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A B S T R A C T . H i g h mass - loss m o l e c u l a r w i n d s a r e c h a r a c t e r s t i c of t w o i m p o r t a n t 

p h a s e s of s t e l l a r e v o l u t i o n , ve ry y o u n g p r o t o s t a r s a n d s t a r s on t h e a s y m p t o t i c b r a n c h . 

Nove l c h e m i c a l p rocesses in t h e s e w i n d s sugges t a va r i e t y of n e w a s t r o n o m i c a l obser -

v a t i o n s . 

1. P H Y S I C A L C O N D I T I O N S IN S T E L L A R W I N D S 

Molecu l e s o c c u r in s t e l l a r w i n d s if t h e phys i ca l c o n d i t i o n s a r e r i g h t : t h e d e n s i t y 

m u s t b e h igh a n d t h e t e m p e r a t u r e low. I t a lso he lps if t h e w i n d c a n sh ie ld i tself f rom 

t h e s t e l l a r r a d i a t i o n . H i g h d e n s i t y w i n d s a r e g e n e r a t e d by s t a r s a t b o t h t h e b e g i n n i n g 

a n d t h e e n d of a s t a r ' s life, i .e. by p r o t o s t a r s a n d evo lved r e d g i a n t s . T h e r a t e a n d 

t h e d u r a t i o n of t h e m a s s loss of t h e s e o b j e c t s a r e such t h a t a s ignif icant f r ac t ion of a 

so lar m a s s (or m o r e ) is e j ec t ed , l a rge e n o u g h t o affect t h e e v o l u t i o n of t h e s t a r s . H o w 

t h e s e s t a r s g e n e r a t e t h e i r w i n d s is a n i m p o r t a n t , o p e n p r o b l e m in a s t r o p h y s i c s . 

T a b l e 1 gives t h e phys i ca l c o n d i t i o n s for t w o , n e a r b y , r e p r e s e n t a t i v e out f lows . I R C 

+ 10216 is a v e r y b r i g h t , evo lved ( A G B ) c a r b o n s t a r w i t h a r ich c i r c u m s t e l l a r c h e m -

i s t r y c h a r a c t e r i z e d b y t h e f o r m a t i o n of c o m p l e x h y d r o c a r b o n a n d s m a l l r e f r ac to ry 

m o l e c u l e s . T h e phys i ca l c o n d i t i o n s in t h e p h o t o c h e m i c a l r eg ion of I R C -f 10216 a r e 

s i m i l a r t o t h e p h o t o d i s s o c i a t i o n t r a n s i t i o n reg ion of a d e n s e i n t e r s t e l l a r c loud . S V S 

13 is t h e p r o t o t y p e of t h e e x t r e m e l y h igh ve loc i ty ( E H V ) outf lows r e c e n t l y d i scove red 

in h igh ly e m b e d d e d ( a n d the re fo re ve ry y o u n g ) p r o t o s t e l l a r sou rces . T h e E H V s a r e 

be l i eved t o p o w e r t h e m o d e r a t e veloci ty , b i p o l a r m o l e c u l a r out f lows t h a t a r e u b i q u i -

t o u s n e a r y o u n g s t e l l a r o b j e c t s ( L a d a 1985) . T h e c o n d i t i o n s in t h e i n n e r r eg ions of 

a fas t , p r o t o s t e l l a r w i n d a r e e x t r e m e by t h e s t a n d a r d s of i n t e r s t e l l a r c h e m i s t r y , a n d 

define a n e w b r a n c h of a s t r o c h e m i s t r y . In a d d i t i o n t o t h e s h o r t d y n a m i c a l t i m e s c a l e 

( a b o u t o n e d a y ) , t h e p h o t o r a t e s in t h e i n n e r w i n d a r e e x t r e m e l y l a rge , as i l l u s t r a t e d 

by t h e p h o t i o n i z a t i o n r a t e for n e u t r a l c a r b o n a t o m . H o w e v e r t h e w i n d a lso h a s a 

t r e m e n d o u s c a p a c i t y for self- a n d m u t u a l - s h i e l d i n g , as w i t n e s s e d b y t h e m a x i m u m 

va lue of t h e far U V o p t i c a l d e p t h of n e u t r a l c a r b o n . 
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T a b l e 1. P h y s i c a l C o n d i t i o n s for W i n d C h e m i s t r y 

