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1. INTRODUCTION 

Although rare , planetary nebulae have been e x t e n s i v e l y s tudied 
by astronomers. This a f f e c t i o n i s c e r t a i n l y due in part to the beauty 
of the gaseous nebulae but i t i s a l s o due to the b e l i e f that many, 
probably most, s t a r s of intermediate mass (1-4 M )̂ become planetary 
nebulae at l e a s t once during t h e i r l i f e t i m e s . I f the planetary 
nebula i s an (almost) i n e v i t a b l e s tage in s t e l l a r e v o l u t i o n , i t i s 
important to determine i t s evolut ionary precursors and f o l l o w e r s . 
The l a t t e r are l i k e l y to be the white dwarfs and the former are 
genera l ly b e l i e v e d to be red g i a n t s . With the advent of in frared 
and radio techniques i t now appears p o s s i b l e , f or the f i r s t t ime, to 
s p e c i f y the immediate progeni tors of p lanetary nebulae· 

In the fo l l owing d i s c u s s i o n a "proto-planetary nebula" or a 
"planetary nebula progenitor" i s the term we use to descr ibe those 
o b j e c t s that are l o s i n g mass at a ra te > 10~5 Mg/year ( i . e . compar-
able to mass l o s s r a t e s in planetary nebulae with ion ized masses 
> 0 . 2 Mq ) and which, we b e l i e v e , w i l l become planetary nebulae them-
s e l v e s wi th in < 105 years . We w i l l see from the fo l lowing d i s c u s s i o n 
that most proto-planetary nebulae appear to us as very red o b j e c t s 
although a few have been "caught" near the middle of the Hertzsprung-
Russe l l diagram. The precursors of these p r o t o - p l a n e t a r i e s are the 
general red g iant populat ion , more s p e c i f i c a l l y probably Mira and 
semi-regular v a r i a b l e s as d i scussed by, e . g . , Feast (1968) , Cudworth 
(1974) , Wood and Cahn (1977) , and below. 

2. PROPERTIES OF PROTO-PLANETARY NEBULAE 

There are ^ 41 o p t i c a l l y - t h i n planetary nebulae wi th in 1 kpc of 
the sun (Osterbrock, 1974; Cahn and Wyatt, 1976) . The exact number 
depends on some uncertain q u a n t i t i e s inc lud ing , f o r example, the 
d i s tance s c a l e f o r planetary nebulae. Because rapid mass l o s s must 
have taken place whi le these planetary nebulae were s t i l l red g i a n t s 
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( e . g . Abel l and Goldreich, 1966; Härm and Schwarzschild, 1975) i t i s 
l o g i c a l to look for p lanetary nebulae progeni tors as luminous, very 
red s t a r s . I f the dust to gas r a t i o in the molecular envelopes 
surrounding red g i a n t s i s not much l e s s than in the ordinary i n t e r -
s t e l l a r medium, many of these progeni tors w i l l not be v i s i b l e s t a r s . 
For example, f o r a mass l o s s r a t e , M, ^ 10""5 Mg/year. the hydrogen 
projected dens i ty between the photosphere (R^ ^ 3*10 cm) and i n f i n i t y 
i s 1021* cm"2. In the i n t e r s t e l l a r medium t h i s would correspond to 
Ay ^ 1000! Therefore, taking our cue from observat ions of reg ions of 
s tar formation where comparable e x t i n c t i o n s are b e l i e v e d to e x i s t , i t 
i s l o g i c a l to search for p r o t o - p l a n e t a r i e s at in frared and radio wave-
l engths . 

