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A B S T R A C T 

Ammonia has b e e n d e t e c t e d i n 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 o f 
I R C + 1 0 2 1 6 , VY CMa, VX S g r , and IRC+10420 . A number o f a b s o r p t i o n j i n e s 
o f l t + N H 3 i n t h e v 2 v i b r a t i o n - r o t a t i o n band a r o u n d 28 T H z (950 cm l ) 
h a v e b e e n o b s e r v e d a t a v e l o c i t y r e s o l u t i o n o f 0 .2 k m / s . T y p i c a l 
l i n e w i d t h s a r e 1 t o 4 k m / s , and t h e d e t a i l s o f t h e l i n e p r o f i l e s p r o 
v i d e a d d i t i o n a l i n s i g h t s on t h e p r o c e s s o f mass l o s s i n t h e s e s t a r s . 

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

T h e e x t e n s i o n o f h e t e r o d y n e t e c h n i q u e s t o i n f r a r e d s p e c t r o s c o p y 
now p e r m i t s t h e v i b r a t i o n a l t r a n s i t i o n s o f i n t e r s t e l l a r and c i r c u m 
s t e l l a r m o l e c u l e s t o be s t u d i e d a t t h e h i g h v e l o c i t y r e s o l u t i o n com
m o n l y u s e d i n m i c r o w a v e l i n e o b s e r v a t i o n s . W e l l - r e s o l v e d l i n e p r o 
f i l e s a r e e s p e c i a l l y n e c e s s a r y i n c h a r a c t e r i z i n g t h e d y n a m i c s o f mass 
l o s s i n c i r c u m s t e l l a r e n v i r o n m e n t s . T h e i n t e r p r e t a t i o n o f t h e s e p r o 
f i l e s i s c o n s i d e r a b l y s i m p l i f i e d f o r i n f r a r e d a b s o r p t i o n l i n e s i n t h a t 
o n l y t h e r a d i a l v e l o c i t y c o m p o n e n t o f c i r c u m s t e l l a r e x p a n s i o n i s s e e n 
a g a i n s t a s m a l l (<1 a r c s e c ) c o n t i n u u m s o u r c e . T y p i c a l l i n e w i d t h s a r e 
1 t o 4 k m / s . T h i s i s i n c o n t r a s t t o m i c r o w a v e e m i s s i o n l i n e o b s e r v a 
t i o n s w i t h ^1 a r c m i n b e a m w i d t h s , w h e r e l i n e e m i s s i o n o v e r t h e f u l l 
r a n g e o f p r o j e c t e d e x p a n s i o n v e l o c i t i e s i s s e e n , a n d w i d e (^30 k m / s ) 
p r o f i l e s a r e o b s e r v e d c e n t e r e d a b o u t t h e s t e l l a r v e l o c i t y . 

T h e u s e f u l n e s s o f h e t e r o d y n e t e c h n i q u e s i n i n f r a r e d s p e c t r o s c o p y 
has been d e m o n s t r a t e d b y t h e d e t e c t i o n o f ammonia i n t h e c i r c u m s t e l l a r 
e n v e l o p e o f IRC+10216 ( B e t z e t a l . 1 9 7 9 ) . S u b s e q u e n t o b s e r v a t i o n s on 
t h i s s o u r c e and s e v e r a l s u p e r g i a n t m a s e r s t a r s show t h a t ammonia i s 
r e l a t i v e l y a b u n d a n t a n d i s an e x c e l l e n t i n d i c a t o r o f d y n a m i c s t h r o u g h 
o u t t h e c i r c u m s t e l l a r c l o u d . A l s o , f o r t h e m a s e r s t a r s , t h e v e l o c i 
t i e s o f t h e ammonia a b s o r p t i o n l i n e s c a n be c o r r e l a t e d w i t h t h o s e o f 
O H - m a s e r e m i s s i o n f e a t u r e s d e t e r m i n e d f r o m V L B I m e a s u r e m e n t s t o f i x 
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t h e l o c a t i o n o f t h e c e n t r a l s t a r r e l a t i v e t o t h e e x t e n d e d c l o u d o f 
m a s e r c o m p o n e n t s . 

