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ABSTRACT 

E i n s t e i n  has  discovered X-ray emission from stars loca ted  i n  nea r ly  
every p o r t i o n  of the HR diagram, and, as a consequence, has completely 
changed our understanding of s te l lar  coronze. Despi te  t h i s  great accom- 
plishment or perhaps because of i t ,  we now recognize t h a t  t h e r e  are many 
important unanswered ques t ions  t h a t  r e q u i r e  the  c a p a b i l i t i e s  of the next 
gene ra t ion  of X-ray in s t rumen ta t ion .  In  t h i s  survey I review what E i n s t e i n  
has  t o l d  us about the coronae of stars i n  d i f f e r e n t  p o r t i o n s  of the HR dia- 
gram, and how the  c h a r a c t e r i s t i c s  of such coronae compare with what we now 
know about the s o l a r  corona. For each type of s ta r ,  I then l i s t  some impor- 
t a n t  unanswered ques t ions  and the  gene r i c  type of X-ray instrument  r equ i r ed  
t o  answer these  quest ions.  Th i s  survey c l e a r l y  po in t s  out  t he  c r i t i c a l  need 
f o r  a s e n s i t i v e  X-ray instrument  with both moderate s p e c t r a l  r e s o l u t i o n  
(E/AE = 100-300) and imaging (E/AE - 3) c a p a b i l i t y  t h a t  can monitor s e l e c t e d  
t a r g e t s  fo r  long pe r iods  of t i m e .  There is a l s o  a need f o r  high s p e c t r a l  
r e s o l u t i o n  (E/AE = 103-104), provided s e n s i t i v i t i e s  can be improved g r e a t l y  
over E i n s t e i n ,  and near simultaneous u l t r a v i o l e t  spectroscopy. 

I. SOME INTRODUCTORY COMMENTS 

While looking through the  l i t e r a t u r e  i n  p repa ra t ion  f o r  t h i s  t a l k ,  I 
was s t r u c k  by how l i t t l e  we knew about s te l lar  coronae as l a t e  as 1979. 
P r i o r  t o  the  launch of E i n s t e i n ,  the l i t e r a t u r e  on t h i s  t o p i c  cons i s t ed  of 
t h e o r e t i c a l  papers ,  most of which are now recognized t o  be based on f a l s e  
premises, X-ray f l u x  upper l i m i t s  t h a t  were not very i n t e r e s t i n g ,  and a few 
t a n t a l i z i n g  obse rva t ions  by rocke t s  and the  ANS, SAS-3, and IiEAO-1 satel-  
l i tes  of nearby stars t h a t  d i d  not adequately s,*mple t he  HR diagram. Re- 
v i e w s  of t h i s  t o p i c  p r i o r  t o  E i n s t e l n  (e.g. Linsky 1977; Vaiana and Rosner 
1978; Ulmschneider 1979; Mewe 1979) have thus become very dated with t h e  
rapid onslaught of E i n s t e i n  obse rva t ions .  

~~ 
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P r i o r  to E i n s t e i n  the  f e w  de t ec t ed  X-ray sources  among normal stars 
cons i s t ed  of RS CVn-type b inary  systems (e.g. Walter et al. 19801, s e v e r a l  
nearby la te - type  dwarf stars l i k e  u Cen tG2V + K l V ) ,  q Boo (GO IV), and 
< Boo A (C8 V ) ,  s e v e r a l  M dwarf s t a r s  de t ec t ed  dur ing  l a r g e  f la res ,  and 
t h e  puzz l ing  d e t e c t i o n s  of Vega ( A 0  V )  and S i r i u s  ( A l V  + WD). C l e a r l y ,  w e  
needed an instrument  t h a t  could observe sources  s e v e r a l  o r d e r s  of magnitude 
f a i n t e r  than t h e  HEAO-1 sky survey.  To achieve  t h i s  ga in  i n  s e n s i t i v i t y  
i n  sof t  X-rays, such an inst rument  would r e q u i r e  a poin ted  t e l e scope  wi th  
imaging o p t i c s  and two-dimensional d e t e c t o r s .  "he launch of E i n s t e i n  ( c f .  
Giaconni et a l .  1979) i n  1978 f i l l e d  t h i s  need. 

Among i ts  many accomplishments, E i n s t e i n  has l i k e l y  had i ts  g r e a t e s t  
impact on s t e l l a r  astronomy because i t  rep laced  a p i c t u r e  of s t e l l a r  coronae 
based on a handful  of d e t e c t i o n s ,  which were biased by the h igh  s e n s i t i v i t y  
l i m i t  of p rev ious  surveys ,  wi th  a p i c t u r e  based on d e t e c t i o n s  of X-rays from 
nea r ly  every type of star ( c f .  Vaiana e t  a l .  1981). In p a r t i c u l a r ,  E i n s t e i n  
d e t e c t e d  X-rays from stars of s p e c t r a l  c l a s s e s  0, B, and A, con t r a ry  t o  most 
prev ious  p r e d i c t i o n s ,  and frnm s ta rs  of a l l  ages  and s t a g e s  of evo lu t ion .  
The only reyion of t he  HR diagram from which no s te l la r  X-rays have ye t  been 
d e t e c t e d  is t h e  upper r i g h t  hand corner  i nc lud ing  t h e  K-M s u p e r g i a n t s  and 
g i a n t s  (Ayres et a l .  1981). Another s a l i e n t  f e a t u r e  of t h e  Vaiana e t  a l .  
(1981) survey is t h a t  t h e r e  is a f a c t o r  of t h r e e  hundrzd spread  i n  t h e  X-ray 
l u m i n o s i t i e s  of la te - type  stars of t h e  same s p e c t r a l  type and luminosi ty  
c lass ,  Implying t h a t  e f f e c t i v e  temperature  and g r a v i t y  are not  the  main 
parameters  determining t h e  p r o p e r t i e s  of s te l la r  coronae. As w e  s h a l l  see, 
magnetic f i e l d s  and s t e l l a r  r o t a t i o n  p lay  important  r o l e s .  

While E i n s t e i n  has t o l d  us  a g rea t  d e a l  about t h e  types  of s tars  t h a t  
have hot coronae and the  range i n  Lx for each spec t r a l - luminos i ty  class, i t  
has  t o l d  us verv l i t t l e  about t he  importanc phys ica l  p r o p e r t i e s  of these  
coronae. For example, t h e  IPC d a t a  have so t a r  permi t ted  only a few crude 
measurements of coronal  tempera tures ,  f o r  example, t h e  M5.5e V f l a r e  s ta r  
Proxima Cen t su r i  (Haisch et  a l .  1980). and temperature  estimates us ing  
SSS d a t a  are a v a i l a b l e  only  f o r  n 1  UMa (GO V) (Swank 1981) and a few 
RS CVn-type systems and Algol (Swank et a l .  1981). To my knowledge the 
OGS d a t a  have been used t o  estimate a coronal  temperature  f o r  Capel la  
(G6III + F 9 I I I )  (Mewe et a l .  1980), but no o t h e r  nondegenerate  stars or 
systems. E i n s t e f n  lacked the  s e n s i t i v i t y  at  high s p e c t r a l  r e s o l u t i o n  t o  
measure coronal  d e n s i t i e s .  f l o w  v e l o c i t i e s ,  and t o t a l  energy ou tpu t  f o r  any 
nondegenerate stars. Thus we can only specu la t e  concerning t h e  geometry, 
hea t ing  rates,  wind a c c e l e r a t i o n  nechanisms, and the  mechanisms r e spons ib l e  
f o r  coronal  v a r i a b i l i t y  and dynamic phenomena such as f l a r e s .  

11. CRITICAL X-RAY MEASUREMENTS NEEDED TO UhUUERSTAND STELLAR CORONAE 

S ince  the  purpose of t h i s  Workshop is t o  p lan  for  f u t u r e  X-ray as t rono-  
my miss ions ,  I would l i k e  t o  o u t l i n e  what types  of measurements a r e  needed 
t o  answer the  important problems of s te l la r  coronae t h a t  E i n s t e i n  could not 
answer. In  Table  1 I l is t  t h e  s p e c i f i c  measurements d e s i r e d  and t h e  mini- 
mum s p e c t r a l  r e s o l u t i o n  (E/AE) needed t o  make these  measurements. I do not 
s p e c i f y  t h e  s igna l - to-noise  needed, but c l e a r l v  s p e c t r a  wi th  i n s u f f i c i e n t  
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signal- to-noise  cannot be used t o  d e r i v e  information r e q u i r i n g  the  f u l l  
spectral  r e so lu t ion .  The instruments  l i s t e d  are g e n e r i c ,  but by energy 
d i s t r i b u t i o n  photometry I have i n  mind an instrument  with the  s p e c t r a l  
r e s o l u t i o n  of an IPC, and by low r e s o l u t i o n  spectroscopy I have i n  mind 
an instrument with the  r e s o l u t i o n  of the  SSS a t  t h e  high energy po r t ion  of 
i t s  bandpass. Moderate r e s o l u t i o n  spectrometers  could have t r ansmiss ion  or 
r e f l e c t i o n  g r a t i n g s ,  e i t h e r  mounted before  o r  af ter  the  o b j e c t i v e .  I n  gen- 
e r a l ,  one would use an instrument  with the  lowest poss ib l e  s p e c t r a l  resolu-  
t ion capable of making the  necessary measurement as t h e  throughput g e n e r a l l y  
dec reases  with inc reas ing  s p e c t r a l  r e s o l u t i o n .  

The types of measurements each instrument is capable of performing are 
the following: 

( 1 )  Broadband imaging instruments  are best s u i t e d  f o r  i d e n t i f i c a t i o n  of 
t a r g e t s ,  t i m i n g  experiments ,  and monitoring of coronae f o r  v a r i a b i l i t y  due 
t o  r o t a t i o n  of a c t i v e  rc,ions on and off the v i s i b l e  d i s k ,  i n t r i n s i c  changes 
i n  t he  a c t i v e  r eg ions ,  and flares. 

( 2 )  Energy d i s t r i b u t i o n  photometry can give crude estimates of coronal  
temperatures and emission measures from hardness  r a t i o s  o r  t he  d i 3 t r i b u t i o n  
of f l u x  measured in each energy b in ,  provided the d e t e c t o r  is w e l l  c a l i -  
b ra t ed ,  t h e o r e t i c a l  estimates of the continuum and l i n e  f l u x  emit ted by an 
o p t i c a l l y  t h i n  plasma i n  s t eady- s t a t e  equ l l ib r lum a r e  a c c u r a t e ,  and these  
assumptions a r e  r e a l i s t i c .  

( 3 )  With somewhat higher  s p e c t r a l  r e s o l u t i o n  ( E / A E  - 10-30). a capa- 
b i l i t y  I refer t o  as low r e s o l u t i o n  spectroscopy,  one can more r e l i a b l y  es- 
tlmate coronal  temperatures  and emission measvies, provided the  plasma is 
isothermal ,  o r  begin t o  determine a two-temperature f i t  t o  t he  temperature 
d i s t r i b u t i o n  as Swank et  a l .  (1981) have done f o r  the PS CVn binary systems 
using the  E i n s t e i n  SSS. Holt et  a l .  (1979) have a l s o  shown t h a t  i t  is pos- 
s i b l e  t o  estimate abundances of some elements l i k e  Mg, Si, S, and Fe using 
such da ta .  