Q u a n t i t y I R C + 1 0 2 1 6 S V S 13 

R* ( c m ) 1 0 1 4 7 x 1 0 1 1 

Tm ( K ) 2200 5000 

r ( c m ) 1 5 x 1 0 1 6 1 0 1 2 

u w ( k m s " 1 ) 2 15 150 

Uy (s) 3.3 x 1 0 1 0 6.7 x 1 0 4 

M (Af© y r s " 1 ) 3 x 1 0 " 5 3 x 1 0 " 6 

n ( c m " 3 ) 2.5 x 1 0 4 1 0 1 5 

T ( K ) - 20 - 2000 

G 0 ( C ) ( s " 1 ) 3 3 x 1 0 " 1 0 5 x 1 0 " 4 

r ( C ) 4 10 8 x 1 0 6 

1. L o c a t i o n of i n t e n s e , in situ c h e m i c a l ac t i v i t y . 

2. T e r m i n a l speed . 

3 . U n s h i e l d e d p h o t o i o n i z a t i o n r a t e of n e u t r a l c a r b o n . 

4 . U V o p t i c a l d e p t h , a s s u m i n g all c a r b o n is in C I . 

2. P R O T O S T E L L A R W I N D S 

I t is i m p o r t a n t t o d i s t i n g u i s h b e t w e e n p h e n o m e n a a s s o c i a t e d w i t h t h e p r o t o s t e l l a r 

w i n d i tself a n d t h o s e p r o d u c e d b y i n t e r a c t i o n w i t h t h e e n v i r o n m e n t , w h i c h we refer 

t o as p r i m a r y a n d s e c o n d a r y ( w i t h o u t a n y va lue j u d g e m e n t a b o u t t h e i r i m p o r t a n c e ) . 

In t h e f o r m e r c a t e g o r y a r e t h e f o r m a t i o n a n d d e s t r u c t i o n of m o l e c u l e s c lose t o t h e 

s o u r c e of t h e w i n d ; in t h e l a t t e r a r e c h e m i c a l c h a n g e s i n d u c e d b y t h e i n t e r a c t i o n 

of t h e w i n d w i t h infa i l ing , a c c r e t i n g , or a m b i e n t ga s . O n e s h o u l d a lso d i s t i n g u i s h 

b e t w e e n reg ions of low- a n d h i g h - m a s s s t a r f o r m a t i o n . A p a r a d i g m for t h e f o r m a t i o n 

of s ingle , l o w - m a s s s t a r s h a s b e e n d e v e l o p e d b y S h u a n d h is c o l l a b o r a t o r s (e .g . , S h u e t 

a l . 1987, 1988) , a n d we focus h e r e o n t h e c h e m i c a l p r o p e r t i e s of t h e i r p r i m a r y w i n d s . 

T h e M a n c h e s t e r g r o u p h a s d i s cus sed s o m e of t h e c h e m i c a l p h e n o m e n a a s s o c i a t e d w i t h 

w i n d i n t e r a c t i o n s ( H a r t q u i s t e t a l . 1986, C h a r n l e y e t a l . 1988a, 1988b , 1990) . 

T y p i c a l p a r a m e t e r s for a v e r y y o u n g p r o t o s t a r a r e g iven in T a b l e 1. A t a l a t e r 

s t a g e of p r o t o s t e l l a r e v o l u t i o n , t h e o b j e c t b e c o m e s v i s ib le as a T - T a u r i s t a r a n d t h e 

mass - lo s s r a t e c a n b e 100 or 1000 t i m e s sma l l e r . T h i s case was a n a l y z e d b y R a w l i n g s , 

W i l l i a m s , a n d C a n t o (1988) , w h o found t h a t m o l e c u l e f o r m a t i o n does n o t o c c u r in 

s u c h l o w - d e n s i t y w i n d s . S t i m u l a t e d b y t h e d i scovery b y L i z a n o e t a l . (1988) of b o t h 

E H V H I a n d C O , m y co l leagues a n d I i n d e p e n d e n t l y p o i n t e d o u t t h a t t h e efficiency 

of m o l e c u l a r s y n t h e s i s was a s ens i t i ve func t i on of d e n s i t y a n d t h a t C O w a s l ikely t o 

b e p r e s e n t in t h e p r i m a r y w i n d of S V S 13 (Glas sgo ld e t a l . 1989) . T h e s i m u l t a n e o u s 

p r e s e n c e of a t o m i c a n d m o l e c u l a r gas c a n b e u n d e r s t o o d in t e r m s of t h e difficulty in 

f o r m i n g a n d p r e s e r v i n g H 2 in c o m p a r i s o n w i t h C O . 
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W e r e c e n t l y c o m p l e t e d a m u c h m o r e d e t a i l e d s t u d y of a q u a s i - s p h e r i c a l w i n d 