2. I N S T R U M E N T A T I O N 

F i g u r e 1 shows a s i m p l i f i e d s c h e m a t i c o f t h e r e c e i v e r w h i c h i s 
u s e d a t t h e 1.5 m McMath S o l a r T e l e s c o p e o f K i t t Peak N a t i o n a l 
O b s e r v a t o r y . A t a w a v e l e n g t h o f 1 0 . 6 y m , t h e d i f f r a c t i o n - l i m i t e d beam-
s i z e i s ^ 1 . 5 a r c s e c . T h e l o c a l o s c i l l a t o r i s a C 0 2 l a s e r c a p a b l e o f 
o s c i l l a t i n g on a n y o n e o f a numbe r o f d i s c r e t e v i b r a t i o n - r o t a t i o n 
t r a n s i t i o n s o f C 0 2 i n t h e 10um b a n d . C e n t e r i n g o f t h e l a s e r t o t h e 
peak o f t h e p o w e r o u t p u t c u r v e c o n t r o l s t h e LO f r e q u e n c y t o a f r a c 
t i o n a l a c c u r a c y b e t t e r t h a n 1 0 " 7 . T h e m i x e r i s a H g C d T e i n f r a r e d 
p h o t o d i o d e w i t h an o u t p u t c u r r e n t r e s p o n s e e x t e n d i n g f r o m DC t o 
1800 MHz. T h e o u t p u t o f t h e p h o t o m i x e r i s p r o c e s s e d by a s e c o n d m i x e r 
and d i r e c t e d i n t o a f i l t e r b a n k o f s i x t y - f o u r 20 MHz f i l t e r s . E a c h 
c h a n n e l c o r r e s p o n d s t o a v e l o c i t y w i d t h o f ^ 0 . 2 k m / s . 

A number o f c l o s e f r e q u e n c y c o i n c i d e n c e s h a v e been m e a s u r e d 
b e t w e e n C 0 2 l a s e r l i n e s a n d f u n d a m e n t a l t r a n s i t i o n s o f N H 3 i n t h e v 2 

v i b r a t i o n - r o t a t i o n b a n d . L a b o r a t o r y m e a s u r e m e n t s h a v e b e e n a c c o m 
p l i s h e d w i t h a v a r i e t y o f l a s e r - r e l a t e d t e c h n i q u e s , p r i n c i p a l l y l a s e r -
S t a r k s p e c t r o s c o p y ( U e d a and Sh imoda 1 9 7 5 ) , l a s e r - m i c r o w a v e d o u b l e -
r e s o n a n c e s p e c t r o s c o p y ( F r e u n d and Oka 1 9 7 6 ) , and l a s e r h e t e r o d y n e 
s p e c t r o s c o p y ( H i l l m a n e t a l . 1 9 7 7 ) . As i n m i c r o w a v e a s t r o n o m y , good 
r e s t f r e q u e n c i e s mus t a l s o be known i n t h e i n f r a r e d b e f o r e a t t e m p t i n g 
o b s e r v a t i o n s . T h i s i s e s p e c i a l l y a p p a r e n t when t h e t o t a l I F v e l o c i t y 
c o v e r a g e i s o n l y ^14 k m / s . 

S i n c e t h e l o c a l o s c i l l a t o r f r e q u e n c i e s a r e f i x e d , s t e l l a r s o u r c e s 
a r e f i n e - t u n e d i n t o f r e q u e n c y c o i n c i d e n c e u s i n g t h e o r b i t a l m o t i o n o f 
t h e e a r t h . A t a p a r t i c u l a r t i m e , o n l y a f e w m o l e c u l a r l i n e s may f a l l 
w i t h i n t h e 14 km/s " w i n d o w " , and o b s e r v i n g t i m e s m u s t be s e l e c t e d w i t h 
t h i s i n m i n d . T h e o r b i t a l m o t i o n o f t h e e a r t h s h i f t s t h e s p e c t r a 