In the in frared a large s t e l l a r mass l o s s i s mani fes t as a very 
low color temperature or p o s s i b l y a s p e c t r a l f ea ture such a s , f or 
example, lOy s i l i c a t e absorption ( e . g . Evans and Beckwith, 1977). In 
the radio domain, CO emiss ion from an expanding molecular envelope i s 
probably the most r e l i a b l e way to determine large mass - lo s s r a t e s . In 
Table 1 we l i s t s t a r s with de tec tab l e emission from the J=l-K) r o t a t i o n a l 
t r a n s i t i o n of the CO molecule . We g ive f o r each s tar the corrected CO 
antenna temperature, T*, as d e f i n e d , f o r example, in Zuckerman e t a l . 
(1977a). Because of tne very large d i spers ion in d i s t a n c e s to these 
and other evolved s t a r s , T* i s not by i t s e l f a good measure of ft. A 
b e t t e r f i r s t approximation to M i s obtained by assuming that a l l red 
g i a n t s have the same i n t r i n s i c luminos i ty , which i s probably true to 
wi th in an order of magnitude. T* i s then normalized by the in tegrated 
s t e l l a r f l u x , F, rece ived at the uarth. This procedure was carr ied 
out by Zuckerman e t a l . (1977a) , who found that some very br ight nearby 
red g i a n t s , such as Mira and W Hya, are not examples of s t a r s under-
going extreme mass l o s s . Redder, i . e . c o o l e r , o b j e c t s , such as 
IRC+10216 and IRC+10011, have much larger mass l o s s r a t e s , ft for these 
two s t a r s i s est imated to be ^ 2*10~5 Mg/year (Goldreich and S c o v i l l e , 
1976; Kwan and H i l l , 1977). For the other s t a r s in Table 1 , ft i s 
l i k e l y to be wi th in a f a c t o r of 3 of t h i s v a l u e , although f o r a few, 
e . g . NGC 7027, i t might be ^ 10 times l a r g e r . 

Most of the o b j e c t s in Table 1 were f i r s t d iscovered i n the i n -
frared , c o n s i s t e n t with the argument given above that proto-planetary 
nebulae w i l l not be prominent v i s u a l s t a r s . A c l e a r majori ty of the 
o b j e c t s are e i t h e r carbon-rich (C/0 > 1) or S-type (C/0 ^ 1) s t a r s . 
Carbon-rich s t a r s a l s o comprise a majority of the CRL o b j e c t s s tudied 
in the in frared by M e r r i l l and Ste in (1976b), although there may be 
s i g n i f i c a n t s e l e c t i o n e f f e c t s involved here . An infrared study l i k e l y 
to be f r e e of s e l e c t i o n e f f e c t s was carr ied out by Strecker and Ney 
(1974) , who examined ^ 230 sources in the IRC catalogue that were f i r s t 
c l a s s i f i e d by Vogt (1973) . Whereas Vogt found that the f r a c t i o n of 
carbon-rich s t a r s in t h i s sample was comparable to the percentage 
(5-10%) of carbon s t a r s in the general red g iant populat ion , Strecker 
and Ney found that 20% of the 30 s t a r s with large in frared e x c e s s e s 
are carbon-rich. The probable reason that t h i s percentage i s smaller 
than the percentage of carbon-rich s t a r s in Table 1 or in the CRL 
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TABLE 1 

SUGGESTED PROTO-PLANETARY NEBULAE 

OBJECT T*(K) V 
exp 

(km/s) 

C / 0 f Ref. 

IRC+10216 4. 2 15. 0 C 1 
CIT6 „ 2. 0 15. 0 C 2 
NGC 7027 2. 0 12. 5 C 3 
CRL 2688 1. 0 13. 0 C 4 
CRL 3068 0. 55 9. 5 C 5 
IRC+40540 0. ,55 10. 5 C 5 
IRC+20370 0. ,50 10. 5 C 5 
X Cyg 0. ,50 10. 5 S 6 
V Cyg 0. ,45 10. 0 C 5 
R Scl 0. ,40 11. 5 C 5 
CRL 865 0. ,40 13. 5 C 5 
W Aql ,, 
CRL 618 

0. ,40 12. 5 S 7 W Aql ,, 
CRL 618 0. ,35 20. 0 C 4 
IRC+10011 0. ,30 14. 5 0 5 
V Hya 0. ,30 13. 0 C 5 
IRC+50096 0. ,25 13. 0 c 5 
IRC+20326 0. ,25 10. 0 0 6 
NML Tau 0. ,20 20. 0 0 5 
R And 0. ,20 10. 5 s 6 
CRL 2135 0. ,20 14. 0 c? 7 
CRL 2155 0. ,20 14. 0 c? 7 
CRL 2199 0. ,20 10. 5 c? 7 
IRC-10236 0. ,17 7. 0 c 7 
IRC+60150 0. ,15 13. 0 0 7 

C i n d i c a t e s carbon-rich (C/0 > 1 ) ; S i n d i c a t e s C/0 ^ 1; 
Ο i n d i c a t e s oxygen-rich (0/C > 1 ) . 