( G l a s s g o l d , M a m o n , & H u g g i n s 1991 , h e n c e f o r t h G M H ) , i n s p i r e d b y t h e X - c e l e r a t o r 

m o d e l of S h u e t a l . (1988) . In o r d e r t o c a p t u r e t h e e s sen t i a l e l e m e n t s of t h e m o d e l , 

R u d e n , G la s sgo ld , a n d S h u (1989, h e n c e f o r t h R G S ) a p p r o x i m a t e d t h e ve loc i t y u a n d 

d e n s i t y n b y 

u(r) = U{r)vw, n(r) = (1) 

w h e r e U a n d A d e s c r i b e t h e a c c e l e r a t i o n a n d c o l l i m a t i o n of t h e w i n d a n d C = 

Ml±irmuw\ for S V S 13 as d e s c r i b e d in T a b l e 1, C = 6 x 1 0 3 5 c m " 1 . R G S u s e d 

t h e s i m p l e f o r m , U = A = 1 — R*/r a n d , a f ter c o n s i d e r i n g w i d e r a n g e of h e a t i n g a n d 

coo l ing m e c h a n i s m s , a n d c o n c l u d e d t h a t : 

1. T h e d o m i n a n t coo l ing p roces s is a d i a b a t i c e x p a n s i o n . 

2 . T h e d o m i n a n t h e a t i n g p rocesses a r e 

a. t h r e e - b o d y f o r m a t i o n of H 2 ( in t h e i n n e r e n v e l o p e ) 

b . a m b i p o l a r diffusion h e a t i n g ( in t h e o u t e r e n v e l o p e ) . 

A s a r e s u l t , p r o t o s t e l l a r w i n d s s t a r t o u t w a r m b u t qu ick ly cool d o w n . N o t e t h a t t h e 

i n v e r s e p r o c e s s t o t h r e e - b o d y f o r m a t i o n cools t h e gas a n d he lp s l im i t t h e m a x i m u m 

t e m p e r a t u r e . B e c a u s e a m b i p o l a r diffusion h e a t i n g d e p e n d s o n t h e e l e c t r o n f r ac t ion , 

b o t h h e a t i n g m e c h a n i s m s c o u p l e s t r o n g l y t o t h e c h e m i s t r y . 

T o u n d e r s t a n d p r o t o s t e l l a r w i n d c h e m i s t r y , we s t a r t w i t h t h e r e s u l t s of d y n a m i c a l 

a n d t h e r m a l m o d e l i n g , i .e. , b o t h n a n d T d e c r e a s e r a p i d l y w i t h d i s t a n c e b e y o n d 

seve ra l p r o t o s t e l l a r r a d i i . T h e w i n d c a n b e c o m e m o l e c u l a r b y a t w o - s t a g e p r o c e s s 

w h o s e d e t a i l s d e p e n d sens i t ive ly on t h e dens i ty , t e m p e r a t u r e , a n d t h e u l t r a v i o l e t 

r a d i a t i o n field ( G M H ) : 

1. F o r m a t i o n of H 2 

a. R a d i a t i v e a t t a c h m e n t 

e + H H " + hv, H~ + H - » H 2 + e 

H + + H H + + hv, H j + H —• H 2 + H + 

b . T h r e e - b o d y f o r m a t i o n 

H + H + H — > H 2 + H , H + H 2 + H - > H 2 + H 2 

T h e w e a k r a d i a t i v e a t t a c h m e n t r e a c t i o n s a r e effective for low mass - lo s s r a t e s a n d 

t h r e e - b o d y f o r m a t i o n a t h i g h dens i t i e s . 

2 . H y d r i d e fc H e a v y M o l e c u l e F o r m a t i o n 

A + H 2 —• A H + H , A H + B -> A B + H 

T h e m o s t i m p o r t a n t c h a n n e l for h y d r i d e f o r m a t i o n involves A = 0 b e c a u s e of t h e 

h i g h a b u n d a n c e of 0 , t h e low r e a c t i o n t h r e s h o l d , a n d l a rge r a t e coefficient. 
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T h e G M H c a l c u l a t i o n s show t h a t t h e a c c e l e r a t i o n a n d c o l l i m a t i o n f ac to r s cons id-

e r a b l y e n h a n c e m o l e c u l a r s y n t h e s i s . T h e d e n s i t y a n d t h e d y n a m i c a l t i m e s c a l e close 

t o t h e p r o t o s t a r a r e a b o u t 400 a n d 20 t i m e s l a rge r t h a n for t h e s i m p l e case w h e r e 

U = A = 1 ( sphe r i ca l l y s y m m e t r i c , i m p u l s i v e l y s t a r t e d w i n d ) . G M H also find t h a t , 

e x c e p t for H2, m o l e c u l a r s y n t h e s i s is a l m o s t c o m p l e t e in t h a t al l of t h e ava i l ab le car -

b o n a n d s i l icon a r e in C O a n d S iO a n d a l m o s t all of t h e r e s i d u a l o x y g e n is in H 2 0 . 

