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A B S T R A C T . T h e gtoal of e v o l u t i o n a r y m o d e l s of i n t e r s t e l l a r c h e m i s t r y i s 
t o u n d e r s t a n d h o w i n t e r s t e l l a r c l o u d s c a n e t o b e t h e w a y t h e y a r e , h o w 
t h e y w i l l c h a n g e w i t h t i m e , a n d t o p l a c e t h e m in a n e v o l u t i o n a r y 
s e q u e n c e w i t h o t h e r c e l e s t i a l o b j e c t s s u c h a s s t a r s . T o t h i s e n d , w e 
p r e s e n t a n i m p r o v e d M a r k II v e r s i o n of o u r e a r l i e r m o d e l of c h e m i s t r y in 
d y n a m i c a l l y e v o l v i n g c l o u d s . T h e M a r k II m o d e l s u g g e s t s t h a t t h e 
c o n v e n t i o n a l e l e m e n t a l C / 0 r a t i o l e s s t h a n o n e c a n e x p l a i n t h e o b s e r v e d 
a b u n d a n c e s of C I a n d t h e n o n - d e t e c t i o n of 0 2 in d e n s e c l o u d s . C o u p l e d 
c h e m i c a l - d y n a m i c a l m o d e l s s e e m t o h a v e t h e p o t e n t i a l t o g e n e r a t e m a n y 
o b s e r v a b l e d i s c r i m i n a t o r s of t h e e v o l u t i o n a r y t r a c k s . T h i s i s e x c i t i n g , 
b e c a u s e , in g e n e r a l , p u r e l y d y n a m i c a l m o d e l s d o n o t y i e l d e n o u g h 
v e r i f i a b l e d i s c r i m i n a t o r s of t h e p r e d i c t e d t r a c k s . 

1. I N T R O D U C T I O N 

C o n s i d e r a b l e s u c c e s s h a s b e e n a c h i e v e d in u n d e r s t a n d i n g i n t e r s t e l l a r 
c h e m i s t r y u s i n g e i t h e r e q u i l i b r i u m o r p s e u d o t i m e - d e p e n d e n t c h e m i c a l 
m o d e l s w h i c h h o l d t h e b a c k g r o u n d p h y s i c a l c o n d i t i o n s of d e n s i t y , t e m -
p e r a t u r e a n d r a d i a t i o n f i e l d i n t e n s i t y c o n s t a n t [ s e e , f o r e x a m p l e , r e v -
i e w s b y J. B l a c k (1) a n d E . H e r b s t ( 2 ) 3 . T h i s s u c c e s s i n s p i r e s u s t o 
m a k e d e e p e r i n q u i r i e s . W e w o u l d l i k e t o k n o w w h y i n t e r s t e l l a r c l o u d s 
l i k e L 1 8 3 a n d T M C - 1 h a v e s t r i k i n g l y d i f f e r e n t c h e m i c a l c o m p o s i t i o n e v e n 
t h o u g h t h e y h a v e s t r i k i n g l y s i m i l a r p h y s i c a l p r o p e r t i e s . W e w o u l d a l s o 
l i k e t o k n o w w h e t h e r t h e r e i s a n y c o m m o n t h r e a d t h r o u g h w i d e l y d i v e r s e 
c l o u d s , i . e . , d i f f u s e c l o u d s , d a r k c l o u d s , c l o u d s w i t h e m b e d d e d i n f r a -
r e d s o u r c e s . T o s a t i s f y t h e s e c u r i o s i t i e s , w e n e e d t o u n d e r s t a n d h o w 
c l o u d s a t t a i n a g i v e n p h y s i c a l a n d c h e m i c a l s t r u c t u r e s t a r t i n g w i t h 
s i m p l e s t i n i t i a l c o n d i t i o n s , a n d h o w t h e y c h a n g e t h e r e a f t e r . E q u i l i b r i u m 
o r e v e n p s e u d o t i m e - d e p e n d e n t m o d e l s , w h i c h a s s u m e f i x e d d e n s i t y , t e m p e -
r a t u r e a n d r a d i a t i o n f i e l d i n t e n s i t y a r e n o t t h e p r o p e r t o o l s f o r g e n e -
r a t i n g t h i s u n d e r s t a n d i n g . W e n e e d e v o l u t i o n a r y m o d e l s w h i c h a t t e m p t t o 
s t u d y t h e c h e m i c a l - d y n a m i c a l e v o l u t i o n of i n t e r s t e l l a r c l o u d s w i t h t i m e 
in a c o u p l e d m a n n e r . 
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2. G O A L S A N D O B J E C T I V E S 

T h e u l t i m a t e g o a l s of e v o l u t i o n a r y m o d e l s a r e t o e l u c i d a t e h o w c l o u d s 
c a m e t o b e t h e w a y t h e y a r e , t o p r e d i c t h o w t h e y w i l l c h a n g e w i t h t i m e , 
a n d t o p l a c e t h e m w i t h r e l a t e d c e l e s t i a l b o d i e s ( e . g . s t a r s ) in an 
e v o l u t i o n a r y s e q u e n c e . T h e s e a m b i t i o u s g o a l s a r e b e s t a c h i e v e d b y f u s i n g 
t o g e t h e r a d v a n c e s m a d e in s m a l l s t e p s w h o s e o b j e c t i v e s f o c u s o n w e l l 
d e f i n e d s e g m e n t s of t h e g r a n d t a s k . T h u s , o n e o b j e c t i v e of e v o l u t i o n a r y 
m o d e l s w o u l d b e t o i n v e s t i g a t e w h e t h e r d i f f u s e a n d d a r k c l o u d s m a y b e 
c o n s i d e r e d a s d i f f e r e n t e v o l u t i o n a r y p h a s e s of t h e s a m e i n t e r s t e l l a r g a s 
w h i c h i s g r a v i t a t i o n a l l y c o n t r a c t i n g f r o m an i n i t i a l d i f f u s e t o a f i n a l 
d e n s e s t a t e o n t h e v e r g e of s t a r f o r m a t i o n . T h i s i n v e s t i g a t i o n m i g h t 
a l s o s h o w w h e t h e r c h e m i c a l d i f f e r e n c e s b e t w e e n c o l d d a r k c l o u d s w i t h 
s i m i l a r p h y s i c a l p r o p e r t i e s c a n b e a t t r i b u t e d t o t h e p o s s i b i l i t y t h a t 
c l o u d s m a y a t t a i n s i m i l a r p h y s i c a l p r o p e r t i e s f o l l o w i n g d i f f e r e n t 
d y n a m i c a l t r a c k s . If t h e a n s w e r i s in t h e p o s i t i v e , t h e n w e m a y h o p e t o 
i d e n t i f y c h e m i c a l c o m p o s i t i o n a l s i g n p o s t s of d y n a m i c a l e v o l u t i o n . 

