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Abstract I n  t h i s  work we ob ta in  rnolecular and atomic abundances i n  
meta l- r ich  red g ian t  envelopes, based on the d i ssoc ia t i on  equ i l i b r i um 
theory. Nuniber dens i t i es  o f  H, and S i O ,  and o ther  parameters are  a l so  
estimated i n  order t o  check S i0  maser pumping models i n  c i rcurns te l la r  
envelopes. 

1. INTRODUCTION 

Expanding c i r cums te l l a r  envelopes around red g ian t  s ta rs  have 

been In terpre ted as a consequence of mass loss  from the ~ t a r s ~ ' ~ ' ~ . ~ r o m  

the observat ional  standpoint, such phenomenon i s  indicated,  forexample, 

by b l u e s h i f t s  o f  m e t a l l i c  l i n e s  i n  absorpt ion4.  

Severa1 mechantsms have been proposed t o  exp la in  the observed 

mass loss  r a t e 3 ' 4 ' 5 .  According t o  Maciel 6 ' 7 ,  when the observed i n f ra red  

excess i s  not  st rong - which 1s the case o f  some l a t e  M- t ype  v a r i -  

ables - there  i s  an i nd i ca t i on  o f  low g ra in  densi ty,  and the r a d i a t i o n  

pressure on molecular bands o f  CO, H20 and OH can be important as a 

mass e j e c t l o n  mechanism. The concentrat ions o f  molecular speciesformed 

by H, C, N and O were obtained7 consider ing the supersonic region o f  

the f l o w  and r a d i a t i o n  pressure on molecular bands. I n  a l a t e r  work8, 

severa1 model envelopes have been ca lcu la ted w i t h  mass loss caused by 

the r a d i a t i o n  pressure on gra ins  and molecules. I t  was t h e n  assumed 

tha t  the v e l o c i t y  was constant throughout the  envelope and as a conse- 

quence the decrease o f  the gas temperature was slow near the base o f  

the envelope (r = R = R,, where R i s the base o f  the envelope and R, 

i s  the s t e l l a r  rad ius) .  Therefore, a continuous decrease i n  the mol- 

ecular  concentrat ions was obtained (see f i g u r e  2 o f  reference 81, and 

the obtained column dens i t i es  were in terpre ted as lower l i m i t s .  

In  the present work, we study the molecular s t ruc tu re  o f  a 

red g ian t  envelope according t o  the model developed by ~ a c i e l ~ ' ~ ,  con- 



s l d e r l n g  a  t o t a l  o f  53 mo lecu la r  species composed o f  H, C, N, O, S, S i ,  

Fe and Mg; specia: emphasis i s  g i v e n  t o  t h e  S i 0  molecule,  f o r  which we 

e s t i m a t e  t h e  column d e n s i t y  and some parameters r e l e v a n t  f o r  t h e d e t e r -  

m l n a t i o n  o f  t h e  pumping mechanism r e s p o n s i b l e  f o r  t h e  observed maser 

emiss ion.  F i n a l l y ,  t h e  p o s s i b i l i t y  o f  n u c l e a t i o n  o f  some a t o m i c  and 

mo lecu la r  species i s  a l s o  considered 

2. MOLECULAR STRUCTURE 

The p h y s i c a l  s t r u c t u r e  o f  t h e  envelope 

t h e  observed q u a n t i t i e s  - such as the  gas v e l o  

i s  p o o r l  y  known, s  ince  

ç I t y  - a r e  n o t s u f f i c i e n t  

t o  u n i q u e l y  determine a11 t h e  p h y s i c a l  parameters. 