E v e n t h e a b u n d a n c e of m o l e c u l a r h y d r o g e n is q u i t e l a rge , ~ 0 .15 . A nove l a s p e c t of 

t h e c h e m i s t r y is CO/Ctot ^> H 2 /H t o t . T h u s , t h e r e is gene ra l l y a s u b s t a n t i a l a b u n d a n c e 

of a t o m i c H c a p a b l e of e m i t t i n g t h e 21 c m l ine . 

3 . T H E P R O T O T Y P I C A L C - R I C H A G B S T A R I R C + 1 0 2 1 6 

T h e c i r c u m s t e l l a r e n v e l o p e s of evo lved s t a r s a r e i m p o r t a n t for b o t h s t e l l a r evo lu-

t i o n a n d t h e i n t e r s t e l l a r m e d i u m . U n d e r s t a n d i n g h o w evo lved s t a r s lose m a s s m e a n s 

so lv ing t h e t w i n p r o b l e m s of t h e d y n a m i c a l or ig ins of t h e w i n d s a n d t h e f o r m a t i o n of 

d u s t . T h e l a t t e r is su r e ly o n e of t h e m o s t f u n d a m e n t a l p r o b l e m s in a s t r o c h e m i s t r y , 

a n d is l ikely t o invo lve t h e close c o u p l i n g of d y n a m i c a l , t h e r m a l , c h e m i c a l , a n d r a d i a -

t i v e t r a n s f e r effects. T h e n e a r b y c a r b o n s t a r I R C + 1 0 2 1 6 is t h e p r i m e t a r g e t for b o t h 

o b s e r v a t i o n a l a n d t h e o r e t i c a l s t u d i e s of c i r c u m s t e l l a r c h e m i s t r y a n d h e r e we focus o n 

t h e o u t e r e n v e l o p e . A b r o a d e r r e v i e w of c i r c u m s t e l l a r c h e m i s t r y h a s r e c e n t l y b e e n 

p u b l i s h e d b y O m o n t (1991) . O v e r for ty m o l e c u l e s h a v e b e e n d e t e c t e d in I R C + 1 0 2 1 6 , 

m a i n l y in e m i s s i o n a t m m w a v e l e n g t h s , b u t t h i r t e e n h a v e b e e n d e t e c t e d w i t h n e a r 

in f ra red a b s o r p t i o n s p e c t r o s c o p y . T h e l a t t e r t e c h n i q u e is i n d i s p e n s i b l e for d e t e c t i n g 

s y m m e t r i c m o l e c u l e s ; i t a lso p r o v i d e s i m p o r t a n t s p a t i a l i n f o r m a t i o n f rom a n a l y s e s of 

t h e m e a s u r e d r o t a t i o n a l e x c i t a t i o n a n d t h e l ine profiles ( K e a d y k R i d g w a y 1991) . 

T h e m o l e c u l e s o b s e r v e d in t h e c i r c u m s t e l l a r e n v e l o p e of I R C + 1 0 2 1 6 a r e f o r m e d 

m a i n l y a t t h r e e l o c a t i o n s : 

1. T h e u p p e r a t m o s p h e r e of t h e s t a r (1 — 2i?*) , c h a r a c t e r i z e d b y t h e r m a l e q u i -

l i b r i u m a n d f reeze-out of w e l l - b o u n d m o l e c u l e s . 

2. T h e " t r a n s i t i o n " reg ion (2 — 30i?*) , w h e r e d u s t is f o r m e d a n d sur face r e a c t i o n s 

o c c u r . 

3 . T h e " o u t e r " e n v e l o p e ( b e y o n d 30i2*), w h i c h is d o m i n a t e d b y p h o t o c h e m i s t r y . 

T h e s e r eg ions m a y n o t b e all t h a t d i s t i n c t ; t h e y h a v e b e e n i n t r o d u c e d t o e m p h a s i z e 

t h a t different t y p e s of c h e m i s t r y o c c u r in t h e flow. 