3 . A P P R O A C H 

T o c o n s t r u c t an e v o l u t i o n a r y m o d e l , w i t h t h e l i m i t e d o b j e c t i v e s e t f o r t h 
a b o v e , o n e w o u l d s t a r t w i t h a g i v e n m a s s of i n t e r s t e l l a r g a s c o n f i n e d 
(for s i m p l i c i t y ) in a s u i t a b l y l a r g e s p h e r e , s o t h a t it r e p r e s e n t s a n 
i n i t i a l d i f f u s e c l o u d c l o u d of ( s a y ) A v = 0 . 5 . I d e a l l y , o n e w o u l d t h e n 
f o l l o w t h e g r a v i t a t i o n a l c o l l a p s e of t h i s c l o u d b y s i m u l t a n e o u s l y 
s o l v i n g e q u a t i o n s of h e a t b u d g e t , h y d r o d y n a m i c s , c h e m i c a l b a l a n c e , a n d 
r a d i a t i o n t r a n s p o r t . A n o t e w o r t h y a t t e m p t of t h i s s h o r t i s t h a t of 
G e r o l a a n d G l a s s g o l d ( 3 ) , a l t h o u g h t h e i r m o d e l c l o u d w i t h i n i t i a l A v = 2 
w a s s o m e w h a t f a r f r o m b e i n g r e a l l y d i f f u s e . T h e i d e a l a p p r o a c h i s v e r y 
d e m a n d i n g of c o m p u t e r r e s o u r c e , e v e n if t h e h y d r o d y n a m i c s i s s i m p l i f i e d 
b y n e g l e c t i n g o r d e r e d m a g n e t i c f i e l d a n d r o t a t i o n ( w h i c h i n t r o d u c e 
d e v i a t i o n f r o m s p h e r i c a l s y m m e t r y ) , a n d t h e c h e m i s t r y i s l i m i t e d t o o n l y 
t h o s e s p e c i e s w h i c h s i g n i f i c a n t l y i n f l u e n c e h e a t b u d g e t a n d d y n a m i c s . It 
i s t h e r e f o r e n o w o n d e r t h a t a l l p r e v i o u s a t t e m p t s at e v o l u t i o n a r y 
c h e m i c a l m o d e l s [ e . g . S u z u k i et a l . (4) a n d K i g u c h i e t a l . ( 5 ) 3 
c o n s i d e r e d i s o t h e r m a l c l o u d s u n d e r e i t h e r f r e e - f a l l o r a r b i t r a r i l y 
d e l a y e d f r e e - f a l l . M o r e r e c e n t e v o l u t i o n a r y m o d e l of L e u n g a n d H e r b s t 
( p r i v a t e c o m m u n i c a t i o n s ) a r e a l s o of t h i s n a t u r e . D u e t o t h e e x t r e m e 
s i m p l i f i c a t i o n of d y n a m i c s t h e s e m o d e l s a r e o n l y m a r g i n a l l y u s e f u l . 

T h e a p p r o a c h a d o p t e d b y T a r a f d a r , P r a s a d , H u n t r e s s , V i l l e r e , a n d B l a c k 
[ h e r e i n a f t e r r e f e r r e d t o a s T P H V B ( 6 ) 3 f o l l o w s a m i d d l e c o u r s e . L i k e 
G e r o l a a n d G l a s s g o l d ( 3 ) , t h e y a l s o n e g l e c t e d t h e e f f e c t s of m a g n e t i c 
f i e l d a n d r o t a t i o n , a n d s o l v e d t h e e q u a t i o n of m o t i o n c o n t a i n i n g o n l y 
g r a v i t a t i o n a l a n d p r e s s u r e g r a d i e n t f o r c e s : 

( 1 / p ) d?/dr + G m / r z + d2r/dtz = 0 (1) 

t o g e t h e r w i t h t h e t h e c o n t i n u i t y e q u a t i o n f o r s p h e r i c a l g e o m e t r y , a n d 
t h e e q u a t i o n of s t a t e : 
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1 - 4τ7 r 2 pdrfdto • 0 (2) 

a n d 
Ρ = R T / μ (3) 

In t h e a b o v e e q u a t i o n s t h e r e d u c e d m a s s μ = 1 / -Cf ( i ) /ro± > w i t h f ( i ) a s 
t h e f r a c t i o n a l a b u n d a n c e of t h e s p e c i e s i , a n d t h e t e m p e r a t u r e Τ d e p e n d s 
o n t h e d e n s i t y p , v i s u a l e x t i n c t i o n A v , a n d t h e f r a c t i o n a l a b u n d a n c e s 
of t h e c o o l a n t s s u c h a s C , C * , a n d C O . I d e a l l y t h e c h e m i c a l b a l a n c e 
e q u a t i o n s g o v e r n i n g t h e a b u n d a n c e s of t h e c o o l a n t s s h o u l d b e s o l v e d 
s i m u l t a n e o u s l y w i t h e q u a t i o n s (1) t h r u ( 3 ) . T P H V B d i d n o t a d o p t t h i s 
i d e a l a p p r o a c h . I n s t e a d , f o l l o w i n g t h e r e a s o n i n g g i v e n in t h e i r p a p e r , 
t h e y a d o p t e d t h e m o r e p r a c t i c a l w a y of d e t e r m i n i n g Τ f r o m t h e f o r m u l a : 

Τ = 1 6 3 / ( 2 . 5 + In n H • In CI + 5 0 0 e x p (-1.8 A v ) ] > (4) 

N o t e t h a t t h i s f o r m u l a p r o d u c e s s t e e p l y r i s i n g t e m p e r a t u r e s at t h e e d g e 
of m o d e l c l o u d s . W h e t h e r w e a d o p t t h e m o r e p r a c t i c a l o r t h e i d e a l w a y of 
c a l c u l a t i n g T , t h e b u l k of t h e c h e m i c a l e v o l u t i o n c a n b e f o l l o w e d 
i n d e p e n d e n t l y of t h e d y n a m i c a l e v o l u t i o n , b e c a u s e t h e v a s t m a j o r i t y of 
t h e c h e m i c a l s p e c i e s d o n o t a p p r e c i a b l y i n f l u e n c e t h e d y n a m i c s . T h u s , 
T P H V B s t u d i e d t h e c h e m i c a l e v o l u t i o n u s i n g t h e t i m e h i s t o r y of t h e 
d e n s i t y s t r u c t u r e f r o m t h e d y n a m i c a l c a l c u l a t i o n s . T h i s e n a b l e d t h e m t o 
c o n s i d e r a l a r g e n u m b e r ( i . e . , 9 0 ) of s p e c i e s a n d a l s o a v e r y l a r g e 
n u m b e r ( i . e . , 1 0 0 0 ) of r e a c t i o n s . C h o i c e s of t h e s p e c i e s a n d r e a c t i o n s 
w e r e b a s e d o n t h e e a r l i e r e q u i l i b r i u m m o d e l s of P r a s a d a n d H u n t r e s s ( 7 ) . 
N e v e r b e f o r e e v o l u t i o n a r y m o d e l s h a d c o n s i d e r e d s o d e t a i l e d c h e m i s t r y . A 
g o o d t r e a t m e n t of r a d i a t i v e t r a n s f e r of t h e U V r a d i a t i o n i s i m p o r t a n t 
d u e t o s e l f - s h i e l d i n g e f f e c t s in H 2 a n d

 1 2 C 0 . A s a s t a r t e r , h o w e v e r , 
u s e f u l r e s u l t s h a v e b e e n o b t a i n e d (6) b y n e g l e c t i n g C O s e l f - s h i e l d i n g 
a n d b y u s i n g s i m p l i f i e d e x p r e s s i o n s f o r H 2 p h o t o d i s s o c i a t i o n ( 8 ) . 

