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I. INTRODUCTION 

There is an enormous range in the properties of stars are are losing 

mass. In this review I concentrate on those red giants that are responsible 

for injecting roughly half or more of the material into the interstellar 

medium. 

During the past 15 years, there has been a dramatic improvement in our 

understanding of mass loss from red giants. The stars that are losing the 

most mass are enshrouded by cold envelopes of dust and gas so they are 

primarily infrared and radio sources; consequently, with the development of 

appropriate instrumentation, it has been possible to reach a much deeper 

understanding of the mass loss from these stars. Optically, stars such as IRC 

+10216, the carbon rich mass losing prototype, are extremely faint, yet at 10 

Pm, many of the brightest objects in the sky are highly evolved red giants 

(Kleinmann, Gillett and Joyce 1980). 

In this review, I concentrate on describing the physical properties of 

the outflows. Earlier work has been reviewed by Zuckerman (1980), I focus on 

the results obtained during the past 5 years. Also I do not, for example, 

discuss either the importance of the grains in driving the outflows by 

radiation pressure or models for how the grains might form. 1.1 Section 11, I 

describe the physical properties of the gaseous outflows while in Section 111, 

broad-band observational constraints on the dust are described. In Section 

IV, spectroscopic studies of the grains are reviewed. 
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11. PHYSICAL PROPERTIES OF TKE GAS OUTFLOWS 

I n  almost a l l  t h e  s t a r s  of i n t e r e s t ,  most of t h e  o u t f l o w i n g  g a s  is 

hydrogen, and t h e  f i r s t  t a s k  is  t o  d e s c r i b e  t h e  p h y s i c a l  s t a t e  of t h i s  gas .  

Searches  f o r  a tomic hydrogen a t  21 cm from t h e  ou t f lows  from r e d  g i a n t s  have 

g e n e r a l l y  been u n s u c c e s s f u l  (Zuckerman, T e r z i a n  and S i l v e r g l a t e  1980; Knapp 

and Bowers 1983). I n  two s p e c i a l  c i rcumstances ,  a Sco and NML Cyg, some of 

t h e  c i rcumste l . l a r  hydrogen is  i o n i z e d ,  and i t  has been p o s s i b l e  t o  d e t e c t  t h e  

t o t a l  mass ou t f low from measurements of t h e  r a d i o  f r e e - f r e e  e m i s s i o n  

(Wjellming and Newell 1983; Morr i s  and J u r a  1983). However, i n  most s t a r s ,  i t  

seems t h a t  t h e  bu lk  of t h e  o u t f l o w i n g  gas  i s  Hz. While i n  a  few c i r c u m s t a n c e s  

t h e  H2 i s  e x c i t e d  by shocks ( ~ e c k w i t h ,  Persson and G a t l e y  1978) ;  c u r r e n t  

technology does n o t  e n a b l e  us  t o  s t u d y  t h e  bulk of t h e  m o l e c u l a r  hydrogen. 

T h e r e f o r e ,  most of t h e  s p e c t r a l  d i a g n o s t i c s  of t h e  o u t f l o w i n g  m a t e r i a l  have 

been performed by s t u d y i n g  t h e  minor c o n s t i t u e n t s  such a s  CO, OH and H30. - 

Because i t  is so  s t a b l e ,  s t a n d a r d  condensat ion t h e o r i e s  p r e d i c t  t h a t  t h e  

f i r s t  molecule t o  form a s  t h e  gas  c o o l s  i s  CO ( ~ a l ~ e t e r  1977) ,  and t h e  CO 

consumes a l l  t h e  a v a i l a b l e  oxygen o r  carbon. That i s ,  a  s t a r  i s  carbon r i c h  

and has f r e e  carbon on ly  i f  [ C ] / [ O ]  > 1;  o the rwise  t h e  s t a r  i s  oxygen-r ich,  

The e x p e c t a t i o n  t h a t  CO i s  abundant i n  t h e  outf lows from l a t e - t y p e  g i a n t s  i s  

well supported by o b s e r v a t i o n s ,  and a  convenient  way t o  s t u d y  t h e  

c i r c u m s t e l l a r  CO has  been i t s  r a d i o  emiss ion.  Recent s u r v e y s  have i n c r e a s e d  

t o  roughly about 100 t h e  number of s t a r s  from which CO has  been d e t e c t e d  i n  

t h e  r a d i o  ( ~ n a p p  and H a r r i s  1985; Zuckerman and Dyck 1985).  