B e c a u s e t h e r m a l e q u i l i b r i u m s h o u l d ho ld n e a r t h e p h o t o s p h e r e , i t m i g h t s e e m 

r e a s o n a b l e t o s u p p o s e t h a t t h e s i t u a t i o n t h e r e is s t r a i g h t f o r w a r d . H o w e v e r , t h e freeze-

o u t d e p e n d s o n t h e r u n of d e n s i t y a n d t e m p e r a t u r e in t h e u p p e r a t m o s p h e r e , w h e r e 

t h e c o n d i t i o n s for cool s t a r s w i t h u n s t a b l e a t m o s p h e r e s ( i .e . , w i t h s t r o n g w i n d s ) a r e 

n o t all t h a t well k n o w n . St i l l , careful u se of t h e e q u i l i b r i u m a b u n d a n c e c a l c u l a t i o n s 

c a n g u i d e t h e choice of in i t i a l c h e m i c a l a b u n d a n c e s t o u se for t h e t r a n s i t i o n r eg ion . 

T h e t r a n s i t i o n r eg ion h a s long b e e n r e g a r d e d as n e a r l y i n t r a c t a b l e b e c a u s e of i t s 

c o m p l i c a t e d a n d u n k n o w n d y n a m i c s a n d p o o r l y u n d e r s t o o d d u s t - f o r m a t i o n c h e m i s t r y . 
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A m o n g t h e d y n a m i c a l effects t h a t h a v e t o b e c o n s i d e r e d a r e t h e i n h o m o g e n e i t i e s in t h e 

u p p e r a t m o s p h e r e , shocks p r o d u c e d b y s t e l l a r p u l s a t i o n s , a n d t h e w i n d g e n e r a t i o n 

p r o c e s s itself. T h e c h e m i s t r y involves n o n - e q u i l i b r i u m , i n h o m o g e n e o u s , n u c l e a t i o n 

a n d s i m u l t a n e o u s t r e a t m e n t of g a s - p h a s e a n d sur face c h e m i s t r y . O m o n t (1991) gives 

a c r i t i c a l r e v i e w of t h e p r o b l e m s fac ing t h e t h e t h e o r y , w h i c h h e e m p h a s i z e s m u s t 

a c c o u n t for t h e partial c o n d e n s a t i o n of t h e w i n d . D e s p i t e t h e f o r m i d a b l e diff icult ies , 

t h e r e s e e m s t o b e a c o n s e n s u s t h a t a c h e m i c a l - k i n e t i c a p p r o a c h c a n p r o v i d e s o m e 

i n s i g h t s i n t o t h e precursors of t h e solid p h a s e s (e .g . , F r e n k l a c h & Feige lson 1989) . 

E q u a l l y i m p o r t a n t a r e o b s e r v a t i o n s t h a t p r o b e t h e reg ion of d u s t f o r m a t i o n . For 

e x a m p l e , D a n c h i e t a l . (1989) h a v e m a d e n e w 10 fim i n t e r f e r o m e t r i c m e a s u r e m e n t s of 

I R C + 1 0 2 1 6 w h i c h i n d i c a t e t h a t d u s t fo rms close t o t h e s t a r , ~ 0 . 0 5 " or w i t h i n 2-3 R*, 

a n d m o s t efficiently a t m i n i m u m l u m i n o s i t y . T h e d u s t c o n t i n u e s t o evo lve p h y s i c a l l y 

a n d c h e m i c a l l y as i t m o v e s i n t o t h e o u t e r e n v e l o p e . E v i d e n c e for d e p l e t i o n of t h e 

gas o n t o d u s t is p r o v i d e d b y i n t e r f e r o m e t r i c m e a s u r e m e n t s of t h e m m l ines of SiS 

( B i e g i n g & R i e u 1989) , w h i c h p e a k s t r o n g l y r i gh t o n I R C -f 10216 a n d t h e n d e c r e a s e 

r a p i d l y in a few a r c s e c o n d s ( 1 0 1 5 — 1 0 1 6 c m ) . E v i d e n c e for m o l e c u l e f o r m a t i o n in t h i s 

s a m e reg ion h a s b e e n d e d u c e d f rom t h e l i n e s h a p e s of severa l m o l e c u l e s in t h e 10 fim 

w i n d o w ( K e a d y & R i d g w a y 1991) . In p a r t i c u l a r , N H 3 , CH4, a n d S i t U all a p p e a r t o 

f o r m in t h e r eg ion f rom 10 — 30 R* (or 1 — 3 x 1 0 1 5 c m ) . T h i s is in a c c o r d w i t h t h e r m a l 

e q u i l i b r i u m c a l c u l a t i o n s for t h e u p p e r a t m o s p h e r e of t h e s t a r , w h i c h give v e r y low 

a b u n d a n c e s for t h e s e fully h y d r o g e n a t e d spec ies . T h e p r e s u m p t i o n is t h a t t h e y a r e 

f o r m e d o n g r a i n s . 

