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1. INTRODUCTION

Although rare, planetary nebulae have been extensively studied
by astronomers. This affection is certainly due in part to the beauty
of the gaseous nebulae but it is also due to the belief that many,
probably most, stars of intermediate mass (1-4 M) become planetary
nebulae at least once during their lifetimes. If the planetary
nebula is an (almost) inevitable stage in stellar evolution, it is
important to determine its evolutionary precursors and followers.
The latter are likely to be the white dwarfs and the former are
generally believed to be red giants. With the advent of infrared
and radio techniques it now appears possible, for the first time, to
specify the immediate progenitors of planetary nebulae.

In the follewing discussion a "proto-planetary nebula" or a
"planetary nebula progenitor" is the term we use to describe those
objects that are losing mass at a rate 2 10 ° Mg/year (i.e. compar-
able to mass loss rates in planetary nebulae with ionized masses
2 0.2 My ) and which, we believe, will become planetary nebulae them-
selves within < 10° years. We will see from the following discussion
that most proto-planetary nebulae appear to us as very red objects
although a few have been "caught'" near the middle of the Hertzsprung-
Russell diagram. The precursors of these proto-planetaries are the
general red giant population, more specifically probably Mira and
semi-regular variables as discussed by, e.g., Feast (1968), Cudworth
(1974), Wood and Cahn (1977), and below.

2. PROPERTIES OF PROTO-PLANETARY NEBULAE

There are ‘v 41 optically-thin planetary nebulae within 1 kpc of
the sun (Osterbrock, 1974; Cahn and Wyatt, 1976). The exact number
depends on some uncertain quantities including, for example, the
distance scale for planetary nebulae. Because rapid mass loss must
have taken place while these planetary nebulae were still red giants
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(e.g. Abell and Goldreich, 1966; Harm and Schwarzschild, 1975) it is
logical to look for planetary nebulae progenitors as luminous, very
red stars. If the dust to gas ratio in the molecular envelopes
surrounding red giants is not much less than in the ordinary inter-
stellar medium, many of these progenpitors will not be visible stars.
For example, for a mass loss rate, M, ~ 1075 Mg/year, the hydrogen
projected density between the photosphere (R, "V 3><10ia cm) and infinity
is v~ 102" em™2. 1In the interstellar medium this would correspond to

n 1000! Therefore, taking our cue from observations of regions of
star formation where comparable extinctions are believed to exist, it
is logical to search for proto-planetaries at infrared and radio wave-
lengths.

In the infrared a large stellar mass loss is manifest as a very
low color temperature or possibly a spectral feature such as, for
example, 10u silicate absorption (e.g. Evans and Beckwith, 1977). 1In
the radio domain, CO emission from an expanding molecular envelope is
probably the most reliable way to determine large mass-loss rates. In
Table 1 we list stars with detectable emission from the J=1>0 rotational
transition of the CO molecule. We give for each star the corrected CO
antenna temperature, T%, as defined, for example, in Zuckerman et al.
(1977a). Because of tﬁe very large dispersion in distances to these
and other evolved stars, T* is not by itself a good measure of M, A
better first approximation to M is obtained by assuming that all red
giants have the same intrinsic luminosity, which is probably true to
within an order of magnitude. T% is then normalized by the integrated
stellar flux, F, received at theAEarth. This procedure was carried
out by Zuckerman et al. (1977a), who found that some very bright nearby
red giants, such as Mira and W Hya, are not examples of stars under-
going extreme mass loss. Redder, i.e. cooler, objects, such as
IRC+10216 and IRC+10011, have much larger mass loss rates. M for these
two stars is estimated to be " 2x107° Mg/year (Goldreich and Scoville,
1976; Kwan and Hill, 1977). For the other stars in Table 1, M is
likely to be within a factor of 3 of this value, although for a {ew,
e.g. NGC 7027, it might be ~ 10 times larger.

