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The mass l o s s  f rom coo l  g i a n t  s t a r s  i s  considered on t h e  ba- 

s i s  o f  a  h y b r i d  mechanism i n v o l v i n g  chromosphere evapora t ion  and radia-  

t i o n  pressure on molecules.  D i f f e r e n c e s  between t h e  p resen t  model and 

p u r e l y  r a d i a t i v e  winds a r e  s t ressed .  l n  p a r t i c u l a r ,  average chromos- 

p h e r i c  temperatures a r e  es t imated  which a r e  compat ib le  w i t h  t h e  p re -  

v i o u s l y  determined mass l o s s  r a t e .  

A perda de massa de e s t r e l a s  g igan tes  vermelhas é cor is idera-  

da, com base em um mecani snio h í b r i d o  envolvendo a evaporação de uma 

cromosfera e a ação da pressão da radiação e s t e l a r  em m o l ~ c u l a s .  São 

ass ina ladas as p r i n c i p a i s  d i f e r e n ç a s  e n t r e  o presente modelo e modelos 

de ventos puramente r a d i a t i v o s .  Em p a r t i c u l a r ,  são o b t i d o s  v a l o r e s  me- 

d i o s  para a temperatura da cromosfera que sejam compat íve is  com a taxa 

de perda de massa previamente determinada. 

1. INTROUUCPION 

Late- type  g i a n t  s t a r s  l o s e  mass t o  t h e  i n t e r s t e l l a r  mediumat 

a r a t e  t y p i c a l  l y  i n  the  range 10-' ,$ d?A/dt ( ~ ~ ~ r - l )  < 1 0 - ~  (see f o r  

example re fe rence  1 ) . Severa1 mechan i sms have been proposed t o  e x p l a  i n 

t h i s  pheno?ienon2'3'4, i n c l u d i n g  t h e  a c t i o n  o f  r a d i a t i o n  p r e s s u r e  on 

g r a i n s 5 "  and m o ~ e c u l e s ~ ' ~ " .  A d e t a i l e d  s tudy  o f  t h e  ~ a t t e r ~ ' ~  wa s 

a b l e  t o  produce a mass l o s s  r a t e  &/dt = 1.3 I O - ~  ~ ~ y r - '  f o r  a coo l  M 

g i a n t  wi t h  M* = 1 Mo, Tef = 2000 K a n d  R, = 6.96 1013cm,taking i n t o  

account i n f r a r e d  mo lecu la r  a b s o r p t i o n  bands o f  C O ,  H,O and OH. I n  t h a t  



model t h e  cool  s t e l l a r  envelope - as de tec ted  f o r  example by d i s p l a c e d  

c i r c u m s t e l l a r  l i n e s ,  o r  OH maser emiss ion ( i n  t h e  case o f  M i r a  V a r i a-  

b les;  - was assumed t o  begin r i g h t  above t h e  s t e l  l a r  photosphere, t h a t  

i s ,  t h e  base R o f  the  envelope was taken t o  be R R,. I n  o t h e r  words, 

the  p o s s i b i l i t y  o f  the  e x i s t e n c e  o f  a  chromosphere-corona above t h e  

photosphere was n o t  taken i n t o  account7.  As i t wi l l be seen i n  t h e  nex t  

s e c t i o n ,  evidences have been r e c e n t l y  gathered on t h e  l o c a t i o n  on t h e  

HilQ diagram and phys ica l  c h a r a c t e r i s t i c s  o f  reg ions  h o t t e r  than t h e  

s t e l l a r  photosphere. The main e f f e c t s  o f  such reg ions  on t h e  envelope 

s t r u c t u r e  would be a displacement o f  t h e  coo l  l a y e r s  and some gas ac- 

c e l e r a t i o n  through a p u r e l y  thermal expansion. 

I n  t h e  present  paper, we have considered a s imp le  &I  chro -  

mosphere a t  t h e  base o f  the  envelope i n  a d d i t i o n  t o t h e  coo l  l a y e r w h e r e  

molecule fo rmat ion  takes p lace .  We have i n  t h i s  way es t imated  t h e  ave- 

rage chromospheric temperature compat ib le  w i t h  t h e  mass l o s s  r a t e  p re -  

v i o u s l y  determined. 

I n  s e c t i o n  2 recen t  da ta  on chromospheres o f  l a t e- t y p e g i a n t s  

i s  reviewed. I n  s e c t i o n  3 t h e  envelope s t r u c t u r e  i s  developed, and i n  

s e c t i o n  4 t h e  r e s u l  t s  r e l a t i n g  t o  chromospheric parameters a r e  d iscus-  

sed . 

