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Grain-Gas Interaction in Envelopes of Red Giants 
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I n  t h i s  work a model f o r  t h e  e j e c t i o n  o f  the  dus t  s h e l l  o f  r e d  g i a n t  

s t a r s  through t h e  a c t i o n  o f  t h e  s t e l l a r  r a d i a t i o n  p ressure  i s  developed. 

Being rnomentum-coupled t o  t h e  gas, t h e  dus t  s h e l l  can d r i v e  an e f f e c t i -  

ve mass loss .  On t h e  o t h e r  hand, t h e  g r a i n  i n j e c t i o n  r a t e  i n t o  t h e  i n -  

t e r s t e l l a r  space can be es t imated .  

Neste t r a b a l h o  desenvolve-se um modelo para a e jeção  da camada de grãos 

de e s t r e l a s  g igan tes  vermelhas a t r a v é s  da ação da pressão da radiação 

e s t e l a r .  Como a camada de grãos e s t á  dinâmicamente acoplada ao gãs,ela 

pode l e v a r  a uma perda de massa. Por o u t r o  lado,  a taxa de i n j e ç ã o  de 

grãos no espaço i n t e r e s t e l a r  pode s e r  est imada. 

1. INTRODUCTION 

I n  p r e v i o u s  ~ o r k s l ' ~  we have s t u d i e d  t h e  mot ion o f  charged and uncharged 

s i l i c a t e  g r a i n s  i n  t h e  envelopes o f  red  g i a n t s ,  g i v i n g  emphasis t o  t h e  

s o c a l l e d  M i r a  v a r i a b l e  s t a r s .  I n  those works, t h e  s t e l l a r  envelopes was 

assurned t o  be i n i t i a l l y  a t  r e s t ,  and t h e  e x i s t e n c e  o f  a s t r o n g  mornen- 

tum- coupl ing between g r a i n s  and gas was i n f e r r e d ,  s u p p o r t i n g  thus G i l -  

man's work3.  S ince a s i n g l e  " t e s t "  g r a i n  was considered,  t h e  t o t a l  mo- 

mentum t r a n s f e r r e d  t o  t h e  gas was n e g l i g i b l e .  I n  t h e  p resen t  work , a 

sornewhat more d e t a i l e d  model i s  developed. We cons ider  a c loud  o f  sphe- 

r i c a l  s i l i c a t e  g r a i n s  expanding through a gaseous s t e l l a r e n v e l o p e  which 

i s  a l s o  expanding. As i n  the r e f e r r e d  worksl  ' 2 ,  the  s t e l  l a r  r a d i a t i o n  
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pressure i s  invoked as the d r i v i n g  mechanism f o r  the e j e c t i o n  o f  the 

dust s h e l l .  On the o ther  hand, f u r t h e r  grain-gas and gas-gas c01 1 i s i -  

ons share the radiat ion-pressure irnparted romentum, acce lera t ing  thus 

the gas she l l .  I n  t h i s  way, we say t h a t  the gas s h e l l  i s  i n d i r e c t l y  

accelerated by the s t e l l a r  r a d i a t i o n  pressure. 

In  the fo l l ow ing  sect ion,  we developed our model equations g i v i n g  em- 

phas i s  t o  the hydrodynami c aspect o f  the problem. The s t e  1 lar-enelope- 

-g ra in  parameters are presented, and a ra ther  de ta i l ed  discussion on 

s i  1 i ca te  e f f i c i e n c y  fac to rs  f o r  r a d i a t i o n  pressure i s  given. In the l a s t  

sect ion,  our main r e s u l t s  are shown and the e f f e c t  o f  g ra in  s izes on 

escape v e l o c i t i e s  i s  discussed. F i n a l l y ,  the r o l e  o f  l a t e  g ian ts  in  in -  

t e r s t e l l a r  g ra in  clouds enrichment i s  estimated. 

2. THE MODEL 

I n  a sphe r i ca l l y  symmetric steady-state expanding g ra in  s h e l l ,  the MSS 

conservation equation can be w r i  t t e n  as 

r 2 p g r ( r ) v  ( r )  = constant , 
9' 

where p ( r )  i s  the mass dens i ty  o f  g ra ins  and V ( r )  i s  th'e g ra in  ve- 
g r  9 r  

l o c i t y  r e l a t i v e  t o  the s ta r .  Adopting a two- f l u id  approximation, the 

conservation o f  mas5 f o r  the gaseous envelope i f given by 

~ ~ ~ ( r ) v ( r )  = constant , 

where p ( r )  i s  the mass densi t y  o f  the gaseous envelope, assumed t o  be a 

mixture o f  H and H2,  and ~ ( r )  i s  i t s  v e l o c i t y  r e l a t i v e  t o  the s ta r .  I n  

order t o  w r i t e  the equation f o r  the conservation o f  momenturn f o r  the 