The v a r i a t i o n  o f  t h e  gas temperature and v e l o c i t y  w i t h  t h e  pos- 

i t i o n  r/R, i n  t h e  inner  reg ions  o f  t h e  envelope i s  ob ta ined  by s o l v i n g  

numer ica l  l y  t h e  f l o w  e q u a t i o n s 6 ' 7 .  A  parabol  i c  leas t- square  f i t  o f  t h e  

d e n s l t y  p (g ~ m - ~ )  as a  f u n c t i o n  o f  t h e  temperature T(K) shows t h a t  

where a, = -3.5153, a, = 4 . 9 7 2 7 ~ 1 0 - ~ ,  a, = - ~ . Z Z I O X I O - ~ ,  w i t h  an e r r o r  

lower than 3%. I t  should be s t ressed  t h a t  equa t ion  ( I )  r e f e r s  t o  t h e  

envelope s t r u c t u r e ,  which i s  c l e a r l y  much l e s s  dense than t h e  s t e l l a r  

atmosphere. By p l a c i n g  t h e  base o f  t h e  envelope a t  r = R R,, i t  i s  

i m p l i c i t e l y  assumed t h a t  t h e  gas d e n s i t y  reaches t y p i c a l  envelopevalues 

(% 10' ~ m - ~ )  i n  a  small  f r a c t i o n  o f  t h e  envelope r a d i u s .  As shown by 

more recen t  c a l c u l a t i o n s 9 ,  t h i s  i s  a  reasonable hypo thes is  even i f  a  

moderate ly  warm chromosphere stands behind t h e  c001 envelope.  On the  

other hand, g iven the low ('L 10 km/s) gas v e l o c i t y ,  a gas dens i ty  o f  

t h e  o r d e r  o f  10-l6 g ~ m - ~  i s  necessary t o  e x p l a i n  t h e  observed r a n g e  

o f  the  mass l o s s  r a t e  (1 - 1 O - '  ~ @ / y e a r ) .  

I n  o r d e r  t o  determine t h e  mo lecu la r  abundances we assume t h a t  

t h e  i n c l u s i o n  o f  t h e  new species does n o t  change s e n s i b l y  t h e  dynami- 

c a l  s t r u c t u r e  o f  t h e  envelope. I n  o t h e r  words, t h e  mass l o s s  r a t e  

(111% M ~ r - I ) ,  t h e v a r i a t i o n  o f  p  and T w i t h  p o s i t i o n ,  a n d  i n -  
Q 

d i r e c t l y  t h e  r e l a t i o n  p (T)  g i v e n  by equa t ion  (1) a r e  n o t  s t r o n g l y m o d i -  

f i e d  by t h e  i n c l u s i o n  o f  t h e  new molecules.  As we d iscuss  l a t e r  i n t h i s  

sec t ion ,  such hypo thes is  i s  approx imate ly  v a l i d .  



The equ i l i b r  i um molecular dens i t i es  can be obtained through 

the d l ssoc ia t l on  equ l l ib r ium,  and the d i ssoc la t i on  constants used  i n  

the ca l cu la t i ons  have been recen t l y  ~ a l c u l a t e d ' ~ .  I n  v i e w  o f  o u r  

i n te res t  i n  the study o f  the nuc leat lon  o f  some compounds i n t h e s t e l l a r  

envelope, a metal r i c h  chemlcal composit ion. i s  adoptedll, which favours 

p a r t i c l e  formation. We f u r t h e r  consider the average .value12 N ( F ~ ) / N ( H )  

,= 1 . 1 ~ 1 0 - ~  iind N(S)/N (H) 5 , 9 ~ 1 0 - ~  (s i /S = 1.6). 

The r e s u l t s  a re  shown I n  Figures la -d .  Figure l a  shows the den- 
3 

s i  t les  (cm- ) o f  the most abundand species i n  the region 1 .O<r/R,rI .22, 

and can be d l r e c t l y  compared w i t h  published resu l t s 7,  except f o r  the 

inc lus ion  o f  S i O .  The p o s i t i o n  r/R, E 1.22 corresponds t o  t h e l ' c r i t i c a l  

radius", where the terminal  v e l o c i t y  i s  a t ta ined.  The molecular d e n -  