2. CHROMOSPHERES OF COOL GIANT STARS 

T r a d i t i o n a l l y ,  the  presence o f  warm chromospheres around l a -  

t e - t y p e  s t a r s  i s  i n d i c a t e d  by emiss ion  l i n e s  such as Ca I I  H (  A 3968A) 

and ~ ( A 3 9 3 4 A )  '. I n  recen t  years,  however, u l  t r a v i o l e t  observa t  ions by 

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  Exp lo re r  (IUE) have c o n s i d e r a b l y  extended 

our knowledge on t h e  l o c a t i o n  o f  chromospheres on t h e  HR d i a g r a m g ' l O .  

The main l ines  de tec ted  a r e  t h e  Mg l l resonance doub le t  h ( A 2 8 0 3 ~ )  and 

k ( A 2 7 9 6 ~ ) ,  Fe I  I  (X2586A; 2631A), O I (A1305A, 1 3 5 5 ~ ) ,  and Si l l  (X1808A, 

1817A). Most observed l a t e - t y p e  g i a n t s  and superg ian ts  p resen t  Ca I I ,  

Mg I I  and Fe I1 i n  emiss ion,  a l though  f o r  t h e  extreme ?4 g i a n t s  an i n -  

ve rse  c o r r e l a t i o n  seems t o  e x i s t  between Ca I I  emiss ion and i n f r a r e d  

e x c e ~ s ~ ~ ' " .  Emp i r i ca l  temperature es t imates  f rom t h e  chromospheric 



l i n e s  i n d i c a t e  an upper l i m i t  T 2 20000 K f o r  g i a n t s  and superg ian ts  

l a t e r  than about K5. Some examples a r e  presented i n  t a b l e  1 .  The upper 

l i m i t s  g iven  ( re fe rences  9,12,14,15,16) i n d i c a t e  t h e  absence o f  h o t t e r  

chromospheric UV l i n e s  frorn I U E  observa t ions .  The average temperature 

o f  5000 K f o r  a O r i  was es t imated  by Larnbert and s n e l l 1 3  on t h e  b a s i s  

o f  a  chromospheric c o n t r i b u t i o n  t o  the  observed i n f a r e d  excess. The 

temperature range f o r  t h i s  s t a r  comes f rom model c a l c u l a t i o n s  rnatching 

t h e  Ca I I  and Mg I I 1 ines" . Table 1 i l l u s t r a t e s  w e l l  t h e  f e e l  i n g  t h a t  

average chromospheric temperatures do n o t  exceed 4 0 4 K  f o r  t h e  l a t e  M 

g i a n t s  and superg ian ts .  The g i a n t s  o f  s p e c t r a l  t ype  l a t e r  than about 

M5, i n  p a r t i c u l a r ,  do n o t  present  temperatures g r e a t e r  than  2i 8000 K ,  

which i s  suppor ted by t h e  absence o f  Mg I I  emiss ion  i n  W 

Table 1 - Average chrornospheric temperatures 

- 
Star  

-- 

a Tau 

a Cet 

cc O r i  

B Gru 

R A q l  

R Aqr 

W Hya 

Spectra l  t ype  

K5 I I I  

MO I I I  

M 2  l ab  

M2 I I  

M5e-~8e  I I I  

M 7  1 1 1  

M8e-M9e 1 1 1  

ternperature (K) r e f  erence 

The presence o f  t r a n s i t i o n  reg ions  around s t a r s  has been i n -  

d i c a t e d  by IUE observa t ions  of C I I  (X1335A), S i  I V  (A1394A, 1403A), 

among o t h e r  1 i n e s l O ,  IUE can d e t e c t  such reg ions  up t o  2i 2 10' K, and 

recent  i n v e s t i g a t i o n s  show t h a t  e s s e n t i a l l y  no s t a r  t o  t h e  r i g h t  o f t h e  