(4) Moderate r e s o l u t i o n  spectroscopy ( E / A E  = 100-300) has the capa- 
b i l i t y  of measuring f l u u e s  of i nd iv idua l  s p e c t r a l  l i n e s  or c l o s e  blends 
formed over a wide range of temperatures.  The power of such d a t a  has long 
been recognized by s o l a r  astronomers,  because s e l e c t e d  pairs of l i n e s  are 
o f t e n  accu ra t e  temperature and e l e c t r o n  d e n s i t y  d i a g n o s t i c s .  Jordan and 
Brown (1981) and Dere and Mason (1981) have r e c e n t l y  reviewed the  l i t e r a t u r e  
concerning such diagnost  i c s .  

( 5 )  F i n a l l y ,  high r e s o l u t i o n  spectroscopy ( E / A E  - 103-10b) permits  the 
measurement of l i n e  widths ,  shapes,  and Doppler s h i f t s ,  as well as the  sepa- 
r a t i o n  of i nd iv idua l  l i n e s  i n  c l o s e  blends. Such data permit  t he  measure- 
ment of f l o w  v e l o c i t i e s ,  f o r  example winds, i n  s te l lar  coronae i n  t he  way 
t h a t  u l t r a v i o l e t  s p e c t r a  from Copernicus and IUE have permit ted measurements 
of outflow v e l o c i t i e s  i n  c o o l e r  plasmas. 

- 

These measurements are the necessary p r e r e q u i s i t e s  f o r  answering spe- 
c i f i c  q u e s t i o n s  concerning s t e l l a r  coron:? such as: 
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( 1 )  What is t he  geometry of t h e  emitting plasma? Imaging experiments  
with high angular  p r e c i s i o n  can begin t o  answer t h i s  ques t ion  by i d e n t i f y i n g  
t h e  X-ray source  with a s p e c i f i c  s t a r ,  and by monitoring the  X-ray f l u x  varl- 
a b i l i t y  f o r  p e r i o d i c  changes due to s te l lar  r o t a t i o n  and t o  i n t r i n s i c  source 
changes. Such d a t a  con ta in  crude information on t h e  inhomogeneity of t h e  
e m i t t i n g  s t r u c t u r e s  i n  a corona and t h e i r  dimensions. Estimates of t he  
volume of t he  emitting s t r u c t u r e s  r e q u i r e  measurements of the emission mea- 
s u r e  and the  e l e c t r o n  d e n s i t y ,  and thus  r equ i r e  moderate or high r e s o l u t i o n  
spectroscopy. 

( 2 )  What is the  energy balance i n  a s te l lar  corona? The r a d i a t i v e  com- 
ponent of t he  e o t a l  coronal  l o s s e s  can be determined d i r e c t l y  from broadband 
instruments  t h a t  measure the t o t a l  s o f t  X-ray f l u x ,  provided one knows the  
s te l la r  d i s t a n c e .  However, when t h e  coronal  temperature is less than about 
2 x lo6 K ,  i t  is necessary t o  estimate the  extreme u l t r a v i o l e t  emission from 
the  emission measure and temperature.  For many stars the coronal  energy 
l o s s e s  may not be pr imar i ly  i n  the  form of X-radiation. Measurement of wind 
expansion l o s s e s  r e q u i r e s  a de t e rmina t ion  of t he  mass l o s s  rate and co rona l  
temperature.  Since the mass l o s s  rate is 

one r e q u i r e s  high r e s o l u t i o n  spectroscopy t o  ueasure the expansion v e l o c i t y  
( v )  and mess d e n s i t y  ( p ) ,  but the r a d i a l  p o s i t i o n  ( r )  corresponding t o  these  
q u a n t i t i e s  must be est imated t h e o r e t i c a l l y .  I am s k e p t i c a l  t h a t  X-ray in- 
s t ruments  with r e s o l u t i o n s  of 103-104 and s u f f i c i e n t  s e n s i t i v i t y  t o  s tudy 
many stars w i l l  be f e a s i b l e  soon, so t h a t  for the  f o r e s e e a b l e  f u t u r e  es t i -  
mates of coronal wind expansion l o s s e s  may have t o  be made on t h e  basis 
of u l t r a v i o l e t  P Cygni-type p r o f i l e s  and microwave f l u x e s  ( c f .  reviews by 
C a s s i n e l l i  1979, and Conti  1981). Such d a t a  may be adequate f o r  0 stars ,  
but X-ray s p e c t r a  are needed t o  a..,clure the  wind p r o p e r t i e s  cf l a t e - type  
s' 'rs with hot coronae. The t h i r d  important coronal  l o s s  mechanism is o f t e n  
thermal conduction t o  t h e  t r a n s i t i o n  region,  which appears  as u l t r a v i o l e t  
emission l i n e  f lux .  Thus u l t r a v i o l e t  s p e c t r a  are needed in  a d d i t i o n  t o  X- 
ray d a t a  t o  assess the  t o t a l  coronal  energy hudget of many stars. 

( 3 )  What a r e  the important coronal  hea t ing  mechanisms i n  d i f f e r e n t  
types of s t a r s ?  Th i s  d i f f i c u l t  ques t ion  has  not y e t  been answered even f o r  
t he  Sun ( c f .  reviews by Kuperus, Ionson, and Spicer  1981; Hollweg 1981; and 
Ulmschneider 1981 1. Necessary p r e r e q u i s i t e s  f o r  answering t h i s  q u e s t i o n  are 
estimates of the t o t a l  input  f l u x  and i t s  d i s s i p a t i o n  l eng th  t o g e t h e r  with 
information on whether the e m i t t i n g  volume is s p h e r i c a l l y  symmetric or p r i -  
m a r i l y  in  c losed magnetic loops. As descr ibed below, coronal h e a t i n g  i n  the 
Sun is enhanced i n  c losed magnetic loops;  consequently,  estimates of coronal  
f i e l d  s t r e n g t h s  and f i l l i n g  f a c t o r s  e i t h e r  from e x t r a p o l a t i o n s  of photo- 
s p h e r i c  f i e l d s  o r  from microwave f l u x  measurements would be u s e f u l .  These 
types of d a t a ,  as necessary as they a re .  are not s u f f i c i e n t .  To c l e a r l y  
i d e n t i f y  the  dominant hea t ing  mechanism i n  s p e c i f i c  t y p e s  of s t a r s ,  we need 
r e l i a b l e  t h e o r e t i c a l  c a l c u l a t i o n s  t h a t  point  out the unique s i g n a t u r e s  of 
t h e  d i f f e r e n t  p o s s i b l e  mechanisms i n  X-ray and o the r  da t a .  
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( 4 )  What are the  important wind a c c e l e r a t i o n  mechanisms i n  d i f f e r e n t  
t y p e s  of stars with hot coronae? Th i s  is a l s o  a d i f f i c u l t  ques t ion  because 
d i f f e r e n t  mechanisms have been proposed ( r a d i a t i o n  pressure ;  momentum depo- 
s i t i o n  by a c m s t i c  waves and by magnetohydrodynamic waves), and t h e  unique 
s i g n a t u r e s  of these  d i f f e r e n t  mechanisms have not yet  been worked ou t .  
C a s s i n e l l i  (1919).  Hearn (1981) ,  Castor (19811, and Linsky (1981) have re- 
c e n t l y  reviewed these  mechanisms and the  types  of s t a r s  fo r  which each may 
be important .  C l e a r l y  i t  is necessary  to  determine e m p i r i c a l l y  mass loss 
r a t e s ,  t e rmina l  v e l o c i t i e s ,  and temperatures  fo r  d i f f e r e n t  types  of s t a r s ,  
and e s p e c i a l l y  how these  q u a n t i t i e s  depend on s t e l l a r  luminos i ty ,  g r a v i t y ,  
e f f e c t i v e  tempera ture ,  and age. As prev ious ly  noted,  t h i s  is d i f f i c u l t  
because one gene ra l ly  needs high r e s o l o t i o n  X-ray s p e c t r a ;  however, f o r  t h e  
0 stars u l t r a v i o l e t  s p e c t r a  and microwave f luxes  may provide much of t h e  
necessary  d a t a  t o  d i sc r imina te  among d i f  f e r c n t  mechanisms. 

111. WHAT WE KNOW ABOUT THE SOLAR CORONA THAT WILL 
LIKELY BE OF RELEVANCE TO OTHER STARS 

Before proceeding t o  a d i scuss ion  of t he  s t e l l a r  d a t a  and the  unan- 
swered ques t ions  they raise,  it  is important t o  summarize what has been 
learned  recently about t he  one s t e l l a r  corona t h a t  can be s tud ied  wi th  t h e  
necessary  s p a t i a l  r e s o l u t i o n .  Z do not wish t o  imply t h a t  a l l  s t e l l a r  
coronae a r e  s i m i l a r  t o  the  Sun or even t h a t  the  s o l a r  corona e x h i b i t s  a l l  
t he  phys ica l  p rocesses  t h a t  occur i n  s t e l l a r  coronae. However, t he  Sun 
probably does provide u s e f u l  pro to types  of phenomena and mechanisms t h a t  we  
shogld search  f o r  on s ta rs ,  but t h e r e  a r e  some types of s tars  l i k e  t he  0 
s t a r s  t h a t  have coronae t h a t  may be q u a l i t a t i v e l y  d i f f e r e n t  from the  s o l a r  
example. Recent reviews of phenomena and s t r u c t u r e s  seen i n  X-ray obser- 
va t ions  of the  Sun inc lude  Withbroe and Koyes (19771, Vaiana and Rosner 
( 1 9 7 8 ) .  and Webb (1981). 

a )  Geometry of the  Solar  Corona 

( 1 )  Perhaps t h e  most b a s i c  s ta tement  t h a t  can be made about t he  s o l a r  
corona as imaged i n  s o f t  X-rays is t h a t  it  is not i n  any way homogeneous o r  
s p h e r i c a l l y  svmmetric. On the  ContrLry, i t  is highly s t r u c t u r e d .  Thus any 
t h e o r e t i c a l  model of a s t e l l a r  corona t h a t  assumes s p h e r i c a l  symmetry l acks  
e s s e n t i a l  physics .  

( 2 )  The bas i c  s t r u c t u r e  i n  the  s o l a r  COroila is t he  c losed  magnetic f l u x  
tube.  There a r e  th ree  l i n e s  of ev idence  t h a t  support  t h i s  s ta tement .  F i r s t ,  
s o f t  X-ray images of the  corona c l e a r l y  show s t r u c t u r e s  t h a t  appear t o  be i n -  
d i v i d u a l  loops  or a rcades  of loops.  Second, p o t e n t i a l  ( i . e .  fo rce - f r ee )  ex- 
t r a p o l a t i o n s  of the  observed photospher ic  magnetic f i e l d s  i n t o  the  corona are 
near ly  co inc ident  with the  observed X-ray loops ( c f .  P o l e t t o  e t  a l .  19751, 
but the  match is not p r e c i s e ,  implying t h a t  t he re  a r e  e l e c t r i c  c u r r e n t s  i n  
the corona. Thus the  s o f t  X-ray emission o u t l i n e s  t h e  three-dimensional  
magnetic f i e l d  s t r u c t u r e  of t he  corona. Th i rd ,  the  s o l a r  corona is a low 0 
plasma ( i . e .  the  thermal energy is much less than the  magnetic energy) ,  s o  
t h a t  t he  plasma should be confined by c losed  loop s t r u c t u r e s .  
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( 3 )  The s o l a r  corona has  t h r e e  types  of reg ions .  Act ive r eg ions  con- 
sist of b r igh t  loops t h a t  g e n e r a l l y  have a t  least one f o o t p o i n t  i n  a spo t  
penumbra or umbra. These loops  have s t r o n g  magnetic f i e l d s  and connect  
areas of oppos i t e  magnetic p o l a r i t y .  Qu ie t  reg ions  a l s o  con ta in  c losed  loop 
s t r u c t u r e s ,  but t he  f i e l d s  are weak and t h e r e  are no sunspots .  F i n a l l y ,  
coronal  ho le s  are regions of very weak X-ray emission and have f i e l d  l i n e s  
t h a t  are open t o  space. 