From o b s e r v a t i o n s  of t h e  r a d i o  CO p r o f i l e ,  i t  i s  d i r e c t l y  p o s s i b l e  t o  

measure t h e  ou t f low v e l o c i t y  from t h e  f u l l  wid th  a t  z e r o  i n t e n s i t y  of t h e  l i n e  



(for example, Morris 1975). The characteristic outflow speed is 15 km sW1; 

outflow velocities range from 4 km s-I to greater than 40 km s-l. The outflow 

velocity is correlated with the period of pulsation of the red giant  f orris 

et al. 1979) suggesting that pulsations may be related to the rat:e of mass 

loss (see also DeGioia-Eastwood et al. 1981).  Also, at least in oxygen-rich 

stars, with considerable scatter, it appears that v varies as L ~ / ~  fJura 

, 1984b) .  

With relatively few assumptions, it it also possible to derive the mass 

loss rate, M, from the radio CO observations. The CO radio lines are excited 

by collisions with ambient H2 and by flourescence that results from absorption 

in infrared vibrational transitions. From the shapes of the radio line 

profiles, the relative intensities of the J = 2-1 and J = 1-0 rotational 

transitions and, in some cases, maps of the CO emission, it is possible to 

derive mass loss rates (Kwan and Hill 1977; Morris 1980; Jura 1983b,  Knapp and 

Morris 1985).  The major uncertainties in the analysis are the a'bundance of CO 

relative to H2 and the distance to the star. 

In the usual evolutionary scenario, these mass-losing red giants evolve 

into planetary nebulae (Zuckerman et al. 1977; 1978).  Since observations of 

planetaries do not show large variations in the total amount of 1 3 0  ejected 

into the interstellar medium (Zuckerman and Aller 1985) ,  the uncertainties 

introduced by assuming a CO abundance in the outflow are probably not 

dramatic. Also, while the total mass loss rate of an individual star is 

sensitive to the assumed distance, some relative quantities such as the dust 

to gas ratio in the outflow are not, 

Mass loss rates from red giants cover a very wide range. The highest 

known values are about St) yr-l while there are positive detections of 



l o s s  r a t e s  a s  low a s  lo-* % yr-l.  T h i s  upper l i m i t  is  p robab ly  s i g n i f i c a n t  

s i n c e  the  l a r g e  m a j o r i t y  of t h e s e  red  g i a n t s  a r e  a s y m p t o t i c  g i a n t  branch s t a r s  

approaches  t h e  maximum t h e o r e t i c a l  l u m i n o s i t y  of 6 l o 4  Lo ( I b e n  and Renz in i  

1983).  I f  r a d i a t i o n  p r e s s u r e  on t h e  g r a i n s  d r i v e s  t h e  m a t t e r  t o  i n f i n i t y ,  

then Mv 6 L / C  and w i t h  v  = 15 kxn s-l,  t h i s  i m p l i e s  t h a t  M < lo-' Mg yr-' .  

Although a  few y e a r s  ago i t  was s u g g e s t e d  t h a t  f o r  ca rbon- r i ch  s t a r s ,  Mv could  

be c o n s i d e r a b l y  l a r g e r  than  L / c  (Knapp e t  a l .  1982) ,  t h i s  no l o n g e r  seems t o  

be t h e  c a s e  ( J u r a  1983, Knapp 1985). 

A number of impor tan t  r e s u l t s  a p p e a r  i n  t h e  r e c e n t  su rvey  of mass l o s s  by 

Rnapp and Morr is  (1985).  Some i m p o r t a n t  though s t i l l  t e n t a t i v e  f i n d i n g s  a r e :  

1. The mass i n j e c t e d  i n t o  t h e  i n t e r s t e l l a r  medium bp ca rbon- r i ch  and 

oxygen-rich s t a r s  a p p e a r s  t o  be rough ly  comparable.  ( T h i s  r e s u l t  is  i n  

s t r i k i n g  c o n t r a s t  t o  t h e  o p t i c a l  o b s e r v a t i o n s  t h a t  t h e r e  a r e  many more 

oxygen-rich s t a r s  than  ca rbon- r i ch  s t a r s ,  a  d i s c r e p a n c y  f i r s t  no ted  by 

Zuckerman e t  a l .  1977). 