Linsky-Haisch d i v i d i n g  l i n e  e x h i b i t s  t r a n s i t i o n  r e g i ~ n s ' ~ ? " .  A l though 



the  exact  p o s i t i o n  o f  t h e  d i v i d i n g  l i n e  mãy be u t x e r t a i n ,  i t  seems t h a t  

no t r a n s i t i o n  reg ions  a r e  present  around M g i a n t s  and superg iants .The 

same i s  t r u e  regard ing  t h e  s t i  l l h o t t e r  ccronae (9 106 K), which can 

be de tec ted  through s o f t  X- ray f l u x  as observed by t h e  E i n s t e i n  X- ray 

observa to ry  ( H E A O - z ) ~ " ' .  Recent inves t iga , t i ons  have f a i  l e d  t o  detecc 

such reg io i i s  on g i a n t / s u p e r g i a n t s  l a t e r  than a b o u t X 5 .  As an example, 

the i ipper i i n i t s  o f  the X- ray f l u x  f o r  a O r i  (M2 l ab )  and a Sco (M: lb) 

a r e  about l o 3  t imes lower than t h e  f l u x  o f  the  s o l a r  c o r o n a l  h o -  

!es"". Th is  r e s u l  t can be i n t e r p r e t e d  as e i  t h e r  no corona i s  p resen t  

c r  t h e  coronal  emiss ion measure i s  t o o  small  t o  be observed. 

3. ENVELQPE STRUCVURE 

F i g u r e  1 shows s c h e m a t i c a l l y  the  assumed moael geometry. The 

h y ò r i d  envelope c o n s i s t s  o f  a  warm chromosphere above t h e  s t e l l a r  pho- 

tosohere, surrounded by a  c001 l a y e r  c o n t a i n i n g  atomic gas and molecu- 

l e s .  The s t r u c t u r e  o f  the  coo l  p a r t  o f  t h e  envelope has been d e s c r i t e d  

i n  d e t a i l  e lsewhere6.  Steadystate f l o w  wi  t h  s p h e r i c a l  symmetry i s  as-  

sumed, and a t  l a r g e  d is tances  f rom t h e  sear t h e  yas expands a d i a b a t i -  

c a l l y .  Since we a r e  p r i m a r i l y  i n t e r e s t e d  i n  a rough e s t i m a t e  o f  ch ro -  

mospheric parameters, we w i l l  assume the  chromosphere t o  be u p t i c a l l y  

COOL ENVELOPE '/ 

F i g . 1  - Schernatir view o f  thr  rnodel geometry. 



t h i n  and isothermal  a t  a  temperature T. N a t u r a l l y ,  t h i s  i m p l i e s  t h e  

e x i s t e n c e  o f  an energy source f o r  t h e  chromosphere, which i s  n o t  spe- 

c i f i e d  ii? o u r  model. For  a more d e t a i l e d  d i s c u s s i o n  on n p -  t h e r m a l  

energy i n p u t  i n  s t e l l a r  chromospheres the  reader  i s  r e f e r r e d t o  rev iews 

8 and 17. 

Accord ing t o  f i g u r e  1, t h e  depth o f  t h e  chromosphere i s  AI. = 

= R-R,, rio t h a t  i n  t h e  p resen t  model R c h a r a c t e r i z e s  t h e  p o i n t  where 

temperature decrease takes p lace .  

Apar t  f rom the  equa t ion  o f  s t a t e  (T = cons tan t )  f o r  R,<r<R, 

t h e  main d i f f e r e r i c e  I n  t h e  model equa t ions  f rom t h e  p rev ious  mode16 i s  

t h e  absence o f  t h e  r a d i a t i o n  p ressure  term i n  t h e  mornentum equat ion,as 

no molecules a r e  expected t o  s u r v i v e  t h e  h i g h  chromospheric temperatu- 

res .  The equa t ion  can be w r i t t e n  as 

where V ,  P a n d o a r e  t h e  gas v e l o c i t y ,  p ressure  and d e n s i t y ,  r e s p e c t i -  

v e l y .  

As d i  scussed i n  re fe rence  18, t h e  f low equat ions  i n  t h e  i so- 

thermal case can be so lved a n a l y t i c a l l y ,  and f o r  t h e  so- ca l led  t y p e  3 

s o l u t i o n l B  idV/dr > O a t  r = r and V > VC f o r  r > r ) t h e  v e l o c i t y  
C 

s t r u c t u - e  i s  g iven  by 

where the  s u b s c r i p t  c r e f e r s  to  t h e  c r i t i c a l  p o i n t ,  a t  wh ich  V equals  

t h e  speed o f  sound 

and IJC i s  equal t o  the ~ ~ I t i c d l  r s d i u s  



4. RESULTS AND DISCUSSION 

I n  t h e  p rev ious  mode16, the  d e r i v e d  mass l o s s  r a t e  impl i e d  