(4) I n  a c t i v e  and q u i e t  reg ions  e s s e n t i a l l y  a l l  of t h e  observed X-ray 
emission is from the  c losed  loops.  Thus the  c losed  loops are t h e  solar 
corona, and meaningful coronal  models must inc lude  a loop geometry and in- 
co rpora t e  magnetic fo rces .  

- 

(5) Empir ical  models of coronal  s t r u c t u r e s  c l e a r l y  show t h a t  d i f f e r -  
ences  i n  phys i ca l  cond i t ions  ( tempera tures ,  d e n s i t i e s ,  mass and energy f l u x )  
from point  t o  poin t  across the  Sun appear  t o  be i n t ima te ly  r e l a t e d  to  the  
conf igu ra t ion  and s t r e n g t h  of t h e  magnetic f i e l d s ,  i n  p a r t i c u l a r  whether t h e  
f i e l d s  are open or closed.  

( 6 )  The s t r u c t u r i n g  of t h e  solar atmosphere i n t o  loops dominates the  
whole atmosphere from t h e  chromosphere, through the  t r a n s i t i o n  reg ion ,  and 
out  some d i s t a n c e  i n t o  the  corona. 

( 7 )  Coronal ho les  are the  o r i g i n s  of high speed wind streams (wi th  ve- 
l o c i t i e s  up t o  800 km s - l )  and perhaps most of t h e  mass loss from t h e  Sun. 
The l a t t e r  po in t  is d i f f i c u l t  t o  v e r i f y  as coronal  ho le s  t y p i c a l l y  l i e  at 
high l a t i t u d e s  and wind measurements are made mostly i n  t h e  e c l i p t i c .  
Z i rke r  (1981) has r ecen t ly  reviewed the  p r o p e r t i e s  of coronal  ho les .  

(8) There is s t r o n g  evidence t h a t  magnetic f i e l d s  c o n t r o l  t h e  energy 
balance i n  loops by channel ing the  flow of mass and energy as well as pre- 
sumably p lay ing  a major r o l e  i n  t h e  hea t ing  rate (see Holweg 1981 f o r  a 
recent  review of t h i s  t o p i c ) .  Withbroe acd Noves (1977) have e s t ima ted  
the  coronal  energy budget f o r  a c t i v e  reg ions  ( r e p r e s e n t a t i v e  of loops  wi th  
s t r o n g  f i e l d s ) ,  qu ie t  reg ions  ( r e p r e s e n t a t i v e  of loops with weak f i e l d s ) ,  
and coronal  ho le s  (open f i e l d  r eg ions ) .  I t  is i n t e r e s t i n g  t h a t  a l though t h e  
t o t a l  coronal  l o s s  rates (presumably equal  t o  t h e  hea t ing  r a t e s )  are 30 
times l a r g e r  i n  a c t i v e  than i n  q u i e t  r eg ions ,  both reg ions  a r e  cooled p r i -  
m a r i l y  by conduction down t o  the  t r a n s i t i o n  region and X-radiat ion.  For 
both reg ions  t h e  wind losses are very  small, presumably beca. .se c losed  f i e l d  
l i n e s  i n  loops prevent the  escape of plasma t o  space.  The t o t a l  l o s s  rates 
f o r  coronal  ho le s  and q u i e t  reg ions  a r e  s i m i l a r ,  but ho les  a r e  cooled p r i -  
mar i ly  by t h e  s o l a r  wind flux i n s t ead  of conduction down to  t h e  t r a n s i t i o n  
region and X-radiation. Ala0 ho le s  have lower tempera tures ,  p r e s s u r e s ,  and 
temperature  g r a d i e n t s  than quf e t  and active regions.  

( 9 )  Thus t h e  s o l a r  corona i n  r e a l i t y  c o n s i s t s  of many loops  wi th  d i f -  
f e r e n t  phys ica l  p r o p e r t i e s  t h a t  coex i s t  due t u  t he  thermal i s o l a t i o n  pro- 
vided by c losed  magnetic t i e l d  l i n e s .  
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b) Proper t ies  of Solar  Coronal Loops 

(1) Individual X-ray images of the solar corona deceptively suggeet 
tha t  the loops are static; but on the  contrary,  the  Solar corona is always 
changing. The brightness of individual  loops changes with time due to the 
f i l l i n g  and draining of f l u x  tubzs wlth changes i n  the heat ing rate and 
res t ruc tur ing  of magnetic f i e l d  l i n e s  on a time scale of hours. Many loop 
s t ruc tures ,  ca l led  empherical regions, appear and fade within a day. 
so-called br ight  points are compact, high density loop s t ruc tu res  tha t  rep- 
resent newly emerging magnetic flux. 
day, hut even the large ac t ive  region loops l i v e  for only a few days. Thus 
theore t ica l  loop models t ha t  assume steady-state conditione and hydros ta t ic  
equilibrium are gross oversimplif icat ions.  

The 

These typ ica l ly  survive less than a 

(2)  When f i r s t  seen i n  X-rays, loops a r e  generally small, hot ,  dense, 
and bright.  As they evolve,  the loops  generally expand, decrease i n  plasma 
temperature and densi ty ,  and thus i n  X-ray brightness.  Golub - et al. (1980) 
presented evidence tha t  the energy densi ty  of loops (UT = nkT) is Inversely 
proportional t o  the loop length (L) and age (t).  
UT - f!l7, where QT is the magnetic f lux ,  and tha t  the gas pressure 
P - 6 , where B is the average longi tudisa l  f i e ld .  

They a l s o  argued t h a t  

(3) Observed loop lengths,  L - 10e-lO1O cm, are  much smaller than 
the so la r  radius,  (Re = 7 x lOl0 cm)  and the coronal pressure scale height 
(-0.23 Rg for  T = 2.5 x lo6 K). Although loop s i zes  form a continuous dis-  
t r i bu t ion ,  there  a re  many mre small than large loops. Loop temperatures 
generally l i e  i n  the small range, T = 2-3 x lo6 K, and d e n s i t i e s  l i e  i n  the 
much la rger  range, 
P - 0.03 - 3 dynes c m  There is considerable evidence tha t  individual  
f l ux  tubes are isothermal, both i n  the longi tudinal  and r ad ia l  d i r ec t ions ,  
and tha t  they are i sobar ic ,  consis tent  with t h e i r  heights  being smaller than 
a pressure scale height. There is no obvious reason why loops cannot be 
larger  than a stellar radius  or coronal pressure sca le  height i n  s t a r s  with 
d i f f e ren t  g rav i t i e s  and magnetic f i e l d  configurat ions,  but the so l a r  data 
suggest tha t  at l e a s t  dwarf stars with br ight  X-ray emission probably have 
small, dense loop s t ruc tu res  . 

= 108-1010 cnr3. Thus loop pressures l i e  i n  the range, 
ne_2 

(4) There a re  several  empirical sca l ing  laws for  the proper t ies  of 
so la r  coronal loops (cf .  Withbroe 1981). 
1.4 x lo3 (PL)'I3, where TmX is the maximum loop temperature, proposed by 
Rosner, Tucker and Valana (1978). 

tha t  the empirical  scatter about t h i s  sca l ing  l a w  IS very la rge ,  and the 
assumptions of hydrostat ic  equilibrium, absence of flows along the loop or 
conductive heat flow a t  the bottom, and constant loop cross  sec t ion  made by 
Rosner - et al. may not be val id .  Recently, Ser io  - et al. (1981) have gener- 
a l ieed  the Rosner - et al. sca l ing  law t o  include loops l a rge r  than a preseure 
scale  height,  and P r i e s t  (1981) has reviewed the theory of loop flows and 
ins t a b i l i  t ies. 

One widely quoted law is Tpax = 

Since sol r loops have only a small range 
i n  temperature, t h i s  law implies t ha t  P - L- r . Webb (1981) has pointed out 
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(5) A t  present we should view recent loop models ae moderately succes8- 
f u l  as they can i n t e r r e l a t e  plasma parawtercl roithla a loop i n  a mamet 
consis tent  with observations. Such models sha-tld also ba thermally s t a b l e  
provided that the maximum temperature occurs at the top of the  loop. How- 
ever ,  the  amjor problem with these models L that the loop proper t ies ,  i n  
pa r t i cu la r  h, appear to depead only on the heat iq  rate and not on the 
heat ing mechanism or even where i n  the loop the heating occurs. 
are no unique s igna tures  of the heating process. 
t i ons  can help. 
(1981) a d  Kuperus - et al. (1981). 

Thus there 
Perhaps s t e l l a r  observa- 

For a recent overview of heating mchanisms see lbllwag 

(6) Final ly ,  we should ask why the  range i n  solar loop temperatures is 
so small. 
respond to changes i n  the heating rate by evaporation or condeneation of 
material at t r a n s i t i o n  region t e q e r a t u r e s  (-105 K) at the loop footpoints.  
For example, increased heat ing anywhere in the loop leads to enhanced con- 
duct ive heating a t  the footpoints  t ha t  evaporates t r a n s i t i o n  region gas i n t o  
coronal (i.e. T > 10621C) gas. This process is s t a b l e  because r ad ia t ive  los- 
ses from the loop (-ne) can then balance the increased heat ing with l i t t l e  
change i n  temperature . 
of coronal gas at the footpoints ,  decreased radiative losses, and energy 
balance with l i t t l e  change i n  loop temperature. Thue stellar coronal tem- 
peratures much i n  excess of 3 x lo6 K may indica te  a very  d i f f e r e n t  energy 
balance or geometry i n  such coronae. 

I bel ieve t h a t  t h i s  small range indica tes  that loops can e a s i l y  

Conversely, decreased heating leads to condensation 

IV. DWARF STARS OF SPECTRAL TYPES F, G ,  K AND M 

Given as background what we now know about the solar corons, I would 
l i k e  to survey the HR diagram and ask two questions. F i r s t ,  what have we 
learned in general about the coronae of each group of stars from Einstein 
and other  experiments? Second, what ore the important unanswered questions 
tha t  could be answered by the next generation of X-ray experiments? 
would l i k e  t o  compare and cont ras t  the solar and stellar da ta ,  I w i l l  begin 
with the stars tha t  are most solar- l ike and gradually move on to stars tha t  
have very d i f f e r e n t  coronae or  perhaps outer atmospheres t h a t  should not even 
be ca l led  coronae. 

a)  What We Have Learned from Einstein 

Since I 

(1) Einstein has detected X-rays from almost every type of star with the 
exception of the cool supergiants,  as w i l l  be discussed below. 
comprehensive survey of Eins te in  stellar observations, Vaiana - et al. (1981) 
detected e s s e n t i a l l y  a l l  nearby F-M dwarf stars tha t  were observed f o r  suf- 
f i c i e n t l y  lon times. For many of these stars the IPC count rates exceeded 
0.1 count8 S-', correspcnding to 2 x ergs C u r 2  8.' f o r  the 0 . 2 5 4  keV 
band, and typ ica l  l imi t ing  s e n s i t i v i e s  were 10-13 ergs car2 8-1 i n  2000 sec- 
ond exposures. The HEAO-1 A2 experiment a l l  sky survey was unable to de tec t  
many F-M dwarfs because its s e n s i t i v i t y  was only -6 x 

I n  the f i r s t  

e rgs  c r 2  8-l. 

