t i o n a l  d i f f i c u l t y  t h a t  t h e  Ear th  g e t s  i n  t he  way a 
few hours  i n t o  t h e  US1 s h i f t .  Therefore ,  un in t e r rup t ed  long exposures a r e  
no t  p o s s i b l e  on t h i s  s i d e  of t h e  A t l a n t i c .  W V i r  a l s o  appears  t o  have a 
h igher  metal  abundance than ST Pup and t h e r e f o r e  has  l e s s  f l u x  i n  t he  U V ,  
which makes t h e  observa t ions  i n  t h e  s h o r t  wavelength range more d i f f i c u l t .  
Our observa t ions  a r e  t h e r e f o r e  b e s t  f o r  ST Pup. W e  have two s h o r t  
wavelength low r e s o l u t i o n  exposures f o r  ST Pup 112 day and 1-112 days a f t e r  
maximum l i g h t .  We a l s o  have one long wavelength exposure one-half day a f t e r  
maximum l i g h t .  For W V i r  we have one s h o r t  wavelength exposure and t h r e e  
long wavelength exposures a t  phases near  maximum l i g h t .  The second SWP 
exposure f o r  ST Pup and t h e  SWP exposure f o r  W V i r  were t oo  weak t o  measure 
t h e  1700 A d i s c o n t i n u i t y  wi th  confidence. 

SPECTRUM ANALYSIS 

We used the  f l u x  r a t i o s  of t he  fol lowing wavelength p a i r s  3112:1892; 
V:  1892; V: 2712; 1892: 1635 (1700 A d i s c o n t i n u i t y ) ,  2712: 2562 
("d iscont inu i ty"  a t  2600 A); and the  broad absorp t ion  band a t  2400 A. The 
f l u x  r a t i o s  from t h e  two wavelength p a i r s  inc lud ing  t h e  v i s u a l  a r e  l e s s  
r e l i a b l e  than the  o t h e r  p a i r s  because we only have FES measurements f o r  t h e  
v i s u a l  magnitudes which a r e  unce r t a in  by 20.2 magnitudes. 

A l l  t h e  f l u x  r a t i o s  depend on Te f f ,  l og  g ,  [A/H] and E(B-V). Log g i s  
approximately known from Mv and M/M, Q, 0.5. For t h e  de te rmina t ion  of t h e  
unknowns we have t h r e e  independent f l u x  r a t i o s  and t h e  2400 A abso rp t ion  
band. 

For an assumed va lue  of  E(B-V) we g e t  from each f l u x  r a t i o  and f o r  t h e  
2400 absorp t ion  band a r e l a t i o n  between Teff  and [A/H] t h a t  w i l l  g ive  t h e  
observed va lue .  For t h e  c o r r e c t  va lue  of E(B-V) a l l  t he se  curves  should 
i n t e r s e c t  a t  one po in t .  For an i nco r r ec t  reddening c o r r e c t i o n  o r  poss ib ly  
an i n c o r r e c t  va lue  f o r  log  g t h e  measured f l u x  r a t i o n s  a r e  i n c o n s i s t e n t  and 
t h e  d i f f e r e n t  Teff [A/H] curves der ived  from t h e  d i f f e r e n t  kinds of  
measurement do no t  in te rs ' ec t  a t  one po in t .  I n  F igure  1 we show t h e  
r e l a t i o n s  obtained f o r  ST Pup f o r  assumed va lues  of E(B-V) = 0.15, 0.20 and 
0.22. W e  used Sea ton ' s  average g a l a c t i c  e x t i n c t i o n  curve f o r  t h e  e x t i n c t i o n  
c o r r e c t i o n .  Model atmosphere energy d i s t r i b u t i o n s  f o r  log  g =2 were used 
f o r  t h e  t h e o r e t i c a l  r e l a t i o n s .  This log  g is  somewhat l a r g e r  than expected 
from Mv and M/Mo Q, 0.5,  but  seems t o  give b e t t e r  agreement than smal le r  
va lues .  S ince  we observed ST Pup s h o r t l y  a f t e r  maximum l i g h t ,  t he  h igher  
p re s su re  may no t  be s u r p r i s i n g .  The b e s t  agreement f o r  t h e  d i f f e r e n t  
r e l a t i o n s  i s  found f o r  E(B-V) = 0.22, but  f o r  E(B-V) = 0.20 only t he  
somewhat u n c e r t a i n  f l u x  r a t i o  of  t he  v i s u a l  t o  t he  2712 A f l u x  i s  i n  
disagreement.  From Figure 1 we conclude t h a t  t h e  c o l o r  excess  i s  E(B-V) = 
0.20 + - 0.02 and t h a t  [A/H] i s  -1.7 + - 0.15 f o r  ST Pup. A t  t h e  phase of t h i s  
observa t ion  Tef f  was 6600 i- 100°~. I n  h i s  las t  s tudy of  t h e  surrounding 
s t a r s ,  Demers (1982) determined E(B-V) = 0.20 f o r  ST Pup. 



In Figure 2 we show the corresponding diagrams for our first set of 
observations of W Vir. For this star our results are somewhat disappointing 
because our short wavelength spectrum is underexposed and we cannot use the 
discontinuity at 1700 A. The absorption band at 2400 A is very weak and may 
be weakened by emission. For the expected gravity of log g = 1.3 we find 
one intersection only for E(B-V) 5 0.20; see Figure 2. This is 
unreasonable in comparison with other determinations, which all give E(B-V) 
5 0.10. For this E(B-V) we need log g =3.0 to get a 2400 A absorption band 
nearly as weak as observed. It appears that the 2400 A band is weakened by 
some unknown reason and that log g = 2 and E(B-V) = 0.10 are probably the 
best values. For these we find Teff = 5900 + 200 and [A/H] = -0.9 + 0.2, 
which is in agreement with earlier results (Barker et al. 1971, B8hm-Vitense 
1974) for phase 0.9. We have to admit, however, that for 1ower.log g values 
temperatures up to 300' higher and metal abundances higher by a factor of 2 
may be obtained. We need longer exposure, short wavelength spectra in order 
to get more accurate results. 
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FIGURE CAPTIONS 

igure 1: Teff (log z/Z0) relations are shown as obtained from the flux 
ratios at different wavelengths measured for ST Pup for a phase 
0.5 days after maximum light. The wavelength pairs used for the 
flux ratios are noted on the curves. Also used was the 
equivalent width of the absorption band at 2400 A. Figures, a, 
b, c were obtained assuming log g = 2 and different values of 
E(B-V), Figures d, e f were obtained assuming log g = 1.3. The 
best one point intersection is obtained for log g = 2 and E(B-V) 
= 0.22. 

Figure 2: Similar to Figure 1, but for the flux ratios measured for W Vir, 
probably shortly before maximum light. The 2400 A absorption 
band is too weak. Perhaps an overlying emission, due to the 
outward moving shock, weakens this absorption band. 
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ULTRAVIOLET ANALYSIS OF THE PECULIAR F SUPERGIANT HD 112374 

Erika Buhm-Vitense and Charles Proffitt 
University of Washington, Seattle 

ABSTRACT 

We have studied the ultraviolet energy distribution of the metal-poor 
supergiant HD 112347. We need a temperature Teff= 5500+ loOK, log g = 
-0.3f0.3 and a metal deficiency of log Z/Z, = -0.7 in order to find 
agreement between theoretical and observed ultraviolet energy distributions 
with a reddening of E(B-v): 0.1, consistent with its galactic latitude of 
i-36 O. 

INTRODUCTION 

The star HD 112374 = HR 4912 is an F3Ia supergiant (Hoffleit and 
Jascheck 1982) at a galactic latitude of +36". Arellano Ferro (1981) found 
it to be variable with an amplitude o f A M g =  0.32 and a period of either 
43.96, 53.33 or 67.8 days. The scatter is smallest for P = 43.96 days. 
These authors call the star a Cepheid-like supergiant. Luck, Lambert and 
Bond, 1983, recently analyzed the star and found it to be metal-poor. They 
obtained [A/H]  = -1.2 in the average, but the light elements are less 
depleted than Fe. From the excitation and ionization, the authors found 
Teff = 6000 to 5700K and log g = 0.4 to 0.8. E(B-V) was then found to be 
0.25, which is surprising because of the large galactic latitude. The ' 

authors suspected circumstellar absorption. 

This star appears to be rather similar to W Vir, the prototype Pop. I1 
Cepheid, whose period is, however, only 17.8 days. Circumstellar extinction 
for such a star would therefore be very interesting, suggesting mass loss 
for Population I1 Cepheids. The average metal deficiencies of the two stars 
appear to be very similar. Barker et al. (1971) find [A/H] = -1, but less 
for s process elements in W Vir. 

We therefore wanted to observe this star as a "Standard" star to test 
our methods of UV analysis of the Population I1 Cepheids. Since we observed 
the Cepheids at m V  %9.8, we expected it to be easy to observe this star 
with m V =  6.6. Our IUE observations revealed, however, immediately that the 
UV intensities for this star are relatively much lower than for W Vir around 
maximum light. The temperature must be lower or Z higher or the UV 
extinction much larger than for W Vir at maximum or log g much lower. In 
the following we will describe our observations and analysis. 

THE OBSERVATIONS 

On June 15, 1983 we took a short wavelength low resolution spectrum 
with 40 min exposure time which showed nothing. We then took two LWR low 
resolution exposures with 6 and 25 min exposure time; the latter was 
overexposed for A >  2600 A. At 2400 A the flux was still too small and noisy 



t o  measure t he  2400 A absorp t ion  f e a t u r e  wi th  confidence.  F igure  1 shows 
t h e  spectrum f o r  t h e  LWR reg ion .  

THE ANALYSIS 

Since  t he  s h o r t  wavelength spectrum could no t  be observed nor  could t h e  
2400 A absorp t ion  f e a t u r e ,  our a n a l y s i s  could make use  only o f  t h e  2600 A 
d i s c o n t i n u i t y  and o f  the  continuum energy d i s t r i b u t i o n s .  We used t h e  f l u x  
r a t i o s  of t h e  wavelengths 2662 A and 2537 A t o  desc r ibe  t h e  d i s c o n t i n u i t y  a t  
2600 A. This i s  t he  b e s t  known quan t i t y .  We a l s o  used the  B-V c o l o r s  and 
the  V :  (2662 A) co lo r s .  For B-V we used the  va lue  given by ~ u c k  e t  
a l .  (1983) and a  v i s u a l  magnitude of 6".6, presumably t he  average v i s u a l  
magnitude, s i n c e  we do not  know the  exac t  va lues  a t  t h e  t ime of ou r  
observa t ions .  Apparently,  t he  B-V c o l o r s  do no t  vary much. Our v i s u a l  
magnitude could be wrong by 0.20, which means our  v i s u a l  f l u x  might be wrong 
by Alog f v  = + - 0.08. 

Our c a l i b r a t i o n  p l o t  f o r  t h e  v i s u a l  t o  2662 A f l u x  r a t i o  i s  shown i n  
F igure  2. Also i nd i ca t ed  i s  t he  observed f l u x  r a t i o  f o r  d i f f e r e n t  assumed 
va lues  of  E(B-V). From t h e  B-V co lo r  we ob ta in  f o r  each assumed E(B-V) a  
(B-V) and a  r e l a t i o n  between T e f f  and [A/H] which w i l l  g ive  t h e  (B-v), , 
which i s  s l i g h t l y  dependent on the  luminosi ty .  These r e l a t i o n s  a r e  shown i n  
F igure  3. The observed d i s c o n t i n u i t y  a t  2600 A r e q u i r e s  another  r e l a t i o n  
between T e f f  and log  z / Z o .  See Figure 3. For each E(B-V) we f i n d  one 
i n t e r s e c t i o n  wi th  t h i s  curve.  For each va lue  of E(B-V) we t h e r e f o r e  o b t a i n  
a  p a i r  Tef5[A/H]  a s  a  pos s ib l e  so lu t ion .  We can i n t e r p o l a t e  t h e  ~ 1 2 6 6 2  A 
f l u x  r a t i o  a s  a  func t ion  of  log  g  f o r  these  p a i r s  of Teff and [A/H] a s  shown 
i n  F igure  2 .  We now have t o  f i t  t h e  measured po in t s  on one of t he se  curves  
depending on E(B-v) .  The i n t e r s e c t i o n s  g ive  very low va lues  f o r  log  g  2 

-0.3,  which i s ,  however, not  i n c o n s i s t e n t  wi th  t he  very long per iod and 
luminosi ty  of  t h i s  v a r i a b l e ,  though i t  i s  smal le r  than t h e  va lue  found by 
Luck e t  a l .  For E(B-V) = 0.25 we would f i nd  a  r a t h e r  l a r g e  T e f f  and smal l  

-.log Z/Z,which would be i n c o n s i s t e n t  wi th  t he  i n s t a b i l i t y  s t r i p .  Making use  
of t he  f a c t  t h a t  we expect E(B-V) 5 0 .1  from the  g a l a c t i c  l a t i t u d e  of t h e  
s t a r ,  we f i nd  log  Z / Z o  = -0.7 wi th  T e f f =  5600K. It  seems we observed t h e  
s t a r  a t  a  lower temperature  and g r a v i t y  than Luck e t  a l . ,  though t h i s  va lue  
of Te f f  i s  a t  t h e  lower e r r o r  l i m i t  given by them. The meta l  de f i c i ency  
found he re  corresponds t o  t he  de f i c i ency  found by Luck e t  a l .  f o r  t h e  l i g h t  
elements.  S ince  i t  fol lows mainly from t h e  d i s c o n t i n u i t y  a t  2600 A, i t  
measures t h e  abundance of t he  elements respons ib le  f o r  t h i s  d i s c o n t i n u i t y ,  
which i s  probably mainly MgI, though s t rong  Fe l i n e s  a r e  superimposed i n  t h e  
region 2550 < A <  2650 'A. 
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Figure 1. The long wave- 
length  range low r e s o l u t i o n  
spectrum of  HD 112374. 

F igure  2. Model atmosphere (Kurucz 
1979) f l u x  r a t i o s  v i s u a l  t o  2662 
A a s  a func t ion  of l og  g  f o r  d i f f e r e n t  
e f f e c t i v e  temperatures  and [A/H], 
s o l i d  l i n e s .  The dashed l i n e s  a r e  
i n t e r p o l a t e d  curves f o r  p a i r s  of 
Teff and [A/H] suggested by our  
obse rva t ions ;  s e e  t e x t .  

Figure 3. The r e l a t i o n s  Teff  [A/H] 
ob ta ined  f o r  d i f f e r e n t  va lues  of 
E(B-V). Also shown i s  t h e  r e l a t i o n  
Teff [A/H] r equ i r ed  by the  measured 
d i s c o n t i n u i t y  a t  2600 A ( t h i c k  
l i n e ) .  
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Abstract 

Zeta Aurigae and 32 Cygni are binary stars consisting of a cool super- 
giant primary and a hot dwarf secondary. We have observed variations in the 
Mg I1 2800 A and C IV 1550 A doublets of these stars near the time of second- 
ary minimum. Longward-shifted absorption is seen in the Mg I1 lines of both 
stars which may be due to material accreting onto the B star behind the shock 
front. We have observed a reverse P-Cygni profile in the C IV lines at some 
phases of zeta Aur. This phenomenon seems transient and recurrent, and may 
suggest streaming. An abrupt strengthening and broadening of the absorption-- 
especially at higher positive radial velocities--manifested in the CIV lines 
coincides with the onset and termination of the Mg 11 accretion absorption. 
We speculate that this is the effect of the abrupt increase in optical depth 
as the line of sight aligns with the shock front. 

Parameters for the interaction dynamics in the case of zeta Aur confirms 
the general conclusions of Ahmad, Chapman and Kondo (1983) although there may 
be small secular differences from the preceding cycle. In the case of 32 
Cygni the observed aberration angle is similar to that of zeta Aur, but the 
system seems more difficult to model in detail. For zeta Aur the angle of 
aberration of the accreting material from the radial direction is about 38' 
and the half width of the shock cone is about 11'. For 32 Cygni the aberra- 
tion angle is about 44'. 

INTRODUCTION 

Zeta Aurigae is the prototype for eclipsing binaries in which an early 
type secondary moves through the extended atmosphere of a late type super- 
giant. The B star has been successfully used as a probe of the atmosphere and 



i n n e r  wind r e g i o n  of t h e  r e d  g i a n t .  R e c e n t l y ,  Chapman (1981) and Ahmad, 
Chapman and Kondo (1983) have shown t h a t  v a r i a t i o n s  i n  t h e  Mg I1 and C I V  l i n e  
p r o f i l e s  a r e  r e l a t e d  t o  t h e  p r e s e n c e  of a  column of m a t e r i a l  a c c r e t i n g  o n t o  
t h e  B s t a r  i n s i d e  a  shock  cone  t r a i l i n g  t h e  B s t a r  i n  i t s  o r b i t .  We have  
s y s t e m a t i c a l l y  monitored two z e t a  Aurigae systems--zeta Aur and 32 Cyg--with 
t h e  IUE i n s t r u m e n t  d u r i n g  t h a t  p a r t  of t h e i r  p h a s e s  i n  and a round  which  w e  
expect  t he  e f f e c t s  of t he  shock cone t o  be apparant.  I n  t h i s  -paper we r e p o r t  
t h e  r e s u l t s  a s  manifested i n  t h e  Mg I1 2800 and C I V  1550 p r o f i l e s .  

OBSERVATIONS 

Zeta Aur and 32 Cygni were observed approximately monthly from February, 
1983 through December, 1983. No observa t ions  were scheduled f o r  November, and 
Zeta  Aur was no t  observed i n  Play o r  June due t o  t h e  s o l a r  cons t r a in t .  I n  t h e  
r e d u c e d  s p e c t r a  shown, a b s o l u t e  f l u x  i s  p l o t t e d  a g a i n s t  w a v e l e n g t h  i n  t h e  
r e f e r ence  frame of t he  i n t e r s t e l l a r  medium, c a l i b r a t e d  by t h e  use of i n t e r -  
s t e l l a r  abso rp t ion  l i ne s .  

F igure  1. Mg I1 Lines i n  z e t a  Aur 



ANALYSIS OF THE & I1 LINES -- 

Secondary minimum occurred i n  A p r i l  f o r  Zeta Aur and i n  May f o r  32 Cygni. 

Only days before  secondary minimum, Zeta Aurigae had t h e  same appearance 
a s  i t  u s u a l l y  does away from primary minimum (Fig. 1, do t t ed  l i ne ) .  By Ju ly  a  
pronounced abso rp t ion  component had appeared a t  t he  long wavelength s i d e  of 
t h e  P-Cygni e m i s s i o n .  T h i s  i n c r e a s e d  i n  s t r e n g t h  i n  August  and a g a i n  i n  
Sep tember  (F ig .  1, s o l i d  l i n e ) .  I n  O c t o b e r  i t  had become v e r y  weak and by 
Decembe was gone. W e  be l i eve  t h i s  absorp t ion ,  longward s h i f t e d  by about  100 -1 km sec , i s  due  t o  a b s o r p t i o n  by t h e  a c c r e t i o n  column which  Chapman (1981)  
o b s e r v e d  i n  C I V .  The f a c t  t h a t  t h i s  a b s o r p t i o n  can  be s e e n  t h r o u g h o u t  t h e  
per iod  from July t o  October sugges ts  i t  i s  of a  very l a r g e  sca le .  

According t o  t h e  model of Ahmad, Kondo and Chapman (1983), t h e  abso rp t ion  
i s  due  t o  a c c r e t i o n  i n  a  shock  cone  due  t o  t h e  mo t ion  of t h e  B s t a r  t h r o u g h  
t h e  K s t a r  wind. The a c c r e t i o n  column i n s i d e  t h e  shock  wave i s  b a s i c l y  a  
t u r b u l e n t  wake beh ind  t h e  B s t a r .  The s h o r t w a r d  s h i f t e d  a b s o r p t i o n  l i n e  i n  
t h e  Mg I1 p r o f i l e  i s  broad and shal low,  a s  one would expect  f o r  a  l i n e  formed 
i n  a  t u r  u l e n t  medium. The l i n e  widths  suggest  a  turbulence v e l o c i t y  of o rder  -9 80 km s . The a c c r e t i o n  phenomenon should be v i s i b l e  i n  t h e  IUE spectrum a s  
long a s  t h e  l i n e  of s i g h t  t o  t he  B s t a r  passes  i n s i d e  t he  shock cone. The f a c t  
t h a t  t h e  abso rp t ion  is most pronounced f i v e  months a f t e r  secondary minimum 
i m p l i e s  t h a t  t h e  shock  cone  i s  a b e r a t t e d  beh ind  t h e  r a d i a l  be tween  t h e  two 
s t a r s  by about 38'. This  i s  c o n s i s t e n t  w i th  Ahmad e t  al . 's  e s t ima ted  aber ra -  
t i o n  ang le  of about 35'. Using t h e i r  method o ana lys i s ,  we conclude t h a t  t h e  -5 K s t a r  wind  h a s  a  v e l o c i t y  of a b o u t  60 km s and t h a t  t h e  shock  cone h a s  a  
Mach a n g l e  ( h a l f  w i d t h )  of  a b o u t  llO. Both of t h e s e  v a l u e s  c o n f i r m  t h e  
e s t i m a t e s  of Ahmad e t  a l .  obtained f o r  t he  preceding cycle.  There may be some 
s e c u l a r  d i f f e r e n c e s  i n  t h e  d a t a  from the  e a r l i e r  cyc le ,  however. Although the  
e q u i v a l e n t  w i d t h  of  t h e  a c c r e t i o n  a b s o r p - t i o n  a p p e a r s  s i m i l a r ,  i t  may have  
been wider  and more sha l low i n  1980 than i n  1983. 

32 Cygni shows a  s i m i l a r  phenomenon, w i th  t he  maximum a c c r e t i o n  absorp- 
t i o n  o c c u r i n g  f o u r  months a f t e r  s e c o n d a r y  minimum. The c a s e  of 32 Cygni  i s  
somewhat more d i f f i c u l t  t o  analyze,  however, because of t he  l a r g e r  i n c l i n a t i o n  
of t he  system's o r b i t a l  p lan  t o  t he  l i n e  of s igh t .  Nonetheless,  i t  i s  reason- 
a b l e  t o  i n f e r  a n  a b e r r a t i o n  a n g l e  of 44' ( p l u s  o r  minus 8') f rom t h e  d a t e  o f  
t h e  peak absorp t ion ,  given t h e  o r b i t a l  c h a r a c t e r i s t i c s  of t h e  system. 

ANALYSIS OF THE C I V  LINES ----- 
Figure 2 shows t h e  C I V  1550 A doublet  of z e t a  Aur throughout t h e  per iod 

o b s e r v e d  ( w i t h  a n  o f f s e t  i n  f l u x  f o r  a l l  b u t  t h e  December o b s e r v a t i o n s ) .  A 
remarkable r eve r se  P Cygni p r o f i l e  i s  seen  i n  t h e  J u l y  and December observa- 
t i o n s ,  and may be  m a r g i n a l l y  p r e s e n t  i n  t h e  o t h e r s .  We a r e  a s  y e t  u n a b l e  t o  
account f o r  behavoir of t h e  emiss ion  component and specu la t e  i t  may evidence 
f o r  streaming. 

The a b s o r p t i o n  component  of t h e  l i n e s  i s  s t r o n g e s t  and b r o a d e s t  i n  t h e  



period J u l y  through October (co inc id ing  w i t h  t he  per iod i n  which w e  a r e  look- 
i n g  i n t o  t h e  shock  cone). I t  i s  p a r t i c u l a r l y  s t r o n g  a t  t h e  b e g i n n i n g  ( J u l y )  
and end (October) of t h i s  per iod,  w i t h  t h e  most d ramat ic  enhancement occuring 
on t h e  long wavelength s i d e  of t h e  l i n e  (h ighes t  p o s i t i v e  r a d i a l  ve loc i t i e s ) .  
We s p e c u l a t e  t h a t  t h e r e  may be more C I V  a l o n g  t h e  l i n e  of s i g h t  a s  we l o o k  
i n t o  t h e  shock  cone ,  e s p e c i a l l y  a t  t h e  shock  f r o n t .  The C I V  l i n e s  of  32 
Cygni show no s i g n s  of a  r eve r se  P-Cygni p ro f i l e .  

Conclusions 

The Mg I1 p r o f i l e s  o b s e r v e d  i n  z e t a  A u r i g a e  p r o v i d e  e v i d e n c e  f o r  t h e  
a c c r e t i o n  column model of Ahmad, Chapman, and Kondo (1983). Va r i a t i ons  i n  the  
C IV l i n e s  may p r o v i d e  i n s i g h t s  i n t o  t h e  t e m p e r a t u r e  s t r u c t u r e  a l o n g  t h e  
a c c r e t i o n  column. 

REFERENCES 

Ahmad, I. A., Chapman, R.D., and Kondo, Y. 1983, -- A s t r .  and Ap., 1 2 6 ,  L5. 

Chapman, R.D. 1981,  Ap. J. 2 4 8 ,  1043. 

F igure  2. Stacked C I V  Lines  of z e t a  Aur 
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ABSTRACT 

We summarize t h e  major c h a r a c t e r i s t i c s  i n  t h e  UV of t h e  1982-84 e c l i p s e  
of e Aur, from f i r s t  through t h i r d  con tac t .  From 1500 t o  3200 A, t h e  spectrum 
i s  dominated by p e r i o d i c  changes i n  continuum l e v e l s ,  apparen t ly  due t o  
Cepheid-like pu l sa t i on  of t h e  primary, superimposed upon the  decrease  i n  l i g h t  
due t o  t h e  e c l i p s e  i t s e l f .  There is  disagreement between var ious  observers  
about t h e  wavelength dependence of t h e  UV e c l i p s e  due t o  a  b r igh t en ing  t h a t  
occurred p r i o r  t o  f i r s t  contac t .  We f i n d  no l a r g e  i nc rease  i n  t h e  2200 A d i p ,  
s o  t h a t  i f  t he  cool  d i s k  found by Backman e t  a 1  (1983a,b) is  comprised of c o o l  
d u s t  g r a i n s ,  they must be l a r g e r  than t y p i c a l  i n t e r s t e l l a r  g r a in s .  Comparison 
with o t h e r  A-F supe rg i an t s  a r e  inconc lus ive  a s  t o  whether a  ho t  companion is  
seen ,  a l though excess UV f l u x  is  present  shortward of 1400 A. The only s t r o n g  
emission l i n e s  i n  t h e  UV a r e  0  I 1304 and Mg I1 2800. 0  I i s  presen t  o u t s i d e  
of e c l i p s e  and shows v a r i a t i o n s  of a  f a c t o r  of two during t o t a l i t y .  The 
absence of s t r o n g  e c l i p s e  e f f e c t s  on i t  leaves  some doubt a s  t o  whether i t  
a r i s e s  from t h e  F-type primary, t h e  secondary, o r  in t rasys tem gas. The Mg I1 
emission, which was unvei led a s  t he  F s t a r  continuum decreased on i n g r e s s ,  ha s  
developed a  broad, b lue-sh i f ted  component of -300 ks- l ,  which w e  s p e c u l a t e  may 
be a  s i g n a t u r e  of a c c r e t i o n  by the  secondary of gas e j ec t ed  by t h e  primary. 

CONTINULJM VARIATIONS 

The shape of t h e  UV l i g h t  curve, p a r t i c u l a r l y  i t s  wavelength dependence, 
depends upon the  geometry and opac i ty  of t h e  o c c u l t i n g  body. In  f i g u r e  1,  w e  
p l o t  our  broadband (100-200 A) photometric po in t s  i n  regions cen t e r ed  between 
2850 and 1260 A, a s  wel l  a s  v i s u a l  magnitudes obtained from t h e  FES a t  t h e  
time of observat ion.  As c h a r a c t e r i s t i c  of t h e  Cepheids, p u l s a t i o n a l  
v a r i a t i o n s  a r e  enhanced i n  t h e  UV cont inua down t o  1500 A (Schmidt and Parsons 
1982). The I U E  d a t a  i n d i c a t e  maxima occurred near  J D  2445050, 5200 'and 5375, 
but a r e  d i f f i c u l t  t o  determine because of inadequate  phase sampling and 
complicat ions a r i s i n g  from t h e  e c l i p s e  i t s e l f .  Af t e r  mid-eclipse t h e  
v a r i a t i o n s  became sma l l e r  except  f o r  a  s t r o n g  peak near  t he  p red i c t ed  t ime of  
t h i r d  con tac t  ("JD 2445710). 

Based on prel iminary ana lyses  of i ng re s s  observa t ions ,  t h e r e  i s  some 
disagreement about t he  wavelength dependence of t he  e c l i p s e .  Ake and Simon 
(1983) sugges t  t h e  e c l i p s e  i s  wavelength dependent,  being 0.5 mag. deeper  a t  
3000 A and 1 mag. deeper a t  1500 A. Chapman, Kondo and S tence l  (1983) f i n d  t h e  
e c l i p s e  t o  be much deeper i n  t h e  f a r  UV and s t r o n g l y  wavelength dependent,  
which they a t t r i b u t e  t o  dus t  i n  the  v i c i n i t y  of t h e  secondary. Pa r thasa ra thy  
and Lambert (1983),  however, r e p o r t  t h e  e c l i p s e  i s  only s l i g h t l y  deeper  i n  t h e  



Figure 1. (a-e). Light  curves  of c Aur a t  d i f f e r e n t  wavelength cont inua.  Scales  a r e  magnitudes where 
2 m z  = 3.64 x lo-' ergslcrn /sec/A. ( f ) .  2200 A absorp t ion  measurement determined a s  magnitude depth 

from ad jacen t  cont inua;  v e r t i c a l  bar  i s  es t imated  measurement e r r o r .  Dotted l i n e s  i n d i c a t e  da t e s  
when E Aur was unobservable due t o  i ts  proximity t o  t h e  Sun. 



UV, i s  n e a r l y  wavelength  independent  down t o  1600 A,  and a t  1250 A ,  t h e r e  is 
no e c l i p s e  a t  a l l !  

These seemingly  d i s c r e p a n t  o b s e r v a t i o n s  a r e  t h e  r e s u l t  of a  b r i g h t e n i n g  
i n  t h e  UV p r i o r  t o  f i r s t  c o n t a c t  ( f i g .  I d ) .  Ake and Simon chose  a  March 1982 
o b s e r v a t i o n  by Chapman t o  be a n  ou t -o f -ec l ipse  r e f e r e n c e ;  t h e  Chapman, Kondo 
and S t e n c e l  p r e - e c l i p s e  p o i n t  was t a k e n  n e a r  t h e  peak i n  e a r l y  A p r i l ;  and 
P a r t h a s a r a t h y  and Lambert chose  a 25 A p r i l  l e v e l  j u s t  a f t e r  t h e  p r e c i p i t o u s  
d rop  o f f  from t h a t  peak. Ake and Simon (1982) a t t r i b u t e d  t h i s  peak t o  a 
maximum i n  t h e  Cepheid- l ike  p u l s a t i o n  a s  s e e n  i n  t h e  v i s u a l  r e g i o n ,  b u t  
P a r t h a s a r a t h y  and Lambert s p e c u l a t e  t h a t  a  h o t  secondary may have become 
v i s i b l e  th rough  t u n n e l s  i n  t h e  d i s k  a t  t h i s  time. 

Without adequa te  p r e - e c l i p s e  d a t a ,  we conclude t h a t  t h e r e  is a modest 
change i n  t h e  s l o p e  of t h e  UV continuum t o  1400 A d u r i n g  t h e  e c l i p s e ,  and 
s h o r t w a r d  o f  t h i s  t h e  e c l i p s e  is  indeed much s h a l l o w e r .  There is  c e r t a i n l y  no  
l a r g e  i n c r e a s e  i n  t h e  2200 A a b s o r p t i o n  d i p  ( f i g .  I f ) ,  s o  i f  d u s t  g r a i n s  a r e  
r e s p o n s i b l e  f o r  t h e  primary e c l i p s e ,  they  must be l a r g e r  than  t y p i c a l  
i n t e r s t e l l a r  g r a i n s .  

LINE VARIATIONS 

The on ly  s t r o n g  emiss ion  f e a t u r e s  s e e n  a r e  0 I 1304 and Mg I1 2800. Too 
few o b s e r v a t i o n s  a r e  a v a i l a b l e  o u t s i d e  of e c l i p s e  t o  de te rmine  i f  t h e  f a c t o r  
of two v a r i a t i o n  of 0  I d u r i n g  t o t a l i t y  is i n t r i n s i c  t o  t h e  e c l i p s e .  R e l a t i v e  
t o  Mg 11, i t  is a n  o r d e r  of magnitude s t r o n g e r  compared t o  t y p i c a l  c o o l - s t a r  
chromospher ic  s p e c t r a  (Simon, Linsky and S t e n c e l  1982),  b u t  comparable t o  
shock  induced  emiss ion  i n  long-per iod Cepheids (Schmidt and Parsons  1982). 

The Mg I1 l i n e  c o r e s  have a P-Cygni Like s t r u c t u r e  t h a t  was r e v e a l e d  a s  
t h e  s u r r o u n d i n g  continuum l e v e l  dec reased  d u r i n g  i n g r e s s .  One cou ld  a s s o c i a t e  
t h e  e m i s s i o n  e i t h e r  w i t h  t h e  chromospheric s t r u c t u r e  of a  secondary  s tar ,  
which is  p a r t i a l l y  o b l i t e r a t e d  by i n t e r s t e l l a r  a b s o r p t i o n ,  o r  w i t h  i n t r a s y s t e m  
gas .  I f  a secondary ' s  chromosphere, t h e  f u l l  wid th  a t  t h e  base  of t h e  
emiss ion  y i e l d s  M, = +0.8 a c c o r d i n g  t o  t h e  Weiler  and Oeger le  (1979) r e l a t i o n .  
S i n c e  M,, = -8.5 f o r  t h e  p r imary ,  t h e  secondary would n o t  be d e t e c t a b l e .  

The Mg I1 emiss ion  c o r e  h a s  remained c o n s t a n t  d u r i n g  a l l  of t h e  e c l i p s e ,  
b u t  a f t e r  m i d - t o t a l i t y  i n  J u l  1983 a broad,  b l u e s h i f t e d  a b s o r p t i o n  w i t h  a 
t e r m i n a l  v e l o c i t y  o f  -300 ks-I  a r o s e .  I n  t h e  o p t i c a l  r e g i o n ,  s m a l l e r  v e l o c i t y  
b l u e - s h i f t e d  f e a t u r e s  have o c c u r r e d  a t  t h i s  t ime i n  p rev ious  e c l i p s e s  and have 
been i n t e r p r e t e d  a s  a r i s i n g  Erom r o t a t i o n  of a  d i s k  around t h e  secondary .  The 
h i g h e r  v e l o c i t y  a b s o r p t i o n  may a r i s e  from a g a s  s t r e a m  between t h e  two s t a r s  
and is p o s s i b l y  t h e  s i g n a t u r e  of a c c r e t i o n  by t h e  secondary of g a s  e j e c t e d  by 
t h e  pr imary.  

EVIDENCE FOR A HOT SOURCE 

Hack and S e v e l l i  (1979) r e p o r t e d  f i n d i n g  a  t r a c e  of a  B5 V continuum i n  
a n  SWP Low d i s p e r s i o n  s p e c t r u m  obtained w i t h  IUE, but  t h e  l i n e  spec t rum i s  
unconvincing and t h e  t r u e  a b s o l u t e  f l u x  was i n d e t e r m i n a n t  s i n c e  t h e  exposure  
was t a k e n  through t h e  s m a l l  a p e r t u r e .  P a r t h a s a r a t h y  and Lambert n o t e  t h a t  a 
BO main sequence  s t a r  b u r i e d  w i t h i n  a  d i s k  and s e e n  through a  few s m a l l  
t u n n e l s  may e x p l a i n  t h e  s h a l l o w  e c l i p s e  below 1400 A. The d a t a  may a l s o  b e  
e x p l a i n e d  by a  model where t h e  primary is a s s y m e t r i c  s u c h  t h a t  i t s  p o l e s ,  
which a r e  u n e c l i p s e d ,  a r e  warmer than  t h e  o c c u l t e d  p a r t  of t h e  s u r f a c e .  



F i g u r e  2  cornpares G Aur (dereddened f o r  E(B-V)=0.35) w i t h  t h e  A9 I a  s t a r  
HR 4110 (dereddened f o r  E(B-V)=0.37) and t h e  B5 s t a n d a r d p  Aur. Note t h a t  
w h i l e  6 Aur has  a f a r  UV excess, i t s  l i n e  spec t rum below 1400 A does n o t  match 
t h a t  f o r  a B 5  s t a r  o r  f o r  HR 4110. 
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F i g u r e  2. Fa r  U V  l i n e  s p e c t r u m  of C: Aur (A8 I a )  compared t o  HR 4110 (A9 I a )  
a n d 2  Aur (B5 V). C Aur and HR 4110 were dereddened and normal ized t o  t h e  
Eluxes i n  t h e  1500-1700 A reg ion .  
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A n a l y s i s  o f  S\VP and LWR s p e c t r a  of  E p s i l o n  Aurigae t a k e n  
d u r i n g  t h e  p r e - e c l i p s e ,  i n g r e s s  and t o t a l  phases  o f  t h e  p r e s e n t  
e c l i p s e  h a s  p rov ided  f u r t h e r  c o n s t r a i n t s  on models o f  t h i s  en ig -  
m a t i c  system. High d i s p e r s i o n  images show no s i g n i f i c a n t  change 
i n  t h e  s t r e n g t h  o f  t h e  Mg I1 emiss ion  l i n e s  d u r i n g  t h e  c o u r s e  o f  
t h e  e c l i p s e .  Both h i g h  and low d i s p e r s i o n  s p e c t r a  i n d i c a t e  t h a t  
t h e  e c l i p s e  starts e a r l i e r ,  ends  l a t e r  and i s  deeper  i n  t h e  UV 
compared t o  v i s u a l  wavelengths.  I n  a d d i t i o n ,  we conf i rm o u r  
e a r l i e r  o b s e r v a t i o n  t h a t  t h e  e c l i p s e  dep th  i s  wavelength depen- 
d e n t  s h o r t w a r d  of  2400 A .  Abrupt changes i n  t h e  l i g h t  cu rve  
appear  a t  a l l  wavelengths ,  s u g g e s t i v e  of  d i s c o n t i n u i t i e s  i n  t h e  
o p a c i t y  o f  a r i n g  of  m a t e r i a l  s u r r o u n d i n g  t h e  secondary  o b j e c t .  

INTRODUCTION 

A t  v a r i o u s  t i m e s  i n  t h e  p a s t  t h e  secondary  i n  t h e  E p s i l o n  
Aurigae b i n a r y  system h a s  been d e s c r i b e d  as a  swarm o f  m e t e o r i t e s  
(Ludendor f f ,  1 9 2 4 ) ,  a g i a n t  i n f r a r e d  s tar  (Kuiper ,  e t  a l . ,  1 9 3 7 ) ,  
a  small i n f r a r e d  s t a r  p l u s  a n  i o n i z e d  g a s  s t r e a m  ( S t r u v e ,  1 9 5 6 ) ,  
a h o t  B star surrounded by a n  i o n i z e d  g a s  s h e l l  (Hack, 1 9 6 1 ) ,  a  
bar of  o p t i c a l l y  t h i c k  m a t e r i a l  (Huang, 1965), a p r o t o - p l a n e t a r y  
sys tem (Kopal ,  1971) ,  a  b l a c k  h o l e  p l u s  a s e m i - t r a n s p a r e n t  disk 
( ~ m e r o n ,  1971) and a b lack  h o l e  w i t h i n  a t h i n ,  opaque d i s k  w i t h  
a c e n t r a l  opening (VJilson, 1971) .  T h i s  r a t h e r  l e n g t h y  l ist  s e r v e s  
t o  underscore  Wi l son ' s  comment t h a t  E p s i l o n  Aurigae i s  t h e  o n l y  
b i n a r y  sys tem t h a t  can  be d e s c r i b e d  I1vrith complete j u s t i f i c a t i o n ,  
as m y s t e r i ~ u s ~ ~ .  I n  t h i s  paper  we p r e s e n t  SYJP and L?/R s p e c t r a  
t a k e n  i n  b o t h  t h e  h i g h  and low d i s p e r s i o n  modes from p r e - e c l i p s e  
r i g h t  th rough  t o  t h e  beginning o f  egress and compare t h e s e  d a t a  
t o  v i s u a l  o b s e r v a t i o n s .  



The pr imary  s tar  (A8 - F2 l a ) ,  an  i r r e g u l a r  p e r i o d  cephe id  
v a r i a b l e  w i t h  a n  ampltude of 0 . 2  magni tudes ,  i s  v i s i b l e  d u r i n g  
a l l  phases  of  t h e  e c l i p s e .  The a d d i t i o n a l  cephe id  v a r i a b i l i t y  
c o m p l i c a t e s  t h e  e c l i p s e  l i g h t  cu rve  and makes t h e  c h o i c e  of  a  p r e -  
e c l i p s e  f i d u c i a l  spect rum a d e c i s i o n  of  some impor tance .  LF;ith 
t h i s  i n  mind, and g i v e n  t h e  s p a r s e  sampl ing  of  t h e  I U Z  d a t a ,  we 
s e e  t h a t  i t  i s  d i f f i c u l t  t o  de te rmine  t h e  a c t u a l  d a t e s  o f  f i r s t  
and second c o n t a c t  i n  t h e  UV e c l i p s e ,  vh ich  a r e  n o t  n e c e s s a r i l y  
t h e  same as f o r  t h e  o p t i c a l  e c l i p s e .  A f a i r l y  r e l i a b l e  i n d i c a t o r  
o f  t h e  t ime d i sp lacement  between t h e  UV and v i s i b l e  l i g h t  c u r v e s  
may be o b t a i n e d  by matching t h e  i n g r e s s  s l o p e s  and t h e  mid-ec l ipse  
b r i g h t e n i n g  f e a t u r e ,  as shown i n  F igure  1. The u n i t s  of  f l e c l i p s e  
phase" used i n  t h i s  and l a t e r  f i g u r e s  a r e  such t h a t  f i r s t  c o n t a c t  
c o r r e s p o n d s  t o  phase  0 .00  and l a s t  c o n t a c t  t o  phase 1 .00 ,  based 
on c o n t a c t  d a t e s  p r e d i c t e d  by Gyldenkerne (1970) .  I n  t h e s e  u n i t s  
second c o n t a c t  i s  phase  0.20 and t h i r d  c o n t a c t  i s  0.79. The s h i f t  
o f  0.15 used t o  a l i g n  t h e  l i g h t  c u r v e s  i n  F i g u r e  1 cor responds  t o  
approx imate ly  100 days.  I t  w i l l  be i n t e r e s t i n g  t o  watch t h e  sys -  
tem a s  t h e  UV e c l i p s e  ends  t o  s e e  i f  a s i m i l a r  d e l a y  e x i s t s  f o r  
t h e  e g r e s s  phase .  A t  t h e  t ime of  t h i s  w r i t i n g  e g r e s s  a p p e a r s  j u s t  
t o  have begun i n  t h e  UV i t  i s  a l r e a d y  vie11 a l o n g  accord-  
i n g  t o  t h e  l a t e s t  UBV photometry (IIopkins and S t e n c e l ,  1984).  
F i g u r e  1 a l s o  i l l u s t r a t e s  t h a t  t h e  UV e c l i p s e  i s  dceper  t h a n  t h e  
0 .8  magnitude d rop  n o t e d  i n  t h e  l o n g e r  v ~ a v e l e n g t h  o b s e r v a t i o n s .  

The most i n t e r e s t i n g  h i g h  d i s p e r s i o n  f e a t u r e  i s  t h e  Mg I1 
r e s o n a n c e  d o u b l e t ,  s e e n  i n  emiss ion .  A narrow (30  - 50 km/s) 
b l u e a a r d  a b s o r p t i o n  f e a t u r e  p r c s c n t  i n  a l l  t h e  s p e c t r a  i s  i n t c r -  
p r e t e d  a s  b e i n g  o f  i n t e r s t e l l a r  o r i g i n .  The e m i s s i o n  l i n e s  became 
more pronounced as t h e  e c l i p s e  p rogressed  bu t  t h i s  w a s  due t o  t h e  
d e c r e a s i n g  l i g h t  l e v e l  of  t h e  s u r r o u n d i n g  continuum. F i g u r e  1 
a l s o  shobq;s j u s t  how l i t t l e  t h e  f l u x  i n  t h e  Mg I1 K l i n e  changcd 
r e l a t i v e  t o  t h e  continuum i n  t h e  same e c h e l l e  o r d e r .  Thus, what- 
e v e r  s o u r c e  i s  r e s p o n s i b l e  f o r  t h e  emiss ion  l i n e s  i s  probab ly  n o t  
a s s o c i a t e d  wi th  t h e  pr imary  s t a r .  

Nany o f  t h e  niodels c i t e d  above a r e  based on t h e  b e l i e f  t h a t  
t h e  e c l i p s e  i s  "gray t t ,  i. e . ,  t h a t  c c l i p s e  dep th  i s  independen t  of  
wavelength.  The IUY d a t a  we have o b t a i n e d  shoas  t h a t  t h i s  proper-  
t y  h o l d s  i n  t h e  UV a l l  t h e  r a y  t o  2400 A. IIosiever, i n  the  wave- 
l e n g t h  r a n g e  1500(X< 2400 A t h e  e c l i p s e  a p p e a r s  t o  be non-gray, 
b e i n g  deeper  a t  s h o r t e r  wavelengths.  Chapman, Konao and S t e n c c l  
(1984)  n o t e d  t h i s  i n  t h e  e a r l i e s t  stac;cc o f  t h e  e c l i p s e  and i n -  
t e r p r e t e d  i t  as  an  i n d i c a t i o n  o f  a c loud  of  s m a l l  g r a i n s  surround-  
i n g  t h e  secondary .  Such a  c l o u d ,  e x t e n d i n g  above,  belovl, i n  f r o n t  
o f  and behind t h e  m a t e r i a l  r e s p o n s i b l e  f o r  t h e  wavelength indepen-  
d e n t  c c l i p s e  riould e x p l a i n  t h e  deeper  and l o n g e r  e c l i p s e  i n  t h e  
UV d a t a .  I n  !~'igure 2 cre have p l o t t e d  c u r v c s  o f  e c l i p s e  dep th  ve r -  
s u s  wavelength f o r  s e v e r a l  t y p i c a l  phase p o i n t s  d u r i n g  i n g r e s s  
and t o t a l i t y  t o  i l l u s t r a t e  t h i s  n a v e l e n g t h  dependence. The pre- 
e c l i p s e  S . 2  and L5,'iR s p e c t r a  we have chosen as our  r e f e r e n c e  p o i n t  



were taken  on A p r i l  4, 1982 (phase,-  0.17) by T. Ake and T. Simon. 
The almost  van i sh ing  e c l i p s e  dep th  shor tward of 1500 A h a s  been 
d i s cus sed  e lsewhere  (Pa r thasa ra thy  and Lambert, 1983) and does 
i ndeed  sugges t  t h e  existence of an unec l ipsed  ho t  sou rce  a s s o c i a t e d  
wi th  t h e  extended o c c u l t i n g  m a t e r i a l .  Hack (1961) f i r s t  proposed 
t h i s  ho t  sou rce  t o  be a main sequence B star and Plavec (1981) 
s p e c u l a t e d  t h a t  i t  might be a s s o c i a t e d  wi th  h e a t i n g  as m a t e r i a l  
from t h e  s u p e r g i a n t  wind f a l l s  on to  t h e  a c c r e t i o n  d i s k  of  t h e  sec-  
ondary. It i s  noteworthy t h a t  t h e  system h a s  shown no secondary 
minimum i n  t h e  p a s t  and no spec t ro scop ic  evidence f o r  a ho t  s t a r ,  
o t h e r  t han  t h e  UV exces s  shor tward of  1500 A f i r s t  observed by 
Hack and S e l v e l l i  (1979). 

I n  F igu re  3 we have p l o t t e d  e c l i p s e  depth  v e r s u s  phase f o r  
s e v e r a l  wavelength bands ( d a t a  a r e  averaged i n  100 A b i n s ) .  The 
s h a r p  jumpsin l i g h t  l e v e l  a t  c e r t a i n  phases  a r e  t oo  l a r g e  t o  be 
a t t r i b u t e d  s o l e l y  t o  t h e  cepheid v a r i a b i l i t y  of  t h e  primary. We 
c a l l  a t t e n t i o n  t o  t h e  downward s l o p e  of  t h e  l i g h t  curve du r ing  
t o t a l i t y  which i s  a l s o  ev iden t  i n  t h e  l i g h t  curves  o f  t h e  1929 
and 1956 e c l i p s e s  and which Wilson (1971) i n t e r p r e t e d  as a small 
t ilt  i n  t h e  major axis of  h i s  proposed r i n g  as i t  t r a n s i t s  t h e  
primary. C e r t a i n l y  t h e  d i s c o n t i n u i t i e s  we no t e  i n  t h e  l i g h t  curve 
a r e  c o n s i s t e n t  wi th  some k ind  of  r i n g  s t r u c t u r e ,  i . e . ,  gaps i n  a 
d i sk .  That  t h e  d i s c o n t i n u i t i e s  a r e  deeper a t  t h e  s h o r t e r  wave- 
l e n g t h s  s u g g e s t s  t h a t  t h e  gaps might be a s s o c i a t e d  wi th  t h e  small 
p a r t i c l e  component o f  t h e  e c l i p s i n g  o b j e c t .  

The q u e s t i o n  t h a t  a r i s e s  from our  obse rva t ions  t o  t h i s  p o i n t  
i s  c l e a r :  how does t h i s  obscur ing  m a t e r i a l  compare t o  ma t t e r  r e -  
s p o n s i b l e  f o r  i n t e r s t e l l a r  e x t i n c t i o n ?  To f a c i l i t a t e  t h i s  compar- 
i s o n  we have renormal ized S e a t o n ' s  (1979) mean e x t i n c t i o n  curve t o  
E(1800-2900). F igure  4 shows t h i s  renormal ized i n t e r s t e l l a r  curve - 
superimposed on t h e  d a t a  f o r  Eps i l on  Aurigae a t  s e v e r a l  represen-  
t a t i v e  phases .  Because we have been unable t o  remove t h e  e f f e c t s  
o f  t h e  h o t  component from t h e  e c l i p s e  curve,  we d i s p l a y  d a t a  long- 
ward of  1500 A only.  The most noteworthy f e a t u r e  i n  F igure  4 i s  
t h e  l a r g e  v a r i a b i l i t y  i n  t h e  r e g i o n  20004X6 2400 A. Unfor tuna te ly  
f o r  t h i s  k ind  of a n a l y s i s ,  t h e  most i n t e r e s t i n g  p a r t  of  t h e  i n t e r -  
s t e l l a r  curve ,  t h e  broad hump cen t e r ed  a t  2200 A ,  f a l l s  on t h e  
l e a s t  s e n s i t i v e  p a r t  o f  t h e  LWR camera. Never the less ,  some of  t h i s  
v a r i a b i l i t y  may be i n t r i n s i c  t o  t h e  Eps i lon  Aurigae system. I f  so ,  
i t  a rgues  f o r  a mixed popu la t i on  of g r a i n  s i z e s  and t y p e s  i n  t h e  
secondary c loud.  Comparisons wi th  model e x t i n c t i o n  curves  f o r  
o t h e r  k inds  of  small p a r t i c l e  g r a i n s  a r e  planned. 

2EFE2PYNCES 

Cameron, A.G.W. 1971, Nature ,  229, 178. 
Cha~man, R . D . ,  Kondo, Y .  and S t e n c e l ,  R.E. 1983, Ap. J. ( L e t t e r s ) ,  

3, L17-19. 
Gyldenkerne, K .  1970, V i s t a s  i n  Astronomy, (Oxford: Pergamon [ r  

P r e s s ) ,  l2, 199. 
Hack, M.  1961, Mem. Soc. A s t r .  I t a l i a n a ,  32, No. 4. 
Hack, M. and S e l v e l l i ,  P.L. 1979, A s t r .  Ap., z, 316. 



Hopkins, J.L. and S t e n c e l ,  R.E.,  eds.  1984, Eps i lon  Aurigae 
Campaign Newsle t te r ,  No. 10. 

Kopal, Z. 1971, Ap. and Space Sc ience ,  10, 332. 
Kuiper,  G.P., S t ruve ,  0 .  and Stromgren, B. 1937, Ap. J . ,  86,  570. 
Ludendorff,  H. 1924, S i t z . .  be r .  Preuss .  Akad. d'liss. ( ~ a t h y  

Naturwiss. K l . ) ,  2 ,  49. 
P a r t h a s a r a t h y ,  M. and Lambert, D.L. 1983, Pub. A.S.P., pg, 1012. 
P lavec ,  M . J .  1981, i n  IfThe Universe a t  U l t r a v i o l e t  \'Javelengths: 

The F i r s t  Two Years o f  IUEfl  ed. R.D. Chapman, NASA CP-2171. 
Seaton,  M. J. 1979, M.N.R.A.S., &, 73. 
S t ruve ,  0. 1956, Pub. A.S.P., 68, 27. 
IVilson, R.E. 1971, Ap. J., LJO, 529. 

1082-1084 E C L I P S E  OF E P S I L O N  AURIGAE 
DATA AT 5000 A FROU FES 

0 08 

2 

8.50 
n 
W 

2 
7 1.00- 
Y 

1.50 

2.08 

8 88 

I ,- 
B 
w 1.80 

P n 
U 

2 80 
PHASE - 0 148 . PHASE - 8 007 

X PHASE 8 1 5 5  
PHASE 8 567 

HG 11 K LINE DATA 

- SHIFTED + 0.15 I N  PHASE - 

- 

- 

- LUR CONTIMNn DATA 

1 

3 .08 1 I I 1 
1200. 2000. 2800. 3600. 4401). 520d. 

WAVELENGTH 
n y ~ ~ .  2. 

-0.80 -8.40 0.00 0.48 8.88 1.28 
ECLIPSE PHASE 

Nyr. 1. 

L I G H T  CURVES FOR E P S I L O N  AURIGAE 
1982-1984 E C I I P S E  OF EPSILON AURIGAE 

1982-1984 E C L I P S E  

I I I 
DOTTED L I N E  I S  RENORMALIZED INTERSTELLAR EXTINCTION CURVE 

8.88 - - 
I - FCS DATA 

A PHASE - 8.140 

w 

g 1 . 8 8 -  2808 A - 
X PHASE 0 300 

D 
.4 1800 A 

S PHASE 8 567 

0 W 
I708 A 

1608 A 

2 .88 - - 
1508 A 

3 .88 I I I 
-8 .48  8.88 8.48 8.88 1 .20 

E C L I P S E  PHASE 
n m r .  3. WAVELENGTH 



EGRESS SPECTRA OF THE NEW ECLIPSING SUPERGIANT 22 VULPECULAE 

Thomas B. Ake, 111 and Sidney B. Parsons 
Astronomy Operat ions,  Computer Sciences Corporat ion 

Yo ji  Kondo 
Laboratory f o r  Astronomy and So la r  Physics  

Goddard Space F l i g h t  Center  

ABSTRACT 

The G-type primary i n  t h e  s ing l e - l i ned  spec t ro scop ic  b inary  22 Vul 
(HD 192713, G3p Ib-11, per iod  249 days)  was found with IUE i n  A p r i l  1983 t o  
e c l i p s e  i t s  r e c e n t l y  i d e n t i f i e d  B9 main sequence companion. The system thus  
j o in s  t h e  few known Zeta-Aurigae s y s t e m  i n  which a  h o t  dwarf can be used t o  
probe t h e  extended atmosphere of a  cool  superg ian t .  Outside of e c l i p s e ,  a  
wind from t h e  system with te rmina l  v e l o c i t y  o f  300 ks-' is conspicuous i n  t h e  
Mg 11 l i n e s .  Enhanced Fe 11 absorp t ion  s e e n  w e l l  away from geome t r i ca l  
e c l i p s e  implies  an ex t ens ive  envelope around t h e  G s t a r .  Some of  t h e  22 Vul 
s p e c t r a  c l o s e l y  resemble t hose  of o the r  i n t e r a c t i n g  b i n a r i e s ,  sugges t ing  
common p r o p e r t i e s  of r e l a t i v e l y  dense, warm plasmas i n  t h e s e  systems. 

INTRODUCTION 

The Zeta-Aurigae systems e x h i b i t  t h e  phenomenon of a tmospheric  e c l i p s e s  
caused by t h e  passage of a  hot  dwarf behind t h e  extended atmosphere of a n  
evolved, coo l  superg ian t .  Four such  systems a r e  known: Zeta Aur, 31 Cyg, 32 
Cyg and VV Cep. These b i n a r i e s  provide an  e x c e l l e n t  oppor tun i ty  t o  s tudy  t h e  
o u t e r  atmospheres of and winds from the  l a t e - type  supe rg i an t s  by us ing  t h e  
l i g h t  from t h e  h o t  secondary a s  a  probe during e c l i p s e .  U l t r a v i o l e t  s p e c t r a  
a r e  p a r t i c u l a r l y  important  a s  t h e  temperatures and d e n s i t i e s  of t h e  plasmas 
involved a r e  such t h a t  t he  s p e c t r a l  s i g n a t u r e s  a r e  most e f f e c t i v e l y  s e e n  i n  
t h a t  s p e c t r a l  region. 

I n  A p r i l  1983, a  f i f t h  member of t h i s  c l a s s  of b i n a r i e s  was d i scovered ,  
22 Vul (HD 192713; Parsons and Ake 1983a,b). This system is  unique because 
t h e  s p e c t r a l  type  of t h e  evolved component, G3 Ib-11, makes i t  t h e  e a r l i e s t  
type  of such systems;  t h e  s p e c t r a l  type of t h e  secondary, B9, i s  t h e  l a t e s t  of 
t h e  secondar ies ;  and i t s  binary per iod ,  249 days,  is  t h e  s h o r t e s t  i n  t h e s e  
systems,  implying t h e  s e p a r a t i o n  of t he  components is a l s o  t h e  s m a l l e s t .  

OBSERVATIONS 

2 2  Vul was o r i g i n a l l y  placed on our  I U E  program t o  determine mass r a t i o s  
of g i a n t  and supe rg i an t  s t a r s  wi th  ho t  companions. I n  t he se  systems,  t h e  f l u x  
c o n t r i b u t i o n  from t h e  two components is nea r ly  t h e  same i n  I U E ' s  long 
wavelength reg ion  and s o  v e l o c i t y  d i f f e r e n c e s  from the  composite s p e c t r a  a r e  
ea sy  t o  measure. Op t i ca l l y  22 Vul was known t o  be a  s ing l e - l i ned  spec t ro-  
s c o p i c  b inary  and exh ib i t ed  weak Ca I1 h and k l i n e s .  Parsons (1981b) 
e s t ima ted  from TD-1 f l u x e s  t h a t  t h e  secondary is near ly  3 magnitudes f a i n t e r  



v i s u a l l y  than t h e  primary and is of s p e c t r a l  c l a s s  B7-B9. 
The f i r s t  IUE observa t ions  of t h i s  s t a r  e x h i b i t e d  a  s t r o n g ,  h igh-ve loc i ty  

component i n  Mg 11 ( f i g .  l ) ,  whi le  t h e  SWP spectrum was t h a t  f o r  a  normal B9 
s t a r  ( f i g .  2) .  I n t e r p r e t e d  a s  a  wind, t h e  t e rmina l  v e l o c i t y  of t h e  abso rp t ion  
is about  300 ks". S ince  our  mass r a t i o  obse rva t ions  were timed t o  occur  a t  
quadra tures  of maxmimum v e l o c i t y  s e p a r a t i o n ,  we d i d  no t  expect  t o  see 
s t r u c t u r e s  i n d i c a t i v e  of s t reaming  o r  e c l i p s e s .  

An observa t ion  was ob ta ined  l a t e r  a t  phase 0.07 a f t e r  t h e  G s t a r  passed  
i n  f r o n t  of t h e  B s t a r  and t h e  c h a r a c t e r  of t h e  composite spectrum changed 
apprec iab ly .  Numerous low exc i t a t i on - l eve l  abso rp t ion  l i n e s  presumably from 
t h e  extended atmosphere of t h e  supe rg i an t  became apparent .  The B s t a r  i t s e l f  
took on t h e  appearance of a  superg ian t  due t o  t h e  e x t r a  abso rp t ion  f e a t u r e s .  
Such c h a r a c t e r i s t i c s  a r e  reminiscent  of HR 4511 i n  which Parsons (1981a) found 
t h e  B-type secondary t o  resemble a  supe rg i an t  r a t h e r  than the  g i a n t  type  
implied by t h e  magnitude d i f f e r e n c e  from t h e  cont inuous f l u x  d i s t r i b u t i o n .  

Parsons (1983) der ived  new o r b i t a l  e lements  f o r  t he  primary o f  22 Vul 
wi th  McDonald Ret icon r a d i a l  v e l o c i t y  d a t a  and p red i c t ed  mid- to ta l i ty  of a  
pos s ib l e  e c l i p s e  of t h e  secondary i n  Apr i l  1983. IUE observa t ions  a t  t h a t  
time confirmed t h e  e c l i p s i n g . n a t u r e  of t h e  system a s  t h e  spectrum of t h e  h o t  
s t a r  disappeared l eav ing  only an emission-l ine spectrum v i s i b l e  ( f i g .  2 ) .  
E ight  days l a t e r  ( ~ h a s e  0.03) t h e  SWP f l u x  l e v e l  r e tu rned  t o  about  h a l f  i ts  
previous he ight  but t h e  continuum and l i n e  spectrum looked l i t t l e  l i k e  a 
normal s t a r .  
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Figure 1 .  Three observations of 22 Vul'ehowing the region of the Mg I1 resonance l ines .  The peak of the Mg I1 
k-line is saturated in  a l l  spectra.  The orb i ta l  phases are counted from mid-totality of the ec l ipse  of the B s t a r  
as predicted by the orb i ta l  determination of the C 3  Ib-I1 primary. Considerable shortward-shifted absorption i s  
seen with the characteris t ic  of an accelerated wind. 



DISCUSSION 

F i t t i n g  t oge the r  t h e  observa t ions  from t h e  A p r i l  and December 1983 
e c l i p s e s ,  we e s t ima te  t h a t  t o t a l i t y  l a s t s  about  17 days. P a r t i a l  obscu ra t i on  
of t h e  secondary l a s t s  f o r  a t  l e a s t  10 days a f t e r  t o t a l i t y  and impl ies  t h a t  
t h e r e  i s  an l a r g e  envelope around t h e  G supe rg i an t  extending a t  l e a s t  2 
s t e l l a r  r a d i i .  From t h e  r a d i a l  v e l o c i t y  d i f f e r e n c e s  between t h e  components 
measured wi th  I U E  and the  o r b i t a l  determinat ions of the  primary's v e l o c i t y  
from t h e  ground, t h e  mass r a t i o  i s  about 0.7. Assuming an i n c l i n a t i o n  of 90' 
and a normal s i z e  f o r  t h e  B9 secondary, we f i n d  MG* = 4.3 Mg and MB* = 3.0 

M .  O p t i c a l  photometr ic  d a t a ,  which should show e c l i p s e  e f f e c t s  i n  t h e  b lue  
and near  u l t r a v i o l e t  r eg ions ,  would y i e l d  more d e f i n i t i v e  values  of t h e  system 
parameters,  

Line i d e n t i f i c a t i o n s  i n  progress  of t h e  high d i spe r s ion  d a t a  i n d i c a t e  
t h a t  t h e  major i ty  of t h e  abso rp t ion  f e a t u r e s  superimposed on t h e  B9 spectrum 
du r ing  e g r e s s  i s  due t o  Fe I1 from t h e  o u t e r  a tmospheric  l a y e r s  of t h e  G3 Ib- 
11 s t a r .  The l i n e s  show mul t i p l e  components a t  var ious  phases with v e l o c i t y  
s e p a r a t i o n s  on t h e  o r d e r  of 100 ks". 