2. A wide range of s t a r s  c o n t r i b u t e s  t o  t h e  mass e j e c t e d  i n t o  t h e  

i n t e r s t e l l a r  medium. A s  a  f i r s t  approx imat ion ,  t h e  amount of mass 

c o n t r i b u t e d  by s t a r s  w i t h  mass l o s s  r a t e s  of loe4  y r - l  i s  comparable t o  t h e  

7 1 amount c o n t r i b u t e d  by t h e  many more s t a r s  l o s i n g  10- 110 yr' . 
3.  A t  l e a s t  0 ,3  Mg yr-l a r e  r e t u r n e d  t o  t h e  i n t e r s t e l l a r  medium t o  t h e  e n t i r e  

Galaxy by mass l o s s  from r e d  g i a n t s .  T h i s  i s  a t  l e a s t  comparable t o  and 

~ r o b a h l y  l a r g e r  than a l l  t h e  o t h e r  s o u r c e s  of new i n t e r s t e l l a r  m a t t e r .  

Yowever, because t h e i r  sample of s t a r s  was no t  chosen on some s y s t e m a t i c  

b a s i s ,  d e f i n i t i v e  c o n c l u s i o n s  w i l l  no t  be reached u n t i l  t h e  r e c e n t  

c o m ~ r e h e n s i v e  survey by Zuckerman and Dyck (1985) i s  completed.  



Other  molecules  b e s i d e s  CO have a l s o  been used t o  s tudy c i r c u m s t e l l a r  

s h e l l s .  I n  oxygen-rich s t a r s ,  OH, H20, SiO ( s e e  Zuckerman 1980) and most 

r e c e n t l y  H2S ( U k i t a  and Morr is  1983) have been found whi le  i n  carbon-r ich 

s t a r s ,  a  number of molecules  have been found ( L a f o n t ,  Lucas and h o n t  1982) 

i n c l u d i n g ,  most r e c e n t l y ,  S i c 2  (Thaddeus,  Cummins and Linke 1984).  A s  

d e s c r i b e d  below, t h e r e  is  a l s o  r e c e n t  evidence t h a t  l a r g e  po1yc:yclic a r o m a t i c  

hydrocarbons may be p r e s e n t  i n  l a r g e  numbers. 

I s o t o p e  r a t i o s  i n  t h e  mass ou t f lows  from s t a r s  can be measured i n  t h e  

o p t i c a l ,  i n f r a r e d  and r a d i o  s p e c t r a ;  however, a t  a l l  wavelengths  t h e r e  i s  

o f t e n  some ambigui ty  i n  i n t e r p r e t i n g  t h e  d a t a .  Sy f a r  t h e  most commonly 

s t u d i e d  i s o t o p e  r a t i o  i s  " c / ~ ~ c .  For a O r i ,  an oxygen-rich s u p e r g i a n t ,  i f  

appears  w e l l  e s t a b l i s h e d  from i n f r a r e d  o b s e r v a t i o n s  t h a t  12C/ 3~~ = 6  e ern at 

e t  a l .  1979). I n  t h e  w e l l  s t u d i e d  carbon s t a r ,  I R C  +10216, t h e  r e c e n t  

i n f r a r e d  d a t a  (Keady, H a l l  and Ridgway 1985) g i v e  " c / ~ ~ c  = 35 i n  reasonab ly  

good agreement w i t h  most of t h e  o l d e r  s t u d i e s  ( ~ u c k e r m a n  1980).  Th i s  

d i f f e r e n c e  i n  t h e  12C/13C i s o t o p e  r a t i o  between t h e s e  two p a r t i c u l a r  s t a r s  may 

be c h a r a c t e r i s t i c  of oxygen-rich and carbon-r ich s t a r s  t h a t  a r e  l o s i n g  l a r g e  

amounts of mass. That i s ,  Knapp and Chang (1985) f i n d  from r a d i o  measurements 

t h a t  1 2 ~ 0 / 1 3 ~ ~  i s  g e n e r a l l y  l a r g e r  i n  carbon-r ich s t a r s  compared t o  

oxygen-rich s t a r s .  Also ,  o p t i c a l  s t u d i e s  of oxygen-rich red  g i a n t s  i n d i c a t e  