To 
Computer 
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^1 c h a n n e l / d a y , and r e p e a t e d o b s e r v a t i o n s o v e r a f e w d a y s a r e g e n e r a l l y 
n e e d e d t o u n a m b i g u o u s l y i d e n t i f y t h e i n f r a r e d s i d e b a n d i n t o w h i c h an 
i s o l a t e d l i n e may f a l l . A l t h o u g h t h i s t e c h n i q u e i s n o t as c o n v e n i e n t 
as h a v i n g d i r e c t f r e q u e n c y c o n t r o l o f t h e l o c a l o s c i l l a t o r , i t i s 
s t i l l p r a c t i c a l i n t h a t many o f t h e s t r o n g e s t NH3 l i n e s a r e a c c e s s i b l e 
f o r m o s t s u p e r g i a n t s t a r s . I t i s p a r t i c u l a r l y f o r t u n a t e t h a t ammonia 
has s u c h a r i c h s p e c t r u m o v e r l a p p i n g t h e 10ym C 0 2 l a s e r b a n d s . T h e 
n o n - m e t a s t a b l e e n e r g y l e v e l s o f N H 3 a r e e s p e c i a l l y i m p o r t a n t i n t h a t 
t h e c o l l i s i o n a l l y - e x c i t e d p o p u l a t i o n o f t h e s e l e v e l s i s s e n s i t i v e t o 
H 2 d e n s i t i e s o f 1 0 6 t o 1 0 1 0 c m " 3 , w h i c h a r e c h a r a c t e r i s t i c o f t h e 
d e n s i t i e s e x p e c t e d i n c i r c u m s t e l l a r c l o u d s . 

3 . O B S E R V A T I O N S 

A ) IRC+10216 

-20 

E x p a n s i o n v e l o c i t y ( k m / s ) 
- 1 6 - 1 2 - 8 

1.0 

0.9 

0.7 

0.6 

T h e i d e n t i f i c a t i o n o f N H 3 i n IRC+10216 was b a s e d on t h e d e t e c t i o n 
o f 3 l i n e s i n t h e v 2 b a n d : 
a R ( l , l ) , a Q ( 2 , 2 ) and a Q ( 6 , 6 ) 
( B e t z e t a l . 1 9 7 9 ) . T h e s e 
o b s e r v a t i o n s w e r e c o m p l e t e d i n 
e a r l y J u n e 1978, c l o s e t o t h e 
t i m e o f maximum i n f r a r e d b r i g h t 
n e s s . A d d i t i o n a l o b s e r v a t i o n s 
w e r e done i n May 1979 , n e a r 
m in imum i n f r a r e d b r i g h t n e s s , 
when t h e c o n t i n u u m i n t e n s i t y 
was a b o u t 2 . 5 t i m e s w e a k e r t h a n 
a t p r e v i o u s max imum. I n t h e s e 
l a t t e r o b s e r v a t i o n s , t h e a R ( 0 , 0 ) 
t r a n s i t i o n i l l u s t r a t e d i n 
F i g u r e 2 was a l s o d e t e c t e d . 
T h e r o t a t i o n a l l e v e l o f t h e 
l o w e r s t a t e o f t h i s v i b r a t i o n a l 
t r a n s i t i o n has no 24 GHz i n v e r 
s i o n t r a n s i t i o n and h e n c e c a n 
n o t be d e t e c t e d i n m i c r o w a v e 
o b s e r v a t i o n s . 

B o t h t h e o l d and new 
r e s u l t s i n d i c a t e t h a t ammonia 
i s r e l a t i v e l y a b u n d a n t , w i t h 
a c o l u m n d e n s i t y a r o u n d 
1 0 1 7 c m " 2 a n d a f r a c t i o n a l 
a b u n d a n c e o f 1 0 " 7 r e l a t i v e t o 
H 2 . Ammonia c a n be s e e n b o t h 
c l o s e t o t h e s t a r s u c h t h a t 
c o n t i n u u m e m i s s i o n f r o m i n t e r 
v e n i n g d u s t p a r t i a l l y o b s c u r e s 
t h e l i n e s , and a l s o a t l a r g e 

1 1 1 1 I 1 1 

/ 

-
1 I IRC +10216 

1 1 N H 3 aR (0 ,0 ) 1 J May 1979 

1 1 1 1 1 I 1 

-46 - 4 2 - 3 8 - 3 4 
LSR v e l o c i t y ( k m / s ) 