The emission l i n e  spectrum during t o t a l i t y  is r a t h e r  d i f f e r e n t  from t h e  
chromospheric emission of s i n g l e  s t a r s .  For i n s t ance ,  t he  l i n e s  i n  g e n e r a l  
a r e  found t o  have f l uxes  comparable t o  t h e  G2 Ib- I1  s t a r  Beta Dra, bu t  22 Vul 
is  two magnitudes f a i n t e r  v i sua l ly .  The r a t i o s  of d i f f e r e n t  i ons  a r e  q u i t e  
d i f f e r e n t ,  w i th  S i  I V ,  C I1 and e s p e c i a l l y  A 1  11 l i n e s  having g r e a t e r  observed 
f l u x  i n  22 Vul. Furthermore, a high d i spe r s ion  observa t ion  of t h e  December 
1983 e c l i p s e  shows s u b s t a n t i a l  s t r u c t u r e  i n  t h e  emission components, 
p a r t i c u l a r l y  a red-biased component i n d i c a t i n g  a flow of ma te r i a l  away from 
t h e  observer  and towards t h e  secondary. As i n  o t h e r  Zeta-Aur systems, t h e  
zero-vol t  Fe I1 l i n e s  a r e  i n  f luorescence during t o t a l i t y .  

The importance of 22 Vul then is no t  j u s t  t h e  ex tens ion  of t h e  Zeta-Aur 
phenomenon t o  s tudy  atmospheres of e a r l i e r - t y p e  superg ian t  s t a r s .  There is a 
c l o s e  correspondence between t h e  SWP s p e c t r a  a t  d i f f e r e n t  phases and those  of 
o t h e r  i n t e r a c t i n g  b i n a r i e s  such a s  SX Cas (Plavec e t  a 1  1982) and HD 207739 
(Parsons e t  a 1  1983). The t o t a l i t y  SWP emission spectrum i s  q u i t e  s i m i l a r  t o  
t h a t  of SX Cas i n  e c l i p s e ,  while t he  p a r t i a l  egress  absorp t ion  spectrum (phase 
0.03) resembles SX Cas o u t  of e c l i p s e  and HD 207739. 

This sugges ts  a common property between these  systems of t h e  ex i s t ence  o f  
a r e l a t i v e l y  dense, warm plasma surrounding one component and/or  t h e  e n t i r e  
system, Prel iminary i n d i c a t i o n s  a r e  t h a t  i n  22 Vul t h e  plasma is roughly but 
n o t  t i g h t l y  concentrated around t h e  G s t a r .  As  t h e  s e p a r a t i o n  of t h e  
components, a s  i nd i ca t ed  by the  binary per iod ,  is in te rmedia te  between those  
of t h e  i n t e r a c t i n g  b i n a r i e s  and o t h e r  Zeta Aur systems, 22 Vul provides  a 
t r a n s i t i o n  case  between what has s o  f a r  been considered t o  be two s e p a r a t e  
c l a s s e s  of ob j ec t s .  
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Figure  2, IUE f l u x  s p e c t r a  of 22 Vul a t  d i f f e r e n t  o r b i t a l  phases, Far  from e c l i p s e ,  t h e  SWP spectrum 
is t h a t  of a  B9 s t a r .  Observations a t  0 = 0.016 i n d i c a t e  t o t a l  e c l i p s e  of t h e  h o t  component and 
prominent emission l i n e s  of C I1 1335, S i  IV 1400, S i  11 1526133, C IV 1549, A 1  11 1671 and Mg I1 2800 
a r e  presen t .  The SWP spectrum a t  phase 0.03 is s i m i l a r  t o  t h e  i n t e r a c t i n g  b ina ry  SX Cas when out  of 
e c l i p s e .  A t  phase 0.07, when t h e  ho t  s t a r  l i n e  of s i g h t  is probably about one c o o l  s t a r ' s  rad ius  away 
from t h e  l imb of t h e  cool  component, t h e r e  is s t i l l  cons iderab le  absorp t ion  a t  some wavelengths. 
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ABSTRACT 

The double-1 ined ec l  i p s i n g  b ina ry  system Y Cygni (HD 198846) has w e l l -  
determined o r b i t a l  elements, absolute dimensions, and r a t e  o f  apsidal  motion. 
I n  several  h igh-d ispers ion  SWP images taken near ( b u t  no t  i n )  e c l i p s e  and i n  
one a t  quadrature, we s tud ied  t h e  p r o f i l e s  o f  t he  resonance l i n e s  o f  S i  I V ,  
C I V Y  and N V. C I V  i s  very  broad, and the  absorp t ion  minima a re  shortward 
s h i f t e d  by 160 km s - I  w i t h  respect  t o  S i  I V .  N V i s  weak b u t  i s  shortward 
s h i f t e d  by a s i m i l a r  amount and has a broad shortward wing. I n  general, t h e  
spectrum i s  s i m i l a r  t o  t h a t  o f  t he  s i n ~ l e  BO V-type s t a r  T S c o r p i i .  I n  t h e  
spectrum obta ined a t  quadrature, t he  C I V  p r o f i l e  i s  s h i f t e d  i n  accordance 
w i t h  t h e  o r b i t a l  mot ion o f  t h e  h o t t e r ,  l e s s  massive s ta r .  Therefore, i t  i s  
1 i k e l y  t h a t  t h e  wind-borne C I V  absorpt ion o r i g i n a t e s  i n  t h i s  s t a r .  

By f i t t i n g  the  C I V  and N V l i n e s  w i t h  syn the t i c  p r o f i l e s  computed from 
t h e  program w r i t t e n  by 01 son (1  982 and references the re in ) ,  we obta ined a 
te rmina l  v e l o c i t y  o f  1500 km s-l. Ap l i c a t i o n  o f  t he  technique o f  Garmany P e t  a1 . (1981) y i e l d s  = IO-*-~M,  yr' . -- 

INTRODUCTION 

Y Cygni i s  a double- l ined ec l  i p s i n g  b ina ry  t h a t  i s  noteworthy i n  being 
one o f  t h e  best-determined cases o f  apsidal  motion. I t  cons i s t s  o f  a p a i r  
o f  BO V-type s ta rs .  G i u r i c i n  e t  a1 . (1980) g i ve  the  most recent  t a b u l a t i o n  o f  
t h e  absolute dimensions o f  thecomponents. They f i n d  t h a t  t h e  r a d i i  o f  t h e  
h o t t e r  and t h e  coo le r  s t a r  a r e  0.182 and 0.237, respec t i ve l y ,  t imes t h e  mean 
separat ion. Therefore, t he  system i s  we l l  detached, and we expect t h e  com- 
ponents t o  be s t r u c t u r a l l y  s i m i l a r  t o  s i n g l e  s ta rs .  The r o t a t i o n  v e l o c i t y  
o f  each, 145 km s'l (Levato 1975) , i s  s i g n i f i c a n t l y  g rea ter  than the  syn- 
chronous r o t a t i o n a l  v e l o c i t y ,  150 km s - l .  On the  basis  of an e a r l y  IUE 
observat ion,  Heap (1981) informed us t h a t  t h e  system has a s t e l l a r  wind. 



OBSERVATIONS AND RESULTS 

We obta ined a  h igh-d ispers ion  image (SWP 19650) o f  t he  system w i t h  IUE 
j u s t  be fore  pr imary ec l ipse ,  when the  spectrum was s ing le - l i ned .  The two 
s t a r s  c o n t r i b u t e  roughly equa l l y  t o  the  combined l i g h t :  from the  equator ia l  
temperatures and the  l u m i n o s i t y  r a t i o  g iven by G i u r i c i n  e t  a l .  (1980) and 
from f l u x e s  given by Kurucz (1979), we est imate t h a t  t h e 7 i o E e r  s t a r  i s  about 
20% b r i g h t e r  a t  1500 A .  

The p r i n c i p a l  evidence f o r  a  wind i s  t h a t  t he  short-wavelength wing o f  
t h e  C I V  resonance doub le t  ( ~ ~ 1 5 4 8 ~ 1 5 ~ 0 )  i s  broad, and t h a t  i t s  absorpt ion 
minima a re  s h i f t e d  by about 160 km s' toward sho r te r  wavelengths r e l a t i v e  t o  
t h e  photosphere. The N V doublet  (hA1238,1242) i s  a l so  present,  a l though 
weakly, a t  a  s i m i l a r  r a d i a l  v e l o c i t y .  The motion o f  the  photosphere i s  
represented by t h e  r a d i a l  v e l o c i t i e s  o f  t he  S i  I V  resonance l i n e s ,  which a re  
symmetrical and u s u a l l y  o r i g i n a t e  i n  t h e  photosphere i n  s t a r s  o f  t h i s  spec t ra l  
type 

Heap's o r i g i n a l  image, S I P  6388, was obta ined a t  quadrature, when t h e  
h o t t e r  s t a r  was approaching w i t h  a  h e l i o c e n t r i c  r a d i a l  v e l o c i t y  o f  -310 
km s'l. I n  t h i s  image, t he  absorpt ion minima o f  C I V  appear a t  a  r a d i a l  
v e l o c i t y  o f  -470 km s - l ,  again shortward s h i f t e d  by 160 km s - l .  N V shows the  
same behavior. Thus, t he  o r b i t a l  motion o f  the  s t e l l a r  wind fo l l ows  t h a t  o f  
t he  h o t t e r  s t a r ,  and we conclude t h a t  the  wind i s  associated w i t h  t h i s  s t a r .  

We have compared t h e  spectrum t h a t  we obtained a t  con junc t ion  w i t h  
a r c h i v a l  IUE spectra o f  s i n g l e  BO-type s ta rs .  The C I V  p r o f i l e  i n  Y Cyg i s  
s i m i l a r  t o  t h a t  i n  T S c o r p i i  (BO V) , except t h a t  t he  Doppler s h i f t  o f  t h e  
minima i n  the  l a t t e r  s t a r  i s  o n l y  -100 km s'l r e l a t i v e  t o  the  photosphere. 
Since t h e  S i  I V  l i n e s  have a  no t i ceab ly  broad shortward wing i n  .r Sco b u t  
n o t  i n  Y Cyg, however, t he  two s t a r s  a r e  c e r t a i n l y  n o t  i d e n t i c a l .  On t h e  
o t h e r  hand, t he  80.3 IV- type s t a r  6 S c o r p i i  shows o n l y  minimal wind broaden- 
i n g  o f  t he  C I V  doublet,  and i t s  N  V l i n e s  a re  narrow. That such d i f f e rences  
e x i s t  among s i n g l e  s t a r s  o f  the  same spect ra l  type makes i t  understandable 
t h a t  t h e  components o f  Y Cyg have winds o f  d i f f e r e n t  s t rengths.  

A p l a u s i b l e  hypothesis might  be t h a t  t he  wind o f  the  h o t t e r  component o f  
Y Cyg i s  spec t roscop ica l l y  s i m i l a r  t o  t h a t  o f  T Sco, w h i l e  t h e  coo le r  compo- 
nent  has a  wind l i k e  t h a t  o f  6 Sco. Then, t he  composite, s ing le -1  ined spect- 
rum shows t h e  C I V  l i n e  cores a t  t h e i r  t r u e  depths.,. because they a re  
approximately equal i n  depth i n  t h e  two s ta rs ,  wh i l e  t he  C I V  wing and the  
N  V l i n e s  are  weaker i n  t he  composite spectrum than they a r e  i n  t h e  h o t t e r  
s t a r  alone, because t h e i r  l i g h t  i s  d i l u t e d  w i t h  l i g h t  from the  companion, 
which has a  weak wind. I n  o rder  t o  t e s t  t h i s  hypothesis,  i t  would be 
necessary t o  o b t a i n  an exposure a t  mid-ec l ipse.  



ANALYSIS CONCLUSIONS 

We computed synthet ic  C IV and N V prof i les  a t  the Colorado Regional 
Data Analysis Facil i t y  w i t h  the  program COMPAR (Olson 1982 and references 
there in ) ,  and we f i t t e d  them to  the  observed prof i l es  i n  both Y Cyg and T 
Sco. Table 1 l i s t s  t he  parameters t h a t  gave a good f i t  t o  each s t a r ;  T is the 
1 ine-center radia l  opt ical  depth fo r  the  shortward component of the  doublet 
(01 son 1982) and v- is the  terminal velocity of the  wind. 

TABLE 1 

Profi 1 e F i t t i ng  Parameters from COMPAR 

S t a r  ( Image) v_ (km s - l )  T(C IV) T(N V) 

Y Cyg (SWP 19650) 1500 0.65 0.15 
T Sco (SWP 13713) 1500 0.60 0.20 

With  these values, we used t h ?  procedure given by Garmany e t  a1 . (1 981 ) t o  
estimate the  mass-loss r a t e ,  M. The f a c t  t ha t  the procedure was designed f o r  
hot ter  (0-type) s t a r s  means t ha t  the assumed ionization balance may not be 
correct  i n  our case. The procedure assumes t ha t  nearly a l l  the  carbon i n  t he  
wind is  quadruply ionized and t ha t  the  only important ions of C and N a r e  the  
th i rd  and the  four tb .  To check the  re1 i a b i l i t y  of our r e su l t s ,  Table 2 
compares values of  M derived by t h i s  technique w i t h  values derived by more 
sophist icated analyses of T Sco and IJ Columbae. 

TABLE 2 

Comparison w i t h  Independent1 y Derived Mass-Loss Rates 

Star  Type Author log f i  (M, yr -  l )  log h ( M  yr - l )  
(other study) ( t h i s  tecRnique) 

Y Cyg ( B O  V)x2 --- --- -8.4 
~ S c o  B O V  Hamann ( 1981 ) -8.9 .+_ 0.5 -8.3 
IJ Col 09 V Olson and Castor (1981) -8.2 -8.1 

The agreement i s  reasonably good. We conclude t ha t ,  even for  e f f ec t i ve  
temperatures near 30000 K ,  the  technique of Garmany -- e t  a l .  (1981) gives a 



reasonabl e est imate o f  A. 

Since our  spectrum o f  the  h o t t e r  component o f  Y Cyg i s  d i l u t e d  w i t h  
l i g h t  from the  companion, which has a weaker wind, t h e  mass-loss r a t e  g iven 
i n  Table 2 i s  a lower l i m i t  t o  t h e  mass-loss r a t e  o f  t h e  h o t t e r  component. 
I t s  accuracy could be improved i f  a spectrum a t  mid-secondary e c l  ipse could 
be obtained. Then, o n l y  about 20% of t h e  combined l i g h t  would come from the  
cool e r  s t a r .  

Since t h e  mass and rad ius  of t h e  h o t t e r  component a re  we l l  determined 
from t h e  o r b i t ,  t h i s  s t a r  could be important  i n  the  study o f  t he  dependence o f  
te rmina l  v e l o c i t y  and mass-loss r a t e  on t h e  s t e l l a r  parameters, provided t h a t  
t h e  p roper t i es  o f  t h e  wind a re  n o t  s t r o n g l y  in f luenced by t h e  companion. 
That t h e  wind does behave approximately as t h e  wind o f  a s i n g l e  s t a r  i s  
suggested, f i r s t l y ,  by t h e  f a c t  tha t ,  i n  a se r ies  o f  exposures taken as the  
system approached pr imary ec l ipse,  t h e  C I V  p r o f i l e  does n o t  vary not iceab ly  
w i t h  o r b i t a l  phase. Secondly, if the wind i s  1 i ke t h a t  o f  T Sco, then, 
according t o  Hamann's (1 981 ) model, i t  reaches te rmina l  v e l o c i t y  2.5 s t e l  l a r  
r a d i i  from the  center  o f  t he  s t a r .  I n  Y Cyg, t h i s  d is tance equals 0.46 
t imes t h e  average separat ion o f  t h e  stars,  a. Since t h e  companion's photo- 
sphere 1 i e s  a t  a d is tance o f  0.76 a, t he  wiEd reaches i t  o n l y  a f t e r  a t t a i n i n g  
te rmina l  v e l o c i t y .  Thus, provided-that t h e  wind o f  t he  coo ler  s t a r  i s  t r u l y  
very  weak, so t h a t  wind-wind i n t e r a c t i o n s  a re  unimportant, t he  h o t t e r  s t a r ' s  
wind probably ac ts  l i k e  t h a t  o f  a s i n g l e  s ta r .  

We g r a t e f u l l y  acknowledge t h e  capable assistance o f  t he  s t a f f s  o f  t h e  
IUE Observatory, t h e  Regional Data Analys is  F a c i l i t i e s  a t  Goddard and a t  the  
Un ive rs i t y  o f  Colorado, and t h e  Nat ional  Space Science Data Center. We a lso  
thank H. J. G. L. M. Lamers f o r  h e l p f u l  discussions. 
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OBSERVATIONS OF CATACLYSMIC VARIABLE STAR WINDS 

France A. Cbrdova, Los Alamos National Laboratory 
and 

Keith 0. Mason, Mullard Space Science Laboratory 

ABSTRACT 

High velocity winds are c o m n  among cataclysmic variables stars (CVs) with 
luminous accretion disks. Here we summarize what has been learned about these winds 
f ram IUE spectrophotometry . 
INTRODUCTION 

The observation that under some conditions CVs can exhibit high-velocity winds 
marks one of IUE's most interesting discoveries. These close binary systems can 
potentially offer mch information about the driving mechanisms of winds in general 
because (a) the orbital elements of many of these binaries and their geometry is well 
understood, allowing the spectral line profiles to be studied as a function of 
inclination and stellar mass; and (b) changes in the luminosity of these stars are 
dramatic and, in some cases, fairly predictable, so that the effect on the winds of 
changes in the radiation field can be studied. 

The earliest announcement of evidence for winds from compact binaries was made 
at the first IUE symposium in 1980 (refs. 6,7). lbo novalike stars, CP42O14462 and 
TT Ari, were observed to shw C IV A1549 in emission with associated 
shortward-shif ted absorption, giving the appearance of a P Cygni profile. 
P Cygni-like profiles for the C IV and N V lines of three old novae, RR Pic, HR Del, 
and V603 Aql were subsequently reported1 3. Dwarf novae in outburst also evidence 
mass loss on the basis of shortward-shifted absorption lines of N V 11240, 0 IV 
11340, C I11 11176, Si TII/O I/Si I1 11300, in addition to P Cygni-type profiles of 
Si IV A1400 and C IV (refs. 1,8,11,15). 

THE OBSERVATIONS - 
1. When are winds observed in CVs? The present authors noted1 that there is a -- - - -- 

correlation between winds and luminosity. An example is shown in Fig. 1, which 
follws the progress of the dwarf nova AB Dra through an outburst. During its 
quiescent luminosity state the system shows only broad emission lines; at the point 
in the outburst when a very hot far-UV continuum component manifests itself, the 
lines develop shortward-shifted absorption components symptomatic of mass loss. The 
high luminosity of dwarf novae during outburst9 is thought to be due to an increase 
in the rate of mass accretion through the disk (m,,, , 10-8 M, yr-l). This idea is 
supported by fits to the continuum distribution with steady-state, optically thick 
diskmodels or hot stellar atmospheres (refs. 5,6,7,8,11,13,14,15). 

2, High velocities in the wind. The terminal velocities in the wind implied by --- 
the absorption line profiles is (3  - -5) x lo3 km 8-1, about the escape velocity from 
the surface of a white dwarf. 

3. Fromwhere does the wind originate? The high velocities suggest an origin -- - - -- - 
near the central, accreting degenerate dwarf. This is further supported by 
observations of CVs at various inclination angles. For example, AB Dra (Pig. 1) is 



probably viewed from above the  accre t ion d i sk  ( i .e .  a t  a r e l a t i v e l y  low inc l ina t ion ,  
i <60°), s ince  no o r b i t a l  va r i a t ion  has yet  been observed f o r  t h i s  s t a r .  RW T r i ,  i n  
con t ras t  ( see  Fig. 2) ,  is viewed a t  a very high inc l ina t ion  ( i  -85O), i.e. along the  
plane of the  d isk ,  and has very d i f f e r e n t  l i n e  prof i les .  No absorption component is 
seen i n  RW Tri's spectrum, but the  peaks of a l l  t h e  s p e c t r a l  l i n e s 3  a r e  markedly 
red-shifted with respect  t o  the l i n e  centers ,  suggesting an acce le ra t ing  wind which 
is  not seen i n  projection agains t  a continuum source. Fig. 2 shows t h a t  during t h e  
e c l i p s e  of the continuum i n  RW T r i  the C I V  l i n e  emission changes very l i t t l e .  This 
ind ica tes  t h a t  the  wind is extensive. 

4. Orbit-related va r i a t ions  i n  t h e  l i n e  p ro f i l e s .  There a r e  few observations of ---- - - - 
CVs around t h e i r  binary o rb i t s .  RW T r i  shows no l i n e  p r o f i l e  v a r i a b i l i t y  outs ide  of 
ec l ipse3,  but HR Del and TT A r i  do show evidence f o r  such variat ions4s7.  This 
v a r i a b i l i t y  has not been s u f f i c i e n t l y  studied t o  i n t e r p r e t  i t  properly. The 
ec l ips ing  novalike s t a r  UX UMa shows l i n e  p r o f i l e  behavior remarkably s imi la r  t o  t h a t  
of RW T r i ,  except t h a t  a t  a phase tha t  is normally associated with the  mass t r a n s f e r  
"bright  spot" on t h e  edge of the d i sk ,  the  asymmetric, red-shifted emission l i n e  
p r o f i l e  is cut  by a deep absorption near the  r e s t  wavelength9. 

5. The ioniz ing spectrum. Many plausible  a r  ments suggest t h a t  photoionization -- 
provides the  underlying s t r u c t u r e  of the  wind, 1,R,12 but the  nature  of the  ioniz ing 
spectrum is not known. The f a c t  t h a t  a few high luminosity systems do not show 
velocity-shifted UV l i n e s  could be because the gas is i n  a d i f f e r e n t  ionizat ion s t a t e  
i n  these s t a r s ,  perhaps because the  photoionizing spectrum is d i f fe ren t .  The 
ubiquitous hard X-rays i n  CVs2 can produce the observed ion f rac t ions lO,  but the re  is 
probably not enough energy i n  the  X-ray component t o  provide a l l  of the observed l i n e  
emission3. The energy t o  d r ive  the  wind could e a s i l y  be supplied by f a r  UV o r  EW 
rad ia t ion  from the  inner disk. 

6. The mass l o s s  r a te .  Some est imates of the mass l o s s  r a t e ,  m ,  come from -- --- - - 
comparisons with the  theore t i ca l  l i n e  p r o f i l e s  developed f o r  OB s t a r s .  It is  usual ly  
impossible, however, t o  f i t  the  absorption and emissibn components s iml taneous ly  i n  
CV spectra.  An a l t e r n a t e  method r e l i e s  on deriving an ionizat ion parameter f o r  the  
wind using X-ray nebular models. Both nethods give m - 10-l1 t o  10-lO M, yr-l ( refs .  
1,5,8,10,11,13,15. The uncertainty i n  m is  high because of pncer ta in t i e s  i n  the  ion 
f rac t ions  and the s i z e  of the emit t in  region. The r a t i o  of m t o  the  mass accre t ion 8 r a t e  is  probably between 10 '~  and 10' . 

7. Driving mechanism f o r  t h e  wind. In  OB supergiants the  dr iv ing mechanism i s  --- 
believed tabe radia t ion pressure i n  the  l ines .  This mechanism may a l s o  be 
responsible f o r  accelera t ing CV winds t o  the  high v e l o c i t i e s  observed, a s  evidenced 
by: ( a )  t h e  observation of winds only i n  high luminosity systems; ( b )  t h e  f a c t  t h a t  
t h e  terminal ve loc i t i e s  of CV winds a r e  of the  magnitude of the  escape veloci ty  from 
t h e  white dwarf surface;  and (c)  the  f a c t  t h a t  the  momentum r a t e  of the  radia t ion,  
i.e. L o t / c  = g cm s - ~ ,  is of the  same order a s  the  momentum r a t e  of the  wind. l 

8. Comparison with o the r  mass-losing s t a r s .  Among s t a r s  los ing mass, CVs -- - ---- - 
exh ib i t  winds with the  highest  terminal v e l o c i t i e s ,  e.g. 5000 km s'l a s  compared t o  
2000 t o  4000 km s-l f o r  OB s t a r s  and 100 km s'l f o r  red supergiant  s t a r s .  The 
probable mass l o s s  r a t e s  f rom CVs, i.e. 1 0 - l ~  t o  10-lo M yr-l, f a l l  between the  
mass l o s s  r a t e s  f o r  dwarf s t a r s  l i k e  the  Sun (10-l4 M, y;-l) and those f o r  0 V s t a r s  

t o  lo-' M, yr-l). The luminosit ies of CVs is < 20 Lo, severa l  orders of 
magnitude l e s s  than the  luminosit ies of OB s t a r s .  The r a t i o  of the  observed X-ray 
f l u x  t o  the t o t a l  luminosity is much higher f o r  CVs (i.e. 10 '~  t o  than it is 
f o r  any other  wind-emitting system (e.g. f o r  OB s t a r s  t h i s  r a t i o  is  10'~). The 
r a t i o  of the  luminosity i n  the  wind t o  the t o t a l  luminosity is a l s o  m c h  higher f o r  



CVs than i t  i s  f o r  t h e  other  systems (e.g. 10'~ t o  10 '~  i n  OB s t a r s ;  10'~ i n  
red supergiants; i n  the  Sun). The momentum f l u x  of the  wind i n  CVs is s imi la r  
t o  tha t  of red supergiants,  but a few orders of magnitude l e s s  than the  f l u x  of the  
most luminous OB s t a r s .  

EPILOGUE 

Observations of winds i n  CVs a r e  a t  the  limit of what I U E  can do. CVs a r e  s o  
f a i n t  (% > lo)  t h a t  high s p e c t r a l  resolution observations, which could be used t o  
decipher s t r u c t u r e  i n  t h e  l i n e  p rof i l e s  and dis t inguish bands of weak l i n e s ,  cannot 
be performed. Fast  timing analys is  (e.g. t o  search f o r  corre la t ions  between t h e  W 
p r o f i l e s  and o p t i c a l  o r  X-ray f l i cker ing  tha t  occurs on timescales of minutes) i s  not 
possible because of the  re la t ive ly  long readout time required f o r  t h e  IUE cameras. 

There a r e ,  however, a t  l e a s t  two areas  where progress on CV winds using I U E  can 
be anticipated.  The f i r s t  is more comprehensive phase-resolved observations of 
wind-emitting CVs sampling a var ie ty  of incl inat ion angles; these  could be done i n  
conjunction with simultaneous X-ray and o p t i c a l  observations t o  Further re f ine  our 
ideas  about the  locat ion and geometry of the  wind. The second a rea  is more de ta i l ed  
s tud ies  of corre la ted changes i n  the  radia t ion f i e l d  with changes i n  the  l i n e  
prof i les :  dwarf novae represent the best candidates f o r  t h i s  invest igat ion because of 
t h e i r  frequent changes i n  luminosity. The nature of the  underlying photoionizing 
spectrum could be elucidated i n  t h i s  way. 

This research is supported by the U.S. Dept. of Energy and the  U.K. Science 
and Engineering Research Council. 
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Pig. 1 Three of these IUE 
spectra of the dwarf nova AB Dra 
were taken during the course of 
a single outburst in 1982. h e  
faintest spectra were taken 
during quiescence (bottom plot), 
and far down on the decline of 
an earlier outburst in 1979, and 
show only emission lines. k 
the spectrum brightens and 
steepens, the lines develop 
shortward-shifted absorption 
profiles. C IV also ha. 
enhanced emission, giving it the 
appearance of a P Cygni profile. 
The disk in AB Dra is probably 
viewed at a low inclination. 

a - 

L8e Jan 14 

Pig. 2 The eclipaing. novalike 
variable RV Tri ir viewed at a 
high inclination. i... . along 
the plane of the accretion disk, 
and ahows emission lines with no 
absorption below the continuum. 
The peaks of the lines appear to 
be shifted longwards of the line 
centers, suggesting an expanding 
wind. Each plot represents the 
average of several spectra taken 
on the day indicated. The top 
plot has been offset by 20 units 
for clarity. An additional 
offset has been added to the 
eclipae continuum in both plots 
in order to compare the relative 
line fluxes. The fact that 
there is little difference in 
the emission in and out of 
eclipse indicates that the wind 
is extensive. 
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Table 1: Comparison of Wind Parameters 



ULTRAVIOLET SPECTROSCOPY OF THE INTERACTING 

BINARY U SAGITTAE 

George E. ~ ~ c C l u s k e y ,  Jr. 
D i v i s i o n  o f  Astronomy 
Depar tment  o f  Ma thema t i c s ,  Lehigh  U n i v e r s i t y  

and  

Y o j i  Kondo 
L a b o r a t o r y  f o r  Astronomy and  S o l a r  P h y s i c s  
Goddard S p a c e  F l i g h t  C e n t e r  

ABSTRACT 

The i n t e r a c t i n g  A l g o l - t y p e  b i n a r y  U S a g i t t a e  
(B8 V + G2 111-IV) h a s  been  o b s e r v e d  w i t h  t h e  I n t e r n a t i o n a l  
U l t r a v i o l e t  E x p l o r e r  ( IUE).  E leven  h i g h  r e s o l u t i o n  s p e c t r a  i n  
t h e  f a r - u l t r a v i o l e t  and  n i n e  h i g h  r e s o l u t i o n  s p e c t r a  i n  t h e  mid- 
u l t r a v i o l e t  were o b t a i n e d  d u r i n g  o n e  o r b i t a l  c y c l e  i n  J u n e  1983.  
The r e s o n a n c e  l i n e s  o f  S i  I V  and  C I V  are  p r e s e n t  i n  a b s o r p -  
t i o n  o f  m o d e r a t e  s t r e n g t h  a t  a l l  o b s e r v e d  p h a s e s .  The r e s o n a n c e  
l i n e s  o f  N V are  p r o b a b l y  p r e s e n t  a t  s e v e r a l  p h a s e s .  The 
p r e s e n c e  o f  S i  I V  a n d  C I V  i n d i c a t e s  t h e  e x i s t e n c e  o f  
r e g i o n s  c o n s i d e r a b l y  h o t t e r  t h a n  a  normal  B8 V p h o t o s p h e r e  and  
which  are v i s i b l e  a t  a l l  o f  t h e  o b s e r v e d  p h a s e s .  The e x i s t e n c e  
and  b e h a v i o r  o f  t h e s e  f e a t u r e s  s u g g e s t s  t h a t  a h o t  "pseudo- 
p h o t o s p h e r e "  is c r e a t e d  a r o u n d  t h e  B8 s t a r  by  matter f l o w i n g  
from t h e  G-type companion. 

1. INTRODUCTION 

The e c l i p s i n g  b i n a r y  U S a g i t t a e  = HD 181182 
(B8 V + G 2  111-IV) is a t y p i c a l  A lgo l - type  s y s t e m  w i t h  a p e r i o d  
o f  3 .38  days .  S t r u v e  (1949)  and  McNamara (1951a )  have  made ex- 
t e n s i v e  s p e c t r o s c o p i c  s t u d i e s  w h i l e  McNamara and F e l t z  (1976)  
h a v e  d e r i v e d  t h e  p h o t o m e t r i c  e l e m e n t s .  

S t r u v e  (1949)  n o t e d  t h a t  f rom t h e  b e g i n n i n g  o f  t h e  p r i m a r y  
e c l i p s e  a t  p h a s e  0 .92  u n t i l  p h a s e  0 .97 ,  many l i n e s  na r rowed  and  
deepened  s u c h  t h a t  t h e  e q u i v a l e n t  w i d t h s  r ema ined  a p p r o x i m a t e l y  
c o n s t a n t .  However, f rom p h a s e  0 .97  u n t i l  t o t a l i t y  a t  p h a s e  
0 .99  t h e  l i n e s  i n c r e a s e  i n  w i d t h  and  weaken. H e  e x p l a i n e d  t h i s  
i n  p a r t  a s  due  t o  d e c r e a s i n g  r o t a t i o n a l  b r o a d e n i n g  as t h e  B - s t a r  
is  e c l i p s e d .  H e  e s t i m a t e d  t h e  r o t a t i o n a l  v e l o c i t y  o f  t h e  B - s t a r  - 
t o  b e  100  kms-l w h i l e  t h e  synchronous  v e l o c i t y  would b e  

6 3  kms-l. L e v a t o  (1976)  g i v e s  76 kms-' f o r  t h e  o b s e r v e d  r o t a -  
t i o n a l  v e l o c i t y  o f  t h e  B - s t a r .  



St ruve  (1949) analyzed t h e  complex behavior  of t h e  Balmer 
l i n e s  and p o s t u l a t e d  t h e  e x i s t e n c e  of e x t e n s i v e  g a s  s t reams  
around t h e  B-s tar  o r i g i n a t i n g  from t h e  G-star .  

McNamara (1951a) a l s o  found t h e  Balmer l i n e s  t o  be  a f f e c t e d  
by gas  s t reams  and noted r a p i d  v e l o c i t y  v a r i a t i o n s  a t  s e v e r a l  
phases.  Emission l i n e s  were discovered j u s t  b e f o r e  t o t a l i t y  by 
McNamara (1951b). They were ev iden t ly  not  p r e s e n t  dur ing  t h e  
i n v e s t i g a t i o n s  of S t ruve  (1949). 

These s t u d i e s  a l l  i n d i c a t e  t h a t  U Sge is an a c t i v e  Algol 
system. For t h i s  reason t h e  system was observed wi th  IUE as 
p a r t  of o u r  g e n e r a l  program of i n v e s t i g a t i o n  of i n t e r a c t i n g  
b i n a r i e s ,  

2. OBSERVATIONS 

I n  1980, f o u r  high r e s o l u t i o n  LWR and f o u r  high r e so lu -  
t i o n  SWP exposures of U Sge were ob ta ined .  The presence  of 
S i  I V  and C I V  absorp t ion  l i n e s  and of non-orb i ta l  v e l o c i t i e s  
i n d i c a t e d  t h a t  a  more ex t ens ive  i n v e s t i g a t i o n  was warranted.  I n  
1983, a t o t a l  of twenty high r e s o l u t i o n  s p e c t r a  of U Sge were 
ob ta ined  dur ing  one o r b i t a l  cyc l e .  I n  a l l ,  obse rva t ions  nea r  
phases 0.05, 0.26, 0.35, 0.49, 0.61, 0.65, 0.76 and 0.78 were 
ob ta ined .  

DISCUSSION 

The most s t r i k i n g  f e a t u r e s  i n  t h e  s p e c t r a  of U Sge a r e  
t h e  S i  I V  and C I V  resonance double t s  which a r e  p r e s e n t  i n  
abso rp t ion  a t  a l l  of t h e  observed phases.  A t  phases 0.049, 
0.063, 0.613, 0.641, 0.759 and 0.782 one o r  both  of t h e  N V 
resonance double t  l i n e s  a r e  t e n t a t i v e l y  i d e n t i f i e d  wi th  weak 
abso rp t ion  f e a t u r e s .  In  a d d i t i o n ,  l i n e s  of A 1  11, A 1  111, 
C 11, Fe 11, Fe 111, Mg 11, Mn 11, N i  11, S i  11, S i  111, and 
Zn I 1  a r e  p r e s e n t .  No s i g n i f i c a n t  emission was d e t e c t e d  i n  any 
of t h e  s p e c t r a .  

During t h e  p a r t i a l  phases of primary e c l i p s e  S t ruve  (1949) 
observed a deepening and narrowing of some s p e c t r a l  l i n e s  a s  
d i scus sed  above. This  same e f f e c t  is c l e a r l y  seen i n  many l i n e s  
a t  phase 0.063 and even more s t r o n g l y  a t  phase 0.049. Numer- 
ous l i n e s  of Fe I1 wi th  widths  of 0 .3  - 0.6A and r e s i d u a l  
i n t e n s i t i e s  of  0.6 - 0.7 which a r e  e s s e n t i a l l y  unde tec t ab l e  
o u t s i d e  of e c l i p s e  a r e  e a s i l y  seen a t  phase '  0.049. Outs ide  of 
eclipse the residual intensities of the S i  IV, C I V  and A 1  111 
doub le t s  are approximately 0.48, 0.54, and 0.42, r e s p e c t i v e l y ,  
whi le  a t  phase 0.049 t h e  corresponding va lues  a r e  0.20,  0.19 
and 0.16. The r e s i d u a l  i n t e n s i t i e s  are r e l a t i v e l y  cons t an t  out-  
s i d e  of e c l i p s e ,  a l though t h e  l i n e s  appear t o  s t r e n g t h e n  s l i g h t -  
l y  near  phase 0.77. 



No s i g n i f i c a n t  change i n  t h e  e q u i v a l e n t  w i d t h s  o c c u r s  a t  
any phase  w i t h  t h e  e x c e p t i o n  t h a t  a t  phase  0.257,  obse rved  i n  
1980,  t h e  S i  I V ,  C I V  and A 1  I11 l i n e s  were d i s t i n c t l y  weaker.  

With r e g a r d  t o  r a d i a l  v e l o c i t i e s ,  a l l  of  t h e  l i n e s  f o l l o w  
t h e  motion of  t h e  B-s ta r  c l o s e l y  w i t h  t h e  e x c e p t i o n  of  t h e  
p u t a t i v e  N V l i n e s .  A t  phases  0 .641 and 0.759 t h e  N V 
l i n e s  have  more p o s i t i v e  v e l o c i t i e s  t h a n  t h e  B-s ta r  by 

50-150 krns-l. A l l  o t h e r  l i n e s  t e n d  t o  have  a s l i g h t l y  more 
n e g a t i v e  v e l o c i t y  a t  a l l  phases  t h a n  t h e  B-s ta r .  For  example, 
n o t  u s i n g  p h a s e  0.257 which is p e c u l i a r ,  t h e  a v e r a g e  d e v i a t i o n  
o v e r  a l l  p h a s e s  o f  t h e  l i n e  v e l o c i t y  from t h e  o r b i t a l  v e l o c i t y  

o f  t h e  B - s t a r  is -24 kms-' f o r  S i  11, -21 kms-' f o r  S i  I V ,  

-22 kms-' f o r  A 1  I11 and -28 kms-' f o r  C I V .  The phase  
dependence of  t h i s  b e h a v i o r  is minimal w i t h  somewhat s m a l l e r  
d e v i a t i o n s  o c c u r r i n g  n e a r  phases  0 .35  and 0.50 and l a r g e r  
d e v i a t i o n s  e l sewhere .  

. A t  phase  0.257 t h e  v e l o c i t i e s  of  t h e  S i  I V  and C I V ,  

l i n e s  d e v i a t e  by -50 t o  -100 kms-l. U n f o r t u n a t e l y ,  no observa-  
t i o n s  n e a r  t h i s  phase  c o u l d  b e  o b t a i n e d  i n  1983 s o  t h a t  i t  is 
n o t  known i f  t h i s  p e c u l i a r  b e h a v i o r  is p e r s i s t e n t .  

The F i n e  E r r o r  Sensor  (FES) measurements show t h a t  t h e  
sys tem was a b o u t  OF10 b r i g h t e r  n e a r  phases  0 .35  and 0.65 
t h a n  a t  phase  0.75. A secondary  minimum of  d e p t h  0?05 w i t h  
r e s p e c t  t o  phase  0 .75  was d e t e c t e d  a t  phase  0.50. 

U l t r a v i o l e t  l i g h t  c u r v e s  were g e n e r a t e d  a t  v a r i o u s  wave- 
l e n g t h s  by measur ing  continuum i n t e n s i t i e s  i n  l i n e  f r e e  r e g i o n s .  
A l l  i n t e n s i t i e s  were n o r m a l i z e d  t o  phases  0.759 (SWP) o r  
0.764 (LWR). No s i g n i f i c a n t  wavelength  dependences were found.  
The p a r t i a l  p r imary  e c l i p s e  i n t e n s i t i e s  a r e  a s  expec ted  from 
ground-based s o l u t i o n s .  O u t s i d e  of t h i s  e c l i p s e  w e  f i n d  a v e r a g e  
i n t e n s i t i e s  of  1 .00 ,  0 .95 ,  0.96 and 1 .00  n e a r  phases  0.35, 
0.50,  0.65 and 0 .75 ,  r e s p e c t i v e l y .  I t  a p p e a r s  t h a t  t h e  sys tem 
e x h i b i t e d  an ex tended  "secondary minimum" from phases  
0.49 - 0.66 i n  1983. The 1980 o b s e r v a t i o n s  a r e  c o n s i s t e n t l y  
f a i n t e r  t h a n  t h e  1983 d a t a  by 2-5%. T h i s  may b e  due t o  some 
s y s t e m a t i c  change i n  t h e  IUE sys tem f o r  which w e  have  n o t  y e t  
c o r r e c t e d .  

The e x i s t e n c e  o f  S i  I V ,  C I V  and N V l i n e s  i n  t h e  
u l t r a v i o l e t  s p e c t r a  of v a r i o u s  Algo l  b i n a r i e s  i s . w e l 1  known 
(Kondo e t  a l .  1979,  1981;  McCluskey 1982; P o l i d a n  and P e t e r s  
1982; P l a v e c  1983) .  S i m i l a r  s u p e r i o n i z a t i o n  is s e e n  i n  numerous 
B e  s t a r s .  The energy s o u r c e  f o r  t h i s  i o n i z a t i o n  i n  Algo l  
sys tems is g e n e r a l l y  a t t r i b u t e d  t o  m a t t e r  from t h e  s u b g i a n t  
a c c r e t i n g  o n t o  t h e  e a r l y - t y p e  s t a r .  



The s p e c t r a  of U Sge show t h a t  t h e  h e a t e d  r e g i o n  is 
c l o s e l y  a s s o c i a t e d  w i t h  t h e  B8 V pr imary  and p r o b a b l y  i s o v i s -  
i b l e  a t  a l l  phases .  The v e l o c i t i e s  and w i d t h s  (FWHM - 1 . 5 A  ou t -  
s i d e  o f  e c l i p s e )  of t h e  S i  I V  and C IV l i n e s  make i t  seem 
u n l i k e l y  t h a t  t h e y  a r e  formed i n  an e x t e n s i v e  d i s k  s i n c e  t h e s e  
v a l u e s  a r e  c l o s e  t o  t h o s e  o f  i o n s  o f  S i  11, A 1  11, F e  I1 and 
S i  I11 which presumably a r i s e  i n ,  o r  v e r y  c l o s e  t o ,  t h e  photo- 
s p h e r e  o f  t h e  B8 s t a r .  

I t  would appear  t h a t  a  r e l a t i v e l y  h o t  (20,000-100,000K) 
r e g i o n  l i e s  around t h e  B - s t a r ,  a t  l e a s t  i n  t h e  e q u a t o r i a l  
r e g i o n s ,  n o t  f a r  above t h e  pho tosphere .  T h i s  r e g i o n  is essen-  
t i a l l y  t r a n s p a r e n t  excep t  i n  t h e  resonance  l i n e s  where i t  is 
s e m i t r a n s p a r e n t .  Whether w e  c a l l  t h i s  a  ' lpseudo-photospherelr  o r  
t r a n s i t i o n  r e g i o n  is r e a l l y  a  m a t t e r  of d e f i n i t i o n  a t  t h i s  t i m e .  
High s p a t i a l  and t i m e  r e s o l u t i o n  s p e c t r o s c o p y  d u r i n g  t h e  p r i m a r y  
e c l i p s e  w i l l  b e  r e q u i r e d  t o  c o n s t r u c t  a  d e t a i l e d  model. 

The narrowing and deepening o f  l i n e s  d u r i n g  t h e  p a r t i a l  
phases  of t h e  pr imary  e c l i p s e  may b e  due i n  p a r t  t o  s d e c r e a s i n g  
r o t a t i o n a l  b roaden ing  a s  t h e  B-s ta r  is e c l i p s e d .  However, 
t h i s  is probab ly  n o t  t h e  main e f f e c t  a s  o n l y  abou t  115 of t h e  
B-s ta r  is covered  a t  phase  0.049. S t r u v e  (1949) n o t e d  t h a t  

. t h i s  e f f e c t  had been obse rved  i n  s e v e r a l  Algol  b i n a r i e s  i n  which 
i t  a p p e a r s  t h a t  t h e  b roaden ing  of  l i n e s  o c c u r s  n e a r  t h e  l imb of  
t h e  h o t  s t a r  w h i l e  n e a r  t h e  c e n t e r  of  t h e  d i s k  t h e  l i n e s  a r e  
s h a r p .  T h i s  might  b e  due t o  t h e  d i s t r i b u t i o n  and o b s e r v i n g  
geometry of  t h e  a c c r e t i n g  m a t t e r .  

4. CONCLUSION 

The i n t e r a c t i n g  b i n a r y  U Sge is i n  a  s t a t e  o f  a c t i v e  mass 
f low.  No h i g h  v e l o c i t y  ( >  50 kms-l) components a r e  o b s e r v a b l e  
f o r  any l i n e s  w i t h  t h e  p o s s i b l e  e x c e p t i o n  of  N V and no de- 
t e c t a b l e  emiss ion  o c c u r r e d  o u t s i d e  of t o t a l i t y .  The u l t r a v i o l e t  
a b s o r p t i o n  spect rum a r i s e s  p r i m a r i l y  i n  a  l tpseudo-photosphere l l  
c l o s e  t o  t h e  s u r f a c e  of t h e  B-s ta r .  - The l i n e  forming r e g i o n  
may be expanding a t  20-30 kms-l and s u r r o u n d s  t h e  e n t i r e  
B-s ta r .  The p h y s i c s  of  t h i s  l i n e  forming r e g i o n  would seem t o  
b e  s i m i l a r  t o  t h a t  o c c u r r i n g  i n  numerous Be s t a r s  ( e . g . ,  
S l e t t e b a k  and C a r p e n t e r  1983) which show v e r y  s i m i l a r  l i n e s  due 
t o  s u p e r i o n i z a t i o n  of S i  IV and C I V .  

We thank t h e  U S  IUE p r o j e c t  team f o r  t h e i r  competent  
a s s i s t a n c e  i n  o b t a i n i n g  t h e  d a t a .  One of  t h e  a u t h o r s  (G.E.M.) 
was p a r t i a l 1 y . s u p p o r t e d  i n  t h i s  r e s e a r c h  by NASA Gran t  NSG 5386. 
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ABSTRACT 

P r o p e r t i e s  o f  f o u r  components  t o  t h e  c i r c u m s t e l l a r  matter i n  Algo l  t y p e  
i n t e r a c t i n g  b i n a r y  s y s t e m s  which  have  been  i n v e s t i g a t e d  w i t h  t h e  a i d  o f  t imed 
h i g h  r e s o l u t i o n  - IUE o b s e r v a t i o n s  are d i s c u s s e d .  I n c l u d e d  are t h e  h i g h  tem- 
p e r a t u r e  a c c r e t i o n  r e g i o n  ( H T A R ) ,  g a s  s t r e a m ,  r e s t r i c t e d  domains o f  material 
o u t f l o w ,  and t h e  g e n e r a l  wind. I n  p a r t i c u l a r ,  we comment on t h e  g e o m e t r i c a l  
d i s t r i b u t i o n  i n  t h e  s y s t e m ,  p h y s i c a l  c o n d i t i o n s ,  f l o w  p a t t e r n s ,  and s t a b i l i t y .  
CX Dra s e r v e s  as o u r  i l l u s t r a t i v e  example and a model f o r  t h e  c i r c u m s t e l l a r  
matter i n  t h i s  s y s t e m  is p r e s e n t e d .  

INTRODUCTION 

S i n c e  t h e  far  u l t r a v i o l e t  s p e c t r a l  r e g i o n  c o n t a i n s  numerous r e s o n a n c e  
l i n e s  f rom abundan t  i o n s  and a b s o r p t i o n  l i n e s  f rom t h e s e  i o n s  c a n  b e  d e t e c t e d  
even i f  t h e  column d e n s i t y  of matter is r e l a t i v e l y  low,  s p a c e c r a f t  obse rva -  
t i o n s  o f  A l g o l  t y p e  b i n a r i e s  have  produced a w e a l t h  o f  i n f o r m a t i o n  on t h e  
n a t u r e  and  b e h a v i o r  o f  t h e  c i r c u m s t e l l a r  matter (CM) i n  t h e s e  s y s t e m s .  Ac- 
c o r d i n g l y ,  we have  employed t imed h i g h  r e s o l u t i o n  - IUE o b s e r v a t i o n s  of s e l e c t e d  
s y s t e m s  i n  o r d e r  t o  i n v e s t i g a t e  t h e  g e o m e t r i c a l  d i s t r i b u t i o n ,  f l o w  p a t t e r n s ,  
p h y s i c a l  c o n d i t i o n s ,  and s t a b i l i t y  o f  t h i s  material. Some components  t o  t h e  CM 
i n c l u d e  t h e  h i g h  t e m p e r a t u r e  a c c r e t i o n  r e g i o n  (HTAR), gas s t r e a m ,  a p p a r e n t  
na r row domains  o f  mass o u t f l o w ,  t h e  g e n e r a l  wind,  and d i s k .  I n  t h i s  p a p e r ,  we 
p r e s e n t  s e l e c t e d  r e s u l t s  f rom o u r  a n a l y s e s  o f  a b s o r p t i o n  l i n e s  formed i n  a l l  
b u t  t h e  l a t t e r  o f  t h e  above  ment ioned componen t s . t o  t h e  CM. Sys tems c o n s i d e r e d  
i n  t h e  s t u d y  are CX Dra (B2.5Ve + F : ) ,  AU Mon (B5V + F-G:), U CrB (B6V + F 8 I I I -  
I V ) ,  TX UMa (B8V + F 8 I I I 1 ,  and RS Vul (B5V + G O : ) .  CX Dra, a Be b i n a r y  which 
a p p e a r s  t o  b e  a c o u n t e r p a r t  t o  c l a s s i c a l  A lgo l  s y s t e m s ,  w i l l  s e r v e  as o u r  
i l l u s t r a t i v e  example i n  t h i s  s h o r t  p r e s e n t a t i o n .  

THE H I G H  TEMPERATURE ACCRETION REGION ( H T A R )  

The HTAR was d i s c o v e r e d  f rom t h e  ( v a r i a b l e )  p r e s e n c e  of s t r o n g  a b s o r p t i o n  
l i n e s  o f  N V ,  C  I V ,  and S i  I V  i n  t h e  s p e c t r a  o f  A lgo l  p r i m a r i e s  whose photo-  
s p h e r e s  are much t o o  c o o l  t o  form s u c h  i o n s .  The p r o p e r t i e s  o f  t h i s  r e g i o n ,  
which  h a s  been  found i n  a l l  o f  t h e  above  ment ioned s y s t e m s ,  is d i s c u s s e d  i n  
d e t a i l  i n  Peters and P o l i d a n  (1984) .  The o b s e r v e d  r a d i a l  v e l o c i t y  b e h a v i o r  



and phase dependence i n  the s t rengths  of the l i n e s  formed in  the HTAR provide 
compelling evidence tha t  t h i s  region is associated w i t h  the primary and the 
source of the heating is  the shock from the impact of the gas stream onto the 
photosphere. The l a t t e r  is supported by the f a c t  t ha t  the HTAR is observed 
only about primaries whose r a d i i  a re  l a rge r  than (Lubow and Shu 1975). 
To i l l u s t r a t e  the observed behavior of fea tu res  fo%%d i n  the H T A R ,  consider 
se lected p rof i l e s  of N V ,  C I V ,  and S i  I V  seen i n  CX Dra (Figure 1 ) .  We see 
var ia t ions  with phase as  well a s  w i t h  time. A pa i r  of observations secured 
a t  the same phase (-0.6) but four cycles apar t  demonstrate t ha t  the HTAR can 
fade on a time sca le  of days-months. Observations of CX Dra as  well a s  o ther  
systems (Peters  and Polidan 1984) show the s t rong phase dependence of the H T A R .  
Generally speaking, the l i n e s  formed i n  the HTAR tend to  be strongest  between 
phases 0.4 t o  0.9 (on the hemisphere of the s t a r  receiving the gas stream i m -  
pact.  The sometimes observed large  l i n e  depths (Figure 1 )  imply tha t  the HTAR 
has subs tan t ia l  thickness perpendicular t o  the o r b i t a l  plane(2R ) .  Using an ion- 
i za t ion  equilibrium code, we have found t ha t  the HTAR l i n e s  arePformed i n  a 
co l l i s iona l ly  dominated region of T - 100,000K and Ne- 10' cme3. We f ind evi- 
dence of extreme carbon depletion (fiote the observed weakness of the C I V  l i n e s  
compared w i t h  the N V l i n e ) ,  C - ~ O - ~ C ~ ,  which suggests tha t  the gas i n  the 
HTAR is composed of matter t ha t  has been processed by the CNO cycle in  the 
core of the transformed secondary. Since the HTAR l i n e s  often a re  broader than 
photospheric fea tu res ,  i t  appears t h a t  the HTAR is  not i n  co-rotation w i t h  the 
accre t ing component. Mass motion and turbulence a r e  probably responsible f o r  
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Fig. 1 - Observed p ro f i l e s  of se lected fea tu res  formed i n  the HTAR i n  
C X  Dra versus phase (noted on r i gh t ;  cycle numbers i n  parentheses) .  



t h e  l i n e  broadening.  The r o l e  o f  t u r b u l e n c e ,  which cou ld  be t h e  s o u r c e  of 
t h e  c o l l i s i o n a l  i o n i z a t i o n ,  is d i s c u s s e d  i n  P e t e r s  and P o l i d a n  ( 1 9 8 4 ) .  

THE GAS STREAM 

Gas streams a r e  u s u a l l y  d e t e c t e d  from t h e  p resence  of  r e d - s h i f t e d  absorp-  
t i o n  components t o  t h e  resonance  l i n e s  o f  abundan5 s p e c i e s .  Both i n t e r m e d i a t e l y  
( i . e .  Mg 11, S i  11) and more h i g h l y  i o n i z e d  s p e c i e s  ( i . e .  S i  I V ,  A 1  111) are 
observed.  I n  g e n e r a l ,  one  o b s e r v e s  t h e s e  f e a t u r e s  between phases  0 .8  - 0.9 ,  
b u t  i n  c e r t a i n  sys tems  ( i . e .  AU Mon), such  a b s o r p t i o n  is unexpec ted ly  weak. 
Examples o f  t y p i c a l  g a s  s t r e a m  f e a t u r e s  are shown i n  F i g u r e  2. One might  g e t  
t h e  impress ion  t h a t  r e l i a b l e  mass t r a n s f e r  r a t e s  can  be  deduced from t h e  ob- 
s e r v e d  l l ex t ra"  redward a b s o r p t i o n  b u t  problems abound. To mention two, we a r e  
u n c e r t a i n  a b o u t  t h e  p r o j e c t i o n  o f  t h e  g a s  s t r e a m  a l o n g  o u r  l i n e  o f  s i g h t  S u t ,  
more i m p o r t a n t  is t h e  f a c t  t h a t  t h e  g a s  s t r e a m  most l i k e l y  does  - n o t  c o v e r  t h e  en- 
t i re  s t e l l a r  s u r f a c e .  Measured column d e n s i t i e s  t end  t o  y i e l d  unreasonab ly  low 
mass t r a n s f e r  rates. Shal low,  broad g a s  s t r e a m  l i n e s  such  as one o b s e r v e s  i n  
TX U M a  ( P e t e r s  and P o l i d a n  1984)  a r e  p robab ly  s a t u r a t e d  f e a L u r e s  formed i n  a 
g e o m e t r i c a l l y  small domain and t h e  obse rved  d e p t h s  o f  t h e s e  l i n e s  can  be  used 
t o  e s t i m a t e  t h e  f r a c t i o n a l  coverage o f  t h e  photosphere .  There  is some e v i d e n c e  
o f  v a r i a b i l i t y  i n  gas s t r e a m  f e a t u r e s  o v e r  a t ime  s c a l e  o f  h o u r s ,  which sug- 
g e s t s  p o s s i b l e  c lumpiness  t o  t h e  s t r e a m s ,  b u t  t h i s  must be  conf i rmed w i t h  
f u t u r e  o b s e r v a t i o n s .  The more h i g h l y  i o n i z e d  g a s  s t r e a m  l i n e s  cou ld  be formed 
i n  r e g i o n s  of c o l l i s i o n a l  i o n i z a t i o n  and t h e i r  p r e s e n c e / s t r e n g t h  cou ld  be  
c o r r e l a t e d  w i t h  t h e  i n s t a n t a n e o u s  r a t e  o f  mass t r a n s f e r .  

RESTRICTED DOMAINS OF MATERIAL OUTFLOW 

I n  s e v e r a l  sys tems ,  we have s e e n  c u r i o u s  ev idence  f o r  mass loss o v e r  a 
r e s t r i c t e d  i n t e r v a l  i n  phase.  V i o l e t - s h i f t e d  a b s o r p t i o n  components are ob- 

WAVELENGTH (A) 
F i g .  2 - Gas s t r e a m  c o m p o n e n t s t o t h e  complex Mg I1 f e a t u r e s  i n  CX Dra a r e  

c l e a r l y  s e e n  n e a r  phase  0.85. Note t h e  broad p h o t o s p h e r i c  f e a t u r e .  



P s e r v e d ' t o  p e r s i s t  f o r  o n l y  0.1 i n  phase  o r  l e s s  and t h i s  mass l o s s  is u s u a l l y  
s e e n  between phase  0.0 and 0 .5 .  We r e c e n t l y  ~ Q s e y 3 e d  h igh  v e l o c i t y  (-700 km s-I ) 
components t o  S i  111, I V  o f  column d e n s i t y  1 0  cm i n  CX Dra a t  phase  0.24 b u t  
u n c e r t a i n t y  i n  t h e  p a t h  l e n g t h  p r e c l u d e s  a r e l i a b l e  e s t i m a t e  o f  fi. 

GENERAL WINDS 

Winds a r e  observed i n  Algol  p r i m a r i e s  and u s u a l l y  t h e  mass f low is what 
we would e x p e c t  from t h e  s t a r ' s  s p e c t r a l  type .  But t h e  winds a r e  h i g h l y  
v a r i a b l e  w i t h  t ime  and t h e r e  is a l s o  some ev idence  f o r  a phase  dependence as 
i l l u s t r a t e d  i n  Figure '  I f o r  CX Dra. From t h e  S i  I V  p r o f i l e s  we s e e  t h a t  t h e  
wind a p p e a r s  t o  be enhanced n e a r  t h e  c o n j u n c t i o n  p o i n t s  b u t  suppressed  n e a r  
phase  0.85.  We a l s o  s e e  a similar b e h a v i o r  i n  AU Mon. 

CONCLUSIONS 

I U E - o b s e r v a t i o n s  o f  t h e  CM i n  CX Dra have s u g g e s t e d  t h e  model p r e s e n t e d  - 
i n  F i g u r e  3. We show t h e  HTAR ( w i t h  a r a d i a l  e x t e n t  o f  a few R ) observed 

P  p r i m a r i l y  between phases  0 .4  and 0;  9 ,  t h e  g a s  s t r e a m  ( s e e n  from phase  0.8-0.9 , 
and t h e  domain o f  h i g h  v e l o c i t y  o u t f l o w .  Through f u t u r e  o b s e r v a t i o n s  i t  shou ld  
be p o s s i b l e  t o  a s c e r t a i n  whether  t h e  p r e s e n c e / s t r e n g t h  o f  t h e  HTAR is a s s o c i a t e d  
w i t h  an  enhanced mass t r a n s f e r  rate and i f  t h e  gas s t r e a m  is clumpy. The n a t u r e  o f  
and c a u s e  f o r  t h e  d i r e c t i o n a l  o u t f l o w ,  s e e n  n e a r  phase  0.24 i n  CX Dra, shou ld  be  
i n v e s t i g a t e d  f u r t h e r .  T h i s  p r o j e c t  h a s  been s u p p o r t e d  i n  p a r t  by NASA NSG 5422. 
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INTRODUCTION 
FK Comae (= HD 117555) is a r ap id ly  r o t a t i n g  h r G 5  g i a n t  (Walter -- e t  - a l .  

1984 f ind :  V s i n  i r 200 kms-l) which has  very s t rong  and v a r i a b l e  chrorno- 
sphe r i c  and t r a n s i t i o n  reg ion  l i n e  emissions,  s i m i l a r  i n  number and s t r e n g t h  
t o  those  observed f o r  t h e  most a c t i v e  RS CVn s t a r s  (see Bopp 1982; Bopp and 
S tence l  1981 and r e fe rences  t h e r e i n ) .  It i s  a l s o  a  v a r i a b l e  s t a r  which has 
low ampli tude,  quas i - s inusoida l  l i g h t  v a r i a t i o n s  wi th  a  per iod ofru2.40 days 
(Chugainov 1966; 1976).  A s  i n  t he  case  of RS CVn v a r i a b l e s ,  t h e s e  l i g h t  
v a r i a t i o n s  have been modelled with dark s t a r  s p o t s  (e .g .  Holtzman and Nations 
1984 ; Dorren, Guinan and McCook 1984) . I n  a d d i t i o n ,  e n e r g e t i c  f l a r e - l i k e  
even t s  ( l a s t i n g  from a few hours t o  days) have been observed spec t roscop ica l ly  
(Walter and Bas r i  1982; McCarthy 1982) and photometr ical ly  (Morris and Milone 
1983; Holtzman and Nations 1984; and Dorren, Guinan and McCook 1983, 1984). 

The r ap id  r o t a t i o n  observed f o r  FK Comae is  most unusual f o r  an  evolved 
s i n g l e  s t a r ,  s i n c e  i t  would imply a main-sequence r o t a t i o n a l  v e l o c i t y  (Vsini) 
1000 kms-1) t h a t  would exceed i t s  breakup speed. However, d e t a i l e d  r a d i a l  
v e l o c i t y  observa t ions  f a i l  t o  r e v e a l  t h a t  FK Comae i s  a  c l o s e  b inary  system 
(McCarthy and Ramsey 1983),  which could account f o r  i t s  r ap id  r o t a t i o n  
through t i d a l  synchronizat ion.  Since r a d i a l  v e l o c i t y  observa t ions  have f a i l -  
ed so f a r  t o  r e v e a l  any evidence t h a t  FK Comae i s  a  c l o s e  b ina ry ,  Bopp 
and Stence l  (1981) have suggested t h a t  t he  s t a r  was once a  b inary  system t h a t  
now has  coalesced i n t o  a s i n g l e ,  r ap id ly  r o t a t i n g  s t a r .  The evolu t ionary  
models of Webbink (1976) suggest  t h a t  W Ursae Majoris b i n a r i e s  coa lesce  a f t e r  
going through t h e  con tac t  s t a g e  of t h e i r  evolu t ion .  Furthermore, Ramsey, 
Nations, and Barden (1981) have suggested t h a t  t h e  very broad H-alpha f e a t u r e  
observed i n  FK Comae o r i g i n a t e s  i n  t h e  exc re t ion  d i s k  expected i n  Webbink's 
scheme. 

On t h e  o t h e r  hand, Walter and Basr i  (1982) propose t h a t  FK Come i s  a  
te rmina l ly  evolving Algol-type (high mass r a t i o : q  " 1/20)  b ina ry  system i n  
which t h e  g i a n t  s t a r  i s  s t i l l  accompanied by a  Roche-f i l l ing companion of 
very low mass. I n  t h i s  model t h e  l i n e  emissions a s  w e l l  a s  t h e  l i g h t  va r i -  
a t i o n s  a r e  produced by t h e  e f f e c t s  of gas streaming from t h e  low mass o b j e c t  
on the  v i s i b l e  s t a r .  I n  t h e  most r e c e n t  ve r s ion  of t h i s  model, Walter -- e t  a l .  
(1984) propose t h a t  FK Come evolved from a b inary  with an i n i t i a l  t o t a l  mass 
of 5-6 M which now c o n s i s t s  of stars wi th  masses of 4 Mo and 0.2  M, and 
wi th  ra8ii of 6 Ro and 2.8 R,, r e spec t ive ly .  The c o n s t r a i n t  on the  system 
masses is obtained from the  requirement t h a t  t h e  c o r e  of s e c o n d a r y  not be 
degenerate ( s ince  then i t  would be v i s i b l e  a t  UV wavelengths - con t r a ry  t o  
what is observed) .  