s i t y  p r o f i l e s  a re  p r a c t i c a l l y  i nd i s t i ngu i shab le  f r o m  t h e  o r i g i n a l  

curves, showing the agreement between the ( i n d e p e n d e n t )  numer l c a l  

methods used by ~ a c i e l ~  and i n  t h i s  study. The main d i f f e rence  occurs 

i n  the C0 p r o f i l e ,  which undergoes a decrease o f  the s rder  o f  0.3 i n  

l og  n, o r  oF a f a c t o r  2 i n  number dens i ty .  Natura l ly ,  t h i s  i s  due t o  

the f a c t  t h a t  p a r t  o f  the oxygen atoms are consumed i n  formingSiO mol- 

ecule, which was not  included i n  the o r i g i n a l  work. l t  i s  d i f f i c u l t  to  

est imate the e f f e c t  o f  such reduct ion i n  the  mass loss r a t e  w i  t h o u t  

ca l cu la t i ng  the complete envelope s t ruc tu re .  On the o ther  hand,  the 

maintenance o f  the gas dens i ty  (n  n ) va r i a t i ons ,  the s i ze  o f  the 
H' H, 

envelope and the (observed) f i n a l  v e l o c i t i e s ,  i nd i ca te  t ha t  the main 

physical pa~rameters of the envelope are  reta ined.  Therefore, the ob- 

served di f f isrence i n  the C0 p r o f f l e  does not  s t rongty  a f f e c t  the en- 

velope s t ruc ture ,  and the hypothesis made a t  the beginning o f t h i s s e c -  

t i o n  remains v a l i d ,  a t  leas t  i n  an approximate way. 

We sliould note tha t  the abundance ca l cu la t i ons  presented heredo 

not  take i n t o  account condensation e f f e c t s .  The n u c l  e a t  i o n  o f  any  

species would change the behaviour o f  the curves i n  Figure 1 ,  and f o r  

t h i s  p a r t i c u l a r  species the pa r t i a1  pressure would be l imited t o  the 

sa tura t lon  pressure. Such p o s s i b i l i t y  was checked by consider ing as 

candidates For the nuc leat ion  process the species C, S i C ,  S i ,  SiO,, Fe 
,,d Mg ' 3 , 1 " > 1 5  ' . As we can see from Figure 2, none o f  them a t t a i n s  the 

sa tura t ion  pressure over the temperature. range (1200 4 T ( K )  2000, 

r/R, 2 1.2),. I n  fac t ,  ~ r a i n e ' ~  concluded tha t  the format lon o f  s i 1  i ca te  

gra lns  i n  a oxygen-rich envelope (O/C 2.0) occurs a t  r > 2R,. Fur- 



thermore, the f l r s t  condensates t o  occur i n  such regions are probably 

s i l l c a t e s ,  aluminates etc., which are genera l ly  heavier t h a n  t h e  

species considered i n  t h i s  work. 

Fig.  Ia 

Fig.1 - Atomic and molecular abundances ( ~ m - ~ )  as func t ions  o f  p o s i t i o n  

(r/~,) and temperature (K) i n  the envelope. 



F ig .  I b  

Fig.  l - Atornic and molecular abundantes ( ~ m - ~ )  as funct ions o f  posi t i o n  

(r/~,)  and temperature (K) i n  the envelope. 



F i g .  l c  

F i g .  1 - Atomic and molecular abundantes ( ~ r n - ~ )  as  func t lons  o f  posi t i o n  

( r / ~ * )  and temperature (K) i n  the envelope. 



Fig .  l d  

Fig.1 - Atomic and molecular abundances ( c ~ n - ~ )  as functions o f  pos i t ion  

( r / ~ * )  and t:ernperature ( K )  i n  the envelope. 



Fig.2 - Sa tu ra t i on  (n ) and p a r t i a 1  d e n s i t i e s  o f  C, S i C ,  S i ,  SiO,, 
s a t  

Mg and Fe i n  the  c i r cu rns te l l a r  envelope. 