T h e p h o t o c h e m i c a l c h a i n s i n t r o d u c e d b y H u g g i n s h G la s sgo ld (1982) f o r m t h e 

bas i s of t h e t h e o r y of t h e o u t e r e n v e l o p e . T w o of t h e ea r l i e s t p h o t o c h a i n s c o n s i d e r e d 

s t a r t w i t h C O a n d C2H2 a n d l ead t o c h e m i c a l l y r e a c t i v e ions a n d r a d i c a l s . T h e t h e o r y 

p r e d i c t s v a r i a t i o n s o n a s p a t i a l sca le t h a t c an now b e m e a s u r e d w i t h e x i s t i n g faci l i t ies 

l ike t h e I R A M 3 0 - m a n d t h e N o b e y a m a 4 5 - m t e l e scopes a n d seve ra l m m a r r a y s . P i o -

n e e r i n g w o r k b y B i e g i n g h R i e u (1988,1989) d e m o n s t r a t e t h e t e c h n i q u e a n d conf i rm 

t h e q u a l i t a t i v e p r e d i c t i o n s of t h e p h o t o c h e m i c a l m o d e l of t h e o u t e r e n v e l o p e . T h e 

fol lowing g e n e r a l c o m m e n t s o n t h e c o n n e c t i o n s b e t w e e n t h e t h e o r y a n d o b s e r v a t i o n 

a r e r e l e v a n t in t h i s c o n n e c t i o n . 

1. T h e m o l e c u l e s in t h e o u t e r e n v e l o p e a r e e i t h e r (a ) p r o g e n i t o r s or (b ) s y n t h e s i s 

p r o d u c t s . A p r o g e n i t o r m a y h a v e s u r v i v e d t h e t r a n s i t i o n r eg ion i n t a c t (e .g . , C O ) , 

p a r t i c p a t e d in d u s t f r o m a t i o n (e .g . , C2H2), or h a v e b e e n s y n t h e s i z e d in t h e t r a n s i -

t i o n r eg ion (e .g . , N H 3 , CH4, a n d S i H 4 ) . P r o g e n i t o r s a n d s y n t h e s i s p r o d u c t s h a v e 

e s sen t i a l l y different s p a t i a l d i s t r i b u t i o n s , r e spec t ive ly , (a ) u n i f o r m , w i t h a cut-off a n d 

(b ) she l l . I n t e r f e r o m e t r i c m e a s u r e m e n t s w i t h a n g u l a r r e s o l u t i o n b e t t e r t h a n 10" c a n 

d i s t i n g u i s h b e t w e e n t h e m . T h i s is obv ious ly i m p o r t a n t in t h e a b s e n c e of a t h e o r y of 

t h e i n n e r r eg ions . 

2 . P h o t o d i s s o c i a t i o n b y t h e i n t e r s t e l l a r r a d i a t i o n field e v e n t u a l l y d e s t r o y s al l 
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s i m p l e m o l e c u l e s , l e av ing all a t o m s e x c e p t H a n d 0 s ingly ion ized . T h e finite s ize of a 

m o l e c u l a r d i s t r i b u t i o n is d e t e r m i n e d b y t h e u n s h i e l d e d p h o t o r a t e and b y sh i e ld ing . In 

a d d i t i o n t o C O (d i scussed a b o v e ) , m e a s u r e m e n t s of m o l e c u l a r cutoffs in I R C + 1 0 2 1 6 

h a v e b e e n p u b l i s h e d for H C N (B ieg ing , C h a p m a n , k W e l c h 1984) , C 2 H , H N C , H C 3 N 

(B ieg ing k R i e u 1988) , a n d SiS (B ieg ing & R i e u 1989) . T h e far U V d u s t e x t i n c t i o n 

n e e d e d t o fit t h e o b s e r v a t i o n s is g r e a t e r t h a n t h a t of i n t e r s t e l l a r d u s t , c o n s i s t e n t w i t h 

a s m a l l e r s ize for n e w l y f o r m e d g r a i n s ( H u g g i n s , M o r r i s , & Glas sgo ld 1984, T r u o n g -

B a c h e t a l . 1987) . In p r i n c i p l e , m e a s u r e m e n t s of t h e dec l i ne in a b u n d a n c e s a t l a rge 

d i s t a n c e s for a well s e l ec t ed se t m o l e c u l e s w i t h k n o w n p h o t o d i s s o c i a t i o n r a t e s cou ld 

d e t e r m i n e t h e far U V o p t i c a l p r o p e r t i e s of t h e c i r c u m s t e l l a r d u s t of I R C + 1 0 2 1 6 . 