(2) It is clear tha t  the s o f t  X-ray emission is from analogues of the 
solar corona ra ther  than accret ion as i n  the classical X-ray binary systems 
because both s ing le  and binary stars are s o f t  X-ray sources, and as w i l l  be 



22 

deecribed later, the X-ray emission from the t i d a l l y  synchronous binary sys- 
tems ( l ike the RS CVn systems) is similar to that of single stars wlth the 
same ro ta t iona l  welocities. 

(3) Perhaps the u m t  f a r  reaching r e s u l t  Ls that the standard stellar 
parameters of mass, effect iwe temperature, and gravi ty ,  which de tere ine  where 
a star is located i n  tlre KR diagram, are wt the mst inportant parameters 
determining the s o f t  X-ray 1uPinosi t ies  of F+l dwarf etare a d  aost o the r  
typea of stars. There are two aain reasons f o r  t h i s  conclusion. F i r s t ,  the  
Vaiana et al. (1981) survey shaus t h a t  fo r  stars of the - effect iwe tem- 
perature and lumlnosity class there  is a fac to r  of 300 spread i n  Lx, which 
could be even la rger  because of thz s e n s i t i v i t y  threshold of Einstetn.  
second, thee re811 value of L~ fo r  the P, G ,  K, ~d M *rfs IS roughly 1028.5 
ergs so’, independent of spec t r a l  type even though L b ?  decreases rap id ly  
toward the cooler stars. With appropriate  hindsight we should have expected 
t h i s  r e su l t  because the solar X-ray brightness varies g rea t ly  fram point to 
point across the solar surface,  and it Is apparently control led by the local 
magnetic f i e l d  s t reugth  d geometry. 

p 

(4) The range in observed f o r  +type dwarf stars is e n t i r e l y  aonsis- 
t e n t  with the range In seen in the Sun. For exaaple, the rean value of 

tm of the d i s t r ibu t ion  for ear?y C dwarfs, whereas the value of & for the 
*le solar surface if covered with active regions ($ 1029*3 ergs s-1. 
would l ie near the top of t h i s  d is t r ibu t ion .  This latter coincidence could 
be Interpreted either tha t  the  br ightes t  solar-type stars are covered en- 
t i r e l y  by coronal s t ruc tu res  similar i n  brightness to  solar plages ( ac t ive  
regions) or that they are p a r t i a l l y  covered with superplages (regions with 
X-ray brightness mch l a rger  than is seen i n  solar active regions). 
Hyades data s t rongly support the existence of mperplages. 

fo- the quiet Sun is roughly ergs S-I, which lies close to the bot- 

The 

(5) There is convincing evidence tha t  stellar ro t a t ion  plays a critical 
ro le  in determining the relative X-ray lumlnosity of stsrs with sidlar spec- 
tral type and luminosity class, although the funct ional  form of t h i s  r e l a t i o n  
.has not yet been decided conclusively. The Importance of ro t a t ion  can be 
seen at  once comparing three earl G dwarf stars - u1 UMa (00 V), a Cen A 

served by Vaiana et al. (h = 
spec t ra l  ? s c  (u sin i = 9 ka 8-l) .  
have low X-ray l d n o s i t i + s  (L, - 1027*1 and IOa6.* ergs s-l, respect ively)  
and sam11 r o t a t i o d  ve loc i t i e s  (v s i n  i - 2 

(G2 V), and the quiet  Sun (62 V). u T UMa i s  the mst luminous G dwarf ob- 
and it is a rapid ro t a to r  f o r  its - 

By comparison a Cen A and the quie t  Sun 

s-1). 

However, there is disagreemnt  88 to the dependence of L, 011 r o t a t i o n a l  
parameters for F-# dwarfs. 
and RS CWn systems, Ayres and Linsky (1980) suggested that L x / L b l  increarres 
rapidly with v s i n  1. 
observations of ssngle F7-I45 stars t o  sbow tha t  L, - (v s i n  i)l*ge*’p inde- 
pendent of L b l  and 1wPinositp class. This r e s u l t  is cons is ten t  with the X- 
ray surface f l u x  being proportional to  92, where o is the angular ro t a t iona l  
velocity.  On the other hand, Walter and Bawper (1981) and Walter (1981) 
found tha t  h / L b 1  - Q f a i r l y  toe l l  represents the Einst. in and HEAO-1 data 

Using HSAO-1 observations of a few s ing le  stars 

Pa l l av ic in i  - et el. (1981) used the ex i s t ing  Eins te in  

- -  



for GI RS Cvn system and 13 r a p i d l y  r o t a t i n g  F8-C5 dwarfs s tars .  Subse- 
quent ly ,  Walter (1982) proposed t h a t  no s i n g l e  power law can f i t  t h e  E i n s t e i n  
observa t ions  of s i n R l e  Fa-C2 dwarfs  inc luding  the Sun and Hyades stars, but 
i n s t e a d  t w o  power laws are needed of t h e  form L , / L b l  5 @ w i t h  a break near  
a rotational per iod of 12 days. I t  is interesting t h a t  Vaughan and Preston 
(1980) and Vaughan (1980) f i n d  evidence chat  t h e  c h a r a c t e r  of s te l la r  dyna- 
mos changes when dwarf s t a r s  slow down t o  a rotat ional  per iod of 12 days ,  
which occurs  at an age of about 1 x lo9 yr .  

( 6 )  The age of la tc - type  s tars  an t h e  main sequence is also an impor- 
t a n t  parameter, perhaps i n  a more fundamental s e n s e  than r o t a t i o n .  I n  t h e  
1960s t h e r e  w e r e  a number of important s t u d i e s  of the  r o t a t i o n  of F and C. 
dwarf stars by Wilson, K r a f t ,  Skumanich, and o t h e r s ,  who concluded t h a t  
s te l la r  r o t a t i o n a l  v e l o c i t i e s  decrease  wi th  age on the  main sequence, pre- 
sumably as a consequence of angular  mmentum loss In s te l la r  winds. On t h e  
b a s i s  of t h e s e  d ta ,  Skumanich (1972) proposed t h a t  the s t e l l a r  e q u a t o r i a l  
v e l o c i t y ,  v - t l T 2 ,  where t is t h e  age on t h e  main sequence. Recent ly ,  
r o t a t i o n a l  v e l o c i t y  measurements have become mre p r e c i s e  as a r e s u l t  of 
increased throughput f o r  high r e s o l u t i o n  spectroscopy,  Four ie r  techniques  
f o r  analyzing l i n e  p r o f i l e s  (cf. Gray 19761, and programs ts monitor t h e  
r o t a t i o n a l  modulatlcn of s t e l l a r  a c t i v e  reg ions  by observing t h e  Ca 11 f l u x  
(e.p. Vaughan et a l .  1981). Duncan (1981) and Soderblom (1981) showed t h a t  
these  new d a t a  confirm t h e  Skumanich (1972) rotat ion-age c o r r e l a t i o n .  

As ve t  t h e r e  is no thorough survey of the  r e l a t i o n  of s te l la r  X-ray 
luminosi ty  or s u r f a c e  f l u x  wi th  age. However, t h e  S t e r n  et a l .  (1981) s tudy  
of t he  Hyades c l u s t e r  ( t  - l o e o 6 )  stars  wi th  E i n s t e i n  c l e a r l y  i n d i c a t e s  a 
d e f i n i t e  c o r r e l a t i o n  of b r i g h t  X-ray emission wi th  youth. Despi te  t h e i r  sen- 
s i t i v l t y  t h r e s h o l d ,  which corresponds to a factor of 10 h igher  than the  q u i e t  
Sun valu,? of Lx, they d e t e c t e d  80% of t h e  F and C dwarfs i n  t h e  c l u s t e r .  
Thei r  b r i g h t e s t  source is 71 Tau, an M) V star  wi th  v s i n  i - 200 km s-l 
and L, 2 1030 e r g s  s-l, 
which & - I O 3 '  e r g s  s-'. 
X-rays as the  Sun would he I f  covered e n t i r e l v  by plages ,  i t  ms: c o n t a i n  
f l u x  tubes  which are beyond the range of b r i g h t n e s s ,  and t h u s  presumably 
a l s o  of d e n s i t y ,  t y p i c a l l y  seen i n  t h e  solar corona. S t e r n  et a l .  (1981) 
have proposed, on the  b a s i s  of s c a l i n g  laws, t h a t  t h i s  s ta r  c o n t a i n s  super- 
a c t i v e  regions covering about 10% of t h e  s t e l l a r  sur face .  

and t h e i r  b r i g h t e s t  G s ta r  is HD 27836 (C1 V )  for 
Since t h i s  s t a r  is about f i v e  t i m e s  as b r i g h t  i n  

(7) By analogy wl th  the solar corona, t he  F-M dwarf starq, e s p e c i a l l y  
t h e  young stars with b r i g h t  X-ray emission,  should have s t r o n g  c losed  magnet- 
IC f i e l d  s t r u c t u r e s  i n  t h e i r  coronae. This  argument is no longer  specula- 
t i o n ,  but has now been confirmed by two s e p a r a t e  l i n e s  of evidence. F i r s t ,  
Robinson, Worden, and Harvey (1980) have measured photospheric  magnetic 
f i e l d s  i n  two young dwarfs, C Boo A (C8 V) and 70 Oph A (KO V )  by merrsurlng 
l i n e  s p l i t t l n g  i n  unpolar ized l i g h t .  For B o o  A,  they found t h e  f i e l d  t o  
be 2,600 t 400 Gauss covering 30% of the  sur face .  Harcy (1980) has d e t e c t e d  
s a g n e t i c  f ie lds  i n  a d d i t i o n a l  s tars  and is now s tudying  v a r i a b i l i t y  and to- 
t a t i o n a l  m d u l a t i o n  of s t e l l a r  a c t i v e  reg ions  wi th  l a r g e  magnetic f i e l d s .  
I t  is i n t e r e s t i n g  t h a t  the m J o r  d i f f e r e n c e  noted so f a r  between the photo- 
s p h e r i c  magnetic f i e l d s  of these  young stars compared to t h e  Sun Is t h a t  t h e  
strong f i e l d s  cover a much l a r g e r  f r a c t i o n  of the  s te l la r  sur face .  
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The second t y p e  of d i r e c t  evidence is obse rva t ions  of microwave emis- 
s i o n  from stellar coronae. Gary and Linsky (1981) detected s t e a d y  6 cm 
emission from x1 O r i  ((10 V )  ahid u\’ Cat (dI4lS.Se) w i th  t h e  VLA, which they 
i n t e r p r e t e d  as gyroresonant emission from e l e c t r o n s  s p i r a l l i n g  along coronal 
magnetic f i e l d  l i n e s .  Th i s  emission is c o n s i s t e n t  w i t h  coronal f i e l d s  of 
roughly 300 Gauss, s l i g h t l y  l a r g e r  than tha f i e l d  s t r e n g t h 8  i n  solar coronal  
loops. Both stars are b r i g h t  X-ray sourcee for t h e i r  s p e c t r a l  types.  