4. I N I T I A L R E S U L T S F R O M E V O L U T I O N A R Y C H E M I C A L M O D E L S 

A l m o s t a l l e v o l u t i o n a r y m o d e l s , w h e t h e r t h e y c o n s i d e r p u r e l y d y n a m i c a l 
e v o l u t i o n or t h e c o u p l e d c h e m i c a l - d y n a m i c a l e v o l u t i o n , h a v e s h o w n t h a t 
v e r y m a s s i v e o r v e r y c o l d c l o u d s w i l l g r a v i t a t i o n a l l y e v o l v e t o w a r d s 
s t a t e s of h i g h e r d e n s i t y c u l m i n a t i n g in s t a r f o r m a t i o n . F u r t h e r m o r e , 
d u r i n g t h e i r e v o l u t i o n t h e y d e v e l o p c o r e - e n v e l o p s t r u c t u r e . T h e d e n s i t y 
i s h i g h e s t in t h e c o r e a n d d e c r e a s e s w i t h i n c r e a s i n g r a d i a l d i s t a n c e 
w i t h a n i n v e r s e p o w e r l a w C s e e W o o l f s o n ( 9 ) , L a r s o n ( 1 0 ) , M c N a l l y ( 1 1 ) , 
B o d e n h i e m e r ( 1 2 ) , G e r o l a a n d G l a s s g o l d ( 3 ) ] . T P H V B m o d e l , h o w e v e r , h a s 
g o n e o n e s t e p f u r t h e r b y e x t e n d i n g t h e s e r e s u l t s t o l o w m a s s w a r m 
d i f f u s e c l o u d s . T h i s w a s p o s s i b l e b e c a u s e t h e s t e e p r i s e of t e m p e r a t u r e 
at t h e e d g e s in t h e i r m o d e l p r o d u c e d a n i n w a r d p r e s s u r e g r a d i e n t f o r c e 
s t r o n g e n o u g h t o a s s i s t g r a v i t y s i g n i f i c a n t l y , s o t h a t e v e n l o w m a s s 
w a r m d i f f u s e c l o u d s c o l l a p s e w i t h o u t n e e d i n g a n y t r i g g e r s s u c h a s 
t h e r m a l - c h e m i c a l i n s t a b i l i t y o r i n i t i a l c o m p r e s s i o n b y s h o c k w a v e s . 

R e s u l t s f r o m T P H V B ' s d y n a m i c a l a n d c h e m i c a l c a l c u l a t i o n s s u g g e s t t h e 
p o s s i b i l i t y t h a t d i f f u s e a n d d e n s e c l o u d s m a y b e r e l a t e d a n d f o r m 
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f a m i l i e s in t h e s e n s e t h a t a g i v e n m a s s of i n t e r s t e l l a r g a s M i l l e x h i b i t 
t h e e n t i r e r a n g e of t h e o b s e r v e d d i f f u s e a n d d e n s e c l o u d p r o p e r t i e s a s 
it p a s s e s t h r o u g h t h e v a r i o u s e v o l u t i o n a r y p h a s e s . O n e f a m i l y of d i f f u s e 
a n d d e n s e c l o u d s m a y d i f f e r f r o m a n o t h e r b y v i r t u e of f e w s i m p l e i n i t i a l 
c o n d i t i o n s s u c h a s m a s s a n d d e n s i t y . It a l s o a p p e a r e d p o s s i b l e t h a t t h e 
s p r e a d in t h e o b s e r v e d a b u n d a n c e s of an a t o m or m o l e c u l e at a g i v e n A v 

or n H m a y b e d u e t o d i f f e r e n c e s in t h e e v o l u t i o n a r y t r a c k s c a u s e d b y 
t h e d i f f e r e n c e s in t h e i n i t i a l c o n d i t i o n s . T P H V B ' s m o d e l w a s t h e o n l y 
e v o l u t i o n a r y m o d e l t o i n c l u d e c o n d e n s a t i o n of m o l e c u l e s o n t o t h e g r a i n s , 
a l b i e t in a v e r y s i m p l i f i e d m a n n e r . T h e i r r e s u l t s s u g g e s t t h a t c o n d e n s -
a t i o n of g a s p h a s e s p e c i e s o n t o t h e g r a i n s m a y b e m u c h l e s s of a p r o b l e m 
in d y n a m i c a l l y e v o l v i n g m o d e l s t h a n in s t a t i c m o d e l s . T h i s i s a d i r e c t 
r e s u l t of t h e f a c t t h a t d y n a m i c a l l y e v o l v i n g c l o u d s s p e n d m o s t of t h e i r 
l i f e t i m e a s d i f f u s e c l o u d s a n d t h e l i f e t i m e of t h e d e n s e c o r e s t e e p l y 
d e c r e a s e s w i t h i n c r e a s i n g d e n s i t y . E v o l u t i o n a r y m o d e l s of i n t e r s t e l l a r 
c h e m i s t r y w o u l d , t h e r e f o r e , p u t l e s s e r d e m a n d s on t h e d e s o r p t i o n 
m e c h a n i s m s , if t h e d e n s e c o r e s of i n t e r s t e l l a r c l o u d s d o n o t l a s t l o n g 
a f t e r r e a c h i n g t h e d e n s i t y of 1 0 * c m " 3 [ P r a s a d ( 1 3 ) 3 . A p o s s i b l e w a y 
t o f u l f i l t h i s c o n d i t i o n i s t o a s s u m e t h a t s t a r f o r m a t i o n o c c u r s s o o n 
a f t e r t h e c o r e d e n s i t y of 1 0 * c m " 3 i s r e a c h e d . I R A S d e t e c t i o n of 
i n f r a r e d s o u r c e s in a l a r g e f r a c t i o n of p r e v i o u s l y k n o w n d e n s e c l o u d 
c o r e s ( 1 4 ) a p p e a r s t o l e n d s o m e s u p p o r t t o t h e r e q u i r e d a s s u m p t i o n . 

S u m m i n g u p , t h e a b o v e i n i t i a l r e s u l t s s u g g e s t t h a t e v o l u t i o n a r y m o d e l s 
m a y h a v e t h e p o t e n t i a l t o a c c o m p l i s h o b j e c t i v e s s e t f o r t h e m . H o w e v e r , 
m u c h r e m a i n s t o b e d o n e . F o r e x a m p l e , w e d o n o t a s y e t k n o w h o w w o u l d 
t h e s e m o d e l s p e r f o r m in t h e c a s e of c o m p l e x m o l e c u l e s , a n d in t h e c a s e 
of a s i g n i f i c a n t l y s l o w e r c o l l a p s e . W e h a v e t h e r e f o r e p e r f o r m e d s o m e 
e x p e r i m e n t s w i t h an i m p r o v e d M a r k II v e r s i o n of o u r p r e v i o u s T P H V B 
m o d e l . T h e s e a r e d e s c r i b e d b e l o w . 