-30 

F i g u r e 2 : T h e a R ( 0 , 0 ) l i n e o f N H 3 

i n IRC+10216 . T h e r e s t f r e q u e n c y 
o f t h i s t r a n s i t i o n i s 28 .533534 T H z . 
T h e e x p a n s i o n v e l o c i t y f o r c i r c u m 
s t e l l a r gas a s s u m e s an i n t r i n s i c 
s t e l l a r v e l o c i t y o f -26 k m / s . 
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r a d i a l d i s t a n c e s w h e r e t h e m o l e c u l a r p o p u l a t i o n c o l l e c t s i n t o t h e 
l o w e s t r o t a t i o n a l l e v e l s . T h e a p p e a r a n c e s o f l i n e s o f d i f f e r e n t r o t a 
t i o n a l e x c i t a t i o n a r e c o n s e q u e n t l y t o some e x t e n t i n d i c a t i v e o f gas a t 
d i f f e r e n t r a d i a l d i s t a n c e s and i n e n v i r o n m e n t s o f d i f f e r i n g t e m p e r a 
t u r e a n d d e n s i t y . C l o s e t o t h e s t a r , w i t h i n t h e r e g i o n o f 10ym c o n 
t i n u u m r a d i a t i o n f r o m d u s t , a r o t a t i o n a l t e m p e r a t u r e o f 400 t o 700 K 
and an H 2 d e n s i t y a r o u n d 1 0 9 c m " 3 a r e i n d i c a t e d . T h e c e n t r a l i n t e n s i 
t i e s o f l i n e s s u c h as ( J , K ) = ( 0 , 0 ) a l s o r e v e a l t h a t ammonia i s d e t e c t 
a b l e i n t h e c o o l e r , <200 K, r e g i o n s o f t h e c i r c u m s t e l l a r c l o u d , w e l l 
o u t s i d e t h e a r e a o f 10um c o n t i n u u m e m i s s i o n . I n a l l t h e l i n e s , t h e 
c i r c u m s t e l l a r e x p a n s i o n v e l o c i t y i s s e e n t o be r e m a r k a b l y c o n s t a n t . 
By t h e t i m e N H 3 i s a b u n d a n t e n o u g h t o be d e t e c t a b l e , t h e e x p a n s i o n 
v e l o c i t y i s a l r e a d y c l o s e t o t h e t e r m i n a l v e l o c i t y o f ^14 k m / s . I f 
r a d i a t i o n p r e s s u r e on g r a i n s d r i v e s t h e gas e x p a n s i o n and t h e h o t t e s t 
g r a i n s f o r m a b o u t 5 s t e l l a r r a d i i ( 0 . 2 a r c s e c ) f r o m t h e c e n t r a l s t a r 
( S u t t o n e t a l . 1 9 7 9 ) , t h e n t h e ammonia e x t e n d s o u t w a r d f r o m t h i s 
r a d i u s . T h e r e l a t i v e l y l a r g e c o l u m n d e n s i t y o f N H 3 and t h e s h a r p n e s s 
o f t h e l i n e p r o f i l e s s u g g e s t t h a t t h e r e l a t i v e N H 3 a b u n d a n c e i s 
r a t h e r mo re i n e q u i l i b r i u m w i t h t h e d u s t g r a i n t e m p e r a t u r e t h a n f r o z e n 
a t t h e p h o t o s p h e r i c v a l u e . M o d e l i n g o f t h e o b s e r v e d l i n e p r o f i l e s by 
D. C r a b t r e e a t T o r o n t o a l s o i n d i c a t e s t h a t t u r b u l e n c e i n t h e c i r c u m 
s t e l l a r gas i s s m a l l b u t m e a s u r e a b l e a t a b o u t 1 k m / s . F u t u r e o b s e r v a 
t i o n s s h o u l d c l a r i f y t h e r a d i a l d e p e n d e n c e o f t h e N H 3 a b u n d a n c e c l o s e 
t o t h e s t a r and e s t a b l i s h mo re q u a n t i t a t i v e e s t i m a t e s o f t h e H 2 d e n 
s i t y t h r o u g h o u t t h e r e g i o n o f N H 3 a b s o r p t i o n . 