( 8 )  There are as ye t  very few w a s u r e m n t s  of coronal temperatures  f o r  
la te- type dwarfs. I n  p r i n c i p l e ,  the  E i n s t e i n  IPC pu l se  he igh t  s p e c t r a  can 
provide crude temperature estimates, but meaningful temperatures  await t h e  
reprocessing of thcue d a t a .  The E i n s t e i n  SSS inutrument h a s  proved to be 
u s e f u l  i n  e s t ima t ing  coronal  temperatureu f o r  RS CVn systems, but 90 far t h e  
only coronal  temperature f o r  l a t e - type  dwarf stars ob ta ined  wi th  t h e  SSS is 
for the  young (10 V star x1 LNa, f o r  which !hank (1981) e s t ima ted  T - 3-5 x 
lo6 K. Haisch et el. (1980) have 0180 es t ima ted  T - 4 x loa K for Proxima 
Centauri  ( d M k )  at  qu ie scen t  times us ing  IPC pu l se  he igh t  spec t r a .  

b) S o r  Important Unanswered Quest lot is  

1. What is the range of coronal  temperatures  t h a t  occurs  i n  magnetic 
loop s t r u c t u r e s ?  I n  p a r t i c u l a r ,  does the temperature  increase wi th  s te l lar  
X-ray luminosity or s u r f a c e  f l u x ,  and does i t  depend at all cm s p e c t r a l  type 
among the cool dwarfs? T h i s  q u e s t i o n  can be answered wi th  energy d i s t r i b u -  
t i o n  photometry, perhaps with reprocessed E i n s t e i n  IPC data, and low resolu-  
t i o n  spectroscopy (see Table  1). 

2.  What f r a c t i o n  of the coronal  volume is f i l l e d  with b r i g h t  X-ray 
emitting loops for stars of d i f f e r e n t  ages, s p e c t r a l  types,  and $? Since 
the  volume of the e m i t t i n g  region can be derived from the  emission uea3ure 
and e l e c t r o n  d e n s i t y ,  t h i s  q u e s t i o n  r e q u i r e s  moderate r e s o l u t i o n  s p e c t r a .  

3. What are the  evo lu t iona ry  time scales of coronal  loops and a c t i v e  
regions,  and what are t h e  p r o p e r t i e s  of stellar magnetic c y c l e s  and dynamos? 
Monitoring of stars with imaging experiments is important f o r  s tudy ing  t h e s e  
t h e  scales, but such obse rva t ions  should be accompanied by simultaneous 
measurement of the  s te l lar  t r a n s i t i o n  regions witn u l t r a v i o l e t  spectroscopy,  
photospheric magnetic f i e l d s  with o p t i c a l  spectroscopy,  and microwave obser- 
va t ions  with the  VLA. 

4. What are the  d e n s i t i e s  of coronal  loops i n  d i f f e r e n t  t y p e s  of 
s t a r s ?  
l a r g e  L, are dense and small, or tenuous and large, or both. Moderate or 
high r e s o l u t  ion spectroscopy is needed to measure densi ty-senoi t  i v e  l i n e  
r a t i o s  i n  o rde r  t o  answer t h i s  quest ion.  

Of s p e c i f i c  i n t e r e s t  is the  ques t ion  of whether loops i n  stars wi th  

5 .  What mechanism or lPechanisms heat coronae i n  late-type dwarf s t a r s ?  
The obse rva t iona l  d a t a  needed t o  answer t h i s  d i f f i c u l t  q u e s t i o n  cannot be 
pred ic t ed  e a s i l y  due to our lack of knowledge as t o  how even t h e  solar co- 
rona is heated. 
balance i n  dwarf star coronae changes with e f f e c t i v e  temperature ,  we, and 
Lx, and whether the geometry of t h e s e  coronae are s o l a r - l i k e  as we p r e s e n t l y  

M y  guess  ir  t h a t  we need to  know more about how the energy 
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bel ieve.  An understandinq of the energy balance w i l l  r e q u i r e  energy d i s t r i -  
but ion photometry, high r e s o l u t i o n  spectroscopy,  and u l t r a v i o l e t  spec t ro -  
scopy (see Table 1). Also, the s tudy  of e c l i p e i n g  systems wi th  imaging 
experiments w i l l  provide information on where t h e  coronal cooling occur s  
f o r  comparison with t h e o r e t i c a l  models. 

6 .  Do a c t i v e  dwarf stars (Lx >> Lx(S)) have hot winds and low -8s 
loss rates l i k e  the  Sun? Th i s  q u e r t i o n  might be unanswerable wi th  fo re see -  
a b l e  in s t rumen ta l  developments, but it Is important to t r y  t o  answer t h i s  
ques t ion  by sea rch ing  for Doppler-shifted X-ray l i n e s  with a high throughput 
high r e s o l u t i o n  spec t roscop ic  experiment. 

7. What are the fundamental d i f f e r e n c e s  between the coronae of young 
and o ld  dwarf stars. A r t  t h e  d i f f e r e n c e s  p r i m a r i l y  i n  t h e  f r a c t i o n  of t h e  
coronal  volume f i l l e d  wi th  loops,  t h e  loop l e n g t h s ,  d e n s i t i e s ,  temperatures ,  
or total  coronal  hea t ing  r a t e s ?  Since the  measurement of coronal  d e n s i t i e s  
is cr i t ica l  to answering t h i s  ques t ion ,  we need moderate or high resolution 
s p t c t  ra . 

8. What are t h e  hottest dwarf stars with s o l a r - l i k e  corona? A high 
throughput imaging experiment should be a b l e  to answer t h i s  quest ion.  

V. PRE-MAIN SEQUENCE STARS 

Pre-main sequence (preMS) stars, inc lud ing  the T Taur i  stars, the young 
stars i n  c l u s t e r s  such as Orion, and t h e  r e c e n t l y  i d e n t i f i e d  post-T Tauri  
stars, probably have coronae t h a t  are q u a l i t a t i v e l y  similar t o  t h e  young F-H 
dwarfs t h a t  r e c e n t l y  becalae main sequence (nS) stars. However, as we s h a l l  
see, t h e  X-ray emission from t h e  p r e 6  stars can be absorbed by o v e r l y i n g  
c i r c u m s t e l l a r  gas. 

a)  What We Have Learned from E i n s t e i n  

1. When de tec t ed  as X-ray sou rces ,  the T Tauri  and o t h e r  preHS s ta rs  
are the  most luminous among the l a t e - type  stars t h a t  are not known t o  be 
close b i n a r i e s .  Since t h e s e  stars are d i s t a n t ,  t h e  d e t e c t i o n  t h r e s h o l d s  
are l a rge ;  f o r  example, Lx - IO3O e r g s  8-l for t h e  Taurus-Aurigrre cloud and 

Nevertheless ,  10 out  of t h e  14 
known T Tauri  stars i n  the  Taurus-Aurigae cloud b r i g h t e r  than aqr = 13 have 
now been d e t e c t e d  as X-ray sources  by Walter and Kuhi (19811, and t h e  
f a i n t e r  T Tauri  s ta rs  were l i k e l y  not de t ec t ed  due t o  the s e n s i t i v i t y  l i m i t  
of E i n s t e i n .  Feigelson and de Camp11 (1981) de tec t ed  Dc Taur i  at Lx - 8 x 
I O m  ergs E-', and C a b  !1980) d e t e c t e d  Th 12 a t  L, - 6 x lo3' e r g s  8-l in 
t h e  Taurus-Aurigse cloud. 
q u i e t  Sun. The most luminous preMS s tar  de tec t ed  so far is <;w O r 1  (L, - 5 x 
lO3I e r g s  S-') observed by Fcigelson and de Camp11 (1981). 

- 2 x 1031 e r g s  6-l for t h e  Orion cloud. 

These stars are 10' times more luminous than t h e  

2. Given t h a t  the de t ec t ed  prcHS stars are so luminous in  X-rays, an 
important ques t ion  is why many of ches t  s ta rs  in the Taurus-Auriga and Orion 
clouds,  p r imar i ly  those with s t r o n g  h emission and blue excess emission, 
are not d e t e c t e d  as X-ray sources .  Cahm (1980) argued t h a t  i n t e r s t e l l a r  
abaorpt ion is not t h e  mason  for the  mnny nondetect ions on t h e  basis t h a t  
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RW Aurigae is a T Tauri  star with extrelaely br ight  o p t i c a l  and u l t r a v i o l e t  
emission l i n e s ,  yet i t  is not a detected X-ray source desp i t e  its ly ing  aut- 
s i d e  the dark obscuring regions of the Taurus-Aurigae cloud, and the small 
i n t e r s t e l l a r  gas column dens i ty  i n  its l i n e  of sight.  Instead he argued 
tha t  t he  preHS stars have hot coronae t h a t  are surrounded by extensive cool 
c i rcumste l la r  gas envelopes tha t  can t o t a l l y  absorb the  X-ray emission in 
80- cases. For example, he estimated o p t i c a l  depth$ f o r  the RW Aurigae 
envelope of ~ ( 0 . 6  keV)  1) 72 and ~ ( 2  k e V )  2. Thus the  e o f t  X-ray emission 
would be t o t a l l y  absorbed, but t h i s  star might be a hard X-ray source. 
Walter and Kuhi (1981) supported C a b ' s  (1980) model by f ind ing  an inverse 
co r re l a t ion  among the T Tauri  etars of Ho equivalent widths and X-ray 
fluxes. They concluded tha t  the T Tauri stars have small so lar - l ike  coronae 
surrounded by extensive cool envelopes t h a t  produce the Ha emission and X- 
ray absorptiori . 

3. Feigelson and de Camp11 (1981) observed rapid v a r i a b i l i t y  i n  the  X- 
ray f lux  of the T Tauri star Dc Tau. They detected no f lux  during the f i r s t  
35 minutes of observation and then a rapid increase i n  f lux  on a time scale 
of 4 minutes. This rapid f l a r e - l ike  v a r i a b i l i t y  also suggests emission from 
a small region of Ugh dens i ty  close t o  the  star, and l i k e  the  b r igh te s t  X- 
ray f ea tu res  on the Sun (the so-called br ight  po in ts )  could be emission from 
small dense loops of newly emerging magnetic f lux  j u s t  above the photosphere. 

4. In T Tauri s r a r s  f o r  which X-ray emission Is detected,  k / L b l  - 
lo-', which is similar to  the  r a t i o  for the  youngest F and G main sequence 
stars. 

f r m  the corona is Parch loss than from the  chromosphere and/or envelope, and 
the r ad ia t ive  lo s ses  are comparable t o  the wind losses  in T Tauri  stars. 

I I / L ~ ~  2 x 10% LCa I I / L ~ ~  - 
5 x lo-', and LWind/Lbl - 5 X f o r  e same stars. Thus the e a l s s l o n  

BY comparison ha/~bl - 10-3, 

5 .  The coronal temperatures for  T Tauri stars are poorly kncwn, but 
Feigelson and de Camp11 (1981) estimated T 2 5 x LO6 K f o r  DG Tau during its 
flare., and Walter and Kuhi (1981) estimated T 2 14 x lo6 K f o r  AA Tau on t he  
bas i s  of IPC pulse height spectra.  Estimated T Tauri coronal temperatures 
are 1ikel.P a f fec ted  by c i rcumste l la r  gas absorption. 

6 .  Recently Feigelson and Kriss (1981) and Walter and Kuhl (1981) dis -  
covered f i v e  X-ray sources tha t  l ie  1-3 magnitudes above the main sequence 
yet have weak Ha emission, no u l t r a v i o l e t  excess, and show no evidence f o r  
o p t i c a l  v a r i a b i l i t y  or winds. They therefore  believe these stars to be in- 
termediate i n  age between the T Taur l s  and mein sequence stars. 
are lumlnous (L, - 1030 e rgs  sol) ,  and presumably have coronae similar t o  but 
more ac t ive  than the stars tha t  have recent ly  a r r ived  on the mein sequence. 