DISCUSSION OF THE OBSERVATIONS 
Multi-bandpass p h o t o e l e c t r i c  o b s e r v a t i o n s  of FK Come have been c a r r i e d  

o u t  a t  Vi l l anova  U n i v e r s i t y  Observatory s i n c e  March 1982. A d d i t i o n a l  photo- 
metry was o b t a i n e d  a t  KPNO d u r i n g  May-June 1983. The photometry o b t a i n e d  
d u r i n g  1982 i n d i c a t e d  t h a t  s y s t e m a t i c  changes  i n  t h e  shape and ampl i tude  of 
t h e  l i g h t  c u r v e  as w e l l  as t h e  pho tomet r ic  p e r i o d  occur  over  a  few months 
( s e e  Dorren,  Guinan, and McCook 1984) .  A s  shown i n  F ig .  1, t h e  r e d  ( A6600) 
l i g h t  c u r v e  of t h e  star o b t a i n e d  d u r i n g  t h e  June-August 1983 i s  c h a r a c t e r i z e d  
by a  small l i g h t  a m p l i t u d e  of -0.06 mag (and ~ 0 . 0 8  mag a t  / \ 4 5 0 0 ) ,  w h i l e  t h e  
l i g h t  c u r v e  o b t a i n e d  a b o u t  s i x  months l a t e r  d u r i n g  t h e  Winter of 1984, h a s  a 
l a r g e r  l i g h t  a m p l i t u d e  o f . ~ 0 . 1 2  mag i n  r e d  (and w 0 . 2 0  mag a t  A4530) .  The 
pho tomet r ic  p h a s e s  were  computed w i t h  t h e  l i g h t  e lements  of Ruc insk i  (1981): 

T~~~ 
= H J D  2442192.345 + 2!400 *E (1) 

The c y c l i c  n a t u r e  of t h e  l i g h t  c u r v e  changes  is i l l u s t r a t e d  i n  F ig .  2 ,  
i n  which t h e  l i g h t  a m p l i t u d e s  a t  b l u e  wavelengths  a r e  p l o t t e d  a g a i n s t  t i m e .  
As s k w n  i n  t h e  f i g u r e ,  t h e  l i g h t  ampl i tude  a p p e a r s  t o  v a r y  c y c l i c a l l y  between 
m 0 . 0 8  and ~ 0 y 2 2  w i t h  a c h a r a c t e r i s t i c  t ime-sca le  of 1.0 - 1 . 3  y r s .  Pre-  

l i m i p a r y  mode l l ing  of t h e  l i g h t  c u r v e s  o v e r  t h i s  i n t e r v a l  i n d i c a t e s  t h a t  
v a r i a t i o n s  i n  t h e  l i g h t  ampl i tude  arise c h i e f l y  f rom l a t i t u d i n a l  changes  of 
t h e  s p o t  forming r e g i o n s  on t h e  star's s u r f a c e .  I n  accord  w i t h  t h e  r e s u l t s  
o f  o u r  a n a l y s i s  of t h e  1982 l i g h t  c u r v e s ,  t h e p r e s e n t  l i g h t  c u r v e s  were model- 
l e d  w i t h  two s p o t s  abou t  800 K c o o l e r  t h a n  t h e  su r rounding  photosphere  and 
which cover  about  10-15% of t h e  star's v i s i b l e  hemisphere .  

U l t r a v i o l e t  o b s e r v a t i o n s  of FK Comae were o b t z i n e d  w i t h  t h e  IUE on 27 - 
and 28 J u l y  1983 ( a t  pho tomet r ic  phases  ~ 0 . 0 4 P  and -0.48P, r e s p e c t i v e l y )  
a l s o  on 1 4  and 1 5  March 1984 ( a t  pho tomet r ic  phases-0.37P and ~ 0 . 7 8 P  r e -  
s p e c t i v e l y ) .  S p e c t r a  were secured  on t h e s e  d a t e s  w i t h  b o t h  t h e  shortwave 
(SWP :hh1150-2000) and longwave (LWR + LWP :Ah2000-3200) cameras.  I n  a d d i t i o n ,  
c a r e f u l  measurements of t h e  o p t i c a l  b r i g h t n e s s  of t h e  v a r i a b l e  were made w i t h  
t h e  F ine  E r r o r  Sensor  (FES) on board t h e  sa te l l i te .  The FES measures of FK 
Comae were made d i f f e r e n t i a l l y  r e l a t i v e  t o  t h e  comparison (HD 117567) and 
check (HD 117876) star used i n  t h e  ground-based pho tomet r ic  program and t h e  
t r ans formed  d i f f e r e n t i a l  FES magnitudes are p l o t t e d  ( a s  t r i a n g l e s )  i n  Fig.1 . 
The phases  o v e r  which t h e  IUE s p e c t r a  were secured  a r e  a l s o  shown i n  t h e  
f i g u r e .  Although t h e  IUE o b s e r v a t i o n s  o b t a i n e d  on 27 and 28 J u l y  were 
scheduled n e a r  t h e  expec ted  t imes  of minimum (-O.OP) and maximum (-0.5P) of 
t h e  l i g h t  v a r i a t i o n ,  i t  a p p e a r s  t h a t  d u r i n g  J u l y  1983 t h e  minimum and maximum 
b r i g h t n e s s  o c c u r r e d  n e a r  -0.80P and+O.30PY r e s p e c t i v e l y .  Because of t h e  
a p p a r e n t  s h i f t  i n  phase  of minimum, and maximum l i g h t  (and a l s o  because  of t h e  
low l i g h t  ampl i tude  d u r i n g  J u l y  1983) ,  t h e  IUE s p e c t r a  were o b t a i n e d  a t  t imes  
when t h e  s t a r  had n e a r l y  t h e  same o p t i c a l  b r i g h t n e s s  (V (FES) = + 8y22 on 27 
J u l y  1983; V (FES) = + 8y23 on 28 J u l y  1983) .  T h i s  was c o n t r a r y  t o  what had 
been planned when s c h e d u l i n g  t h e  o b s e r v i n g  d a t e s  two months e a r l i e r .  A l -  
though t h e  o p t i c a l  b r i g h t n e s s  o f  t h e  s t a r  was n e a r l y  t h e  same on 27 J u l y  and 
28 J u l y ,  t h e  IUE s p e c t r a  o b t a i n e d  on t h e s e  days  were s i g n i f i c a n t l y  d i f f e r e n t .  
A s  shown i n  F ig .  3 ,  t h e  emiss ion  l i n e  f l u x e s  on 28 J u l y  a r e  on t h e  average  
abou t  1.4 - 1 .6  x  g r e a t e r  t h a n  observed on t h e  p r e v i o u s  day.  The Mg I1 h + k 
l i n e  emiss ion  a l s o  changed by a b o u t  t h e  same amount between t h e  two days .  
However, d u r i n g  March 1984, IUE s p e c t r a  were secured  n e a r  t h e  extrgma of t h e  
l a r g e  ampl i tude l i g h t  c u r v e .  On March 14 ( a t  0.37P; V (FES) = + 8.18)  t h e  



W l i n e  f l u x e s  were about  t h e  game as observed on 27 J u l y  1983 w h i l e  on 1 5  
March ( a t  0.78P; V (FES) = + 8 . 2 8 ) ,  t h e  W emiss ion  l i n e  f l u x e s  were abou t  
t h e  same a s  observed on 28 J u l y  1983. A p r e l i m i n a r y  examinat ion o f  t h e  
s p e c t r a  a v a i l a b l e  i n  t h e  IUE a r c h i v e s  ( i n c l u d i n g  t h e  s p e c t r a  p u b l i s h e d  by 
Bopp and S t e n c e l  1981) ,  r e v e a l s  no d e f i n i t e  c o r r e l a t i o n  between t h e  o v e r a l l  
W emiss ion  l i n e  s t r e n g t h  w i t h  pho tomet r ic  phase ,  b r i g h t n e s s  o r  l i g h t  ampl i -  
t u d e .  I f  t h e r e  i s  a phase c o r r e l a t i o n ,  it is  masked by what a p p e a r s  t o  b e  
f r e q u e n t  f l a r e - l i k e  enhancements i n  t h e  W emiss ion  l i n e  s t r e n g t h s .  These 
random v a r i a t i o n s  i n  t h e  UV emiss ion  l i n e s  a r e  p robab ly  r e l a t e d  t o  t h e  en- 
hancements observed a t  v i s i b l e  wavelengths  i n  t h e  H-alpha l i n e  and i n  t h e  
continuum (e.g.  s e e  Dorren,  Guinan and McCook 1984) .  

CONCLUSIONS 
Although t h e  photometry and W o b s e r v a t i o n s  do - n o t  r u l e  o u t  t h e  ex- 

i s t e n c e  of a low mass companion f o r  FK Com, t h e y  do d imin i sh  o r  e l i m i n a t e ,  ' 

however, t h e  - need f o r  such a companion t o  e x p l a i n  t h e  l i g h t  v a r i a t i o n s  and 
t h e  o r i g i n  of t h e  i n t e n s e  emiss ion  f e a t u r e s .  We conclude t h a t  t h e  l i g h t  
v a r i a t i o n s ,  t h e  s t r o n g  chromospheric and t r a n s i t i o n  r e g i o n  l i n e  e m i s s i o n s ,  
and t h e  a p p a r e n t l y  f r e q u e n t  and random f l a r e - l i k e  e v e n t s  t h a t  o c c u r  i n  t h e  UV 
and v i s i b l e  r e g i o n s  a r e  m a n i f e s t a t i o n s  of extreme s u r f a c e  a c t i v i t y .  These 
phenomena most l i k e l y  arise from e n e r g e t i c  magnetic f i e l d s  g e n e r a t e d  by a 
powerful  dynamo, which i s  d r i v e n  by t h e  s t a r ' s  r a p i d  r o t a t i o n  and main ta ined  
by i t s  deep c o n v e c t i o n  zone. The l e v e l  of s u r f a c e  a c t i v i t y  observed f o r  FK 
Comae is  c o n s i s t e n t  w i t h  t h a t  expec ted  from t h e  p e r i o d - a c t i v i t y  r e l a t i o n s  
found f o r  t h e  chromospher ica l ly  a c t i v e  RS CVn v a r i a b l e s  (Bopp and S t e n c e l  
1981).  

Cons ider ing  t h e  a p p a r e n t  f r e q u e n t  occur rence  of f l a r e - l i k e  e v e n t s  and 
i t s  r a p i d  r o t a t i o n  and low s u r f a c e  g r a v i t y ,  we s p e c u l a t e  t h a t  t h e r e  may be  
s i g n i f i c a n t  non-uniform mass ou t f lows  from t h e  s t a r .  The asymmetries r e p o r t -  
ed  i n  t h e  emiss ion  l i n e  p r o f i l e s  by Walter  and B a s r i  (1982),  Ramsey, Na t ions  
and Barden (1983) ,  and Walter  -- e t  a l .  (1984) cou ld  be  due t o  l a r g e  mass o u t -  
f lows  o c c u r r i n g ,  perhaps  p r e f e r e n t i a l l y ,  from a c t i v e  s i t e s  on t h e  s t a r ' s  
s u r f a c e .  The i n f e r r e d  . l a rge  mass l o s s  combined w i t h  magnetic b r e a k i n g  cou ld  
c a u s e  t h e  star t o  l o s e  i t s  a n g u l a r  energy a t  a  v e r y  r a p i d  r a t e .  I f  t h i s  i s  
s o ,  t h e n  i t  cou ld  s p i n  down a t  a r a p i d  r a t e  and t h e n  be  s p e c t r o s c o p i c a l l y  
i n d i s t i n g u i s h a b l e  from a  normal f i e l d  g r a n t .  From t h i s  we conclude t h a t  t h i s  
s t a g e  of b i n a r y - s t a r  e v o l u t i o n  may be  v e r y  s h o r t ,  making t h e s e  k i n d s  of 
o b j e c t s  ex t remely  r a r e .  
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ABSTRACT 

IUE spectra of 5 stars with F or F + B optical spectra and strong 
Be-star-like H alpha emission have been obtained on several dates. No two 
exposures of the strange optical variable HD 37453 are quite alike, Mg I1 
emission is strong, and the SWP region has some resemblance to known 
interacting binaries such as SX Cas. HD 43246 shows significant Si IV 
absorption against an otherwise normal late B spectrum. HD 166612 shows 
early B main-sequence spectral features except for evidence of a strong 
stellar wind. HD 207739, discovered in 1982 to show W characteristics of 
a strongly interacting system, showed general brightening in the September 
observations, opposite to the visual flux which decreased slightly. The 
far-W spectrum of HD 207739 was seen to evolve but to remain in between 
the two extremes seen in 1982, which differed greatly both in character and 
in absolute flux. 

INTRODUCTION 

Several star systems with F-type or composite F + B ground-based 
spectra are known to exhibit strong H-alpha emission. The H-alpha line 
profiles are being monitored in a program using KPNO facilities by Bopp, 
and profiles typical of Be stars are seen in most cases. One of these, HD 
207739, was found by Parsons, Holm, and Kondo (1983) to have very strange 
W characteristics, and an IUE program was undertaken to investigate these 
systems in the W region and look for possible relationships. 

SPECTROSCOPIC OBSERVATIONS 

Five stars were oserved during 4 US1 and 2 US2 IUE shifts in September 
1983. One set of high-dispersion spectra was obtained for HD 50820 (B3 pe 



+ F n); these spectra look qualitatively like other early B main-sequence 
stars and have not been analyzed further to date. Samples of low- 
dispersion SWP spectra for other systems are illustrated in Figure 1. 

HD 166612 (F e + B:) exhibits an SWP spectrum which is nearly normal in 
comparison to stars in the spectral type domain B0.5 V - B2 111. However, 
the Si IV and C IV features are deeper than normal, and there is an 
apparently double strong feature measured at 1235 and 1238 A (N V ?).  
These are most likely due to a strong stellar wind, but among 'normaln 
stars such winds are found only in supergiants. The observed spectrum does 
not match those of supergiant stars. 

HD 43246 (gF2e + B?) also exhibits consistently strong Si IV 
absorption, while otherwise the SWP spectrum resembles a normal main- 
sequence star of class around B8. Two high-dispersion LWR spectra show 
variation in the strong double-lobed Mg I1 emission profile. Bopp's 
H-alpha observations show slow changes of profile with time. HD 43246 is a 
known spectroscopic binary with period of 23.2 days. From K-line 
measurements by R.M. Petrie the hotter component has been estimated to have 
roughly twice the mass of the F star. 

HD 37453 (F5 I1 + Be) was observed entirely at low-dispersion, but this 
is sufficient to show complex variation: no two spectra are quite alike, 
the flux varies on the order of 20%, but often different parts of the UV 
spectrum behave oppositely in terms of increasing or decreasing flux. 
There is always strong Mg I1 emission, and slight evidence for variation in 
its profile. The SWP region has a complex pattern of (primarily at least) 
absorption features similar to the out-of-eclipse spectra of SX Cas 
(Plavec, Weiland, and Koch 1982) and to HD 207739 (below). Recent optical 
observations by Bopp show dramatic variability: at one epoch the H-alpha 
profile had symmetrical double emission, very broad absorption wings, and 
little evidence of metallic absorption, whereas at epochs before and after, 
separated by many months, there was primarily an F-type spectrum with 
superimposed strong asymmetric, centrally reversed emission. 

HD 207739 (F8 I1 + Be:) continues to be a puzzle. The September W 
spectra show a general brightening and a corresponding evolution in 
spectral features intermediate between the two previous observations. The 
initial, very complex 17 February 1982 spectrum ('low") also resembles SX 
Cas out of eclipse, while the second epoch spectrum (5 October 1982, 
'high') qualitatively resembles early B-type giants with mild stellar winds 
(Parsons 1983). Five high-dispersion SWP exposures, including one at the 
'high' epoch, have now been taken to aid the interpretation of features 
seen. The only pronounced emission feature besides the Mg I1 2800 doublet 
is very broad C I1 1335 emission with black central absorption. Various 
ions from N V to Si I1 and Fe I1 show P Cygni profiles, with the absorption 
component normally dominant. A 1  I1 1671 is a notable exception, having a 
prominent emission lobe on the redward side of the profile. H-alpha region 
observations continue to show a rotationally-broadened F-type spectrum with 
superimposed strong asymmetric, centrally reversed emission. 



Originally we speculated that HD 207739 would have a binary period as 
short as 1 month, based on an F I1 star nearly filling its Roche surface. 
Recently R.F. Griffin has communicated to us numerous radial velocity 
abservations between July 1983 and January 1984 and a preliminary orbital 
fit with period 140.8 days and eccentricity near zero. Other values 
obtained or collected by us, including two observations by W.I. Beavers, 
fit this well. The range in the cool component's velocity is from -83 to 
+55 km/s, a sin i = 190 solar radii, and the system's mass function is a 
large 4.8 solar masses. The hot object is then most likely the more 
massive; if the F star is really a bright giant with mass around 6, then 
the hot object has mass of order 12 solar masses. A lower mass ratio and 
hence greater mass for the F star would imply greater luminosity and 
account more easily for its domination of visible light. 

OTHER OBSERVATIONS AND DISCUSSION 

Recent KPNO photometry of HD 43246 by J.L. Africano shows about 0.1 mag 
variability in V, with a double sine curve suggesting ellipsoidal shape. 
HD 37453 shows photometric variability as well, but radial velocities are 
lacking, and no period is yet known. R.H. Bloomer has done extensive UBV 
photometry of HD 207739 between July and December 1983. The V magnitude 
shows roughly a double sine curve with respect to Griffin's period, with a 
range of about 0.2 mag, but with much fluctuation during the decline in 
light when the F-type component is going from being broadside to us towards 
being in front of the hot object. These are the phases during which the 
September IUE data were taken, showing increasing W flux (and hence 
probably no eclipse of the hot component). The phases of the first two IUE 
epochs can now be found: the "lown state was with the system broadside, 
just before the phases of the September spectra, while the %igh%tate was 
when the hot component is closest to us. 

A possible but not unique or definitive explanation for the HD 207739 
observations is that gas streams or a disk partially obscure the hot object 
(probably early B type) at some times and that there is a hot region or 
"spotn with variable flux in between the two stars which comes into view 
after the broadside phase. The erratic behavior of HD 37453 and the mutual 
similarities with SX Cas indicate that it too is probably a closely 
interacting system. 
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I dw'f#i /jD 166612 

F i g u r e  1. -- Far UV low-dispersion IUE spectra of unusua l  b i n a r y  
sys tems:  from t o p  t o  bot tom,  HD 166612 (16 and 23 Sep 1983),  
HD 43246 (21 and 23 Sep 8 3 ) ,  HD 37453 (12 and 21 Sep 8 3 ) ,  HD 207739 
(5 Oct 82 ,  23 and 6 Sep 83 ,  and 17 Feb 8 2 ) ,  and SX Cas o u t  of e c l i p s e  
(SWP 2249). 



MULTI-YEAR & POSSIBLY PERIODIC VARIATIONS I N  THE U V  SPECTRUM OF 
56 PEGASI 

R o b e r t  E. S t e n c e l  ( N A S A - H Q  & J I L A )  
J a m e s  E .  N e f f  (A.P.A.S. ,  U n i v .  C o l o r a d o ) ,  a n d ,  

R o b e r t  D. M c C l u r e  ( D o m i n i o n  A s t r o p h y s .  Obs.)  

A b s t r a c t  

R a d i c a l  v a r i a t i o n s  i n  t h e  Mg I1 e m i s s i o n  p r o f i l e  o f  t h e  l a t e  
t y p e  s u p e r g i a n t  56 Peg  h a v e  b e e n  o b s e r v e d  t o  o c c u r  d u r i n g  t h e  
c o u r s e  o f  f i v e  y e a r s  o f  IUE o p e r a t i o n s .  P r o n o u n c e d  a n d  p o s s i b l y  
p e r i o d i c  c h a n g e s  i n  a s y m m e t r y ,  e m i s s i o n  r e l a t i v e  v e l o c i t y  a n d  
p h o t o s p h e r i c  r a d i a l  v e l o c i t y  a r e  r e p o r t e d .  I m p l i c a t i o n s  f o r  t h e  
s t u d y  o f  c o o l  s t a r  c h r o m o s p h e r e s  a n d  i n t e r a c t i n g  b i n a r i e s  a r e  
d i s c u s s e d .  

I n t r o d u c t i o n  

T i m e s c a l e s  i n  n a t u r e  d o  n o t  a l w a y s  c o n f o r m  t o  human a t t e n t i o n  
s p a n s ,  b u t  t h a n k s  t o  t h e  r e m a r k a b l e  c o n t i n u i t y  o f  t h e  I U E  
O b s e r v a t o r y ,  we c a n  r e p o r t  t h e  d i s c o v e r y  o f  s i g n i f i c a n t  
u l t r a v i o l e t  s p e c t r a l  v a r i a b i l i t y  i n  t h e  K s u p e r g i a n t  s t a r  56  
P e g ,  w i t h  a  4 t o  5 y e a r  c h a r a c t e r i s t i c  t i m e s c a l e .  On e 
c o n c e i v a b l e  i n t e r p r e t a t i o n  o f  t h e  d a t a  i s  t h a t  56  Peg i s  a  
b i n a r y  i n  a  d y n a m i c  s t a g e  o f  e v o l u t i o n .  A l t e r n a t e l y ,  a n  
i n f r e q u e n t ,  f l a r e - l i k e  e v e n t  o n  a  s i n g l e  s t a r  may h a v e  b e e n  
o b s e r v e d .  

A s  o n e  o f  t h e  few b r i g h t  K t y p e  s u p e r g i a n t s  ( K e e n a n  c l a s s i f i e d  
56 Peg a s  K O  I I p  a n d  n o t e d  i t s  s t r o n g  Ba I1 l i n e ) ,  a t t e n t i o n  
was d r a w n  t o  i t  b y  G ,  B a s r i  i n  c o n n e c t i o n  w i t h  i t s  u n u s u a l  Ca I1 
K l i n e  e m i s s i o n  p r o f i l e  ( c f . ,  L i n s k y  e t  a l .  1 9 7 9 ) .  The K l i n e  
more n e a r l y  r e s e m b l e s  a  s o l a r  p l a g e  t h a n  t h a t  o f  a  m a s s  l o s i n g  
r e d  g i a n t .  A l t h o u g h  s y s t e m a t i c  o b s e r v a t i o n s  o f  t h e  K l i n e  h a v e  
n o t  b e e n  p u r s u e d  t o  d a t e ,  o b s e r v a t i o n s  b y  t h e  f i r s t  a u t h o r  a n d  
o t h e r s  s u g g e s t  n o  s i g n i f i c a n t  K l i n e  p r o f i l e  c h a n g e s  o v e r  
s e v e r a l  y e a r s .  

IUE O b s e r v a t i o n s  

T h e  i n i t i a l  LWR s p e c t r a  o b t a i n e d  i n  J u n e  1979 ,  a s  p a r t  o f  a  Mg 
I1 s u r v e y  o f  c o o l  s u p e r g i a n t s ,  s h o w e d  a  d o u b l y  r e v e r s e d ,  r e d  
a s y m m e t r i c  e m i s s i o n  p r o f i l e  t y p i c a l  o f  m a s s  l o s i n g  o b j e c t s .  The  
i n i t i a l  f a r  U V  s p e c t r u m  r e v e a l e d  a n  u n e x p e c t e d l y  h o t  c o n t i n u u m ,  
w h i c h  was e s t i m a t e d  b y  S c h i n d l e r  e t  a l .  ( 1 9 8 2 )  t o  c o r r e s p o n d  t o  
a 32,000K w h i t e  d w a r f ,  The  SWP a l s o  s h o w e d  a  v a r i e t y  o f  s t r o n g ,  
h i g h  t e m p e r a t u r e  e m i s s i o n  l i n e s  s i m i l a r  t o  t h o s e  s e e n  i n  s o m e  RS 
CVn s t a r s .  The  s o f t  x - r a y  f l u x  d e t e c t e d  w i t h  HEAO-2 I P C  w a s  



a s c r i b e d  by S c h i n d l e r  e t  a l .  t o  wind a c c r e t i o n  on t o  t h e  s u r f a c e  
o f  t h e  w h i t e  d w a r f .  

A f t e r  a  y e a r  o f  a t t e m p t i n g  t o  compute  a  s y n t h e t i c  s p e c t r u m  f o r  
t h e  d i s c r e p a n t  Ca I1 and Mg I1 p r o f i l e  a s y m m e t r i e s ,  we r e t u r n e d  
f o r  a  s e c o n d  LWR e x p o s u r e  i n  l a t e  J u l y  1980 ,  and d i s c o v e r e d  a  
r a d i c a l  i n c r e a s e  i n  t o t a l  f l u x ,  p l u s  a  p r o f i l e  a s y m m e t r y  
o p p o s i t e  t h e  i n i t i a l  o b s e r v a t i o n .  S i n c e  t h e n ,  a  s e r i e s  o f  LWR 
o b s e r v a t i o n s  showed t h e  t o t a l  f l u x  h a s  s l o w l y  d e c l i n e d  and  t h e  
asymmet ry  g r a d u a l l y  r e t u r n e d  t o  t h e  m a s s  l o s s  s e n s e  b y  e a r l y  
1984 ( F i g u r e  1 ) .  A s e c o n d  SUP showed no m e a s u r a b l e  c h a n g e s  i n  
e i t h e r  l i n e  o r  c o n t i n u u m  f l u x .  Dur ing  t h e  same s e v e r a l  y e a r s ,  
McClure a t  D A O  began  t o  s t u d y  Be I1 s t a r  r a d i a l  v e l o c i t y  c h a n g e s  
u s i n g  p r e c i s i o n  p h o t o e l e c t r i c  t e c h n i q u e s  ( c f .  F l e t c h e r  e t  a l .  
1982) and h a s  m o n i t o r e d  56 Peg a t  o u r  r e q u e s t .  

F i g u r e  2 d i s p l a y s  t h e  c o r r e l a t i o n s  among: ( a )  t h e  Mg I1 p r o f i l e  
a symmet ry  ( d e f i n e d  b y  t h e  r a t i o  o f  k 2  peak  f l u x e s ) ;  ( b )  t h e  
r e l a t i v e  s h i f t  b e t w e e n  t h e  c e n t r o i d  o f  t h e  Mg I1 e m i s s i o n  
e n v e l o p e  ( f i t  b y  g a u s s i a n s )  a n d  t h e  k 3  c e n t r a l  r e v e r s a l  
( p r e s u m e d  t o  b e  f i x e d  and i n t e r s t e l l a r ) ;  a n d ,  ( c )  t h e  o p t i c a l ,  
p h o t o s p h e r i c  r a d i a l  v e l o c i t y  d a t a .  The d a t a  c a n  b e  v i e w e d  a s  
e i t h e r  r e f l e c t i n g  b i n a r y  m o t i o n ,  o r  a  s t r o n g  e n h a n c e m e n t  
( f l a r e ? )  i n  t h e  Mg I1 f o r m i n g  r e g i o n ,  on a 4 t o  5 y e a r  
t i m e s c a l e .  D u r i n g  t h e  J u l i a n  Day i n t e r v a l  4400-5100 ( m o d u l o  
2 , 4 4 0 , 0 0 0 ) ,  t h e  Mg I1 e m i s s i o n  and t h e  r a d i a l  v e l o c i t y  b o t h  show 
a  r e d s h i f t  t r e n d ,  s u g g e s t i n g  t h e  Mg I1 i s  a s s o c i a t e d  w i t h  t h e  
c o o l  s t a r  and n o t  t h e  w h i t e  d w a r f .  A f t e r  JD 5 1 0 0 ,  t h e  Mg I1 
v a r i a t i o n  s l o w s  and t h e  r a d i a l  v e l o c i t i e s  become s t o c h a s t i c .  
One i n t e r p r e t a t i o n  o f  t h i s  i s  t h a t  t h e  s i d e  o f  t h e  K s t a r  f a c i n g  
t h e  w h i t e  d w a r f  i s  h e a t e d ,  w h i l e  t h e  o p p o s i t e  s i d e  i s  a  
r e l a t i v e l y  n o r m a l  t u r b u l e n t  c o o l  p h o t o s p h e r e  and m a s s  l o s i n g  
c h r o m o s p h e r e .  H O W  t h e  c h r o m o s p h e r i c  Mg I1 i s  a f f e c t e d ,  y e t  t h e  
Ca I1 i s  n o t ,  r e m a i n s  t o  b e  u n d e r s t o o d .  

F u r t h e r  U V  and  r a d i a l  v e l o c i t y  o b s e r v a t i o n s  a r e  p l a n n e d ,  and  
p o l a r i m e t r y  i s  e n c o u r a g e d .  D e t a i l s  o f  t h i s  r e s e a r c h  w i l l  b e  
p u b l i s h e d  e l s e w h e r e .  
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e m i s s i o n  f o l l o w s  t h e  c o o l e r  s tar  as was found p r e v i o u s l y  f o r  t h e  YlgIZ 
e m i s s i o n  (Sirnon and L insky  1380;  Simon, L i n s k y  and S c h i f f e r  1980) .  Hence 
t h e  chrornospher-ic and t r a n s i t  i o n  r-eq i o n  erf l ission is l o c a t e d  a round  t h e  
c o o l e r ,  more t - ap id ly  r o t a t  i n 5  pr in iary  and is a t r u e  stel lar* phenomenon. 
The FWHM o f  t h e  c h ~ * o m u s p h e r i c  l i n e s  ( S i I I ,  C I )  are s l i g h t l y  n a r r o w e r  
( a b o u t  78 krn/sec) t h a n  t h e  t r a n s i t i o n  r e g i o n  (TR) l i n e s  ( a b o u t  100 
k n l s e c ) .  The l i n e  f l u x e s  are s l i g h t l y  lower  t h a n  t h o s e  f o r  HR1893 ( R y r e s  
and L i n s k y  1982) a s  e x p e c t e d  d u e  t o  t h e  f a c t  t h a t  t h e  K0IV s t a r  o f  UX R r i  
r o t a t e s  more s lowly .  T h e M g I I  p r o f i l e s  show t h a t  a  s i g n i f i c a n t  f r a c t i o n  
(18%-28%) o f  t h e  e m i s s i o n  c a n  be  a t t r i b u t e d  t o  t h e  s e c o n d a r y  a s  found by 
Sirnon and L i n s k y  (1980) .  R c a r e f u l  a n a l y s i s  of  t h e  l i n e s  i n  t h e  SWP-hi 
s p e c t r a  r e v e a l e d  no  c o n v i n c i n g  e v i d e n c e  f o r  erf l ission due  t o  t h e  seconda ry .  

IOTR T R i  
Icl ta  T r i  is t h e  b r i g h t e r  ( R )  component o f  a v i s u a l  b i n a r y  w i t h  a 

nlagni tude  d i f f e r e n c e  o f  1.6. Both components (Q and 0)  are d o u b l e - l i r e  
s p e c t r c t s c o p i c  b i n a r i e s  (Harpe r  1921) w i t h  mass r a t i o s  c l o s e  t o  un i ty .  
I o t a  T r i  h a s  been  c l a s s i f i e d  a s  a G 0 I I I t G S I I I  s y s t e m  ( Y a r l a n  1969)  o r  a 
@ 5 1 I I + G S I I I  (Evans  1977) w i t h  t h e  s p e c t r u m  o f  t h e  s e c o n d a r y  b e i n g  a b o u t  
28% f a i n t e t *  t h a n  t h e  pr-imar*y (Harpe r  1321).  The rise o f  t h e  c o n t i n u u ? ~  
s e e n  i n  a n  IUE l o w - d i s p e r s i o n  s h o r t w a v e l e n g t  h  spectt-ur17 (SWP11034) a g r e e s  
S e t t e r  w i t h  t h e  GBIII  c l a s s i f i c a t i o n .  Using  t h e  c l a s s i f i c a t i o n  o f  
Eusci:~rnbe (1980)  t ~ f  F6V f o r  t h e  v i s u a l  0 component g i v e s  a n  a b s o l u t e  
magn i tude  i f f  +1.9 f o r  i o t a  T r i  (more i n  l i n e  w i t h  a 111-IV 
c l a s s i f i c a t i o n ) .  We view t h e  s y s t e m  a t  a n  i n c l i n a t i o n  o f  a b o u t  5SU +/-lav 
(assuming a rtlass between 1.5 and 3.8 K, f o r  t h e  613111 ( IV)  coniponent).  
Ilsta Tt*i  h a s  u n u s u a l l y  s t r o n q  C a I I  er l i iss ion and Young and Koniges  (1377) 
i n d i c a t e d  t h a t  t h i s  e m i s s i o n  is s i n g l e  and f o l l o w s  t h e  o r b i t  o f  t h e  
f a i n t e r -  GSI I I  star. Tu e s t a b l i s h  i f  cht-omospheric  and t r - a n s i t i o n  r e g i o n  
a c t i v i t y  is a l s o  o b s e r v e d  i n  t h e  UV and i f  t h i s  a c t i v i t y  f o l l o w s  t h e  
c o o l e r  component, we a n a l y z e d  f i v e  LWR-Hi s p e c t r a  at d i f f e r e n t  p h a s e s  
(tWR'3691, phase  8.417; LWR9721, phase  8.48; LWR11573, phase  0.07; LWR13664 
and 13665, p5ase  8.38) and one SWP-Hi (SWP17412) spectrurli  n e a r  q u a d r a t  1.tr.e 

( p h a s e  0 .29 ) .  The Mq I 1  e m i s s i o n  is st!-onq w i t h  a d e e p  c e n t r a l  a b s o r p t i o n  
f e a t u r e .  Measur ing  t h e  v e l o c i t y  of  t h e  c e n t r o i d  o f  e m i s s i o n  r e l a t i v e  ta 
t h e  c e n t r a l  ( i n t e r s t e l l a r )  a b s o r p t i o n  f e a t u r e  a t  f o u r  d i f f e r e n t  p h a s e s  
shows t h a t  t h e  v e l o c i t y  OF t h e  c e n t r o i d  f o l l o w s  t h e  o r b i t  o f  t h e  c o o l e r  
star w i t h  t-oughly t h e  co t - r ec t  v e l o c i t y  amp1 i t u d e  (assuming t h e  d e e p e r  
d i p  i n  t h e  p h o t o m e t r i c  l i q h t c u r v e  o f  H a l l ,  Louth and Love11 (!9883 does 
indeed  o c c u r  when t h e  h o t t e r  star- is behind  ( p h a s e  =8. 0 )  ) . T h e w  is ria 
ev:dence t h a t  t h e  b r i g h t e r ,  h u t t e r  s t a r  c o n t r i b u t e s  s i g n i f i c a n t l y  to t h e  
WgI? emiss ion .  Q n a l y s i s  o f  t h e  h i  q h - d i s p e r s i o n  SWP17412 s p e c t  run 
(phase=a .  29 )  showed e m i s s i o n  ft-o:11 ! ir!es o f  CIV, HeI I ,  S i I I ,  CI, GI 
and C I I  w i t h  weak e : ~ i i s s i o n  from C I I I ,  S i I I I  and SiIV. We d e t e r m i n e d  an 
a h i n l u t e  v e l o c i t y  s h i f t  ctf t h e  s t r o n g e r  l i n e s  r e l a t i v e  tct t h e  S I - I ~ I  o f  aSout  
+60+/-?@krn/sec. The o r b i t  clf Harpe r  (1921 3 ) - e d i c t s  a  v e l o c i t y  o f  
+48km/sec for- t h i s  phase for- t h e  f a i n t e r  stat- (mat -g ina l ly  w i t h i n  t h e  e r t - o r  
~f t h e  :~ieasurenient 1 .  Kence i t  a p p e a r s  that  Sot h  t h e  chr.omuc,?her-ic ar?d 
t r a n s i t i o n  r e g i o n  e m i s s i o n  is l o c a t e d  a round  t h e  c o o l e r ,  f a i n t e r  (GSIEI) 
s t a r .  The s p e c t r u m  o f  i o t a  T;-i h a s  a  r e l a t i v e l y  s t r o n g  l i t h i u m  l i r e  



l s c l e  1975) artd t h e  1 i n e s  at-e t - o t a t  i o n a l  l y  bt-oadenea ( v s i n i  is 
iB!~.r~i /sec  (Huang 1952) or 36 k n / s e c  (Hof f!ei t a n d  J a s c h e k  !982) ) irlip! y i n g  a 
r - e l a t  i v e l y  yt>l.lng s t a r  ct*osc,irlg t h e  :-!er3tzsprctng g a p  for- t h e  f i r s t  ti:l:e. 

(But  frc1r11 t h e  data i t  is u n c l e a t -  to which  u f  t h e  s 2 e c t r a  t h e  L i  l i n e  arc! 
v s i n i  S e l o n q . 1  The  f a c t  t h a t  t h e  c o o l e r  s t a r  is a l s o  t h e  f a i n t e r  or? 
i m p l i e s  ( f r - c m  evo lc ! t ionar -y  t r a c k s )  t h a t  w e  ar.9 s e e i n c  t h e  u n i q u e  s i t u a t i o n  
3f c a t c h i n q  two s t a r %  1:1f tbe sarl:e s y s t e ! : ~  c ' r o s s i r ~ c  t h e  i - l e r t t sp r -ung  ga? 
tr:lgethrgr. for  t3e Pir's.'; t inie. Hence :.re :na._;s r a t  i o  :nust b e  v e r y  c l o s e  t~ 
.,. .-i . t y  i r l d e e l .  The  f a c t  k y a t  o n l y  .ilr,e uf  t h e  stat-r; s h o w s  chro:.~:ospher-ic 
a c t  i v i . t y  c a n  b e  cinder-stood i;? tei7r!ls ctf the r o t a t  i o n - a c t  i v i  t y  conr!ect  :c:cl 

. i i r l c e  t h e  c o o l e r ,  larger 7ri: iw-y % a s  t o  r c t a t e  t-o~.:gh:y twice as  f a s t  a s  
t h e  s e c o r , d a r y .  (Rnt  i t  is z,ur;ot-isir,q t h a t  tP!u c c n t r - i  b c t  i o n  fr.or;i ? i s  
s e c o f i d a r y  is o b s e t - v a b l e ) .  Io ta  rt-i a?pearXc, +to b~ a ? ~  arra!o~ o f  t h e  C a p e i ? ~  
sys ten :  F - ,  b u t  w i t h  a s;2lzr ' ter pet- iod.  Her,ce i n  Caoe:!a th.e 
i t  ciil.~;d sa i n  6i1wr1 (r11:lt heinc:  t ida:. 1 y l o c k e d  t o  t S s  s e c o n d a t - y )  so 
t h a t  chror.:o+pher-ic a c t i v i t y  is s e e n  al r t los t  e x = l u s i v e : y  f rom t5e z.econ=.'ar.y 
!Gyr-es ard Lin5b.y 13801,   herea as i n  iota T r i  t h e  c h r u m o s ~ k e r - i c  a c t i v i t y  i s  
seen? at-ocmd t h c  rlior'.e rapid!y r o t a t i r , g  p r i m a r y  w h i c 3  is t i d a l l y  ? o c ~ e t  ta 
i t z  sezor~dar -y .  

:;35: 12 
TS is s y s t e m  c u n s i s t s  o f  a n  F2ZV p.-i?:ar5y a n d  ar; ev13l.vec K@!V rec.:!v,52.i.;/ 

x i  a :;?ass r a t i o  of 8.28 !Cant i !967) .  (Based or! t,'iie IJHYLR c o l o r c ,  ~ t '  

+R51:F, t h e  syster i?  does  n o t  appear t o  zcesist o f  a n  F2IV stat- and a ,EPtkJ 
s-: sr a s  si;gest ed by Shc!re and 4d lerc;a.f~ ( 1384) ) . T h e  c ,cconcary  a g g c a r s  t-:I 
f i  11  its R!:c!-IE l o b e .  Henze ? iRSi?B n e e d s  t o  be c o n s i d e y e d  as a :11ass- 

exc;?ar ;qe G!jol s y s f e r ?  ~ h i c i  is . ~ n u z u a !  s i n c e  we v i e w  i t  neat*?.y pole-c.n 
! l o  . L i t t l e  is itr,own abol.!C t k e  s e c o r d a r i e s  oF Rlgo! s y s t e i > i s  s:r,ce 
t h e i r  h-:~Ct er- componev;ts doni ina. te  t 5 e  s;ec t t3u:i? ar:d di-it-ing 7t-irnat-y ec: ..dzz -.--. 
h e  'JV er l i i5s iar1 s;;ectrum a p p e a r s  -t.=i b e  d u e  p r imat - i  1 y tct a n  a c c r - e t  i o n  2  is^. 
i?:a\fez 1983;. Only  i n  HR511a d o e s  t h e  LV e a ~ i s s i o r ~  s p e c t r u r ~ l  a p p a r  t o  ?z 
the t y ~ i c a l  spsct?-url: o f  a r.auid!y r o t a t i n g  K .;tat- a s  fclund i n  FiS -- ' .- - V . I  
'zicaries al11:twinq u s  t o  s t u d y  t+e  seconCar*y c ~ f  a n  Rlqo! s y s t e m .  a S: t 

. . sstabl is!] t ' ?a t  t h e  UV pfi iss lon s p e c t r i ; m  does iu!deed coi;:e f r o m  t::e 
se=:~;ndai.y and  rrct- fr-:sm a n  a c c r - e t  i o n  cl i sk ,  w e  rneasu?-ed ~ r - ec i se l  y . t - 3  

ve iuc : ' ty  5 h i f ' ; s  o f  the  eniisc,iol? l i n e s  t - e l a t i v e  t o  t h e  p>~:ttosph.z:-.i: 
abs-wpt i o n  ! i r e s  i n  a ? i  gh-d i s p e r s i n e  (SWP136G3) s p e c t r u m  c ~ f  HR5110 t a x e = ~  
a t  p h a s e  8.27 *yen t 3 e  a:axir!~um v e l o c i t y  .;hi if o f  a b o l ~ t  +$.Sltm/sec t-ela-, ive 
:::I t >e  prir , :ary is o5.ze;-veds The o : i c t o s p ! - , f r i c  aSsor.j;t ioi=s 1 ir-les (w" i.2 

a r i s e  fi-.;?i the  s t a r )  were a l  :sr ,ed h i f  +I t 5 c 1 ~ e  o f  F '~-QL'Ys!~~ ( L ' z I V / V ) '  and t.52 
svek-age v e : c ~ r i t y  2ifFerence o f  t3e two sets o f  g a i s s i c ~ n  lines was ?:?e.-~ 
c 'eterr11ir.ee t i 1  Se +MI+/-10 k.!~i/sec. Hence t h i s  a ~ l a !  ysis shows :-triambig ics2,si:/ 

t h a t  even i n  t5 is  R!gol s y s t e r ~ i  t h e  a c t i v e  chr -o :~?usohere  ar:d t r - - - - .  I = ;  3 i on  
- e s i o r :  ic, a tr!.:e ste: !at- ~ I : e ; ~ i o r ~ ~ ~ n o n  a r o u n d  t h e  r l s o l e r  stat- arid r1.j: d t ~ e  t i t  

an a c c r ~ t  i o n  c!isk a r ~ ~ u r ~ d  t h e  F stat-. .- , -  ion ,. . P C  at t h e  v e l o c i t y  i ~ f  t h e  = 
s t  21% was ~ I I : I ' ~  ot;ser-v& 2nd c%r-i~:i;c;spheric e:l ; lssion rtf t!?e s t a r  : : : ~ r , g f i ; ~ ~  
.:tf akitl-rt 178ER (such a s  Si 1:) i.j a l s o  n o t  t2~ser .ved.  S i n c e  t h e  r-acli i c!f t h e  
t w o  cc::ip.::~~ent 5 a r e  c!:lmpar.able ( g i v i n ;  s i m i  I iar*  r l2 ta  t ion r a t  e5) , 'n;e 
i n t e r p r e t  t k  l a c k  i~f aF a c t i v e  cht70m::~sa3et-e as b e i n s  ? - e l a t e d  t o  a n o t k e -  
;iar.amel;er- S'AC!~ 25 ?5e c lz f=ere r l t  dest ' .  o f  . t h e  c ~ l r i v c c t  it:,? z~Q-;';Es i n  t h e  2k.1, 



components. The flux in the emission lines is in between those of UX #ri 
and HR1099 (Ryres and Linsky 1382) 
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PHYSICAL MODELS FOR THE UV CONTINUA OF SYMBIOTIC STARS 

Scott J. Kenyon 
Harvard-Smithsonian Center for Astrophysics 

ABSTRACT 

Low resolution IUE spectra represent a unique opportunity to examine the 
hot component in a symbiotic binary. Reddening-free color indices have been 
developed which serve to identify the nature of the hot components in these 
interesting systems. The hot components are divided into two categories: ac- 
creting main sequence stars and hot stellar sources. Symbiotic stars are 
therefore not a homogeneous group of variables, and at least two formation 
mechanisms are needed to produce the observed sample. 

INTRODUCTION 

Symbiotic stars were discovered by Cannon and Merrill as M-type variables 
with intense H I, He I and He I1 emission lines. IR photometry has confirmed 
that a late-type star is present in nearly all symbiotics, and usually this is 
an M-type giant (Allen 1982). The observations of bright emission lines and a 
veiling blue continuum in these systems are naturally explained by a binary 
model in which the high-temperature features are associated with a hot compan- 
ion to the giant. Recent IUE observations of symbiotic systems. support this 
idea, as the UV spectra are dominated bg intense emission lines (He 11, C IV, 
N V) superposed on a hot continuum source (e.g., Slovak and Lambert 1982). 

The advent of IUE has for the first time permitted the direct observation 
of an extended underlying continuum attributable to the hot component in a 
symbiotic system. Several attempts have been made to fit these continua to 
stellar atmospheres with mixed success: certain systems (e.g., AG Peg: Gal- 
lagher, et al. 1979; Keyes and Plavec 1980) appear to conform closely to this 
model, whereas others (e.g., CI Cyg: Stencel, et al. 1982) defy such simple 
explanations. Thfs paper reports on a new method to analyze the continua of 
symbiotic stars, and summarizes results derived in previous papers. 

CALCULATIONS 

A symbiotic star is considered to be a binary consisting of (i) a late- 
type giant star, (ii) a hot component, being either an accretion disk sur- 
rounding a low mass main sequence or white dwarf star, or a hot, compact star 
similar to a planetary nebula central star, and (iii) a surrounding gaseous 
nebula. The continuous spectrum from the nebula and hot component has been 
calculated using a method described by Kenyon and Webbink (19841, and may be 



characterized by continuum magnitudes, m = -2.5 log (F) -'21.1, at 1300, 1700, 
2200 and 2600 A. These points were chosen to span the continuum range covered 
by IUE, and to exploit the 2200 A interstellar absorption feature. The four 
magnitudes have been combined to define two reddening-free color indices, C1 
and C2, given by: 

For a given symbiotic model, C, and C2 are unique functions of either (i) the 
accretion pate or (ii) the effective temperature of the hot component. Once a 
solution for the accretion rate or the effective temperature is obtained from 

(C1,C 1, the reddening may be determined from the individual colors, (m1300 - 
rn 1700 " (m1700 - m2600) and (m2200 - m2600)' 

Figure 1 shows Cg as a function of C1 for a complete set of theoretical 
models, and it is obvious that each class of model occupies its own region in 
the color-color plot. Superimposed on this Figure are the observed (C C2) 
indices for selected symbiotic stars (additional systems are discussed in 
Kenyon and Webbink [19841). Most systems lie near only one of the model se- 
quences, and have unique solutions within the framework of the models. More 
than one plausible solution exists for a few systems, but the derived redden- 
ing and the predicted optical nebular spectrum usually serve to eliminate mul- 
tiple solutions. Based on Figure 1 and these other considerations, Y CrA, CI 
Cyg, YY Her and X Per re identified ai main sequence stars accreting at 4 -7 rates of roughly 10- Mo yr . The remaining systems are hot stellar sources, 
with effective temperatures ranging from 30,000 K to 150,000 K. 

A large number of symblotics have been observed with IUE, and very few of 
the S-type objects fail to conform to the three-component model described 
above (Kenyon and Webbink 1984 ; the ( C1, C2) indices are unreliable diagnostics 
for D-type symbiotics). Six systems are unambiguously identified as accreting 
main sequence stars (Y CrA, CI Cyg, YY Her, AR Pav, AX Per and CL Sco). The 
late-type giants of these systems should fill their tidal lobes; this require- 
ment is satisfied for CI Cyg and AR Pav, but additional IR data is needed to 
determine Sf the other systema have ,,obe-filling giants. The remaining symbi- 
otic stars appear to contain hot stellar sources with effective temperatures 
ranging from 10,000 R to >100,000 K and radii < 1 R ( 2  And, EG And, UV Aur, 
TX CVn, BF Cyg, AG Dra, V443 Her, RW Hya, SY Ilus, AG peg and LMC $63). It is 
not necessary for the late-type giants in these systems to fill their tidal 



l o b e s ,  z l though  some (e..g., RtJ  Hya) may do so .  

The e x i s t e n c e  o f  two d i s t i n c t  t y p e s  o f  h o t  components i n  s y m b i o t i c  stars 
r e q u i r e s  two r a d i c a l l y  d i f f e r e n t  fo rmat ion  mechanisms. Assuming a s y m b i o t i c  
s t a r  i n i t i a l l y  c o n t a i n s  two normal main sequence s t a r s ,  each  fo rmat ion  p r o c e s s  
can be ske tched  q u a l i t a t i v e l y .  The pr imary s t a r ,  be ing  more massive ,  is  t h e  
f i r s t  t o  evo lve  o f f  t h e  main sequence and ascend t h e  g i a n t  branch.  For  b i n a r y  
p e r i o d s ,  P, less than  1000-2000 days ,  t h i s  s t a r  f i l l s  i ts  Roche l o b e  on t h e  
g i a n t  branch o r  asympto t ic  g i a n t  branch,  and forms a s y m b i o t i c  s tar  i f  t h e  ac -  
c r e t i o n  r a t e  is s u f f i c i e n t l y  h igh  ( a s  shown above) .  Such r a t e s  a r e  r e a l i z e d  
i n  t h e  d e t a i l e d  e v o l u t i o n a r y  c a l c u l a t i o n s  d i s c u s s e d  by Webbink (1979).  The 
h o t  s t e l l a r  s o u r c e s  p r e s e n t  i n  o t h e r  s y m b i o t i c s  resemble  t h e  c e n t r a l  stars of 
p l a n e t a r y  nebulae ,  and must t h e r e f o r e  have ascended t h e  g i a n t  and a s y m p t o t i c  
g i a n t  branches  ( w i t h o u t  f i l l i n g  t h e i r  t i d a l  l o b e s )  and e j e c t e d  p l a n e t a r y  nebu- 
l a e .  T h i s  r e q u i r e s  P  > 3-4,000 days ,  and t h e  e j e c t i o n  o f  t h e  p l a n e t a r y  n e b u l a  
must c a r r y  away a s u f f i c i e n t  amount o f  mass and a n g u l a r  momentum t o  s h o r t e n  
t h e  pe r iod  t o  a v a l u e  comparable to  t h a t  observed I n  most s y m b i o t i c  stars (P = 
200-1000 days ) .  Whether t h i s  can happen i n  a l o n g  p e r i o d  b i n a r y  i s ,  a s  y e t ,  
a n  unsolved problem. 
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FIGUFE 1 - Reddening-free color-color plot for model symbiotic 
stars. The soiid curve correspnds to the locus of accreting 
main sequence stars, with mass accretion rate increasing 
clockwise around the curve. The dashed curve is the locus of 
accreting white dwarf stars, with the accretion rate increas- 
ing from right to left. Finally, the dot-dashed curve corre- 
sponds to the locus of hot stellar sources, with effective 
temperature increasing from right to left. Additional infor- 
mation regarding this plot can be found in Kenyon and Webbink 
(1984) . 
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THE ECLIPSING BINARY U SAGITTAE: 

EVIDENCE FOR CNO PROCESSING AND MASS EXCHANGE IN THE PAST 

Jan J. Dobias and Mirek J. Plavec 
Department of Astronomy, University of California, Lo8 Angeles 

ABSTRACT 

We have determined the system parameters of U Sagittae. The components 
are of spectral types B7.5 V and G4 IV-111, and the system is at a distance of 
approximately 290 pc. We confirm the conclusion by Tomkin that the masses are 
about 5.5 and 1.9 solar masses, respectively. The system is a typical 
semidetached system of the Algol type, but it is almost completely dormant, 
with only the barest traces of circumstellar material. This enabled us to 
study the photospheric lines of the hotter star in good detail. The profiles 
of the absorption lines on high-dispersion IUE spectra can be matched if we 
assume solar abundances except for carbon and nitrogen. The abundance of 
carbon is only 9% of its solar abundance, and N is overabundant by about a 
factor of 4.5. We conclude that the system underwent large mass transfer. 

FLUX DISTRIBUTION AND OTHER CHARACTERISTICS - -- 
U Sagittae is a practically dormant Algol-type semidetached binary. This 

can be seen from various pieces of evidence, The period of the system, 3.38 
days, is more stable than that of many other well-observed Algols. The radial 
velocity curve of the primary component is rather uncomplicated. Shell Lines 
are either weak or absent. Emission lines of the Balmer series were observed 
only once (McNamara 1951). Also the ultraviolet spectrum is almost purely 
stellar: in our IUE observations of a total eclipse of the hotter component 
in U Sagittae, we saw only the barest traces of the emission lines of N V, 
Si IV, C IV , and other emission lines typical for interacting binaries. 

On top of all this, U Sagittae is relatively very bright, about 6.5 mag 
visually, and the reddening is small: we found E(B-V) = 0.06 mag. Thus the 
system is easily observable at high dispersion, except, unfortunately, for the 
deep total eclipse. The lack of a substantial circumstellar envelope makes it 
easier to study the stellar photospheres in greater detail, and the later-type 
G4 111-IV component does not affect the spectrum in the IUE spectral range. 

Under these circumstances, we have been able to determine the spectral 
parameters of the components with a high degree of accuracy. We combined our 
IUE spectra with optical scans obtained with the Lick Observatory ITS scanner, , 

thus covering the wavelength interval 120 -720 nm with almost no gap. The 
flux distribution of the primary component is perfectly well matched by an 
(interpolated) Kurucz normal model atmosphere with an effective temperature of 
12,250 K and log g = 3.85. The primary is a B7.5 V star. The spectral type 



of the secondary component has been determined from our Lick scans to be 
G4 IV-111. The system is at a distance of about 290 pc. After years of 
uncertainty, the masses of the components are now fairly well known thanks to 
the work of Tomkin (1979), supported by our own results. The mass ratio is 
quite close to 3, and the masses are 5.5 and 1.9 solar masses, respectively, 
The secondary component fills its critical Roche lobe, and U Sagittae is 
therefore a classical semidetached system of the Algol type. Since it is 
nearly dormant, it is possible to believe that the mass-transfer episode is 
practically over. Can we use this system to support the general idea that 
Algols are products of a large-scale mass transfer? We believe that the 
answer is very strongly in the affirmative. 

SPECTRUM SYNTHESIS SHOWS EFFECTS -- OF CNO PROCESSING 

The method of spectrum synthesis has been applied to the line profiles 
derived from IUE high-dispersion spectra. Line broadening parameters have 
been derived from absorption lines of Fe 11 and other metals. The profile 
fitting led us to postulate a microturbulence velocity parameter of 8 km/s, 
and an effective macroturbulence velocity of 80 km/s. The latter parameter 
actually represents rotation; the value of v sin i must lie between 80 km/s 
and 100 km/s, and is somewhat higher than the synchronized rotational 
velocity, which would be 65 km/s. With these parameters, a very good agreement 
with observed profiles is obtained when the solar abundances of these elements 
are assumed. 

However, the profile of C I1 at 1335 A indicates a substantially reduced 
abundance of carbon, down to about 9% of the solar value (see Figure 2). At 
the same time, the N I lines at 1493/1495 A are better fitted if an 
overabundance of nitrogen is postulated by about a factor of 4.5. Optical 
studies of the cool component by Parthasarathy et al. (1983) are in 
qualitative agreement with our results. 

We conclude that U Sagittae, although dormant now, was subject to 
large-scale mass transfer in the past. The mass-losing star (the present G4 
subgiant) has been stripped so thoroughly that material at least partially 
processed by the CNO cycle was exposed, and eventually partly transferred to 
the surface of the B8 V gainer. All this strongly corroborates the theory of 
the evolution of the Algol-type semidetached binaries through a large-scale 
mass transfer. 

One exciting question remains: Why is U Sagittae dormant and U Cephei so 
much more active, when both systems are rather similar to each other? Is it 
only a transient situation? Or are they at different evolutionary stages? 
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IUE AND OPTICAL OBSERVATIONS OF LMC X-RAY BINARIES. 

Luciana Bianchi 
Osserva tor io  Astronomico d i  Tor ino , I t a ly  

Manfred Pakul l  
Technische Un ive r s i t a t  Be r l in ,  W.Germany 

ABSTRACT 

The f i r s t  IUE observa t ions  of two LMC X-Ray b inary  candida tes ,  LMC X-1 ( s t a r  32) 
and 1E0501.8 (Sk-7036) a r e  presented.  Both sources  were observed wi th  IUE a t  two 
phases of t h e  o p t l c a l  l i g h t  curve, t o  search  f o r  poss ib l e  e f f e c t s  of t h e  X-Ray 
f l u x  on t h e  pr imary 's  wind. 

From cons idera t ion  of t h e  220.0nm i n t e r s t e l l a r  e x t i n c t i o n  d ip  and of t h e  
o v e r a l l  continuum d i s t r i b u t i o n ,  we de r ive  t h e  foreground reddening t o  be E(B-V)= 
0.05 and t h e  a d d i t i o n a l  reddening i n  t h e  LMC t o  be E(B-V)=O.11 f o r  Sk-7036 and 
E(B-V)=0.32 f o r  LMC X-1. 

The s p e c t r a  of Sk-7036 show a s i g n i f i c a n t  v a r i a t i o n  of t h e  continuum , t h e  
f l u x  a t  1300A beeing s t r o n g e r  a t  phase 0.2 by 40% compared t o  t h e  f l u x  observed 
a t  a minimum of t h e  l i g h t  curve. The l a t t e r  can be  represented  by a model 
atmosphere wi th  Teff=25000K, log  g =3.0, i n  agreement wi th  t h e  s p e c t r a l  type 
der ived  from t h e  o p t i c a l  co lors .  

The UV continuum of s t a r  32 ( LMC X-1 ) can be modeled wi th  Teff=35000K, 
log  g = 3.5,which is  appropr i a t e  f o r  an 07-9 g i an t .  

INTRODUCTION 

U l t r a v i o l e t  spectroscopy of X-Ray b i n a r i e s  is a very important complement t o  
t h e  o p t i c a l  and X-Ray d a t a ,  a s  it g ives  information about t h e  W continuum 
d i s t r i b u t i o n  and s t e l l a r  wind (mass l o s s )  of t h e  ho t  primary and, hence, on t h e  
r a t e  and mechanism of mass a c c r e t i o n  onto t h e  compact secondary. Moreover, t he  
i n f luence  of t h e  X-Rays on t h e  primary's wind i o n i z a t i o n  condi t ions  and t h e  presen= 
c e  of a p o s s i b l e  hot  a c c r e t i o n  d i s k  can be s t u d i e d  wi th  UV phase dependent observat ions.  

Following an ex tens ive  o p t i c a l  i d e n t i f i c a t i o n  work we a r e  t h e r e f o r e  observing 
w i t h  IUE o p t i c a l  candidates  of X-Ray sources.  We p re sen t  h e r e  t h e  f i r s t  observa t ions  
of two sources  i n  t h e  LMC. 

LMC x-1 

O p t i c a l  
The E ins t e in  3arcsec  e r r o r  c i r c l e  f o r  LMC X-1 (LHG78) s t i l l  inc ludes  t h e  b r i g h t  

B3-5 superg ian t  R148 and s t a r 3 2  (Cowley e t  a1.,1978, Paku11,1980). Op t i ca l  
spectroscopy of R148 revea led  no apparent  p e c u l i a r i t i e s  whereas s t a r  32 exh5bi t s  
weak v a r i a b l e  He114686 and ~111A4640-60 emission (Paku11,1980) t y p i c a l  f o r  
o p t i c a l  counterpar t s  of h igh  luminosi ty  X-Ray b i n a r i e s .  From t h e  r a t i o  HeIA4540 
t o  H ~ I X  4471 Pakull(1983) c l a s s i f i e d  s t a r  32 a s  07-9. Op t i ca l  s p e c t r a  of t h e  s t a r  
and of t h e  surrounding H I 1  reg ion  N159 a t  d i f f e r e n t  p o s i t i o n s  i n d i c a t e  t h a t  s t a r  
32 i s  loca t ed  w i t h i n  N159, and t h e r e  is  evidence f o r  i n t e r a c t i o n  of a s t r o n g  X-Ray 
source  wi th  the  low dens i ty  H I 1  region:  e.g.  ,an inc rease  of temperature of ) -5000~ 
i n  t h e  neighbohood of t h e  s t a r  (from t h e  0111 l i n e s  r a t i o ,  Paku11,1983) and some 
p o s s i b l e  He11 nebular  emission (Hutchings e t  a1.1983), no t  observed a t  o t h e r  posi= 



t i o n s  around t h e  s t a r ,  a s  expected from a no rma lHI1  region.  
Hutchings e t  a1.(1983) repor ted  RV v a r i a t i o n s  wi th  a per iod  of approximately 

4 days, making s t a r  32 a b lack  h o l e  candidate .  

IUE observa t ions .  

We observed s t a r  32 wi th  IUE over t h e  t o t a l  range (1150-3200A) on Apr.10,1982. 
With t h e  SWP camera we obtained an exposure a l s o  two days before .  

S t a r  32 is  one of t h e  most reddened o b j e c t s  i n  t h e  LMC, beeing embeaded i n  t h e  
N149 H I 1  reg ion ,  and due t o  t h e  presence of t h e  nearby much b r i g h t e r  supe rg ian t  
R148, t h e  reddening is  d i f f i c u l t  t o  e s t ima te  from o p t i c a l  photometry. Indeed, 
e x i s t i n g  de termina t ions  a r e  q u i t e  d i screpant :  Paku l l  (1983) de r ives  E(B-V)=0.6 
from t h e  Balmer decrement i n  t h e  v i c i n i t y  of t h e  s t a r  i n  N159, wh i l e  Hutchings 
e t  a1.(1983) e s t ima te  E(B-V)=0.20, however allowing a l s o  E(B-V)=0.34. 

From t h e  UV continuum d i s t r i b u t i o n  a good reddening e s t ima te  can be  derived.  
Using t h e  s tandard  G a l a c t i c  e x t i n c t i o n  curve by Savage and Mathis (1979) f o r  t h e  
foreground e x t i n c t i o n  and t h e  LMC e x t i n c t i o n  curve by Nandy e t  a1.(1981) w e  d e r i v e  
t h e  b e s t  c o r r e c t i o n  t o  our  spectrum t o  be E(B-V)=0.05 i n  t h e  Galaxy p l u s  E(B-V) 
between 0.30 and 0.32 i n  t h e  LMC. The dereddened spectrum of Apr.10 i s  shown i n  
Fig.1. The observed d i s t r i b u t i o n  i s  w e l l  represented  by a model atmosphere w i t h  
Teff=35000K, logg=3.5,consis tent  wi th  t h e  s p e c t r a l  type  08111. The corresponding 
model from Kurucz(1979) i s  a l s o  shown i n  Fig.1. The s c a l i n g  f a c t o r  t o  superimpose 
the.mode1 t o  t h e  observed dereddened f l u x  g ives  a magnitude f o r  t h e  star of 
V=V +A =14.5 i n  agreement with t h e  o p t i c a l  photometry. 

0 A x e t a i l e d  d i scuss ion  of t h e  l i n e  spectrum is  given i n  Bianchi  and P a k u l l  (1984) 
he re  we j u s t  po in t  out  t h a t  some of t h e  emission could b e  of s t e l l a r  o r i g i n  ( Of? ).  
The s t r o n g  F e I I I  and F e I I  blends i n d i c a t e  t h a t  t h e  s t a r  is  a g i an t .  

m . -  7-- ------ -. 1---- 
m 
U) 

d 
o m  
6: 

Ln 
m 

2: 
Yg 
cn 
f-3 
fK 
W 
Tt 
.-i 

I m * m 
* ". a.4 
C" 
X 
3 
II 
LL 

c.3: 
a m  
.-I c; 

m 

Ii! 
ln 

si 
m 

WAVELENGTH <A> 

------ - - 
1200 1 ~ 0 0  2000 2400 2800 a200 

Fig .1  The UV spectrum of LMC X-1 ( s t a r  32) i s  shown, dereddened f o r  E(B-V)= 
0.05(galactic)+O.3(LMC).Superimposed i s  a model w i th  Teff=3500OYlogg=3.5. 