t h a t  t h e  gas i s  moving a t  V = 3 . 3  km/s a t  r / R  1 .  I n  the  present work 

we assume t h a t  t h e  gas a c c e l e r a t i o n  up t o  t h i s  p o i n t i s c a u s e d  by ch ro -  

mospheric evapora t ion .  I t  i s  then i n t e r e s t i n g  t o  de te rmine thechromos-  

p h e r i c  parameters compat ib le  w i t h  t h i s  s i t u a t i o n ,  t h a t  i s ,  under which 

c i rcumstances chronosphere evapora t ion  would p r o v i d e  i n i t i a l  acce le ra -  

t i o n  w i t h o u t  a p p r e c i a b l y  d i s t u r b i n g  t h e  s t r u c t u r e  o f  t h e  c001 envelope. 

Therefore,  we should l o o k  f o r  chromospheric temperatures f o r  which 

&/R* << 1 ,  s ince  i n  t h i s  case t h e  changes on t h e  p h y s i c a l  parameters 

would be sma l l .  The chromosphere i s  then assumed t o  extend up t o  V 2 

2 3 . 3 4  km/s, where a c c e l e r a t i o n  by r a d i a t i o n  p ressure  on molecules t a -  

kes o v e r .  

F i g u r e  2 shows t h e  chromospheric dep th  &/R,  as a f u n c t i o n  o f  

t h e  average temperature T. I t  can be seen t h a t  

f o r  

On t h e  o t h e r  hand, f o r  

t h a t  i s ,  f o r  T > 6500 K our  assumption t h a t  t h e  base o f  t h e  chromos- 

phere c o i n c i d e s  w i t t i  t h e  pho tospher i c  r a d i u s  i s  n o t  v a l i d .  Therefore,  

t h e  average chromospheric temperature i s  g iven  by 

i f  the  genera l  c h a r a c t e r i s t i c s  o f  the  coo l  envelope a r e  t o  be ma 

ned. I n  o t h e r  words, chromosphere h o t t e r  than about 6500 K would 

more s u b s t a n c i a l  a l t e r a t i o n s  on the  envelope s t r u c t u r e .  

i n t a  

i mp 



F i g . 2  - Chromospheric depth (&/R,) as a function o f  the average tempera- 

rure o f  the  chromosphere. 

I t  i s  d i f f i c u l t  t o  determine T b e t t e r  than g iven  by  (7) s i n -  

ce t h e  p resen t  model invo lves  r a t h e r  crude assumptions on t h e  envelope 

s t r u c t u r e .  However, i f  t h e  gas i s  assumed t o  be n e a r l y  a t  r e s t  a t  t h e  

base o f  t h e  chromosphere, T would be near t h e  lower  l i m i t  o f  ( 7 ) ,  na- 

mely T < 4000 K. N a t u r a l l y ,  the  i n i t i a l  v e l o c i t y  cannot be e x a c t l y  

zero,  s i n c e  i n  our  model con t inuous  mass l o s s  i s  assumed. 

The average temperatures g i v e n  by (7)  a r e  q u i t e  r e a s o n a b l e ,  

i n  v iew o b u r  d i s c u s s i o n  i n  Sec t ion  3 .  I t  should be kep t  i n  mind t h a t  

the  present  model a p p l i e s  e s s e n t i a l l y  t o  t h e  c o o l ,  l a t e  I4  g i a n t s ,  f o r  

which a v a i l a b l e  evidentes i n d i c a t e  T 2 8000 K. I n  c o n c l u s i o n , t h e  p r e-  

sente o f  such a r a t h e r  c001 chromosphere would be compat ib le  w i t h  mass 

l o s s  by r a d i a t i o n  pressure,  p r o v i d i n g  i n  a d d i t i o n  an i n i t i a l  p u l l  a t  

t h e  base o f  the  s t e l l a r  envelope. 

I t  i s  i n t e r e s t i n g  t o  i n v e s t i g a t e  the  r e l a t i o n s h i p  between 

chromosphei-esandmass l o s s  i n  g r e a t e r  d e t a i l ,  by c o n s l d e r i n g  a more va-  

r i e d  s e t  o f  s t e l l a r  parameters. T h i s  i s  expected soon t o  become p o s s i -  

b l e ,  as more da ta  on chromospheric i n d i c a t o r s  on t h e  HR diagram accu- 

mu la te .  

Th is  work was p a r t i a l l y  supported by CNPq. 
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