5 . M A R K II E V O L U T I O N A R Y M O D E L O F I N T E R S T E L L A R C H E M I S T R Y 

A n y m o d e l of i n t e r s t e l l a r c h e m i s t r y , w h e t h e r e v o l u t i o n a r y or s t a t i c 
e q u i l i b r i u m , m u s t at l e a s t s a t i s f y t h e f o l l o w i n g b a s i c o b s e r v a t i o n a l 
c o n s t r a i n on f e w of t h e s i m p l e s t m e m b e r s of t h e H - C - 0 f a m i l y : 
(i) L a r g e CI a b u n d a n c e s f o u n d e v e n d e e p i n s i d e d e n s e c l o u d s s o t h a t 
N ( C I ) / N ( C 0 ) i s b e t w e e n 0 . 0 1 a n d 0.1 t h r o u g h o u t d e n s e c l o u d s ( 1 5 , 1 6 , 1 7 ) 
( i i ) N o n - d e t e c t i o n of 0 2 in d e n s e c l o u d s ( 1 8 , 1 9 ) , a n d ( i i i ) T h e r a t i o 
N ( C 2 H ) / N ( C Q ) i s on t h e o r d e r of 0 . 0 0 0 1 t h r o u g h o u t d e n s e c l o u d s ( 2 0 ) . 
U s i n g s t a t i c e q u i l i b r i u m m o d e l s , L a n g e r et a l . ( 2 1 ) a n d H e r b s t a n d L e u n g 
( 2 2 ) h a v e t r i e d t o e x p l a i n t h e CI o b s e r v a t i o n s ( 1 5 , 1 6 , 1 7 ) on t h e b a s i s 
of t h e p o s s i b i l i t y t h a t e l e m e n t a l C / 0 r a t i o m a y b e l a r g e r t h a n u n i t y in 
at l e a s t t h e c l o u d s h a v i n g l a r g e CI a b u n d a n c e . U n f o r t u n a t e l y , t h e o b s e r -
v a t i o n a l f o u n d a t i o n f o r t h i s p o s s i b i l i t y i s o n l y m a r g i n a l , c o n s i d e r i n g 
t h e r e l e v a n t d a t a p r e s e n t e d b y T a r a f d a r , P r a s a d , a n d H u n t r e s s ( 2 3 ) . In 
a d d i t i o n , if t h e C / 0 a b u n d a n c e r a t i o i s a d j u s t e d t o v a l u e s g r e a t e r t h a n 
o n e t o m o d e l t h e o b s e r v e d N ( C I ) / N ( C 0 ) , t h e n t h e p r e d i c t e d a b u n d a n c e s of 
C 2 H , C 3 H a n d C 3 H 2 a r e g r e a t e r t h a n t h e i r o b s e r v e d v a l u e s b y 2 t o 
4 o r d e r s of m a g n i t u d e s . [ F o r e x a m p l e , t h e o b s e r v e d f ( C 2 H ) * 1 0 " ~ e i s 
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q u i t e s m a l l e r t h a n t h e p r e d i c t e d v a l u e s of ( 1 - 2 ) κ 1 0 ~ 7 a n d 2 . 7 x 1 0 " " * 
in t h e m o d e l s o-f L a n g e r et a l . ( 2 1 ) a n d H e r b s t a n d L e u n g ( 2 2 ) . T h e 
o b s e r v e d f ( C 3 H ) on t h e o r d e r of 5 x l 0 ' 1 0 ( 2 4 ) i s a b o u t f o u r o r d e r s of 
m a g n i t u d e s m a l l e r t h a n t h e p r e d i c t e d v a l u e of 2 . 7 x l 0 " 6 f r o m H e r b s t a n d 
L e u n g ( 2 2 ) . 3 W e , t h e r e f o r e , c o n t i n u e t o u s e t h e c o n v e n t i o n a l C / 0 r a t i o 
l e s s t h a n u n i t y in t h e M a r k II v e r s i o n of o u r e v o l u t i o n a r y m o d e l . F o r a 
b e t t e r r e p r e s e n t a t i o n of t h e C a n d C O c h e m i s t r y , w e a l s o i n c l u d e t h e 
p h o t o d i s s o c i a t i o n of C O b y t h e d i l u t e u v r a d i a t i o n f i e l d d e e p i n s i d e 
d e n s e c l o u d s . A s d i s c u s s e d b y P r a s a d a n d T a r a f d a r ( 2 5 ) , t h i s d i l u t e u v 
r a d i a t i o n i s g e n e r a t e d b y t h e c o s m i c r a y e x c i t a t i o n of t h e L y m a n a n d 
W e r n e r b a n d s of h y d r o g e n . D i r e c t r e t r i e v a l of CI f r o m C O b y t h e p h o t o -
d i s s o c i a t i o n i s e x p e c t e d t o e n h a n c e t h e a b u n d a n c e of n e u t r a l a t o m i c 
c a r b o n a n d t h e s y n t h e s i s of c o m p l e x m o l e c u l e s ( 2 2 , 2 6 ) . T o r e d u c e 0 2 

a b u n d a n c e t o a n o n - d e t e c t a b l e l e v e l , w e h a v e c h a n n e l e d 0 i n t o H ^ O 
f a s t e r t h a n i n t o 0 2 b y a s s u m i n g t h a t w a t e r i s t h e m o s t p r e d o m i n a n t 
p r o d u c t in H 3 0

+ i o n r e c o m b i n a t i o n s , a n d t h a t t h e 0 + O H -> Q 2 + H 
r e a c t i o n h a s an a c t i v a t i o n t e m p e r a t u r e of 8 3 K . O b s e r v e d l i m i t s on t h e 
H 2 0 a b u n d a n c e in d i f f u s e c l o u d s s u g g e s t t h a t w a t e r i s p r o b a b l y t h e 
p r e d o m i n a n t p r o d u c t in t h e H 3 0

+ r e c o m b i n a t i o n s ( 2 7 ) . O u r f i r s t 
a s s u m p t i o n i s c o n s i s t e n t w i t h t h i s , g i v e n t h e u n c e r t a i n t i e s in t h e 
a s t r o n o m i c a l d a t a . O u r s e c o n d a s s u m p t i o n i s a l s o c o n s i s t e n t w i t h B l a c k 
a n d S m i t h ' s ( 2 8 ) a n a l y s i s of e x p e r i m e n t a l d a t a on t h e 0 + O H r e a c t i o n . 

T h e a s s u m e d e f f i c i e n t c h a n n e l i n g of 0 i n t o w a t e r h a s a p o t e n t i a l 
c o n f l i c t w i t h t h e f a c t t h a t w a t e r h a s n o t b e e n o b s e r v e d in d e n s e c l o u d s 
u n d e r n o r m a l c o n d i t i o n s . W e h a v e , t h e r e f o r e , f u r t h e r a s s u m e d t h a t w a t e r 
f r e e z e s o n t o g r a i n s on e v e r y c o l l i s i o n , a n d r e m a i n s s t o r e d on t h e m 
t h e r e a f t e r . In s h a r p c o n t r a s t , w e n e g l e c t e d f r e e z i n g o n t o g r a i n s f o r a l l 
o t h e r s p e c i e s . T h e o b s e r v e d n e a r c o n s t a n c y of t h e m o l e c u l a r a b u n d a n c e s 
w i t h t h e h y d r o g e n d e n s i t y ( 2 9 ) s u g g e s t s t h e e x i s t e n c e of s o m e v e r y 
e f f i c i e n t , b u t p r e s e n t l y u n k n o w n a n d u n q u a n t i f i a b l e , d e s o r p t i o n 
m e c h a n i s m s . R a t h e r t h a n c o n s i d e r c o n d e n s a t i o n a n d e i t h e r n e g l e c t or 
t r e a t d e s o r p t i o n in an u n c e r t a i n m a n n e r , w e h a v e at t h i s t i m e c h o s e n t o 
i g n o r e b o t h p r o c e s s e s f o r a l l s p e c i e s e x c e p t w a t e r . W a t e r w a s c o n s i d e r e d 
an e x c e p t i o n , b e c a u s e it h a s t h e h i g h e s t f r e e z i n g p o i n t . W e h o p e t h a t 
o u r r e s u l t s w i l l j u s t i f y t h e s e p r o v i s i o n a l a s s u m p t i o n s . F i n a l l y , t h e 
M a r k II m o d e l i n c l u d e s a l m o s t a l l o b s e r v e d c o m p l e x m o l e c u l e s a n d r e l a t e d 
i o n s a n d n e u t r a l s . T h u s , w e n o w h a v e 1 8 0 s p e c i e s w h i c h p a r t i c i p a t e in 
1 6 2 6 r e a c t i o n s . T h e s e s p e c i e s a r e m o s t l y t h e s a m e a s in L e u n g et a l . ' s 
( 2 6 ) m o d e l . C h e m i c a l r e a c t i o n s i n v o l v i n g t h e a d d i t i o n a l s p e c i e s a r e a l s o 
m o s t l y f r o m L e u n g et a l . , e x c e p t i n g t h a t t h e r a t e c o e f f i c i e n t s f o r t h e 
r a d i a t i v e a s s o c i a t i o n r e a c t i o n s a n d H 3"* r e c o m b i n a t i o n s a r e f r o m 
H e r b s t ( 3 0 ) , a n d S m i t h a n d A d a m s ( 3 1 ) r e s p e c t i v e l y . D e p l e t e d m e t a l 
a b u n d a n c e s w e r e u s e d t o e n s u r e l o w e l e c t r o n d e n s i t y . 