" c / ~ ~ c  r a t i o s  around 10 (Hink le ,  Lambert and S n e l l  1976) which is much lower  

than  t h e  i n t e r s t e l l a r  v a l u e  of 43 ' 5 (Hawkins, J u r a  and Meyer 1984) and 

t h e r e f o r e  cannot be c h a r a c t e r i s t i c  of t h e  bulk of t h e  m a t t e r  wh.ich is  i n j e c t e d  

i n t o  the  i n t e r s t e l l a r  medium. S ince  ca rbon- r ich  s t a r s  c o n t r i b u t e  much of the 

new mass of t h e  i n t e r s t e l l a r  medium, t h i s  i n d i r e c t l y  s u g g e s t s  t h a t  ca rbon- r ich  



s t a r s  have 12c/ "C r a t i o s  h i g h  compared t o  10. U n f o r t u n a t e l y ,  c l a s s i c a l  

o p t i c a l  spec t roscopy  of ca rbon- r ich  s t a r s  has  no t  l e a d  t o  p r e c i s e  measurements 

of i s o t o p e  r a t i o s .  A s  d i s c u s s e d  by Dominy e t  a l .  (1978) and Johnson,  O'Brien 

and Climenhaga (1982),  t h e  i n f e r r e d  range f o r  12c/13c i n  t h e  w e l l  s t u d i e d  

carbon s t a r  V 460 Cyg i s  between 7.9 and 100, a l though  t h e  b e s t  c u r r e n t  v a l u e  

i s  around 30. 

111. BROAD BAND OBSERVATIONS OF THE GRAINS 

One of t h e  most s t r i k i n g  r e s u l t s  of o b s e r v a t i o n s  of mass ou t f lows  from 

l a t e - t y p e  g i a n t s  i s  t h a t  t h e r e  i s  a  s t r o n g  c o r r e l a t i o n  between t h e  gas l o s s  

r a t e  and t h e  amount of g r a i n s  measured by t h e i r  i n f r a r e d  emiss ion  (Zuckerman 

and Dyck 1985). From t h e  observed i n f r a r e d  emiss ion ,  i t  is  p o s s i b l e  t o  i n f e r  

t h e  dus t  l o s s  r a t e ,  and t h i s  v a l u e  can be compared t o  t h e  gas  l o s s  r a t e  

d e r i v e d  from r a d i o  CO measurements d e s c r i b e d  above. It has  been found t h a t  

whi le  t h e r e  m y  be f l u c t u a t i o n s ,  g a s  t o  d u s t  r a t i o s  by mass of about  100 seem 

t o  o b t a i n  ( ~ n a ~ p  1985, Sopka e t  a l .  1985).  I n  o t h e r  words, f o r  s o l a r  

abundances,  most of t h e  r e f r a c t o r y  m a t e r i a l  t h a t  conceivably  could  be 

condensed on to  s o l i d s  a c t u a l l y  does  so. I n d i r e c t  o b s e r v a t i o n a l  ev idence  of 

t h e  gas  a l s o  s u p p o r t s  t h i s  c o n c l u s i o n .  For  example, only  about 1% of t h e  

s i l i c o n  i s  con ta ined  w i t h i n  gas  phase SiO even though t h i s  i s  thought  t o  be 

t h e  major form of t h i s  e lement  i n  t h e  gas .  Th i s  r e s u l t  i s  c o n s i s t e n t  w i t h  t h e  

view t h a t  most of t h e  s i l i c o n  is  c o n t a i n e d  w i t h i n  g r a i n s  (Morr is  e t  a l .  1979; 

J u r a  and Morr is  1985). 

It seems w e l l  e s t a b l i s h e d  t h a t  n o t  on ly  do the  g r a i n s  c o n t a i n  a  l a r g e  

f r a c t i o n  of t h e  m a t e r i a l  o t h e r  t h a n  v o l a t i l e s  such a s  hydrogen and hel ium,  i t  

seems t h a t  t h e  c i r c u m s t e l l a r  g r a i n s  a l s o  have s i z e s  no t  t o o  d i s s i m i l a r  from 

i n t e r s t e l l a r  g r a i n s .  That i s ,  w i t h  some c o n s i d e r a b l e  u n c e r t a i n t v ,  t h e r e  is 



evidence that many of the grains have sizes within an order of magnitude sf 

0.1 pm. The evidence is the following: 

1. Optical observations of quantities such as the intensity of HaIWB emission 

lines in carbon stars indicate considerable circumstellar reddening (Cohen 

1979). Also, molecules such as H20 and HCN are photodissociated by ambient 

interstellar ultraviolet photons as they flow out of the star (Goldreich and 

Scoville 1976, Huggins and Glassgold 1982, Jura 1983a). Interpretation of the 

spatial distribution of'these molecules indicates that the extinction probably 

continues to rise in the ultraviolet. Therefore, most of the particles in 

circumstellar outflows are probably not larger than 0.1 m; otherwise the 

extinction would not be a strong function of wavelength. 