# Very young planetary 

1. Kuiper e t a l . 1976 
2. Mufson and L i s z t 1975 
3. Mufson e t a l . . 1 9 7 5 
4. Lo and Bechis 1976 
5. Zuckerman e t a l . 1977a 
6. Lo and Bechis 1977 
7. Zuckerman e t a l . 1977b 
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catalogue i s that the reddest ob jec t s are not conspicuous even at 2μ 
wavelength. 

M-type supergiants are not prominent CO sources . Among the super-
g i a n t s searched by Lo and Bechis (1977) and by Zuckerman jet a l . (1977a) , 
only RS Cnc has been detected f o r c e r t a i n . Even here , Lo and Bechis 
f i n d a CO l inewidth of only 10 km/s, which i s about 40% of the width 
of t y p i c a l CO l i n e s from o b j e c t s l i s t e d in Table 1. According to 
Merr i l l and S te in (1976a) , RS Cnc i s a border l ine S- type s t a r . These 
r e s u l t s suggest that M-type supergiants are not undergoing extreme mass 
l o s s un less t h e i r envelopes are mainly atomic rather than molecular gas 
(which seems u n l i k e l y ) . 

Although not a l l appropriate o b j e c t s in the General Catalog of 
Variable Stars and thç, IRC and CRL cata logues have y e t been searched 
f o r CO, i t i s c l e a r from the re f erences given in Table 1 and obser-
v a t i o n s of oxygen-r ich , l a t e - t y p e g iant s t a r s by_Gilmore and Bowers 
(1977) that a majori ty of red g i a n t s with M > 10 5 Mq have C/0 > 1. 
We there fore pred ic t that a majority of the planetary nebulae wi th in 
1-2 kpc of the Earth ( see below) w i l l be carbon-r ich. 

Dis tances t o the o b j e c t s in Table 1 may be est imated from measured 
va lues of F, assuming s t e l l a r l u m i n o s i t i e s ^ 10** Lq. Typical d i s t a n c e s 
are ^ 1 kpc with a l l o b j e c t s l i k e l y to l i e wi th in * 2 kpc of the Earth. 
Their average g a l a c t i c l a t i t u d e , 22°, corresponds to an average d i s tance 
from the g a l a c t i c p lane , | z | , which i s somewhat larger than the | z | 
value f o r the 41 l o c a l p l a n e t a r i e s mentioned above (Osterbrock, 1974; 
Cahn and Wyatt, 1976) . Because of contamination by i n t e r s t e l l a r CO, 
molecular envelopes are more d i f f i c u l t to de tec t around s t a r s i n the 
g a l a c t i c plane than s t a r s that are o u t s i d e of i t . We, t h e r e f o r e , expect 
that a complete sample of p lanetary nebula progeni tors w i th in 2 kpc of 
the Earth w i l l have a smal ler average | z | than the mean va lue f o r s t a r s 
in Table 1. There i s no doubt that the populat ion of s t a r s that we are 
studying i s cons iderably l e s s conf ined to the g a l a c t i c plane than ex-
treme populat ion I o b j e c t s , such as H II reg ions . Since we expect that 
the t o t a l number of p r o t o - p l a n e t a r i e s eventua l ly found wi th in 2 kpc of 
the Earth w i l l be no more than three times the number given i n Table 1 , 
we conclude t h a t , w i th in t h i s volume, the number of p lanetary nebula 
progeni tors i s l e s s than or comparable to the number of p l a n e t a r i e s . 
Note that the above d i s c u s s i o n of p r o t o - p l a n e t a r i e s and p l a n e t a r i e s 
only p e r t a i n s to the Northern 75% of the sky (Cahn and Wyatt, 1976). 