These stars 

7. Three mechanisms have been proposed t o  explain high temperature 
emiselon from preMS s t a r s .  Ulrich (1976,1978) and Mundt (1980) studied 
accre t ion  shocks, but t h e i r  models typically predic t  T < 3 x lo6 K, which 
appears t o  be smaller than observed. Heating by shocks at the d n d -  
i n t e r s t e l l a r  medium i n t e r f a c e  w a s  proposed b;l Kuhl (1964) and Ku and Chanan 
(1979). hut the  observed an t i co r re l a t ion  of Hu equivalent atidth and X-ray 
emission are hard t o  explain by t h i s  model. A t  present,  the most p l aus ib l e  
model appears t o  be tha t  of a small corona vurrounded by an extensive cool 



circumetellar gas envelope. 
da t e ,  then the  coronae of preM stars are probably extreme examples of the  
so l a r  corona with emission from small dense magnetic loop s t ruc tu res .  

I f  t h i s  model is va l id ,  as is suggested by t h e  

b) Some Important Unanswered Questions 

1. What are the  physical p roper t ies  of the X-ray emi t t ing  regions i n  
prePtS stars: t h e i r  temperatures, d e n s i t i e s ,  and volumes? As previously dis-  
cuesed i n  S I V ,  temperature measurements require e i t h e r  energy d i s t r i b u t i o n  
photometry or low reso lu t ion  spectroscopy, but the latter is probably needed 
fo r  these stars because one must measure both the c i rcumste l la r  absorption 
and coronal temperature together. While i n  p r inc ip l e  well-calibrated energy 
d i s t r i b u t i o n  photometry could measure both parameters, experience with the 
Eins te in  IPC points out the need f o r  higher reso lu t ion  data. Measurements 
of density and volume requi re  at least moderate reso lu t ion  spectroscopy. 

2. What is the geometry of the emit t ing regions i n  preMS s t a r s ?  I 

Thus monitoring the X-ray emission from these  stars f o r  
would estiamte tha t  the ro t a t iona l  periods f o r  there  stars probably l i e  i n  
the range 3-8 days. 
t h i s  time period with an imaging experiment should determine whether the X- 
rays are emitted from a few ac t ive  regions or uniformly across  the  stellar 
sur face ,  and such observations should a l s o  determine time scales fo r  the 
v a r i a b i l i t y  of these a c t i v e  regions. High reso lu t ion  u l t r a v i o l e t  spec t r a  
should a l s o  be usefu l  i n  measuring t?e Doppler s h i f t s  of t r a n s i t i o n  region 
emission l i n e s  from ac t ive  regions and thus t h e i r  loca t ion  on the stellar 
surface,  however, such measurements w i l l  be d i f f i c u l t  because of the la rge  
l i n e  widths. 

3. Various authors have estiamted mass l o s s  rates and flow v e l o c i t i e s  
f o r  the cool c i rcumste l la r  gas, but t he re  are no measurements of the outflow 
or i n f a l l  ve loc i t i ee  f o r  the hot coronal gas. It is e n t i r e l y  possible tha t  
the X-ray emitt ing plasma is confined to closed magnetic loops tha t  do not 
p a r t i c i p a t e  i n  the flow while the wind o r ig ina t e s  i n  magnetically open re- 
gions (coronal holes). 
requires high reso lu t ion  X-ray spectroscopy, which may not be f e a s i b l e  for 
these stars, but similar measurements f o r  t he  plasma at t r a n s i t i o n  region 
temperatures requires high reso lu t ion  u l t r a v i o l e t  spectroscopy, which w i l l  
be f e a s i b l e  with Space Telescope. Even with such da ta ,  however, the in t e r -  
p re ta t lon  will be d i f f i c u l t  as d i f f e ren t  authors have in t e rp re t ed  P Cygni- 
type p r o f i l e s  f o r  T Tauri stars as ind ica t ing  mass inflow and outflow. 

Measurement of the flow v e l o c i t i e s  f o r  coronal plasma 

V I .  N DWARF FLARE STARS 

a i  What We Have Learned from E ins t e in  

1. Flarer on the Sun have been studied ex tens ive ly  with instruments 
covering the electromagnetic spectrum, and f l a r e s  on M dwarf stars have been 
studied at  op t i ca l  and radio wavelengths s ince  1949. 
tha t  X-ray observations would be c r i t i c a l  i n  understanding the proper t ies  of 
the  hot plasmas in f l a r e s ,  e e n s i t i v i t y  l imi tae lons  preclrrded X-ray observa- 
t i ons  of a l l  but the most ene rge t i c  evente p r io r  t o  Eins te in .  For example, 

While it was recognised 

-- 
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Heise - et a1. (1975) d e t e c t e d  a large f l a r e  on YZ CM (H4.3eV) and W Cet 
(M5.6eV) using t h e  ANS sa te l l i t e ,  and Kahn - et al .  (1979) d e t e c t e d  two f l a r e s  
each on AD Leo (M3.5eV) and AT Mic (M4.4eV). The X-ray lumlnoeitie6 f o r  the 
f l a r e s  observed i n  AD Leo and AT Mc are very l a r g e ,  Lx - 1.3-1.6 x 1030 ergs 
8-l , as much as a f a c t o r  of 4000 larger than very large solar f l a r e s .  

2 ,  E i n s t e i n  has now observed f l a r e s  on Proxima Cen (Haisch et al. 1980, 
19811, Y Z m h l e r  - et a1. 198Z), Wolf 630 AM and RD + 64°2051 TJohnson 
19811, and perhaps o t h e r  M dwarfs. 
c o l l a b o r a t i v e  observing programs invo lv ing  s imultaneous o p t i c a l ,  u l t r a v i o l e t ,  
and r a d i o  observat ions.  As a r e s u l t  of t h e  greater s e n s i t i v i t y  of E i n s t e i n ,  
less luminous f l a r e s  can be s t u d i e d  i n  d e t a i l .  For example, t h e  f l a r e  on 
Proxima Centaur1 observed by Haiuch - et al. had a peak luminosi ty  of Lx - 7.4 
x lo2’ e r g s  8-l comparable t o  a very large solar f l a r e .  

Many of t h e s e  obse rva t ions  were part of 

The X-ray l i g h t  curve and temperatures  of t h i s  f l a r e  on Proxima Centaur1 
were i n  many ways similar t o  solar f l a r s s .  For example, t h e  temperature ,  as 
c rude ly  est imated from IPC pulse he igh t  sytvctra, reached a peak of 17 x lo6 K 
e a r l y  i n  the  f lare  and t h e  X-ray iuminosi ty  peaked about 5 minutee after t h e  
peak temperature. Both p r o p e r t i e s  are t y p i c a l  of solar flares. From t h e  X- 
ray decay time they pos tu l a t ed  t h a t  t h e  f lare w a s  cooled by r a d i a t i o n ,  but 
simultaneous u l t r a v i o l e t  s p e c t r a  are needed to determine t h e  importance of 
conduction and expansion cool ing.  For t h e  extremely luminous f l a r e  on AT Mic, 
Kahn - et al. (1979) were a b l e  t o  d e r i v e  a single c h a r a c t e r i s t i c  temperature 
of 30t10 x lo6 K, which is somewhat larger than the  temperatures  t y p i c a l l y  
seen during the  coo l ing  phase of solar f l a r e s .  

b) Some Important Unanswered Quest ions 

1. We need to observe a cons ide rab le  number of f l a r e s  to see what 
ranges of temperature ,  X-ray luminosi ty ,  and emission measure are t y p i c a l  
f o r  f la re  even t s  i n  M dwarf stars of d i f f e r e n t  e f f e c t i v e  temperatures  and 
ages. Monitoring by imaging instruments  with energy d i s t r i b u t i o n  photometry 
c a p a b i l i t y  is needed. 

2. What are the v a r i a t i o n s  of temperature,  e l e c t r o n  d e n s i t y ,  X-ray 
luminosi ty ,  and emitting volume as a func t ion  of time dur ing  f l a r e s ?  To 
answer t h i s  ques t ion ,  we need a high throughput instrument with ra-.icrate 
spec t ral r e s o l u t i o n  capabi  1 i t  y. 

3.  What are the  tu rbu len t  and systematic mass motions du r ing  f lares,  
and do these  motions play an important r o l e  i n  t he  f l a r e  energy balance? 
Depending on whether the v e l o c i t i e s  are - lo2 or - lo3 km S-’, e i t h e r  high or 
moderate X-ray s p e c t r a l  r e s o l u t i o n  w i l l  be needed t o  s tudy the hot gas.  
V e l o c i t i e s  of the  coo le r  gas should be e a s i l y  s tud ied  i n  t h e  u l t r a v i o l e t  by 
the  Space Telescopo High Resolut ion Spectrograph, 

4. A c r i t i c a l  ques t ion  is whether flares are cooled p r i m a r i l y  by radia-  
tion, COndUCtiOn, or expansion. This  ques t ion  r e q u i r e s  simultaneous measure- 
ments by d i f f e r e n t  instruments:  r a d i a t i v e  l o s s e s  can be m a s u r e d  by X-ray 
energy d i s t r i b u t i o n  photometry, conductive l o s s e s  by u l t r a v i o l e t  spectrosco-  
py, and expansion l o s s e s  by laoderate or high r e s o l u t i o n  X-ray spectroscopy 
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as previous ly  d iscussed .  A de te rmina t ion  of the t o t a l  coo l ing  rate d e t e r -  
mines the  hea t ing  r a t e ,  and thus  provides  va luable  informat ion  on t h e  f lare  
energy source.  

5. Do f l a r e s  occur on warmer s t a r s ?  The answer mst be yes because 
t h e  Sun f l a r e s ,  but such f l a r e s  are d i f f i c u l t  to see o p t i c a l l y  because of 
reduced c o n t r a s t  wi th  r e spec t  t o  t h e  photospheric  background and t h e  proba- 
b l e  lower frequency of f l a r e s .  X-ray obse rva t ions  should be a b l e  to  answer 
t h i s  ques t ion  as t he  u i e scen t  coronal  background is gene ra l ly  small com- 
pared t o  f l a r e s  even .or t h e  Sun. Monitoring of C and K dwarfs wi th  a sim- 
p l e  X-ray imaging experiment f o r  long per iods  of t i m e  is needed t o  mswer 
t h i s  ques t ion .  

VII. LUMINOUS COOL !7l’ARS 

a )  What We Have Learned from E i n s t e i n  

1. Prior t o  E i n s t e i n  no nonbinary la te - type  g i a n t  or supe rg ian t  
was de t ec t ed  as an X-ray source.  E i n s t e i n  d e t e c t e d  s e v e r a l  nonbinary 
G g i a n t s  with Lx between loz8 - 10’” e r g s  8-l and two e a r l y  K g i a n t s ,  E: Sco 
(KO 111-IV) and a Ser  (:a 1111, with  L, 0 loz8 e r g s  8-l (Vaiana et al. 1981, 
Ayres et a l .  1981). 
smaller than t h i s  r a t i o  f o r  solar coronal  holes .  