"grain"  f l u i d ,  a few assumptions are  made: ' 



- the idea l  

l i d ,  w i t h  a 

- ad iaba t i c  

red; 

gas equat ion o f  s ta te  f o r  the envelope i s  assumed t o  be va- 

pressure P * P t o t  gas ' 
expansion w i t h  a constant index y = Cp/CV = 5/3 i s  conside- 

- the i n t e r a c t i o n  between grains and gas i s  o f  the "d i f fuse"  type. (Ex- 

p l i c i t  formulae f o r  the resistance t o  the motion o f  a g ra in  through the 
gas p a r t i c l e s  are obtained from Baines e t  o), 
- the s t e l  l a r  f l ux  has an inverse square dependence on posi  t i on ;  

- the i n t e r a c t i o n  among the grains themselves i s  neglected. 

In view o f  these assumptions, the motion o f  the grains i s  governed by 

(a) s t e l  l a r  gravi  t a t i o n a l  a t t r a c t i o n ,  (b) s t e l  l a r  r a d i a t i o n  pressure 

and (c)  drag fo rce  due t o  c o l l i s i o n s  w i t h  gas p a r t i c l e s .  In  such con- 

d i t i o n s ,  the  conservation o f  momentum f o r  the gra ins  can be w r i t t e n  as 

( i )  S <  1.4 

depending on the regime o f  the f low, as measured by the parameter 

( f o r  detai  1s the reader i s  re fe r red  t o  an e a r l  i e r  work') . l n  these equa- 

t i ons  we have used the fo l l ow ing  parameters: 



whe r e  

Apar t  f rom w e l l  known cons tan ts  we have 

- P: mean mo lecu la r  w e i g h t  o f  t h e  envelope, 1.4 ; 

- T(r) : gas temperature as a f u n c t i o n  o f  pos i  t i o n .  I n  t h e  p resen t  rode1 

i t  i s  c a l c u l a t e d  a t  each step.  

- M: s t e l l a r  mass, assumed t o  be 1 Ma ; 

- R: s t e l l a r  r a d i u s ,  c a l c u l a t e d  t o  be R = 3.75 X 1013 cm; 

- a: g r a i n  r a d i  us, used as a f ree  parameter.  I t takes t h e  va lues  100 8, 
500 8 , I000 8 ; 
- S : g r a i n  i n n e r  d e n s i t y ,  = 3 9  cm-3 ; 

9 





- Te: s t a r ' s  e f f e c t i v e  temperature, taken as 2500 K. The s t e l l a r  posi-  

t i o n  on the  HR diagram was se lec ted i n  order t o  get  the best  cond i t ions  

f o r  g ra in  f o r m t i o n  (see f o r  example the paper by ~ a n ~ e r ~ ) ;  

- ~(a,X,m) : e f f i c i e n c y  f a c t o r  f o r  r a d i a t i o n  p r e s s u r e  f o r  s i l i c a t e  

gra ins  w i t h  radius a, complex r e f r a c t i v e  index m, a t  wavelength 1. The 

i n t e g r a l  en te r i ng  equat ion (5) was ca lcu la ted f o r  a = 100, 500, 1000 8,  
using b lack  body f luxes a t  severa1 e f f e c t i v e  temperatures and wi th e f f  i - 
ciency fac to rs  g iven by ~ o r s c h n e r ~  f o r  s i  1 i ca tes  wi t h  m = 1.7 - 0.1 i . 
We have v e r i f  i ed  t h a t  the d i f f e rence  between the adopted values and 

those corresponding t o  m = 1.7 - 0.01 i was q u i t e  small.  F igure 1 shows 

the obtained 

100 a , Te = 

prof  i les  f (A), &(A) and the product fQ f o r  the case a = 

2000 K. f(h) i s  g iven by 

The product fQ, i n tegra ted from O t o  rn, i s  p ropor t iona l  t o  the parame- 

t e r  a, which u l t i m a t e l y  r e f l e c t s  the e j e c t i o n  accelerat ion.  I t  can be 

seen tha t  the regions where Q i s  la rge have low f values, corresponding 

t o  a low product fQ. This l i m i t s  the importance o f  s i l i c a t e s  f o r  the 

process studied, as was po in ted out  e a r l i e r ' .  