6. R E S U L T S F R O M T H E M A R K II M O D E L 

T w o s e t s of e x p e r i m e n t s w e r e d o n e w i t h t h e M a r k II m o d e l . In t h e f i r s t 
s e t t h e t i m e e v o l u t i o n of t h e p h y s i c a l s t r u c t u r e of t h e c l o u d w a s d e t e r -
m i n e d b y t h e s o l u t i o n of d y n a m i c a l e q u a t i o n s ( 1 ) t h r u ( 3 ) . T h i s r e s u l t s 
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in a " f a s t " c o l l a p s e , s o t h a t m o d e l c l o u d s e v o l v e f r o m i n i t i a l d i f f u s e 
t o a f i n a l d e n s e s t a t e w i t h c o r e d e n s i t y of 1 0 A cm"" 3 in j u s t a f e w 
m i l l i o n y e a r s ( 6 ) . A w e l l - k n o w n p r o b l e m w i t h t h e a s s u m p t i o n t h a t a l l 
m a t e r i a l w i t h i n m o l e c u l a r c l o u d s of o u r g a l a x y i s c o l l a p s i n g a t n e a r 
f r e e - f a l l r a t e i s t h a t it l e a d s t o s t a r f o r m a t i o n r a t e at l e a s t a n o r d e r 
of m a g n i t u d e l a r g e r t h a n t h e c u r r e n t l y a c c e p t e d v a l u e C Z u c k e r m a n a n d 
P a l m e r ( 3 2 ) , S m i t h et a l . ( 3 3 ) ] . In t h e s e c o n d s e t o f e x p e r i m e n t s , 
t h e r e f o r e , t h e t i m e e v o l u t i o n w a s a r b i t r a r i l y s l o w e d b y a f a c t o r o f t e n 
u n i f o r m l y t o m o d e l a " s l o w " c o l l a p s e . C l o u d s w i t h d i f f e r e n t m a s s e s a n d 
i n i t i a l d e n s i t i e s w e r e c o n s i d e r e d in e a c h s e t of e x p e r i m e n t s . F o r 
c o m p a r i s o n , s o m e e q u i l i b r i u m m o d e l s w e r e a l s o c o n s t r u c t e d at d e n s i t i e s 
of 1 0 ° a n d 1 0 * cm"" 3 a n d t e m p e r a t u r e s of 10 a n d 5 0 K . 

F i g u r e 1 s h o w s t h e r e s u l t s f o r C , a n d C O a b u n d a n c e s in a c l o u d of 
lOOMo w h e n it a t t a i n e d t h e c o r e d e n s i t y of 1 0 A c m ~ 3 a f t e r e v o l v i n g 
f o r 3 M Y . W i t h t h e m o d i f i e d C a n d C O c h e m i s t r y , t h e p r e d i c t e d a b u n d a n c e s 
of C , C O , a n d C 2 H a r e in g o o d a g r e e m e n t w i t h o b s e r v a t i o n s ( 1 5 , 1 6 , 1 7 , 
2 0 ) f o r t h e c a s e C / 0 < 1. T h e o p p o s i t e c a s e of C / 0 > 1 t e n d s t o o v e r -
p r e d i c t CI a n d C 2 H a b u n d a n c e s , t h e l a t t e r in a r a t h e r u n s a t i s f a c t o r y 

19.0 
LOG R(cm) 

F i g u r e 1. V a r i a t i o n s of C , C O a n d C 2 H a b u n d a n c e s in a m o d e l c l o u d of 
lOOMo w h e n it a t t a i n e d a c o r e d e n s i t y of 1 0 A c m ~ 3 a f t e r e v o l v i n g 
f o r 3 M Y . S o l i d a n d d a s h e d l i n e s a r e r e s p e c t i v e l y f o r t h e t w o c a s e s o f 
C / 0 r a t i o s l e s s t h a n a n d g r e a t e r t h a n u n i t y . T h e r a d i a l v a r i a t i o n s o f 
d e n s i t y a n d A v at t h i s e p o c h i s r e p r e s e n t e d b y t h e i r v a l u e s at 
s e l e c t e d r a d i a l d i s t a n c e s g i v e n a t t h e t o p of t h e f i g u r e . 
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m a n n e r , c o n s i d e r i n g t h e r a t i o s of t h e c o l u m n d e n s i t i e s i n s e r t e d in t h e 
f i g u r e . It i s , t h e r e f o r e , c o n c l u d e d t h a t t h e a s s u m p t i o n of C / 0 > 1 i s 
p r o b a b l y n o t n e c e s s a r y . F i g u r e 2 s h o w s o u r n e w r e s u l t s f o r 0 , Q 2 , a n d 

19.0 

LOG R(cm) 

F i g u r e 2 . V a r i a t i o n s of 0 , 0 2 , C O a n d H 2 0 in a m o d e l c l o u d of 1 0 0 0 
Mo at 4 M Y f o r C / 0 < 1. V a r i a i o n s of d e n s i t y a n d A v a r e r e p r e s e n t e d 
in t h e m a n n e r of F i g u r e 1. T h e i n s e r t g i v e s t h e c o l u m n d e n s i t y of t h e 
v a r i o u s s p e c i e s . 

H 2 0 in a m o d e l c l o u d of lOOOMo at 4 M Y w h e n t h e d e n s i t y at t h e c e n t e r 
w a s 1 . 2 x l O A cm"" 3. In a g r e e m e n t w i t h i t s n o n - d e t e c t i o n ( 1 8 , 1 9 ) , t h e 
a b u n d a n c e of 0 2 w a s e v e r y w h e r e l o w (< a f e w χ 1 0 ~ * ) . T h e a b u n d a n c e 
of H 2 0 m a x i m i z e d at a d e n s i t y of a f e w x 1 0 * cm"" 3. B e l o w t h i s 
d e n s i t y H 2 0 a b u n d a n c e d e c r e a s e s d u e t o r a p i d p h o t o d i s s o c i a t i o n . A b o v e 
t h a t d e n s i t y , t h e d e c r e a s e in H 2 0 in t h e p r e s e n t c a s e i s d u e t o i t s 
f r e e z i n g o n t o t h e g r a i n s . 