- 
The la t te r  two stars have L , / L b l  9 3x1Oee, which is 

2. E i n s t e i n  was unable to d e t e c t  X-rays from s i n g l e  g i a n t s  cooler than 
about K2 111 and G-M supe rg ian t s .  For example, a Boo (K2 111) and a Tau 
(K5 111) were not de t ec t ed  wi th  upper l i m i t s  i x / L b l  < 3 x lo-’, about a fac- 
cor of 30 smaller than f o r  solar coronal  holes .  Also the G s u p e r g i a n t s  f4 Aqr 
(GO Ib )  and R Aqr (G2 I b )  have upper l i m i t s  L , / L b l  < 10’’ and t h e  M super- 
g i a n t s  a Ori (M2 I a b )  and a Sco (M1 Ibi-M) have upper l i m i t s  h / L b l  < 2 x 
lo-’. These nondetec t ions  l ed  Ayres et al. (1981) t o  propose a boundary i n  
t h e  cool p o r t i o n  of t h e  HR diagram s e p a r a t i n g  a reg ion  ( c o n s i s t i n g  of K2-M 
g i a n t s  and C-M s u p e r g i a n t s )  i n  which t h e r e  is no evidence f o r  hot  coronae 
from a reg ion  ( c o n s i s t i n g  of DK2 g i a n t s  and F-M dwarfs)  in which hot coro- 
nae are u s u a l l y ,  but not  always,  de t ec t ed .  The l o c a t i o n  of t h i s  boundary is 
similar t o  t h a t  s e p a r a t i n g  reg ions  where t r a n s i t i o n  reg ions  are or are not 
t y p i c a l l y  seen  and where massive coo l  winds begin to  appear.  

3. A t  p resent  we do not know which of s e v e r a l  poss ib l e  exp lana t ions  f o r  
t h i s  boundary i n  t h e  HR diagram is correct. I f  t h e  nondetcc t ion  of X-rays 
from stars cooler and more luminous than t h i s  boundary is an in s t rumen ta l  
t h re sho ld  e f f e c t  , then  the  c ~ t o n a e  have s u r f a c e  b r igh tnesses  much sma l l e r  
than coronal  holes .  
and t h e  X-ray emission w i l l  be too s o f t  f o r  d e t e c t i o n  by E i n s t e i n .  Absorp- 
t i o n  of s o f t  X-ray emission by over ly ing  cool  c i r c u m s t e l l a r  gas is a possi- 
b l e  exp lana t ion  f o r  t h e  l ack  of de t ec t ed  X-rays from t h e  C-M supe rg ian t s  but 
not the  K2-M g i a n t s .  
r a t h e r  extended cool  (T = 10 K) envelopes t h a t  do not  emit X-rays. Ayres 
et  a l .  (1981) proposed the  la t ter  exp lana t ion ,  but more informat ion  is 
needed t o  confirm or r e f u t e  t h i s  propoeal.  

A l t e r v a t i v e l y ,  t he  coronae may be cooler than - 1 ~ 1 0 ~  K 

F i n a l l $ ,  t hese  stars may not have hot coronae,  but 
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b) Some Important Unanswered Ques t ions  

1. Do the  K2-M g i a n t s  and G-M supe rg ian t s  have f a i n t  coronae at  lo5 - 
lo6 K? - IUE and Space Telescope, or by an extremely soft X-ray or extreme u l t r a v i o l e t  
imaging experiment.  
8 Aqr (GO Ib), a Ay (G2 Xb), and a TrA (K4 XII) show u l t r a v i o l e t  emission 
l i n e s  formed a t  10 K. 

This  ques t ion  can be answered wi th  u l t r a v i o l e t  s p e c t r a ,  such as from 

Hartmann - e t  al. (1980, 1981) h a w  a l r e a d y  found t h a t  

2. What are the co rona l  tempera tures  f o r  t h e  G g i a n t s  t h a t  are de- 
t e c t e d  as X-ray sources?  Energy d i s t r i b u t i o n  photometry can answer t h i s  
ques t ion ,  and i n  p r i n c i p l e  r e c a l i b r a t e d  E i n s t e i n  IPC pulse  he igh t  s p e c t r a  
w i l l  provide t h i s  in format ion  on a few stars. 

3. What are the  e l e c t r o n  d e n s i t i e s  and e m i t t i n g  vo lu res  (1.e. loop 
dimensions) f o r  t h e  G g i a n t s ?  Moderate r e s o l u t i o n  X-ray s p e c t r a  are needed. 

4. What are the  geometries of the  C g i a n t  coronae? Monitor ing of 
t h e s e  stars over  r o t a t i o n a l  pe r iods  wi th  imaging experiments  is needed t o  
answer t h i s  que8 t i o n  . 

VIII. RS CVn AND RELATED CLOSE BINARY SYSTEMS 

The RS CVn binary  systems are detached systems wi th  pe r iods  of 1-14 
days, g e n e r a l l y  c o n s i s t i n g  of a KO I V  primary and a late G dwarf secondary 
s t a r .  Hall (19?6, 1981) has  reviewed t h e  p r o p e r t i e s  of t h e s e  systems as 
w e l l  as t h e  r e l a t e d  long per iod  systems wi th  g i a n t  star components and the  
con tac t  W UNa sysr-ems, and Popper and Ul r i ch  (1977) have d i scussed  t h e i r  
evo lu t iona ry  s t a t u s .  T)..s m0st s t r i k i n g  p e c u l i a r i t y  of the RS CVn systems is 
a migra t ing  quas i - s inuso ida l  d i s t o r t i o n  i n  t h e i r  o p t i c a l  l i g h t  curves  ( H a l l  
1981; Rodono 1981) t h a t  is g e n e r a l l y  expla ined  by an uneven d i s t r i b u t i o n  of 
dark,  cool  photospher ic  s p o t s  (cf. Eaton and Hall 1979). There is evidence  
t h a t  the  chromospheric Ha and Ca 11 H and K emission l i n e s  P 9 b r i g h t  when 
the v i s i b l e  hemisphere shows maximum coverage by t h e  dark s p o t s  ( c f .  Dupree 
l981). 

a)  What We Have Learned from E i n s t e i n  

1. Using t h e  HEAO-1 A2 experiment,  Walter et  al. (1980) d e t e c t e d  15 ou t  
of 59 systems observed wi th  l u m i n o s i t i e s  i n  the  range L, = 103°*5-1031*6 e r g s  
8-l. and a s c r i b e d  the nonde tec t ions  to  t h e  s e n s i t i v i t y  th re sho ld  of HEAO-1 . 
As a consequence of its lower s e n s i t i v i t y  th re sho ld  the E i n s t e i n  IPC has 
de tec t ed  a t  least 47 systems with L, - 1029*4-1031*5 ergs s’l and 
~ o ~ ( L ~ / L B ~ ~ )  i n  t h e  range -4.9 t o  -2.4 (c f .  Walter and Bowyer 1981). 
ther ,  the  k / L g o l  r a t i o  does not depend on the  g r a v i t y  of the  cooler star 
i n  the  system ( u s u a l l y  the more a c t i v e  star) over two decades i n  g r a v i t y .  

- 

Fur- 

2. Walter and Bovyer (1981) showed t h a t  b / L ~ ~ l  - 0 ,  the angu la r  ve- 
l o c i t y  of t h e  star wi th  the most a c t i v e  chromosphere in the system. S ince  
s i n g l e  G-type stars fo l low the same r e l a t i o n s h i p  (Walter 19811, the  b r i g h t  
X-ray luminos i ty  of the  RS Cvn systems is not a d i r e c t  consequence of 
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b i n a r i t y ,  but r a t h e r  a r e s u l t  of r ap id  r o t a t i o n  which is i n  t u r n  produced by 
t ida l ly-enforced  synchronism of r o t a t i o n  and o r b i t a l  motion. Rapid r o t a t i o n  
presumably r e s u l t s  i n  s t rong  dynamo-generated magnetic f i e l d s  i n  stars w i t h  
deep convect ive zones. 

3. HEAO-1 observa t ions  of Walter et  al. (1980) and Garcia et  al. 
(1980) i nd ica t ed  t h a t  RS CVn systems have r a t h e r  ho t ,  v a r i a b l e  spectra. 
Subsequently,  Swank - ec al. (1981) were a b l e  t o  o b t a i n  low r e s o l u t i o n  s p e c t r a  
of 7 RS CVn systems and Algol (a con tac t  e c l i p s i n g  system) wi th  t h e  E i n s t e i n  
SSS d e t e c t o r .  Assuming t h a t  t he  X-ray emission is from an o p t i c a l l y  t h i n  
thermal plasma i n  c o l l i s i o n a l  i o n i z a t i o n  equi l ibr ium,  they found t h a t  t h e  
s p e c t r a  can be f i t  by !NO components - a warm com 

t h e  two components l i e  i n  t h e  range Lwal.0 = 1030-1031 e r g s  8-l and Lhot = 
1029*3-1031*3 e r g s  8-l. 
hot  component v a r i e s  3 a f a c t o r  of 2. The r a t i o  Lhot/twarm lies i n  t h e  
range 0.1 ( f o r  t he  104 
Since  the hot  components vary whi le  t h e  warm components do no t ,  t h e  two 
components probably o r i g i n a t e  in s e p a r a t e  plasmas. 

nent  wi th  Twarn = 4-8 x 
lo6 K, and a hot  component wi th  That = 20-100 x 10 I? K. The l u m i n o s i t i e s  of  

The warm component appears  not  t o  vary,  whi le  t h e  

Capel la  system) t o  4 ( f o r  t h e  6.5d UX A r i  system). 

4. I n  a l l  l i k e l i h o o d  the emitting s t r u c t u r e s  are c losed  magnetic 
loops.  This  hypothesis  Is based on solar analogy, the  appearance of l a r g e  
dark s t a r s p o t  groups on the  photospheres  of t hese  stars, and the i n a b i l i t y  
of these  stars t o  conf ine  t h e  observed hot  plasma by g r a v i t y  a lone.  Swank 
e t  al .  (1981) and Walter et al. (1980) assumed t h e  Rosner, Tucker, and 
Vaiana (1978) s c a l i n g  l a w  f o r  magnetic f l u x  tubes with  the  fa l lowing  re- 
s u l t s .  I f  t h e  gas p re s su re  i n  the  loops is roughly 10 dynes cur2, similar 
to the l a r g e s t  p re s su res  seen i n  s o l a r  a c t i v e  reg ion  loops ,  then  the loop 
s i z e s  f o r  the  warm plasma are small compared t o  the  stellar r a d i i  and t h e  
hot  loops have sites comparable to t h e  b inary  sepa ra t ions .  I f ,  on the  o t h e r  
hand, the  loop p res su res  are 1100 dynes then both the  warm and hot 
loops are smaller than t h e  s te l lar  r a d i i  i n  s ca l e .  There is no compell ing 
evidence ye t  as t o  which pressure  is c o r r e c t ,  but t he  absence of l a r g e  
changes i n  the  X-ray f l u x  from AR Lac dur ing  primary and secondary e c l i p s e  
(Swank et al. 1981) sugges ts  t h a t  t he  e m i t t i n g  reg ions  may be comparable t o  
t h e  b inary  s e p a r a t i o n  i n  t h i s  system. 
a c t i o n s  between loops from the  two stars, which Simon, Linsky, and S c h i f f e r  
( 1980) proposed as the mechanism re spons ib l e  for flares i n  these  systems. 

- 

This raises the p o s s l b i l i t y  of i n t e r -  

b) Some Important Unanswered Questions 

1. What are the  geometr ies  of the  X-ray emitting reg ions  in t hese  sys- 
tems? 
o r b i t  with X-ray energy d i s t r i b u t i o n  photometry and u l t r a v i o l e t  spectroscopy 
can determine the l o c a t i o n  of t he  hot  and warm loops a A t h e i r  r e l a t i o n  t o  
t h e  spots .  
surements of e l e c t r o n  d e n s i t i e s  and thus  p re s su res  and loop s i z e s  us ing  
appropr i a t e  s c a l i n g  laws. 
f r a c t i o n  of t he  a v a i l a b l e  volume t h a t  is f i l l e d  by loops. 