The motion o f  the gas m l e c u l e s  i s  determined by (a) s t e l  l a r  g r a v i t a t i -  

onal  a t t r a c t i o n ,  (b) drag fo rce  due t o  i n te rac t i ons  w i t h  gra ins  and (c) 

i n te rac t i ons  among the  molekules themselves. I n  t h i s  model, we have 

not  considered the  a c t i o n  o f  r a d i a t i o n  pressure on molecularbands,which 

was the sub jec t  of a separate work7. Depending on the values o f  parame- 

t e r  S we have 

( i )  S 5 1.4 

( i i )  S > 1.4 



where we have def ined 

3. RESULTS AND DISCUSSION 

Equations ( I ) ,  (21,  (3) and (13) form a system invo l v ing  e x p l  i c i  t l y  

four  var iab les  (Vgr, V, pgr, p) as funct ions o f  pos i t ion .  The gas tem- 

perature and pressure can be ca lcu la ted using the equation o f  s ta te  and 

the ad iabat ic  equation. 

Our system was solved numerical ly  as an i n i t i a l  value problem through 

a Runge-Kutta scheme. Five i n i  t i a 1  values are needed: 

- p ( ~ )  - The gas densi t y  a t  the base o f  the envelope (r=R) was estima- 

ted by p ( ~ )  = um,,N/R, where N - i s  the observed H column den- 

c i t y .  We got p ( ~ )  - 6.2 x 10-l6 gcm-3 , which i s  i n  goodagreementwith 

~i lman3. 

+(R) - The gas temperature a t  r=R was taken T(R) Te. I n  fac t ,  we 

have v e r i  f i ed  tha t  a decrease i n  the i n i  t i a 1  temperature by a few hun- 

dreds of  degrees Ke lv in  does not  appreciably change the obtained p r o f i -  

les. 

- pgr(R) - Assuming t h a t  e s s e n t i a l l y  a11 the avai l a b l e  s i  l i c o n  i s  con- 

densed i n  grains, and tak ing nSi/nH = 3.55 X 10-5 ( ~ e e l e ~ ' ) ,  we get 

p (R) = 6.2 x 10-l9 gcm'3. 
g r  - V (R),v(R) - Since we were e s s e n t i a l l y  in teres ted i n  the supersonic 

!Ir 
p a r t  o f  the f low, we assumed the envelope t o  be a t  an i n i t i a l  ve loc i t y  

V(R) - V  (R) = Vesc '26.6 kms" , where Vesc i s  the escape v e l o c i t y  
gr 

from the s tar .  Apart from the drag due t o  grains, o ther  mechanisms may 

account f o r  the i n i t i a l  acce lera t ion  o f  the gas, such as rad ia t i on  pres- 

sure on molecular b a n d ~ " ~  . 





Table 1 shows t h e  main r e s u l t s  f o r  g r a i n  s i z e s  a = 100, 500 and 1000 8. 
I n  a11 cases t h e  t e r m i n a l  v e l o c i  t y  ( taken as the  v e l o c i t y  a t  r = 3R) i s  

reached q u i t e  c l o s e  t o  t h e  s t e l l a r  su r face ,  t h a t  i s ,  a t  r / R  < 1.02. For 

comparison, t h e  r e s u l t s  a r e  g iven  a t  two d i f f e r e n t  p o i n t s  i n  t h e  enve- 

lope,  r = 2R and r = 3R. We have v e r i f i e d  t h a t  t h e  ob ta ined  p r o f i l e s a r e  

n o t  v e r y  much s e n s i t i v e  t o  t h e  adopted i n i t i a l  temperature, so  t h a t  t h e  

e x i s t e n c e  o f  a  dus t  s h e l l  can be warranted.  

Table 1 - Ve loc i  t i e s ,  densi t i e s  and temperature a t  two s e l e c t e d  p o i n t s  

i n  the  s t e l l a r  envelope f o r  t h r e e  g r a i n  s i z e s .  

F i g u r e  2 shows t h e  run  o f  t h e  v e l o c i  t i e s  and d e n s  i t i  e s  i n t h e  i n n e r  

p a r t s  o f  t h e  envelope f o r  t h e  s m a l l e s t  (a=100 8) g r a i n s .  I n  t h i s  f i g u -  
re ,  we have d e f  ined  Ar = r - R. For g r a i n s  hav ing  l a r g e r  r a d i  i, the s i -  

t u a t i o n  i s  q u a l i t a t i v e l y  t h e  same. From Table 1 and f i g u r e  2 we can 

see t h a t  t h e  g r a i n s  reach a l a r g e  d r i  f t  v e l o c i  t y  wi  t h  respec t  t o  t h e  