The I U E  images a l s o  show an ex tended  emiss ion  from t h e  s u r r o u n d i n g  n e b u l a ,  
which we e x t r a c t e d  s e p a r a t e l y  from t h e  s t e l l a r  spect rum.  The obse rved  n e b u l a r  
spec t rum looks  h o t t e r  t h a n  a  n e b u l a r  cont'nuum (H and He recombina t ion  and two- - 3 photons continuum) computed f o r  Ne=100cm , Te=12000K ( v a l u e s  d e r i v e d  from t h e  
o p t i c a l  l i n e  r a t i o s ) ,  i n d i c a t i n g  maybe some s c a t t e r i n g  of  t h e  s t e l l a r  l i g h t .  
( s e e  Bianch i  and P a k u l l ,  1984). 

O p t i c a l  d a t a  

The Bl-21 s t a r  Sk-7036 was proposed by P a k u l l  (1982) a s  one v o s s i b l e  cand i=  
d a t e  f o r  t h e  h a r d  X-Ray s o u r c e  1E0501.8-7036. While t h e  o t h e r  e a r l y  t y p e  s t a r  
i n c l u d e d  i n  t h e  IPC e r r o r  c i r c l e  (HV2289) showed long  term (, months) v a r i a t i o n s  
by about 0 . 3  mag (Be s t a r ? ) ,  Sk-7036 e x h i b i t s  an  " e l l i p s o i d a l "  l i g h t  c u r v e  w i t h  
p e r i o d  P=6.94d and ampl i tude  AV=0.2 mag, i n d i c a t i n g  a  Roche-lobe f i l l i n g  p r imary  
s e e n  a t  o r b i t a l  i n c l i n a t i o n ,  which makes i t  an e x c e l l e n t  c a n d i d a t e  f o r  a  m a s s i v e  
X-Ray binary .The p h o t o m e t r i c  double  wave curve  i s  shown i n  F ig .2 .  The U-R beha= 
v i o u r  is  ve ry  p u z z l i n g ,  t h e  ampl i tude  i n  t h e  U band b e e i n g  l a r g e r  t h a t  i n  B and 
V col .ors.  T h i s  might s u g g e s t  t h e  p r e s e n c e  of a  t h i c k  a c c r e t i o n  d i s k .  

Fig.2.  L igh t  c u r v e  f o r  - - 
Sk-7036. Phases  of  o u r  
two IUE o b s e r v a t i o n s  a r e  
i n d i c a t e d  ( ar rows  ) .  

IUE d a t a  

We observed Sk-7036 w i t h  IUE (SWP+LTJR) n e a r  one minimum and one maximum of 
t h e  o p t i c a l  l i g h t  curve .  D e t a i l s  of t h e  o b s e r v a t i o n s  a r e  g i v e n  i n  Bianch i  and 
P a k u l l  (1984).  The two f u l l  r ange  s p e c t r a  a r e  p l o t t e d  t o g h e t h e r  i n  F i g . 3 ,  t o  
show t h e  s t r o n g  d i f f e r e n c e  of t h e  continuum d i s t r i b b t i o n s .  The UV spect rum a t  
a  maximum is  s t r o n g e r  by 20% t o  40% than  t h e  o t h e r  one ,  t h e  d i f f e r e n c e  bee ing  
l a r g e r  a t  s h o r t e r  wavelengths .  T h i s  f a c t  i s  c o n s i s t e n t  w i t h  t h e  o p t i c a l  U-B 
behav iour  mentionned e a r l i e r ,  and may s u p p o r t  t h e  h y p o t h e s i s  of a n  a c c r e t i o n  
d i s k .  A d e t a i l e d  d i s c u s s i o n  of t h i s  p o s s i b i l i t y  w i l l  b e  g iven  e l sewhere ,  a s  
w e l l  a s  t h e  d e s c r i p t i o n  of t h e  l i n e  spect rum.  We j u s t  ment ion h e r e  t h e  s t r o n g  
v a r i a t i o n s  of NV(1): s t r o n g  emiss ion  i n  one spec t rum,  p u r e  a b s o r p t i o n  i n  t h e  
o t h e r  one ( s e e  F ig .3 )  which might be an e f f e c t  of X-Ray h e a t i n g  , and of MgII 
A2800,  which i s  p r e s e n t  i n  emiss ion  i n  a n t i p h a s e  w i t h  NV (pe rhaps  r e l a t e d  t o  
t h e  a c c r e t i o n  d i s k ) .  

Assuming t h a t  t h e  f a i n t e r  spec t rum cor responds  t o  t h e  hemisphere  of t h e  
s t a r  n o t  h e a t e d  by t h e  X-Rays, we u s e  t h i s  one t o  d e r i v e  s t e l l a r  pa ramete r s .  
From t h e  o p t i c a l  c o l o r s ,  v e r y  l i t t l e  r edden ing  i s  i n f e r r e d  f o r  Sk-7036,E(B-IT)= 



Sk-7036 (SWP+LWR) Fig. 3. The IUE 
spectra of Sk 
-7036 (Apr.8 and 
10,1984). The 
lines showing the 
strongest varia= 
tions (NV and MgII) 
are indicated. 
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=0.165. The UV spectra confirm this value. In Fig.4 the Apr.10 spectrum is 
shown,corrected for foreground galactic extinction with E(B-V)=0.05 and for 
the LMC extinction with E(B-V)=O.11. In Fig .4 the best model atmosphere fit 
is also plotted, a Kurucz (1979) model with Teff=25000K and log g=3.0, which 
confirms the spectral type B1-21. Extrapolation of the model fit gives V= 
V +Av=13.77, in agreement with the observed V mag. at minimum. 
0 
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Fig. 4. SWP+LT.JR spectrum of 
Sk-7036 (Apr. 10,1984) ,deredde= 
ned for E(B-V)=O.O5(galactic) 
+E (B-V) =O. 11 (IMC) . The fit is 
a Kurucz model with Teff= 
25000K, log g=3.0. 
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CIRCUMSTELLAR MATERIAL I N  ALGOLS AND SERPENTIDS 

Mirek J. P lavec ,  J a n  J. Dobias,  P a u l  B. E t z e l ,  and J a n e t  L. Weilanri 
Department of Astronomy, U n i v e r s i t y  of C a l i f o r n i a ,  Los Angeles 

ABSTRACT -- 
The o b s e r v a t i o n s  of t h e  emiss ion  l i n e s  of C I V ,  N V ,  S i  I V ,  - e t c .  i n  

i n t e r a c t i n g  b i n a r i e s  of t h e  Algo l  and W S e r p e n t i s  t y p e s  a r e  reviewed. So f a r ,  
s e v e n  "Serpen t ids"  a r e  known, and seven  bona f i d e  Algol-type semidetached 
sys tems  have been found t o  d i s p l a y  t h e  same k i n d  of e m i s s i o n  l i n e s ,  on ly  on a  
weaker s c a l e .  I n t e r e s t i n g  d i f f e r e n c e s  a r e  obse rved  i n  bo th  t h e  a b s o l u t e  and 
r e l a t i v e  s t r e n g t h s  of t h e  emiss ion  l i n e s .  I n  some sys tems ,  t h e  C IV resonance  
d o u b l e t  i s  t h e  s t r o n g e s t ,  w h i l e  i n  o t h e r s ,  t h e  N V d o u b l e t  i s  d e f i n i t e l y  
s t r o n g e r .  The main cause  of t h i s  dichotomy i s  s u s p e c t e d  t o  be t h e  va ry ing  
d e g r e e  of CNO p r o c e s s i n g  of t h e  observed m a t e r i a l .  But t h e  v a r i a b l e  r a t i o  
of t h e  s t r e n g t h  of t h e  C I1 Line t o  t h a t  of t h e  C I V  l i n e  s u g g e s t s  t empera tu re  
d i f f e r e n c e s  between t h e  e m i t t i n g  r e g i o n s  of t h e  i n d i v i d u a l  sys tems ,  too.  

SURVEY OF INTERACTING BINARIES WITH "HOT" EMISSION LINES -- - -- 
One of t h e  f i r s t  d i s c o v e r i e s  made w i t h  t h e  IUE i n  t h e  f i e l d  of c l o s e  

b i n a r y  s t a r s  was t h e  d e t e c t i o n  of t h e  e m i s s i o n  l i n e s  of C 11, C I V ,  N V ,  S i  TI, 
S i  I V ,  Fe 111, and A 1  111 i n  t h e  SWP s p e c t r a  of W S e r p e n t i s ,  V367 Cygni, SX 
C a s s i o p e i a e ,  RX C a s s i o p e i a e ,  and W C r u c i s  i n  August 1978 ( P l a v e c  and Koch 
1978). Before  t h a t ,  on ly  one s i m i l a r  e m i s s i o n - l i n e  spec t rum was known, namely 
that of f3 Lyrae, discovered with Copernicus. At first sight, these six 
sys tems have l i t t l e  i n  common, excep t  t h a t  they  a r e  s t r o n g l y  i n t e r a c t i n g  
b i n a r i e s  and a r e  surrounded by s o  much c i r c u m s t e l l a r  m a t t e r  t h a t  i t  is  hard  
t o  e s t a b l i s h  t h e  c h a r a c t e r  of t h e  components. The p r e s e n c e  of t h e  
c i r c u m s t e l l a r  m a t t e r  was known beEore, from o b s e r v a t i o n s  of o p t i c a l  e m i s s i o n  
l i n e s  and of s h e l l  a b s o r p t i o n  l i n e s .  Although we a r e  s t i l l  f a r  f rom f u l l y  
u n d e r s t a n d i n g  t h e  n a t u r e  of t h e s e  s i x  "W S e r p e n t i s - t y p e  sys tems",  e v i d e n c e  h a s  
been g r a d u a l l y  mounting t h a t  they  a r e  semidetached i n t e r a c t i n g  b i n a r i e s  i n  a  
s t a g e  of r a t h e r  r a p i d  mass t r a n s f e r .  I f  so ,  t h e n  they  r e p r e s e n t  ext reme c a s e s  
of  t h e  g e n e r a l  c l a s s  of t h e  Algol-type semidetached b i n a r i e s .  

Now some more " c l a s s i c a l "  Algo l s  a l s o  d i s p l a y  a  f a i r l y  h i g h  d e g r e e  of 
a c t i v i t y ,  which i s  mani fes ted  by p e r i o d  changes and t h e  p r e s e n c e  of o p t i c a l  
e m i s s i o n  l i n e s  a s  w e l l  a s  s h e l l  a b s o r p t i o n  l i n e s .  It can be c o n j e c t u r e d  t h a t  
t h e s e  a c t i v e  Algo l s  may r e p r e s e n t  t r a n s i t i o n  c a s e s  between q u i e s c e n t  A l g o l s  
and t h e  W S e r p e n t i s  s t a r s .  A program h a s  t h e r e f o r e  been s t a r t e d  i n  which we  
s y s t e m a t i c a l l y  su rvey  t h e  b r i g h t e r  Algols .  The p r o g r e s s  h a s  been r a t h e r  slow 
s i n c e  t h e  a n t i c i p a t e d  "hot"  emiss ion  l i n e s  a r e  r a t h e r  weak compared t o  t h e  
c o n t i n u o u s  f l u x  of t h e  h o t t e r  component, and o b s e r v a t i o n s  must t h e r e f o r e  be 
made d u r i n g  t h e  t o t a l  e c l i p s e  of t h a t  component. 



So f a r ,  w e  have de t ec t ed  f a r  u l t r a v i o l e t  emission l i n e s  i n  t h e  s p e c t r a  
of t h e  fo l lowing  Algols: 

s t a r  

RW Taur i 

U Cephei 

U S a g i t t a e  

RY Persei 

TT Hydrae 

UX Monocer. 

V356 Sag i t .  

per iod  components 
(days)  

2.77 B8 V + KO 1 1 1 - I V  

2.49 B9 V + G 8  1 1 1 - I V  

3.38 B8 V + G 4  I V - 1 1 1  

6.86 B6 I I I +  F8 I11 

6.95 B9 V + KO 111 

5.90 A7 ? ?  + G2 I V  

8.90 B3 V + A1.5 11 

comments on UV emission l i n e s  

Contaminated. C I V  seen, N V d b t f l  

C ZV dominates: F(C IV)/F(N V) = 3.9 

C I V  dominates, N V weak; l i n e s  weak 

N V dominates: F(N V)/F(C IV) = 5 

C I V  dominates,  N V hard ly  seen  

C I V  dominates, N V u n c e r t a i n  

N V dominates: F(N V)/F(C I V )  = 6.1 

On t h e  nega t ive  s i d e ,  no emission l i n e s  were de t ec t ed  in:  

W Delphin i  4.81 B9 V + G5 I V  no emission seen  i n  deep e c l i p s e  

S Velorum 5.93 A5 V + K5 I11 observed only o u t s i d e  e c l i p s e  

RZ E r idan i  39.28 F2 V + K 1  I11 observed only o u t s i d e  e c l i p s e  

BMCassiop.197.3 A5 I ?  + ?  observed only o u t s i d e  e c l i p s e  

W Delphini  i s  known t o  be mildly a c t i v e ,  wi th  Hf3 observed i n  emission by 
S t ruve  (1946). The t h r e e  fol lowing s t a r s  have not  been observed i n  e c l i p s e ,  
bu t  t h e i r  h o t t e r  components a r e  s u f f i c i e n t l y  coo l  s o  t h a t  t h e i r  f l u x e s  
shortward of 1600 A should not  o b l i t e r a t e  t h e  emission l i n e s ,  i f  p resen t .  Y e t  
perhaps t h e  exposure t imes were no t  long enough. S Velorum should c e r t a i n l y  
be t e s t e d  once more, s i n c e  i t  does show o p t i c a l  emission l i n e s .  So does,  i n  
f a c t ,  BM Cas, whi le  RZ E r i  seem t o  be dormant. 

L 

From t h e  above s t a t i s t i c s  i t  t r a n s p i r e s  t h a t  whenever w e  can observe an  
Algol  system i n  t o t a l  e c l i p s e ,  chances a r e  very good t h a t  t h e  "hot" emission 
l i n e s  w i l l  be de t ec t ed ,  but  we cannot be 100% sure.  I f  t h e  system i s  not  
t o t a l l y  e c l i p s i n g ,  then t h e  prospect  i s  not  good, s i n c e  t h e  emission l i n e s  a r e  
on the whole quite weak compared to the continuous flux of the primary 
component. Only i n  t h e  genuine Se rpen t id s  f3 Lyr, SX Cas, W Se r ,  V367 Cyg, and 
W Cru a r e  t h e  emissions s t r o n g  enough t o  show even i n  f u l l  Light -- al though 
t h e  SWP f l u x e s  f o r  a l l  of them a r e  considerably h igher  t han  t h e  o p t i c a l  
s p e c t r a l  types  of t h e  h o t t e r  components would p red i c t .  RX Cas i s  an  
i n t e r e s t i n g  anomaly: t h e r e  i s  no s t e l l a r  component v i s i b l e  i n  t h e  SWP spectrum 
and both s t a r s  appear t o  be no e a r l i e r  than s p e c t r a l  type  G. 



It is i n t e r e s t i n g  t o  s p e c u l a t e  how many more "mild Serpent ids"  o r  " a c t i v e  
Algols" would be de t ec t ed  i f  some B e  s t a r s  were e c l i p s i n g .  Actual ly  one of 
them, KX Andromedae (HD 218393), which used t o  be c l a s s i f i e d  a s  an a c t i v e  
s h e l l  s t a r  and was l a t e r  discovered t o  be an  i n t e r a c t i n g  b inary  ( ~ r i z  and 
Harmanec 1975; Pol idan 1976; Plavec 1979) has  emission l i n e s  s t r o n g  enough t o  
show even without  e c l i p s e s :  t h i s  is ,  t h e r e f o r e ,  an  example of a  non-ecl ipsing 
Serpent id .  

STATISTICS OF THE EMISSION LINES -- 
Natu ra l l y  i t  is  very important  t o  compare t h e  a b s o l u t e  powers emi t ted  i n  

t h e  "hot" emission l i n e s .  Unfortunately,  r e l i a b l e  s t a t i s t i c s  emerges only 
s lowly,  because i t  p re requ i r e s  a  good knowledge of t h e  d i s t a n c e  t o  each 
system, which i n  t u r n  r e q u i r e s  a  r e l i a b l e  knowledge of t h e  n a t u r e  of a t  l e a s t  
one component. 

A t  t h e  p re sen t  time w e  can say  wi th  good confidence t h a t  t h e  emission 
l i n e s  i n  SX Cas a r e  abso lu t e ly  about 100 t imes s t r o n g e r  than  those  i n  U Cep. 
Emission l i n e s  i n  U Sge a r e  very weak, probably about  3 t imes weaker than  
those  i n  U Cep, but  u n c e r t a i n t i e s  i n  d i s t a n c e s  may a f f e c t  t h i s  r a t i o .  TT 
Hydrae appears  t o  have emissions of about t h e  same s t r e n g t h  a s  U Cep. 

Somewhat more r e l i a b l e  i s  an intercomparison of t h e  r e l a t i v e  s t r e n g t h s  
of t h e  emission l i n e s  w i th in  t h e  same spectrum. C e r t a i n l y  most i n t e r e s t i n g  i s  
t h e  r a t i o  of s t r e n g t h s  of t h e  resonance double t  of C I V  a t  1550 a t o  t h e  
double t  of N V a t  1240 A. We can a n t i c i p a t e  t h a t  t h i s  r a t i o  w i l l  be a good 
i n d i c a t o r  of t h e  degree by which t h e  c i r c u m s t e l l a r  m a t e r i a l  was exposed t o  CNO 
process ing  a t  t h e  time when i t  was deep i n  t h e  i n t e r i o r  of t h e  l o s e r  ( t h e  
p r e s e n t l y  l e s s  massive s t a r ) .  

The u n c e r t a i n t y  e n t e r i n g  t h i s  s t a t i s t i c s  stems from unce r t a in  amount of 
reddening and, i n  some systems, from d i f f i c u l t i e s  of determinlng t h e  p o s i t i o n  
of t h e  continuum. Never the less ,  we can say  wi th  good confidence t h a t  t h e r e  
e x i s t  s u r p r i s i n g  d i f f e r e n c e s  between t h e  i n d i v i d u a l  systems. I n  U Cep, U 
Sge, TT Hya, UX Mon, and V367 Cyg, t h e  C I V  l i n e  i s  d e f i n i t e l y  s t ronger .  On 
t h e  o t h e r  hand, i n  RY Per  and V356 Sgr ,  t he  N V l i n e  i s  s t r i k i n g l y  s t ronge r  
than  t h e  C I V  l i n e .  I n  fl Lyr, SX Cas, RX Cas, and W Se r ,  t h e  N V l i n e  i s  
a l s o  s t r o n g e r  than  C I V ,  but t h e  d i f f e r e n c e  i s  not  s o  pronounced. It appears  
t h a t  RY Per  and V356 Sgr should be most advanced i n  t h e  mass t r a n s f e r  ep isode ,  
o r ,  more p r e c i s e l y ,  t h a t  t h e  l o s s  of mass from t h e  ga ine r  went deeper i n t o  i t s  
i n t e r i o r .  It has  long be suspected t h a t  V356 Sgr is a t  t h e  end of t h e  mass 
t r a n s f e r  per iod  (Wilson and Caldwell  1978); about RY Per w e  have less d e f i n i t e  
knowledge. Somewhat puzz l ing  i n  t h i s  i n t e r p r e t a t i o n  i s  U S a g i t t a e .  It i s  
p r a c t i c a l l y  dormant and w e  can surmise t h a t  f o r  i t ,  too,  t h e  mass t r a n s f e r  
ep isode  ended. Then w e  expect  t h a t  t h e  s u r f a c e  l a y e r s  of t h e  g a i n e r  should be 
carbon-poor and n i t rogen- r ich ,  and t h i s  i s  e x a c t l y  what we f i n d  from an  
a n a l y s i s  of t h e  l i n e  p r o f i l e s  of t he se  elements  ( s e e  t h e  a r t i c l e  by Dobias and 
P lavec  i n  t h i s  volume). But then i t  i s  puzz l ing  why t h e  emission l i n e  of 
C I V  i s  s t i l l  s t r o n g e r  than t h a t  of N V. 



The "hot" emission l i n e s  are probably formed i n  a  k ind  of s t e l l a r  wind, 
induced by acc re t i on .  The necessary conversion of energy probably occurs  i n  a  
r e l a t i v e l y - h o t ,  s t r o n g l y  t u rbu len t  l a y e r  surrounding t h e  ga ine r  (i .e.  t h e  
a c c r e t i n g  s t a r )  (P lavec  1983; P e t e r s  and Pol idan  1984). It i s  l i k e l y  t h a t  t h e  
temperature  of t h e  t u rbu len t  l a y e r  and t h e  temperature of t h e  expanding medium 
i n  which t h e  emission l i n e s  a r e  formed w i l l  be d i f f e r e n t  from o b j e c t  t o  
ob j ec t .  Some informat ion  on t h e  temperatures  may be ob ta ined  from t h e  r a t i o  
of t h e  l i n e s  C I I / C  I V  and S i  I I / S i  I I I / S ~  I V .  

A quick s emiquan t i t a t i ve  look a t  t h e  r a t i o s  P(C 11 1336A)/P(C I V  1550 A) 
does r e v e a l  d i f f e r e n c e s  between t h e  systems. A s  a  r u l e ,  t h e  C I1 l i n e  i s  t h e  
weaker of t h e  two. The r a t i o  i s  about 3  i n  f avo r  of C I V  i n  U Cep, TT Hya, 
and V356 Sgr;  i t  i s  about 2 i n  RX Cas and UX Mon; l e s s  than 2 i n  RY Per ,  V367 
Cyg, and $ Lyr. The two l i n e s  a r e  nea r ly  equa l  i n  s t r e n g t h  i n  SX Cas and W 
Ser .  I n  an i n t e r e s t i n g l y  c o n t r a s t i n g  case ,  i n  W Cru, t h e  C I1 l i n e s  i s  more 
than  twice a s  s t r o n g  a s  t h e  C I V  l i n e .  The non-ecl ipsing Serpent id  KX And does 
no t  seem t o  have any emission a t  C I V  o r  N V ,  but  C 11 is  conspicuously i n  
emission. There i s  very l i t t l e  doubt t h a t  t he se  varying r a t i o s  depend on 
t h e  temperature  of t h e  c i r c u m s t e l l a r  r eg ion  where t h e  emission l i n e s  a r e  
formed.. Unfortunately,  t h i s  s t a t i s t i c s ,  too,  i s  not  easy t o  i n t e r p r e t ,  s i n c e  
we must assume temperature  s t r a t i f i c a t i o n .  

The l o c a t i o n  and e x t e n t  of t h e  l ine-emi t t ing  r eg ion  i s  another  problem 
of g r e a t  i n t e r e s t .  The e c l i p s e s  he lp  i n  s tudying  t h i s  ques t ion ,  but  low 
b r i g h t n e s s  and poor t ime r e s o l u t i o n  a r e  s e r i o u s  obs t ac l e s .  Q u a l i t a t i v e l y  
speaking,  t h e  e c l i p s e s  reduce t h e  s t r e n g t h  of t h e  emission l i n e s ,  but t h e  
diminut ion i s  not  l a r g e  i n  t h e  p a r t i a l l y - e c l i p s i n g  systems f3 Lyrae and W Se r ,  
a s  w e l l  a s  i n  t h e  t o t a l l y  e c l i p s i n g  systems RX Cas and SX Cas. R e l a t i v e  l a r g e  
decrease  i n  t h e  i n t e n s i t y  of t h e  emission l i n e s  dur ing  t o t a l i t y  has  been 
observed i n  U Cephei (Plavec 1983) and i t  seems t h a t  i n  t h a t  system, t h e  main 
s e a t  of t h e  emission i s  q u i t e  c l o s e  t o  t h e  ga iner .  I n  t h e  o t h e r  systems, t h e  
e m i t t i n g  reg ion  may be much more extended o r  poss ib ly  p a r t l y  surrounds t h e  
whole system. A l l  t h e s e  problems r e q u i r e  p a t i e n t  ga the r ing  and a n a l y s i s  of 
d a t a  before  w e  can be more d e f i n i t i v e .  
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ABSTRACT 

A hot  companion t o  t h e  B8 I a  supe rg i an t  p S a g i t t a r i i  was discovered by 
obse rva t ions  wi th  t h r e e  s a t e l l i t e s :  Copernicus,  I U E ,  and Voyager. The 
companion i s  probably a  B2 V s t a r ,  but could be a s  ho t  a s  BO. Voyager 
obse rva t ions  i n  t h e  region 900 - 1700 A have been s t a r t e d  a l s o  f o r  6 Lyrae, 
and show t h a t  t h e  diskLshaped secondary is  t h e  dominating source  i n  t he  EUY. 

INTRODUCTION 

The b inary  systems 6 Lyrae and p S a g i t t a r i i  a r e  i n  many r e spec t s  very 
d i s s i m i l a r .  6 Lyrae i s  a well-known p e c u l i a r  i n t e r a c t i n g  b inary  wi th  a  per iod 
of 12.9 days; p S a g i t t a r i i  has  a  much longer  per iod  of 180 days,  and i s  
probably not i n t e r a c t i n g .  However, spec t rophotomet r ica l ly  t he se  two b i n a r i e s  
pose very s i m i l a r  problems. I n  both systems, t h e  o p t i c a l l y  l e s s  luminous 
component becomes dominant i n  t h e  f a r  u l t r a v i o l e t ,  t hus  o f f e r i n g  us  t he  
p o s s i b i l i t y  of determining i ts  charac te r .  Moreover, i n  both systems, t h e  
o p t i c a l l y  dominant component i s  a  luminous B8 s t a r  (B8 I1 i n  6 Lyrae and B8 . Ia  
i n  p S a g i t  t a r i i )  . 

I n  B Lyrae, t h e  source of t h i s  f a r  u l t r a v i o l e t  excess  i s  t h e  disk-shaped 
secondary component, whose f l u x  becomes h igher  than t h a t  of the  primary s t a r  
a t  about  1500 A. Unfortunately,  t h e  excess  is  not  s u f f i c i e n t l y  l a r g e  and t h e  
spectrum i s  complicated by numerous emission l i n e s .  Ec l ip se s  he lp  i n  
s e p a r a t i n g  t h e  f l u x e s  of t h e  two components, but  t h e  e c l i p s e s  a r e  only 
p a r t i a l .  

I n  p S a g i t t a r i i ,  t h e  ex i s t ence  of another  s t a r  was, before  t h e  advent of 
I U E ,  known only i n d i r e c t l y ,  from t h e  f a c t  t h a t  p S a g i t t a r i i  was found t o  be a  
s ingle-spectrum spec t ro scop ic  binary a l ready  by F o s t e r  and Adams i n  1904. The 
mass f u n c t i o n  obta ined  from the  o r b i t a l  s o l u t i o n  is  s o  l a r g e  (f(m) = 2.64) 
t h a t  a  f a i r l y  massive companion must be pos tu la ted .  The p l a u s i b l e  range of 
mass r a t i o s  appears  t o  be between 0.5 and 0.7. Thus i f  we assume t h a t  t h e  B8 
I a  superg ian t  has ,  say,  20 s o l a r  masses, then t h e  unknown companion must have 
about 12 s o l a r  masses. Such a  s t a r  should show up i n  some s p e c t r a l  region. 
When w e  f a i l e d  t o  d e t e c t  it i n  t h e  near  i n f r a r e d ,  w e  tu rned  our a t t e n t i o n  t o  
t h e  f a r  u l t r a v i o l e t ,  and indeed found evidence f o r  i t  wi th  t h r e e  s a t e l l i t e s :  
Copernicus, I U E ,  and Voyager. 



A s m a l l  d e c l i n e  i n  o p t i c a l  b r i g h t n e s s  of u S a g i t t a r i i  a t  t h e  time of 
c o n j u n c t i o n  was r e p o r t e d  by Morgan and Elvey i n  1938 and by H a l l  i n  1941, and 
i n t e r p r e t e d  a s  a sha l low e c l i p s e .  However, a s  P l a v e c  p o i n t e d  o u t  i n  1979, i t  
must be  t h e  secondary e c l i p s e ,  s i n c e  t h e  B8 s u p e r g i a n t  i s  behind t h e  unknown 
companion a t  t h a t  time. P lavec  t h e r e f o r e  p r e d i c t e d  a  pr imary e c l i p s e  f o r  
September 1978, March 1979, and September 1979. 

Co e r n i c u s  s c a n s  of p Sgr  on September 10-14, 1978 d i d  indeed  show much 
lower  d-- uxes  i n  f i v e  narrow s p e c t r a l  r e g i o n s  between 1065 - 1205 A,  compared 
t o  s c a n s  made i n  l a t e  May and e a r l y  August of t h e  same year .  Encouraged by 
t h i s  ev idence  of e c l i p s e s ,  we s t a r t e d  a  program on t h e  IUE i n  1978 and 
c o n t i n u e d  o v e r  t h e  y e a r s  a s  much a s  p roposa l  e v a l u a t i o n s  pe rmi t t ed .  Another  
d e f i n i t e  ev idence  of e c l i p s e s  h a s  been e s t a b l i s h e d .  The low-d i spers ion  
s p e c t r a  t a k e n  on 23 September 1979 and on 3  September 1980 show a much lower  
f l u x  i n  t h e  SWP camera t h a n  o t h e r  s p e c t r a ,  s p e c i f i c a l l y  t h o s e  f rom 16 August 
1978, 1 3  J u l y  1979, and l a t e  May 1980. 

A v e r y  p l a u s i b l e  spectrum of a n  e a r l y - t y p e  s t a r  r e s u l t s  from s u b t r a c t i o n  
of t h e s e  two s e t s  of s p e c t r a .  A s  a l r e a d y  r e p o r t e d  (P lavec  1980) t h e  s o u r c e  
a p p e a r s  t o  be a n  ea r ly - type  main-sequence star ,  probably  of a s p e c t r a l  t y p e  
between BO - B2. It i s  not  easy  t o  de te rmine  i t s  e f f e c t i v e  t empera tu re  more 
a c c u r a t e l y  from IUE o b s e r v a t i o n s  o n l y ,  because i n t e r s t e l l a r  r edden ing  i s  n o t  
s m a l l  and n o t  w e l l  known ( i t  probably  l i e s  n e a r  E(B-V) = 0.30), and mainly  
because  t h e  f l u x  d i s t r i b u t i o n  i s  w e l l - e s t a b l i s h e d  on ly  over  a  s h o r t  i n t e r v a l  
of wavelengths.  The wors t  s o u r c e  of u n c e r t a i n t y  i s  a  q u a s i - p e r i o d i c  
b r i g h t n e s s  v a r i a t i o n  of t h e  s u p e r g i a n t ,  d i scovered  by Guinan and Dorren. T h i s  
v a r i a t i o n  seems t o  a f f e c t  I U E  s p e c t r a ,  too ,  b u t  i f  i t  i s  r e a l l y  due t o  t h e  
s u p e r g i a n t ,  i t  shou ld  become n e g l i g i b l e  i n  t h e  EUV. 

T h e r e f o r e ,  Copernicus  and Voyager o b s e r v a t i o n s  a r e  ex t remely  impor tan t .  
The f i r s t  Voyager d a t a  by RSP a r e  most e x c i t i n g .  They show a v e r y  l a r g e  f l u x  
e x c e s s  over  t h a t  expected f o r  a  B8 I a  s t a r  a l l  over  t h e  s t u d i e d  wavelength  
i n t e r v a l  from 1700 A down t o  916 A. The observed f l u x  d i s t r i b u t i o n  of u S g r  
o u t s i d e  e c l i p s e  seems t o  be b e s t  matched by a  s t a r  of an  e f f e c t i v e  t e m p e r a t u r e  
of abou t  24,000 K. I n  t h i s  r e s u l t ,  bo th  t h e  Voyager d a t a  and o u r  r e v i s e d  IUE 
d a t a  a g r e e ,  a l t h o u g h  t h e  I U E  d a t a  show a good f i t  over  a  broad i n t e r v a l  of 
e f f e c t i v e  t empera tu res  between 24,000 and 35,000 K. 

Our F i g u r e  1 shows t h e  good o v e r l a p  of t h e  Voyager and IUE d a t a  a t  f u l l  
Light.  Tn F i g u r e  2,  t h e  IUE spectrum t a k e n  d u r i n g  a n  e c l i p s e  i s  matched by 
t h e  Voyager s c a n  of f3 O r i o n i s  (B8 I a )  s h i f t e d  by 2.25 mag. It i s  s e e n  t h a t  
t h e  Copernicus  o b s e r v a t i o n s  i n  e c l i p s e  f i t  i n  very  w e l l .  

The f i r s t  Voyager s c a n  of f3 Lyrae shows t h a t  t h e  secondary component h a s  
a much h i g h e r  c o l o r  t empera tu re  between 900 - 1400 A t h a n  t h e  B8 11 primary.  
More Voyager o b s e r v a t i o n s  are planned. The importance of t h e s e  s t u d i e s  cannot  
be overes t imated .  I n  fi Lyrae,  w e  have t h e  case of a very  e x t e n s i v e ,  o p t i c a l l y  
and g e o m e t r i c a l l y  t h i c k  d i s k .  I n  p S a g i t t a r i i ,  w e  have a  un ique  c a s e  where 
t h e  extended atmosphere of an  ea r ly - type  s u p e r g i a n t  can be s t u d i e d  by means of 
a  s t e l l a r  probe,  a s  i t  p a s s e s  behind i n  a n  e c l i p s e .  
Ref.: P lavec ,  M . J .  1980, i n  - The Universe  at U l t r a v i o l e t  Wavelengths,  p. 399. 
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A SEARCH FOR THE SPECTKOSCOPIC B I N A R Y  COMPANION 
O F  POLARIS USING I U E  SPECTRA 

N a n c y  Remage E v a n s  
. A s t r o n o m y  P r o g r a m  

C o m p u t e r  S c i e n c e s  C o r p o r a t i o n  

A b s t r a c t  
P o l a r i s  h a s  a  s p e c t r o s c o p i c  o r b i t  f r o m  a n  e x t e n s i v e  s e r i e s  

o f  o b s e r v a t i o n s  a s  w e l l  a s  m o r e  u n c e r t a i n  a s t r o m e t r i c  e l e m e n t s .  
S p e c t r a  e x p o s e d  down t o  3 2 0 0  1 h a v e  p r e v i o u s l y  b e e n  s e a r c h e d  f o r  
l i g h t  f r o m  a  c o m p a n i o n ,  p r e s u m a b l y  a  h o t t e r  m a i n  s e q u e n c e  s t a r ,  
b u t  n o n e  h a s  b e e n  f o u n d .  I n  t h i s  s t u d y  I U E  l o w  d i s p e r s i o n  
s p e c t r a  h a v e  b e e n  s e a r c h e d  f o r  a n y  l i g h t  f r o m  a c o m p a n i o n  b y  
f o r m i n g  r a t i o s  w i t h  o b s e r v a t i o n s  o f  s t a r s  w i t h  s p e c t r a l  t y p e s  
s i m i l a r  t o  P o l a r i s .  T h e r e  i s  n o  s i g n  o f  a  c o m p a n i o n  a s  e a r l y  a s  
A7V. M a s s  l i m i t s  a r e  d i s c u s s e d .  

I .  I n t r o d u c t i o n .  
I n t e r e s t  i n  P o l a r i s  (=HD 8 8 9 0  = A l p h a  UMi) i s  d u e  t o  a  

n u m b e r  o f  f a c t o r s ,  b o t h  q u e s t i o n s  i t  r a i s e s  a n d  t h e  p o t e n t i a l  f o r  
a n s w e r i n g  some O F  t h e m .  

A s  a c l a s s i c a l  C e p h e i d  i t  h a s  a n  u n u s u a l l y  l o w  a m p l i t u d e .  
I t  i s  e v e n  m o r e  m a r k e d l y  p e c u l i a r  i n  a  u n i q u e  c h a r a c t e r t s t i c  
r e c e n t l y  d i s c o v e r e d  b y  A r e l l a n o  F e r r o  ( 1 9 8 3 ) ,  t h e  f a c t  t h a t  t h e  
l i g h t  a m p l i t u d e  i s  o n l y  h a l f  w h a t  i t  w a s  5 0  y e a r s  a g o .  T h i s  f a c t  
t o g e t h e r  w i t h  t h e  l a r g e  p e r i o d  v a r i a t i o n  f o r  a  s h o r t  p e r i o d  s t a r  
m a k e s  i t  d e s i r a b l e  t o  make a s  f e w  a s s u m p t f o n s  a s  p o s s i b l e  a b o u t  
i t s  p r o p e r t i e s  a n d  e v o l u t i o n a r y  s t a t e .  

The  E a c t  t h a t  i t  h a s  b o t h  a s p e c t r o s c o p i c  o r b i t  ( R o e m e r  
1 9 6 5 )  a a d  a n  a s t r o m e t r i c  o r b i t  ( W y l l e r ,  1 9 5 7 )  m a k e s  i t  p o s s i b l e  
t o  d e t e r m i n e  s o m e  i n f o r m a t i o n  a b o u t  t h e  m a s s  o f  t h e  C e p h e i d ,  
a l t h o u g h  t h e  e r r o r s  i n  t h e  a s t r o m e t r i c  e l e m e n t s  l e a d  t o  l a r g e  
u n c e r t a i n t i e s .  

TI. P r e d i c t i o n s  o f  U l t r a v i o l e t  F l u x  
S p e c t r a  e x p o s e d  down t o  3 2 0 0  h a v e  p r e v i o u s l y  b e e n  s e a r c h e d  

f o r  l i g h t  f r o m  t h e  s p e c t r o s c o p i c  b i n a r y  c o m p a n i o n .  H o w e v e r  s i n c e  
a n u m b e r  o f  s p e c t r a  h a v e  now b e e n  o b t a i n e d  w i t h  t h e  I n t e r n a t i o n a l  
U l t r a v i o l e t  E x p l o r e r  ( I U F )  s a t e l l i t e ,  a  s e a r c h  h a s  b e e n  made i n  
t h e  r e g i o n  1 6 0 0  t o  3 2 0 0  A f o r  l i g h t  F rom t h e  c o m p a n i o n .  

F i g u r e  1 s u m m a r i z e s  t h e  u n r e d d e a e d  m a g n i t u d e s  e x p e c t e d  f r o m  
a n , , F 8 I b  s u p e r g i a n t  a n d  v a r i o u s  m a i n  s e q u e n c e  s t a r s .  M = 
-3 :17  i s  a d o p t e d  f o r  P o l a r i s  f r o m  t h e  p e r i o d  l u m i n o s i t y  r e l a t i o n  
o f  C a l d w e l l  ( 1 9 8 3 ) .  T h e  c o l o r s  f o r  s u p e r g i a n t s  a r e  t a k e n  f r o m  
P a r s o n s  ( 1 9 8 1 ) ,  f o r  m a i n  s e q u e n c e  s t a r s  f r o m  W e s s i l i u s ,  e t  a l .  
( 1 9 8 0 ) .  F o r  m a i n  s e q u e n c e  s t a r s ,  t h e  l u m i n o s i t y  c a l f b r a t i o n  o f  
S c h m i d t - K a l e r  ( 1 9 8 2 )  w a s  a d o p t e d .  V e r y  s m a l l  b o l o m e t r i c  
c o r r e c t i o n s  w e r e  a l s o  a d d e d .  

F i g u r e  1 s h o w s  t h a t  f o r  a n  F 8 I b  s u p e r g i a n t  ( a p p r o p r i a t e  f o r  
P o l a r i s ,  a s  c o n f i r m e d  by  t h e  r e s u l t s  o f  S e c t i o n  1 1 1 . )  a m a i n  



s e q u e n c e  s t a r  A5V o r  e a r l i e r  s h o u l d  d o m i g a t e  t h e  s h o r t  w a v e l e n g t h  
r e g i o n  o f  t h e  IUE s p e c t r a  ( 2 0 0 0  t o  1 2 0 0  A). An A7V o r  A8V s t a r  
w o u l d  d o u b l e  t h e  a m o u n t  o f  l i g h t  s e e n  a t  1 8 0 0  1. Any m a i n  
s e q u e n c e  s t a r  l a t e r  t h a n  t h a t  wou ld  b e  e s s e n t i a l l y  i m p o s s i b l e  t o  
d e t e c t .  

111. U l t r a v i o l e t  S p e c t r a .  
A r c h i v a l  s p e c t r a  o f  P o l a r i s  were r a t i o e d  w i t h  s p e c t r a  o f  

n o n v a r i a b l e  s u p e r g i a n t s  o f  s i m i l a r  t y p e s  a n d  D e l t a  Cep a t  two  
s u i t a b l e  p h a s e s  t o  l o o k  f o r  a  f l u x  i n c r e a s e  a t  t h e  s h o r t  
w a v e l e n g t h .  T a b l e  1 s u m m a r i z e s  t h e  i m a g e  n u m b e r s ,  s p e c t a l  t y p e s ,  
i n t r i s i c  c o l o r s ,  a n d  p h a s e s  w h i c h  were u s e d .  F o r  t h e  v a r i a b l e s  
P o l a r i s  a n d  D e l t a  Cep o n l y  p a i r s  o f  l o n g  a n d  s h o r t  w a v e l e n g t h  
s p e c t r a  w h i c h  w e r e  o b t a i n e d  d u r i n g  t h e  s a m e  s h i f t  were u s e d .  
C o l o r  e x c e s s e s  a n d  c o l o r s  o f  s u p e r g i a n t s  w e r e  t a k e n  f r o m  F e r n i e  
( 1 9 8 2 ) ,  c o l o r  e x c e s s e s  f o r  C e p h e i d s  f r o m  D e a n ,  W a r r e n ,  a n d  
C o u s i n s  ( 1 9 7 8 ) .  C o l o r s  w e r e  r e a d  f r o m  t h e  c u r v e  o f  M o f E e t t  a n d  
B a r n e s  ( 1 9 8 0 )  f o r  D e l t a  Cep ( u s i n g  t h e  s ame  p e r i o d  t h e y  u s e d ) ,  
a n d  f r o m  t h e  c u r v e  o f  A r e l l a n o  F e r r o  ( 1 9 8 3 )  f o r  P o l a r i s .  The  
d i f f i c u l t y  o f  o b t a i n i n g  u n i f o r m l y  w e l l  e x p o s e d  s p e c t r a  f o r  t h e s e  
l a t e  t y p e  s t a r s  i s  v e r y  c l e a r  f r o m  F i g u r e  1 ;  t h e  f i n a l  r a t i o s  
( d e r e d d e n e d )  c o n t a i n  o n l y  s u i t a b l y  e x p o s e d  p o r t i o n s  o f  t h e  
s p e c t r a .  F i g u r e  2  s h o w s  t h e  r e s u l t s  i n  i n c r e a s i n g  o r d e r  o f  
s p e c t r a l  t y p e .  A s  e x p e c t e d ,  t h e  p r o p o r t i o n  o f  f l u x  f r o m  P o l a r i s  
d e c r e a s e s  w i t h  d e c r e a s i n g  w a v e l e n g t h  i n  c o m p a r i s o n  t o  A l p h a  P e r  

(F51bk 
a n d  i n c r e a s e s  i n  c o m p a r i s o n  t o  B e t a  Aqr (GOIb)  down t o  

1 7 0 0  . B o t h  Gamma Cyg ( F 8 I b )  a n d  D e l t a  Cep ( a t  p h a s e  0 . 1 5 )  a r e  
g o o d  m a t c h e s  f o r  P o l a r i s  ( t h o u g h  o f  c o u r s e  a  s i g n i f i c a n t  c h a n g e  
i n  t h e  r e d d e n i n g  w o u l d  a f f e c t  t h e  r e s u l t s ) .  T h e r e  i s  n o  
i n d i c a t i o n  o f  a  d o u b l i n g  o f  t h e  f l u x  o f  P o l a r i s  a s  w o u l d  b e  
e x p e c t e d  f r o m  a n  A7V c o m p a n i o n .  The s i g n a l o t o  n o i s e  d e c r e a s e s  
m a r k e d l y  i n  two r e  i o n s :  f r o m  1 6 0 0  t o  1 7 0 0  A i n  a l l  s p e c t r a  a n d  
f r o m  2 0 0 0  t o  2400  f i n  Gamma Cyg. The b e h a v i o r  o f  t h e  r a t i o s  
f r o m  1 7 0 0  t o  1 6 0 0  2 i s  more d i f f i c u l t  t o  i n t e r p r e t ,  b u t  
p r e s u m a b l y  t h e  v e r y  weak s p e c t r a ,  p o s s i b l e  s c a t t e r e d  l i g h t  a n d  
p o s s i b l e  i n c i p i e n t  e m i s s i o n  ( w h f c h  i s  p r e s e n t  f o r  B e t a  A q r )  
c o m b i n e  t o  d i s t o r t  t h e  s i m p l e  t e m p e r a t u r e  d e p e n d e n c e  e v i d e n t  i n  
t h e  r e s t  o f  t h e  r a t i o s .  I n  summary ,  t h e  I U E  s p e c t r a  show no  s i g n  
o f  a  c o m p a n i o n  a s  e a r l y  a s  A7V. 

I V .  D i s c u s s i o n  
I f  w e  u s e  P o p p e r ' s  c o m p i l a t i o n  o f  m a s s e s  ( 1 9 8 0 )  a  c o m p a n i o n  

l a t e r  t h a n  A7V mus t  be  l e s s  m a s s i v e  t h a n  1 .8  Mo. T h i s  u p p e r l i m i t  
i s  s i g n i f i c a n t l y  l o w e r  t h a n  t h e  l i m i t  w h i c h  c a n  b e  d e d u c e d  f r o m  
g r o u n d - b a s e d  s p e c t r a .  I t  d o e s  n o t  c o n f l i c t  w i t h  o r b i t a l  
i n f o r m a t i o n  a b o u t  t h e  s y s t e m .  An e v o l u t i o n a r y  mass  f o r  P o l a r i s  
( 5 . 5  M , ) ,  f o r  i n s t a n c e ,  i s  c o n s i s t a n t  w i t h  t h i s  l o w e r  l i m i t  a n d  
a n y  i n c l i n a t i o n  l a r g e r  t h a n  40'. 
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T a b l e  1 

S p e c t r a  

S p e c t r a l  (B-V)O E(B-V) S WP LWR P h a s e  
Type  

A l p h a  P e r  F 5 I b  0 . 4 4  0 .04  1 5 3 1 6  7094  
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Figure 1. Mgnitude differences for superglants and maln sequence stars 
all with respect to V-0 .0  f o r  Polarrs. 



F l g v e  2. Flux r a t t o a  o f  Polarlo t o  coaparlson etar8 I n  
order of (RV),.  Rat lo t  haw been s r b l t r a r l l y  set approxlwtely t o  
1.0 ln  the long waw1ength reglon md s h i f t e d  vertically. k g l o n s  &ere 
one opectrun lo  ovcrcxposed u e  represented dotted 1 l n ~ o . f ~ ~ ~ .  :,,.L,.r,,,' 
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Close b inary  systems, which by v i r t u e  o f  t he  i n c l i n a t i o n  o f  t h e i r  o r b i t s  
t o  the c e l e s t i a l  sphere happen t o  be e c l i p s i n g  var iables,  have i n  the  past  
century con t r i bu ted  g r e a t l y  t o  our knowledge o f  the physics o f  t h e i r  
cons t i t uen t  s tars;  and much more can be expected t o  be learned from them 
i n  the fu ture- -not  the  l e a s t  because o f  new observat ions which can be 
c a r r i e d  o u t  f mm spacecraf t  opera t i  ng we1 1 outs ide  the t e r r e s t r i a l  
atmosphere, such as the  present  IUE and i t s  successors o f  subsequent 
generations. The aim o f  the  present  b r i e f  communication should, 
therefore,  be some more s p e c i f i c  con t r i bu t i ons  which can i n  confidence be 
expected from them once the s e n s i t i v i t y  o f  t h e i r  de tec tors  extend beyond 
the  Lyman 1 i m i  t o f  the  hydrogen atom which se ts  i n  a t  x912 A. 

As i s  we1 1 known, an ana lys is  o f  the 1 i g h t  changes o f  e c l i p s i n g  var iab les  
w i t h i  n minima ( a t  1 east, o f  c e r t a i n  types) can d i  scl ose--i n t e r  a1 i a - - the  
d i s t r i b u t i o n  o f  l i g h t  over the  apparent d i scs  o f  the  s ta rs  undergoing 
e c l  ipse, which i n  simp1 i e s t  cases (c f .  e.g., Chandrasekhar and Miinch, 
1949) can be described by the c o e f f i c i e n t  u o f  ( 1  i nea r )  1 imb-darkening, - 
given by 

where K ~ / %  stands f o r  t he  r a t i o  o f  t h e  absorpt ion t o  opac i ty  c o e f f i c i e n t s  
i n  the respect ive atmospheric layers;  and 

represents a 1 ogar i  thmic d e r i v a t i v e  o f  the  i ntens i  t y - d i  s t r i  bu t i on  i n  the  
blackbody continuum o f  e f f e c t i v e  temperature Te; and where h = Pl anck 
constant, c  = v e l o c i t y  o f  l i g h t ,  and k = Boltzmann constant7  I n  
atmospheres cons is t i ng  predominantly C f  hydrogen, the  c o e f f i c i e n t  u o f  1 imb 
darkeni ng can, accordingly,  be expected t o  jump up beyond the  head-of each 
spect ra l  se r ies  (Lyman, Balmer, etc.)  as a consequence o f  t h e  e lec t rons  
being l i b e r a t e d  by i on i za t i on ,  and a d i f f e rence  between the  values o f  - u 



deduced from observations a t  effective wavel engths above and beyond the 
l imi t  of the respective ser ies  can then be ut i l ized t o  indicate the 
electron density of the medium. 

A quest for  an empirical value of t h i s  difference above and below the 
Balmer l imi t  a t  13647 was already attempted from ground-based f a c i l i t i e s  
in  the years past b u t  without much success, because the vagaries of 
atmospheric extinction a t  these wavelengths did not permit attainment of 
suff ic ient  precision of the underlying observations. Resorting t o  
spacecraft operati ng above the atmosphere an3 u t i  1 i zi ng detectors which ' 

remdin sensit ive down to  the Lyman 1 imi t a t  91 2 bl should enable us not 
only to  bypass a l l  deleterious e f fec ts  of atmospheric extinction b u t  also 
to  measure a quantity much more significant from the observational point 
of view (because the difference i n  darkening on e i ther  side of the Lyman 
1 imi t should be considerably 1 arger than i s  the case with the Balmer 
1 imi t) . 
A second--and closely re1 ated--aspect should a1 so be mentioned i n  thi  s 
connection. In recent years, much speculation has been indulged i n  about 
the presence of circumstellar hydrogen (and helium) in  which components of 
close binary systems are imbedded--often, however, without suff ic ient  
consideration of the physical s t a t e  of such a hypothetical gas or of the 
quantitative aspects of the e f fec ts  which such a gas should produce i n  
accessi bl e par ts  of the spectra. 

I f ,  however, the density of such circumstell a r  gas (again predominantly 
hydrogen) were t o  exceed a certain l imit ,  the apparent limb of the s t a r  
undergoing ecl ipse, deduced from observations a t  wavel eny ths be1 ow the 
Lyman limit, need not have anything i n  comnon w i t h  the position of t h i s  
1 imb observable a t  optical frequencies that  are accessible from the 
ground. In other words, the fractional dimensions of the components of 
ecl ipsing systems deduced from an analysis of the 1 ight curves observed a t  
1912 A need not refer to  the optical 1 imb ( i  .e., the photosphere) of the 
respective s t a r ,  b u t  rather t o  the dimensions of the Stromgren spheres (or  
lobes!) separating the HI and HI1 regions i n  the system--just as  the 
ecl ipse of our Sun by the Moon, observed in the microwave domain of the 
radio-spectrum, does not cominence a t  the time of f i r s t  contact of the two 
discs b u t  rather hours before--when the Moon commences t o  encroach on the 
solar  corona! The f i r s t  steps toward the development of a theory of 
Stromgren lobes i n  close binary systems have aready been taken by one of 
us (c f .  Kopal, 1981 ) t o  which the reader may be referred fo r  f u l l e r  
de ta i l s ,  b u t  much work remains s t i l l  t o  be done before this subject can be 
placed on a more solid basis. 

The question can, of course, be asked: how many of the known eclipsing 
systems could be actually observable with our present ( o r  proposed) space 
telescopes through the i nterveni ng i nters tel l  a r  haze a t  wavel engths be1 ow 
the Lyman 1 imi t? I t  i s  true that  the transparency of i n t e r s t e l l a r  space 
fo r  x912 A dilni nishes rather rapidly w i t h  di stance--especial ly i n  the 
plane of the Galaxy. Nevertheless, more than a dozen eclipsing systems of 
adequate apparent magnitude and suitable fo r  the proposed analysis are 



known t o  us a t  in termediate g a l a c t i c  l a t i t u d e s  where i n t e r s t e l  1 a r  
absorpt ion i s  weak, and which should be observable w i t h  the present  op t i cs  
o f  the  I U E  i f  the s e n s i t i v i t y  o f  i t s  detectors a t  t he  Lyman 1 i m i t  were 
comparable w i t h  t h a t  a t t a i n e d  a t  La. 

A 1 i s t  o f  such b i n a r i e s  can e a s i l y  be compiled; i t  i s  hoped t h a t  i t  may be 
kept  i n  mind by f u t u r e  i n v e s t i g a t o r s  i n  t h i s  enchanted f i e l d  o f  
doubl e -s tar  astronomy. Su i tab le  s ta rs  are c e r t a i n l y  n o t  1 acki  ng i n  
numbers; and the technical  problem i s  e s s e n t i a l l y  one o f  detectors. Once, 
however, t h i s  1 a t t e r  problem has been resolved, the  opening up o f  the 
Lyman 1 i m i t  domain t o  photometers i n  space, d i rec ted  t o  observe c lose 
b i  n a r i  es a t  in termediate gal a c t i c  1 a t i  tudes, w i  11 w i thout  doubt inaugurate 
a new and e x c i t i n g  chapter i n  s t e l l a r  astrophysics. 
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THE SOLAR STELLAR CONNECTIClN I N  THE FAR IILTRAVIOLET 

.0. Bennett ,  T.R. Ayres, and G .,I. Rottman, Department o f  As t rophys i ca l  , 
Plane ta ry ,  and Atmospheric Sciences, and Labora to ry  f o r  Atmospheric and Space 
Physics,  l l n i  v e r s i  t y  o f  Colorado 

1.0 I n t  roduc t  i on 
We compare t h e  f a r - u l t r a v i o l e t  " a c t i v i t y "  of s o l a r  t ype  s ta r s ,  as measured 

w i t h  t h e  IIIE, t o  t h a t  o f  t he  Sun, as measured by t h e  So la r  I r r a d l a n c e  Mon i t o r  o f  
t h e  S o l a r  Yesosphere Exp lo re r  (Rottman e t  al., 1982, Geophys. Res. L e t t e r s ,  9, 
587). The goal o f  our study i s  t o  exp lo re  t h e  r e l a t i o n s h i p s  between t r e  
" u l t r a v i o l e t  a c t i v i t y "  a t  d i f f e r e n t  l e v e l s  o f  t h e  atmospheres o f  s o l a r  t y p e  
s ta r s ,  a f t e r  t he  manner o f  Ayres, Yarstad and L insky  (1981, Ap. !I. 247 545). 
I n  p a r t i c u l a r ,  we have produced diagrams t h a t  d e p i c t  c o r r e l a t i o n s  o f  f f u x e s  o f  
u l t r a v i o l e t  emiss ion l i n e s  formed a t  d i f f e r e n t  temperat r~res i n  t h e  s t e l  1ar  o u t e r  
atmosphere. Secondary goals a re  t o  e s t a b l i s h ,  q u a n t i t a t i v e l y ,  t h e  s t r e n g t h  o f  
t h e  s o l a r  u l t r a v i o l e t  a c t i v i t y  w i t h i n  t h e  c l a s s  o f  s o l a r - t y p e  s ta r s ,  and t o  
exami ne t h e  amp1 i tudes o f  r o t a t i o n a l  modul a t i  ons of t h e  s o l a r  emiss ion 1  i nes 
d u r i n g  the  d e c l i n i n g  p o r t i o n  o f  t h e  c u r r e n t  sunspot cyc le .  

A unique aspect o f  our s tudy i s  t h a t  t h e  s p e c t r a l  r e s o l u t i o n  o f  t h e  SME 
ins t rument  (7.5 A) compares very favorab ly  w i t h  t h a t  o f  t he  low d i s p e r s i o n  mode 
o f  t h e  IIJE (5  A). Furthermore, t h e  SME ins t rument  measures t h e  f u l l - d i s k  s o l a r  
i rradiance,  analogous t o  the  s p a t i a l  l y  unresolved spec t ra  o f  s t a r s  ob ta ined  by 
t h e  IIIE. Accord ing ly ,  t h e  s o l a r  and s t e l l a r  da ta  can he reduced i n  a  n e a r l y  
i d e n t i c a l  fash ion,  thereby  m in im iz i ng  systemat ic  e r r o r s  t h a t  o therwise migh t  be a  
concern. 

2.0 Observat ions 
The l i n e s  chosen f o r  t h e  p resen t  s tudy were C I V  (X1550), C I 1  (X1335), C I 

( ~ 1 6 5 7 )  and 0 I (h1305). C I V  i s  formed i n  t h e  t r a n s i t i o n  zone a t  l o 5  K; C I 1  i s  
formed i n  t h e  h i g h  chromosphere a t  about 3 x 1 0 ~  K; and t h e  m u l t i p l e t s  o f  n e u t r a l  
oxygen and carbon a re  formed deep i n  t he  chromosphere a t  6,000 K. 

Data f o r  main sequence s o l a r  t ype  s ta r s ,  rang ing  i n  s p e c t r a l  t ype  f rom F8 
through G5, were ob ta ined  from t h e  Ill€ arch ives  a t  t h e  Colorado RnAF. I n  some 
cases, severa l  spec t ra  of a  g iven  s t a r  were a v a i l a b l e ,  and were t r e a t e d  
i nd i  v i  dual  l y  i n  t he  subsequent ana lys is .  

The s o l a r  da ta  s e t  cons i s ted  o f  weekly averages o f  SME i r r a d i a n c e  spec t ra  
taken over an 11 month pe r i od  i n  1982. The a b s o l ~ l t e  f l u x  sca le  o f  t h e  SME 
spec t ra  i s  ma in ta ined  by p e r i o d i c  f l i g h t s  o f  c a l i b r a t i o n  rockets .  

3.0 Data Reduct ion 
Owing t o  t h e  l a r g e  amounts o f  s t e l l a r  (and s o l a r )  da ta  t o  be analyzed, and 

our concerns o f  opera to r  b iases i n  i n t e r a c t i v e  f i t t i n g  procedures, we devel  oped 
an automat ic  numerical  a1 g o r i  thm t o  f i n d ,  and measure, t h e  re fe rence  emiss ion 
1  ines  i n  each spectrum. 

S ince t h e  impor tan t  C I V  and C I fea tu res  a re  l o c a t e d  on t o p  of a  
s i g n i f i c a n t  photospher ic  continuum i n  so la r - t ype  s ta rs ,  we requ i red  a  sys temat ic  
t echn i  que t o  determine t h e  app rop r i a te  c o n t i  nuum shape f o r  each spectrum. F i  r s t ,  
t h e  spectrum i s  smoothed by a  median f i l t e r ,  and one pass o f  a  runn ing  mean. 
Next, a " c l i pped "  spectrum i s  c rea ted  by t a k i n g  t h e  minimum o f  t h e  smoothed 
spectrum o r  t he  o r i  g i n a l  spectrum po i  n t -by -po in t ,  thereby e f f e c t i v e l y  e l i m i n a t i n g  
sharp emiss ion s t r u c t u r e .  Las t ,  t h e  c l i p p e d  spectrum i s  smoothed f u r t h e r  by an 
a d d i t i o n a l  pass o f  a  runn ing  mean t o  p rov ide  an approximate continuum 



background. Th i s  approach i s  s t r a i g h t f o r w a r d  t o  implement i n  an automat ic  
a l go r i t hm,  and has t h e  impo r tan t  advantage t h a t  t h e  continuum f i t  i s  
s y s t e m a t i c a l l y  a p p l i e d  t o  a l l  spec t ra  w i t h o u t  an opera to r  b ias .  

Once t h e  continuum 1  eve1 was determined, and sub t rac ted  f rom t h e  spectrum, 
t h e  automat ic  procedure i d e n t i f i e d  t h e  re fe rence  l i n e s  and measured t h e i r  f l u x e s  
by means o f  a  least -squares Gaussian f i t t i n g  procedure. The r e s u l t s  o f  t h e  
measurement procedure were s t o r e d  i n  a  d i s k  f i l e  f o r  l a t e r  processing. 
Measurement e r r o r s  were determined f o r  t h e  l i n e  f luxes  accord ing  t o  t h e  RMS 
d e v i a t i o n  of t h e  observed p r o f i l e  f rom t h e  f i t t e d  Gaussian and t h e  semi-empi r i c a l  
r e l a t i o n s  g iven by Landman, Roussel-Dupre and Tanigawa (1982, Ap. I . ,  261, 
732). I n  t h i s  regard, t h e  s o l a r  and s t e l l a r  da ta  were t r e a t e d  somewhat 
d i f f e r e n t l y ,  s i nce  t h e  former i s  governed by photon s t a t i s t i c s ,  w h i l e  t h e  l a t t e r  
i s  dominated by readout no ise  and p a r t i c l e  r a d i a t i o n  fogging. 

4.0 Resu l t s  
F i g u r e  1 i l l u s t r a t e s  sample spec t ra  o f  t h e  Sun and two nearby s o l a r  t y p e  

s t a r s :  x1 O r i o n i s  and a Centaur i  A. The s t e l l a r  spec t ra  shown are  composites o f  
up t o  t e n  i n d i v i d u a l  I I JE  spect ra .  The s o l a r  spectrum i s  an average o f  t h e  e n t i  r e  
s e t  o f  SME da ta  f o r  t h e  11 months o f  1982. The t h r e e  spec t ra  a re  q u a l i t a t i v e l y  
s i m i l a r ,  a l though i t  i s  c l e a r  t h a t  X1 O r i  i s  an o rde r  o f  magnitude more " a c t i v e "  
than  t h e  Sun o r  a Cen A. 

F i g u r e  2  dep i c t s  t h e  weekly averaged f l u x e s  o f  severa l  impor tan t  s o l a r  1  i nes  
over  t h e  course o f  1982. Note t h a t  a  pronounced r o t a t i o n a l  modulat ion i s  seen i n  
a l l  o f  t h e  g'i'nes d u r i n g  t h e  l a t t e r  h a l f  o f  t h e  year,  b u t  almost no modulat ion i s  
apparent d u r i n g  t he  f i r s t  h a l f .  The onset o f  t h e  prominent modulat ion co inc ided  
w i t h  t h e  development o f  a  major a c t i v e  reg ion  on one hemisphere o f  t h e  Sun near 
t h e  midd le  o f  1982 which p e r s i s t e d  f o r  many r o t a t i o n s .  The modulat ion o f  over  
25% seen i n  t h e  second h a l f  o f  t h e  yea r  i n  H  I L y a  i s  c o n s i s t e n t  w i t h  t h a t  
observed i n  o the r  so la r - t ype  dwarfs by Hal lam and Wo l f f  (1981, Ap. J. [ Le t t e r s ] ,  - .  

248, L73.) - 
F i n a l l y ,  we present  diagrams comparing t h e  normal ized f l u x e s  ( i  .e. f\/fbol, 

where f~,, i s  t h e  bo lome t r i c  f l u x  o f  t h e  s t a r )  o f  d i f f e r e n t  l i n e  b airs o r  t h e  
Sun andl'vdur sample o f  so la r - t ype  s ta r s .  ~ i ~ t 1 1 - e  3 i l l u s t r a t e s  I V  versus l: 
11; F i g u r e  4, C I V  versus C I; and F i g u r e  5, C I versus 0  I. For  bo th  t h e  
s t e l l a r  da ta  and t h e  s o l a r  data,  power laws were f i t t e d  t o  t h e  observed 
normal ized f l u x e s  and p l o t t e d .  The s o l a r  data covers a  sma l l e r  range than t h e  
s t e l l a r  data, b u t  t h e  s lopes o f  t h e  power laws appear t o  agree reasonably w e l l  
w i t h i n  t h e  u n c e r t a i n t i e s  o f  t h e  f i t s .  