2. Polarization of the optical (shawl 1974) and near infrared radiation 

(Dyck et al. 1971) can be interpreted in terms of grains of roug:hly 0.1 

size (Daniel 1982). That is, not all the grains are very small; otherwise 

there would be no effective scattering. 

3. In the outer circumstellar envelope (r > 1015 cm), the gas is heated by 

the grains streaming supersonically through the gas (Goldreich aind ScoviPle 

1976). This heating rate is sensitive to the grain size, and at least in the 

case of IRC +10216, the best studied circumstellar envelope arouind a carbon 

star, it appears that the mean size of a grain is 0.04 Dm (Kwan and Kill 

1977). 

4. Papoular and Pegourie (1983) have suggested that the shape of the 10 m 

feature in oxygen-rich stars requires some grains with sizes coniparable to 1 

Dm. While it is important to understand the nature of the profile variations 

among different sources, this could be a result of temperature or 

compositional differences rather than grains having different sizes, 



The overall infrared energy distribution of the light from circumstellar 

dust shells seems to be well understood (Rowan Robinson and Harris 19832,b; 

Sopka et al. 1985). Models of the observations are most consistent with a 

grain emissivity that is modelled by a power law which varies more like h - l * '  

rather than x - - ~  (Campbell et al. 1976, Werner et al. 1980, Sopka et al. 1985). 

In carbon stars, this suggests that the grains are more likely to be composed 

of amorphous carbon rather than graphite. 

The presence of near infrared emission indicates that some bf the grains 

are relatively warm with temperatures near 1000 K. This is an important 

constraint on any formation mechanism of the grains. -41~0, interferometry 

indicates that the grains are formed within 1015 cm of the stars (Sutton et 

al. 1977, 1978, 1979, Dyck et al. 1985). This result also suggests that the 

temperature of formation is near 1000 K. 

-4 very indirect argument on the location of the grain formation conies 

from the observed outflow velocities. If the gas to dust ratio is 100, we 

expect that once the grains form, radiation pressure overpowers the 

gravitational force exerted by the star and drives the material to infinity. 

If the grains form close to the star, then the outflow velocity is predicted 

to be larger than the characteristic speed of 15 km s-I. On the other hand, 

the result that v varies as L ~ / ~  is consistent with condensation of a large 

amount of material at 1000 K (Gehrz and Voolf 1971, Jura 1984a) or roughly 

10" cm from the star of luminoisity lo4 Lo. 

.A final point is that the line profiles in circumstellar outflows may 

provide valuable information on the condensation sequence. In the spectrum of 



IRC+10216, Keady, H a l l  and Ridgway (1985) have measured broad t roughs  i n  t h e  P 

Cygni l i n e s .  A p o s s i b l e  model t o  e x p l a i n  t h e  o b s e r v a t i o n s  i s  t h a t  as  t h e  

g r a i n s  c o o l  i n  t h e  ou t f low,  they  can accumulate molecules  t h a t  were too  

v o l a t i l e  t o  condense on to  t h e  s o l i d  a t  t h e  h i g h e r  t empera tu re  c h a r a c t e r i s t i c  

of t h e  g r a i n s  c l c s e r  t o  t h e  s t a r s .  Rapid accumula t ion  of mant les  might occur  

a t  p r e f e r r e d  t e m p e r a t u r e s  and t h i s  would r e s u l t  i n  impuls ive  a c c e l e r a t i o n  of  

t h e  m a t e r i a l  a s  t h e  g r a i n  o p a c i t y  becomes l a r g e r  ( J u r a  1984b). T h e r e f o r e ,  i t  

may be p o s s i b l e  w i t h  s u f f i c i e n t l y  good d a t a  t o  i n d i r e c t l y  i n f e r  t h e  

c o n d e n s a t i o n  sequence i n  t h e  ou t f low from a  s t a r .  