Monitoring t h e  X-ray and u l t r a v i o l e t  emission dur ing  a f u l l  b inary  

Also moderate r e s o l u t i o n  X-ray spectroscopy w i l l  permit mea- 

Such d a t a  w i l l  a l s o  provide information on t h e  

2. Is the  r a d i a t i o n  i n  the  hot component indeed thermal and why is 
t h i s  plasma so hot?  The answer t o  t h i s  ques t ion  w i l l  r e q u i r e  a hard X-ray 
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spectroscopy instrument  t h a t  can monitor t h e s e  s y s t e m  to  s tudy  t h e i r  
v a r i a b i l i t y  time scales. 

3. What are the  mechanistus r e spons ib l e  f o r  f l a r e s  i n  these  systems? 
Two k inds  of obse rva t ions  are needed. F i r s t ,  we need to monitor t h e s e  sys- 
tems dur ing  f l a r e s  with moderate r e s o l u t i o n  X-ray spectroscopy and u l t r a -  
v i o l e t  spectroscopy to determine v a r i a t i o n s  i n  t h e  X-ray and ul t raviolet  
f l u x e s ,  temperatures ,  and e l e c t r o n  d e n s i t i e s  wi th  ttme. Second, we need to 
determine the  plasma f lows ,  perhaps i n  i n t e r a c t i n s  f l u x  tubes  from t h e  two 
stars or o the r  binary i n t e r a c t i o n s .  Such measurements r e q u i r e  high resolu-  
t i o n  X-ray and u l t r a v i o l e t  spec t r a .  

1x0 HOT STARS 

a) What We Have Learned from E i n s t e i n  

1. E i n s t e i n  discovered t h a t  t h e  0 and B $tars are t h e  b r i g h t e s t  X-ray 
sources  among a l l  nondegenerate stars, d e s p i t e  p r i o r  p r e d i c t i o n s  t h a t  t h e s e  
stars should not have hot o u t e r  atmospheres on t h e  basis t h a t  they l ack  con- 
vec t ive  zones and thus a c o u s t i c  wave h e a t i n g  processes  should be i nope ra t ive .  
Harnden et al .  (1979) and Seuard et  al. (1979) repor ted  t h e  i n i t i a l  E i n s t c i n  
obse rva t ions  of luminous 0 stars i n  t h e  Cyg OB2 a s s o c i e t i o n  and the  reg ion  
around t h e  q Carinae nebula,  f i nd ing  t h a t  Lx is t y p i c a l l y  *1033*7 e r g s  8-l 
f o r  t hese  stars. Subsequent obse rva t ions  of ho t  stars by Long and White 
(1980), Vaiana et al .  (19811, P a l l a v i c i n i  et al. (19811, and C a s s i n e l l l  et al. 
(1981) have led  t o  the  r e s u l t s  t h a t  t y p i c a l  l u m i n o s i t i e s  are 1031-1033 e r g s  
s-l f o r  t he  0 dwarfs,  1027-1030*7 e r g s  8-l f o r  t h e  B8 V- A1 V stars, 

e r g s  8-l f o r  t h e  0 supe rg ian t s  and <lo3’ e r g s  8-l f o r  the la te  B su- 
pe rg ian t s .  The reason t h a t  t hese  stars were not  observed as X-ray sources  
p r i o r  t o  E i n s t e i n  is t h a t  they are g e n e r a l l y  more than 100 pc d i s t a n t ,  es- 
p e c i a l l y  the  0 supe rg ian t s ,  so t h a t  t h e  apparent  X-ray f lux of t h e  b r i g h t e s t  
source ,  C Pup (04 f ) ,  is only 1 x lo-” e r g s  an-* 8 - l ,  c l o s e  to the  HEAO-1 
th reshold .  

- 

- - 

2 .  P a l l a v i c i n i  - et al. (1981) repor ted  t h a t  h / L b O l  = 1.4 x 10-7 f o r  
most 03-A3 stars i n  t h e i r  sample, independent of spectral type and luml- ~. 

n o s i t y  c l a s s .  
C a s s i n e l l i  e t  ale (1981) found a similar r e s u l t ,  L&bol - 1.6 x f o r  
Bl and h o t t e r  supe rg ian t s ,  but t h i s  r a t i o  is perhaps a f a c t o r  of 3 smaller 
i n  the  later B superg ian ts .  The roughly cons t an t  value of L x / L b l  f o r  t he  
hot  q t a r s  sugges t s  t h a t  only one mechanism is respons ib le .  

Using a sample of 21 Superg ian ts  o f - s p e c t r a l - t y p e  04-A2, 

3.  P a l l a v i c i n i  et al .  (1981) searched without  success  f o r  any correla- 
t i o n s  between & or L x 1  with r o t a t i o n a l  v e l o c i t i e s  (v s i n  I). 
r o t a t i o n  does not play an important r o l e  i n  determining t h e  X-ray emission 
from t h e s e  stars. 

Thus 

4. The 0 an4 B stars e s p e c i a l l y  supt - rg ian ts ,  e x h i b i t  r ap id  mass loss 
wi th  rates up to  M - 104’ Me yr-l  and terminal v e l o c i t i e s  up to v, - 3 5 0 0  km 
8- l -  C a s e i n e l l i  (19791, Cont i  (19811, Lamers (1981) and o t h e r s  have reviewed 
t h e  p r o p e r t i e s  of these  winds and how they are der ived  from P Cygni-type i i n e  
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p r o f i l e s  and V U  observa t ions .  Garmany et al. (1981) found t h a t  k - 4*73, 
and compared t h i s  r e s u l t  with t h e  p r e d i c t i o n s  of r a d i a t i v e l y  d r iven  stefiar 
wind theory. 
wind flow, L,/1/2 Mvi - 
r a t h e r  the  wind could be respons ib le  f o r  c r e a t i n g  the  X-rays. 

The g a t i o  of X-ray luminosi ty  t o  the  k i n e t i c  energy i n  the  
Thus t h e  X-rays do not  d r i v e  t h e  wind, but 

5 .  The measurement of cons iderable  s o f t  X-ray f l u x  at  e n e r g i e s  below 
1 L V  has played a c r u c i a l  r o l e  i n  understanding the  o r i g i n  of the  X-rays 
from the  hot  stars. Long and White (1980) argued t h a t  t h e  l a r g e  column 
d e n s i t i e s  of the wind i n  0 supe rg ian t s  should absorb a l l  the  s o f t  X-ray 
emission from a hot  corona l y i n g  a t  t h e  base of t he  wind as proposed by 
C a s s i n e l l i  and Olson (1979). Thus the  X-ray emi t t i ng  region must be dis -  
t r i b u t e d  throughout t he  wind, and Long and White (1980) proposed t h a t  both 
hot (-3 x lo6 K) and cool  (-3 x lo4 K) plasma c o e x i s t  i n  t he  winds of these  
s t a r s .  C a s s i n e l l i  et al. (1981) discussed  c o n s t r a i n t s  on the  range of ho t  
plasma temperatures  and wind column d e n s i t i e s ,  assuming the  hot plasma is 
embedded i n  the  wind. 

6. Lucy and White (1980) proposed a phenomenological theory  t o  exp la in  
the  observed X-ray emission from hot  s ta r  winds. As a working premise,  they 
accepted earlier c a l c u l a t i o n s  t h a t  wfnds dr iven  by r a d i a t i o n  p res su re  i n  
l i n e s  a r e  uns t ab le ,  s i n c e  d e n s i t y  enhancements w i l l  feel g r e a t e r  accelera- 
t i o n  than the  surrounding gas and the  increased  ve loc i ty  w i l l  result  i n  
g r e a t e r  a c c e l e r a t i o n  as the  abso rp t ion  l i n e s  are Doppler-shif t ed  i n t o  the  
b r i g h t  s te l lar  continuum of the  star. Lucy and White (1980) proposed t h a t  
t h i s  mechanism w i l l  produce d e n s i t y  enhancements i n  the  wind t h a t  are rad ia-  
t i v e l y  dr iven  through the  ambient gas and confined by ram pressure .  These 
enhancements ( t h e  so-cal led b lobs)  w i l l  form hot b w  shocks t h a t  r a d i a t e  t he  
observed s o f t  X-rays. Cass ine l l '  et al. (1981) discussed  the  v a l i d i t y  of 
t h i s  mechanism and competing mechanisms f o r  exp la in ing  the  E i n s t e i n  d a t a  as 
w e l l  as such i o n i z a t i o n  anomalies such as the 0 V I / O  I V  r a t i o .  

b) Some Important Unanswered Quest ions 

1. What hea t s  the  hot plasma i n  these  stars and where is It loca ted?  
I n  p a r t i c u l a r ,  is t h e  Lucy-White mechanism v a l i d ,  or can such a l t e r n a t i v e  
mechanisms as a hot corona near t h e  base of the wind o r  s p a t i d  s e p a r a t i o n  
of a hot corona from the expanding cooler  gas by magnetic f i e l d s  (Rosner and 
Vaiana 1980) better exp la in  the  da t a?  To answer t h i s  ques t ion  one needs 
low r e s o l u t i o n  s p e c t r a  t o  measure both t h e  temperature  and a t t e n u a t i o n  as a 
func t ion  of time (and thereby aspect a n r y e  due t o  s t e l l a r  r o t a t i o n )  f o r  both 
dwarf and superg ian t  0 and B stars. Observing s t a r s  of d i f f e r e n t  s p e c t r a l  
types and luminos i t i e s  is important because t h e r e  is evidence t h a t  t he  X- 
rays are crea ted  by only one mechanism i n  the  hot s t a r s  but t h e  i o n i z a t i o n  
s t a t e  of the  wind depends c r i t i ca l ly  on s p e c t r a l  type. 

2. What a r e  tile processes  r e spons ib l e  for  t h e  i o n i z a t i o n  e q u i l i b r i a  
seen i n  these  stellar winds, and, i n  p a r t i c u l a r ,  what is r e spons ib l e  f o r  t he  
i o n i z a t i o n  anomaly of 0 V I ?  To address  t h i s  ques t ion  we need t o  know t h e  
range of temperatures  and e l e c t r o n  d e n s i t i e s  i n  these  winds from moderate 
r e s o l u t i o n  X-ray s p e c t r a  as w e l l  as contemporaneous measurements of u l t r a -  
v i o l e t  l i n e  p r o f i l e s ,  e b p e c i a l l y  the  0 I V  h1032, 1037 doublet .  
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3. What mechanism are re spons ib l e  f o r  the  a c c e l e r a t i o n  of hot  star 
winds? What we now know about t hese  winds is based only on u l t r a v i o l e t  
s p e c t r a  t h a t  t e l l  us  only ebout t he  flow p r o p e r t i e s  of plasma coo le r  than 
2 x lo5 K. 
flows f a s t e r ,  moderate r e s o l u t i o n  X-ray spectra should be a b l e  t o  measure 
the  flow p r o p e r t i e s  of t h i s  component. 

Since hot gas may be embedded i n  the  coo le r  wind and perhaps 

4. S imi l a r  types  of measurements are needed t o  s tudy  t h e  poor ly  
understood winds and coronae i n  Wolf-Rayet stars. 
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