B) 0 H / I R S u p e r g i a n t s 

Ammonia was s e a r c h e d f o r a n d d e t e c t e d i n 3 O H - m a s e r s t a r s : 
VY CMa, VX S g r , and IRC+10420 ( M c L a r e n and B e t z 1 9 7 9 ) . I n t h e s e 
s o u r c e s t h e a b s o r p t i o n l i n e s a r e a l l on t h e o r d e r o f 20 t o 30% d e e p , 
and t h e l i n e w i d t h s r a n g e f r o m 1 t o 4 k m / s . I n VY CMa t h e N H 3 i s s e e n 
a t - 4 . 5 k m / s ( L S R ) . I f t h e s t e l l a r v e l o c i t y may be t a k e n a t +18 km/s 
f r o m t h e m i d p o i n t o f t h e t w o OH m a s e r p e a k s , t h e n t h e N H 3 i s o b s e r v e d 
a t a u n i f o r m e x p a n s i o n v e l o c i t y o f a b o u t - 2 3 k m / s . I t i s i n t e r e s t i n g 
t o a s s o c i a t e t h e N H 3 a b s o r p t i o n - l i n e v e l o c i t y w i t h t h e - 4 . 5 km/s OH 
m a s e r c o m p o n e n t s e e n n e a r t h e p h y s i c a l c e n t e r o f t h e m a s i n g r e g i o n i n 
V L B I o b s e r v a t i o n s ( R e i d a n d M u h l e m a n , 1978; Moran e t a l . 1 9 7 7 ) . 
P r e s u m a b l y , t h i s - 4 . 5 k m / s c o m p o n e n t i n d i c a t e s t h e g a s i n d i r e c t l i n e -
o f - s i g h t e x p a n s i o n f r o m t h e c e n t r a l s t a r . T h i s i n t e r p r e t a t i o n i s 
s t r e n g t h e n e d b y s i m i l a r a s s o c i a t i o n s b e t w e e n N H 3 a b s o r p t i o n - l i n e 
v e l o c i t i e s i n VX S g r and IRC+10420 a n d OH m a s e r c o m p o n e n t s s e e n n e a r 
t h e a p p a r a n t c e n t e r s o f m a s e r g r o u p i n g s i n t h e s e s o u r c e s ( M o r a n e t a l . 
1977 , B e n s o n e t a l . 1 9 7 9 ) . I n VX S g r I N H 3 a b s o r p t i o n and OH e m i s s i o n 
a r e b o t h s e e n a t - 1 4 . 3 k m / s , w h i l e i n I R C + 1 0 4 2 0 , N H 3 a n d OH a r e f o u n d 
a t + 4 5 . 9 k m / s . I t t h u s seems r e a s o n a b l e t h a t t h e c e n t r a l s t a r s a r e 
l o c a t e d d i r e c t l y b e h i n d t h e s e v e l o c i t y c o m p o n e n t s . T h e s e v e l o c i t y 
c o r r e l a t i o n s do n o t n e c e s s a r i l y i m p l y t h a t t h e N H 3 a b s o r p t i o n and OH 
e m i s s i o n o c c u r a t t h e same r a d i a l d i s t a n c e f r o m t h e s t a r . Gas i s 
a l r e a d y a c c e l e r a t e d n e a r t h e t e r m i n a l v e l o c i t y by t h e t i m e t h e h o t t e s t 

https://doi.org/10.1017/S0074180900073137 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900073137


INFRARED HETERODYNE SPECTROSCOPY OF CIRCUMSTELLAR MOLECULES 5 0 7 

NH3 i s s e e n , and i t c o n t i n u e s o u t w a r d a t t h i s v e l o c i t y t o w a r d t h e 
c o o l e r r e g i o n w h e r e OH e m i s s i o n o c c u r s . H o w e v e r , N H 3 i n t h e l o w 
e n e r g y r o t a t i o n a l s t a t e s s u c h as ( 0 , 0 ) c e r t a i n l y e x t e n d s i n t o t h e OH 
e m i s s i o n r e g i o n . A d d i t i o n a l o b s e r v a t i o n s o f N H 3 i n a l a r g e r number o f 
m a s e r s t a r s w i l l a l l o w m o r e q u a n t i t a t i v e e s t i m a t e s t o be made . 