I V .  SPECTROSCOPY OF CIRCUMSTELLAR DUST 

Although t h e  broad band measurements can p r o v i d e  u s e f u l  c o r ~ s t r a i n t s  on 

t h e  n a t u r e  of t h e  d u s t ,  they  do no t  p rov ide  n e a r l y  a s  much infor-mation on t h e  

d e t a i l e d  s t r u c t u r e  of t h e  g r a i n s .  Y e r r i l l  (1979) and Kleinmann, G i l l e t t  and 

Joyce  (1981) have reviewed t h e  o b s e r v a t i o n s  of t h e  s p e c t r a  of r e d  g i a n t s .  A 

major r e s u l t  i s  t h a t  t h e  oxygen r i c h  s t a r s  d i s p l a y  t h e  s i l i c a t e  f e a t u r e s  a t  

9.7 pm and 18 pm w h i l e  t h e  ca rbon- r i ch  s t a r s  show S i c  a t  11 pm. S ince  1980, 

t h e r e  have been a  number of r e c e n t  advances of our  u n d e r s t a n d i n g  of t h e  

g r a i n s  : 

1. F o r r e s t ,  Houck and McCarthy (1981) have d i s c o v e r e d  a  f e a t u r e  near  30 m i n  

t h e  spect rum of ca rbon- r i ch  s t a r s .  The n a t u r e  of t h e  c a r r i e r  remains 

u n i d e n t i f i e d .  

2. Dra ine  (1984) has  ~ r e d i c t e d  t h e  p resence  of a  f e a t u r e  a t  11.52 m i n  t h e  

s p e c t r a  of ca rbon- r i ch  s t a r s  i f  t h e  g r a i n s  a r e  composed of g r a p h i t e .  The 

absence of t h i s  f e a t u r e  i n  t h e  spect rum of I R C  +I0216 i s  c o n s i s t e n t  w i t h  t h e  

view t h a t  t h e  m a t e r i a l  i s  more l i k e l y  t o  be amorphous carbon than  g r a ~ h i t e .  



3 ,  A few oxygen r i c h  s t a r s  show a b s o r p t i o n  a t  3.1 Dm c h a r a c t e r i s t i c  of i c e  

( s e e ,  f o r  example, S o i f e r  e t  a l .  1981). J u r a  and Morr is  (1985) have argued 

t h a t  gas-phase H 2 0  condenses on to  g r a i n s  once t h e  dus t  t empera tu re  f a l l s  below 

110 K a t  a  s u f f i c i e n t l y  l a r g e  d i s t a n c e  from t h e  s t a r .  Q u a n t i t a t i v e l y ,  t h i s  

model e x p l a i n s  t h e  p resence  of both  gas-phase and sol id-phase  H 2 0  around OH 

231.8a4.2, t h e  s t a r  w i t h  t h e  s t r o n g e s t  known i c e  band. 

4 ,  A remarkable  advance i n  our  u n d e r s t a n d i n g  of t h e  s p e c t r a  of t h e  s o l i d  

s t a t e  m a t e r i a l  comes from t h e  s t u d y  of " u n i d e n t i f i e d "  i n f r a r e d  emiss ion  

bands between 3.3 v m  and 11.3 vm. That i s ,  i n  a  v a r i e t y  of o b j e c t s  such  a s  

t h e  carbon-r ich p l a n e t a r y  n e b u l a  NGC 7027, much of t h e  r a d i a t i o n  i s  c a r r i e d  i n  

d i s c r e t e  bands r a t h e r  t h a n  i n  a  continuum  usse sell, S o i f e r  and W i l l n e r  1977). 

J u s t  b e f o r e  NGC 7027 became a  p l a n e t a r y  nebu la ,  i t  was a  r e d  g i a n t  ( ~ u c k e r m a n  

1977,  J u r a  1984b) and we s t i l l  can d e t e c t  t h e  o u t e r  molecular  s h e l l  

su r rounding  t h e  i n n e r  i o n i z e d  gas .  The d i f f u s e  I R  l i n e s  a r e  produced a t  l e a s t  

i n  p a r t  i n  t h e  o u t e r  molecu la r  gas   i it ken and Roche 1983, I s a a c s o n  1983).  