L i t t l e information i s presen t ly a v a i l a b l e on the d e t a i l e d nature 
of the out f low during the proto-p lanetary phase. Does the matter f low 
out cont inuous ly , or i s i t e j e c t e d i n a s e r i e s of puf f s? How long does 
a red-g iant s tar of a given main-sequence mass support out f low r a t e s 
> 10 5 Mg/year? I s long-per iod v a r i a b i l i t y always a s s o c i a t e d with such 
high mass l o s s rates? Do red, oxygen-rich progeni tors such as IRC+10011, 
evolve i n t o red, carbon-rich s t a r s before they become planetary nebulae? 
Are i n t e r v a l s of rapid mass l o s s interspaced with r e l a t i v e l y quiescent 
per iods a s , f or example, might be the case i f rapid mass e j e c t i o n i s 
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due to helium s h e l l f l a s h e s and the time between f l a s h e s i s > 3x10** 
years ( e . g . Trimble and Sackmann, 1977)? For s t a r s for which t h i s i s 
the case , some of which might be included in Table 1 , the d e f i n i t i o n 
of proto-p lanetary nebula given in §1 would not be qu i te appropriate . 
These o b j e c t s might not become p l a n e t a r i e s wi th in 105 years . 

F inal r e s o l u t i o n of these problems w i l l require high s p a t i a l r e -
s o l u t i o n observat ions i n both the in frared and radio domains. To date , 
CO envelopes around only IRC+10216 and NGC 7027 have been s p a t i a l l y 
re so lved , and then only b a r e l y , with the NRAO 11-m antenna (Wilson e t a l . 
1973; Mufson e t a l . , 1975) . The in frared s t ruc ture of IRC+10216 i s 
f a i r l y w e l l understood, thanks to two lunar o c c u l t a t i o n s (Toombs e t a l . , 
1972) and high r e s o l u t i o n 4.7μ 00 observat ions (Geballe e t a l . , 1973). 
Combination of the radio and in frared observat ions of IRC+10216 
suggests that at l e a s t two, and perhaps many, s h e l l s of gas have been 
e j e c t e d during the past 101* years . The innermost s h e l l of 2" diameter 
has a mass ~ 1 0 ~ 2 Mq and i s expanding at 20 km/s, which i s s l i g h t l y 
f a s t e r than the average expansion v e l o c i t y , ^ 15 km/s, of the > 21 

diameter molecular cloud seen in CO. Most of the molecules observed 
around IRC+10216, such as HCN, CS, S iS , and HC^N, are e x c i t e d mostly 
by the near in frared f l u x from the centra l s t a r , whereas CO i s mainly 
e x c i t e d by c o l l i s i o n s with molecules (Morris, 1975; Kwan and H i l l , 
1977). Fa ir ly e x t e n s i v e o p t i c a l , i n f r a r e d , and radio observat ions 
a l s o e x i s t for CRL 618 and 2688 (Ney e t a l . , 1975; Crampton e t a l . , 
1975; Westbrook e t a l . , 1975; Lo and Bechis , 1976; Zuckerman e t a l . , 
1976; Cohen and Kuhi, 1977). 

The primary c o n s t i t u e n t i n the envelopes around evolved s t a r s i s 
probably e i t h e r H or H^. Both are d i f f i c u l t to observe d i r e c t l y , a l -
though d e t e c t i o n of the 21-cm l i n e from planetary and proto-p lanetary 
nebulae has been attempted with the NRAO 3 0 0 - f t . and the Arecibo 1 0 0 0 - f t . 
antennae (Zuckerman e t a l . , 1976 and 1977c) . An advantage of the 
21-cm l i n e over the J=l-*0 l i n e of CO i s that the former i s e x c i t e d at 
much lower d e n s i t i e s and we might, t h e r e f o r e , hope to d e t e c t very e x -
tended envelopes i n d i c a t i v e of mass l o s s r a t e s over the past ^ 105 

years (contrasted with the ^ 10** years sampled by CO observat ions) . 
With the p o s s i b l e except ion of α Ori , which i s not a CO source (Vanden 
Bout and Lambert, 1976; Lo and Bechis , 1977) , and one planetary nebula, 
no 21-cm l i n e s were ev ident . Then for o b j e c t s such as IRC+10011, 
IRC+10216, and NML Tau, i f the t o t a l mass in the envelope i s > 0 . 1 M@, 
the bulk of the hydrogen i s i n the form of H9 rather than H. 