4 . FUTURE PROSPECTS 

W i t h i n t h e n e x t y e a r o r t w o , e x p e c t e d s y s t e m i m p r o v e m e n t s i n b o t h 
s e n s i t i v i t y and f r e q u e n c y c o v e r a g e w i l l g r e a t l y e x p a n d t h e a p p l i c a t i o n s 
o f h e t e r o d y n e s p e c t r o s c o p y . U n d e r good s e e i n g c o n d i t i o n s , a 3-m c l a s s 
t e l e s c o p e w i l l g i v e a 4 - f o l d i n c r e a s e i n s e n s i t i v i t y o v e r t h e 1.5 m 
t e l e s c o p e c u r r e n t l y i n u s e ; a n d , t o g e t h e r w i t h m o d e s t r e c e i v e r i m 
p r o v e m e n t s , w i l l p e r m i t g o o d a b s o r p t i o n l i n e s p e c t r o s c o p y a t 10um on 
w e l l o v e r 100 s o u r c e s . W i t h r e c e n t l y i m p r o v e d p h o t o m i x e r s and more I F 
f i l t e r c h a n n e l s , t h e s i m u l t a n e o u s v e l o c i t y c o v e r a g e c a n now be 
e x t e n d e d t o ^28 k m / s . T h i s w i l l n o t o n l y p r o v i d e a d e c e n t b a s e l i n e 
f o r c o n t i n u u m e s t i m a t e s b u t a l s o d o u b l e t h e e f f i c i e n c y o f t e l e s c o p e 
u s a g e . L a s e r t e c h n o l o g y , p r i n c i p a l l y w i t h C 0 2 , N 2 0 , and CO gas l a s e r s , 
i s w e l l e n o u g h a d v a n c e d t o g i v e t h o u s a n d s o f L0 f r e q u e n c i e s o v e r t h e 
5 t o 12um r e g i o n , and t h u s e n c o u r a g e o b s e r v a t i o n s o f o t h e r i m p o r t a n t 
c i r c u m s t e l l a r m o l e c u l e s s u c h as CO and S i O . 

T h i s w o r k i s s u p p o r t e d i n p a r t by NASA G r a n t NGR 05 -003 -452 and 
NSF G r a n t A S T 7 8 - 2 4 4 5 3 . 
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DISCUSSION FOLLOWING BETZ 

Snyder: Could you comment on the agreement between your radial 
velocities and the radial velocities found for radio molecules, for 
example CO, in IRC+10216. 

Betz: We observe NH 3 In absorption at ^ -40 km/s . The broad 
radio emission lines of CO and other molecules are centered at -26 km/s 
and extend from ^ -40 to -12 km/s. Consequently, if we interpret the 
intrinsic stellar velocity as -26 km/s and the circumstellar expansion 
velocity as 14 km/s, all the observations are in agreement. 

Feldman: Bell, Kwok and I have recently detected both the (1,1) 
and (2,2) transitions of NH 3 in the radio spectrum of IRC+10216 (this 
volume). Preliminary results are that the velocity widths are similar 
to those of other molecules previously found in the circumstellar 
envelope of IRC+10216, and that the relative abundance of ammonia is 
^10~ 7 compared to H 2 . 

McCabe: At what distance in stellar radii from the star are you 
observing the NH 3 in IRC+10216? 

Betz: The ammonia absorption lines are sharp, and indicate that the 
gas has already been accelerated close to the terminal velocity of 
^14 km/s before much of the NH 3 in these lines is formed. Most of the 
mass-loss acceleration must occur within a few stellar radii, and most 
of the observable ammonia is outside of this region. NH 3 lines requiring 
higher excitation, such as the (6,6), are predominantly formed closer to 
this few-stellar-radiL limit than "cold" lines such the (0,0) which 
extends out into the larger "radio" envelope. 
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