T h e e f f e c t s of t h e s l o w e r r a t e of c o l l a p s e c a n b e s e e n f r o m T a b l e I. F o r 
t h e t e n t i m e s s l o w e r c o l l a p s e t h e f r a c t i o n a l a b u n d a n c e of c a r b o n a n d t h e 
N ( C I ) / N ( C 0 ) r a t i o d e c r e a s e d c o n s i d e r a b l y r e l a t i v e t o t h e i r v a l u e s in t h e 
c a s e of t h e f a s t , a l m o s t f r e e - f a l l , c o l l a p s e . M o s t of t h e d e c r e a s e w a s 
f o u n d t o h a v e o c c u r r e d in t h e d e n s e s t c o r e , w h i c h i s in a g r e e m e n t w i t h 
t h e o b s e r v a t i o n t h a t C I a p p e a r s t o a v o i d t h e d e n s e c o r e ( 1 7 ) . G i v e n t h i s 
a n d t h e o b s e r v e d f ( C 3 H ) * 5 x 1 0 - * ° a n d f ( C 3 H 2 ) * ( 5 - 1 0 ) x Ι Ο " * , 
( 2 4 , 3 4 ) it a p p e a r s t h a t t h e f a s t c o l l a p s e of o u r p r e v i o u s m o d e l i s 
p r o b a b l y f a r t h e r f r o m r e a l i t y t h a n r e l a t i v e l y s l o w e r c o l l a p s e s . T h i s i s 
a l s o s u g g e s t e d b y m a n y o t h e r m o l e c u l e s w h i c h c a n n o t b e d i s c u s s e d h e r e 
d u e t o p a u c i t y of s p a c e . T h e n e w k e y p o i n t i s t h a t w e h a v e r e a c h e d t h i s 
c o n c l u s i o n o n t h e b a s i s of c h e m i c a l c o n s i d e r a t i o n s . P h y s i c a l p r o p e r t i e s , 
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T a b l e I. C o m p a r i s o n of t h e P r e d i c t e d C h e m i c a l A b u n d a n c e s in 
t h e C a s e of S l o w a n d F a s t C o l l a p s e s . N o t e t h a t a ( b ) = a χ 1 0 b . 

S P E C I E S A B U N D A N C E S P E C I E S A B U N D A N C E S S P E C I E S 

F A S T S L O W 

S P E C I E S 

F A S T S L O W 

C 2 < - 5 ) 3 < - 6 ) C 3 H 2 3 ( - 9 ) 1 (-8) 
C O 1 (-4) l ( - 4 ) 0 K - 4 ) 9 ( - 6 ) 
C 2 H 5 ( - 8 ) 3 ( - 7 ) o 2 4 ( - 6 ) 3 ( - 6 ) 
C 3 H 9 ( - l l ) 2 ( - 1 0 ) 7. of 0 307. 607. 

on g r a i n s 

s u c h a s t h e p r e d i c t e d v e l o c i t y f i e l d , a r e n o t s e n s i t i v e d i s c r i m i n a t o r of 
t h e d y n a m i c a l c o l l a p s e . It i s , t h e r e f o r e , e x c i t i n g t h a t t h e c h e m i s t r y 
m i g h t p o s s i b l y s e r v e a s s i g n p o s t s of c o l l a p s e . A n o t h e r e x a m p l e of t h e 
u s e f u l n e s s of c h e m i s t r y i s p r o v i d e d b y a c o m p a r i s o n of t h e o b s e r v e d a n d 
t h e p r e d i c t e d a b u n d a n c e s of t h r e e c o m p l e x m o l e c u l e s s h o w n in T a b l e I I . 
T h e o b s e r v e d a b u n d a n c e s a r e f r o m T M C - 1 , w h i c h i s c u r r e n t l y t h o u g h t t o b e 
a p r o t o t y p e of d a r k c l o u d s w i t h o u t e m b e d d e d i n f r a r e d s o u r c e s , a n d t h e 
t h e o r e t i c a l a b u n d a n c e s a r e f r o m a v a r i e t y of m o d e l i n g e x p e r i m e n t s . 

T a b l e I I . C o m p a r i s o n of T h e o r e t i c a l l y P r e d i c t e d a n d O b s e r v e d 
A b u n d a n c e s of a F e w C o m p l e x M o l e c u l e s . N o t e t h a t a ( b ) = a x l 0 b . 

S P E C I E S 0 B S E R V - T H E O R E T I C A L P R E D I C T I O N S F R O M M O D E L S : 
E D A B U N -
D A N C E S E V O L U T I O N A R Y E Q U I L I B R I U M 
F R O M 
T M C - 1 l O O O M o l O O M o N = 1 0 ( 6 ) c m " 3 

( S L O W C < 0 Av= 5 0 
F A S T ) C > 0 10K 5 0 K 

C H 3 0 H 
( M e t h a n o l ) 

1 (-9) 3 ( - l l ) 
4 ( - 1 0 ) 

9 ( - 1 1 ) 
6 ( - 1 1 ) 

2 ( - 9 ) 2 ( - 7 ) 

CH3CN 
( M e t h y l -
c y a n i d e ) 

1 (-9) 5 ( - 1 1 ) 
5 ( - l l ) 

3 ( - 1 1 ) 
4 ( - l l ) 

4 ( - l l ) 3 ( - 8 ) 

CH3COH 

( A c e t y l -
d e h y d e ) 

6 ( - 1 0 ) 1 (-7) 
2 ( - 8 ) 

1 (-7) 
4 ( - 8 ) 

4 ( - 7 ) 4 ( - 9 ) 

W h i l e t h e f o r m a t i o n of C H 3 0 H a n d C H 3 C N i s i n i t i a t e d b y t h e r a d i a t i v e 
a s s o c i a t i o n of C H 3

 + w i t h H 2 0 a n d H C N r e s p e c t i v e l y , C H 3 C 0 H i s 
d e r i v e d f r o m t h e r a d i a t i v e a s s o c i a t i o n of C H S

+ w i t h C O . T h e l a r g e 
d i f f e r e n c e b e t w e e n t h e o b s e r v e d a n d t h e p e d i c t e d a b u n d a n c e s of t h e s e 
n e u t r a l m o l e c u l e s in t h e e v o l u t i o n a r y m o d e l i s , t h e r e f o r e , a d i r e c t 
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r e s u l t of t h e r a p i d r a d i a t i v e a s s o c i a t i o n of C H 3 * w i t h H 2 t o f o r m 
C H a

+ . T h i s p r o c e s s i s a l s o r e s p o n s i b l e f o r t h e p r e d i c t e d l a r g e 
a b u n d a n c e of C H * . T h e e v o l u t i o n a r y m o d e l r e s u l t s f o r C H 3 C N a n d 
CH3COH a b u n d a n c e s c a n b e r e c o n c i l e d w i t h t h e i r o b s e r v e d v a l u e s b y 
s i m p l y a d j u s t i n g t h e r e l e v a n t r a d i a t i v e a s s o c i a t i o n r e a c t i o n r a t e 
c o n s t a n t s . T h e p r e d i c t e d C H * a b u n d a n c e w i l l , h o w e v e r , r e m a i n l a r g e 
b e c a u s e w e u s e d t h e m e a s u r e d r a t e c o n s t a n t of t h e C H 3

 + + H 2 — > 
C H a + + h n u r e a c t i o n . T h e u s e of Τ = 5 0 K in t h e e q u i l i b r i u m m o d e l 
d r i v e s t h e a b u n d a n c e s of C H 3 C N a n d CH3C0H in t h e r i g h t d i r e c t i o n 
( a l t h o u g h b y t o o m u c h ) b y s u p p r e s s i n g t h e r a d i a t i v e a s s o c i a t i o n of 
C H 3