5.0 D iscuss ion  
The s teepes t  power law s lopes a r e  f o r  t h e  c o r r e l a t i o n  o f  t h e  h i ghes t  

e x c i t a t i o n  l i n e  (C I V )  aga ins t  t he  lowes t  e x c i t a t i o n  l i n e  (C I ) .  An analogous 
behav io r  was seen i n  t h e  study by Ayres, Marstad and L insky  between t h e  combined 
f l u x  o f  N V + C I V  + S i  I V  and t h e  chromospheric species Mg 11. Th is  behav io r  
was i n t e r p r e t e d  t o  i n d i c a t e  t h a t  t h e  h e a t i n g  r a t e s  o f  t h e  chromosphere and 
t r a n s i t i o n  zone a re  s t r o n g l y  r e l a t e d ,  bu t  a r e  n o t  i d e n t i c a l  f u n c t i o n s  o f  
i n c r e a s i n g  a c t i v i t y .  Furthermore, t h e  C I V - C  I 1  f l u x  c o r r e l a t i o n  e x h i b i t s  a  u n i t  
power law s lope  i n  bo th  t h e  s o l a r  and s t e l l a r  data, i n d i c a t i n g  a  one-to-one 
correspondance between t h e  f l u x e s  formed a t  somewhat d i f f e r e n t  temperatures i n  
t h e  t r a n s i t i o n  zone, and suggest ing a  u n i t y  o f  t h e  h e a t i n g  r a t e s  above about 
3 x 1 0 ~  K. However, t h e  f a c t  t h a t  t h e  C 1-0 I c o r r e l a t i o n s  do n o t  e x h i b i t  a  one- 
to-one correspondance i n  e i t h e r  t h e  s t a r s  o r  the  Sun i s  somewhat o f  a  mystery, 
b u t  perhaps i s  r e l a t e d  t o  t h e  p a r t i a l  p roduc t i on  o f  oxygen t r i p l e t  emiss ion by 
LyB pumping. 



For  t h e  f u t u r e ,  we hope t o  use these  c o r r e l a t i o n s  and measurements of 
apparent L y a  emiss ion f rom G-type dwarfs i n  t h e  s o l a r  neighborhood t o  probe t h e  
abundance o f  n e u t r a l  hydrogen i n  t h e  l o c a l  i n t e r s t e l  1  a r  medi urn. 

'This s tudy was supported by NASA through g ran t  NAG5-199 t o  t h e  U n i v e r s i t y  of 
Colorado. We thank t h e  s t a f f  o f  the  Colorado RnAF f o r  t h e i r  h e l p  i n  t h e  a n a l y s i s  
o f  t h e  s t e l l a r  spect ra .  
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CHROMOSPHERIC ACTIVITY I N  M GIANTS 

Thomas Y. Steiman-Cameron 
M t .  Wilson and Las Campanas Observa tor ies  

of  t h e  
Carnegie I n s t i t u t i o n  of  Washington 

H o l l i s  R. Johnson, R .  Kent Honeycutt 
Astronomy Department, Ind iana  Un ive r s i t y  

Low-resolution IUE s p e c t r a  have been obta ined  wi th  t h e  LWR camera f o r  
f i f t e e n  coo l  g i a n t  stars ranging  i n  s p e c t r a l  t ype  from K4.8 t h r u  M5.9. These 
s p e c t r a  have b e e n ' u s e d  t o  examine chromospheric a c t i v i t y  i n  l a t e  t ype  g i a n t s  
and t o  e v a l u a t e  t h e  e x t e n t  t o  which nonrad i a t i ve  hea t ing  a f f e c t s  t h e  upper 
l e v e l s  o f  c o o l  g i a n t  photospheres.  The program stars a r e  from t h e  Ridgway e t  
al.  (1980) sample used i n  t h e  s tudy  of e f f e c t i v e  tempera tures  o f  l a t e - t y p e  
f i e l d  g i a n t s .  These s t a r s  were chosen because they  a l l  have well determined 
wide band c o l o r s ,  T i 0  band s t r e n g t h s  (from Wing photometry),  angu la r  
d i ame te r s  (determined from l u n a r  o c c u l t a t i o n s ) ,  apparen t  bo lomet r ic  f l u x e s  a s  
s e e n  from Ea r th ,  and e f f e c t i v e  temperatures .  I n  t h i s  paper  we p r e s e n t  t h e  
p re l imina ry  a n a l y s i s  o f  t h e s e  observa t ions .  

F luxes  i n  t h e  resonance l i n e s  ( h  and k)  of Mg I1 (AX2796,2803) and 
i n t e g r a t e d  f l u x e s  i n  t h e  wavelength r eg ion  2830 t o  2950 A ( h e r e a f t e r  r e f e r r e d  
t o  as F289) were measured us ing  t h e  f a c i l i t i e s  of  t h e  Regional Data Analys i s  
F a c i l i t y  (RDAF) a t  Goddard Space F l i g h t  Center.  Mg I1 emission is a major 
s o u r c e  of  chromospheric coo l ing  and Linsky and Ayres (1978) have argued t h a t  
t h e  t o t a l  chromospheric r a d i a t i v e  l o s s  r a t e  i n  s p e c t r a l  l i n e s  should be  
roughly p r o p o r t i o n a l  t o  t h e  r a d i a t i v e  l o s s  r a t e  i n  t h e  Mg I1 l i n e s .  
Therefore  t h e  f l u x  i n  t h e  resonance l i n e s  provides  a d i r e c t  measure of the 
l e v e l  o f  chromospheric a c t i v i t y .  Because t h e  h and k l i n e s  are n o t  
s e p a r a t e l y  r e so lved  i n  t h e  LWR s p e c t r a ,  our  measured f l u x e s  a r e  t h e  combined 
f l u x e s  i n  bo th  l i n e s .  Measured Mg I1 and F289 f l u x e s  a r e  t a b u l a t e d  i n  Table  

The a c c u r a t e  de t e rmina t ion  of  Mg I1 f l u x e s  r e q u i r e s  t h a t  t h e  I U E  s p e c t r a  
have well exposed, b u t  n o t  overexposed, h  and k l i n e s .  I n  two s p e c t r a  
(HD75156 and BS 7900) ob ta ined  on October 10 ,  1983 t h e s e  l i n e s  were s a t u r a t e d  
provid ing  only  lower limits f o r  t h e  resonance l i n e  f l ux .  However, only one 
p i x e l  was s a t u r a t e d  i n  each ca se ,  t h e r e f o r e  t h e  limits ob ta ined  a r e  probably 
q u i t e  c l o s e  t o  t h e  c o r r e c t  value.  One of  t h e s e  s t a r s  (HD75156) was 
subsequent ly  observed a second time on January 1 ,  1984. T h i s  presen ted  an  
oppor tun i ty  t o  look f o r  s h o r t  term ( 3  month) v a r i a b i l i t y  i n  t h e  spectrum. 
The Mg I1 f l u x  found i n  January was - 20% lower than  t h a t  found i n  October 
wh i l e  t h e  i n t e g r a t e d  continuum f l u x  f289 remained c o n s t a n t  t o  w i th in  t h e  
accuracy  o f  t h e  obse rva t ions .  The amount of  v a r i a b i l i t y  found i n  t h e  Mg I1 
l i n e s  is c o n s i s t e n t  wi th  r o t a t i o n  ca r ry ing  an  a c t i v e  r eg ion  o u t  of t h e  
v i s i b l e  d i sk .  Ca I1 emission,  a l s o  an  i n d i c a t o r  of  chromospheric a c t i v i t y ,  
ha s  p rev ious ly  been found t o  vary a t  t h i s  l e v e l  and t h i s  v a r i a t i o n  has  been 
a s c r i b e d  t o  r o t a t i o n a l  modulation. 



TABLE 1 .  

B S I H D  ~ p . ~  V-K ~ ( e f f ) ~  ~ ( b o l ) ~  ang. d i a . t  F(MgI1 hhk) F289 
K E-8 cgs  E-3 a r c s e c  E-12 cgs  E-12 cgs 

224 K4.8 3.57 3560 +/-400 121. 4.75 +/-I  . I 3  1.42 2.52 
601 M3.3 4.57 4070 +/-380 64.3 2.65 +/-0.51 1.68 3.72 
867 M5.9 6.65 3350 +/- 30 433. 10.2 +/-0.2 4.84 3.07 

29051 M I .  1 5.12 3680 +/-  90 55.1 3.01 +/-0.15 0.34 0.68 
2938 MO.0 3.87 4090 +/-200 82.3 2.97 +/-0.29 4.20 10.0 

75156 M3.3 4.60 2810 +/-I  10 35.6 4.13 +/-0.32 >1.30(a) 1 .42(a)  
1.08(b) 1.40(b) 

3950 M1.7 4.11 3710+/-110 150. 4.88 +/-0.28 5.70 11.7 
6861 M4.1 6.24 4950 +/-590 253. 3.55 +/-0.89 1.20 1.86 
7023 M5.2 6.57 3 1 7 0 + / - 3 0  274. 9 .03+/ -0 .17  1.18 1.68 

176124 M4.3 5.39 4030 +/-610 71.5 2.85 +/-0.92 1.02 2.86 
7900 M2.1 4.30 3540 +/-I90 116. , 4.72 +/-0.52 >5.00 6.92 
8318 M3.4 4.74 3840+/ -390  72.4 3.16+/-0.68 2.20 3.04 
8698 M2.0 4.42 3750+/ -100  442. 8.21 +/-0.44 10.0 120. 
8834 MI .5 4.00 3770 +/-300 199. 5.44 +/-0.89 7.20 16.9 
9047 M4.6 5.49 3390+/-110 174. 6 .30+/ -0 .40  3.12 3.73 

t From Ridgway e t  a l .  (1980) -- 
( a )  October 10, 1983 
( b )  January  1 , 1984 

F igu re  1 shows t h e  l o g  of  t h e  Mg I1 h and k f l u x e s ,  normalized t o  t h e  
appa ren t  bo lomet r ic  f l u x e s ,  p l o t t e d  a g a i n s t  t h e  e f f e c t i v e  tempera tures  found 
by Ridgway e t  a l .  (1980). Though a c e r t a i n  amount of s c a t t e r  e x i s t s ,  it is 
appa ren t  t h a t  chromospheric a c t i v i t y ,  a s  measured by Mg 11, diminishes  
r a p i d l y  a t  lower e f f e c t i v e  temperatures .  T h i s  t ype  of behavior  has  been 
p rev ious ly  noted ( c . f .  Basri and Linsky 1979; Linsky 1980; Cata lano  19831, 
though t h e  r a t e  of dec rease  with e f f e c t i v e  tempera ture  found h e r e  is more 
r a p i d  than  p rev ious ly  thought.  Th i s  d i sc repancy  stems from t h e  more a c c u r a t e  
de t e rmina t ion  of e f f e c t i v e  tempera ture  f o r  t h e  s t a r s  observed i n  t h i s  s tudy.  
Because t h e  program s t a r s  have reasonably  well determined angu la r  d iameters ,  
t h e  Mg I1 f l u x e s  can be  used t o  determine t h e  i n t e n s i t y  of Mg I1 r a d i a t i o n  
averaged  over  t h e  d i s k  of t h e  s t a r .  With t h e  d e f i n i t i o n  I ( M ~ )  = F(Mg)/r2,  
where r is t h e  angu la r  diameter ,  F igu re  2 shows t h e  l o g  o f  I(Mg) p l o t t e d  
a g a i n s t  e f f e c t i v e  temperature .  Again, t h e  i n t e n s i t y  d rops  r a p i d l y  a t  lower 
tempera tures  b u t  t h e  s c a t t e r  is somewhat s m a l l e r  t han  t h a t  found i n  F igure  1 .  

Two stars (HD75156 and BS 6861) show s u b s t a n t i a l  d e v i a t i o n s  From t h e  
g e n e r a l  t r e n d s  found i n  F igu re s  1 and 2 ,  and t h i s  w i l l  b e  d i s cus sed  below. 
Although a smooth l i n e  can be  drawn i n  F igu re  2 which i n c l u d e s  t h e  e r r o r  
boxes of a l l  bu t  one of t h e  remaining s t a r s  (HD29051) it is probable  t h a t  
much of the  s c a t t e r  is r e a l .  P h y s i c a l  v a r i a b l e s  which might b e  expected t o  
p l a y  a r o l e  i n  chromospheric a c t i v i t y  i n  coo l  g i a n t s  i nc lude  mass, age, 
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F igure  1. Log of t h e  normalized MgII 
h and k f l u x  as a func t ion  of stellar 
e f f e c t i v e  temperature. 
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Figure 2. Log of t h e  i n t e n s i t y  
(averaged over s tel lar  d i sk )  of 
Mg I1 h and k r a d i a t i o n  as a 
funct ion  of e f f e c t i v e  temperature. 

m e t a l l i c i t y ,  ro ta t ion .  r a t e ,  magnetic f i e l d  s t r e n g t h  (probably no t  s t r i c t l y  
independent o f  r o t a t i o n  r a t e ) ,  and the  presence of companions ( s e e  Linsky 
1980). Discussions o f  t h e  dependence of  chromospheric a c t i v i t y  on r o t a t i o n  
(among main sequence s t a r s )  and age can be found i n  Wilson (1963). Skumanich 
(1972). Vaughn and Pres ton (1980), Hartmann e t  a l .  (1984). and r e f e r e n c e s  
the re in .  While it is impossible a t  p resen t  go determine t h e  o r i g i n s  of 
s c a t t e r  found i n  Figures  1  and 2 ,  it is i n t e r e s t i n g  t o  no te  t h a t  on a pure ly  
s t a t i s t i c a l  b a s i s  we would expect t h e  main sequence p recurso r s  o f  t h e s e  s t a r s  
t o  have been i n  t h e  range of l a t e  A t h r u  e a r l y  G. Th i s  spans  t h e  t r a n s i t i o n  
o f  main sequence s t a r s  from rap id  r o t a t o r s  ( e a r l i e r  than  mid F) t o  slow 
r o t a t o r s  ( l a t e r  than mid F ) .  It would not  be unreasonable t o  expect  t h a t  
some of t h i s  r o t a t i o n a l  v a r i a t i o n  would be c a r r i e d  over i n t o  t h e  r ed  g i a n t  
phase, though with considerably slower r o t a t i o n  r a t e s .  Chromospheric 
a c t i v i t y  among main sequence s t a r s  is known t o  have a c o r r e l a t i o n  with 
r o t a t i o n  rate ( s e e  r e fe rences  c i t e d  above) and order  o f  magnitude v a r i a t i o n s  
i n  F(Mg)/F(bol) among main sequence s t a r s  of a  given e f f e c t i v e  temperature 
have been a t t r i b u t e d  t o  t h i s  e f f e c t  (Catalano 1983). It is poss ib le ,  
t h e r e f o r e ,  t h a t  r o t a t i o n a l l y  induced s c a t t e r  may e x i s t  i n  t h e  chromospheric 
a c t i v i t y  of r e d  g i a n t s  of a  given e f f e c t i v e  temperature which a r i s e s  from 
d i f f e r e n c e s  i n  t h e i r  main sequence precursors .  

E r r o r s  i n  t h e  measured angular  diameters ,  and hence e f f e c t i v e  
temperatures,  would in t roduce  noise  i n t o  the  r e l a t i o n s  of F igures  1 and 2. 
S i n c e  t h e s e  q u a n t i t i e s  a r e  o f t e n  not  as accura te  as one would like (as 
evidenced by t h e  l a r g e  quoted u n c e r t a i n t i e s  f o r  some s t a r s  i n  Table 1 )  we 
have r e p l o t t e d  t h e  normalized Mg I1 f l u x e s  aga ins t  a  we l l  observed quan t i ty ,  
t h e  wide band c o l o r  V-K. T h i s  is shown i n  Figure 3 .  While some s c a t t e r  



p e r s i s t s ,  t h e  r e l a t i o n  is much 
t i g h t e r  than i n  t h e  e a r l i e r  f igures .  
The s t a r s  HD75156 and BS 6861, which 
dev ia ted  g r e a t l y  from the  r e s t  of 
t h e  s t a r s  i n  Figures  1 and 2, do not  
d e v i a t e  from t h e  t r e n d  i n  Figure 3. 
T h i s  agreement p l u s  t h e  f a c t  t h a t  
both  s t a r s  l i e  f a r  of f  t h e  co lo r  
temperature (from Wing photometry) - 
e f r e c t i v e  temperature r e l a t i o n  found 
us ing  t h e  t o t a l  sample o i  Table 1 
sugges t s  t h a t  t h e  e f f e c t i v e  
temperatures determined f o r  t h e s e  
stars may be i n  e r r o r .  

3.'0 4.2 5.4 . 
The t h i r d  s t a r  which deviated 

6.6 
V - K 

from t h e  t r e n d s  of Figures  1 and 2 ,  
HD 29051, a l s o  is discordant  i n  F igure  3. Normalized Mg I1 h and k 
Figure  3-  A l l  t h r e e  f i g u r e s  suggest  fluxes as a func t ion  of the Jolinson:. 
t h a t  t h i s  s t a r  has  a chromosphere V-K color index. 
which is underac t ive  f o r  s t a r s  of  
s i m i l a r  c h a r a c t e r i s t i c s .  I t  is 
i n t e r e s t i n g  t o  note  t h a t  t h i s  s t a r  is noted f o r  having a s p e c t r a l  type  (as 
determined by T i 0  bandstrengths)  which is abnormally e a r l y  f o r  its observed 
c o l o r  (Ridgway e t  a l .  1980). I n  t h e  coming yea r  we expect t o  acqu i re  
a d d i t i o n a l  obse rva t ions  of both wnormalm s t a r s  ( s t a r s  whose s p e c t r a l  t y p e s  
are c o n s i s t e n t  with their wide band c o l o r s )  and s t a r s  with abnormal s p e c t r a l  
t y p e s  f o r  t h e i r  co lo r s .  We hope t o  u s e  t h i s  d a t a  t o  f u r t h e r  o u r  
understanding of  t h e  i n t e r p l a y  between t h e  chromosphere and t h e  o u t e r  l a y e r s  
of t h e  photosphere where t h e  s p e c t r a l  type  determinant  f o r  M g i a n t s  ( T i O )  is 
formed. 
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I. INTRODUCTION 

I U E  i s  t h e  f i r s t  exper iment  w i t h  s u f f i c i e n t  s e n s i t i v i t y  t o  o b t a i n  h i g h  
r e s o l u t i o n  s p e c t r a  (XIAX = 10,000) of  many coo l  s t a r s  i n  t h e  v i t a l l y  impor tan t  
1200-2000 A s p e c t r a l  r eg ion .  These d a t a  p r o v i d e  q u a l i t a t i v e l y  new i n f o r m a t i o n  
w i t h  which t o  u n d e r s t a n d  t h e  p r o p e r t i e s  of and s t r u c t u r e s  i n  t h e  o u t e r  atmo- 
s p h e r e s  of  t h e s e  s t a r s .  Also,  t h e s e  c o o l  s t a r  s p e c t r a  w i l l  be e x t r e m e l y  use- 
f u l  i n  p l a n n i n g  f o r  t h e  Space Te lescope  High R e s o l u t i o n  S p e c t r o g r a p h ,  which 
w i l l  be l o 4  t i m e s  more s e n s i t i v e  t h a n  IUE b u t  w i l l  be hampered by l i m i t e d  
o b s e r v i n g  t ime  and l i m i t e d  s p e c t r a l  bandwidth i n  each  exposure .  

Dur ing t h e  l a s t  few y e a r s  we have o b t a i n e d  v e r y  l o n g  exposure ,  high- 
d i s p e r s i o n  SWP s p e c t r a  of many s t a r s  l o c a t e d  throughout  t h e  c o o l  h a l f  of t h e  
HR diagram. These 12-21 hour  exposures  were o b t a i n e d  by combining NASA and 
V i l s p a  s h i f t s  s o  a s  t o  o b t a i n  t h e  l o n g e s t  p o s s i b l e  exposures  a t  t i m e s  of low 
background. Inc luded  a r e  dwarf s t a r s  of  s p e c t r a l  t y p e  GO V-M2 V ,  G9.5 III- 
M5 I1 g i a n t s ,  G2 Ib-M2 I a b  s u p e r g i a n t s ,  a  number of RS CVn-type sys tems ,  and 
Barium s t a r s .  Tab le  1  i s  a  n e a r l y  complete  summary of o u r  d a t a  s e t ,  d e l e t i n g  
o n l y  t h e  v e r y  s h o r t  exposures  and o b s e r v a t i o n s  of  premain sequence  s t a r s .  
Given t h e  importance  of  t h i s  d a t a  s e t  and t h e  many q u e s t i o n s  t h a t  i t  can  
answer w i t h  a p p r o p r i a t e  d a t a  r e d u c t i o n  and e x t e n s i v e  modeling e f f o r t s ,  w e .  
summarize b r i e f l y  what h a s  and i s  b e i n g  done w i t h  t h e s e  d a t a .  

11. SEPARATION OF CLOSE LINE BLENDS 

High r e s o l u t i o n  s p e c t r a  a r e  e s s e n t i a l  i n  i d e n t i E y i n g  which e m i s s i o n  l i n e s  
a r e  t h e  dominant c o n t r i b u t o r s  t o  t h e  b lends  g e n e r a l l y  observed i n  t h e  LUE low 
r e s o l u t i o n  s p e c t r a .  Tab le  2  summarizes which l i n e s  c o n t r i b u t e  t o  t h e  impor- 
t a n t  g roup ing  of  emi,ssion l i n e s  a t  1294-1306 A ,  1393-1407 A ,  1640-1641 A, 
1807-1826 A ,  1892-1914 A. For  a d d i t i o n a l  i n f o r m a t i o n  t h e  r e a d e r  is r e f e r r e d  
t o  Refs.  ( 2 )  and ( 1 5 )  and t o  t h e  r e f e r e n c e s  f o r  each s t a r  l i s t e d  i n  Tab le  I. 
We n o t e  t h e  importance  o f  S  I f e a t u r e s  i n  t h e  1295-1306 A ,  1807-1826 A ,  and 
1892-1915 A r e g i o n s  i n  t h e  c o o l  g i a n t s  and e s p e c i a l l y  t h e  coo l  s u p e r g i a n t s  
( 2 , , 1 , 1 4 , 5 .  Deep exposures  of t h e  1393-1407 A r e g i o n  i n  a c t i v e  s t a r s ,  



Table 1 

Summary of Well-Exposed, High-Dispersion SUP Spectra  Obtained by the  Authors 

HD S t a r  S p e c t r a l  Program 
Type Time (min) 

Remarks and References 

Ori  

a Cen A 

5 Boo A 
a Cen B 
E Er i  

AU Mic 
a CMI 

0 Hyi 
0 Cet 
0 Gem 

a Boo 

a Tau 
0 And 
0 Dra 

6 Gru 
a Her 
E Gem 
X Vel 
a O r i  
HR 5110 
a Aur 

I T r i  
A And 

HR 1099 

UX A r i  
a Gem 
5 Cap 
56 Peg 

GOV 

G2V 

G8V 
K1V 
K2V 

G2 I V  
G9.5111 

K O I I I  

K5III 
M O I I I  

G2Ib-I1 

CCDTA 
CSFTA 
CSCJL 

CCDTA 
CSCJL 
CCDTA 
CSFTA 
DMEJL 
UK252 
CSFTA 
CSDJL 
LGDRS 
UK482 
CCFJL 
CSCJL 
LGFTA 
UK252 
LGFJL 
CSDRS 

CSEJL 
LGFJL 
CCFJL 
CSEJL 
LGDRS 
OD49B 
CEJLL 
RSETA 

RSETA 
CSCJL 
CSFTA 
CSCJL 
RSDJL 
FSETA 
FSDJL 
RSETA 
CBEJL 
CSDRS 

(7)  
(2)  
+ s h o r t e r  exposures (2 ) , (6 ) , (7 ) ,  

(9) , (11)  
(2 ) , (7 )  
+ s h o r t e r  exposures (2)  , (6)  ,(7) 
(7) , (11)  
(2) 
F l a r e  s t a r  ( 3 )  
(12) 
(2) 

(9 )  
Longest SWP-HI exp. (2)  

Longest continuous SWP-HI exp. 
(6) , (11) , (13) , (14)  

New exposure 5 Apr 1984 

A f t e r  f l a r e  of 6 Apr 1981 
+ many s h o r t e r  exposures (4 ) , (6 )  
+ 5 s h o r t e r  exposures (conjunction) 

(1 ) , (2 ) , (8 ) , (11)  

(6),(11) 
(2)  
Opposite quadratures  (5) 
During f l a r e  of 3 October 1981 
6 phases 
Opposite quadratures  
Near conjunct ion (10) 
Barium s t a r  
Barium s t a r  (2) , (16)  

t ~ b s e r v a t i o n s  obtained,  o r  t o  be obtained, wi th  a procedure t o  ensure a p r e c i s e  r a d i a l  v e l o c i t y  sca le .  



Table  2  

Close  Blends Resolved i n  IUE High-Dispersion Spec t r a  

- - - - - - - 

G G K E a r l y  L a t e r  K M M M RS CVn 
Dwarf Supe rg i an t  Dwarf K Gian t  K Giant  Supergiant  Dwarf G ian t  Supe rg i an t  System 

Wavelength - -- 
( A )  Ion Ori  B Dra E E r i  8 Cet a Boo AVel  AUMic B G r u  a Or i  a Aur 

(GOV) (G2Ib-11) (K2V) (G9.5111) (KZIII )  (K5Ib) (M2Ve) ( M I I )  (M2Iab) (F9 I I I+ )  

S i I I I  
S I  
S I  

S i I I I  
0 1  
S I  
S  I 
S  I 
0 1  
S I  
0 1  

S i  I V  
OIV 
S i  I V  
0  I V  
OIV 

S I 
S i I I  
S i I I  
S i I I  

S  I 
S I  

S i I I I  
S I  

C I I I  
S I  

VS = Very s t r o n g  compared t o  o t h e r  l i n e s  i n  t h e  group. 
S  = Strong compared t o  o t h e r  l i n e s  i n  t h e  group. 
W = Weak compared t o  o t h e r  l i n e s  i n  t h e  group. 

VW = Very weak.compared t o  o t h e r  l i n e s  i n  t h e  group. - = Not p re sen t  i n  t h e  deepes t  s p e c t r a  s o  f a r  obta ined.  



e.g. B Dra and a Aur, r e v e a l  t h e  0 I V  l i n e s ,  which  are u s e f u l  i n  d e n s i t y  sen-  
s i t i v e  l i n e  r a t i o s  (1 ,14 ) .  The 1640 A r e g i o n  is i n t e r e s t i n g  a s  t h e  H e  I1 f e a -  
t u r e  domina te s  i n  a c t i v e  d w a r f s ,  g i a n t s ,  and  RS CVn s y s t e m s ,  whereas  t h e  Fe I1 
l i n e  is  i m p o r t a n t  i n  q u i e t  d w a r f s  l i k e  a Cen A and B ,  and  t h e  i n t e r s y s t e m  0 I 
l i n e  domina te s  i n  t h e  c o o l e r  g i a n t s  and  s u p e r g i a n t s  ( 2 , 7 , 9 , 1 5 ) .  C o a d d i t i o n  o f  
many deep  e x p o s u r e s  of  C a p e l l a  now r e v e a l  t h e  0 V 1218 A i n t e r s y s t e m  l i n e  i n  
t h e  wing o f  La ( 1 ) .  The a b s e n c e  o f  b r i g h t  e m i s s i o n  l i n e s  a t  1340,  1380, and  
1545 A i n  h i g h  d i s p e r s i o n  s p e c t r a  o f  a Boo i m p l i e s  t h a t  t h e  s t r o n g  f e a t u r e s  
o b s e r v e d  a t  low d i s p e r s i o n  a r e  f l u o r e s c e n t  CO bands (9 ) .  

111. SEPARATION OF INDIVIDUAL STARS I N  CLOSE BINARY SYSTEMS 
AND EVIDENCE FOR ACTIVE REGIONS 

The 30 km s-l r e s o l u t i o n  o f  IUE i s  s u f f i c i e n t  t o  i d e n t i f y  which s t a r  i s  
t h e  dominant  emitter i n  RS CVn-type s y s t e m s ,  where t h e  r a d i a l  v e l o c i t y  s e p a r a -  
t i o n  is t y p i c a l l y  100 km s'l, E x t e n s i v e  s t u d i e s  o f  C a p e l l a  by Ayres and h i s  
c o l l a b o r a t o r s ,  f o r  example,  have  shown t h a t  t h e  r a p i d l y  r o t a t i n g  F9 111 s t a r  
i n  t h i s  l o n g  p e r i o d  s y s t e m  is r e s p o n s i b l e  f o r  90% o f  t h e  C I V  f l u x  ( 4 , 8 ) .  I n  
t h e  s h o r t e r  p e r i o d  s y s t e m s  l i k e  HR 1099,  t h e  KO I V  component h a s  t h e  b r i g h t e r  
t r a n s i t i o n  r e g i o n  l i n e s ,  b u t  i n  s u r f a c e  f l u x  u n i t s  t h e  two stars a r e  more 
n e a r l y  s i m i l a r  ( 5 ) .  IUE h a s  a l s o  been  a b l e  t o  Dopp le r  image b r i g h t  a c t i v e  
r e g i o n s  as t h e y  r o t a t e  a c r o s s  t h e  d i s k s  o f  RS CVn sys t ems .  Two examples o f  
s y s t e m s  f o r  which changes  i n  t h e  c e n t r a l  w a v e l e n g t h s  o f  e m i s s i o n  l i n e s  a r e  
d e t e c t e d  and l i k e l y  due  t o  t h e  r o t a t i o n  o f  a n  i n d i v i d u a l  a c t i v e  r e g i o n  are 
HR 1099 ( 5 )  and a Gem (10) .  The a b s e n c e  o f  t i m e  v a r i a b i l i t y  t o  h i g h  p r e c i s i o n  
i n  t h e  e m i s s i o n  l i n e  f l u x  i n  C a p e l l a  ( 1 )  l i k e l y  i n d i c a t e s  t h a t  t h e  F9 111 s t a r  
i n  t h i s  s y s t e m  h a s  a l a r g e  number o f  a c t i v e  r e g i o n s .  

I V .  LINE SHIFTS AND WIDTHS 

One o f  t h e  m a j o r  new unexpec ted  r e s u l t s  f rom IUE i s  t h e  d i s c o v e r y  o f  t h e  
r e d s h i f t  of  h i g h  t e m p e r a t u r e  e m i s s i o n  l i n e s  r e l a t i v e  t o  low t e m p e r a t u r e  chro-  
m o s p h e r i c  l i n e s ,  T h i s  e f f e c t  i s  now s e e n  unambiguous ly  i n  8 Dra, C a p e l l a ,  
X And, and t h e  a c t i v e  GK d w a r f s  t a k e n  as a g r o u p  (2 ,11 ,14 ) .  Small  a p e r t u r e  
o b s e r v a t i o n s  o f  C a p e l l a  and  s p e c t r a  o b t a i n e d  w i t h  p l a t i n u m  lamp e x p o s u r e s  f o r  
wave leng th  c a l i b r a t i o n  c o n f i r m  t h a t  t h e  r e d  s h i f t s  are v a l i d  on  a n  a b s o l u t e  
w a v e l e n g t h  scale. Whi le  r e d s h i f t s  c a n  be  produced i n  o p t i c a l l y  t h i c k  l i n e s  by 
d i f f e r e n t i a l  e x p a n s i o n ,  t h e  o b s e r v e d  r e d s h i f t s  of  t h e  C 111, S i  111, 0 111, 
and  0 V i n t e r s y s t e m  l i n e s  i n  C a p e l l a  and  f3 Dra imp ly  t h a t  lo5 K plasma i s  
moving downward i n  t h e s e  stars (1 ,14) .  

I n  G-M dwarf  s tars t h e  w i d t h s  o f  t r a n s i t i o n  r e g i o n  e m i s s i o n  l i n e s  a p p e a r  
t o  be i n d e p e n d e n t  o f  s p e c t r a l  t y p e  and a c t i v i t y ,  e x c e p t  t h a t  t h e s e  l i n e s  i n  
AU Mic (M2 Ve) may be  s l i g h t l y  b r o a d e r  ( 3 , 7 ) .  There  i s  a  w i d t h - l u m i n o s i t y  e f -  
f e c t ,  however,  s e e n  i n  t h e  G and K g i a n t s .  F o r  example ,  t h e  i n t e r s y s t e m  l i n e s  
o f  S i  111 and C 111 are b r o a d e r  i n  f3 Dra (G2 Ib-11) and  a Aur Ab (F9  111) t h a n  
i n  a c t i v e  d w a r f s ,  i m p l y i n g  t h e  t u r b u l e n c e  i n c r e a s e s  w i t h  l u m i n o s i t y  ( 6 , 1 4 ) .  
I n  a d d i t i o n ,  t h e  p e r m i t t e d  t r a n s i t i o n  r e g i o n  l i n e s  ( e , g .  C I V  and S i  IV) a r e  
b r o a d e r  t h a n  t h e  i n t e r s y s t e m  l i n e s ,  i m p l y i n g  t h a t  t h e  p e r m i t t e d  l i n e s  a r e  op- 
t i c a l l y  t h i c k  (6 ) .  O p a c i t y  b r o a d e n i n g  may a l s o  e x p l a i n  t h e  w i d t h s  o f  chrorno- 
s p h e r i c  e m i s s i o n  l i n e s  i n  a Boo ( 9 ) .  



V. MODELS OF STELLAR CHROMOSPHERES AND TRANSITION REGIONS 

An i m p o r t a n t  g o a l  of t h i s  program i s  t o  d e r i v e  models  f o r  t h e  chromo- 
s p h e r e s  and t r a n s i t i o n  r e g i o n s  o f  c o o l  s t a r s  and t o  u s e  t h e s e  models  i n  as-  
s e s s i n g  t h e  e n e r g y  b a l a n c e  and h e a t i n g  mechanisms. T h i s  i s  a d i f f i c u l t  t a s k  
r e q u i r i n g  much e f f o r t .  To d a t e  models  have  been  c o n s t r u c t e d  f o r  a CMi ( 1 2 )  
and  B Dra ( 1 4 )  and models  a r e  now b e i n g  c o n s t r u c t e d  f o r  t h e  g i a n t s  0 Cet  and  
B G e m  and t h e  d w a r f s  O r i ,  a Cen A ,  5 Boo A ,  a Cen B, and  c E r i .  These  
models  a r e  based  i n  p a r t  on a n  e m i s s i o n  measure  a n a l y s i s  of  t h e  low d i s p e r s i o n  
l i n e  f l u x e s ,  b u t  t h e  h i g h  d i s p e r s i o n  s p e c t r a  are needed t o  s e p a r a t e  c l o s e  
b l e n d s  and measure  t h e  l i n e  wid ths .  F o r  example ,  t h e  i m p o r t a n t  d e n s i t y -  
s e n s i t i v e  l i n e s  0 I V  1401, 1405 A and 0 III 1666 A must be r e s o l v e d .  L i n e  
w i d t h s  p r o v i d e  i n f o r m a t i o n  on whe the r  l i n e s  a r e  o p t i c a l l y  t h i c k  o r  t h i n ,  which 
c a n  be  u s e d  t o  p l a c e  c o n s t r a i n t s  o n  t r a n s i t i o n  r e g i o n  p r e s s u r e s .  A l so ,  l i n e  
w i d t h s  c a n  be used  t o  i n f e r  t u r b u l e n t  b roaden ing  and t h u s  e s t i m a t e  t h e  me- 
c h a n i c a l  e n e r g y  c o n t a i n e d  i n  waves p a s s i n g  t h r o u g h  a n  a t m o s p h e r i c  l a y e r  and  
a v a i l a b l e  t o  h e a t  h i g h e r  l a y e r s .  Such d a t a  have  l e d  t o  t h e  c o n c l u s i o n  t h a t  
t h e  o u t e r  a t m o s p h e r e s  of  a CMi and B Dra are n o t  h e a t e d  by p u r e l y  a c o u s t i c  
waves, b u t  t h e y  may be h e a t e d  by MHD waves (12 ,14) .  

T h i s  work i s  s u p p o r t e d  by NASA g r a n t s  NAG5-82 and NGL-06-003-057 t o  t h e  
U n i v e r s i t y  o f  Colorado.  
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CHROMOSPHERIC EMISSION LINES I N  HIGH-RESOLUTION LWR SPECTRA 
(2200 - 3000 A) OF GAMMA CRU (M3 111) AND ALPHA O R 1  (M2 I a b )  

Kenneth G. Carpen te r  
J o i n t  I n s t i t u t e  f o r  Labora to ry  A s t r o p h y s i c s  
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ABSTRACT 

The i d e n t i t y  and c h a r a c t e r i s t i c s  of t h e  chromospher ic  emiss ion  f e a t u r e s  
i n  t h e  2200-3000 A r e g i o n  of h i g h - r e s o l u t i o n  s p e c t r a  of y Cru and a O r i  a r e  
summarized. The v e l o c i t i e s ,  f l u x e s ,  and asymmetries of a  s e t  of Fe 11 l i n e s  
which s h a r e  common upper o r  lower  energy l e v e l s  a r e  d i s c u s s e d  and t h e  informa- 
t i o n  gained from f l u x  measurements of t h e  C I1 (UV 0.01) l i n e s  is  p resen ted .  
An a n a l y s i s  of t h e  Fe 11 l i n e s  i n  t h e  a O r i  s p e c t r a  i n d i c a t e s  t h e  g e n e r a l  
shape  of t h e  v e l o c i t y  v e r s u s  r a d i u s  r e l a t i o n  i n  i t s  wind. The C I1 (UV 0.01) 
d a t a  a r e  combined wi th  measures of t h e  C I1 (UV 1) f l u x  t o  e s t i m a t e  t h e  elec- 
t r o n  d e n s i t y  and t empera tu re  i n  t h e  wind and t h e  geomet r i c  e x t e n t  of t h e  C I1 
e m i t t i n g  reg ion  i n  bo th  s t a r s .  

THE SPECTKA AND THEIR CONTENTS 

The a O r i  d a t a  c o n s i s t  of f o u r  h i g h - r e s o l u t i o n ,  l a r g e  a p e r t u r e  LWR s p e c t r a  
t aken  d u r i n g  A p r i l  1978 - November 1982 and t h u s  cover  n e a r l y  a  f u l l  p e r i o d  i n  
t h e  semi-per iodic  p h o t o s p h e r i c  r a d i a l  v e l o c i t y  v a r i a t i o n  (Goldberg,  1984). The 
y Cru d a t a  c o n s i s t  of two s p e c t r a  -- a l o n g  exposure  t o  r ecord  t h e  Fe 11 and 
C 11 f e a t u r e s  p r o p e r l y ,  p l u s  a s h o r t  exposure  which r e c o r d s  t h e  Mg I1 l i n e s  
wi thou t  s a t u r a t i n g  t h e  d e t e c t o r .  The s p e c t r a ,  l i s t e d  i n  Tab le  1, were o b t a i n e d  
from t h e  I U E  a r c h i v e s  at t h e  Na t iona l  Space Sc ience  Data Cen te r  (NSSDC) and 
ana lyzed  a t  t h e  Colorado I U E  Regional  Data A n a l y s i s  F a c i l i t y  (RDAF). 

Over 80% of t h e  emiss ion f e a t u r e s  i n  t h e s e  s p e c t r a  are due t o  l i n e s  of 
Fe 11, which occur  throughout  t h e  f u l l  range of t h e  s p e c t r a .  The s t r o n g e s t  
f e a t u r e s  not  a t t r i b u t e d  t o  Fe I1 a r e  due t o  t h e  Mg I1 d o u b l e t  nea r  2800 A ,  t h e  
AP, 11 l i n e  nea r  2669 A ,  and t h e  C I1 l i n e s  nea r  2325 A .  Other  e lements  r epre -  
s e n t e d  i n  t h e s e  s p e c t r a  i n c l u d e  d e f i n i t e l y  S i  11, Cr 11, Mg I, and t h e  f l u o r e s -  
c e n t  Fe I ( a t  2823 and 2844 A ,  pumped by t h e  Mg I1 k- l ine )  and Co I1 ( a t  2330 A ,  
pumped by Fe I1 and S i  11 a t  2344 A )  l i n e s  and probably  N i  11, Mn 11, and S i  I. 
A more d e t a i l e d  l is t  of t h e  i d e n t i f i e d  emiss ion  f e a t u r e s  i n  t h e  2500-3230 A re- 
g i o n  of t h e  120 minute y Cru spect rum is  g iven  i n  Wing, Carpen te r  and Wahlgren 
(1983).  I n  bo th  s t a r s ,  a s u b s t a n t i a l  f r a c t i o n  of t h e  t o t a l  chromospher ic  r a -  
d i a t i v e  l o s s e s  occurs  through t h e  numerous Fe I1 l i n e s ,  which t o g e t h e r  produce 
a t o t a l  l o s s  r a t e  approaching t h a t  of t h e  pr imary c o o l i n g  channe l ,  t h e  Mg I1 
resonance l i n e s .  Thus t h e  Fe I1 l i n e s ,  which a r e  u s u a l l y  i g n o r e d ,  shou ld  be 
i n c l u d e d  i n  chromospheric models of s t a r s  s i m i l a r  t o  t h e s e .  

THE Fe I1 LINES OF MULTIPLETS UV 1-3, 32, 33, 35, 36, AND 60-64 .- 

The l i n e s  of t h e s e  m u l t i p l e t s ,  which s h a r e  a number of common upper o r  
lower energy l e v e l s ,  r e p r e s e n t  t h e  s t r o n g e s t  Fe 11 t r a n s i t i o n s  i n  t h i s  s p e c t r a l  



TABLE 1. High-Resolution I U E  S p e c t r a  of a O r i  and y Cru 

S t a r  Image Date Taken 
Year Day Exp. Time Program I D  

- 

a O r i  LWR 1371 1978 113 120min LTRFW 
a O r i  2100 1978 229 3 5 CEJLL 
cc O r i  9600 1980 364 30 CSCRW 
a O r i  14673 1982 324 35 CCEJL 
y Cru 1356 1978 111 120 LTRFW 

.y Cru 10651 1981 139 4 MGDDM 

Note: LTKFW/CSCRW s p e c t r a  were o b t a i n e d  by Wing and Carpen te r .  
CEJLL/CCEJL s p e c t r a  were o b t a i n e d  by Linsky and S t e n c e l .  
MGDDM spect rum was o b t a i n e d  by D. Mullan. 

r eg ion .  I n  a O r i ,  many of t h e s e  l i n e s  a r e  s e l f - r e v e r s e d  and a l l  of them a r e  
q u i t e  broad (FWHM - 120 km/sec),  whi le  i n  y Cru, t h e  same l i n e s  show no rever -  
s a l s  and a r e  c o n s i d e r a b l y  narrower (-40 kmlsec).  Because of t h e  g r e a t  b r e a d t h  
of t h e  l i n e s  i n  a O r i ,  b l end ing  is q u i t e  f r e q u e n t  and g r e a t l y  compl ica tes  t h e  
i n t e r p r e t a t i o n  of i t s  Fe I1 s p e c t r a .  Weymann (1962) ,  a f t e r  an examinat ion of 
t h e  Fe 11 l i n e s  near  3200 A i n  a O r i ,  concluded t h a t  some Fe 11 l i n e s  a r e  a l s o  
" m u t i l a t e d "  by o v e r l y i n g  a b s o r p t i o n  l i n e s  of o t h e r  e l ements ,  t h u s  f u r t h e r  com- 
p l i c a t i n g  t h e  p i c t u r e .  Using t h e  r e l a t i v e l y  c l e a n  y Cru spect rum a s  a g u i d e ,  
I have i d e n t i f i e d  and measured a s u b s e t  of 42 Fe 11 l i n e s ,  l i s t e d  i n  Table  2, 
which a r e  v i s i b l e  i n  a l l  the  s p e c t r a  and which appear  t o  be f r e e  of b l e n d i n g  
and m u t i l a t i o n  i n  t h e  a O r i  s p e c t r a .  The mean v e l o c i t y  of t h e s e  l i n e s  is c l o s e  
t o  t h a t  of t h e  p h o t o s p h e r i c  Fe I a b s o r p t i o n  l i n e s  i n  a O r i ,  a l t h o u g h  t h e  Fe I1 
l i n e s  do - not seem t o  f o l l o w  s t r i c t l y  t h e  s ix -yea r  r a d i a l  v e l o c i t y  v a r i a t i o n  of 

TABLE 2. S e l e c t e d  Unblended, Unmutilated Fe I1 l i n e s  
-*a.=.==:==s=Z, = = ==:==-====:=:==.== =s=~==:-s.==s~~*.~.*=z==.=~=*~--==.=~-*:~-=-- 

' l a b  UV Mult. ' l a b  UV Mult. ' l a b .  UV Mult. 



t h e  l a t t e r .  I n  t h e  one deep y Cru spectrum t h e  l i n e s  appear  t o  show a  small  
r e d s h i f t ,  r e l a t i v e  t o  t h e  photosphere ,  o n .  t h e  o r d e r  of 5 km/sec. The e x i s t e n c e  
of t h e  s e l f - r e v e r s a l s  i n  some but  not a l l  of t h e  Fe II l i n e s  i n  a O r i  and t h e  
l a c k  of any r e v e r s a l s  i n  y Cru i n d i c a t e  t h a t  t h e s e  l i n e s  r e p r e s e n t  a wider  
range of o p t i c a l  t h i c k n e s s  i n  t h e  s u p e r g i a n t  and t h a t ,  at  l e a s t  i n  some l i n e s ,  
t h e  a O r i  wind is c o n s i d e r a b l y  t h i c k e r .  

I n  a O r i  t h e  p resence  o r  absence of t h e  s e l f - r e v e r s a l s  and t h e  asymmetry 
of t h e  Fe I1 l i n e s  t h a t  do show t h e  r e v e r s a l s  c o r r e l a t e  w e l l ,  w i t h i n  a  g iven  
m u l t i p l e t ,  wi th  i n t r i n s i c  l i n e  s t r e n g t h  (e.g. gf-value) .  The s t r o n g e s t  re-  
versed l i n e s  i n  m u l t i p l e t s  W 60-64 show a  v i o l e t  asymmetry ( i . e .  have more 
f l u x  t o  t h e  v i o l e t  of t h e  s e l f - r e v e r s a l  than  t o  t h e  r e d ) ,  whi le  t h e  weaker re-  
versed l i n e s  show a  red asymmetry. The remaining m u l t i p l e t s  a r e  represen ted  
i n  t h e s e  s p e c t r a  by t o o  few unmut i l a ted ,  unblended l i n e s  of s u f f i c i e n t l y  d i f -  
f e r e n t  i n t r i n s i c  s t r e n g t h  f o r  any c o r r e l a t i o n  t o  be proven o r  d isproven i n  
t h e s e  cases .  The v a r i a t i o n  of t h e  Fe I1 p r o f i l e s  wi th  i n t r i n s i c  s t r e n g t h  i n  
a O r i  i s  i l l u s t r a t e d  i n  F i g u r e  1. Th is  c o r r e l a t i o n  s u g g e s t s  t h a t  the  weaker 
l i n e s  form i n  a  r e g i o n  r e l a t i v e l y  low i n  t h e  chromosphere wi th  a  p o s i t i v e  
v e l o c i t y  g r a d i e n t ,  whi le  t h e  i n t r i n s i c a l l y  s t r o n g e r  l i n e s  a r e  formed i n  a  
r e g i o n  i n  t h e  upper reaches  of t h e  wind w i t h  a n e g a t i v e  v e l o c i t y  g r a d i e n t .  

C LWR14673 a O r i  
16 35m FeII (63) 2739.5 

Fig. 1. Fe I1 p r o f i l e s  from 
m u l t i p l e t  W 63 i l l u s t r a t i n g  
t h e  c o r r e l a t i o n  of l i n e  asym- 
metry wi th  i n t r i n s i c  l i n e  
s t r e n g t h  seen  i n  high-  
r e s o l u t i o n  IUE s p e c t r a  of 
a O r i .  



THE C 11 LINES: THE DENSITY AND TEMPERATURE OF THE W I N D  

The r e l a t i v e  f l u x e s  of t h e  C 11 (UV 0.01) i n t e r c o m b i n a t i o n  l i n e s  near  
2325 A a r e  s e n s i t i v e  t o  t h e  e l e c t r o n  d e n s i t y  i n  t h e  winds about cool  luminous 
s t a r s  ( S t e n c e l  e t  a l . ,  1981),  w h i l e  t h e  r a t i o  of t h e  t o t a l  f l u x  i n  t h e  mul t i -  
p l e t  t o  t h a t  i n  t h e  C I1 (UV 1) doub le t  nea r  1335 A prov ides  a measure of t h e  
e l e c t r o n  t e m p e r a t u r e  (Hayes and Nussbaumer, 1984; Brown and C a r p e n t e r ,  1984). 
The t o t a l  UV 0.01 f l u x  p l u s  t h e  t empera tu re  and d e n s i t y  e s t i m a t e s  can be com- 
b ined  i n  an emiss ion  measure a n a l y s i s  t o  p rov ide  an e s t i m a t e  of t h e  geomet r i c  
e x t e n t  of t h e  e m i t t i n g  reg ion .  The f l u x  r a t i o s  i n d i c a t e  Ne - 3.2 x 10'7 - 1.3 x 
108 cm-3, Te - 8300 K i n  a O r i  and Ne - 1.6 x 108 ern'", Te - 8000 K i n  y Cru. 
These v a l u e s ,  combined wi th  the  t o t a l  UV 0.01 f l u x e s  of 2.05 x 10'11 i n  a O r i  
and 1.04 x 10'11 ergs /cm2/sec  i n  y Cru, i n d i c a t e  t h a t  the  e x t e n t  (measured from 
t h e  base  of t h e  chromosphere) of t h e  C 11 e m i t t  i n g  reg ion  is  i n  t h e  range of 
0.1-1.1 R, i n  a Ori  and -1.1 R* i n  y Cru. The u n c e r t a i n t y  i n  t h e s e  r e s u l t s  
can be reduced when more a c c u r a t e  a tomic  d a t a  r e l e v a n t  t o  t h e  r e l a t i v e  t r a n s i -  
t i o n  s t r e n g t h s  w i t h i n  m u l t i p l e t  UV 0.01 become a v a i l a b l e .  

F u r t h e r  d e t a i l s  on t h e  a n a l y s i s  of t h e  Fe 11 and C LI f e a t u r e s  i n  t h e  
n O r i  s p e c t r a  w i l l  be g iven  i n  Carpen te r  (1984). 

T h i s  work was suppor ted  i n  p a r t  by NASA g r a n t  NAG5-82 t o  t h e  U n i v e r s i t y  
of Colorado.  
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ACTIVE LATE-TY PE STARS AND THE APPLICABILITY 

OF CORONAL LOOP MODELS 

Mark S. Giampapa, National Solar Observatory and 
L. Golub, G. Peres, S. Serio, G. S. Vaiana 
Harvard-Smithsonian Center for Astrophysics 

ABSTRACT 

We combine far ultraviolet IUE observations with existing soft X-ray 
measurements obtained by Einstein (HEAO-B) satellite observatory for a 
sample of solar-type stars. We utilize the resulting data-set and a new 
coronal loop model numerical code developed at the Harvard-Smithsonian 
Center for Astrophysics to perform a preliminary investigation of the 
applicability of coronal loop models to solar-type stars. In particular, we 
find that reasonable agreement between the predictions of single-component, 
coronal loop model atmospheres and the observational data is achieved for a 
relatively well defined, plausible range of stellar atmospheric parameters 
for the sample of solar-type stars considered herein. We thus demonstrate 
that semi-empirical, coronal loop models can be applied to account for 
observed stellar transition region and coronal emission. This result is 
corroborative evidence for the presence of magnetic field structures 
analogous to solar coronal loops on the surfaces of solar-type stars. 
Pbreover, we suggest that observed stellar transition region emission arises 
predominantly from the base of quiescent coronal loop configurations. 

INTRODUCTION 

The atmosphere of the Sun exhibits a variety of structural 
inhomogeneities that are defined by magnetic field configurations. We now 
recognize these atmospheric inhomogeneities as a fundamental property of the 
solar outer atmosphere. In particular, magnetic field configurations that 
define atmospheric thermal inhomogeneities are especially evident in the 
solar corona which is characterized by open and closed coronal loop 
structures (e.g., see Vaiana and Rosner 1978). Previous investigations have 
delineated the physical structure of open (Rosner and Vaiana 1977) and 
closed field regions in the solar corona, culminating in the development of 
scaling laws relating loop size, temperature and pressure for coronal loops 
in hydrostatic equilibrium (Rosner, Tucker and Vaiana 1978; hereafter 
RTV). The results of the solar investigations may be applicable to stars 
given that the occurrence of stellar surface features similar to solar plage 
and sunspots is now well established. The existence of stellar surface 
inhomogeneities, analogous to solar surface features, provides compelling 
circumstantial evidence for the presence of coronal magnetic field 
structures on stars that are similar to solar coronal loops. 

Recently, coronal loop models have been utilized by several 
investigators to explain the observed soft X-ray emission from active stars 
(e.g. Golub -- et al. 1982; and references therein). These investigations 
reveal that, without additional constraints, coronal loop models deduced 
solely on the basis of stellar X-ray observations can only yield a locus of 



possible atmospheres in the coronal pressure - filling factor (p-f) plane. 
Consequently, we have utilized observed far ultraviolet line fluxes of 
prominent transition region emission lines, as obtained with the 
international ~ltraviole; Explorer (IUE) satellite, combined with 
measurements of coronal soft X-ray emission, acquired by Einstein 
Observatory, to construct semi-empirical, single-component loop model 
atmospheres- that best fit the aforementioned observations for a sample 
mainly composed of solar type stars. In this way, we (1) test the 
applicability to solar-type stars of solar coronal loop models, (2) obtain 
estimates of stellar coronal properties such as coronal base pressure and 
the filling factor of coronal loops, and (3) ascertain the extent to which 
the addition of W transition region observations to X-ray measurements can 
constrain the range of possible loop atmospheres. The observations, 
detailed model computations and results are given by Giampapa -- e t  al. 
(1984). We summarize the basic results and conclusions herein. 

RESULTS 

Following Golub -- et al. (1982a), we envisage a stellar atmosphere 
consisting of loops of magnetically confined plasma where each loop is 
subject to the constraint imposed by the RTV scaling law 

or the generalization of this law given by Serio -- et al. (1981). We adopt 
the theoretical constraints outlined by Pallavicini et al. (1981) for the -- 
static stellar loop models we construct. The observational constraints that 
a model must satisfy include the value of the coronal temperature, assumed 
to characterize the maximum loop temperature which, in turn, occurs at the 
top of the loop (RTV 1978), and the observed ultraviolet line fluxes 
combined with the soft x-ray flux. The ultraviolet lines used include C IV 
1550, N V 1240 and Si IV 1400 (we apply a correction to the observed Si 
IV-0 IV 1400 blend to account for the contribution from 0 IV). 

The results of the model computations are displayed in Table 1. We 
show relevant stellar parameters in the first three columns of Table 1. The 
remaining columns include the coronal temperature, Tma,, coronal loop base 
pressure, p, and the filling factor f of identical loops characterized by 
length L necessary to best fit the observed W and X-ray emission. 

D ISCUSS ION 

Consistent with the results of Golub et al. (1982), we find a locus of -- 
allowed values in the (p,f) - plane which would satisfy the observational 
constraints provided by measurements of only fx and Tcorona. Examination of 
Table 1, however, reveals that the addition of the transition region 
emission line fluxes severely constrains the range of permissible values in 
the (p, f) - plane that yield acceptable loop model atmosphere that satisfy 
both the far ultraviolet and X-ray data for the solar-type stars considered 
in this investigation. We note that the assumed primary emitter in the RS 
CVn system HD5303 is characterized by high pressure loop structures with 
loop lengths L > R and a filling factor f > 1. Both Swank -- et al. (1981) and 



Walter et al. (1980) find similar results in their investigations of RS CVn -- 
systems within the context of loop model atmospheres. The inferred loop 
length L > R can be attributed to the high coronal temperature (Tcorona - - 7 2.5 x 10 ) combined with a consideration of the RTV scaling law (equn. 1). 
Thus the inferred filling factor is more representative of a volume, rather 
than surface, filling factor of emitting loops. Additional evidence for 
these kinds of loop structures is given by Simon, Linsky and Schiffer (1980) 
in the specific case of the RS CVn system UX Ari. 

TABLE 1 

STELLAR ATMOSPHERIC 1,OOP MODEL PARAMETERS 

C: 
Object 

a Cen !I ( K 1  V) 
i Per (G4 V) 

Hrr (C5 IV) 
o Dra (KO V) 
HR 3538 (G3 V) 
E Eri(K2 V) 
HD 206R60-la (GO V) 
HD 206860-za (GO V) 
HD 5303 (G2 V + F )  . 

f 
(dynes ~ m - ~ )  

- - - - - - - - 

a~ultiple ultraviolet observations available for this object. 

In brief summary, inspection of Table 1 reveals that, in general, 
reasonable agreement between the predictions of coronal. loop model 
atmospheres and the observational data is achieved for plausible stellar 
atmospheric parameters (i.e., Tmax, p, f, L) for the sample of solar-type 
stars considered herein. Hence the results of this preliminary 
investigation demonstrate that semi-empirical coronal loop models can be 
applied to account for the observed transition region and coronal emission 
from solar-type stars. This conclusion represents corroborative evidence 
for the existence of magnetic field configurations analogous to solar 
coronal loops on the surfaces of solar-type stars. 

The aforementioned results are particularly intriguing in view of the 
(1) occurrence of variability in stellar transition region and coronal 
emission, and (2) the lack of simultaneous W and X-ray observations for 
this study. Consequently, we suggest that the amplitude of W and X-ray 
variability in solar-type stars must rarely exceed factors of 2-3. This 
low-amplitude variability is a characteristic of static, quiescent (L 

sp) loop structures which have evolved from originally compact (L < s ) high 
pressure, newly-emerged flux loops. Hence the implication of this 
suggestion is that the observed far W stellar transition region line 
emission predominately arises from the footpoints of quiescent coronal loop 
structures. Furthermore, we have examined the applicability of high 
pressure, compact loops. We find that these kinds of loops can correctly 
predict the observed X-ray emission but they completely fail to account for 
the far W emission due to the low filling factor (f << 1) of these loops 
(e.gb, see Swank et alb 1981). This fact constitutes additional evidence -- 
for our claim that stellar W emission is principally diagnostic of the 
transition regions at the base of quiescent loop structures. 

Finally, we note that intrinsic stellar variability may account for 



some of the discrepancies between the model predictions and the 
observations. In particular, we obtained models that satisfactorily 
predicted the observed X-ray emission and the initial W observations for HD 
206860 (designated HD 206860-1 in Table 1). However, no acceptable model 
could account for both the X-ray emission and the second set of UV 
observations acquired for this star (designated HD 206860-2 in Table 1). 
bre specifically, all models that correctly predicted the X-ray emission 
consistently overpredicted the W emission in all lines. Low pressure loops 
correctly predicted the W emission of HD 206860-2 but they underpredicted 
the X-ray emission by at least an order of magnitude. Wreover, these low 
pressure models were characterized by physically unrealistic filling factors 
of f>>l. The transition region W emission of the initial observation of HD 
206860 (HD 206860-1) was enhanced relative to the later observation (HD 
206860-2). Thus the single measurement of the X-ray emission from the star 
must be more compatible with the relatively enhanced transition region of HD 
206860-1 than that of the later observation of this object. A similar 
result was obtained for moclels of the d W  flare star AD Leo. These models 
were based on recent (non-flaring) IUE observations and an earlier X-ray 
measurement that likely contained a flare contribution. We therefore 
suggest on the basis of these results that intrinsic stellar variability can 
contribute to the discrepancies between the observations and the model 
predictions for the stars considered in this investigation. 

We gratefully acknowledge useful discussions with R. Rosner. We 
acknowledge support of NASA grants NAG 5-87 to SAO and a NASA grant via 
interagency agreement S-04160D to the National Solar Observatory. The 
National Solar Observatory is operated by AURA, Inc. under contract to the 
NSF 
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CO-ROTATING INTERACTION REGIONS I N  STELLAR WINDS 

D. J. Mu l l an  
Bar t01 Research Foundat ion o f  The F r a n k l i n  I n s t i t u t e  

Uni v e r s i  t ,y  o f  Delaware 
Newark, DE 19716 

ABSTRACT 

A  co - ro ta t i ng  i n t e r a c t i o n  r e g i o n  (CIR) forms i n  a  s t e l l a r  wind when a  
f a s t .  stream f rom a  r o t a t i n g  s t a r  over takes a  slow stream. CIR1s have been 
s tud ied  i n  d e t a i l  i n  t h e  s o l a r  wind over  t h e  p a s t  decade. Here, we p o i n t  
o u t  t h e i r  use fu lness  i n  i n t e r p r e t i n g  severa l  spec t roscop ic  f e a t u r e s  i n  
s t a r s  o f  va r i ous  types, i n c l u d i n g  "hyb r i d "  s ta rs ,  OB s ta r s ,  and c o o l  
supergi  ants. 

INTRODUCTION 

Stars  emi t  wind w i t h  a  v e l o c i t y  which i s  n o t  i n  genera l  s p h e r i c a l l y  
symmetric. Since a l l  s t a r s  r o t a t e ,  i t  i s  p o s s i b l e  f o r  f a s t e r  wind t o  
ca t ch  up w i t h  s lower wind and fo rm an i n t e r a c t i o n  r e g i o n  which co- ro ta tes  
w i t h  t h e  s t a r .  CIR1s have been t h e  sub jec t  o f  ex tens i ve  s tudy  f o r  t h e  
p a s t  decade i n  t h e  s o l a r  wind, ma in l y  because t h e y  a c t  as sources o f  
ene rge t i c  charged p a r t i c l e s .  When a  C I R  i s  f u l l y  developed, i t  c o n s i s t s  
o f  a  fo rward  shock, a  stream-stream i n t e r f a c e ,  and a  reve rse  shock. The 
shock p a i r  separates i n  t ime: a t  r a d i a l  d i s t a n c e  r, t h e  sepa ra t i on  o f  t h e  
shock p a i r  i s  t y p i c a l l y  O . l r  i n  t h e  s o l a r  wind. 

A  d e t e c t o r  pass ing through a  C I R  i n  t h e  s o l a r  wind reco rds  v a r i a t i o n s  
i n  dens i ty ,  temperature, and v e l o c i t y  as shown schema t i ca l l y  i n  F i g u r e  1. 
F o r  p resen t  purposes, i t  i s  impor tan t  t o  no te  t h a t  between t h e  f o rwa rd  and 
reverse  shocks, t h e  v e l o c i t y  has a  p la teau.  The v e l o c i t y  p l a t e a u  remains 
we1 1-def ined as t h e  C I R  propagates o u t  th rough  t h e  wind (Ho lzer ,  1979). 
The d e n s i t y  has a  marked peak w h i l e  t h e  v e l o c i t y  i s  pass ing  th rough i t s  
p la teau.  

The temperature p r o f i l e  i n  t h e  C I R  i s  compl icated.  P a r t i c l e  
a c c e l e r a t i o n  a t  t h e  shocks suggests (Smi th  and Wolfe, 1977) t h a t  MHD 
tu rbu lence  i s  enhanced there .  The d e t a i l e d  temperature s t r u c t u r e  i n  t h e  
C I R  depends on how t h i s  t u rbu lence  i s  d i ss i pa ted .  Model c a l c u l a t i o n s  o f  
non- turbu lent  C I R  e v o l u t i o n  (Hundhausen, 1973) suggest t h a t  s t r o n g  c o o l i n g  
i s  expected t o  occur i n  t h e  C I R  as i t  evolves. The dashed l i n e s  i n  F i g .  1 
are  meant t o  i n d i c a t e  t h a t  t h i s  p r e d i c t i o n  may be m o d i f i e d  i n  p a r t i c u l a r  
cases. I n  any case, t h e  temperature jumps a t  t h e  shocks t o  va lues  which 
can be p red i c ted .  