A n e w d i r e c t i o n for c i r c u m s t e l l a r c h e m i s t r y involves s i l icon: s even s i l icon m o l e c u l e s 

h a v e a l r e a d y b e e n ident i f ied in I R C + 1 0 2 1 6 ( S i H 4 S i C , S i C 2 , S i C 4 , S i O , S iN , a n d S iS) . 

G la s sgo ld , L u c a s , & O m o n t (1987) first p r o p o s e d t h a t S i C 2 was s y n t h e s i z e d b y t h e 

c o n d e n s a t i o n r e a c t i o n s 

S i + + C 2 H 2 -> S i C 2 H + + H 

Si+ + C 2 H -> S iC+ + H , S iC+ + H 2 -> S i C 2 H + + H , 

on t h e a s s u m p t i o n t h a t S i + c o m e s f rom p h o t o i o n i z a t i o n of Si; t h e y l a t e r s u g g e s t e d t h a t 

t h e Si c o m e s f rom t h e p h o t o d i s s o c i a t i o n of SiS (obse rved in t h e o u t e r e n v e l o p e w i t h an 

a b u n d a n c e of ~ 3 x 1 0 ~ 7 , e .g. , B ieg ing & R i e u 1989) a n d p r o p o s e d t h a t i o n - m o l e c u l e 

r e a c t i o n s of SiS cou ld p r o d u c e t h e e n t i r e s i l icon c a r b i d e family . T h e p r o d u c t s of t h e 

SiS c h a i n d i sp l ay t h e c u s t o m a r y shel l d i s t r i b u t i o n (Glas sgo ld h M a m o n 1990) , w i t h 

a n u n u s u a l l y b r o a d S i C 2 d i s t r i b u t i o n . H o w e & Mi l l a r (1990) p r o p o s e d a s imi l a r m o d e l 

b u t a s s u m e d t h a t S i C 2 was a p r o g e n i t o r m o l e c u l e w i t h a n a b u n d a n c e of 7.5 x 1 0 ~ 8 . 

Seve ra l o n g o i n g p r o j e c t s t o m a p S i C 2 in I R C + 1 0 2 1 6 , e.g. , w i t h t h e I R A M 30 m 

t e l e s c o p e a n d i n t e r f e r o m e t e r ( L u c a s 1991) a n d t h e B I M A a r r a y ( G e n s h e i m e r e t al . 

1991) , s h o w t h a t S i C 2 is d i s t r i b u t e d in a shel l , in q u a l i t a t i v e a g r e e m e n t w i t h t h e 

t h e o r y of Glassgo ld & M a m o n (1990) . 

T h e r e c e n t d e t e c t i o n of SiN ( T u r n e r 1991) l inks c i r c u m s t e l l a r s i l icon a n d n i t r o g e n 

c h e m i s t r y . T u r n e r sugges t s t h a t is f o r m e d b y 

Si+ + N H 3 -> H S i N H + + H . 

T h i s r o u t e s h o u l d w o r k (if t h e r e c o m b i n a t i o n of HSiNH"1" p r o d u c e s S iN) b e c a u s e N H 3 

is o b s e r v e d in t h e I R a t t h e b e g i n n i n g of t h e o u t e r e n v e l o p e w i t h a n a b u n d a n c e 

~ 7.5 x 1 0 ~ 8 ( K e a d y & R i d g w a y 1991) . T u r n e r a l so sugges t s t h a t t h e S i + c o m e s 

f rom t h e s i l ane p h o t o c h a i n , a g a i n b a s e d on t h e fact t h a t SiH4 is o b s e r v e d in t h e d u s t 

f o r m a t i o n reg ion w i t h a n a b u n d a n c e of ~ 1 0 ~ 7 . H o w e v e r , s i l ane is j u s t o n e of seve ra l 

sou rces of Si a n d Si+: S iO (x ~ 4 x 1 0 " 7 ) , SiS (x ~ 3 x 1 0 " 7 ) , S i H 4 {x ~ 1 0 " 7 ) , 

a n d pos s ib ly S i C 2 a n d S i 2 C . I t is i n t e r e s t i n g t h a t , a s s u m i n g t h a t i t s p h o t o s p h e r i c 

a b u n d a n c e of is so lar , m o r e t h a n 2 % of t h e si l icon su rv ives t h e d u s t - f o r m a t i o n p roces s 

in I R C + 1 0 2 1 6 . 
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4 . C O N C L U S I O N 