+ t o f o r m C H S

+ . ( T h e h i g h C H 3 0 H a b u n d a n c e in t h e w a r m e r 
e q u i l i b r i u m m o d e l s h o u l d n o t w o r r y u s , c o n s i d e r i n g t h e v e r y l a r g e 
a b u n d a n c e of w a t e r in t h e e q u i l i b r i u m m o d e l s w h i c h d i d n o t a l l o w w a t e r 
t o c o n d e n s e o n t o t h e g r a i n s . ) T e m p e r a t u r e s o n t h e o r d e r of 2 0 - 2 5 K , 
r a t h e r t h a n 1 0 K , in t h e c o r e of t h e d a r k c l o u d s w i l l , t h e r e f o r e , a l s o 
b r i n g a b o u t a b e t t e r o v e r a l l a g r e e m e n t b e t w e e n t h e p r e d i c t e d a n d t h e 
o b s e r v e d a b u n d a n c e s . C o m p a r e d t o t h e t u n i n g of s e v e r a l r e a c t i o n r a t e 
c o n s t a n t s , a s l i g h t c h a n g e in j u s t t h e t e m p e r a t u r e o n l y i s an e l e g a n t 
a l t e r n a t i v e . H o w e v e r , t e m p e r a t u r e s on t h e o r d e r of 2 0 - 2 5 K in t h e c o r e s 
of d e n s e c l o u d s , w h e r e t h e d e n s i t y m a y e x c e e d 1 0 5 c m ~ 3 , m a y p r e s e n t 
p r o b l e m f o r t h e h e a t b u d g e t in o u r m o d e l c l o u d s w i t h n o i n t e r n a l h e a t 
s o u r c e . I o n - n e u t r a l d r i f t d e c r e a s e s t h e r a t e c o n s t a n t s of t h r e e b o d y 
a s s o c i a t i o n r e a c t i o n s ( 3 5 ) . F o r c l o u d s w i t h m a g n e t i c f i e l d s , t h e r e f o r e , 
w e h a v e t h e t h i r d p o s s i b i l i t y t h a t i o n - n e u t r a l d r i f t d u e t o a m b i p o l a r 
d i f f u s i o n m a y s u p p r e s s r a d i a t i v e a s s o c i a t i o n s if t h e a d d i t i o n a l 
c e n t e r - o f - m a s s e n e r g y i s e q u i v a l e n t t o a h i g h e r " e f f e c t i v e " t e m p e r a t u r e . 
T h i s p o s s i b i l i t y t o o h a s i t s o w n s h a r e of p r o b l e m s d u e t o u n c e r t a i n t i e s 
in t h e f a c t o r s g o v e r n i n g t h e m a g n i t u d e of t h e i o n - n e u t r a l d r i f t 
v e l o c i t y . T h e s e f a c t o r s i n c l u d e t h e s t r e n g t h of t h e m a g n e t i c f i e l d , 
f r a c t i o n a l i o n i z a t i o n , a n d t h e i r d e p e n d e n c e on t h e d e n s i t y ( 3 6 ) . O n t h e 
p l u s s i d e t h e m a g n e t i c f i e l d s h a v e t h e a t t r a c t i o n t h a t t h e y h e l p in 
s l o w i n g d o w n t h e c o l l a p s e . 

7 . F U T U R E P L A N S 

G i v e n t h e p r e s e n t r e s u l t s , it i s n o w n e c e s s a r y t o e x a m i n e t h e s l o w e r 
c o l l a p s e on a p h y s i c a l l y r e a l i s t i c b a s i s b y i n t r o d u c i n g m a g n e t i c f i e l d s . 
A n o t h e r e n t i c i n g q u e s t i o n i s t h e e v o l u t i o n of a c l o u d w h i c h e x p e r i e n c e d 
a s i g n i f i c a n t s h o c k c o m p r e s s i o n a n d t h e a s s o c i a t e d c h e m i c a l c h a n g e s 
w h i l e it w a s s t i l l d i f f u s e a n d w a s e v o l v i n g v e r y s l o w l y t o w a r d s i t s 
f i n a l d e n s e s t a t e . W e p l a n t o e x p l o r e t h e s e i s s u e s . C O s e l f - s h i e l d i n g 
( 3 7 ) , ab i n i t i o c a l c u l a t i o n of t h e t e m p e r a t u r e , a n d a b e t t e r e s t i m a t e of 
t h e i n t e r n a l u v r a d i a t i o n f i e l d w i l l b e i n c l u d e d in o u r f u t u r e s t u d i e s . 

8. S U M M A R Y 

T h e g o a l of e v o l u t i o n a r y m o d e l s of i n t e r s t e l l a r c h e m i s t r y w a s d e f i n e d t o 
i n c l u d e t h e d e t e r m i n a t i o n of t h e w a y in w h i c h c l o u d s b e c a m e w h a t t h e y 
a r e , t h e p r e d i c t i o n of h o w t h e y w i l l c h a n g e w i t h t i m e , a n d t h e 
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i n v e s t i g a t i o n of t h e e v o l u t i o n a r y s e q u e n c e b e t w e e n t h e s e c l o u d s a n d 
r e l a t e d h e a v e n l y b o d i e s s u c h a s s t a r s . W e t h e n p r e s e n t e d an i m p r o v e d 
M a r k II m o d e l of c h e m i s t r y in d y n a m i c a l l y e v o l v i n g i n t e r s t e l l a r c l o u d s . 
R e s u l t s f r o m t h e M a r k II m o d e l i n d i c a t e t h a t t h e o b s e r v e d a b u n d a n c e s of 
CI a n d C O a n d t h e n o n - d e t e c t i o n of 0 2 in d e n s e i n t e r s t e l l a r c l o u d s c a n 
b e m o d e l e d w i t h t h e c o n v e n t i o n a l C / 0 < 1. P u r e l y d y n a m i c a l m o d e l s of 
c l o u d e v o l u t i o n d o n o t g e n e r a t e a d e q u a t e o b s e r v a b l e d i s c r i m i n a t o r s of 
t h e p r e d i c t e d t r a c k s . C o u p l e d c h e m i c a l - d y n a m i c a l m o d e l s h a v e t h e 
e x c i t i n g p o t e n t i a l t o y i e l d u s e f u l s u p p l e m e n t a r y d i a g n o s t i c s of t h e 
d y n a m i c a l e v o l u t i o n . 

9. A C K N O W L E D G M E N T S 

T h e w o r k d o n e at t h e J e t P r o p u l s i o n L a b o r a t o r y , C a l i f o r n i a I n s t i t u t e of 
T e c h n o l o g y w a s s u p p o r t e d b y a c o n t r a c t w i t h t h e N a t i o n a l A e r o n a u t i c s a n d 
S p a c e A d m i n i s t r a t i o n . A p a r t of t h i s w o r k w a s d o n e at t h e T a t a I n s t i t u t e 
of F u n d a m e n t a l R e s e a r c h , B o m b a y , I n d i a . S u p p o r t of t h e S m i t h s o n i a n 
I n s t i t u t i o n f o r t h i s p a r t of t h e r e s e a r c h , a n d t h e h o s p i t a l i t y of t h e 
T a t a I n s t i t u t e a r e g r a t e f u l l y a p p r e c i a t e d . H e a r t f e l t t h a n k s a r e a l s o d u e 
t o M . J. M c E w a n f o r h e l p f u l d i s c u s s i o n s a n d t o S h a n k e r T a r a f d a r , K a r e n 
V i l l e r e , W e s l e y H u n t r e s s , a n d D a v i d B l a c k f o r t h e i r c o n t i n u i n g 
c o n t r i b u t i o n s t o t h i s o n g o i n g r e s e a r c h p r o j e c t . 
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DISCUSSION 

HARTQUIST: I find work like this is useful, because it demonstrates the 

way in which the chemistry evolves on time scales which probably 

characterise the dynamics in clouds. However, the many existing models 

of chemistry in collapsing clouds fail to take account of the probable 

importance of absorption onto grains and the lifetime of clouds, 

which survive far longer than the collapse timescales in the models. 
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Chemistry in realistic dynamical models must be considered. Boland and 

de Jong have made a model of the chemistry in a dynamic but long lived 

cloud as have Williams and Hartquist; in both cases, grain absorption 

was considered. Much more work on the dynamics and the chemistry of 

long lived clouds is necessary. 