3. S i0  IN CIRCIJMSTELLAR ENVELOPES 

Since t h e  d e t e c t i o n  o f  S i 0  maser r a d i a t i o n  ( v l b r a t l o n a l  l e v e l  

v=1) ' 7, severa1 mechan i sms have been proposed t o  exp l  a  i n  t h e  i nvers  i o n  

o f  t h e  low ~ r o t a t i o n a l  l e v e l s  o f  t h e  e x c i t e d  v i b r a t i o n a l  l e v e l s  o f  t h i s  

molecule.  Kwan and ~ c o v l l l e ' ~  have considered t h e  s t e i l a r  i a d i a t i o n  as 

source o f  e x c i t a t i o n  f rom v=O t o  v=2, and t h e  i n v e r s l o n  o f  t h e  leve1 

v=l  i s  ob ta ined  by cascades f rom v=2. On t h e  o t h e r  hand, EI i t z u r 1 9  pro-  

posed t h a t  t h e  maser emiss ion takes p l a c e  i n  t h e  inner  s h e l l s  o f  t h e  

atmosphere. The l e v e l s  o f  t h e  V- s t a t e  a r e  c o l l i s i o n a l y  pumped f rom t h e  

fundamental s t a t e ,  decaying r a d l a t i v e l l y  t o  v-1. B u j a r r a b a l  and Nguyen 

- ~ - ~ i e u ~ O  have s t u d l e d  b o t h  c o l l  i s i o n a l  and r a d i a t  i v e  rnechan i sms.  

Al though t h e  c a l c u l a t i o n s  i n d i c a t e  t h a t  t h e  c o l l i s i o n s  can i n v e r t  t h e  

S i 0  t r a n s i t i o n s ,  t h i s  mechanism i s  c r i t i c i z e d  s i n c e  i t  i s  s t r o n g l y  de- 

pendent on v i b r a t l o n a l  and r o t a t i o n a l  c ross  s e c t i o n s  which a r e  n o t w e l l  

known. They have suggested t h a t  t h e  maser pumping i n  t h e  v - s t a t e  oper-  

a t e s  by a b s o r p t i o n  o f  i n f r a r e d  s t e l  l a r  r a d i a t i o n  ( 8 ~ )  f rom v - I  and 

o p t i c a l l y - t l i i c k  r a d i a t l v e  decay. T h i s  mechanism becornes e f f e c t i v e  i n  

t h e  lnner  reg lons  o f  t h e  envelope. 

The p h y s i c a l  c o n d i t i o n s  found i n  these models a r e  g i v e n  i n  Table 

1 (R and C stand f o r  " r a d i a t i v e "  and "c01 l i s i o n a l " ,  r e s p e c t i v e l y ) .  I t  

i s  i n t e r e s t i n g  t o  d iscuss  some parameters r e l a t e d  t o  t h e  S i0  molecule 

as d e r i v e d  i n  t h e  p resen t  work. A s i m i l a r  d i s c u s s i o n  on H20 and OH 

molecules w3s g i v e n  e a r l  l e r 7 .  

F i r s t ,  the  t o t a l  S i 0  column d e n s i t y  i s  %3. 
the  v a l u e  (5x10'' ~ m - ~ )  es t imated  w i t h o u t  t a k i n g  

a c c e l e r a t i o i i  a t  the  base o f  the  envelope8.  Th is  

t h e  S i0  behmes i n  a  way s i m i l a r  t o  CO,  c o n t r a r y  

t a t i o n s 8 .  

The inass l o s s  r a t e  i m p l i c i t e l y  assumed i n  

5 x 1 0 ' ~  cm-2 c l o s e  t o  

i n t o  account the  gas 

s  due t o  t h e  f a c t t h a t  

t o  e a r l  i e r  e x p e c -  

t h i s  paper i s a f a c t o r  

10 lower th,an ob ta ined  i n  model 3  (see Table 1) and w i t h i n  t h e  range 

considered by El i t z ~ r ' ~ .  From e a r l  i e r  c a l c u l a t i o n s 8  we can i n f e r  t h a t  

an increase i n  M by a  f a c t o r  10 i m p l i e s  an inc rease  o f  t h e  gas d e n s i t y  

by t h e  same f a c t o r .  