F o r  t h e  case o f  s t e l l a r  observat ions,  t h e  most r e a d i l y  d e t e c t a b l e  
f e a t u r e s  of CIR's  a re  t h e  v e l o c i t y  p l a t e a u  and t h e  shock hea t ing .  We 



propose t h a t  narrow abso rp t i on  fea tu res  observed i n  t h e  spec t ra  o f  va r i ous  
types  o f  s t a r s ,  w i t h  assoc ia ted enhanced l e v e l s  o f  i o n i z a t i o n ,  a r e  formed 
when l i g h t  f r om t h e  c e n t r a l  s t a r  passes through t h e  C I R  on t h e  l i n e  of 
s i g h t .  

V e l o c i t i e s  i n  CIR's  

The p la teau  v e l o c i t y ,  va, i s  i n t e rmed ia te  between t h e  v e l o c i t y  of 
s low wind, vo, and f a s t  wind, vf. I n  t h e  s o l a r  wind, vf <2vo. We 
w i  11 assume t h a t  t h e  wind v e l o c i t y  can a l s o  v a r y  by  f a c t o r s  o f  about 2 i n  
s t e l l a r  winds. Then t h e  v e l o c i t y  jumps across t h e  fo rward  and r e v e r s e  
shocks a re  A V  = va-v0 = 2vo - va. I n  cases where vo i s  unknown, 
an upper l i m i t  on A V  can be der i ved :  A V  <Va. 

Narrow abso rp t i on  f e a t u r e s  a re  observed i n  OB s t a r s  a t  v e l o c i t i e s  
which a re  t y p i c a l 1  0.7 t imes t e r m i n a l  speed v t  (Larners e t  a l ,  1981). r With v t  2 (1-3)x lO kmlsec, t h e  v e l o c i t y  d i f f e r e n c e  between "normal 
wind" and CIR's  i n  such s t a r s  i s  o f  o rder  300-1000 kmlsec. I n  "hyb r i d "  
s ta rs ,  narrow abso rp t i on  f e a t u r e s  a re  observed a t  v e l o c i t i e s  o f  80-150 
kmlsec (Reimers, 1982). I n  such s ta r s ,  vo i s  unknown: A V  5 80-150 
kmlsec. I n  t h e  c o o l  superg ian t  Betelgeuse, absorp t ion  f e a t u r e s  a r e  
observed a t  8  and 16 kmlsec r e l a t i v e  t o  t h e  photosphere (Goldberg, 1983). 
Again, vo i s  n o t  known, and so: A V  5 8, 16  kmlsec. Narrow f e a t u r e s  a r e  
a l s o  known t o  be p resen t  i n  t h e  spec t ra  o f  o t h e r  s ta rs ,  such as T T a u r i  
s t a r s  ( c f .  Mundt, 1984). F i n i t e  l i f e t i m e s  o f  t h e  narrow abso rp t i on  
f e a t u r e s  i n  a l l  cases can be ascr ibed  t o  p ropagat ion  t ime-scales o f  t h e  
CIR1s th rough t h e  wind: i n  t h e  o u t l y i n g  reg ions  o f  t h e  wind, t h e  C I R  
v e l o c i t y  remains e s s e n t i a l l y  unchanged, b u t  t h e  column d e n s i t y  along t h e  
1  i n e  o f  s i g h t  ( a  r -3 )  e v e n t u a l l y  f a 1  1s below de tec tab i  1  i t y .  

Temperatures i n  C I R '  s  

A t  a  shock where t h e  v e l o c i t y  jump i s  AV, t h e  Rankine-Hugoniot 
r e l a t i o n s  p r e d i c t  t h e  temperature jump I n  t h e  l i m i t  o f  a  s t r o n g  shock, 
w i t h  Y = 513, we f i n d  AT = (u/3Rg) ( A V ) ~ ,  where p i s  t h e  mean mo lecu la r  
weight,  and R g  i s  t h e  gas constant .  

I n  OB s ta r s ,  t h i s  y i e l d s  AT - (2-20) x  106 K, s u f f i c i e n t  t o  make t h e  
CIR1s a c t s  as sources o f  X-rays. T h i s  i s  an a l t e r n a t i v e  t o  t h e  Lucy-White 
mechanism o f  X-ray emiss ion f r om "b lobs"  i n  t h e  winds. P a r t i c l e  
a c c e l e r a t i o n  a t  t h e  shocks i n  t h e  winds o f  OB s t a r s  can a l s o  p r o v i d e  
non-thermal e l ec t rons .  Moreover, enhanced temperatures i n  CIR's e x p l a i n  
why t h e  i o n i z a t i o n  l e v e l  i s  h i ghe r  i n  t h e  narrow abso rp t i on  components 
(Lamers e t  a l ,  1982). 

. I n  Betelgeuse, w i t h  A V  5 8  kmlsec, t h e  shocked gas remains n e u t r a l  
(p :: 1.3), and hence AT <_ 3300 K.  Wi th  A V  = 16 kmlsec, i o n i z a t i o n  occurs, 
and p - 0.62; hence AT 5 6400 K. Adding these  t o  t h e  boundary temperature 
o f  Betelgeuse, we p r e d i c t  C I R  temperatures ( a t  t h e  shocks) o f  



6000-9000 K. Th i s  over laps w i t h  t h e  observed range o f  temperatures i n  t h e  
uchromosphere" o f  Betelgeuse, 7000-9000 K (Wischnewski and Windker, 
1981). We suggest t h a t  t h e  chromosphere o f  Betelgeuse begins i n  t h e  wind. 

I n  hybr ids,  we f i n d  AT < (1-3) x 105 K.  T h i s  s u f f i c e s  t o  produce 
i ons  such as C I V ,  S i I V ,  and NV (which have been detected by IUE), bu t  
c e r t a i n l y  i n s u f f i c i e n t  t o  produce X-rays ( cons i s ten t  w i t h  t h e  absence of 
E i n s t e i n  de tec t ions) .  The widths of emission l i n e s  i n  C I R  shocks are  
p red i c ted  t o  be about tw i ce  t h e  p la teau v e l o c i t y ,  s ince  emission f rom both  
near and f a r  s ides o f  t h e  shocked s h e l l  w i l l  c o n t r i b u t e  t o  an emission 
component. Thus, w id ths  of order  160-300 kmlsec are expected f o r  emission 
l i n e s  f rom t h e  C I R  shocked region.  These are  cons i s ten t  w i t h  IUE data  
(Hartmann e t  a l ,  1982). 

I n t e r a c t i o n  Dis tance 

Suppose 'slow" wind emerges f rom a  s t a r  a t  speed vo, and t h a t  t h e  
wind speed has a  g rad ien t  G=dv/dw w i t h  respec t  t o  longi tude,  w, on t h e  
s t e l l a r  sur face (r=R*). Then w i t h  a  s t e l l a r  r o t a t i o n  v e l o c i t y  of vr, 
t h e  d is tance where f a s t  gas catches up w i t h  slow gas i s  a t  l e a s t  

where we have assumed t h a t  t h e  f a s t  stream a x i s  i s  separated i n  l ong i t ude  
by A W  from t h e  slow wind, and we have al lowed A W ~ O .  To o b t a i n  an upper 
l i m i t  on ri, we a l l ow  A W  t o  becomes 2n. I n  t h i s  case, we f i n d  

In t h e  s o l a r  wind, (1) p r e d i c t s  r i / R * "  60, w h i l e  ( 2 )  p r e d i c t s  
r i  /R*  z 1200. Thus, t h e  geometr ical  mean o f  these two l i m i t s  i s  
r i / R * =  270, i .e. r i  = 1.2 A.U., i n  good agreement w i t h  ohserva.t ions o f  
C I R  formation d is tances  i n  t h e  s o l a r  wind (Hundhausen, 1973). 

Other s t a r s  have (v0/vr )  r a t i o s  which may be much smal le r  than  t h e  
s o l a r  va lue (200). Hence, CIR's are p red i c ted  t o  form much c l o s e r  t o  t h e  
sur faces o f  o t h e r  s ta rs .  I n  OB s ta rs ,  w i t h  v o z  (1-3) x  103 kmlsec and 
v r  ~ ( 1 - 3 )  x l o 2  kmlsec, vo/vr i s  t y p i c a l l y  smal le r  than  s o l a r  by an 
order  of magnitude. I n  such s ta rs ,  CIR's should form a t  a  few tens of 
s t e l l a r  r a d i i .  A t  such r a d i i ,  CIR's have s u f f i c i e n t  emission measure t o  
account f o r  much o f  t h e  E i n s t e i n  X-ray emission in ,  say, 5 Puppis. 

I n  Betelgeuse, vr i s  n o t  known, b u t  e v o l u t i o n a r y  c a l c u l a t i o n s  (Endal 
and Sof ia,  1979) suggest t h a t  vr'may be a  few kmlsec. I n  t h a t  case, 
vo/vr may be almost 2  orders o f  magnitude smal le r  than t h e  s o l a r  
value. CIR1s cou ld  then form q u i t e  c l ose  t o  t h e  s ta r ,  w i t h i n  1-2 s t e l l a r  
r a d i i .  I n  view o f  t he  temperatures we have est imated above f o r  CIR1s i n  
Betelgeuse wind, these r e s u l t s  have a  bear ing  on t h e  c l a i m  f o r  an "extended 
chromosphere" i n  Betelgeuse and s imi  1  a r  coo l  g i  ants (Stencel , 1982). 

I n  h y b r i d  s ta rs ,  r ecen t  work (Bros ius e t  a l ,  1983) based on a r c h i v a l  



IUE Mq I I  d a t a  ( i n t e r p r e t e d  i n  terms of r o t a t i o n a l  modulat ion)  suqgests t h a t  
vr 20 km/sec i n  some hyhr ids .  I f  these can be confirmed, t hey  suggest 
t h a t  vQ/vr i n  h y b r i d s  i s  i n t e rmed ia te  between va lues i n  OB s t a r s  and 
those i n  Betelgeuse. Thus , ' i n  hybr ids ,  C IR 's  a r e  p r e d i c t e d  t o  f o rm  a t  
about 10 R*. W i th  mass l o s s  r a t e s  o f  o rde r  2  x Mo/yr, C IR ts  a t  
such d i s tances  c o n t a i n  s u f f i c i e n t  emiss ion measures t o  account f o r  t h e  
observed i n t e n s i t i e s  o f  NV emission i n - t h e  hybr ids .  
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F i g .  1 V a r i a t i o n s  o f  s o l a r  wind parameters as C I R  sweeps p a s t  a 

spacec ra f t  ( cou r tesy  o f  E. J. Smith). The spacecraf t ,  i n i t i a l  l y  i n  
s low wind, i s  over taken by F, a  fo rward  shock. I i s  t h e  i n t e r f a c e  
between f a s t  and slow wind, where d e n s i t y  has a maximum. R i s  a  
r eve rse  shock where t h e  spacecra f t  emerges i n t o  t h e  f a s t  wind. 
Note t h e  v e l o c i t y  p l a teau  between F and R. 
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ABSTRACT 

Betelgeuse (Alpha Ori; M2 Iab) was extremely bright at optical 
wavelengths and in the Mg I1 resonance lines during January and February 1984 
when an intrinsic brightening occurred in the photosphere and chromosphere. 
Linear polarization in the B-band at this time was not anomalous when compared 
to earlier epochs. The core of the Ha line was redshifted by about 10 km/s 

' 

with respect to the photospheric lines during January/February as compared to 
measurements made five months previously. There may be periodic variations in 
the chromospheric flux. 

INTRODUCTION 

Betelgeuse (Alpha Orionis), a semiregular red supergiant star is one of 
the brightest stars in the sky and as such is eminently suitable to intensive 
analysis by a variety of techniques. This star has commanded a great deal of 
attention because observations of high precision are possible and variability 
is present on different time scales. The star shows irregular light fluctua- 
tions on the order of 100 to 200 days (Stebbins 1931; Guinan 1984) superposed 
on an underlying long term variation of about half a magnitude in a period of 
slightly less than six years (see Figure 1, also). As Goldberg (1979) has 
noted, several components to the atmosphere can be defined: a photosphere 
that exhibits regular velocity variations and irregular brightenings; an ex- 
tended chromosphere in which outward mass flow exists; and two stationary cir- 
cumstellar shells. In this picture, downward flowing material must also coex- 
ist as suggested by Boesgaardts (1979) measurements of redshifted Fe I1 lines. 

Both Sanford (1933) and Spitzer (1939) remarked on the similarity between 
Betelgeuse and a pulsating star, but the presence and effect of large photos- 
pheric convective elements as suggested by Schwarzschild (1975) has not been 
incorporated into a pulsation model. Guinan (1984) and Hayes (1984) have 
speculated that the 100 to 200 day variation in light and polarization may 
result from the ejection of hot material from the stellar photosphere - 
perhaps corresponding to a convective element. 

The 1984-1985 observing season is particularly attractive for observa- 
tions because it represents a time near maximum luminosity and minimum radial 
velocity. We have begun an intensive multifrequency observing program to 
coincide with the Seventh Round of IUE Observing Program, and the first 
results of the two months, January and February 1984 are discussed here with 



particular comparison to earlier epochs. Director's discretionary time was 
kindly allotted by Y. Kondo to take advantage of the exceptional brightening 
of Betelgeuse in December 1983 and January-February 1984. 

OBSERVATIONS (See Figure 1) 

a.) The optical'B-band photometry shows agreement in seasonal averaee with the 
Stebbins ( 1931 ) photoelectric ephemeris and a period of 5.781 years. A 
brightening of % 0.3 magnitudes such as occurred in 1984 (and 1981) appears 
superposed on the long-term variation. 

b.) Polarization does not follow the long-term brightness variation, however 
the 100 to 200 day po1arization.events generally correspond to optical bright- 
ening~. In 1984, however the polarization was a 0.3 percent level - not 
anomalously high in spite of the substantial optical brightening. 

c.) The ultravidlet measures indicate that the Mg I1 flux corresponds to the 
optical brightening. The Mg I1 profiles in Figure 2 show that a true chromos- 
pheric enhancement occurred (and not simply a modification of the circumstel- 
lar envelope). The A1300 feature (S I and 0 I) also showed a slight increase 
in flux. Fluxes for the Mg I1 and A1300 feature are contained in Tables 1 and 
2. 

d . )  The Ha profiles (Figure 3) obtained with a Cassegrain echelle spectrograph 
and reticon detector at the OaklRidge Observatory of SAO, show variability in 
the wings as well as a 10 km s- redshift during a five month period. The 
velocity of the photosphere in this period (as determined fromlfive lines of 
Fe I, Ti I, and Ca I) was approximately constant at + 17 km s- . 
DISCUSSION 

The brightening event of Betelgeuse in 1984 gives evidence for variabili- 
ty in photospheric and chromospheric structure. The observation of ordered 
variations in the polarization in conjunction with optical brightening sug- 
gests the appearance of a bright element (or few elements) on or close to the 
stellar surface. 

The evidence from the Ha core for ordered downflow at the top of the ex- 
tended chromosphere may be associated with the optical brightening in December 
1983 or may simply be similar to the infall that Boesgaard (1979) inferred 
from Fe I1 emission. However, the Ha core indicates a motion relative to the 
photosphere as distinct from Boesgaardts conclusion that the Fe I1 emission 
displayed photospheric variations in conjunction with steady downflow. The 
extent of the association of Ha with the photospheric brightness and velocity 
variations is of crucial importance to assess the dynamics of the atmosphere. 

The long-term variability of the Mg I1 flux (see Figure 4) is particular- 
ly intriguing for there is clear evidence of chromospheric variability. The 
Mg I1 fluxes do not appear to match the optical variations, but a shift of the 
optical ephemeris by six months improves the correlation. If confirmed, such 
a shift suggests that the chromospheric enhancement is displaced to follow, 



and hence may result from, the maximum in photospheric luminosity. In 
Cepheids, it is known that the Ca I1 emission is displaced later with respect 
to the optical phase with increasing Cepheid period (Kraft 1957; Whitney 
1958). And long period variables with periods of 4000 days show emission 
distinctly after maximum light (Whitney 1958). Attempts have been made to ob- 
tain the phase dependence of chromospheric lines in a few Cepheids, and while 
the emissions are variable, the pattern of variability with both phase and the 
stellar period has not been explored in depth (Schmidt and Weiler 1979; 
Schmidt and Parsons 1982, 1984). 

We are just entering a year of concerted observations of Betelgeuse, and 
acquiring such phase and velocity information should give insight into at 
least two major current problems of stellar astrophysics, namely chromospheric 
structure and activity in a low gravity object, and the physics of stellar 
winds and mass loss. 

We are grateful to N. Burnham and R. Hewett for timely reduction of the 
spectroscopic data. This research is supported in part by NASA Grant NAG5-87 
to the Smithsonian Astrophysical Observatory. 
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Figure 2. The Mg I1 profiles of 
Alpha Ori on 24 January 1984 (LWP 
2703) and at a previous time, 19 
Aueust 1981 (LWR 11360). The 
vertical lines mark the position 
of resonant Mn I absorption lines 
that may arise in the circumstel- 
lar shell. The two Mn I transi- 
tions at longer wavelengths are 
visible in our deep exposures 
that saturate the emission peaks 
of the Mg I1 lines. 
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Figure  3. The Ha c o r e  region o f  Alpha O r i  where t h e  redward s h i f t  o f  t h e  co re  
is apparent  as is t h e  varying emission i n  t h e  wings. For d i sp l ay ,  t h i s  f i g u r e  
was a l igned  on t h e  photospheric  V I l i n e  a t  X6566. 

Figure  4. Mg I1 f l u x e s  i n  Alpha O r i  a s  measured from a l l  s u i t a b l e  IUE spec t r a .  
The broken curve r e s u l t s  from S tebb ins  ' ( 193 1 ) p h o t o e l e c t r i c  ephemeris t h a t  
p r e d i c t s  maximum l l g h t  i n  la te  1983 ( s e e  F igure  1 ) ;  t h e  s o l i d  l i n e  is t h e  same 
curve of  S tebbins  t h a t  has  been a r b i t r a r i l y  advanced by about  0.5 yea r  t o  g ive  
b e t t e r  agreement wi th  t h e  Mg I1 f l u x  v a r i a t i o n s .  
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TABLE 1 

OBSERVED FLUXES AT A1300 (SI, 01 FEATURE) 

Date + Image No. Flux -2 
(10-l3 e r g  cm s-'1 

1978.63 SWP 2322 
1978.96 SWP 3629 
1979.22 SWP 4729 
1979.68 SWP 6426 
1980.68 SWP 10030 
1981.00 SWP 10917 
1984.02 SWP 21967 
1984.16 SWP 22371 

+ 
A l l  images i n  low d i spe r s ion  through t h e  l a r g e  ape r tu re .  

TABLE 2 

OBSERVED Mg I1 FLUXES FROM ALPHA O R 1  

Date + Image No. Disp. k-Line h-Line To ta l  
(A27951 (ATB03) -2 s-l 
( u n i t s  of 10- erg cm 

1978.63 LWR 
1978.63 LWR 
1978.96 LWR 
1979.22 LWR 
1981.63 LWR 
1982.15 LWR 
1984.02 LWP 
1984.02 LWP 
1984.02 LWP 
1984.07 LWP 
1984.07 LWP 
1984.13 LWP 
1984.13 LWP 
1984.16 LWP 
1984.16 LWP 

+ , A l l  exposures i n  l a r g e  a p e r t u r e .  
Two exposures i n  l a r g e  a p e r t u r e .  



PRECISE MEASUREMENTS OF RADIAL VELOCITIES OF EVISSION LINES I N  THE FAR- 
IJLTRAVIOLET SPECTRA OF LATE-TYPE STARS 

T.R. Ayres, Labora to ry  f o r  Atmospheric and Space Physics,  I l n i  v e r s i  ty  o f  
Col orado 

O. Engvold and 0. K j e l d s e t h  Moe, l n s t i  t u t e  f o r  Theo re t i ca l  Ast rophys ics,  
U n i v e r s i t y  o f  Oslo 

T. Simon, I n s t i t u t e  f o r  Astronomy, U n i v e r s i t y  of Hawaii 
C. Jordan and P. Judge, nepartment o f  Theo re t i ca l  Physics,  l l n i v e r s i t y  o f  

Ox fo rd  
A .  Rrown and J.L. ~ i n s k ~ l ,  J o i n t  I n s t i t u t e  f o r  Labora to ry  Ast rophys ics,  

N a t i  onal Bureau o f  Standards and Uni v e r s i  ty of Col orado 

We have measured t h e  r a d i a l  v e l o c i t i e s  of emiss ion l i n e s  i n  deep SUP 
e c h e l l e  exposures o f  severa l  l a t e - t y p e  dwarf  and g i a n t  s t a r s ,  taken  w i t h  
spec i  a1 observ ing p recau t ions  t o  ensure t h e  ass i  gnment o f  p r e c i  se wavel ength 
sca les.  Our goal was t o  search f o r  abso lu te  and d i f f e r e n t i a l  nopp le r  s h i f t s  
o f  emiss ion l i n e s  formed a t  d i f f e r e n t  temperatures i n  t h e  s t e l l a r  o u t e r  
atmospheres analogous t o  t he  r e d s h i f t s  o f  C I V  A1548 ( l o 5  K) known t o  occur i n  
t h e  s o l a r  t r a n s i t i o n  zone. I n  a d d i t i o n  t o  new exposures o f  E E r i d a n i  (K2 V: 
530 minutes) ,  O r i o n i s  (GO V: 845, 870, and 840 minutes) ,  X Andromedae (68 
111-IV: 730 minutes),  a Aurigae Ab (F9 111: 5 p a i r s  o f  s h o r t  122.5 minutes] 
and l o n g  [>80 minutes] exposures symmetr ical  about s i ng le -1  i n e  phase O), and a 
Canis M i n o r i s  A (F5 I V - V :  110 minutes, 3x60 minutes),  we have reanalyzed 
e x i s t i n g  images, taken w i t h o u t  t h e  p r e c i s e  r a d i  a1 v e l o c i t y  precaut ions,  o f  
f i v e  dwarf  s tars- -x l  O r i ,  a Centaur i  A (62 V), a Centaur i  I3 (K1 V), 5 Roo t i s  A 
(68 V), and c E r i ;  f o u r  g i a n t  s tars- -A And, 0 Cet i  (G9.5 1111, a Roo t i s  (K2 
I I I ) ,  and a T r i a n g u l i  A u s t r a l i s  (K3 11); and t h r e e  superg ian ts - -8  Aqua r i i  (GO 
I h ) ,  a Aqua r i i  (62 I b ) ,  and 56 Pegasi (KO I b ) .  A 1  i s t  o f  t h e  spec t ra  analyzed 
f o r  t h i s  s tudy i s  p rov ided  i n  Table 1. 

The spec t ra  were reduced a t  t h e  Regional  Data Ana l ys i s  F a c i l i t y  i n  
Boulder  us i ng  s tandard procedures. For  t h e  s t a r s  f o r  which m u l t i p l e  spec t ra  
were ava i l ab le ,  we i n t e r p o l a t e d  t h e  i n d i v i d u a l  observa t ions  on to  a  common 
wavel ength sca le  and coadded them t o  produce a  composite spectrum of un i f o rm ly  
h i g h e r  s i  gnal - to-no ise.  Wavelength r e g i s t r a t i o n  was accompl i shed  by a  
wei ghted mean v e l o c i t y  o f  t h e  promi nent, narrow 1  ow-exci t a t i  on 1  i nes i n  each 
spectrum, except f o r  a C M i  A and a Aur Ab where we coadded t h e  spec t ra  on t h e  
assigned h e l i o c e n t r i c  wavelength scale,  from which had been sub t rac ted  t h e  
s t e l l a r  r a d i a l  v e l o c i t y .  I n  a l l  cases where m u l t i p l e  spec t ra  were summed t o  
form a  composite spectrum, t h e  rms d e v i a t i o n  o f  t h e  i n d i v i d u a l  observa t ions  
f rom t h e  mean was c a l c u l a t e d  po in t -by -po in t .  The rms reco rd  con ta ins  
s t r u c t u r e  when one o f  t h e  observat ions d i  f f e r s  s i g n i f i c a n t l y  f rom t h e  o thers ,  
owing t o  a  cosmic ray  h i t  f o r  example, and p rov ides  a  means t o  i d e n t i f y  
reg ions  o f  t h e  composite spec t ra  t h a t  a re  so a f fec ted .  

Se lec ted  examples o f  t h e  reduced spect ra ,  p r i m a r i  l y  t h e  p r e v i o u s l y  
unpubl ished composite spect ra ,  a re  prov ided i n  F igures  1 ( l a t e - 6  and K s t a r s )  
and 2 (F and ear ly-G s ta r s ) .  

We measured i n  t h e  composite spect ra ,  and i n  t h e  s i n g l e  exposures, t h e  
apparent wavelengths o f  about 25 emiss ion l i n e s  us ing  a  least -squares Gaussian 
f i t t i n g  a lgor i thm.  Not a l l  o f  t h e  l i n e s  cou ld  be measured i n  every 
spectrum. We d e f i n e  a t r a n s i t i o n  zone (TZ) v e l o c i t y  i ndex  based on t he  mean 



v e l o c i t y  o f  t h e  S i  I V  XX1393.8,1402.8 and C I V  AX1548.2,1550.8 doublets ,  
weighted by t h e  s t a t i s t i c a l  s i g n i f i c a n c e  o f  each l i n e  f l u x ,  and a 
chromospheric v e l o c i t y  index  based on a s i m i l a r l y  weighted mean o f  narrow, low 
e x c i t a t i o n  l i n e s  from r n u l t i p l e t s  o f  S i  I 1  (dwar fs  on l y ) ,  S I ,  0 I, C I, and C1 
I. We a l s o  cons t ruc ted  a t h i r d  index  based on t h e  weighted mean v e l o c i t y  o f  
t h e  o p t i c a l l y  t h i n  i n te r sys tem l i n e s  o f  S i  111 ( ~ 1 8 9 2 )  and C 111 ( ~ 1 9 0 9 ) .  The 
va?l!es ohta'ned f o r  these i n d i c e s  a re  p rov ided  i o  Table 1. 

Among the  superg iants ,  on l y  56 Peg e x h i b i t s  a  p o s i t i v e  TZ-chromosphere 
index, and then on l y  a t  t he  2 a  l e v e l .  The e a r l y  K-g ian t  a Roo shows no 
evidence f o r  h i g h  temperature l i n e s ,  as ide  from a marg ina l  d e t e c t i o n  o f  S i  
1111, b u t  t h e  abso lu te  chromospheric v e l o c i t y  index  i s  w i t h i n  l a  o f  t h e  
s t e l l a r  photospher ic  ve l ' oc i t y .  The K b r i g h t  g i a n t  a TrA e x h i b i t s  weak C I V  
emiss ion i n  t h e  composite spectrum (2155 minutes o f  exposure), b u t  t h e  
presence o f  s i g n i f i c a n t  continuum emiss ion i n  t h e  1900 A r eg ion  r a i s e s  t h e  
poss i  b i  1  i ty  t h a t  t h e  h i g h  temperature 1 i nes a re  from a p r e v i o u s l y  unrecognized 
main sequence F-type companion. The two a c t i v e  g i a n t  s t a r s  a Aur Ab and X 
And, e x h i b i t  s u b s t a n t i a l  d i f f e r e n t i a l  TZ i n d i c e s  (10 km s'': s i g n i f i c a n t  a t  
t h e  40 l e v e l ) .  However, t h e  middle-F subgiant  Procyon has an a b s o l ~ ~ t e  TZ 
index  w i t h i n  about l a  o f  t h e  s t e l l a r  r a d i a l  v e l o c i t y .  I n d i v i d u a l l y ,  t h e  
dwarfs a re  found t o  have, a t  best,  on l y  m a r g i n a l l y  p o s i t i v e  d i f f e r e n t i a l  TZ 
i nd i ces ,  b u t  c o l l e c t i v e l y  e x h i b i t  a  d i f f e r e n t i a l  i ndex  o f  +4 krn s - l  which i s  
s i g n i f i c a n t  w i t h  respec t  t o  t h e  s tandard e r r o r  of t h e  sample mean a t  t h e  3a 
l e v e l .  The c o l l e c t i v e  r e d s h i f t  f o r  t h e  dwarfs i s  i n t r i g u i n g  hecause i t  i s  
approx imate ly  t he  va lue expected from sca l  i n g  s o l a r  observat ions,  ob ta ined  by 
t h e  OSO-8 UV spectrometer,  t o  f u l l - d i s k  (Sun as a s t a r )  averages. 
Nevertheless, a t  t h i s  l e v e l  o f  p rec i s i on ,  systemat ic  e r r o r s  i n  the  wavelength 
sca les  o f  the SW echel 1  e  and unce r ta i  r l t i e s  i n  1 abora to ry  wavelengths become 
q u i t e  impor tant ,  and remain t o  be i n v e s t i g a t e d  i n  adea11iit.e d e t a i l .  

S t a r  SP. Type SUP Image Nos. V ( l w X )  A I I AV(Si IV. C I v )  

x1 O r i  GO V  

"7 
a  t e n  A  62 V  

I- 
Z w C Roo A G8 V 

Y 
CL 
3 V1 a  t e n  8 K1 V  
4 
Y L c E r i  K2 V  
> 
I- - a  CHI F5 IV-V 
U 
C 
2 Y a A u r 4 h  F 9 I I I  
> 

Y 0 

* A And G8 111-IV 
cz 4 

r, B Cet G9.5 111 

V) 

a  Roo K2 111 - a  TrA K3 I 1  8569, 8916, 15494 (2.1 i 0.8) + 1.2 t 1.5 + 2.4 * 5  

G 
a Aqr 62 I h  17060 + 2.2 i 2.7 + 7.6 * 2.7 - 15 * 22 

56 Peg KO I h  15283 - 19.7 i 1.9 + 5.1 i 3.5 + 1 4  t 7  

Notes: V(1owX) i s  t h e  measured weighted mean v e l o c i t y  of l w  e x c i t a t i o n  l i n e s  i n  s i n g l e  o r  composite spectra.  
Parantheses i n d i c a t e  t h a t  the  l w  X l i n e s  were used t o  r e g i s t e r  t h e  i n d i v i d u a l  exposures t o  a  comnoq v e l o c i t y  scale.  
Brackets i n d i c a t e  s i n g l e  spec t ra  o r  composite spec t ra  r e g i s t e r e d  t o  t h e  s t e l l a r  r a d i a l  v e l o c i t y  frame by means of  an 
'abso lu te '  v e l o c i t y  measurement. The f i n a l  two columns p rov ide  t h e  d i f f e r e n t i a l  velocities o f  t h e  S i  1111 + C  1111 o r  
S i  IV + C  IV fea tu res  r e l a t i v e  t o  V ( l w X ) ,  except  f o r  Procyon where t h e  measurement i s  'ahsolute ' .  The u n c e r t a i n t i e s  i n  
t h e  V's are standard e r r o r s  of t h e  weighted means. The u n c e r t a i n t i e s  i n  t h e  AV's a re  quadra t i c  sums of e r r o r s .  I n  t h e  
s i n g l e  spectra.  t h e  VflowX) have n o t  heen cor rec ted  f o r  t h e  Earth, s a t e l l i t e  o r  s t e l l a r  r a d i a l  v e l o c i t i e s .  and there fo re  
can depar t  s i g n i f i c a n t l y  from zero. 
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l l l l l l l l l l l l l l l l l  

aTrianguli Australis (K3 Ill 

a Bootis (K2 111) I 

A Andromedae (G8 111-IVI 

F i g u r e  1: The o rd ina te  i s  the  monochromatic f l u x  d i v i d e d  by the bo lomet r i c  
f l u x  o f  the  s ta r ,  and i s  ananlogous t o  a  su r face  f l u x .  The abscissa i s  a  
segmented wavelength sca le  ( t h e  t i c k  marks a r e  2 A apar t ) .  For the  c m p o s i  t e  
spect ra,  t h e  ne a t i v e  o f  the  rms vec to r  i s  p l o t t e d  f o r  each s p e c t r a l  i n t e r v a l .  
For example, h p s  i n  t h e  -rms i n d i c a t e  t h e  presence o f  cosmic r a y  " h i t s . "  
The v e r t i c a l  s t rokes  i n  each l i n e  represent  the  labora to ry  wavelengths i n  the  
r e s t  frame o f  the  low-exc i ta t ion  species, Note t h a t  0  I 1302.2 and C I1 1334.5 
a r e  a f f e c t e d  by reseau marks i n  a d d i t i o n  t o  i n t e r s t e l l a r  absorpt ion.  



P Aquarii (GO lbl 

a Aquarii (G2 1bl 

0 A'..&&&& . - 

aCanis Minoris A (F5 IV-Vl 
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F i g u r e  2:  Same as F i g u r e  1 f o r  F and ear ly -G s t a r s .  I n  t h e  s i n g l e  spec t ra ,  
and i n  t h e  longwave length  p o r t i c n  of t h e  Procyon c m p o s i t e  spectrum, d i p s  
below t h e  z e r o  l i n e  i n  each pane l  i n d i c a t e  r e g i o n s  of t h e  spec t ra  wh ich  a r e  
overexposed or ,  i n  sane cases, a f f e c t e d  by  reseau marks. The r e f e r e n c e  
f rames f o r  t h e  Procyon and Cape l l a  compos i te  spec t ra  a r e  b a r y c e n t r i c  ' ahso lu te . '  

T h i s  work was suppo r ted  b y  Guest Observer g r a n t s  f r o m  NASA, SERC, and ESA. 



ULTRAVIOLET, RADIO AND X-RAY OBSERVATIONS OF HYBRID STARS 
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J o i n t  I n s t i t u t e  f o r  Laboratory Astrophysics ,  Univers i ty  of Colorado 
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ABSTRACT 

I n  o rde r  t o  understand t h e  na ture  of t he  c i r c u m s t e l l a r  regions i n  t he  
so-cal led hybrid (-chromosphere) s t a r s ,  we have analyzed e x i s t i n g  long wave- 
l e n g t h  IUE da t a  of t he se  s t a r s ,  obtained new 6 cm rad io  observa t ions  with 
t he  VLA, and compiled a l l  a v a i l a b l e  X-ray observat ions.  We conclude t h a t  
t h e  low-velocity absorp t ion  components seen i n  t he  Mg I1 h and k l i n e s  of 
hybr ids  a r e  almost c e r t a i n l y  i n t e r s t e l l a r  and t h a t  only t he  high-veloci ty  
components a r e  i n d i c a t i v e  of the  s t e l l a r  wind speeds. The mass l o s s  r a t e s  of 
ion ized  ma te r i a l  obtained from the  rad io  da t a  a r e  s2-4 x 10'~ Ma yr'l f o r  t h e  
t h r e e  hybrids  observed t o  da te .  The emission measures of coronal  ma te r i a l  can 
be obtained from the  X-ray da ta ;  of t he  f o u r  hybrids  observed by E i n s t e i n ,  
t h r ee  were not de t ec t ed ,  and one (8 Her) was poss ib ly  de t ec t ed ,  implying t h a t  
hybrid s t a r s  are not  i n t r i n s i c a l l y  s t r o n g  X-ray sources.  

INTRODUCTION 

Hartmann, Dupree and Raymond (1980) introduced the  term hybrid (-chromo- 
sphere)  s t a r  t o  r e f e r  t o  those luminous, l a te - type  s t a r s  t h a t  show spectro-  
s cop ic  evidence f o r  both a cool  (T - lo4 K) ,  h igh-veloci ty  (v - 100 km s'l) 
wind ( a s  i nd i ca t ed  by short-wavelength-shifted absorp t ion  i n  the  Mg I1 h and 
k l i n e s )  - and a so la r - type  t r a n s i t i o n  region ( a s  i nd i ca t ed  by emission l i n e s  
such a s  C I V  formed a t  T - lo5 K). This  apparent  dua l  na ture  of the  o u t e r  
atmospheres of the  hybrid s t a r s  is  very  i n t e r e s t i n g  because these  s t a r s  l i e  
i n  a region of t he  H-R diagram sepa ra t i ng  s t a r s  with so l a r - l i ke  hot coronae 
( a s  implied by X-ray emission)  from those with cool ,  massive winds ( a s  evi-  
denced by shortward-shif ted "c i r cums te l l a r "  absorp t ion  components) (Linsky 
and Haisch 1979; Ayres e t  a l .  1981). Thus the  hybrid s t a r s  could be i n  
t r a n s i t i o n  between these  two types of atmospheric s t r u c t u r e ,  perhaps due t o  
evo lu t ion  t o  t he  r i g h t  i n  t he  H-R diagram. R e i m e r s  (1982) proposed poss ib l e  
new hybrid s t a r s  on the  b a s i s  of t he  two (high and low v e l o c i t y )  abso rp t ion  
f e a t u r e s  i n  e i t h e r  t he  Mg I1 o r  t he  Ca I1 resonance l i n e s ,  s i n c e  a l l  s i x  
hybr ids  known t o  t h a t  da t e  had t h i s  c h a r a c t e r i s t i c .  

Hartmann, Dupree and Raymond (1981, h e r e a f t e r  HDR) proposed a s  an addi- 
t i o n a l  p roper ty  of t he  hybrid s t a r s  t h a t  the  low-velocity absorp t ion  compo- 
nents  seen i n  t h e  Mg I1 l i n e s  i n  t he se  s t a r s  a r e  i n t r i n s i c a l l y  c i r c u m s t e l l a r .  
These au thors  app l i ed  t he  Alfv'en-wave d r iven  s t e l l a r  wind theory of Hartmann 
and McGregor (1980) t o  model t h e  Mg I1 l i n e s  and the  s t r e n g t h s  and widths of 

* S t a f f  Member, Quantum Physics  Div is ion ,  Nat ional  Bureau of Standards.  



t he  S i  111, C 111 and C I V  l i n e s .  The i r  hybrid s t a r  model envelopes had the  
fol lowing p rope r t i e s :  ( 1 )  A temperature s t r u c t u r e  which r i s e s  from Te - lo4 K 
j u s t  above the  photosphere ( reg ion  A) t o  a  maximum of -8 x lo4 K a t  2-3 s t e l -  
l a r  r a d i i  r* ( reg ion  B) and then dec l ines  back down t o  s104 K a t  10 r, ( r eg ion  
C). ( 2 )  A v e l o c i t y  f i e l d  i nc reas ing  from A10 km s'l ( reg ion  A) t o  -100 km s'l 

then s t ay ing  f a i r l y  cons tan t .  ( 3 )  A mass l o s s  r a t e  of 4-5 x 

We presen t  here  a  re-analysis  of the Mg I1 p r o f i l e s  of hybrid s t a r s  (ob- 
t a ined  from s p e c t r a  a v a i l a b l e  i n  the  IUE Archives of the Univ. of Colorado 
RDAF), p r e sen t  new rad io  observa t ions  of 3  hybrid s t a r s  ( I  Aur, 8 Her and 
y Aql) ,  and d i scus s  the  a v a i l a b l e  E i n s t e i n  X-ray da ta  on these s t a r s .  We 
compare t h i s  obse rva t iona l  m a t e r i a l  with the  p rope r t i e s  of the HDR model. 

THE NATURE OF THE ABSORPTION COMPONENTS I N  THE Mg I1 LINES 

Because of i ncons i s t enc i e s  between the  var ious  au thors  who have meas- 
ured the r a d i a l  v e l o c i t i e s  of the  Mg I1 absorp t ion  components, we have re- 
measured the  bes t  s p e c t r a  f o r  a l l  seven confirmed hybrid s t a r s .  We have used 
Fe I and C r  11 absorp t ion  l i n e s  i n  the  region 2765-2875 A t o  determine the  
photospheric  r a d i a l  v e l o c i t i e s .  On the  bas i s  of t h e i r  r e p e a t a b i l i t y  from 
spectrum to  spectrum, we e s t ima te  t h a t  the  measured r e l a t i v e  r a d i a l  ve loc i -  
t i e s  of the absorp t ion  f e a t u r e s  with respec t  t o  the  photosphere should be 
accu ra t e  t o  f 3  km s'l ( l a ) .  The major in fe rences  t h a t  we have d i r e c t l y  
drawn from our  s tudy of the  Mg 11 l i n e s  i n  these  s t a r s  can be summarized a s  
fol lows:  ( i )  I n  each s t a r  the low-velocity absorp t ion  component is always 
narrower than the  high-veloci ty  component, and is gene ra l l y  unresolved a t  
the  30 km s-l r e so lu t ion  of t he  LWR camera. ( i i )  The low-velocity component 
f o r  each exposure of a  given s t a r  i s  always a t  the same r a d i a l  v e l o c i t y  
r e l a t i v e  t o  the  s t e l l a r  photosphere. The values  obtained from measurements 
of d i f f e r e n t  exposures f o r  the  same s t a r  have a  s tandard dev ia t i on  of 2- 
4 km s'l, which i s  equa l  t o  our expected measurement e r r o r  f o r  a  f e a t u r e  
t h a t  i s  a t  cons tan t  r a d i a l  ve loc i ty .  ( i i i )  The high-veloci ty  component is  
c l e a r l y  v a r i a b l e  i n  v e l o c i t y  i n  a  TrA and probably a l s o  i n  I Aur and t h i s  
component is v a r i a b l e  i n  shape i n  many of the  s t a r s ,  confirming t h a t  i t  is 
c i r c u m s t e l l a r  i n  o r i g i n .  

Since the  low-velocity absorp t ions  i n  a l l  seven hybrids  a r e  narrow and 
cons tan t  i n  h e l i o c e n t r i c  r a d i a l  v e l o c i t y ,  we have inves t i ga t ed  the hypothe- 
s is  t h a t  they a r e  due t o  i n t e r s t e l l a r  absorpt ion.  The i n t e r s t e l l a r  medium 
wi th in  -30-50 pc of the  Sun ( t h e  Local I n t e r s t e l l a r  Medium, LISM), can be 
modeled t o  a  f a i r  degree of approximation a s  a  d i s c r e t e  e n t i t y  with a  coherent  
v e l o c i t y  vec to r  (VI, a o ,  6 0 )  with respec t  t o  t he  Sun. Crutcher  (1982) and 
F r i s ch  ( 1981) have reviewed the  evidence support ing t h i s  simple model and 
determined values  f o r  t h i s  vec tor .  Freeman et a l .  (1980) have modeled the  
resonant s c a t t e r i n g  of the s o l a r  H e  I A584 A emission by ma te r i a l  f lowing 
through the  s o l a r  system t o  ob t a in  a  l o c a l  value f o r  t h i s  vec to r  which i s  i n  
good agreement with t he  value obtained from observa t ions  of the  i n t e r s t e l l a r  
absorp t ion  seen toward nearby hot s t a r s  (Kondo e t  a l .  1978) and cool s t a r s  
(McCLintock e t  a l .  1978; BBhm-Vitense 1981). 



Comparing the  pred ic ted  r a d i a l  v e l o c i t i e s  obtained from these  d i f f e r e n t  
e s t ima te s  of the  LISM vec to r  we f i n d  a  spread i n  t he  va lues ,  f o r  a  given di-  
r e c t i o n ,  of up t o  18 km s'l , with  t y p i c a l  s tandard  dev ia t i ons  about the  mean 
of -6 km s'l, I f  t he  flow of the  LISM were t r u l y  coheren t ,  then t h i s  uncer- 
t a i n t y  would presumably be a  consequence of measurement e r r o r s .  Since we do 
not  expect  the  r a d i a l  v e l o c i t i e s  t o  be t h i s  imprec ise ,  a  more l i k e l y  reason 
f o r  the  unce r t a in ty  i n  the  LISM r a d i a l  v e l o c i t i e s  is t h a t  t he  LISM flow i s  not 
a s  simple k inemat ica l ly  a s  our  model assumes. Thus, i f  we use the  "global"  
LISM assumption, we should not  expect t o  p r e d i c t  the  exac t  r a d i a l  v e l o c i t y  i n  
a  given d i r e c t i o n  t o  b e t t e r  than '5-10 km s'l, I n  Fig. 1, we p l o t  t he  meas- 
ured r a d i a l  v e l o c i t i e s  of the  low-velocity components (Vlow) i n  the hybrid 
s t a r s  a g a i n s t  t he  p r e d i c t e d  LISM r a d i a l  v e l o c i t i e s  (VI) i n  the  s t e l l a r  r e f e r -  
ence frames using averaged values  of the  g loba l  LISM vector .  The graph shows 
a  good c o r r e l a t i o n  between the  pred ic ted  LISM absorp t ion  r a d i a l  v e l o c i t y  and 
t h a t  observed f o r  the low-velocity component. Most of the s c a t t e r  i s  probably 
due t o  the i nhe ren t  i naccu rac i e s  i n  represen t ing  the  LISM by a s i n g l e  kinema- 
t i c  e n t i t y .  Indeed, when we use LISM v e l o c i t i e s  determined from hot s t a r s  
n e a r l y  i n  the  same d i r e c t i o n  a s  two of the  hybrids  (0 Her and y Aql), i n  both 
cases  the "be t t e r "  values  of VI move c l o s e r  t o  the observed values  of vlow. 
We the re fo re  conclude t h a t  the  low-velocity absorp t ion  i n  hybrid s t a r s  can be 
e n t i r e l y  explained by l o c a l  i n t e r s t e l l a r  absorpt ion.  

RADIO AND X-RAY OBSERVATIONS OF HYBRID STARS 

We have observed 0 Her, y Aql and I Aur a t  6 cm with the  VLA. We did not  
d e t e c t  any of these  s t a r s ,  with 3a f l u x  upper l i m i t s  of -0.2 mJy. Using t h e  
Wright and Barlow (1975) theory f o r  t he  thermal rad io  emission from a cons tan t  

2 5 I I I 
Fig. 1. Comparison of t h e  
measured r a d i a l  v e l o c i t i e s  
of the  low v e l o c i t y  compo- 
nents  of the  hybrid s t a r  
Mg I1 l i n e s  (VlOw) with t h e  
pred ic ted  l o c a l  i n t e r s t e l l a r  
medium (LISM) r a d i a l  ve loc i -  
t i e s  (VI), both co r r ec t ed  . 
f o r  the r a d i a l  v e l o c i t y  of 
the s t e l l a r  photosphere 
(Vrad). The V l o w  = VI l i n e  
is  ind i ca t ed .  For two 
s t a r s ,  8 Her and y Aql, t h e  
c i r c l e s  i n d i c a t e  t h a t  VI was 
determined from the  i n t e r -  
s t e l l a r  v e l o c i t y  toward a  
nearby hot s t a r  r a t h e r  than 
from the  mean g loba l  LISM 
vec to r ,  thereby improving 
the  agreement with t h e  

i Vlow = V I  l i n e .  



v e l o c i t y ,  i o n i z e d  wind, the  wind v e l o c i t i e s  and d i s t a n c e s  f o r  t h e s e  s t a r s  
t aken  from Drake e t  a l .  (19841, and t h e  6  c m  u  p e r  l i m i t s ,  we o b t a i n  upper  
l i m i t s  t o  t h e  i o n i z e d  mass l o s s  r a t e s  of 2x16-! Mo yr-l (y Aql and 1 Aur) 
and 4 x  Ma yr-l (0 Her).  

We have a l s o  compiled pub l i shed  E i n s t e i n  X-ray f l u x e s  f o r  t h e s e  s t a r s .  
For  t h r e e  h y b r i d s  (a Aqr B Aqr, and y Aql) no f l u x  was observed w i t h  upper  
l i m i t s  of 6x 10-14, 2 x l 0 - ~ ~ ,  and 2x10-l3 e r g s  cm-2 s-l , r e s p e c t i v e l y  (Haisch 
and Simon 1982). Given t h e  g r e a t  d i s t a n c e  of a and B Aqr (2300 pc ) ,  t h e i r  
non-de tec t ions  a r e  not  s u r p r i s i n g .  F o r  0 Her, t h e r e  is a n  unpub l i shed  2.50 
X-ray d e t e c t i o n  of 2x 1 0 - l ~  e r g s  cm-2 s-1 cor respond ing  t o  l o g  Lx = 29.75 
( C a i l l a u l t  and Helfand 1982). U n f o r t u n a t e l y ,  no X-ray d a t a  a r e  p r e s e n t l y  
a v a i l a b l e  f o r  t h e  two n e a r e s t  hybr id  s t a r s  a TrA and t Aur. 

CONCLUSIONS 

HDR adopted a  model f o r  h y b r i d s  t h a t  could  form both  the  low- and high- 
v e l o c i t y  Mg 11 a b s o r p t i o n s  i n  t h e  expanding c i r c u m s t e l l a r  envelope.  T h e i r  
model p r e d i c t e d  no X-ray emiss ion  ( s i n c e  Tmax << lo6 K).  We conclude from 
o u r  a n a l y s i s  t h a t  i n t e r s t e l l a r  a b s o r p t i o n  is  s u f f i c i e n t  t o  account  f o r  t h e  ob- 
s e r v e d  low-veloci t y  f e a t u r e s ,  s o  t h a t  on ly  t h e  h igh-veloci  t y  a b s o r p t i o n s  a r e  
formed i n  t h e  winds themselves .  Thus, we b e l i e v e  t h a t  what makes t h e  k ine-  
m a t i c s  of hybr id  s t a r  winds i n t e r e s t i n g  a r e  t h e  observed h i g h  wind v e l o c i t i e s  
(70-140 krn s") compared t o  o t h e r  G-K 1-111 s t a r s  ( t y p i c a l l y  10-40 km S" ) 
and n o t ,  a s  p r e v i o u s l y  b e l i e v e d ,  t h e  supposed "twin c i r c u m s t e l l a r "  a b s o r p t i o n s .  
To ve r iEy  t h e  p o s s i b i l i t y  of lo6-lo1 K plasma e x i s t i n g  i n  t h e  c i r c u m s t e l l a r  
r eg ions  of t h e s e  s t a r s ,  f u r t h e r  X-ray d a t a  a r e  c l e a r l y  needed. The p r e s e n t  
d a t a  a r e  not  y e t  conc lus ive .  F i n a l l y ,  t h e  mass l o s s  r a t e s  f o r  h y b r i d s ,  a s  
determined from r a d i o  continuum o b s e r v a t i o n s ,  a r e  s o  s m a l l  a s  t o  imply t h a t  
mass l o s s  w i l l  have no e f f e c t  on t h e  e v o l u t i o n  of t h e  s t a r s  d u r i n g  t h i s  
phase ,  s i n c e  t y p i c a l  e v o l u t i o n a r y  t imes  through t h i s  region of t h e  HR d i a -  
gram a r e  <lo1 y e a r s  and t h e  d e r i v e d  mass l o s s  r a t e s  a r e   lo-^ *3 MQ yr-l. 
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ABSTRACT 

We have used IUE a r c h i v a l  d a t a  t o  s tudy  temporal  v a r i a t i o n s  o f  t h e  Mg I I  
h and k emiss ion l i n e s  i n  8 l a t e - t y p e  g i a n t s .  We p resen t  evidence t h a t  t h e  
v a r i a t i o n s  a re  p e r i o d i c  i n  nature.  We argue t h a t  t h e  p e r i o d i c i t i e s  can be 
i n t e r p r e t e d  i n  terrns o f  r o t a t i o n .  We f i n d  t h a t  t h e  f o u r  f a s t e s t  r o t a t o r s  i n  
our  sample a re  " h y b r i d "  s t a r s .  

INTRODUCTION 

We searched t h e  IUE a r ch i ves  f o r  G and K g i a n t s  and superg ian ts  w i t h  4 
o r  more images well-exposed i n  t h e  Mq I I  h and k l i n e s .  A f t e r  e l i m i n a t i n g  
known doubles (Ba s t a r s ) ,  we s e t t l e d  upon t h e  f o l l o w i n q  8 s t a r s :  a Aqr (62 
I b ) ,  B Aar (GO I b ) ,  a T r a  (K4 11-111), Aur (K3 11),  e Her (K1  I I a ) ,  y As1 
(K3  11), a Cas (KO I I I a ) ,  5 Cyg ( 6 8  11).  (The s p e c t r a l  t ypes  a re  taken  from 
Morqan and Keenan, 1973.) O f  these, t h e  f i r s t  5 had been p r e v i o u s l y  
c l a s s i f i e d  as hybr ids ,  s t a r s  e x h i b i t i n g  ev idence o f  b o t h  coo l  massive winds 
and warm m a t e r i a l  (N V and C I V  emiss ion l i n e s ) ,  b u t  no X-rays (Reimers, 
1982). 

71 images f o r  t h e  8 s t a r s  were reduced a t  t h e  IUE RDAF a t  Goddard Space 
F l i q h t  Center. We obta ined  t h e  f l u x e s  f o r  each o f  t h e  h and k l i n e s  by  
i n t e g r a t i n g  above a cont inuum l e v e l  des ignated by  t h e  minima surrounding 
each o f  t h e  emiss ion l i n e s  (FNET i n  t h e  IUE so f twa re ) .  We a l s o  ob ta ined  S/L 
va lues where t h e  shor tward emiss ion component r o s e  s i g n i f i c a n t l y  above t h e  
n o i s e  ( f o r  a Cas and 5 Cyg). We es t ima te  t h a t  t h e  no i se  i n  FNET (due t o  
temperature d r i f t s ,  r e p r o d u c i b i l i t y  u n c e r t a i n t y ,  and p i x e l  s a t u r a t i o n )  i s  
< 4%. - 
RESULTS 

The v a r i a b i l i t y  o f  chromospheric emiss ion i n  c o o l  g i a n t s  has a l r eady  
been demonstrated (Mu l l an  and Stencel ,  1982), b u t  t h e  ques t i on  o f  
p e r i o d i c i t y  i s  addressed here  f o r  t h e  f i r s t  t ime.  We wish t o  f i t  ou r  d a t a  
t o  a cu r ve  o f  t h e  f o rm  

C i  = K + A s i n  ( w t i  + 6 )  
where A i s  t h e  ampl i tude, w i s  t h e  angu la r  f requency, 6 i s  a phase f a c t o r ,  
t i  i s  t h e  t i m e  i n  days s i n c e  t h e  f i r s t  exposure i n  t h e  s e r i e s  ( t l = O ) ,  
and K i s  t h e  d.c. (mean) term. I n  t h e  case o f  a Aqr, where we have 16 good, 



independent exposures, we f i n d  t h a t  t h e  f i r s t  6 images f i t  ( t o  < 1%) an 
angular frequency o f  w = 0.0288 (pe r iod  o f  218 days) and t h e  9th-15th images 
f i t  u = 0.0313 (pe r iod  o f  201 days). The 7th, 8th, and 16 th  p o i n t s  f i t  
n e i t h e r  o f  these two curves. See F igu re  1. Because these per iods a re  much 
longer than expected p u l s a t i o n  per iods f o r  s t a r s  i n  our sample, we ascr ibe  
t h e  p e r i o d i c i t y  t o  r o t a t i o n a l  modulation. Th i s  requ i res  t h a t  t h e  
chromospheric emission f rom a s t a r  i s  dominated by emission f rom a smal l  
number ( i d e a l l y ,  one) o f  a c t i v e  regions, where t h e  a c t i v e  regions l i v e  f o r  
one o r  more r o t a t i o n a l  per iods (Vaughan et.al., 1981). We i n t e r p r e t  t h e  
r e s u l t s  f o r  a Aqr t o  mean t h a t  t h e  chromospheric emission i s  dominated by 
one a c t i v e  reg ion  through and i n c l u d i n g  the  f i r s t  6 images, and a d i f f e r e n t  
a c t i v e  reg ion  ( l oca ted  a t  a d i f f e r e n t  s t e l l a r  l a t i t u d e )  f o r  t h e  9th-15th 
images. Th i s  y i e l d s  an est imate on the  l i f e  expectancy o f  a c t i v e  reg ions  on 
a Aqr t o  be - 1.5 years. (We s i m i l a r l y  ob ta in  l i f e  expectancies o f  - 1-2 
years f o r  t h e  o the r  s t a r s  i n  our sample.) We note t h a t  s i m i l a r  angular 
f requencies (0.0293 and 0.0301, respec t i ve l y )  f i t  t h e  h - l i ne  da ta  f o r  a Aqr 
( t o  < 2%), al though here we have o n l y  5 and 5 p o i n t s  f i t t i n g  t h e  same t ime 
i n t e r v a l s .  F o r  t h e  o ther  s t a r s  i n  our sample, we have ex t rac ted  per iods  o f  
390 days ( B  Aqr),  100 days ( Aur), 430 days ( y  Aq l ) ,  116 days ( a  TrA), 146 
days ( a  Cas) , 323 days ( 5 Cyg) , 56 days ( e  Her). The corresponding 
r o t a t i o n a l  v e l o c i t i e s  are 9.2, 32, 7.4, 22, 4.9, 5.6, 42, and 20 kmlsec f o r  
a Aqr. Note t h a t  t he  f o u r  f a s t e s t  r o t a t o r s  are "hybr idsn.  

Since t h e  per iods we have determined were obtained by us ing  r e l a t i v e l y  
sparse data, we sought t o  con f i rm  our r e s u l t s  by the  use o f  o ther  methods. 
We employed t h e  periodogram method o f  Scargle (1983) and Black and Scargle 
(1983) f o r  unevenly sampled data. Note t h a t  uneven sampling d r a s t i c a l l y  
reduces ef fects o f  a l i a s i n g .  See F i g u r e  2, where we p l o t  t h e  periodogram 
f o r  a Aqr f o r  frequencies up t o  t h e  Nyquist  frequency UN = 0.392. The'4 
main peaks i n  F iq .  2 were i nves t i ga ted  w i t h  the  pe r iod  ana lys is  technique 
described above, and t h e  best  f i t  (most p o i n t s  f i t t i n g  t h e  g iven curve t o  
< 1%) was found t o  be t h e  2 values quoted above, The peak a t  u - 0.03 
corresponds t o  a conf idence l e v e l  o f  >99.9%. Scarglels method, app l ied  t o  
the  o ther  s t a r s  i n  our sample, again y i e l d s  several peaks s i m i l a r  i n  
s t rength  t o  the  main peaks, bu t  i n  a l l  cases t h e  pe r iod  which f i t s  t h e  da ta  
best  corresponds t o  t h e  value o f  u as obta ined by  t h e  a lgo r i t hm descr ibed 
above. Thus, t h e  periodogram supports our conclusions, a1 though i t  
ind i ca tes  t h a t  other,  shorter,  per iods may a l so  be present. 

As a t e s t  o f  t h e  r o t a t i o n a l  i n t e r p r e t a t i o n  o f  our  p e r i o d i c i t i e s ,  we 
f i r s t  compare our va lue o f  r o t a t i o n a l  v e l o c i t y  V f o r  a Cas w i t h  t h e  range of 
values o f  V obtained by Gray (1982) f o r  s t a r s  o f  spec t ra l  type KO 111. Gray 
ob ta ins  values i n  t h e  range 3.1-4.3 krnlsec (assuming s i n ( i ) = r / 4 ) ,  i n  good 
agreement w i t h  our  va lue o f  4.9 kmlsec. Second, we,compared t h e  widths o f  
F e I  absorpt ion l i n e s  (e.g., i n  t he  range 2906-2916 A) i n  t h e  spec t ra  o f  two 
s t a r s  which we have determined t o  be r o t a t i n g  w i t h  very  d i f f e r e n t  periods, 
al though t h e i r  spec t ra l  types are almost i d e n t i c a l :  y Aql (7.4 kmlsec) and 
e Her (42 kmlsec). We con f i rm  t h a t  t h e  fea tures  i n  t h e  spectrum o f  t h e  
slower r o t a t o r  a re  s i g n i f i c a n t l y  narrower than they  are  i n  t h e  spectrum of 
t h e  more r a p i d  r o t a t o r .  Thi rd,  f o r  t he  4 b r i g h t  g i a n t s  e Her, y Aql, CAur, 



and a TrA, we c o r r e l a t e d  t h e  C I V  and N  V f l u x e s  (Hartmann et.al., 1981; 
Reimers, 1982) w i t h  our  der ived  values o f  w and found a  c lear -cu t  o rder ing  
o f  t h e  sur face  f l uxes :  t h e  l a r g e r  our  es t imate  o f  W, t h e  l a r g e r  t h e  sur face  
f l u x  o f  bo th  C I V  and N  V (see F i g u r e  3).  I t  i s  a l ready  es tab l i shed (Bas r i  
et.al., 1983) t h a t  t h e  sur face  f l u x  o f  t h e  warm l i n e s  i n  t h e  spec t ra  of coo l  
dwarfs and subgiants i s  p o s i t i v e l y  c o r r e l a t e d  w i t h  t h e  angular v e l o c i t y  o f  
r o t a t i o n ;  we t h i n k  i t  i s  no t  u n l i k e l y  t h a t  a  s i m i l a r  " r o t a t i o n - a c t i v i t y  
connection'' i s  present  i n  t h e  b r i g h t  g ian ts .  

Fo r  these reasons, we b e l i e v e  t h a t  we have obta ined est imates o f  
r o t a t i o n a l  v e l o c i t i e s  i n  t h e  s t a r s  o f  our  sample. The conf idence l e v e l  we 
ass ign t o  t h e  ex t rac ted  per iods  i s  h ighes t  i n  t h e  s t a r s  w i t h  most da ta  
p o i n t s  ( a  Aqr, B Aqr),  and poorest  i n  t h e  cases o f  5 Cyg and a Cas ( 4  and 5  
po in ts ,  r espec t i ve l y ) .  O f  t h e  o the r  s t a r s  ( y  Aql, a TrA, ( Aur, e Her), t h e  
periodogram ana lys i s  suggests t h a t  our  most r e l i a b l e  de termina t ion  o f  pe r i od  
i s  f o r  1 Aur, w h i l e  e Her ' s  p e r i o d  i s  cons iderab ly  l e s s  c e r t a i n .  

T h i s  work has been supported i n  p a r t  by  NASA Grant NAG5-378. 
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Figure  1. F i t  o f  13 FNET(k) data p o i n t s  f o r  a Aqr t o  two s inusoids,  
w i t h  s l i g h t l y  d i f f e r e n t  angular  frequencies be fo re  and a f t e r  t=700 
days. K, A, and 4 a l s o  a l t e r  a b r u p t l y  a t  t=700 days. E r r o r  bars 
correspond t o  a  maximum poss ib le  e r r o r  o f  4%. 



Figure 2. Periodogram power vs. angular frequency f o r  CY Aqr. 
Indicated a re  the  99.994% ( A )  and 99.94% ( B )  confidence leve l s .  

log w 

Figure 3 .  Surface f luxes of CIV and NV emission i n  4 bright  g iants  
(uncircled symbols) and 2 supergiants (c i rc led  symbols) as  a function 
of our estimated u values. R l i n e  i s  the r a t i o  o f  surface f lux  t o  o ~ : ~ ~  
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ABSTRACT 

We have obtained high dispersion SWP spectra with IUE, and contemporan- 
eous optical Zeeman polarimetry and spectroscopy, of the helium weak star 
HD 21699 = HR 1063. All IUE observations were made during Sept. 1983 and 
Feb. 1984. The C IV 1548,1550 doublet varies on a timescale consistent with 
the photometric and magnetic period, while no other strong lines in the W 
display obvious variations in profile or strength. Only the helium weak star 
HD 5737 = a Scl shows a similarly strong C IV line among the helium weaks. 
We discuss this set of observations in the context of a magnetic star which 
is losing mass, having constrained that outflow to corotate with the stellar 
surface. If the magnetic period is correct, the greatest mass outflow seems 
to be from above the polar regions. The comparison between optical and UV 
spectrum phenomenology is also briefly discussed. 

INTRODUCTION 

The helium weak star HD 21699 = HR 1063 is a member of the a Persei 
cluster, and was discussed as such by Molnar et a1.(1978). The MK type for 
the star is B8, but the UBV colors indicate a B4 or B5 effective temperature 
and extreme helium deficiency (leading to a too late MK type). Mallama and 
Molnar (1974) determined an effective temperature of 15050 K (log g = 4.0) 
with a helium depletion of a factor of 3. The star would have to be cooler 
than 13000 K in order to render it helium normal, as is typically the result 
for the helium weak stars. 

Winzer (1974) published UBV photometry for the star. He found a single 
wave variation (roughly sinusoidal) with all colors in phase and a U amplitude 
larger than B or V, and a period of 2.47 days. Mallama and Molnar (1974) 
revised this period to 2i4928 using additional UBV photometry. Spectrum 
variations were first mentioned by Bruckner (1973, M.Sc. thesis,Toronto),who 
also provided a line identification list. 