3. COMPARISON WITH PLANETARY NEBULAE 

In the preceding s e c t i o n we est imated that wi th in ^ 1 kpc of the 
Earth the volume d e n s i t y of observable proto-planetary nebulae i s 
comparable t o , or l e s s than, the volume dens i ty of observable o p t i c a l l y 
th in planetary nebulae. If we assume that IRC+10216 i s t y p i c a l , the 
observable l i f e t i m e of a s i n g l e s h e l l of e j e c t e d molecular gas i s 
^ 5x l0 3 years (^ 0 . 1 pc at ^ 15 km/s) . S i m i l a r l y , f o r a t y p i c a l p l a n e t -
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ary the observable l i f e t i m e of a s i n g l e s h e l l i s ^ 2x10** years 0 .7 pc 
at ^ 25 km/s) . Therefore , i t appears that , very roughly, the average 
number of s h e l l s e j e c t e d during the planetary and proto-p lanetary 
phases are comparable. The r e l a t i v e volume d e n s i t i e s are s t i l l too 
imprec i se ly known to make a good es t imate . The time spent cross ing 
the H-R diagram from c o o l , red giant to h o t , 0 - type centra l s tar must 
be very short as only CRL 2688 (F-type s t a r ) and CRL 618 (B-type s tar ) 
appear as l i k e l y " trans i t" candidates . However, even for cross ing time 
s c a l e s as short as 3-5x103 years (Harm and Schwarzschild, 1975) we 
would expect to see rather more o b j e c t s i n t r a n s i t un le s s the average 
number of observable s h e l l s per planetary i s 3 or more. Since t h i s 
seems u n l i k e l y , perhaps there are more i n t e r e s t i n g o b j e c t s l i k e CRL 618 
and 2688 yet to be discovered and/or properly c l a s s i f i e d . 

One may a l s o compare the l i f e t i m e of a proto-p lanetary nebula with 
the l i f e t i m e of a t y p i c a l Mira v a r i a b l e . According to Wood and Cahn 
( 1 9 7 7 ) there are ^ 5 1 1 Miras w i th in 1 . 5 kpc of the sun. Since t h i s i s 
^ 10-20 times the number of p r o t o - p l a n e t a r i e s wi th in a comparable volume, 
e i t h e r (a) only a small f r a c t i o n of Mira v a r i a b l e s become p r o t o - p l a n e t -
a r i e s , as def ined in §1 above, or (b) the l i f e t i m e i n the Mira phase 
i s (^ 10 t imes) longer than the l i f e t i m e as a proto -p lanetary , or some 
combination of (a) and (b) . Wood and Cahn es t imate that the t y p i c a l 
Mira phase l a s t s between 7 * 1 0 ^ and 7 x 1 0 s years . The l i f e t i m e of the 
proto-p lanetary phase must be £ 105 years f o r even the most massive 
s t a r s that become p l a n e t a r i e s and even shorter f o r s t a r s near 1 .5 M 
based on simple cons iderat ions of the t o t a l mass a v a i l a b l e in the 
envelope of a red g i a n t . 

We noted in §2 that the small inner s h e l l i n IRC+10216 appears 
to be expanding more rap id ly than the bulk of the much o lder and larger 
molecular envelope. This may be a man i f e s ta t ion of a more general 
phenomenon: the l a t e r i n time i s the e j e c t i o n event , the more rapid 
i s the e j e c t i o n v e l o c i t y . This r e g u l a r i t y i s suggested by comparison 
of the expansion v e l o c i t i e s , V , of the 24 o b j e c t s l i s t e d in Table 1 
with measured expansion v e l o c i f ï E s f o r 21 p l a n e t a r i e s (Osterbrock, 1973). 
The average expansion v e l o c i t y for the p r o t o - p l a n e t a r i e s i s ^ 13 km/s 
and for the p l a n e t a r i e s ^ 23 km/s. Many explanat ions of t h i s d i f f e r e n c e 
appear conceivable inc lud ing , for example: s u c c e s s i v e l y more v i o l e n t 
e j e c t i o n events as a funct ion of t ime; e j e c t i o n from a smaller radius 
for the l a t e r events ; or a c c e l e r a t i o n Ä the planetary nebula mater ia l 
a f t e r e j e c t i o n . 