The p o s i t i o n  r /R, ,  i n  Table 1 corresponds t o  t h e  r e g i o n  o f  maxi- 

mum ampl i f i l i a t i o n ,  and o n l y  models 2(C) and 3(C) a r e  i n  agreement w i t h  

the  i n t e r v a l  considered i n  t h i s  s tudy.  The Si0 c o n c e n t r a t i o n  does n o t  



Table 1 

Model 
Pararneter T h i s  Work 

*liodel 1 :  Kwan and Scovil le (1974)". Model 2: El i tzur  (1980)". Model 3: Bujarrabal 
and Nguyen-Q.Rieu (1981)20. 

show any peak i n  t h e  c i r c u m s t e l l a r  envelope as we can see f rom F i g u r e  

l a :  a t  r % 9R,, n ( s ~ o )  i s  decreased by a  f a c t o r  100, and a t  r % 30 R, 

t h e  d e n s i t y  i s  reduced by a  f a c t o r  1000. On t h e  o t h e r  hand, t h e  i n -  

c l u s l o n  o f  a  h o t  chromosphere above t h e  p h o t o s p h e r e 3 ~ 9  cou ld  move t h e  

r e g i o n  o f  mo lecu la r  f o r m a t i o n  by an unknown f a c t o r  which cou ld  reach a  

cons iderab le  f r a c t i o n  o f  t h e  s t e l l a r  r a d i u s .  I n  t h e  case o f  p u l s a t i n g  

v a r i a b l e  s t a r s ,  t h e  p u l s a t l o n  c o u l d  have an analogous e f f e c t  b e c a u s e  

t h e  induced shockwave cou ld  change t h e a d i a b a t i c  behaviour  i n  t h e  

s t u d i e d  reg ion .  Thus, t h e  r e g i o n  o f  formation/maximum abundance o f  

rnolecules would be c l o s e r  t o  t h e  models ] (R)  and 3 ( ~ )  (see T a b l e  I ) .  

Accord ing t o  F i g u r e  1 ,  i n  t h e  r e g i o n  l.OR, - 1.06R, t h e  v e l o c i t y  

g r a d i e n t  i s  2 1 0 - l ~  km s- l /cm and r 2% 0.5 km S.', which ir l o w e r  

than t h e  observed l i n e  w i d t h  (% 1 km s- ' )  i n  maser t r a n s i t i o n l 7 . ~ h e r e -  

f o r e ,  t h e  maser a m p l i f i c a t i o n  i n  t h e  r a d i a l  d i r e c t i o n  c o u l d  be v i a b l e  

i f  t h e  p o p u l a t i o n  i n v e r s i o n  mechanism were e f f i c i e n t .  

The mo lecu la r  hydrogen densi  t y  i s  & 10' cm-3 and Z(H,) % 5x1 o7  
a t  t h e  " c r i t i c a l  p o i n t " .  Accord ing t o  Bu ja r raba l  and N g u y e n - Q -  

-RieuZ0,  i f  n(H,) à 1 ' 0 ' ~  cm-3 ( r a d i a t i v e  mechanism) t h e  maser emiss ion 
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Resumo 

Neste t r a b a l h o  são ca lcu ladas  abundâncias moleculares e a tômi -  
cas em envelopes de e s t r e l a s  g igan tes  vermelhas r i c o s  em meta is ,  com 
base na t e o r i a  do e q u l l l b r i o  de d issoc iação .  São est imados a lguns pa- 
râmetros r e l a t i v o s  à molêcula S i O ,  com o o b j e t i v o  de t e s t a r  os  modelos 
e x i s t e n t e s  de bombeamento do maser observado nestes envelopes. 