Our interest in this star arose from its membership in the cluster and 
as part of our general survey of the 1540 - 1560 region among the helium 
peculiar main sequence stars. HD 21699 is a slow rotator, and the velocity 
and published period are nearly identical to HD 34452, the most extreme Si 
star. Otherwise, it appeared undistinguished. Somewhat to our surprise, 
the behavior of HD 21699 has proven exciting in its own way. We here merely 



p r e s e n t  a summary of o u r  r e s u l t s .  A  complete  paper  i s  i n  p r e p a r a t i o n ,  

ULTRAVIOLET VARIATIONS 

We have o b t a i n e d  e i g h t  h i g h  d i s p e r s i o n  SWP s p e c t r a  (SWP 21081,21096, 
21110, 21118,21123,21127,21133) d u r i n g  1983 S e p t .  and SWP 22197 i n  1984 Feb. 
A l l  a r e  7  min. exposures .  S ince  a l l  of  t h e  September 1983 d a t a  was ob ta ined  
i n  a  one week p e r i o d ,  we s h a l l  c o n c e n t r a t e  on t h i s  s e t .  The Feb.1984 s p e c t -  
rum i s  c o n s i s t e n t  w i t h  t h e  average S e p t .  s p e c t r a .  The g a l l e r y  of C I V  r e s u l t s  
i s  shown i n  f i g . 1 .  The r e g i o n  i s  dominated by numerous s t r o n g  F e I I I  l i n e s ,  
b u t  t h e r e  i s  c l e a r l y  a s t r o n g ,  v a r i a b l e  and broad l i n e  a t  each  of t h e  C I V  
l i n e s .  I n  f a c t ,  t h e s e  a r e  t h e  o n l y  l i n e s  i n  t h e  r e g i o n  which a r e  v a r y i n g  
w i t h  any ampl i tude .  F i g u r e  2 shows t h e  d i f f e r e n c e d  s p e c t r a ,  r e l a t i v e  t o  
SWP 21081. Note t h e  asymmetry of t h e  C I V  l i n e  and t h a t  t h e  F e I I I  1558,1559 
l i n e s  d i s a p p e a r  on d i f f e r e n c i n g .  F i g . 3  shows t h e  SiIV 1400 r e g i o n  f o r  t h e  
most extreme SWP s p e c t r a .  Again n o t e  t h a t  t h e  C I V  i s  v a r i a b l e  w i t h  a  f a r  
g r e a t e r  ampl i tude  t h a n  even SiIV. The F e I I I  i s  n o t  v a r i a b l e .  For comparison 
we r e f e r  t h e  r e a d e r  t o  t h e  t h e o r e t i c a l  s p e c t r a  i n  t h e  accompanying C I V  su rvey  
paper  f o r  TSff = 17000 K and 90 km s-1. The most n e a r l y  e q u a l  s p e c t r a  (SWP 
21081,21110) a r e  2g25 a p a r t  and we f e e l  t h e  ev idence  i s  good f o r  p e r i o d i c ,  
r a t h e r  than  s t o c h a s t i c ,  v a r i a t i o n  of C I V .  

Having examined e s p e c i a l l y  t h e  1800 - 1900 r e g i o n  ( F e I I  and FeI I1 ,Al  I11 
dominant)  and t h e  SiIV 1400 r e g i o n ,  we a g a i n  emphasise t h a t  o n l y  C I V  a p p e a r s  
t o  be  d i s t i n c t l y  v a r i a b l e .  The t e r m i n a l  v e l o c i t y  i s  about  600 km s-1. 

MAGNETIC MEASUREEENTS 

The magnetic measurements were performed a t  t h e  M t .  Palomar 1 .5  m 
t e l e s c o p e  u s i n g  t h e  Univ. of Michigan f i l t e r  p o l a r i m e t e r  (Brown e t  a l .  1977) 
modif ied f o r  HB Zeeman p o l a r i m e t r y .  The t e c h n i q u e  i s  i d e n t i c a l  t o  t h a t  of 
L a n d s t r e e t  (1980).  Observa t ions  of w e l l  known magnet ic  CP s t a r s  conf i rm t h e  
c o m p a r a b i l i t y  of measurements made w i t h  t h e  UM and UWO p o l a r i m e t e r s .  The d a t a  
r e  shown i n  f i g . 4 .  C l e a r l y ,  HD 21699 is  a  magnet ic  s t a r  and i t  appears  t h a t  
t h e  f i e l d  r e v e r s e s  s i g n .  It was n o t  p r e v i o u s l y  known t o  be  magnet ic .  The 
b e s t  f i t t i n g  magnetic p e r i o d  does  n o t  d i f f e r  s u b s t a n t i a l l y  from Mallama and 
Molnar ' s  p e r i o d  (and t h e  t i m e s c a l e  f o r  comparisoa of t h e  Zeeman and IUE d a t a  
b e i n g  s u f f i c i e n t l y  s h o r t  can b e  t aken  a s  about  2 . 5 ) .  The measured v a l u e s  
range from -1.3 t o  +1.0 k i l o g a u s s .  A  s i n u s o i d a l  v a r i a t i o n  g i v e s  t h e  c rude  
o b l i q u e  r o t a t o r  pa ramete rs  i = 60+200( inc l ina t ion) ,B  - 7 0 ° ( o b l i q u i t y ) .  T h i s  
h i g h  v a l u e  i s  n o t  unusual  among t h e  CP2 s t a r s ,  and t h e  measured f i e l d  i s  of 
t h e  same magnitude a s  observed f o r  t h e  hel ium weak s t a r s  by Bor ra  e t  a l .  
(1983).  

OPTICAL SPECTROSCOPY 

A s  p a r t  of a  c o n t i n u i n g  program, over  t h e  p a s t  decade 8  and 12 A mm'l 
I IaO and I I I a J  s p e c t r a  have been o b t a i n e d  a t  DDO w i t h  t h e  c a s s e g r a i n  s p e c t r -  
ograph on t h e  1 .88 m. P r e l i m i n a r y  a n a l y s i s  o f  t h i s  m a t e r i a l  conf i rms  t h a t  
t h e  S i  I1 o p t i c a l  l i n e s  v a r y  by about  a  f a c t o r  of two and a l s o  v a r y  i n  vrad,  
b u t  t h e  b e s t  f i t t i n g  p e r i o d s  f o r  S i  I1 a r e  l d 0 1  and 1699. The magnet ic ,  U V  
and pho tomet r ic  p e r i o d  d o e s n ' t  g i v e  s i g n i f i c e n t  r e s u l t s  i n  t h e  power spectrum 
a n a l y s i s .  The hydrogen l i n e s  d i s p l a y  a  l o n g  t e rm v a r i a t i o n  ( t h e  two d a t a  



s e t s  a r e  1970-1980 and 1983-19843 of  about  7.5 km s-I, b u t  t h e  d e t a i l s  are 
s t i l l  u n c e r t a i n .  

DISCUSSION 

A t  p r e s e n t ,  we can o n l y  p r o v i d e  a  c r u d e  i n t e r p r e t a t i o n  of t h e s e  d a t a .  
I f  t h e  magnet ic  and pho tomet r ic  p e r i o d s  are c o r r e c t ,  t h e  C I V  v a r i a t i o n s  can 
be  e x p l a i n e d  by a wind emerging from above t h e  magnet ic  p o l e s  o f  HD 21699. 
A s  t h e  r o t a t i o n  of t h e  s t a r  t r a n s p o r t s  t h i s  "plume" a c r o s s  t h e  l i n e  o f  s i g h t  
t h e  a b s o r p t i o n  p r o f i l e  and t e r m i n a l  v e l o c i t y  change.  The c y l i n d r i c a l  s t r u c -  
t u r e  of t h e  plume would e x p l a i n  b o t h  t h e  s i n g l e  wave v a r i a t i o n  and t h e  l a c k  
of e m i s s i o n ,  a s  w e l l  as q u a l i t a t i v e l y  f i t t i n g  t h e  l i n e  p r o f i l e .  We cannot  
now s p e c i f y  t h e  r e q u i r e d  mass l o s s  r a t e ,  b u t  t h e  p r o f i l e  we are o b s e r v i n g  a t  
C I V  shou ld  be  e n t i r e l y  from t h e  wind. The cons tancy  o f  t h e  Fe I11 l i n e s ,  
we b e l i e v e ,  a r g u e s  f o r c e f u l l y  f o r  t h e  i n t r i n s i c  v a r i a b i l i t y  o f  t h e  C I V  l i n e s  
a s  opposed t o  merely  b lend ing .  It i s  i n t e r e s t i n g  t o  n o t e  t h a t  of t h e  dozen 
s t a r s  i n  o u r  sample of hel ium weaks, on ly  t h e  two "sn" stars (Abt ' s  c l a s s -  
i f i c a t i o n  showing d i f f u s e  and s h a r p  l i n e s )  d i s p l a y  s t r o n g  C I V .  We hope t o  
observe  o t h e r  members of t h i s  c l a s s  f o r  comparison.  

DNB wishes  t o  thank Research Corpora t ion  f o r  s u p p o r t  of h i s  p o l a r i m e t r y .  We 
a l s o  thank  D r s .  W.P. Bidelman and J . D .  L a n d s t r e e t  f o r  d i s c u s s i o n s .  

REFERENCES 
Borra,E.F. ,  Lands t ree t , J .D .  and Thompson,I. 1983,Ap.J.Supp1.,53,151. 
Brown,D.N.,Rich,A.,Williams,W.L. and Vaucla i r ,G.  1977,Ap.J.,218,227. 
L a n d s t r e e t , J . D .  1 9 8 0 , ~ . , ~ , 6 1 1 .  
Mallama,A.D. and M01nar~M.R. 1974,BAAS,6,307. -- 
Molnar,M.R.,Stephens,T.C. and M a l l a m a , A . D .  1978,Ap.J.,223,185. 
Winzer,J .E.  1 9 7 4 , g . , 2 , 4 5 .  

I I ' Fig .  1 . G a l l e r y  of C I V  
P r o f i l e s .  Bottom t o  t o p :  
SWP 21081, 21096, 21110 
21118, 21123, 21127, 
21133. A t h r e e  p c i n t  

8 . 0  f i l t e r  h a s  been a p p l i e d .  



Fig.  2. Differenced p r o f i l e s  f o r  F ig .  3 .  Three extreme phases of 
C IV region.  Taken r e l a t i v e  t o  SWP HD 21699, p l o t t e d  a t  S i  I V  1400. 
21081. T h r e e p o i n t f i l t e r i n g .  The S W P 2 1 0 8 1 , 2 1 0 9 6 , 2 1 1 1 0 w i t h a  
o rde r  i s  t h e  same a s  f i g u r e  1. t h r e e  p o i n t  f i l t e r  appl ied .  

F igure  4 (below). Magnetic curve f o r  HD 21699, based on Zeeman polar imet ry .  
mo = 0.0512. Ephemeris is: J D  (SWP21081 ( = OP) = 2445595.778 + 244819 E 
(magnetic b e s t  f i t  per iod) .  
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ABSTRACT 

We p r e s e n t  a sample of e l e v e n  hel ium weak and S i  s t a r s ,  observed a t  h i g h  
d i s p e r s i o n .  These a r e  HD 5737, 21699, 28843, 34452, 125823, 131120, 142301, 
142990, 144334, 175362 and 215441. The s t a r s  span t h e  range B2.5 t o  B6 and 
i n c l u d e  b o t h  magne t ic , and  nonmagnetic a s  w e l l  as r a p i d  and slow r o t a t o r s .  I n  
t h e  two s t a r s  d e s i g n a t e d  "sn" by Abt,  t h e  C I V  p r o f i l e  i s  s t r o n g  (HD 5737 and 
21699) w h i l e  a l l  of t h e  o t h e r  s t a r s  can be e x p l a i n e d  by numerous blended l i n e s  
of Fe 111 and s i m i l a r  i o n s .  Most of t h e  s t a r s  have been observed s e v e r a l  
t i m e s ,  and o n l y  HD 21699 a p p e a r s  t o  show l a r g e  ampl i tude  s p e c t r a l  v a r i a t i o n - .  

INTRODUCTION 

T h i s  paper  r e p r e s e n t s  a c o n t i n u a t i o n  of our  s t u d y  of magnetospheres and 
winds i n  t h e  hel ium r i c h  s t a r s  (Shore and Adelman 1981, Barker  e t  a l .  1982a,  
1982b),  and c o n t i n u e s  down t h e  main sequence from t h a t  su rvey .  The f a c t  
t h a t  even t h e  c o o l e s t  of t h e  hel ium r i c h  s t a r s  d i s p l a y  s p e c t r a l  v a r i a t i o n s  
a t  C I V  1548,1550 which a r e  s u g g e s t i v e  of n o n i s o t r o p i c  d i s t r i b u t i o n s  o f  
low d e n s i t y  g a s  abou t  t h e s e  (magnetic)  s t a r s ,  l e a d s  t o  t h e  q u e s t i o n :  a t  what 
e f f e c t i v e  t empera tu re  do t h e  winds i n  t h e  CP s t a r s  t u r n  on? The problem i s  
n a t u r a l l y  p a r a l l e l  t o  t h a t  posed by normal main sequence s t a r s ,  and can be  
viewed as a n c i l l a r y  t o  any such s t u d y .  S ince  many of t h e  hel ium weak s t a r s  
have s t r o n g  ( o r  d e t e c t a b l e )  magnet ic  f i e l d s ,  and appear  t o  obey t h e  o b l i q u e  
r o t a t o r  model w e l l ,  we have chosen a sample o f  w e l l  s t u d i e d  He weak and S i  
s t a r s  t o  s e e  whether  t h e r e  i s  i n  f a c t  some p l a c e  on t h e  main sequence a t  
which t h e  p resence  of a chemical  anomaly and /or  magnet ic  f i e l d  p l a y s  any 
r o l e  i n  t h e  mass l o s s  by t h e  s t a r .  

OBSERVATIONS AND RESULTS 

Most o f  t h e  stars i n  our  sample have been observed by B o r r a ,  L a n d s t r e e t  
and Thompson (1983, BLT) using Zeeman p o l a r i m e t r y .  I n  t h e  c a s e  of HD 21699, 
a d d i t i o n a l  o b s e r v a t i o n s  have been ob ta ined  i n  1983. The stars a r e  l i s t e d  
below and i l l u s t r a t e d  i n  f i g u r e s  1. A l l  o b s e r v a t i o n s  have been o b t a i n e d  
a t  h i g h  d i s p e r s i o n  w i t h  t h e  SWP camera of IUE. HD 21699, 28843, 142301, 
142990, 144334 and 175362 have been observed d u r i n g  1953. A l l  o t h e r  s p e c t r a  



a r e  a r c h i v a l .  The d a t a  have been reduced a t  t h e  RDAF a t  Goddard Space F l i g h t  
Center us ing  s tandard  programs. A d i s cus s ion ,  i n  t h e  companion papers ,  of 
t h e  low d i spe r s ion  SWP d a t a  and of t h e  time-dependent v a r i a t i o n s  of HD 21699, 
supplemenf t h i s  d i s cus s ion .  A l l  quoted magnetic measurements a r e  from BLT 
except  f o r  HD 21699. 
HD 5737 (Vs in i  = 10 km s-I , 85) : C I V  1548,1550 very  s t r o n g  ( r e s i d u a l  i n t e n .  

of about 15%. Sharp F e I I I  1558,1559 w e l l  r e so lved ,  a s  is  blend a t  1550. 
Two a r c h i v a l  s p e c t r a  a t  about  t h e  same phase,  no v a r i a t i o n s  de t ec t ed .  

HD 21699 (Vsini= 40 km s-I , B5) : C I V  v a r i a b l e  ( !) , going from about a s  
s t rong  a s  HD 5737 t o  i n v i s i b i l i t y .  T o t a l  of seven s p e c t r a ,  t aken  i n  one 
week, suggest  p e r i o d i c  v a r i a t i o n s  of t h e  C I V  component of t h e  l i n e .  The 
Fe l i n e s  do no t  vary ,  nor  do t h e  SiIV 1400 l i n e s .  The s t a r  has  a de tec-  
t ed  f i e l d  of about 1 kG (see  paper ,  t h i s  s e s s i o n ) .  

HD 28843 (No Vsin i  publ i shed ,  B5): C I V  extremely weak, i f  p r e sen t .  Only Fe 
111 l i n e s  appear  t o  dominate t h e  1540 t o  1560 A reg ion .  Four s p e c t r a ,  
a t  t h r e e  d i f f e r e n t  phases ,  do n o t  show v a r i a t i o n s .  The 1548, 1550 l i n e s  
a r e  about t he  median s t r e n g t h  f o r  t h e  helium weak s t a r s .  Pos s ib l e  t h a t  
the  r o t a t i o n a l  v e l o c i t y  i s  60 - 100 km s-1 on t h e  b a s i s  of t h e  Fe l i n e s .  
Upper l i m i t  f o r  Beff  i s  250 G. North (1984, p r e p r i n t )  g ives  a per iod  of 
1.37 days. 

HD 34452 (Vsini=60 km s-1, B6) : Only a r c h i v a l  s p e c t r a  a v a i l a b l e .  F e I I I  1550 
and 1559 s t r o n g ;  no evidence f o r  C I V .  S p e c t r a l  v a r i a t i o n s  probably due 
t o  Fe v a r i a t i o n s .  The s t a r  ha s  a weak, v a r i a b l e  magnetic f i e l d  (430 G) 
and a per iod  of about 2.5 days.  The S i  i s  extremely s t r o n g  i n  t h i s  s t a r  
( see  accompanying paper) .  

HD 125823 (17 km s-1, B3): This  s t a r  has  been ex t ens ive ly  d i scussed  by 
Fahey (1981 and r e f e r ences  t h e r e i n ) .  We have used a r c h i v a l  images 
taken subsequent t o  h i s  s tudy  f o r  comparison. No C I V  i s  p r e s e n t ,  and 
t h e  numerous sharp  abso rp t ion  l i n e s  i n  t h e  r eg ion  compare q u i t e  w e l l  
w i th  model c a l c u l a t i o n s .  The Beff  i s  500 G ,  and r eve r se s  symmetr ical ly  
w i th  a per iod  of about 8.8 days.  Th i s  s t a r  s e r v e s  a s  a "standard" f o r  
comparison wi th  t h e  models. 

HD 131120 (90 km s-1, B2.5): The p r o f i l e  is  dominated by F e I I I  absorp t ion .  
The 1548, 1550 blend i s  about a s  s t r o n g  a s  F e I I I  1558, 1559. Only one 
spectrum was ob ta ined ,  bu t  t h e  p r o f i l e  i s  "normal" f o r  t h e  helium weak 
s t a r s .  No per iod i s  known, and only an upper l i m i t  of 170 G i s  given 
by BLT. The s t a r  i s  q u i t e  s i m i l a r  t o  HD 142990 a t  C I V ;  no C I V  i n d i c a t e d .  

HD 142301 (50 km s-1, B3.5): Two s p e c t r a  a v a i l a b l e  a t  e s s e n t i a l l y  t h e  same 
phase.  No C I V  de t ec t ed  and t h e  F e I I I  1558,1559 agrees  w i th  t h e  Vsini .  - 
The 1550 l i n e  is  box l ike ,  w i th  t h e  1550,1551 i r o n  l i n e s  v i s i b l e  and 
about  t h e  same s t r e n g t h  a s  1548. The p r o f i l e  i s  a good match f o r  t h e  
i n t e rmed ia t e  s t r e n g t h  i n  HD 21699, and f o r  HD 175362. The r . m . s .  f i e l d  
i s  2 .1  kG and a per iod  i s  given by North of 1.46 days.  

HD 142990 (150 km s - I ( : ) ,  B3): Th i s  s t a r  i s  t h e  most r ap id  r o t a t o r  i n  our 
sample, being comparable wi th  t h e  helium r i c h  s t a r s .  The 1548,1550 
l i n e s  a r e  probably e n t i r e l y  F e I I I .  The spectrum compares w e l l  wi th  t h e  
model c a l c u l a t i o n s .  A l l  suggested pe r iods  f o r  t h i s  s t a r  a r e  l e s s  than 
one day. The r . m . s .  f i e l d  is  1 .4  kG. Only one SWP spectrum obta ined .  

HD 144334 (45 km s-1, B4) : Two phases have been observed (one a r c h i v a l ) .  
C I V  i s  very  weak i f  p r e sen t  a t  a l l .  The a v a i l a b l e  spectrum f i t s  t h e  



mean profile of HD 175362 quite well. BLT give an r.m,s. field of 780 
G with a ~eriod of 3.61 days: North finds a period of 1.49 d. 

HD 175362 (28' km s-1, B2.5) : ~e.have, includingm archival spectra, six SWP 
spectra at five phases. No marked variations are observed, although 
the period is weil covered. No CIV appears present beneath the 1548, 
1550 Fe lines. Some weak variability of the metallic lines may be 
happening. The line strengths are consistent with those of HD 125823 
with some slight rotational broadening. The measured field is 3.9 kG 
variable with He on a 3.67 d period. 

HD 215441 ( <  5 km s-1, B4): Two archival spectra are available for this star 
at different phases. Numerous sharp absorption lines make specification 
of the continuum level a problem, but there appears to be no CIV in 
either spectrum. The lines are stronger (FeIII) than in HD 125823. 
The measured field is the strongest of any of the He peculiar stars, 
10 kG, and the period the longest, 9.49 d, of any of the stars in our 
sample. 

DISCUSSION AND MODELS 

We have computed a series of rotationally broadened spectra, using the 
OSU version of ATLAS 6, for Teff from 17000 to 25000 (log g = 4.0) and a 
virial parameter of 0.5 (an. equatorial velocity of about 200 km s-1). The 
models have a von Zeipel gravity darkening and normal H ~ / H  ratio (we have 
also computed models with X = 0.53, -Y = 0.47 but these do not differ by 
more than 5% on any of the lines). No CIV is visible until about 25000 K, 
and then the residual intensity for a normal model is 50 percent. We here 
show (figs.2) the model for 17000 K, with i = 00 and 300. The match with 
most of the He weak stars is, in our judgement, good. Only the "sn" stars 
in our sample, HD 5737 and 21699, appear to show enhanced absorption due to 
CIV. In fact, the profiles in these stars are as strong as we see in any 
of the helium rich stars. All other stars can be described by broadened 
and blended Fe I11 and other metallic ion lines blanketing the 1540-1560 
spectral region. A more complete discussion is in preparation. 

In conclusion, although at present only a tentative statement can be 
made, we find that only the "sn" stars among the helium weak class show 
any evidence for stellar winds. 
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IUE SPECTROPHOTOMETRY OF HELIUM WEAK AND SILICON STARS 
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ABSTRACT 

We have surveyed a sample of helium weak stars using the low dispersion 
SWP and LWR cameras of IUE during 1983. The aim is to study systematics of 
the broad continuum feature at 1400 A as a function of effective temperature, 
spectral anomaly and age. For the Orion association, we have five stars 
(HD 35456, 36313, 36526, 36668, 37140); for Sco-Cen we have two (HD 142301 
and 144334) and for Alpha Per we have one (HD 21699). We cover the range 
from B2 to B6. Only HD 34452, the most extreme silicon star in the sample, 
has a very strong 1400 feature. 

INTRODUCTION 

Recent surveys by Maitzen (1976, 1980) and Joncas and Borra (1981) (see 
Adelman 1981 for further discussion) have shown that the broad continuum 
feature at 5200 A is an effective tool for discovering both magnetic and 
CP2 stars photometrically. Artru -- et al. (1981) have argued that the broad 
feature observed in Ap and Bp stars with TD-1 at 1400 A , which they attri- 
bute to an autoionizing transition of Si 11, is perhaps even better as a 
fingerprint of chemical peculiarity (see Jamar et al. 1978). In order to 
test the idea that this is associated with a Si enhancement, and to see if 
there is some way of quantitatively observing the development of this 
anomaly with time, we have observed a sample of helium weak and Si stars 
with the SWP and LWR cameras of IUE. The satellite was employed as a 
spectrophotometer for this work, and the observations parallel those of 
the high dispersion study (Brown et al., this conference) and Panek and 
Sonneborn (1984, preprint)(for 56 Ari). 

SAMPLE STARS 

Our sample consists of the following stars (see table I for details): 
HD 21699, 34452, 35456, 36313, 36526, 36668, 131120, 142301, 144334, 
175362, and 215441. Accidentally (the FES locked onto the common proper 
motion companion of HD 34452), we also obtained an observation of the Hg- 
Mn star AR Aur = HD 34364. Multiple observations were obtained of HD 21699, 



34452 and 175362. One additional star, the He rich star HD 184927, was 
also observed. 

RESULTS 

With the exception of HD 131120, all of the sample stars are shown in 
figs. 1. As is immediately obvious from the continuua, only HD 34452 is 
markedly different from any of the stars in the sample. Both the continuum 

), < 1400 A and the depth of the 1400 feature are consistent with 
the results of Panek and Sonneborn concerning the influence of silicon on 
the spectral appearance of CP2 stars. HD 215441, which is also known as 
a strong silicon star, is also possessed of a peculiar continuum, having 
the next strongest 1400 feature . Most of the other stars in the sample 
appear quite similar, with the 1400 feature being about 15 2 4 A equivalent 
width. Two of the Orion stars, HD 36313 and 37140, have essentially the 
same continuum distribution below 1500 A, but differ at longer wavelength. 
It should be noted that the Orion stars do not appear to have a systemat- 
ically weaker 1400 feature than any of the other stars in the sample, even 
dispite their youth, so that if the silicon anomaly is really connected 
directly with the strength of this feature, the Si abundance enhancement 
is "normal" in these stars. 

There is no obvious relation between 1400 and magnetic field strength. 
HD 21699 and 131120 are about equal (as is 175362) but range over three 
kilogauss in field strength. HD 34452 is only weakly magnetic (about 400 
G) while HD 215441 is the most strongly magnetic CP star in the sky. Only 
in the helium rich star HD 184927 is there no obvious absorption at 1400, 
consistent with the suggestion that the helium rich stars ake not Si rich 
(Shore 1978, thesis; Shore and Adelman 1981, 23rd Liege Symp., p.426). 

There does not appear, at present, any obvious correlation between the 
1400 feature and anything peculiar about the star other than the Si en- 
hancement -- not magnetic field, Teff, V sin i or helium anomaly. It does 
appear that to produce the feature, "a little-dab'll do ya" but that not 
a great deal else can be learned quantitatively about the star from the 
presence of this feature. 

We wish to thank Dr. W.P. Bidelman for helpful discussions and Dr. 
George Sonneborn for his continuing collaboration on the age question and 
the Si anomaly. 
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Table I 
Sample Stars 

- (1) Star(HD) - B-V - U-B V sini (km/s) - Beff(r.m.s.) ~(1400) (i) ba 

21699 -0.10-0.57 40 730 G 16.32 1.2 ----- 
34452 -0.19 -0.55 60 430 35.3+ 1.7 ----- 
35456 -0.05 -0.49 -- 615 12.7- 0.028 
36313 -0.07-0.40 -- 9 15 12.7 0.020 
36526 -0.11 -0.60 -- 2130 11.9 0.006 
36668 -0.12 -0.46 -- 900 19.7 0.023 
37140 +0.09 -0.41 525 450 12.7 0.002 
131120 -0.16 -0.72 90 110 : 18.6 ----- 
142301 -0.06 -0.58 50 2 100 16.6 ----- 
144334 -0.08 -0.55 45 780 16.5+1.0 ----- 
175362 -0.14 -0.71 28 3920 15.770.6 ----- 
215441 +0.03 -0.51 (5 16900 20.2- ----- 
Note:(l) Data from Joncas and Borra (1981). Magnetic fields for the Ori 

stars are from Borra (1981,Ap.J.(Letters), 249, L39). 

Figure 1 .  Low dispersion SWP continuua o f  he1 ium pecul i a r  s t a r s .  
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THE SPATIAL DEPENDENCE OF THE 

JOVIAN AURORAL EMISSIONS 

T. E. Skinner,  H. IJ. Moos, and G. E. B a l l e s t e r  

Physics  Department, The Johns Hopkins Univers i ty  
Baltimore, Maryland 21218 

Auroral emissions from t h e  nor thern  hemisphere of J u p i t e r  have 
previous ly  been monitored us ing  t h e  IUE observatory during a  one year  
per iod  beginning i n  1981 January (Durrance, Feldman, and Moos.1982; Skinner ,  
e t  a l .  1984). The i n t e n s i t y  of t h e  no r th  pole  emissions shows a  marked 
v a r i a t i o n  wi th  c e n t r a l  meridian longi tude  ACML (System 111 [I9651 
coord ina t e s ) ,  r i s i n g  t o  a  maximum near  XCML = 185' and then f a l l i n g  
aga in  toward zero. Changes i n  a u r o r a l  zone o r i e n t a t i o n  wi th  r e spec t  
t o  t h e  instrument  f i e l d  of view a s  t h e  p l ane t  r o t a t e s  could account 
f o r  much of t h e  observed v a r i a t i o n .  However, t h e  s p a t i a l  r e s o l u t i o n  
i n  t h e  l a r g e  a p e r t u r e  of t h e  short-wavelength spectrograph ($5") i s  
not  s u f f i c i e n t  t o  r e so lve  t h e  a c t u a l  a u r o r a l  zone, so  t h a t  t h e  amount 
of t h e  a u r o r a l  ova l  contained wi th in  t h e  a p e r t u r e  a s  a  func t ion  of 
XCML cannot be e x p l i c i t l y  determined from t h e  observa t ions .  

I n  o rde r  t o  d i s t i n g u i s h  between t h e  e f f e c t s  of t h e  emission 
geometry and changes i n  a u r o r a l  i n t e n s i t y ,  Skinner e t  a l .  (1984) 
modeled t h e  observa t ions  on t h e  b a s i s  of t h e  geometry and t h e  
i n t e n s i t y  of t h e  emissions us ing  two a u r o r a l  zones taken from t h e  
04 p l u s  cu r r en t  shee t  model of Connerney, Acuna, and Ness (1981). 
The observed v a r i a t i o n  i n  f l u x  wi th  XCML was shown t o  be i n c o n s i s t e n t  
wi th  a  uniform b r igh tnes s  a s  a  func t ion  of longi tude  i n  e i t h e r  t h e  
t o r u s  o r  t h e  magneto ta i l  a u r o r a l  zones. The d a t a  was b e s t  f i t t e d  by 
confining t h e  emissions t o  t h e  reg ion  of t h e  t o r u s  a u r o r a l  zone 
def ined  by 120' s X I 1 1  s 240'. A s p a t i a l l y  nonuniform emission from 
t h e  magnetotai l  a u r o r a l  zone could a l s o  be used t o  f i t  t h e  da t a ,  
bu t  t h e  l o n g i t u d i n a l  v a r i a t i o n s  were more complex. I n  add i t i on ,  t h e  
model implied v a r i a t i o n s  by a  f a c t o r  of 4  i n  t h e  b r igh tnes s  of t h e  
enhanced reg ion  over t h e  course of t h e  observa t ions ,  wi th  v a r i a t i o n s  
by a  f a c t o r  of 1 .5  over a  t ime a s  s h o r t  a s  one r o t a t i o n  of t h e  p l ane t .  

Prel iminary r e s u l t s  of 3  observa t ions  of t h e  south pole  aurora  
show a d e f i n i t e  v a r i a t i o n  i n  t h e  emission f l u x  wi th  ACML. The 
observa t ions  were performed on 1983 J u l y  6, 1984 March 21, and 1984 
March 23. The maximum f l u x  of t h e  observa t ions  v a r i e s  by an o v e r a l l  
f a c t o r  of 2, wi th  a  f a c t o r  of $1.5' v a r i a t i o n  wi th in  a  2 day per iod ,  
aga in  s i m i l a r  t o  t h e  temporal v a r i a t i o n s  seen i n  t h e  i n t e n s i t y  of 
t h e  aurorae  a t  t h e  no r th  pole .  



Since t h e  a u r o r a l  zones i n  t h e  southern  hemisphere a r e  more nea r ly  
centered about t h e  p l a n e t ' s  r o t a t i o n a l  a x i s  ( s ee ,  f o r  example, 
Connerney, Acuna, and Ness 1981), t h e  model f l u x e s  produced by a 
uniform emission from e i t h e r  t h e  t o r u s  o r  magneto ta i l  a u r o r a l  zones 
a t  t h e  south pole  show very  l i t t l e  v a r i a t i o n  wi th  ACML. Thus, t h e  
case  f o r  some kind of l o n g i t u d i n a l l y  asymmetric emission i s  even 
more dramatic  than  a t  t h e  nor th  pole .  It appears t h a t  t h e  emissions 
a r e  enhanced wi th in  t h e  longi tude  s e c t o r  60' 2 A111 1 245' of t h e  
t o r u s  a u r o r a l  zone. By a d j u s t i n g  both t h e  l o n g i t u d i n a l  ex t en t  of 
t h e  enhanced reg ion  and t h e  model emission r a t e  f o r  t h e  d i f f e r e n t  
observa t ions ,  we a r e  a b l e  t o  o b t a i n  a very  good f i t  t o  t h e  da ta .  A t  
t h i s  time, we s t i l l  can not  r u l e  out  a s i m i l a r  asymmetric emission 
from t h e  magneto ta i l  a u r o r a l  zone. However, t h e r e  i s  now evidence 
f o r  a l o n g i t u d i n a l  asymmetry i n  both t h e  ' no r th  and south pole  a u r o r a l  
emissions. I n  o rde r  t o  compare t h e  morphology of t h e  nor th  and south 
pole  aurorae,  continued monitoring of t h e  south pole  aurora  i s  needed 
t o  i nc rease  the  d a t a  base and al low a more accu ra t e  determinat ion of 
t h e  c h a r a c t e r i s t i c  temporal v a r i a t i o n s  i n  t h e  b r igh tnes s  of t h e  south 
pole  aurorae.  

The a s s i s t a n c e  of t h e  IUE Observatory s t a f f  i n  t h e  a c q u i s i t i o n  
and reduct ion  of t h e  s a t e l l i t e  d a t a  i s  g r a t e f u l l y  acknowledged. This  
work was supported by NASA gran t  NSG 5393. 
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THE J O V I A N  STRATOSPHERE I N  THE ULTRAVIOLET 
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Abs t rac t  

The center-of-disk r e f l e c t i v i t y  of J u p i t e r  i n  t he  wavelength range from 

1500 t o  3000 W h a s  been  computed from 31 low d i s p e r s i o n  IUE s p e c t r a  t a k e n  

du r ing  s o l a r  maximum i n  1979/80. The s p e c t r a  were normalized t o  a r e f l e c t i v i t y  

s c a l e  with t h e  improved s o l a r  spectrum of  J u l y ,  1980 by Mount e t  a l .  (JGR 86, 

91 93, 1981 and J G R  88, 5403, 1983). Considerat ion of wavelength s h i f t s  between 

d i f f e r e n t  I U E  s p e c t r a  and w i t h i n  t h e  s o l a r  s p e c t r u m  improved  t h e  a p p a r e n t  

no ise ,  e s p e c i a l l y  longward of 2000 8. S i x  o u t  of seven  ammonia bands between 

1900 and  2200 &' h a v e  been  d e t e c t e d .  A v e r t i c a l l y  inhomogeneous r a d i a t i v e  

t r a n s f e r  program is used t o  compute model r e f l e c t i v i t i e s  f o r  v a r i o u s  s t r a t o -  

s p h e r i c  c o m p o s i t i o n s .  I n  a d d i t i o n  t o  ammonia, t h e  abundance  o f  a c e t y l e n e  i s  

a l s o  wel l  determined because t he se  mo lecu le s  show narrow abso rp t ion  bands i n  

t h e  u l t r a v i o l e t .  The abundances of t h e  o t h e r  mo lecu le s  i n  our models (C H 3 4' 

C 2 H 4 ,  C 4 H 2 ,  C2H6,  C H ) a r e  v e r y  u n c e r t a i n  and  t h e r e f o r e  a r e  q u o t e d  o n l y  a s  3 6 

upper l i m i t s .  The b e s t  model f i t  is c o n s i s t e n t  wi th  i n f r a r e d  o b s e r v a t i o n s  by 

Voyager  IRIS (Kunde e t  a l . ,  Ap.J. 2 6 3 ,  443, 1982).  

T h i s  work has been supported by NASA g r a n t  NAG 5275 i n  Stony Brook. 



LONG TERM VARIABILITY OF THE I0 TORUS 

H.W. Moos, T.E. Sk inner ,  P.D. Feldman, and S.T. Durrance 
P h y s i c s  Department,  The Johns  Hopkins U n i v e r s i t y  

and 

J.L. Ber taux 
S e r v i c e  d'A6ronomie du CNRS, Verr ieres- le-Buisson,  France 

and 

M.C. Fes tou  
I n s t i t u t  d1As t rophys ique  d e  P a r i s ,  P a r i s ,  France 

The u l t r a v i o l e t  emiss ions  from t h e  10 plasma t o r u s  have been 
monitored by IUE s i n c e  t h e  Voyager 1 encounte r  i n  e a r l y  1979. 
Recen t ly ,  i t  h a s  been shown t h a t  t h e  prominent f e a t u r e  n e a r  1729 8 
i s  d e f i n i t e l y  due t o  s*, e l i m i n a t i n g  t h e  problem w i t h  Lya contamina- 
t i o n  of S I I I  1199 (Moos e t  a l ,  1983) .  Thus, i t  i s  now p o s s i b l e  t o  
e s t i m a t e  t h e  l o n g  term v a r i a t i o n  of t h e  S+, s*, and ( t o  a l e s s e r  
e x t e n t )  S* c o n c e n t r a t i o n s  i n  t h e  h i g h  e l e c t r o n  t empera tu re  "core" 
plasma of t h e  t o r u s .  The e f f e c t s  o f  t h e  viewing geometry and t h e  
rock ing  of t h e  t o r u s  about  t h e  c e n t r i f u g a l  a x i s  were modeled u s i n g  
t h e  plasma d e n s i t y  and e l e c t r o n  t empera tu re  p r o f i l e s  d e r i v e d  by 
Smythe and Shemansky (1983) from Voyager d a t a ,  t h e  assumption t h a t  
a n  i o n  mixing r a t i o  was t h e  same throughout  t h e  t o r u s ,  and l o c a l  
charge  n e u t r a l i t y .  T h i s  p rocedure  was checked by u s i n g  a c rude  
s p a t i a l  s c a n  c o n s i s t i n g  of t h r e e  f ive-hour  o b s e r v a t i o n s  o b t a i n e d  
back t o  back a t  e l o n g a t i o n s  of 5.0,  6.0,  and 7.0 RJ. The s+, and 
S* (and a smaller number o f  s*) c o n c e n t r a t i o n s  a r e  p r e s e n t e d  f o r  
t h i r t e e n  o b s e r v a t i o n s  from 1979 March 1 t o  1984 March 21. S i g n i f i c a n t  
v a r i a t i o n s  i n  t h e  plasma d e n s i t y  have c l e a r l y  occur red .  A more 
d e t a i l e d  d e s c r i p t i o n  w i l l  be submi t t ed  f o r  p u b l i c a t i o n  a t  a l a t e r  
d a t e .  The a s s i s t a n c e  o f  t h e  IUE Observatory s t a f f  i n  t h e  a c q u i s i t i o n  
and r e d u c t i o n  o f  t h i s  d a t a  i s  g r a t e f u l l y  acknowledged. T h i s  r e s e a r c h  
was suppor ted  by NASA g r a n t  NSG 5393. 
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ULTRAVIOLET OBSERVATIONS OF URANUS AND NEPTUNE 

BELOW 3000 

John Ca ldwe l l ,  Richard Wagener and Tobias Owen 

Department of  Ear th  and Space Sc ience  
S t a t e  Un ive r s i t y  of New York 

Stony Brook, New York 11794, USA 

Michel Combes and Therese Encrenaz 

Observa to i re  de P a r i s  
Meudon 92 1 90, France 

Abs t rac t  

From 2000 t o  3000 9, both Uranus and Neptune have a lbedos  t h a t  a r e  about  

two t imes h igher  than  J u p i t e r  o r  Saturn 's ,  implying t h a t  t he  ou t e r  g i a n t s  have  

s t r a t o s p h e r e s  t h a t  a r e  r e l a t i v e l y  f r e e  of a e r o s o l  absorpt ion.  U n c e r t a i n t i e s  i n  

t h e  a b s o l u t e  c a l i b r a t i o n  procedure a l l o w  d i sc repanc i e s  of  o rde r  15% between 

c o n s e r v a t i v e  models and the  observa t ions .  A small amount of a e r o s o l  abso rp t ion  

i s  t h e r e f o r e  poss ib le .  Below 2000 2 t h e  de r ived  a lbedo  is  h i g h l y  dependent on 

t h e  s o l a r  spectrum source  used i n  t h e  d a t a  reduction. The most r e c e n t  r e s u l t  

f o r  Uranus  i s  c o n s i s t e n t  w i t h  a  s e c u l a r  change  i n  C2H2 m i x i n g  r a t i o  f rom 

-3*10'8 i n  1980 t o  110'~ i n  1983. These v a l u e s  a r e  -2 o r d e r s  of magnitude l e s s  

than  the  mixing r a t i o s  of  t h i s  gas  on Sa turn ,  and comparable t o  t he  amount on 

J u p i t e r  . 
The work has  been supported i n  p a r t  by NASA g r a n t  NSG 5250 a t  Stony Brook. 



IMPLICATIONS OF THE PRESENCE OF S2 I N  COMETARY ICE 

P. D. Feldman 
Physics  Department, The Johns Hopkins Un ive r s i t y  

and 

M. F. A'Hearn 
Astronomy Program, Un ive r s i t y  of Maryland 

The d iscovery ,  by g, of t h e  su lphur  dimer, S2, i n  t he  nea r  nucleus 
region of comet IRAS-Araki-Alcock (1983d) dur ing  t h e  very  c l o s e  approach of 
t h e  comet t o  Earth i n  May 1983 provides  u s  w i th  a  new d i a g n o s t i c  t o o l  f o r  
s tudying  cometary s t r u c t u r e  and evolu t ion .  The IUE d a t a  i n d i c a t e  t h a t  t h e  - 
photochemical l i f e t i m e  of S2 i s  very s h o r t  (of t h e  o rde r  of 500 seconds) and 
t h a t  t he  S2 i s  most l i k e l y  a  paren t  molecule coming d i r e c t l y  from the  
nucleus r a t h e r  than be ing  produced i n  t he  gas phase from o t h e r  paren t  
molecules (A'Hearn e t  a l e  1983). Thus, observa t ions  of Sz can be. used t o  
monitor s h o r t  term f l u c t u a t i o n s  i n  cometary a c t i v i t y ,  and i n  f a c t  t he  IUE 
observa t ions ,  spaced over  a per iod  of - 32 hours ,  showed a  marked decrease  i n  

. S2 su r f ace  b r igh tnes s  (a f a c t o r  of  20) over  t h i s  per iod.  The o t h e r  u l t r a -  
v i o l e t  emissions a l s o  decreased dur ing  t h i s  t ime bu t  on ly  by about a  f a c t o r  
of 4. The u l t r a v i o l e t  d a t a ,  coupled with t h e  FES counts  d a t a  ob ta ined  i n  
t he  course of t h e  t r ack ing  procedure debeloped by T. B. Ake, l e ad  t o  a  lower 
l i m i t  of - 28 hours f o r  t h e  r o t a t i o n  per iod of t h e  comet (Fe ldmane t  a l .  
1984). This  r e s u l t  i s  based on the  assumption of a  s i n g l e  l o c a l i z e d  reg ion  
of v o l a t i l e  i c e s  conta in ing  S2 on the  s u r f a c e  of t h e  cometary nucleus.  

The presence of S2 i n  t he  cometary i c e  a l s o  imp l i e s  t h a t  s i g n i f i c a n t  
irradiation of the cometary m a t e r i a l  must have occurred i n  i t s  e a r l y  
evolu t ionary  h i s t o r y .  However, s i n c e  the  i r r a d i a t i o n  would have a f f e c t e d  
on ly  t he  o u t e r  - 1 meter of t h e  cometary i c e  and s i n c e  t h i s  much m a t e r i a l  i s  

3  l o s t  i n  a  s i n g l e  p e r i h e l i o n  passage of t h e  comet (per iod - 10 y r ) ,  it i s  
u n l i k e l y  t h a t  i r r a d i a t i o n  which has  occurred s i n c e  t h e  formation of t he  
comets i s  s i g n i f i c a n t .  More l i k e l y  is  t h e  p o s s i b i l i t y  of s t r o n g  i r r a d i a t i o n  
of "cometesimals" dur ing  t h e  pre-so la r  nebula phase i n  t h e  i n t e r s t e l l a r  
medium. A f u l l e r  d i s cus s ion  of t h i s  problem i s  given by A'Hearn and Feldman 
(1984). 

The success  of t h e  i n  observing comet IRAS-Araki-Alcock is due t o  
t he  t i r e l e s s  e f f o r t s  of t h e  IUE Observatory s t a f f  f o r  which we a r e  extremely 
thankfu l .  This  work was supported by NASA g r a n t s  NSG-5393 t o  t h e  Johns 
Hopkins Un ive r s i t y  and NAG 5-279 t o  t h e  Un ive r s i t y  of Maryland 
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I U E  LOW-DISPERSION REFERENCE ATLAS 

- I U E  Observatory, Astronomy Div is ion ,  ESA, Madrid, Spain 
- Observa to i re  Astronomique, Strasbourg , France 

ABSTRACT 

This  a t l a s ,  publ ished by ESA and e s s e n t i a l l y  devoted t o  normal s t a r s ,  pre- 
s e n t s  229 graphic  s p e c t r a  t oge the r  wi th  t h e  corresponding f l uxes  and an u l t r a -  
v i o l e t  s p e c t r a l  type.  The p repa ra t i on  of t h i s  p u b l i c a t i o n  has  indeed confirmed 
t h a t  MK c l a s s i f i c a t i o n s  cannot simply be  t r a n s f e r r e d  t o  t h e  u l t r a v i o l e t  range. 
A s e t  of t r anspa renc i e s  a r e  i l l u s t r a t i n g  t h e  r e f e r ence  sequences cons t ruc ted  
from t h e  u l t r a v i o l e t  d a t a .  A magnetic-tape copy of a l l  t h e  s p e c t r a  p e r t a i n i n g  
t o  t h i s  a t l a s  i s  a v a i l a b l e  from t h e  S t e l l a r  Data Center i n  Strasbourg.  

INTKODUCTION 

The programme of u l t r a v i o l e t  s p e c t r a l  c l a s s i f i c a t i o n  was i n i t i a t e d  i n  
1978 wi th  t h e  s p e c i f i c  goa l  of bu i ld ing  up a  s e t  a  r e p r e s e n t a t i v e  I U E  low-dis- 
e r s i o n  s p e c t r a  from which a  c l a s s i f i c a t i o n  scheme could be cons t ruc ted  i n  t h e  
UV. This  undertaking was s t rong ly  supported by t h e  p a r t i c i p a n t s  t o  t h e  VILSPA 
workshop on "UV S t e l l a r  C l a s s i f i c a t i o n "  he ld  i n  October 1981 who s t r e s s e d  i n  
t h e i r  f i n a l  r e s o l u t i o n  i t s  b a s i c  importance no t  only f o r  s t e l l a r  and extraga-  
l a c t i c  astronomy, bu t  a l s o  f o r  t h e  p repa ra t i on  of spec t roscopic  programmes on 
f u t u r e  space miss ions .  

From a  previous s tudy i n  t h e  u l t r a v i o l e t  range based on d a t a  from t h e  
S2/68 experiment on board t h e  ESRO/ESA'S TDl s a t e l l i t e  ( s ee  i . a .  Cucchiaro e t  
a l . ,  1978 and t h e  r e f e r ences  quoted t h e r e i n ) ,  it was found t h a t  about 90% of 
t h e  s p e c t r a  f i t  a  two-dimensional frame whose parameters a r e  c o r r e l a t e d  wi th  
t h e  temperature  and luminos i ty ,  and which p a r a l l e l s  t h a t  of t h e  MK c l a s s i f i c a -  
t i o n  i n  t h e  v i s i b l e  range (Jaschek & Jaschek,  1982). The remaining 10% of t h e  
s t a r s  d id  no t  f i t  i n  such a  scheme, i n  t h e  sense  t h a t  they were abnormal i n  
one wevalength r eg ion  and normal i n  t h e  o t h e r .  

S imi l a r  conclusions have been reached wi th  t h e  p re sen t  work, namely t h a t  
one cannot simply t r a n s f e r  MK s p e c t r a l  c l a s s i f i c a t i o n s  t o  t h e  u l t r a v i o l e t ,  t h e  
o rde r  i n  t h e  MK system being not  i d e n t i c a l  t o  t h a t  which can be e s t a b l i s h e d  i n  
t h e  u l t r a v i o l e t  s p e c t r a l  range. 

THE MATERIAL 

Compared wi th  t h e  previous work on TDl d a t a ,  t h e  p re sen t  programme repre-  
s e n t s  a  s i g n i f i c a n t  improvement bacause t h e  s p e c t r a  cover a l a r g e r  wavelength 
range a t  a  h igher  r e s o l u t i o n .  Moreover IUE has  observed a  much broader  range 
of  s t e l l a r  types than TDI and has  a l s o  reached s i g n i f i c a n t l y  f a i n t e r  magnitudes. 



Table 1 : Designations used for the W spectral classifications 

Designation Name Rough MK equivalent 

d dwarf V 
g- subgiant IV 
g giant 111 
g+ bright giant I1 
s- supergiant Ib 
s+ bright supergiant Ia 

Table 2 : Stars appearing in the atlas 

Identifier IUE Sp .T. MK Sp.T. 

B3 pec 
stB1 
d+B1.5 
d B4 
dtB4 
d A4 
d A5 
s F8 
d A1 
d B9 
d GI .5 
d A2 
d A5 
s-B8 
g FO 
s 04 
d 05 
d A3 
g:A2 
d G5 
s F5 
d B7 
s B9 
s A0 
d K 
g 85 
g B6 
d B8 
g B6 
d B8 
d B6 
g B7 
g B8 
g B8 
d B5 
d FO 
d Fl 
d B4 
d A2 
g A7 
d B6 
d B8 
d A1 
s+09 
d A2 p 
d B2 
d B3 
d+09.5 
d B4 
d B0.5 
d BO 
d B2 

B5 111 e 
B1 Ia 
B2 IV 
B5 V SB 
B5 V SB 
AS V 
A1 V, Am 
F7:Ib-I1 SB,V 
A1 V 
B9 V 
GI .5 V 
A3 V 
A5 V SB. A5m 
B8 Ib 
FO v 
04 If 
05 v ((f)) 
A3 V 
A2 IV 
G5 V var 
F5 Ib 
B7 V 
B9 Ia 
A0 Ia SB: 
K2 V 
B5 111 SB 
B6 I11 
B8 V 
B7 111 
B8 V 
B6 IV (e) 
B7 I11 (e) 
B8 Vn 
B8 I11 
B5 V 
FO V 
F4 111 
B4 IV 
A2 IV . 
A7 111 
B7 V 
B8 V 
A2 V 
09.5 Ia 
A0 V lambda Roo 
B1 V 
B3 V 
09.5 V 
B3 V 
B0.5 IV 
BO V 
B2.5 IV 

Identifier IUE Sp.T. 

s FO 
d 82.5 
07 P 

d B0.5 
d+BO. 5 
d+B2.5 
dtB2.5 
d B1.5 
d B2 
d B1.5 
d A0 
d 09 
d F2 
g 09.5 
d A4 
s+B2 
d 82 
d 08 
dt08 
d 05 
d+09 
d 04 
d B6 
d B8 
g+O7 
s+B1 
s+09 
d B3 
d A2 
s G8 
B0.5: 
B9 pec 

g B2 
g+B3 
R 09 
d B2: 
d+B1 
d B1.5 
stB3 
g Bo 
g B0.5 
d B1 
d:B1.5 
d B0.5 
g+09.5 
d 09.5 
d+Al 
s+B5 
d F2 
s A5 
d B3 
d B7 

FO Ib 
82.5 V 
07.5 I11 
00.5 V 
B0.5 V 
R2.5 Vs 
B2 IV-V 
B1.5 V 
B2 V 
B1.5 V 
A0 Vs 
09 V 
F2 V 
BO IV: 
Am SB, VB 
B2 Ia 
B2 V 
08 V 
08.5 V 
05 V ((£1) 
09 V 
C4 V ((f)) 
B8 Ib 
B8 V 
07.5 111 (f) 
B1 Ib 
09.5 I 
B9 
A3 V 
G8 Ib var 
BO 111 
B6 111 
B2 111 
B3 I1 
09.5 V 
B2 Vne 
B1.5 111 
B3n 
B3 Iab 
BO 111 
B0.5 I11 
B2 V 
B2 IIIn 
B0.5 V 
09 I1 
09 V 
A1 V 
B5 Ia 
F2-3 Vas 
A5 Ib 
B3 V 
88 IV 



I d e n t i f i e r  IUE Sp.T. MK Sp.T. I d e n t i f i e r  IUE Sp.T. MK Sp.T. 

B2.5 V 
BO 111 
B0.5 I b  
B2.5 I V  
A2 V v a t  
F3 I a  
B1.5 V 
BO 111 
A7 I V  
A5m 
F3 V 
B0.5 I a  
F3 1 1 1 - I V m ,  vs 
A5 V 
B3 111 
A1 V 
B5 I1 
B5 V 
A0 Vs 
B9 IV 
B5 I b  
A7 V 
A0 I b  
B7 V 
FO 111 
F 2  IV 
A6 I a  
B6 V 
BI I b  SB 
B1 I1 
09 V 
06 I11 (f) 
05 V 
03 V 
03 V ((£1) 
05 111 ( f )  
A1 V 
F3 111 SB 
B4 V 
F9 V 
A0 V SB 
A3 It 
88-B9 V 
B9 Vn 
66 I I I p  
A0 I V  
A5 V SB 
B3 V SB 
BO I a  
ON9 I a  
A0 p lambda Boo 
F3 Vvw 
A3 11-111 
B1 V 
B5 I V  
A9 I11 
B1.5 I a  
B2 V 
A7 I b  
A0 111 
60.5 111 
B0.5  Ia 
06 111 (f) p 

HD 152247 
152248 
152249 
152667 
156208 
159561 
159876 
161817 
162374 
162978 
163181 
164353 
164402 
164794 
165024 
165052 
166205 
106937 
167264 
167756 
167838 
168076 
168905 
170153 
173502 
173667 
177724 
183143 
183914 
188209 
189849 . 
190603 
190993 
192281 
192685 
193682 
197345 
197392 
198478 
199478 
200 1 20 
2003 10 
20 1 908 
202444 
2061 65 
206901 
207260 
207330 
209481 
210221 
210424 
210839 
212571 
214650 
215535 
216701 
216956 
219188 

HDE 242908 
303308 

BD +60°f+97 
+60°2522 . 

g+09 
s 07 
8-09 
s+R0.5 
g A1 
.s A5 

F2 P 
d:A3 p 
d B6 
g+07 
s B1 
s-B5 
s-BO 
d 03 
g+BI 
d 0 7  
d A2 
stB8 
s+BO 
s-B0.5 
s+B5 
d 04 
d B2.5 
d F6 
g B1 
d F6 
d A0 
s+B7 
d B8 
s-09.5 
g A5 
s B2 
d 82.5 
d 04 
d B2.5 
g:O4 
s A2 
g B8 
s+B3 
s+B8 
d B0.5 
d B1 
d B8 
d:F3 
s-B2 
d F4 
s+A pec 
g B2.5 
g 09 
s A3 
d B7 
s 05 
d B1 
d 09 
d 05 
d A5 
d A3 
g B0.5 
d 04 p 
d 03 
d 07 
s 07 

09 I1 
07 Ib:  ( f )  p 
09 I b  
B0.5 I a  
A2 V 
A5 I11 
Del ta  Del 
A2 VI 
B6 V 
07.5 I1 ( ( f ) )  
B1 I a  pe 
B5 I b  
BO I b  
04:V ( ( f ) )  
B2 I b  
06.5 V 
A1 Vn 
B8 I a  
FO I a  
B0.5 l a  
B5 I a  
04 f 
B2.5 Vn 
F8 Vb, vw 
B1 11 
F6 V 
A0 Vn 
B7 I a  
B8 Ve 
09.5 Iab 
A4 111 
B1.5 I a  
B3 V 
05 v ( ( 0 )  P 
B3 V 
05 
A2 I a  
B8 11-111 
B3 I a  
B8 I a  
BI Ve 
B1 Ve 
B8 Vn 
F1 I V  
B2 I b  
F4 I V  SB 
A2 I a  v a r  
B2.5 111 
08.5 I11 
A3 I b  
B7 111 
06 I f  
R1 111-IVe 
09 V 
05.5 
A7 I11 
A3 V 
B0.5 11-IIIn 
05 
03 V 
07 V 
06.5 I I I e f  

TDl  d a t a  have,  however, t h e  advantage of r e s u l t i n g  from a survey  and thus  re-- 
p r e s e n t  a  magni tude- l imi ted unbiased sample o f  b r i g h t  s t a r s  whereas I U E  i s  
po in ted  o n l y  t o  p r e s e l e c t e d  t a r g e t s  from accep ted  p r o p o s a l s ,  t h e r e b y  p r o v i d i n g  



a h ighly  biased sample, mainly towards e a r l i e r  s p e c t r a l  types.  

Most of t h e  s p e c t r a  we used have been r e t r i e v e d  from t h e  low-dispersion 
I U E  da t a  base wi th  preference  given t o  t r a i l e d  spec t r a .  The e x i s t i n g  gaps i n  
t he  d a t a  were br idged a s  f a r  as p o s s i b l e  v i a  observa t ions  performed during t h e  
very l imi t ed  number of s h i f t s  a l l o c a t e d  t o  t h i s  programme. The abso lu t e  f l u x  
c a l i b r a t i o n  appl ied  has been t h a t  of Bohlin & Holm (1980). The shor t -  and long- 
wavelength s p e c t r a  have been combined i n t o  a  s i n g l e  f i l e  and t h e  ins t rumenta l  
peaks around A2200 have been t runca ted .  The geo-coronal Ly a 1;-neshavenot been 
removed, s i n c e  some con ta in  a  s t e l l a r  component. 

THE ULTRAVIOLET SPECTRAL TYPE 

We t r i e d  t o  produce n a t u r a l  sequences of s tandard  s t a r s  i n  which t h e  fea- . 
t u r e s  t r a n s i t  smoothly from one s tandard  t o  t h e  next ,  s t ay ing  however a s  f a r  a s  
p o s s i b l e  w i th in  t h e  genera l  MK frame. This  has  been done e s s e n t i a l l y  by a  mor- 
phologica l  approach descr ibed  i n  t h e  a t l a s  i n t roduc t ion  ( see  a l s o  Jaschek & 
Jaschek,  1984) and confirmed by an  independent s t a t i s t i c a l  process  (Egret e t  
a l . ,  1984). To avoid confusion with t h e  MK system, a  s e t  of des igna t ions  gathe- 
red i n  Table 1 have been introduced.  To i l l u s t r a t e  t h e  d i f f e r e n c e s  which map 
appear between MK and UV s p e c t r a l  sequences, we a r e  l i s t i n g  i n  Table 2 t h e  
s t a r s  catalogued i n  t h e  a t l a s  wi th  both c l a s s i f i c a t i o n s .  

THE ATLAS 

The body of t h e  a t l a s  c o n s i s t s  of t he  p re sen ta t ion  of f l u x  t a b l e s  ( l e f t -  
hand pages) and t h e  corresponding composite graphs (right-hand pages) f o r  229 
s t a r s ,  most of them e x h i b i t i n g  a  normal behavior i n  t he  u l t r a v i o l e t  range. A 
few pecu l i a r  s t a r s  have, however, been included t o  i l l u s t r a t e  t y p i c a l  abnorma- 
l i t i e s .  Adjacent t o  t h e  graphs a r e  t h e  i d e n t i f i c a t i o n s  of t h e  I U E  images used, 
a s  wel l  a s  bas i c  astronomical  d a t a  r e t r i e v e d  from the  SIMBAD d a t a  base  a t  t h e  
Strasbourg S t e l l a r  Data Center.  A s e t  of 34 t r anspa renc ie s  a r e  a l s o  provided 
f o r  t h e  most r e p r e s e n t a t i v e  s tandard stars, t o  allow d i r e c t  comparison wi th  
the spec t r a  and easy i l l u s t r a t i o n  of t he  s p e c t r a l  sequences. 
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The IUE archives provide an unprecedented sample of uniform, high-quality 
ul t raviolet  s t e l  1 ar  spectra. In particular,  they contain high-resolution, 
SWP data fo r  nearly 200 different 0 s tars .  We have undertaken a survey of 
the 1200-1900a region in about 120 of them having homogeneous optical 
spectral c lassif icat ions,  t o  investigate systematically the behavior of the 
ul t raviolet  features,  including the prominent s t e l l a r  wind profiles,  and the 
degree t o  which they correlate  with the optical types. The standard 
extracted spectrograms have been rebinned t o  a constant wavelength 
resolution of 0 . 2 g  and uniformly normalized (not dereddened) a t  the GSFC 
RDAF. They are then plotted a t  10a/cm, w i t h  reseau, photometric quality, 
and echelle order junction flags available. This resolving power of 6000 a t  
1500a can be compared with that of 4000 used for  similar studies in the blue- 
violet  spectral region; i t  permits clear discrimination between s t e l l a r  and 
inters tel  l a r  features. 

The resu l t s  show a high degree of correlation between the ultraviolet  
features,  both photospheric and stellar-wind, and the optical spectral types/ 
luminosity classes for  the majority of normal s tars .  For instance, the 
s t e l l a r  wind ef fec t  in the Si IV resonance doublet displays a pronounced 
luminosity dependence which has not been compl etely descri bed before. Other 
useful U V  c lassif icat ion c r i t e r i a  have also been found. Hence, the normal 
spectra provide a we1 1-def ined, two-dimensional empirical reference frame 
relat ive t o  which peculiar objects can be recognized and described. For 
example, a group of luminosity class  V s t a r s  with weak winds for  the i r  types 
has been isolated; there i s  evidence that  they may be nearer t o  the zero-age- 
main-sequence than the typical c lass  V objects. Also, a number of ON and OC 
spectra di splay marked anomal ies  in the ul t raviolet  CNO features.  We are 
preparing a 1 arge-format spectral a t las ,  t o  be pub1 ished by NASA, 
i l lus t ra t ing  the f u l l  1200-1900a range in about 100 of these objects. The 
tracings will extend across two facing pages with four or f ive objects per 
montage, s h o w i n g  spectral-type and luminosity sequences as well as peculiar 
spectra. This a t l a s  could be the forerunner of a ser ies  concerned w i t h  
various types of s t a r s ,  which will be an important development of the 
information content in the IUE archives, as well as a resource for  future 
ul t raviolet  spectroscopic programs. 
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ABSTRACT 

S t a t i s t i c a l  d a t a  a n a l y s i s  methods have been a p p l i e d  t o  a  s e t  of s t e l l a r  
low-d i spers ion  I U E  s p e c t r a .  From d i s t a n c e s  between f l u x  v e c t o r s  i n  a n  ad- 
e q u a t e  m u l t i v a r i a t e  space ,  t h e s e  a l g o r i t h m s  b u i l d  s t a t i s t i c a l  c l a s s i f i c a t i o n  
schemes i n  t h e  UV which can  b e  conf ron ted  t o  c l a s s i c a l  morphological  approaches .  
A p r o g r e s s  r e p o r t  of t h e  s t u d y  i s  g i v e n .  

INTRODUCTION 

The u l t r a v i o l e t  c l a s s i f i c a t i o n  programme, based on s p e c t r a  c o l l e c t e d  by 
t h e  I U E  s a t e l l i t e  h a s  a l r e a d y  been p r e s e n t e d  by Heck e t  a l .  (1982) ,  and t h e  
" I U E  Low-Dispersion Refe rence  A t l a s "  i s  d e s c r i b e d  by Heck e t  a l .  (1984) a t  
t h i s  meet ing.  Independent  of t h e  e s s e n t i a l l y  morphological  approach used f o r  
t h e  A t l a s ,  we have c a r r i e d  o u t  a  s t a t i s t i c a l  a n a l y s i s  of t h e  same s p e c t r a  by 
a p p l y i n g  mathemat ica l  a l g o r i t h m s  t o  d i s t a n c e s  between f l u x  v e c t o r s  i n  a n  ad- 
e q u a t e  m u l t i v a r i a t e  s p a c e .  Our aim i s  t o  d e r i v e  a n  a u t o m a t i c  c l a s s i f i c a t i o n  
p rocedure  i n  t h e  U V ,  o n l y  through s t a t i s t i c a l  methods,  and t o  compare i t  w i t h  
t h e  morphological  frame ( u l t r a v i o l e t  and MK s p e c t r a l  c l a s s i f i c a t i o n ) .  Th i s  
work i s  s t i l l  i n  p r o g r e s s ,  b u t  we s h a l l  g i v e  i n  t h e  f o l l o w i n g  some of  o u r  
p r e l i m i n a r y  r e s u l t s .  