gas s h o r t l y  a f t e r  depar tu re .  However, t h e  gas s h e l l  i s  be ing  s t e a d i l y  

a c c e l e r a t e d  by i n t e r a c t i o n  w i t h  g r a i n s ,  which i s  r e a d i l y  seen f rom Ta- 

b l e  l. Therefore,  t h e  rnechanism o f  mass e j e c t i o n  by t h e  i n d i  r e c t  a c t i o n  

o f  s t e l l a r  r a d i a t i o n  p ressure  through a c i r c u m s t e l l a r  dus t  s h e l l  i s  ve- 

r i f i e d  t o  work f o r  c001 g i a n t  s t a r s .  The mass l o s s  r a t e  assumed by t h e  

rnodel i s  4.7 x I O - ~  Mo yr-' , which l i e s  w i t h i n  t h e  o b s e r v e d  range9. 

A l though the  dus t  s h e l l  reaches h i g h e r  v e l o c i t i e s  than t h e  gas s h e l l  , 
the  mass l o s t  by t h e  s t a r  l i e s  e s s e n t i a l l y  on t h e  gas molecules, owing 

t o  t h e  low g r a i n  d e n s i t i e s  a v a i l a b l e .  



The l a rges t  (a = 1000 8) grains have a  stronger i n t e r a c t i o n  w i t h  the 

s t e l  l a r  rad ia t i on ,  as measured by the in tegra ted e f f  i c iency  f a c t o r  Q . 
As a  consequence, they reach the h ighest  terminal  v e l o c i t y  (-66 km s-'1, 

which permits them t o  t r a v e l  a  d istance o f  about two s t e l l a r  r a d i i  i n  a  

time shor ter  than the s t e l l a r  per iod  by a  f ac to r  o f  - 3. I n  such con- 

d i  t i ons  they can escape from the s t a r  and probably con t r i bu te  t o  the 

observed g ra in  dens i t ies  i n  i n t e r s t e l l a r  clouds. F o r t h e  smal lest  g ra ins  

(a = 100 8 1 ,  the terminal  ve loc i  t y  i s  about 40 km s-', which means tha t  

they take s i x  tenths o f  the s t e l l a r  per iod  t o  t r a v e l  a d istance o f  about 

2  s t e l l a r  rad i  i. In a11 cases the terminal  v e l o c i t i e s  are higher than 

those obtained prev ious l  y"2 .  However, s ince the present model i s  more 

complete than the previous ones, we be l ieve the r e s u l t s  shown i n  t h i s  

paper t o  be more accurate. As a  comparison, we have ca lcu la ted the t e r -  

minal v e l o c i t y  f o r  la rge grains (a = 1000 8) using the mean thermal ve- 

l o c i t y  (- 6 km s-') as the i n i t i a l  ve loc i t y .  I n  t h i s  case, a  smal ler  

terminal  v e l o c i t y  (- 40 km s - l )  was obtained. However, such a  v e l o c i t y  

seems t o  be high enough t o  warrant the gra in  t o  escape from the s t a r  . 
Our ca lcu la ted va l  ues are much lower than those reported by Wickrama- 

s ingheI0  ( 2 1000 km s - I ) .  As was shown by Gilman", c i r cums te l l a r  gas 

l y  < 100 km8. drag i s  no t  c e g l i g i b l e ,  and escape ve 

The r a t e  o f  g ra in  i n j e c t i o n  i n t o  the 

estimated by 

l o c i t i e s  are more l i k e  

i n t e r s t e l l a r  space can be roughly 

where N, i s  the number o f  s ta rs  per u n i t  volume, which i s  - p C 3  

(see f o r  example the review by ~ e i m e r s ' ~ ) .  Taking f o r  the c r i t i c a 1  

rad ius  r 3R, the highest  r a t e  obtained i s  2.5 x 1 0 - ~ '  C B - ~  yr-', 
C 

f o r  a  = 100 8. Using an upper l i m i t  T - 10' y r  f o r  the g ra in  l i f e t i -  

mel3, we get  an e q u i l i b r i u m  dens i ty  p 3 x l ~ - ~ ~  g ~ m - ~ ,  which i s  
eq 

approximately the same f o r  a11 grains,  i r r espec t i ve  o f  sizes. Such a  

densi t y  i s  a  few orders o f  magnitude lower than the observed cloud den- 

s i t i e s ,  so t h a t  the c o n t r i b u t i o n  o f  the s ta rs  considered t o  i n t e r s t e l -  

l a r  g ra in  clouds i s  expected tb be small.  
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