The planetary nebula progeni tors l i s t e d in Table 1 probably 
o r i g i n a t e from main-sequence s t a r s of i n i t i a l mass > 1 .5 M̂  (Zuckerman 
e t a l . , 1977b). Stars of lower mass (say ^ 1 . 1 M@) such as those found 
in g lobular c l u s t e r s , the g a l a c t i c h a l o , and the nuclear bulge are un-
l i k e l y to produce the " c l a s s i c a l " kind of planetary nebulae that we 
have been d i s c u s s i n g . Planetary nebulae from populat ion I I s t a r s are 
apt to be ^ 100 times l e s s massive than c l a s s i c a l p l a n e t a r i e s and may 
be mostly oxygen-r ich , rather than carbon-rich (Wood and Cahn, 1977; 
Zuckerman e £ a l . , 1977b) . 
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SUMMARY 

The observation and i d e n t i f i c a t i o n of proto-planetary nebulae 
appears reasonably we l l e s tab l i shed . Continued study of such objec t s 
promises to help our understanding of s t e l l a r evo lut ion inc luding, 
for example, the phys ica l mechanism(s) respons ib le for the e j e c t i o n 
of planetary nebulae. The elemental composition of these p lane tar i e s 
and t h e i r progenitors he lps to regulate the chemical evo lut ion of the 
galaxy. 
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DISCUSSION 

Seaton: What c r i t e r i a are used to determine whether progeni tors are 
carbon-rich? 

Zuckerman: Near infrared spectroscopy or v i s u a l work for the s t a r s 
which are o p t i c a l l y observed. Sometimes radio observat ions can see 
enough molecules to t e l l whether the object i s carbon r i ch or oxygen 
r i ch . 

Feldman: I have not been able to de tec t continuum radio emission from 
CRL 2688, but have r e c e n t l y been able to de tec t an o p t i c a l l y thick cm-
wavelength radio source a s s o c i a t e d with CRL 618. I t becomes o p t i c a l l y 
thin by 9 .0 GHz where the radio f l u x (^270m Jy) i n d i c a t e s that the Hg 
f l u x has been underestimated by a f a c t o r of 9. 

Do I understand you c o r r e c t l y to imply that V1016 Cyg i s not a 
proto-planetary nebula? This object underwent a large o p t i c a l outburst 
in 1964-65, developed an o p t i c a l l i n e spectrum l i k e that of a dense 
planetary nebula, and e x h i b i t s a mass l o s s of MO~% 0 yr~l . However, 
Marionni and Mufson have been unable to de tec t CO (TA <0.15 K). So, by 
your c r i t e r i a , t h i s would not be a proto-p lanetary . 

Zuckerman: Yes, that i s one object that does not f i t my d e f i n i t i o n . 

A l l er : Do you f e e l that there i s any evidence that s o - c a l l e d combination 
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v a r i a b l e s ( e . g . , R.W. Hydrae, BF Cyg, CI Cyg, Ζ And, and AX Perse i ) are 
evolving in to p l a n e t a r i e s ? They are a s s o c i a t e d with M-type s t a r s and 
thus presumably O-rich o b j e c t s . 

Zuckerman: Without checking the infrared c h a r a c t e r i s t i c s or looking for 
CO, I don f t know the answer. 

F inz i : I f p r o t o - p l a n e t a r i e s evolve in to p l a n e t a r i e s , there should be 
some o b j e c t s whose proper t i e s are intermediate . 

Zuckerman: There are some such as CRL618. 

T ins ley: On the quest ion of the g a l a c t i c populat ion type , why do you 
b e l i e v e that supergiants do not become p l a n e t a r i e s ? 

Zuckerman: They may, but they are not protoplanetary nebulae according 
to my d e f i n i t i o n . The mass l o s s ra te s are l e s s than 10~5 M@yr_1 on the 
average by a f a c t o r of about 10. 
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