T h e a b o v e d i scuss ion of c i r c u m s t e l l a r c h e m i s t r y i l l u s t r a t e s t h e close l i nks b e t w e e n 

d y n a m i c a l , t h e r m a l , c h e m i c a l , a n d r a d i a t i v e t r ans f e r effects. A s i m i l a r c o u p l i n g o c c u r s 

in i n t e r s t e l l a r c l o u d s . T h e a d v a n t a g e of c i r c u m s t e l l a r c h e m i s t r y is t h a t r ea l i s t i c m o d e l s 

of t h e flow c a n b e o b t a i n e d so t h a t b a s i c t h e r m a l a n d c h e m i c a l p roces ses c a n b e t e s t e d 

in wel l -def ined e n v i r o n m e n t s . 
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Q U E S T I O N S A N D A N S W E R S 

L . d ' H e n d e c o u r t : Apparently, 2% of the silicon survives dust formation. Is this a measured value? How 
does this compares with the strong depletion of Si in the diffuse ISM? 

A . E . G l a s s g o l d : Infrared measurements of IRC+10216, summarized by Keady & Redgway in the 1991 Ap.J. 
are the basis of the approximate 2% figure. In the diffuse interstellar medium, it is about the same, but 
silicon is much more depleted in dense regions. 

D . A . W i l l i a m s : There is a remark on the requiremente for dust with high FUV extinction in IRC+10216. 
I think this indeed likely. There is no reason to expect that dust in IRC+10216 should have the same 
extintion character as the mean interstellar dust. In IRC+10216 dust is likely to be carbonaceous and 
hydrogen-rich. Films made in the laboratory of hydrogen-rich amorphous carbon have a high band gap 
and will automatically provide high far UV extinction. Such grains, if they survive to the ISM, will lose 
hydrogen and become more typical of general ISM, with stronger visible extinction, at the expense of the 
far UV extinction. 
A . E . G l a s s g o l d : Neat! 

J . M . C . R a w l i n g s : (1) What is the source of your radiation field? A black-body at T~2000 - 5000 K (a 2000 
K black-body is fainter in the UV than the I-S radiation field) surely does not emit a significant amount of 
UV photons bearing in mind the high densities in the outflow. Is Ly a trapping included in the model? (2) 
In the three cases for the temperature profiles that you presented, you included a (1 — R*/r) factor. What 
is the justification for this? 

A . E . G l a s s g o l d : (1) The protostellar radiation field was usually represented ed by a blackbody spectrum of 
5000 K.Depending on the spectral properties of the absorber, the photorates near the protostar are typically 
6-10 orders of magni- tude larger than the interstellar medium. We also investigated protostellar spectra ctra 
with large U V excesses and found that the abundance of CO is quite robust. We have never considered using 
a photospheric temperature as small as 2000 K for a low mass protostar.lt is true that the proper measure 
of the effects of the radiation field is the parameter G/n, where G is a photorate and n is the density.In our 
variational studies, this parameter well exceeded the value for the diffuse interstellar medium. Lyman alpha 
trapping was included in the ionization theory of the H atom. 

(2) The modulation factors for velocity and collimation were chosen arbitrarily to go to unity in a few 
stellar radii, as suggested by the dynamical wind model of Shu et al.(1988). We have since verified that 
the choice made by RGS gives a good representation of the flow obtained by exact integration of of the 
appropriate MHD equations. 

J .P .Mai l lard: If I understand the reaction proposed to produce SiN even if it is very unabundant from 
thermo-equilibrium reactions in carbon-rich environment, it supposes that it forms at the edge of the circum-
stellar envelope. But it is where it should be destroyed by photoionidation. Are the models able to reconcile 
this contradiction? 

A . E . G l a s s s g o l d : SiN should have a "shell" distribution due to the combined effects of production by Si+ 

and radiative destruction. There is little SiN in the inner envelope because the abundance of 5 i + goes to 
zero, and photodissociation limits the ammount of SiN in the outer envelope. 
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