PRASAD: I agree that much more work needs to be done on the dynamics 

and chemistry of long lived clouds. We are trying to do just that. 

D'HENDECOURT: Solid CO on grains has indeed been observed in a few 

embedded IR sources, showing that CO will stick onto the grains, just 

as H 2 O . Moreover, on the grains, CO can easily be converted to C O 2 
which cannot yet be observed. So the amount of C in CO (and may be C O 2 ) 
is probably comparable to the amount of C in CO gas phase. Is it 

justified to consider only the sticking H 2 O , neglecting that of other 

species? 

PRASAD: Rigorously, it is certainly not justified to consider the 

sticking of H 2 O only while neglecting the sticking of all other species, 

such as CO. However, while CO is observed in even dense clouds, 

water is not. Assuming that non-detection of water is not an excita-

tion problem, i.e., if the non-detection of water is mostly due to its 

very low abundance, the above would suggest that there is something 

special about water which may justify our provisional assumptions. 

GREENBERG: I should like to express my thanks to Dr. Prasad for making 

this first effort to understand cloud chemistry and cloud evolution 

as inseparable physical phenomena. As you know I have been exposing 

for years the concept of grain evolution intimately related to cloud 

evolution. One aspect of this, which we have developed (Tielens and 

then d'Hendecourt) is the role of grain in the cloud chemistry via 

surface reactions and explosion. I think it is time we tried to bring 

these two aspects together in a coherent scheme. It should not be 

necessary to have H 2 O accretion on grains as a "black box" assumption 

when there is a ready made solution in terms of time dependent chemistry 

of grains and gas (d'Hendecourt, Allamandola and Greenberg A & A 1985). 

TURNER: In the types of clouds you model, especially at the lower 

temperatures, the properties are those of "cold dark clouds" in which 

OH is a well studied species with reliably determined abundances 

(10~ 7 to 1 0 ~ 6 ) . Since OH + Ο O 2 is a key pathway in your scheme, OH 
must be a key constraint in predicting O 2 and CO abundances 

(C + OH -> CO + Η for the latter). Are the observed OH abundances con-

sistent with your predictions for O 2 and C/CO abundances? 

PRASAD: We can get the abundance of OH - 10""6 very easily but this 

disturbs both the C and 0 abundances. But one can control both these 

situations by introducting some activation energy in the reaction of 

C with OH. 

FEDERMAN: Two comments are in order regarding Barry Turner's discussion 

on OH. First, the radio data probably sample gas with A v equal or less 

than 5 mag, and thus cannot be used to analyse the cores of dense 

clouds. Second, CI has not been observed in cold clouds because of 

excitation conditions. 
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TURNER: The radio lines of OH in dark clouds are demonstrably opti-
cally thin (hyperfine ratio). Therefore no optical depth effects pre-
vent sampling the cloud cores in OH. Additionally, maps of such clouds 
by telescopes of greatly differing spatial resolutions give result 
suggesting that OH is not confined to outer regions (halos). If it 
were confined thinly, some indications of shell structure, easy to 
interpret because of the optical thinness, would have been observed. 

PANDE: It is very interesting to note that dynamically evolving cloud 
models are being made. Is it not necessary to couple the hydrodynamic 
equations with radiative transfer equations for deriving true molecular 
abundances, if the situation is not fully represented by an optically 
thin case? 
PRASAD: Yes, ideally we should treat radiative transfer and hydrodyna-
mics jointly. Gerola and Glassgold's study (Ap.J. Suppl., 37.r 1, 1978) 
is an example of such, an attempt. 

GUELIN: There are two evidences that CO is still abundant in the gas 
phase up to densities of 1 0 4 - i o 5 cm~3, deep inside the dark clouds. 
The first comes from the CO/A v or rather C O / A J R - relation. We have 
reobserved with a much higher angular resolution (i.e. with the IRAM 
30m telescope) the ^ C O a n c l c^O column densities in the direction of 
a few highly reddened stars in Helies Cloud 2 (these stars were pre-
viously observed by Friberg, Langer and Wilson (Ap. J. 262, 590, 1982) 
with a low angular resolution). We find that, at least upto 10-12 mag 
of visual extinction, C0/A v is not significantly smaller than in the 
region of the cloud where A v = 2-5 (cf Guelin, this volume). The 
second evidence comes from the DC0+/HC0+ and N2D +/N2H + abundance 
ratios. As the H 2 D + recombination rate is small (cf. Smith and Adams, 
this volume), the deuterium enhancement in H 3

+ (and probably that in 
HCO + and N2H +) is calculated by the CO abundance. Then we derive 
x(CO) = 1 0 ~ 4 similar to that found in the less dense parts of the 
clouds. These points are presented in more detail in a paper in pre-
paration by us (to be submitted to Astronomy and Astrophysics). 

IRVINE: As an observer, I would urge caution to the theoreticians in 
accepting published estimates of abundances too literally. These are 
very difficult determinations. Although some values are known reasona-
bly well, others are quite uncertain; i.e., C 3 H has been found only in 
one cloud (TMC-1); although C 2 H 2 is widely distributed, its abundance 
has not been accurately determined in any specific cloud. Moreover, 
abundances for some species do differ among clouds which appear to be 
similar physically (i.e., the cyanopolyynes in TMC-1 and L183). Can 
such physically similar clouds be at different stages of evolution? 
PRASAD: Your remarks about exercising caution in the use of the publi-
shed observational abundances is certainly well taken. The possibility 
that clouds reaching almost similar physical conditions via different 
evolutionary tracks may have substantial chemical differences has been 
one of the motivations for evolutionary models. Theoretical modelling 
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results, however, are not secure enough at this time to make a defini-

tive judgement on the possibility. 

JACKSON: Regarding grain chemistry, one has to recognize the extreme 

difficulty in really knowing what the rate coefficients are on the 

grain. Experimentalists, interested in gas-surface reaction rates, 

spend half a million dollar building very elaborate apparatus so that 

they can ensure that surface is clean to know what the characteristics 

of the surface are, what kinds of defects are there on the surface and 

what not, none of which are known in the interstellar chemistry. As 

Bill Irvine points out, the observational exactness of the numbers is 

really not known, and the rate coefficients for the gas and surface 

reactions are not known. So, one has a situation where there are a 

large number of unknown parameters that one is trying to model. So 

what do we expect to get out of the model? What we expect to get is to 

learn how to handle these kinds of equations. Everybody sitting down 

here are agreeing about the details of your models without worrying 

about whether the model makes sense or not. The purpose of these models 

is not to know column densities and other details but to provide an 

experience in putting all the things together so that as one gets more 

and more accurate data from laboratory and observations, one can hope 

to put it together in a reasonable model. 

PRASAD: Yes, we modellers do try to work in concert with laboratory 

workers and with observers to define the observational as well as labo-

ratory strategy. It is after all an interactive process. 

P.K. GHOSH: Besides the numerical values of final concentrations of 

the chemical species resulting from the model, it would be desirable if 

weightage of the various chemical processes that contribute to final 

concentrations are examined. This has the advantage of distinguishing 

major constituent chemical processes, and if the rate coefficients of 

such processes are not experimentally obtained, it would indicate 

reactions where experimental studies are crucially needed. 

PRASAD: I agree. You have made a practical point. In the past we 

have tried to identify the major production and loss mechanisms at any 

particular epoch of evolution. We shall continue to do that. 
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