THE DATA 

D e t a i l s  on t h e  p r e p a r a t i o n  of t h e  m a t e r i a l  c a n  b e  found i n  t h e  a t l a s  
i n t r o d u c t i o n ,  and e s p e c i a l l y  on t h e  u l t r a v i o l e t  s p e c t r a l  t y p e  ( r e f e r  a l s o  t o  
J a s c h e k  and J a s c h e k ,  1984).  The sample a t  hand c o n s i s t s  of 373 low-d i spers ion  
I U E  s p e c t r a  (1150 t o  3200 1) de-archived from t h e  IUE d a t a  b a s e  f o r  t h e  purpose  
of  t h e  UV c l a s s i f i c a t i o n  programme. Images of  poor q u a l i t y  ( a f f e c t e d  by s a t u -  
r a t i o n ,  microphonic  n o i s e  o r  o t h e r  d e f e c t s )  have been  d i s c a r d e d .  

The a v a i l a b l e  d$ ta  f o r  each s t a r  c o n s i s t  of  a  t a b l e  of  410 v a l u e s  of t h e  
a b s o l u t e  f l u x ,  by 5 A s t e p s .  To compare f l u x  v a l u e s  f o r  s t a r s  w i t h  d i f f e r e n t  
a p p a r e n t  magni tudes ,  a  n o r m a l i z a t i o n  of t h e  f l u x  s c a l e  of each spect rum i s  
n e c e s s a r y .  We have d i v i d e d ,  f o r  t h i s  r e a s o n ,  each spec t rum by t h e  averaged 
v a l u e  over  t h e  complete  i n t e r v a l ,  which i s  e q u i v a l e n t  t o  n o r m a l i z i n g  t h e  i n t e -  
g r a t e d  v a l u e  of t h e  u l t r a v i o l e t  f l u x  o v e r  t h e  whole s p e c t r a l  r ange .  



TEE METHOD 

The s t a t i s t i c a l  methods s u i t a b l e  f o r  an o b j e c t i v e  c l a s s i f i c a t i o n  of t h e  
s t a r s  on t h e  b a s i s  of t h e i r  UV f l u x e s  have a l r eady  been d iscussed  i n  a  pre- 
v ious  paper by Egre t  and Heck (1983). I n  t h i s  s p e c i f i c  a p p l i c a t i o n ,  we used 
a  s t a t i s t i c a l  sof tware  package developed by Lebart  and Morineau (1982): SPAD 
(SystZme Por t ab l e  pour 1'Analyse des Donn6es). 

The f i r s t  s t e p  was a  principal-component a n a l y s i s  e s t a b l i s h i n g  t h e  num- 
be r  of s i g n i f i c a n t  dimensions of t h e  probleni and t h e  second s t e p  a  c l u s t e r  
a n a l y s i s  aggrega t ing  t h e  s t a r s  i n t o  groups around moving c e n t e r s  ("nu6es dy- 
namiques"). I n  a  t h i r d  s t e p  we t r i e d  t o  i n t e r p r e t  t h e  r e s u l t i n g  c l u s t e r i n g  
e s p e c i a l l y  by ana lys ing  t h e  MK and u l t r a v i o l e t  c l a s s i f i c a t i o n s  of t h e  s t a r s  
w i t h i n  each group. 

THE VARIABLES 

Our choice  of v a r i a b l e s  was in f luenced  by t h e  f a c t s  t h a t  we want t o  be 
a b l e  t o  i n t e r p r e t  t h e  r e s u l t s  a s t r o p h y s i c a l l y  and t o  e s t a b l i s h  l a t e r  c l a s s i -  
f i c a t i o n  c r i t e r i a  ( t h i s  i s  a  f u t u r e  s t e p  of our work). Therefore  we be l ieved  
i t  a p p r o p r i a t e  t o  d e f i n e  our  v a r i a b l e s  a s  fol lows:  

-a) v a r i a b l e s  l inked  t o o t h e  "continuum": we chose t h e  median va lues  of 
t h e  f l u x  by i n t e r v a l s  of 65 A (31 v a r i a b l e s ) ;  

-b) v a r i a b l e s  r e p r e s e n t a t i v e  of t h e  v a r i a t i o n s  r e l a t i v e l y  t o  t h i s  con- 
tinuum: we used t h e  maximum dev ia t i ons  from t h e  median f l u x  i n  t h e  same in-  
t e r v a l s ,  i n  "emission" (31 v a r i a b l e s )  and i n  "absorption" (31 v a r i a b l e s ) .  

We were thus  dea l ing  with 93 v a r i a b l e s  f o r  each o b j e c t .  The corresponding 
ma t r ix  (373 x 93) could be  t r e a t e d  without  any d i f f i c u l t y  by t h e  s tandard  pro- 
grammes a t  hand. 

THE RESULTS 

The f i r s t  f a c t o r  of t h e  principal-component a n a l y s i s  i s  s t r o n g l y  cor re -  
l a t e d  t o  t h e  temperature ,  whereas t h e  luminosi ty  e f f e c t  and a  s i g n i f i c a n t  con- 
t r i b u t i o n  of t h e  reddening a r e  c a r r i e d  by t h e  second f a c t o r .  The cumulat ive 
c o n t r i b u t i o n  of t h e  f i r s t  t h r e e  f a c t o r s  t o  t h e  va r i ance  is  87%. 

The c l u s t e r  a n a l y s i s  aggregated 20 c l a s s e s  of s t a r s  on t h e  b a s i s  of t h e i r  
mutual d i s t a n c e  i n  t h e  m u l t i v a r i a t e  space def ined  by t h e  f i r s t  twenty f a c t o r s  
of t h e  principal-component a n a l y s i s .  The d i s t r i b u t i o n  of t h e  c l a s s e s  i n  t h e  
p lane  of t h e  f i r s t  two f a c t o r s  i s  given i n  F igure  1 .  Each c l a s s  has  been 
named according t o  t h e  u l t r a v i o l e t  c l a s s i f i c a t i o n  of t h e  s t a r s  c l o s e s t  t o  t h e  
barycenter  of t h e  c l a s s .  

The d i s t r i b u t i o n  of t h e  u l t r a v i o l e t  c l a s s i f i c a t i o n  w i t h i n  each c l a s s  i s  
q u i t e  homogeneous, bu t  one c l a s s  s t i l l  covers  s e v e r a l  decimal subc lasses :  f o r  
i n s t ance  t h e  group named B8 con ta in s  B7, B8 and B9-type s t a r s .  The same i s  
t r u e  f o r  luminosi ty  c l a s s e s .  We have t o  cons ider  a  lahqeh number of c l a s s e s  



F i r s t  f a c t o r  

F igure  1 : D i s t r i b u t i o n  of t h e  c l a s s e s  i n  t h e  p lank  of t h e  
f i r s t  two f a c t o r s .  

i f  we want t o  reproduce a  c l a s s i f i c a t i o n  scheme c o n s i s t e n t  wi th  t h e  MK ( o r  
u l t r a v i o l e t )  s u b d i v i s i o n s .  It appears  however t h a t  t h e  number of o b j e c t s  
(373  s t a r s ,  i n c l u d i n g  a  number of p e c u l i a r  s t a r s )  i s  t o o  smal l  t o  o b t a i n  d i -  
r e c t l y  a  more s a t i s f a c t o r y  r e s u l t .  We i n t e n d  t o  r e f i n e  t h e  methodology i n  a  
n e a r  f u t u r e  ( e s p e c i a l l y  by i n t r o d u c i n g  a  weight  f o r  t h e  most d i s c r i m i n a n t  v a r i -  
a b l e s ,  l i n k e d  f o r  i n s t a n c e  t o  c h a r a c t e r i s t i c  f e a t u r e s )  i n  o r d e r  t o  b u i l d  an 
au tomat ic  procedure  a p p l i c a b l e  t o  new s e t s  of s p e c t r a .  

CONCLUSION - 
We showed i t  i s  f e a s i b l e  t o  u s e  p u r e l y  s t a t i s t i c a l  methods i n  o r d e r  t o  

c l a s s i f y  low-dispers ion I U E  s p e c t r a  i n t o  c l a s s e s  c o n s i s t e n t  w t t h  the u l t r a -  
v i c i e :  s p t - c t r a l  types  in t roduced  by Ja:-chek 2nd Jaschck  (1  934 )  . X ~ v e r  t b ~ 1  :>sf;, 
due t o  t h e  r e l a t i v e l y  small number of o b j e c t s  p r e s e n t l y  a v a i l a b l e ,  t h e  c l a s s i -  
f i c a t i o n  scheme i s  s t i l l  l e s s  p r e c i s e  t h a t  t h e  UV o r  MK sys tems .  We hope t o  
improve t h i s  p r e c i s i o n  by in t roduci lng new re f inements  i n  t h e  methodology and 
by i n c r e a s i n g  t h e  sample. 
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ABSTRACT 

Many s c i e n t i f i c  programmes envisaged f o r  t h e  ST w i l l  r e q u i r e  spectro-  
photometric observa t ions  wi th  p r e c i s e  determinat ion of abso lu t e  f l u x  a s  a  
func t ion  of wavelength. However, t h e  occura te  c a l i b r a t i o n  of t h e  ST 
instruments  throughout t h e  extremely broad (W-IR) ope ra t iona l  wavelength 
range p re sen t s  a  major cha l lenge  t o  t h e  ST p r o j e c t .  The aim of our  programme, 
which is  being c a r r i e d  ou t  i n  co l l abo ra t ion  wi th  t h e  ST c a l i b r a t i o n  team, i s  
t o  provide accu ra t e ,  abso lu t e  IUE spectrophotometr ic  d a t a  f o r  a  number of 
f a i n t  s tandard  s t a r s  wi th  magnitudes near  t h e  l i m i t  of IUE1s observing 
c a p a b i l i t y .  The scope of t h e  programme and t h e  preceut ions  taken t o  maximise 
t h e  accuracy of t h e  IUE d a t a  a r e  discussed.  

INTRODUCTION 

The f u l l  e x p l o i t a t i o n  of t he  Space Telescope'sunprecedented s e n s i t i v i t y  
w i l l  depend c r i t i c a l l y  on t h e  provis ion  of a  l a r g e  s e t  of s t a r s  wi th  
accu ra t e ly  determined abso lu t e  f l uxes  f o r  use a s  a  c a l i b r a t i o n  sequence. 
The number of such s t a r s  and t h e i r  s p a t i a l  d i s t r i b u t i o n  should be  such t h a t  
some c a l i b r a t i o n  sources  a r e  a v a i l a b l e  t o  t h e  ST a t  a l l  t i n e s .  A l l  5 of t h e  
ST'S s c i e n t i f i c  instruments  w i l l  b e  used i n  t h e  W down t o  X " 1100 1; a 
wavelength range f o r  which abso lu t e  f l u x  d a t a  f o r  s u i t a b l e  t a r g e t s  a r e  
s e r i o u s l y  lacking .  I U E ,  however, o f f e r s  a  unique oppor tuni ty  t o  provide 
c a l i b r a t i o n  d a t a  f o r  t h e  ST p r o j e c t  i n  t h e  wavelength range 1150-3200 A. 
IUE1s ex tens ive  on-going c a l i b r a t i o n  monitoring programme guarantees  t h e  
accuracy of abso lu t e  f l u x  measurements and enables  co r r ec t ions  t o  be made f o r  
any temporal v a r i a t i o n s  i n  s e n s i t i v i t y .  Although t h e  IUE c a l i b r a t i o n  
s tandards  themselves a r e  too  b r i g h t  f o r  t h e  ST, i t  i s  poss ib l e  t o  provide 
abso lu t e  f l uxes ,  t i e d  t o  t h e  IUE c a l i b r a t i o n  system, f o r  s t a r s  w i th  b r igh tnes s  
down t o  t h e  p r a c t i c a l  l i m i t  of I U E 1 s  s e n s i t i v i t y  (m, - 16).  

* On secondment from The Ruther ford  Appleton Laboratory,  C h i l t o n ,  D idcot ,  U.K.  

+ Present  address: European Coordinat ing F a c i l i t y  f o r  the Space Telescope, € S O .  
Carching,  n r .  Munich, West Germany. 



PROCEDURE 

Observations made from VILSPA a r e  coordinated wi th  those  made by t h e  ST 
c a l i b r a t i o n  team from GSFC and scheduled contemporaneously wi th  IUE c a l i b r a t i o n  
s h i f t s  wherever poss ib l e .  This  enables  t h e  accuracy of t h e  IUE d a t a  t o  b e  
c l o s e l y  monitored and f a c i l i t a t e s  c p r r e c t i o n s  f o r  any v a r i a t i o n  i n  IUE 
s e n s i t i v i t y .  C r i t e r i a  used f o r  t a r g e t  s e l e c t i o n  a r e  1. s u i t a b i l i t y  of spectrum: 
i t  should b e  smooth and f e a t u r e l e s s ,  2. b r igh tnes s :  a wlde range of  magnitudes 
i s  requi red  t o  enable  checks on ST instrument  l i n e a r i t y  t o  b e  made, and 3. 
pos i t i on :  t h e  d i s t r i b u t i o n  of c a l i b r a t i o n  s t a r s  should b e  such t h a t  some are 
observable by t h e  ST a t  any time and a l l  ground-based obse rva to r i e s  can 
observe a good s e l e c t i o n  of them. The VILSPA programme is  devoted t o  
observa t ions  of r e l a t i v e l y  f a i n t  stars (13 < m, < 16) and 4 wh i t e  dwarfs have 
been s e l e c t e d  f o r  t h e  i n i t i a l  phase: HZ4, LB 227, LDS 235B, HZ 21. I d e a l l y  
we aim t o  observe each star 3 t imes on a t  l e a s t  two s e p a r a t e  occasions a t  low 
d i spe r s ion ,  i n  both  short-and-long-wave spectrographs.  I n  p r a c t i c e ,  however, 
i t  may no t  be  p o s s i b l e  t o  achieve t h i s  degree of coverage f o r  a l l  t a r g e t  stars 
due t o  observing t i m e  c o n s t r a i n t s .  

This  obse rva t iona l  p l an  w i l l  enable  any v a r i a b l e  s t a r s  t o  b e  i d e n t i f i e d  
and e l imina ted  from t h e  sequence and w i l l  a l low s p e c t r a  t o  b e  averaged, 
thereby enhancing t h e  s i g n a l l n o i s e  r a t i o .  By comparing t h e  IUE d a t a  w i t h  
ground-based o p t i c a l  d a t a  of t h e  same stars we should be  a b l e  t o  provide 
a c c u r a t e  abso lu t e  f l u x e s  through t h e  d i f f i c u l t  IUE-optical over lap  region.  
The f i n a l  d a t a  w i l l  be  presented  a s  t a b l e s  of abso lu t e  f l u x  va lues  f o r  5 A 
i n t e r v a l s ,  co r r ec t ed  f o r  any v a r i a b i l i t y  of t h e  IUE instruments .  

ACCURACY OF THE DATA 

The accuracy of t h e  IUE abso lu t e  c a l i b r a t i o n  i s  & 10% b u t  s u b s t a n t i a l  
improvements on t h i s  a r e  poss ib l e  by comparing d a t a  wi th  t h a t  of  IUE s t anda rds  
taken a t  about t h e  same time. The n o i s e  i n  IUE d a t a  i nc ludes  a non-random 
component ("f ixed p a t t e r n  noise1') which g ives  r i s e  t o  somewhat lower s i g n a l /  
no i se  r a t i o s  a f t e r  co-adding s p e c t r a  than  would be  expected i f  t h e  n o i s e  were 
e n t i r e l y  random. I n  Table 1 va lues  of t h e  s i g n a l  l e v e l  d iv ided  by t h e  RMS 
no i se  a r e  given f o r  3 s i n g l e  s p e c t r a ,  and an average spectrum der ived  from 
these ,  f o r  each of t h e  SWP and LWP cameras. The va lues  were der ived  by 
d iv id ing  each spectrum by a smooth curve f i t t e d  t o  t h e  continuum and then  
c a l c u l a t i n g  t h e  RMS dev ia t ion  from un i ty  over  wavelength i n t e r v a l s  of 200 1. 
It is  seen t h a t  t h e  accuracy of t h e  f i n a l  d a t a  w i l l  depend somewhat on wave- 
length  b u t  by averaging 6 s p e c t r a  a s i g n a l / n o i s e  r a t i o  of > 30 would b e  
achievable over  most of t h e  IUE s p e c t r a l  range. 



SWP SWP SWP Mean Average 
21837 21855 21872 Spectrum 

X LWP LWP LWP Average 

LA1 24 58 2476 2489 Mean Spectrum 

TABLE 1: Signal-to-noise ratios in 3 SWP and 3 LWP low dispersion spectre 
of LB 227 and HZ 4 respectively. The spectra were binned at 5 A 
intervals and the s/N ratios derived over 200 1 ranges. The 
final column gives the S/N values derived after co-adding the 3 
individual spectra in each case. 
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M.3. De L a  P e n a  a n d  T.R.  A y r e s ,  D e p a r t m e n t  o f  A s t r o p h y s i c a l ,  
P l a n a t a r y  a n d  A t m o s p h e r i c  S c i e n c e s  a n d  L a b o r a t o r y  f o r  
A t q o s p h e r i c  a n d  S p a c e  P h y s i c s ,  U n i v e r s i t y  o f  C o l o r a d o  

1.6 I n t r o d u c t i o n  
I n  o r d e r  t o  o b t a i n  h i g h  q u a l i t y  r b d i a l  v e l o c i t y  m e a s u r e m e n t s  

o f  e m i s s i o n  l i n a s  r n  t h e  f a r  u l t r z v i o l a t  u i t h  IUE, i t  i s  c r u c i a l  
t o  m i n i m i z e  s o u r c e s  o f  r a n c l o v  a n d  s y s t e m a t i c  e r r o r s  i n  t h e  e c h e l l e  
u e v a l s n ~ t h  s c a l e s .  I n  a d d i t i o n  t o  t h e  s y s t e m a t i c  s h i f t  o u i n g  t o  
t h e  E a r t h  a n 3  s a t e l l i t e  m o t i o n s ,  u h l c h  i s  e a s i l y  r e c t i f i e d ,  t h e  
m a j o r  s o u r c e s  o f  v e l o c i t y  s h i f t s  u h i c h  c a n  a f f e c t  e c h e l l e  s p e c t r a  
a r e :  o f f s a t s  o f  t h e  i n a g a  f r o m  t h e  a p e r t u r e  c e n t e r ;  i n a c c u r a t e  
l a b o r a t o r y  w a v e l e n i t h s ;  f a i l u r e  o f  t h e  a s s i g n e d  d i s p e r s i o n  
r e l a t i a n s  t o  f e i t h f u l l y  m a d e l  t h e  c l i s p e r s i a n  p r o 2 e r t i e s  o f  t h e  
p a r t i c u l a r  i:na;e; a n u  r e a d  beam d e f l e c t i o n s  c a u s e a  b y  
~ c c u m u l a t i o n s  o f  c h a r 3 e  o n  s a t u r e t e d  a o r t i o n s  o f  t h e  v i d i c o n  
t a r g e t .  I n a c c u r a c i e s  o f  t h e  m a n e u v e r  o f  t h e  s t e l l a r  i m a g e  i n t o  
t h e  c e n t e r  o t  t n a  z 1 9 ~ r t u r e  c s n  b e  ! n i n l m i z e c l  b y  c a r e f u l  o b s e r v i n g  
t e c h n i c u r s .  r i a ~ a v z r r  t h e  f i d a i i t y  o f  t h e  a i s p e r s i o n  r e l a t i o n s ,  
a n d  t b e  r s l a t e d  q u e s t i o n  o f  n o n l i n s a r i t i e s  i n d u c e d  b y  r e a d  b e a m  
d e f l e c t i o n s ,  E r a  - 

C .  c a u s e  f o r  c o n c e r n .  F o r  e x a n p l e t  t h e  
d e f l a c t i o n s  c o u l c i 8  i n  p r i n c i p l e ,  i n d u c e  e f f e c t i v a  n o n l l n e a r i t i e s  
i n  t h e  d t r r v c c i  u z v e l e n a t h  s c z l e s  u h i c h  u o u l c l  b e  " h l d d e n l '  b y  t h e  
s y s t e ~ n s t i c  n e t u r e  o f  t h e  e f f e c t  beet-use o n l y  a s i n g l e  e x p o s u r e  
t i m e  1 s  u s e d  f o r  t h e  s t ~ n d a r a  c a l i b r a t i o n  s p e c t r a .  

I n  a c l o i t i o n  t o  t h e  f o r c j o i n ; ,  p r o h l e r l r s /  t h e  - . t u o - n i n u t e  
i n ? c ; r a t i o n  t i n e  o f  t h s  s t ~ n c l a r c l  u a v e l s n p t h  c a l i b r a t i o n  i m a g e s  i s  
l o n g  e n o u g n  t c  j u c r s n t t e  t h z t  t h s  s t r o n g e s t  P t  I1 e m i s s i o n  l i n e s  
a t  t h e  l o n ;  u iava1eo ; th  e n d  o f  t h a  s p e c t r u m  w i l l  b e  e x c e e d i n g l y  
o v e r e x p ~ s e d .  U n f o r t u n c t e l y ,  t h e  rev tin in^ P t  I 1  e m i s s i o n  f e a t u r e s  
n o t  c n l y  a r a  i n t r i n s i c t l l y  q b i t e  f a i n t ,  u i t h  t h e  r e s u l t  t h a t  t h e i r  
l b b o r a t o r y  u a v e l e n j t k s  m i p n t  b e  l e s s  r o l i a b l e  t h a n  t h o s e  o f  t h e  
s t r o n s e r  P t  1: l i n e s ,  h u t  a i s o  t h e  u n s a t u r a t e d  f e a t u r e s  a r e  r a t h e r  
s p a r s e l y  d i s t r i t u t s a .  d a n c e ,  t h e  d l s p a r s i o n  r e l s t i o n s  i n  t h e  
s p e c t r a ! ,  r c t ; i on  l o n a u r a r d  o f  I S C G  a n s s t r o n s  a , r e  d e p e n d e n t  u p o n  P t  
I1 f e a t u r a s  t n a t  a r e  l e s s  t h a n  o p t i m u m .  

d e r e  we ac l c l ress  t h e s e  q u e s t i o n s  b y  a n a l y z i n g  w a v e l e n g t h  
c a l i b r t t i o n  s p s c t r a  s e c u r e d  f r o n  o u r  own o b s e r v i n g  p r o g r a m s  a n d  
f r o m  t h a  I U E  E r c h i v s s .  

2.C O b s e r v ~ ~ t i o n s  
O u r  i n v a s t i ~ a t i o n  b e p a n  w i t h  t h e  a n c l l y s i s  o f  s i x  1 2 0  s e c o n c l  

( s t a n d a r d  w z v e l a n ~ t h  c a l i b r a t i o n  s p e c t r a  o b t a i n e d  i n  
m i d - D o c e w b e r  o f  1 9 8 2  i n  c o n n e c t i o n  w x t h  a f i f t h  y e a r  o b s e r v i n g  
p r o a r a m .  T h a s e  r a s u l t s  w e r e  p r e s e n t e d  a t  t h e  " I U E  - O b s e r v i n g  a t  
t h e  L i m i t "  m a e t z n f  i n  A u g u s t  o f  1 9 5 3 .  S u b s e q u e n t l y ,  we h a v e  
s u p p l e m e n t e d  t h e  o r i g i n a l  i n v e s t i g a t i o n  u i t h  a n  e x a m i n a t i o n  o f  
s e v e n t e e n  c a l i l ~ r a t i o n  s p e c t r a  s p a n n i n g  a p p r o x i m a t e l y  o n e  y e a r  
( 1 9 E 2  t a k e n  f r o m  t h e  A r c h i v e s  ( P H C I L  p r o g r a m  1. F u r t h e r ,  a 
s e r i e s  o f  s a v e n  n o n - s t c n d a r d  ( 1 8  s e c o n d  ) w a v e l e n g t h  i m a g e s  a l s o  
h a v e  b e e n  s e c u r e d  f r o n  a s i x t h  y e c r  o b s e r v i n g  p r o g r a m .  . ~ 

<. 



T h e s e  s h o r t  e x p o s u r e  w a v e c a l s  a r e  f a r  l e s s  s a t u r a t e d  l o n g w a r d  o f  
1 8 0 0  a n z s t r a r n s  t h a n  t h e  s t a n d a r d  % a v e c a l s /  a n d  t h e r e f o r e  p r o v i d e  
many ;;lore f e s t u r e s  u r i t h  u h i c h  t o  u n d e r t a k e  t h e  r e g i s t r a t i o n  o f  ' t h e  
w s v e l e n g t h  s c ~ l e s  i n  t h a t  r e p i o n .  ( An a d d i t i o n a l  a d v a n t a g e  o f  a  
s h o r t e r  w a v e c a l  e x p 2 s u r e  i s  t h a t  i t  n e e d  n o t  b e  f o l l o w e a  b y  a n  
XPREP. 1 

3.0 D a t a  A n a l y s i s  
The  s p o c t r ~  w e r e  r e d u c e d  u s i n g  s t a n d a r d  s o f t w a r e  a t  t h e  I U E  

k e g i o n a l  D a t ~  A n a l y s i s  F a c i l i t y  i n  a o u l d e r .  The  p l a t i n u m  l i n e s  
b e r 6  m e a s u r e d  u s i n g  a n  i n t e r a c t i v e  p r o c e d u r e  l n c o r p o r a t i n j  a  l e a s t  
s q u a r e s  G ~ u s s i a n  f i t t i n g  a l g o r i t h m .  T h s  m e a s u r e v e n t s  u e r e  s t o r e d  
i n  a d i s k  f i l e  f o r  s u b s e a u e n t  p r o c e s s i n g .  

The  t ~ o  s 6 t s  o f  l i n e  p o s i t i o n  d a t a  f o r  t h a  1 2 0  seconc i  a n d  1 8  
s e c a n a  e a v a t ~ l s  w e r e  t h e n  a n a l y z e d  b y  t w o  d i f f e r e n t  s t a t i s t i c a l  
m e t h o d s .  F o r  b o t n  n e t h o d s ,  l i n e  d i s o l a c e m e n t s  w e r e  e x p r e s s e d  I n  
t e r m s  o f  t h e  e q u i v a l e n t  v e l o c i t y  s h i f t  ( i . e .  C o b s e r v e d  
w a v e l e n a t h  n i n u s  l a b o r s t o r y  w a v e l e n ~ t h  ? d i v i d e d  b y  o b s e r v e d  
u a v e l e n j t h  t i m e s  t h e  s ~ e e o  o f  l i j h t  1. F o r  M e t h o d  "Cne", a  mean 
v e l o c i t y  o f  a a c h  i n s c a  was c ~ l c u l a t a d  b y  a v e r a g i n g  t h e  v a l o c i t y  
s h r f t s  o f  t h e  i n d i v r c l u ~ l  l i n e s  ( 1 0 5  i i n e s  C 1 2 2  s a c o n d s  3 o r  6 4  
l i n a s  [ 1 8  s e c a n d s  3 1. R e s i o t i a l  velocities ( l l n e  v e l o c i t y  rnlncrs 
m s a r  i m z = e  v a l o t i t y  1 w e r s  t h e n  d e t e r m i n e d  f o r  e s c h  l i n e .  
F i n ~ l l y r  a n e a n  r e r i d u z l  v e l o c i t y  was c a l c u l a t e d  f o r  e a c h  l i n e  b y  
a v a r a p i n g  o v e r  t h a  s e t  o f  u t z , v e c t l s .  M e t h o d  "Tuo"  i s  s i m i l i a r  t o  
M e t h o d  Cne e x c e q t  l i n a s  w z t h i n  t h e  same o r d a r  w e r e  f i r s t  a v a r a g e c l  
t o  p r o v i a e  z ~ e a n  o r d e r  v s l o c l t y .  The g o a l  o f  M e t h o d  Cne i s  t o  
i n v e s t i a a t e  s y s t s n 2 t i c  b e h s v i o r  o f  t h a  i n d i v i d u a l  l i n e  v e l o c i t i e s  
f r o n  i 8 n z g e  t o  iaa;e ;  Y e t h o d  Two s c c o ~ p l i s h e s  t h s  same j a a l r  b u t  
f o r  t h e  i n c i i v i c l u ~ l  c r d e r s .  

4 .6  C o n c l u s i o n s  
* The s t a n c ~ a r c l  u s v i a t i o n  o f  t h e  PHCAL u a v e c a l s  ( 1.1 

k m / s e =  u s l n ; r  1 3 8 2  d a t a  o n l y  1 i s  1 ~ 3 3  t h c ' n  u a s  f o u n d  f o r  t h e  6 
w a v e c s l s  ( + / -  3.1 k rn / sec  1 o b t s i n e a  o n  c o n s e c u t i v e  d a y s  i n  
D e c e q b e r  o f  1 3 3 2  i n  o d r  p r e v i o u s  s t u d y .  The  l a t t e r  w e r a  t a k a n  
u n d e r  l e s s  t h a n  o p t i q u m  c a n a i t i o n s .  We c o n c l u d e  t h a t  i t  i s  
e s s a n t i a l  t o  o b t a i n  n e a r l y  c o n t e m ~ o r a n e o u s  w a v e c e l s  t o  r e g i s t e r  
v e l o c i t y  s c s l e s  o f  s t e l l e r  h i g h  d i s p e r s i o n  o b s e r v a t i o n s .  

* The  s t a n d a r d  d e v i a t i o n  o f  t h e  inean r e s i d u a l s  o f  t h e  o r d e r s  
a v e r b g e d  o v e r  I F 5 2  i s  2.2 k m / s e c /  w h i c h  c a n  b e  i n t e r p r e t e d  a s  t h e  
i n t e r n a l  c o n s i s t e n c y  o f  t h e  I U E  S d  w a v e l e n g t h  s c a l e s .  H o w e v e r t  
t h a  2 r c l e r  r a s i d u ~ l s  a r a  v e r y  s t a b l e .  The s t a b i l i t y  s u g g e s t s  t h a t  
t h e  I U E  u a v s l e n g t h  s c a l e s  n i g h t  b e  i a p r o v e c l .  I n  p a r t i c u l a r /  if 
o n a  c a n  d e t e r n i n e  t h e  o r i s i n  o f  t h e  s y s t e m a t i c  b e h a v i o r  o f  t h e  
l i n e  aRd o r t i a r  r e s i c l u t l s ,  f o r  e x a t n p l e  s y s t e m a t i c  e r r o r s  i n  t h e  
l s b o r a t o r y  u s v ~ l a n ~ t h s  o f  t h e  c a l r b r a t i o n  l i n e s 8  t h e n  t h e  
dispersion r a l a t i o n s  c o u l d  b e  m o d i f i e d  t o  a c c o u n t  f o r  t h e s e  
d e v i a t i o n s .  

T h i s  u o r k  u z s  s u o p o r t e d  b y  h A S A  g r a n t  N A G S - 1 9 9 .  
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ABSTRACT 

A technique  is described for  automatically fi l ter ing low-dispersion IlJE images of 
unt ra i led  point sources during ex t r ac t ion  frorn the  gues t  observer  t ape ,  for  the  purpose 
of reducing the  e f f e c t s  of radiat ion even t s  and "bright pixels" and  obtaining improved 
defini t ion of t h e  continuum in long durat ion or  high-background exposures.  The  method is 
based upon f i t t ing  a gaussian point-spread-function (PSF) t o  c rosscuts  of t he  sample 
o rde r s  in ESSR or LBLS files, which can  be processed on a relat ively small computer .  
Severa l  ad j acen t  c rosscuts  a r e  binned during t h e  f i t  t o  permit discriminating agains t  
e r r a n t  samples lying d i rec t ly  along the  dispersion line (and narrow spec t r a l  lines). The 
procedure  resul t s  in a signif icant  reduction of discrepancies in t he  f i t t e d  power-law 
indices for  r epea ted  exposures of f a in t  BL Lac  objec ts ,  compared with the  resu l t s  of 
previously a t t e m p t e d  au toma t i c  f i l ter ing techniques.  

INTRODUCTION 

The  impact  of e f f e c t s  o t h e r  t han  photon s t a t i s t i c s  in t he  de terminat ion  of continuum 
levels  in IUE images is ev iden t  in t he  comparison of r e p e a t e d  exposures  of some f e a t u r e -  
less-spectrum BL Lac  objec ts ,  such as Mk 180 and Mk 501, which a r e  believed t o  exhibi t  
l i t t l e  in t r ins ic  variation. With exposures of severa l  hours accumulat ing background levels  
be tween 116 and 112 t h e  gross signal exposure  level ,  radiat ion e f f e c t s  (and non-linear 
e f f e c t s  e x a c e r b a t e d  by t h e  relat ively high background levels) make subs tant ia l  contr ibu- 
t ions t o  t h e  e x t r a c t e d  ne t  s p e c t r a  of such  f a in t  ta rge ts .  

Using s t anda rd  ex t r ac t ion  procedures in t h e  ESSR or LBLS files, t h e  spec t r a l  indices 
(negat ive  of slopes in log-log plots) of power-law f i t s  t o  rnultiple images of Mk 180 and 
Mk 501 a r e  found t o  range up t o  17 tirnes t h e  ave rage  one-sigma e r ro r s  indica ted  fo r  t h e  
f i t s  from the  sampling s t a t i s t i c s  in t h e  bins. Discrepancies a r e  noticeable even  be tween 
quasi-simultaneous pairs of SWP and LWR images. Figure 1 i l lus t ra tes  t h e  disagreement 
be tween  power-law f i t s  t o  SWP only, t o  LWR only, and t o  both t aken  toge the r  fo r  two  
pairs  of Mk 501 whole-shift exposures in which the  LWR and SWP components  were  ob- 
t a ined  within a day of e a c h  o ther .  Af ter  ex t r ac t ion  and ca l ibra t ion  t o  absolu te  fluxes 
(1980 May version), t h e  d a t a  were  binned and least-squares f i t t e d  with a power law,  with 
bins individually weighted  according t o  t h e  inverse square  of t h e  s t anda rd  deviat ion indi- 
c a t e d  for  t h e  bin mean from t h e  s t anda rd  deviat ion of t h e  samples in t h e  bin. No redden- 
ing co r rec t ion  was considered t o  be necessary,  assuming E(B-V) = 0.0 + 0.03 for  t h e  line 
of s ight  t o  Mk 501 based on t h e  work of Rurstein and Heiles (1978). m o r e o v e r ,  a t r ia l  
dereddening assuming the  upper uncer ta in ty  limit,  E(B-V) = 0.03, did not material ly re-  
duce  t h e  discrepancy among t h e  f i t t e d  power-law indices. W e  infer  t h a t  f ac to r s  in t r ins ic  
t o  t he  observing and reduction systems cause  the  d iscrepant  behavior ,  which if seen  in 
only one image pair might eas i ly  be i n t e rp re t ed  as a signif icant  indicat ion of source  be- 
havior ,  s ince  t h e  magnitude of t h e  e f f e c t  is s eve ra l  t i m e s . t h e  s t a t i s t i ca l  e r r o r  indica ted  



internally from the  sampling. The images were ex t rac ted  from line-by-line files using a 
standard summation procedure, with median filtering for background smoothing. Correct-  
ion for the  erroneous intensity t ransfer  function (ITF) used for the  SWP camera was 
made using the  algorithm of Cassatella -- et al. (1980) with quadratic decomposition of t h e  
samples (Holm and Schiffer 1980). 

PROCEDURE 

Various a t tempts  have been made t o  reduce e f fec t s  of radiation events and noise in 
IUE spectra  using filtering procedures t h a t  could be applied during or following the  ex- 
traction from the  GO tape. Pract ica l  limitations of a small-core computer prevent us 
from working with the  large, unresampled files, and the  detectabil i ty of sharp features  
such as "bright pixels" is reduced by t h e  resampling performed in generating the  ESSR or 
LBLS files with which we must work. Initially, we t r ied  filtering the  extracted image by 
rejecting spectra l  points t h a t  deviated from the  local median by more than a specifiable 
number of local standard deviations. W e  next studied application of a similar procedure 
within each of t h e  gross-signal "orders" during the  assembly. The e f fec t s  of some "bright 
pixels" and radiation events were reduced using this procedure, but the discrepancies in 
t h e  f i t t e d  specta l  indices were not significantly affected.  

Our most successful automated filtering procedure is a variation of extraction pro- 
cedures (e.g., Koorneef and de Boer 1979; Panek 1983) involving least-squares fitting of 
a gaussian PSF t o  sample crosscuts perpendicular t o  t h e  dispersion line. Our PSF fi t t ing 
was implemented in the  ESSR or LBLS files using a procedure adapted from Bevington 
(1969), with f ree  parameters including background base level, integrated signal in the  
profile (which is directly extracted),  location of t h e  cen te r  of light, and dispersion of t h e  
PSF. Within this f i t t ing procedure, we added an optionally selectable f i l ter  which re jects  
samples tha t  deviate by more than a specifiable amount (typically, 2 standard deviations) 
from the  f i t t ed  profile and i t e ra tes  the  f i t .  Since no strong discrete features  a r e  expect-  
e d  in t h e  spec t ra  of BL Lac objects and since we seek t o  isolate t h e  continuum, we pool 
several  contiguous crosscuts t o  permit detection and rejection of deviant points t h a t  may 
occur within the  gross-signal (central)  orders, as i l lustrated in Figure 2, as well as else- 
where (see Figure 3). Only about 6 samples in each crosscut l ie within the  PSF, and the  
number of such points used t o  determine each fi t  is increased by this pooling of da ta  
from several adjacent  crosscuts, for which t h e  PSF dispersion, light center ,  background, 
and incident continuum flux should be essentially t h e  same. The final extract ion is made 
in a second, similar pass for t h e  image, except  tha t  t h e  dispersion of t h e  PSF is forced t o  
the  (wavelength-dependent) values indicated by a linear regression of t h e  sample disper- 
sion estimates obtained in t h e  initial pass with dispersion as a f ree  parameter. Image-to- 
image focus variations a r e  thus accommodated by determining t h e  dispersion function of 
the  PSF for each individual image. 

The improvement in continuum definition t h a t  resulted with the gaussian fi t t ing and 
filtering procedure revealed apparently significant image-to-image variations in t h e  indi- 
c a t e d  LWR fluxes in the  low-sensitivity region h < 2300 A. Apparently t h e  non-linearity 
of t h e  camera response severely a f fec t s  d a t a  in this region, where low flux and low sen- 
sitivity result in low net exposure compared t o  the  high background. The behavior seems 
t o  preclude reliable independent determinations of the  reddening from IUE images of 
fa int  targets  with significant background levels; and, indeed, inconsistent results a r e  
frequently obtained in reddening extractions using a f f e r e n t  LwR/SWP image pairs. The 
e r r a t i c  behavior of the  LWR points with h < 2300 A led us t o  omit them from our f i ts ,  
resulting in fur ther  reduction of t h e  disagreement among indices of power laws f i t  t o  dif- 
ferent  images. Omission of these points from extractions made before the  gaussian fi t-  
ting and filtering procedure did not significantly a f fec t  the  discrepancy. For the  images 



previously i l lustrated in Figure I ,  Figure 4 shows the  improved inter-image agreement in 
power-law indices t h a t  resulted when the  images were extractgd using t h e  gaussian f i t -  
ting and filtering procedure and LWR points with < 2300 A were  omitted from the  
power-law fits. The s c a t t e r  in f i t t ed  indices, previously 17 times t h e  average indicated 
standard deviation of the  f i t  based on internal sampling stat ist ics,  was reduced t o  6 
times the  average s tandard deviation. Similar results were obtained for 5 additional un- 
paired SWP images of Mk 501 and for a Mk 180 image pair. 

CONCLUSIONS 

Comparisons of the  results of extract ions  using various procedures and fi l ters a r e  
made in Figures 5 and 6, separately t reat ing two different Mk 501 image pairs. In each 
case ,  filtering during or a f t e r  a standard sample-summation extract ion had l i t t le  e f f e c t  
on t h e  discrepant indices of fi&s t o  SWP only, LWR only, and the  pair together.  Omission 
of LWR points with h < 2300 A also had l i t t le  ef fect .  Gaussian fi t t ing without filtering 
gave ambiguous results. Gaussian extraction with filtering improved the  agreement be- 
tween fi ts  t o  SWP and t o  both, but gave ambiguous,results for the  LWR fits. Finally, the  
fur ther  omission of LWR points with A < 2300 A reduced the  discrepancies t o  the 
minimum observed among the  investigated treatments. This ultimate t reatment  gives 
relatively good agreement between the  results obtained from the  two different image 
pairs (compare final sets of points in Figures 5 and 6). 

However, remaining in the data  a r e  differences in f i t t ed  indices t h a t  may be signifi- 
cantly larger than expected on the  basis of the  internal sampling s ta t is t ics  (assuming 
uncorrelated samples). Also evident in the  da ta  of Figures 1 and 4 is the  a r t i f ac t  shape 
t h a t  appears in some SWP spectra ,  previously reported by Hackney, Hackney, and Kondo 
(1982). Goodness-of-fit measures for t h e  power laws a r e  poor (chi-square1d.o.f. - 3 t o  71, 
even with the  best extract ion t reatment  (as judged by reduction of the  discrepancy in 
indices). Relative t o  the  internal sampling errors indicated for the  bin means, the  bins 
show significant deviations from the  linear f i ts ,  with similar deviations or spectra l  
shapes occurring systematically in different targets  of various classes. These e f fec t s  
may be due t o  "fixed-pattern noiseI1 or t o  residual non-linearities in t h e  ITFs (Holm 19821, 
which would strongly a f f e c t  the  spectra  of all faint sources for which the  necessarily 
long exposures result in significant background exposures. Such e f f e c t s  should be eval- 
uated quantitatively - a f t e r  needed improvement of t h e  ITF has been accomplished - in 
order t o  permit estimation of the ultimate systematic limits on the  definition of source 
continua in IUE images of faint  targets.  
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A New Generation of Spectrometer Designs for Ultraviolet Astronomy, 

M. Hettrick and S. Bowyer, U.C. Berkeley, Space Sciences Laboratory, 

Berkeley, CA 94720. Many crucial topics in current astrophysics require 

high spectral resolution, h / A h  rr lo3 - several x lo4, in the 100-1200 1( band. 

Recent advances in the design of grazing incidence reflection grating 

spectrometers capable of achieving such performance are presented. These 

designs are shown to constitute a new geometric class of spectrometer, in 

which a plane grating (or combination of plane gratings) directly intercepts, 

diffracts and focuses at grazing incidence the light collected by a 

preceding mirror. Such compact and efficient designs are made possible by 

discarding historical constraints on groove patterns of reflection gratings. 

The common feature to the resulting gratings is a smooth spatial variation in 

the groove spacings. Two complementary solutions are derived: 

(1) Grooves which diffract within the plane of incidence, and which are 

spaced quadratically with the distance from focus; and 

(2) Grooves which diffract conically, and which fan-out linearly with the 

distance from a ruling focus located behind the mirror focus. 

Several variants of these solutions are analyzed through both analytic 

calculations and raytraces, which describes the imaging properties. Both 

solutions possess the unique property that the grating aberrations do not 

increase as the graze angle of reflection becomes small. However, due to 

the significantly diminished dispersive power of the conical fan solution, 

it is shown that the in-plane grating mount is required if resolutions in 

excess of approximately 1000 are needed. 

A stigmatic variant of the in-plane class of solutions, one having 

grooves concentric about a common line, is raytraced and delivers in the 
4 extreme UV a X/AX rr 10 over a few percent in wavelength. In combination 

with a conical fan low resolution cross-disperser, it is revealed that a 
4 two-element echelle spectrometer operates at several x 10 over a factor of 

two in wavelength simultaneously. Due to its highly symmetric pattern of 

concentric grooves, the echelle grating can be ruled mechanically, and the 

resulting efficiency of this spectrometer is maximized. Such an instrument 

can address questions in ultraviolet astrophysics requiring high resolution. 



THE MULTI-ANODE MICROCHANNEL ARRAY DETECTOR SYSTEM: 

CURRENT STATUS AND FUTURE PROSPECTS 

J. Gethyn Timothy 
Center f o r  Space Science and Astrophysics 
Stanford  Un ive rs i t y ,  Stanford CA 94305 

ABSTRACT 

The Mu1 t i -Anode Microchannel Arrays (MAMAS) are a  fam i l y  o f  p h o t o e l e c t r i c  
pu l  se-count i  ng a r ray  de tec tors  t h a t  are be i  ng devel oped speci f i cal  l y  f o r  use i n  
space. MAMA de tec tors  w i t h  formats as l a r g e  as 256 x  1024 p i x e l s  are c u r r e n t l y  
under eva lua t ion  i n  the labora tory ,  and a  (24 x  1024)-pixel  ex t reme-u l t rav io le t  
(EUV) MAMA de tec tor  was r e c e n t l y  f lown succes fu l l y  on a  sounding rocket .  A (256 
x  1024)-pixel  u l t r a v i o l e t  MAMA de tec tor  system i s  now being prepared f o r  f l i g h t  
on t h e  B a l l  oon-Borne U l t r a v i o l e t  S te l  1 a r  Spectrograph (BUSS). The performance 
c h a r a c t e r i s t i c s  o f  t h i s  de tec tor  svstem are  b r i e f l y  described i n  t h i s  paper and 
t h e  imp1 i c a t i o n s  f o r  t h e  d e s i g n V o f  the de tec tors  f o r  the  FUSE (now ~o lumbus)  
miss ion  are  discussed. 

INTRODUCTION 

Two d i f f e r e n t  t y p e s  o f  MAMA de tec tor  systems have been developed; namely 
the discre-te-anode arrays and the coincidence-anode ar rays  and d e s c r i p t i o n s  o f  
b o t h  systems have been presented i n  the  l i t e r a t u r e  (see, f o r  example, Timothy 
and Bybee, 1983; Timothy, 1983). 

The components o f  a  co inc idence-anode MAMA d e t e c t o r  system c o n s i s t  o f  
f i r s t ,  a  tube assembly (sealed o r  open) con ta in ing  an ar ray  o f  metal1 i c  anodes 
and a  s i  n g l  e  curved-channe l  MCP w i t h  t h e  a p p r o p r i a t e  photocathode ma te r ia l  
deposited d i r e c t l y  on, o r  l oca ted  i n  prox imi ty- focus wi th,  the f r o n t  f a c e  ( see  
F i g  . 1 ) , and, second, the  associated ampl i f i e r s ,  d isc r im inators ,  Random-Access 
Memory (RAM), and low- and h igh-vol  t a g e  power s u p p l i e s .  I n  t h e  c o i n c i d e n c e -  
anode a r r a y s ,  the  simultaneous de tec t i on  o f  charge pulses on two o r  more e lec-  
t rodes makes i t  poss ib le  t o  un ique ly  i d e n t i f y  a  v e r y  l a r g e  number o f  p i x e l s  
u s i n g  o n l y  a  l i m i t e d  number o f  a m p l i f i e r  and d i s c r i m i n a t o r  c i r c u i t s .  The coin-  
cidence-anode detec tor  systems c u r r e n t l y  i n  opera t ion  are the ( 1  x  1024 ) - p i  x e l  
a r r a y  ( 6 4  ampl i f i e r s ) ,  the  (16 x  1024)-pixel  a r ray  (80 a m p l i f i e r s ) ,  the  (24 x  
1024)-pixel  a r ray  (88 a m p l i f i e r s ) ,  and the (256 x  1 0 2 4 ) - p i x e l  a r r a y  (96  amp- 
l i f i e r s ) .  The (256 x  1024)-pixel  u l t r a v i o l e t  MAMA de tec tor  system, which i s  the  
pro to type imaging system f o r  space astrophysics missions, i s  b r i e f l y  d e s c r i b e d  
i n  t h i s  paper. 

THE (256 X 1024)-PIXEL MAMA DETECTOR SYSTEM 

The (256 x  1 0 2 4 ) - p i x e l  co inc idence-anode a r r a y  w i t h  25 x  25 microns2 
p i x e l s  i s  shown i n  F ig.  2. The curved-channe l  MCP used w i t h  t h i s  a r r a y  has 
12-micron-d iameter  channels on 15-micron centers and an a c t i v e  area o f  about 9  
x  27  mm2 ( s e e  F i g .  3 ) .  The e l e c t r o d e s  i n  the  a r ray  are 12.5 microns wide on 
25-micron centers and the  l o c a t i o n s  o f  charge p u l s e s  wh ich  ill uminate  two o r  



t h r e e  e l e c t r o d e s  i n  each a x i s  ( t o  a l l o w  f o r  t h e  spreading o f  t h e  charge c l oud  
f rom t h e  MCP) a re  decoded by t h e  l o g i c  c i r c u i t s .  

FEEDeAf-FREE 
MICRCC!.ANNEL PLbTE 

CO!NClDENCE-ANODE 

UE PKOTOCATr3DE 

OUARTZ SUBSTRATE 
IC-PLATE)  

, . 

OUTPUT CHARGE PbCKET I-IC' e,e:.r?*) per pulse1 

I.D\VER PLANE CODING ELECTRODES (-75 , i. PPER PLANE 
ODlNG ELEC~EOCES 

OU4RTZ SUESTCA-E 1-75 V I  

F i gu re  1. Schematic o f  coincidence-anode MAMA d e t e c t o r .  

F i gu re  2. ( 2 5 6  x 1024) -p ixe l  a r r ay .  F i g u r e  3. Curved-channel MCP w i t h  
rec tangu l  a r  a c t i v e  area. 

It i s  now c l e a r  t h a t  two d i f f e r e n t  tube s t r u c t u r e s  must be used a t  u l t r a -  
v i o l e t  w a v e l e n g t h s ,  as  shown i n  F i g .  4. A t  EUV and s o f t  x - ray wavelengths an 
open-s t ruc tu re  tube  i s  used w i t h  an opaque photocathode d e p o s i t e d  d i r e c t l y  on 
t h e  f r o n t  face  o f  t h e  MCP (see  F ig .  4a) .  Funne l ing  t h e  channels tb i nc rease  t h e  
open area inc reases  t h e  d e t e c t i o n  e f f i c i e n c y  a t  EUV wavelengths because o f  t h e  
i nc rease  i n  t h e  quantum e f f i c i e n c y  when t h e  photocathode i s  i l l u m i n a t e d  a t  h i g h  
angles o f  i nc idence .  On t h e  bas i s  o f  da ta  recorded t o  date,  CsI which i s  s t o r e d  
u n d e r  h i g h  vacuum a t  a1 1 t i m e s ,  appears t o  be t h e  b e s t  photocathode m a t e r i a l  



now a v a i l  ab le f o r  the  EUV spect ra l  region. A t  vacuum u l  t r a v i o l  e t  wavelengths 
a  s e a l e d  t u b e  s t r u c t u r e  ( s e e  F i g .  4b) must be employed. The a c t i v a t e d  Cs2Te 
photocathode contaminates the  channels i f  i t  i s  deposited d i r e c t l y  on t h e  f a c e  
o f  t h e  MCP o r  i f  i t  i s  p rocessed i n s i d e  t h e  d e t e c t o r  tube. The r e s u l t  is .a 
no isy  and unstable de tec tor  w i t h  a  low de tec t i ve  quantum e f f i c i e n c y .  The photo- 
ca thode  must  be  remote l y  processed on t h e  u l t r a v i o l e t  t r a n s m i t t i n g  window and 
the  tube sealed on ly  a f t e r  processing has been completed. T h i s  t u b e  s t r u c t u r e  
i s  b e i n g  used f o r  t h e  (256 x  1024)-p ixe l  de tec tor  f o r  t he  BUSS. For both the  
open-structure and the  sealed detectors,  t he  MCP must be condi t ioned by a  care- 
f u l l y  c o n t r o l l e d  se r ies  o f  bake and "scrub" procedures i f  a  low dark count r a t e  
and a  s tab le  photometr ic response are t o  be achieved. 

OPAQUE PHOTOCATHODE ON 
FUNNELED MICROCHANNELS 

CURVED-CHANNEL MCP 

ANODE ARRAY 

Wlndow or 

Fiber-Optic Faceplate 
Semi-Transparent 

Photocathode 

' 5 0 8  Thick Aluminum 
I o n  Barrier 

'Curved-Channel MCP 

.Anode Array 

(a )  (b )  
F igure  4. Schematics o f  u l t r a v i o l e t  MAMA de tec tor  tubes. 

a. Open-structure EUV tube. 
b. Seal ed vacuum u l  t r a v i o l  e t  tube. 

SUMMARY OF PERFORMANCE CHARACTERISTICS 

The p r e l  i m i n a r y  per fo rmance c h a r a c t e r i s t i c s  o f  the  BUSS de tec to r  system 
are  now being determined.  The f i r s t  u l t r a v i o l e t  image r e c o r d e d  w i t h  t h i s  
de tec tor  system i s  shown i n  F ig.  5. Key parameters are as fo l l ows :  

Number o f  de fec ts  i n  anode array:  Zero. 
Quantum e f f i c i e n c y :  16.8% a t  1850 A, 18.0% a t  2537 A, 9.8% a t  2930 A. 
Modal gain: 4 x  l o 5  e lec t rons  pul  se- l .  
Spat ia l  reso lu t i on :  1-2 p i x e l s  FWHM (720% c o n t r a s t  a t  16 1  i n e  p a i r s  mm-1). 

A t  p resent  t h i s  modal g a i n  i s  t o o  l o w  f o r  t h e  f i r s t  g e n e r a t i o n  amp1 i f i e r s  
( t h resho ld  1 x  105 e lec t rons  pu l se - l ) ,  causing a  low d e t e c t i v e  quantum e f f i c i e -  
ncy. A new tube i s  now being b u i l  t us ing  an MCP w i t h  1 onger channels t o  produce 
a  h igher  ga in  f o r  use w i t h  the  BUSS f l i g h t  e lec t ron i cs .  The e x i s t i n g  tube, how- 
ever, performs w i t h  a  h igh  de tec t i ve  quantum e f f i c i e n c y  w i t h  t h e  second gen- 
e r a t i o n  a m p l i f i e r s  ( t h resho ld  5  x  l o 4  e lec t rons  pulse' l ) .  



FUT 

i g u r e  5. 

'URE DEVEl 

Upper: Ul t r a v i o l  e t  image recorded 
w i t h  a  (256 x  1024)-pixel  MAMA 
de tec tor  (no geometrical r e c t i  f- 
i c a t i o n ) .  Bar p a t t e r n  i n  group 
4-1 ( f nd i ca ted )  i s  1-2 p i x e l s  wiee. 
Lower: Blow-up o f  the  f i g u r e  4  a t  
r i g h t  hand edge o f  the image showing 
s i  ngl  e  p i x e l  response. 

It i s  now c l e a r  t ha t ,  f o r  a  s t a b l e  photometr ic response over the  l i f e t i m e s  
requ i red  f o r  space astrophysics missions, MCPs must be c a r e f u l  l y  c o n d i  t i oned 
p r i o r  t o  o p e r a t i o n .  The r e s u l t i n g  modal gains, i n  the  range from 105 t o  106 
e l e c t r o n s  p u l s e ' l ,  s e t  c l e a r  r e q u i r e m e n t s  on t h e  design o f  the  MCP readout 
system and on t h e  s e n s i t i v i t y  o f  t h e  amp1 i f i e r  c i r c u i t s .  A c c o r d i n g l y ,  t h e  
t w o - f o l  d  and f o u r - f o l  d  c o i  n c i d e n c e - d e t e c t i o n  systems used i n  the  one- and 
two-dimensional MAMA ar rays  respect ive ly ,  seem a t  t h i s  t ime t o  o f f e r  t h e  o p t i -  
mum compromise between the  number o f  encoded p i x e l s  and the  photometr ic pe r fo r -  
mance f o r  h i g h - r e s o l u t i o n  spectroscopic missions such as FUSE (now Columbus). 
The performance c h a r a c t e r i s t i c s  o f  the  (256 x 1024 ) -p i xe l  de tec tor  system wf11 
now be opt imized and the cons t ruc t i on  o f  the  (1024 x  1024)-pixel  MAMA d e t e c t o r  
system w i l l  be i n i t i a t e d .  The 40-mm-diameter curved-channel MCP w i t h  an a c t i v e  
area o f  27 x  27 mm2 f o r  t h i s  de tec tor  system i s  already i n  hand. 

I am happy t o  acknowledge the  support received from Jim Abraham a t  L i t t o n  
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and from Dick Bybee a t  B a l l  Aerospace Systems D i v i s i o n  w i t h  the design and t e s t  
o f  t h e  d e t e c t o r  system e l e c t r o n i c s .  This  development program i s  supported a t  
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STELLAR ULTRAVIOLET FLUX DISTRIBUTIONS I N  THE 
912-1200 A WAVELENGTH RANGE 

George R. Carruthers ,  Harry M. Heckathorn, and Chet B. Opal 
E. 0. Hulburt Center f o r  Space Research, Naval Research Laboratory 

ABSTRACT 
We have conducted a s e r i e s  of three  sounding rocket experiments aimed 

a t  measurement of s t e l l a r  u l t r a v i o l e t  f l u x  d i s t r i b u t i o n s  i n  the  wavelength 
range below 1200 A, the  e f f e c t i v e  l i m i t  of previous c a l i b r a t i o n s  such a s  
those of OAO-2, TD-1, and IUE. Previous sounding rocket and Voyager WS 
measurements i n  t h i s  wavelength range were discordant  with each o the r  and 
with model atmosphere predict ions.  We describe the  c a l i b r a t i o n  and data  
reduction procedures used f o r  our . inves t iga t ions ,  a s  well  a s  prel iminary 
r e s u l t s .  

INTRODUCTION 
The wavelength range 912-1200 A i n  the  spec t ra  of hot  s t a r s  i s  not  

present ly  a s  well  known a s  a t  longer W wavelengths, p a r t i c u l a r l y  the  
absolute brightnesses and f l u x  d i s t r i b u t i o n s  of s t a r s  i n  t h i s  range. 
Although many s t a r s  have been observed by the  Copernicus s a t e l l i t e  f o r  
s tud ies  of s t e l l a r  atmosphere and i n t e r s t e l l a r  medium absorption l i n e s ,  
there  have been no extensive,  well-calibrated measurements b f  f l u x  
d i s t r i b u t i o n s  comparable t o  those obtained by OAO-2 and TD-1 a t  longer wave- 
lengths. Rocket experiments conducted by t h e  Johns Hopkins University 
(Brune, Mount,and Feldman 1979) and the Naval Research Laboratory 
(Carruthers, Heckathorn, and Opal 1981), and observations with t h e  Voyager 
UV spectrometers (Holberg et a l . ,  1982) have yielded r e s u l t s  i n  wide dis-  
agreement with each 'o ther  and with model atmosphere predic t ions ,  such as 
those of Kurucz, (1979). Hence, we subsequently ca r r i ed  out  a s e r i e s  of 
th ree  sounding rocket inves t iga t ions  with p a r t i c u l a r  emphasis on obta in ing 
accurate measurements of s t e l l a r  f lux  d i s t r i b u t i o n s  i n  t h e  900-1200 A 
range. 

INSTRUMENTATION AND CALIBRATIONS 
Our instrument was an objec t ive  g ra t ing  spectrograph (Fig. l ) ,  based on 

an e lec t rographic  "Schmidt" camera operated with an annular aper ture  i n  place 
of the  convgntional r e f r a c t i v e  Schmidt corrector .  The instrument f i e l d  of 
view was 11 i n  diameter,  and t h e  s p e c t r a l  r e so lu t ion  was about 3 A. For the  
f i r s t  f l i g h t ,  i n  which s t a r s  i n  Cygnus were observed, the  o p t i c s  were coated 
with Al + LiF f o r  bes t  r e f l ec tance  down t o  1000 A. For the  two l a t e r  
f l i g h t s ,  t he  o p t i c s  were coated with osmium t o  extend the  wavelength range t o  
below 900 A and t o  provide a f l a t t e r  and more s t a b l e  response i n  t h e  900-1200 
A range. The second f l i g h t  observed s t a r s  i n  c e n t r a l  Orion, whereas i n  the  
t h i r d  f l i g h t  the  region of 15 Mon and northern Orion were observed. 

For each f l i g h t ,  labora tory  c a l i b r a t i o n s  were performed i n  t h e  900-1200 
A range t o  e s t a b l i s h  the  r e l a t i v e  s p e c t r a l  response of the  instrument.,  



Calibrations were also made using the NBS SURF-I1 synchrotron light source 
facility to establish the absolute sensitivity of the instrument, and to 
extend the relative sensitivity curve toward longer wavelengths (providing 
overlap with OAO-2 and other previous measurements). 

The film-recorded flight' and calibration spectra were digitized on 
either the NRL Grant or Goddard PDS microdensitometer for computerized data 
reduction and analysis. Corrections were made for emulsion and/or micro- 
densitometer induced nonlinearities and, for the first flight, for dis- 
tortion caused by nonuniformity of the focusing magnetic field. (A self- 
shielded permanent magnet assembly of the reluctor-ring type was used in the 
two later flights and provided improved geometric fidelity.) The overall 
instrument calibration was derived by joining the calibrations based on the 
reduced synchrotron spectra and on the laboratory (molecular hydrogen light 
source) measurements in the range of overlap, 1100-1200 A. Probleqns 
encountered including the lack of a wavelength reference in the synchrotron 
spectra, and uncertainties in the calibration of the laboratory calibration 
reference detector (a windowless Channeltron). 

RESULTS 
The highest quality data came from the second flight, in which the 

instrument had the flattest spectral response. This flight also observed 
the largest number of stars, with more than 40 objects yielding measureable 
spectra. Figure 2 shows OAO-2 measurements (Code and Meade 1979) and the 
Voyager UVS measurements (Holberg, private communication, 1982) of the star 
a Orionis (spectral type 09.5 V). Figure 3 shows our present best estimate 
of our instrument sensitivity vs. wavelength for the second flight, with 
instrumental intensity (density area of the spectrum, integrated transverse 
to the dispersion) vs. wavelength of a spectrum of 0 Orionis. Convolution 
of the sensitivity vs. wavelength curve with the instrumental intensity 
spectrum yields the corrected spectral intensity curve, shown in the lower 
part of Figure 3. 

In comparison to our previous observation of 0 Ori, we find that the 
flux distribution still shows a downturn below 1050 A but not as marked as 
before. There is also an indication of an excess in the 1050-1150 A range. 
We are presently continuing efforts to refine our instrumental sensitivity 
vs. wavelength curve; once this is finalized it can be immediately applied 
to all of the stars observed- in this flight. The data from the other two 
flights are being analyzed in an analogous fashion. It is anticipated that, 
once a reliable calibration of stellar fluxes in the 912-1200 A wavelength 
range has been obtained, that the stars we have observed can serve as 
reference standards for future observations with the Hopkins Ultraviolet 
Telescope (HUT) and the Far Ultraviolet Spectrographic Explorer (FUSE, 
recently renamed Columbus). 
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Figure  1. Diagram of t h e  rocke t  o b j e c t i v e  spec t rograph  used f o r  s t e l l a r  
obse rva t ions  i n  t h e  300-1600 A wavelength range.  
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Figure  2. Comparison of f a r  u l t r a v i o l e t  f l u x  d i s t r i b u t i o n s  f o r  t h e  s t a r  

a Or ionis  ( s p e c t r a l  type  09.5 V) observed by OAO-2 and Voyager. 
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Figure  3 .  (TOP) Ins t rumenta l  s p e c t r a l  i n t e n s i t y  d i s t r i b u t i o n  (dens i ty  a r ea )  
of a  rocke t  spectrum of t h e  s t a r  a Or ionis ,  and pre l iminary  curve 
of r e l a t i v e  ins t rumenta l  s e n s i t i v i t y  v s .  wavelength. (BOTTOM) Spec- 
t r a l  d i s t r i b u t i o n  ( r e l a t i v e  photon f l u x )  f o r  a O r i ,  correcte-d f o r  
ins t rumenta l  response. 
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