The i d e n t i f i c a t i o n  of t h e  i n f r a r e d  f e a t u r e s  w i t h  v a r i o u s  v i b r a t i o n a l  

modes of carbon carbon bonds and carbon hydrogen bonds was sugges ted  by Duley 

and Will iams (1981).  In an  impor tan t  advance,  Leger and Puget (1984) 

d e s c r i b e d  q u a n t i t a t i v e l y  how t h e  observed emiss ion  f e a t u r e s  n a t u r a l l y  r e s u l t  

from t h e  a b s o r p t i o n  of u l t r a v i o l e t  r a d i a t i o n  by very  small (-50 atom) g r a i n s ;  

t h e  e q u i v a l e n t  of ve ry  l a r g e  molecules .  By comparing t h e  observed s p e c t r a  

w i t h  l a b o r a t o r y  s t u d i e s ,  Leger and Puget sugges ted  t h a t  p o l y c y c l i c  a r o m a t i c  

hydrocarbons (PAHqs) a r e  t h e  b e s t  c a n d i d a t e s  t o  e x p l a i n  t h e  i n f r a r e d  f e a t u r e s .  

While t h e r e  i s  some q u e s t i o n  a s  t o  t h e  e x a c t  n a t u r e  of t h e s e  molecu la r  

c a r r i e r s  (Allamandola,  T i e l e n s  and Barker  1985) ,  t h e r e  seems t o  be a  good 

chance the  b a s i c  i d e n t i f i c a t i o n  of PAHqs i n  c i r c u m s t e l l a r  o u t f l o w s  i s  

c o r r e c t .  



The p r o p o s a l  t h a t  t h e  I R  bands a r e  c a r r i e d  by PAHIS  does n o t ,  by i t s e l f ,  

d e s c r i b e  t h e  molecu la r  composi t ion.  The observed bands a r e  c h a r a c t e r i s t i c  of 

s p e c i f i c  bonds r a t h e r  than  s p e c i f i c  molecu les .  For p r e c i s e  i d e n t i f i c a t i o n s ,  

i t  w i l l  p robably  be necessa r - -  t o  a c q u i r e  s p e c t r a  of t h e  e l e c t r o n i c  

t r a n s i t i o n s .  

Q u i t e  remarkably ,  t h e r e  i s  some p o s s i b i l i t y  t h a t  t h e  PAH's  can a l s o  

e x p l a i n  a  50 y e a r  o ld  problem --the o r i g i n  of t h e  d i f f u s e  i n t e r s t e l l a r  bands 

obse rved  o p t i c a l l y .  Leger and dlHendecour t  (1985) and van d e r  Zwet and 

Allamandola (1985) have proposed t h a t  t h e s e  f e a t u r e s  may be c a r r i e d  by P A R P  s  

t h a t  a r e  g e n e r a l l y  p r e s e n t  i n  the  i n t e r s t e l l a r  medium. While 1-aboratory  d a t a  

do n o t  ( a t  l e a s t  y e t )  suppor t  t h i s  s u g g e s t i o n ,  i t  may be t h a t  we do not  know 

enough about  t h e  o p t i c a l  s p e c t r a  of t h e  a p p r o p r i a t e  molecules  because  they  a r e  

i o n i z e d  o r  a r e  o t h e r w i s e  modified from normal l a b o r a t o r y  specimens ,  and 

t h e r e f o r e  they have no t  been i n t e n s i v e l y  s t u d i e d .  

I n  r e l a t e d  o b s e r v a t i o n s ,  P r i t c h e t t  and G r i l l m a i r  (1934) have d i scovered  

t h e  p resence  of t h e  d i f f u s e  bands 5780 A and 5797 A i n  the  spect rum of NGC 

7027, a  ca rbon- r i ch  p l a n e t a r y  nebula  t h a t  has  j u s t  evolved from t h e  red g i a n t  

s t a g e .  Because much I f  no t  a l l  of t h e  e x t i n c t i o n  towa;d t h i s  o b j e c t  is  

c i r c u m s t e l l a r  r a t h e r  than  i n t e r s t e l l a r  ( J u r a  1984b) ,  i t  i s  d i s t i n c t l y  p o s s i b l e  

t h a t  t h e  d i f f u s e  bands a r e  c a r r i e d  by l a r g e  ca rbon- r i ch  molecu les ,  such a s  t h e  

PAH's. A s e a r c h  f o r  t h e  f e a t u r e s  i n  oxygen r i c h  c i r c u m s t e l l a r  s h e l l s  was not  

s u c c e s s f u l  (Snow and W a l l e r s t e i n  1972, Snow 1973) ,  but  f u r t h e r  work i s  

a p p r o p r i a t e .  

Th i s  work has  been p a r t l y  suppor ted  by NASA and t h e  NSF. T p a r t i c u l a r l y  thank 

Xark Morr is  and Ben Zuckerman f o r  manv u s e f u l  c o n v e r s a t i o n s .  
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