Most of the objects in Table 1 were first discovered in the in-
frared, consistent with the argument given above that proto-planetary
nebulae will not be prominent visual stars. A clear majority of the
objects are either carbon-rich (C/0 > 1) or S-type (C/O ~v 1) stars.
Carbon-rich stars also comprise a majority of the CRL objects studied
in the infrared by Merrill and Stein (1976b), although there may be
significant selection effects involved here. An infrared study likely
to be free of selection effects was carried out by Strecker and Ney
(1974), who examined v 230 sources in the IRC catalogue that were first
classified by Vogt (1973). Whereas Vogt found that the fraction of
carbon-rich stars in this sample was comparable to the percentage
(5-10%) of carbon stars in the general red giant population, Strecker
and Ney found that 20% of the 30 stars with large infrared excesses
are carbon-rich. The probable reason that this percentage is smaller
than the percentage of carbon-rich stars in Table 1 or in the CRL
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TABLE 1

SUGGESTED PROTO-PLANETARY NEBULAE

*

OBJECT TA(K) Vexp c/o Ref.
(km/s)

IRC+10216 4.2 15.0 c 1
CIT6 p 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 p 0.40 12.5 S 7
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 indicates carbon-rich (C/0 > 1); S indicates C/0 " 1;
0 indicates oxygen-rich (0/C > 1).

# Very young planetary

Kuiper et al. 1976
Mufson and Liszt 1975
Mufson et al..1975
Lo and Bechis 1976
Zuckerman et al. 1977a
Lo and Bechis 1977
Zuckerman et al. 1977b

NOoO UL W =
. .
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catalogue is that the reddest objects are not conspicuous even at 2u
wavelength.

M-type supergiants are not prominent CO sources. Among the super-
giants searched by Lo and Bechis (1977) and by Zuckerman et al. (1977a),
only RS Cnc has been detected for certain. Even here, Lo and Bechis
find a CO linewidth of only 10 km/s, which is about 40% of the width
of typical CO lines from objects listed in Table 1. According to
Merrill and Stein (1976a), RS Cnc is a borderline S-type star. These
results suggest that M-type supergiants are not undergoing extreme mass
loss unless their envelopes are mainly atomic rather than molecular gas
(which seems unlikely).

Although not all appropriate objects in the General Catalog of
Variable Stars and the IRC and CRL catalogues have yet been searched
for CO, it is clear from the references given in Table 1 and obser-
vations of oxygen-rich, late-type giant stars by_Gilmore and Bowers
(1977) that a majority of red giants with M > 10 ° My have C/0 2 1.
We therefore predict that a majority of the planetary nebulae within
'1-2 kpc of the Earth (see below) will be carbon-rich.

Distances to the objects in Table 1 may be estimated from measured
values of F, assuming stellar luminosities ~ 10" L Typical distances
are Vv 1 kpe with all objects likely to lie within Q,z kpc of the Earth.
Their average galactic latitude, 22°, corresponds to an average distance
from the galactic plane, l |, which is somewhat larger than the |Z|
value for the 41 local planetaries mentioned above (Osterbrock, 1974;
Cahn and Wyatt, 1976). Because of contamination by interstellar CO,
molecular envelopes are more difficult to detect around stars in the
galactic plane than stars that are outside of it. We, therefore, expect
that a complete sample of planetary nebula progenitors within 2 kpc of
the Earth will have a smaller average |Z| than the mean value for stars
in Table 1. There is no doubt that the population of stars that we are
studying is considerably less confined to the galactic plane than ex-
treme population I objects, such as H II regions. Since we expect that
the total number of proto-planetaries eventually found within 2 kpc of
the Earth will be no more than three times the number given in Table 1,
we conclude that, within this volume, the number of planetary nebula
progenitors is less than or comparable to the number of planetaries.
Note that the above discussion of proto-planetaries and planetaries
only pertains to the Northern 75% of the sky (Cahn and Wyatt, 1976).

Little information is presently available on the detailed nature
of the outflow during the proto-planetary phase. Does the matter flow
out continuously, or is it ejected in a series of puffs? How long does
a reg-giant star of a given main-sequence mass support outflow rates
2 10° Mg/Year? Is long-period variability always associated with such
high mass loss rates? Do red, oxygen-rich progenitors such as IRC+10011,
evolve into red, carbon-rich stars before they become planetary nebulae?
Are intervals of rapid mass loss interspaced with relatively quiescent
periods as, for example, might be the case if rapid mass ejection is
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due to helium shell flashes and the time between flashes is % 3x10*
years (e.g. Trimble and Sackmann, 1977)? For stars for which this is
the case, some of which might be included in Table 1, the definition
of proto-planetary nebula given in §1 would not be quite appropriate.
These objects might not become planetaries within 10° years.

Final resolution of these problems will require high spatial re-
solution observations in both the infrared and radio domains. To date,
CO envelopes around only IRC+10216 and NGC 7027 have been spatially
resolved, and then only barely, with the NRAO 1ll-m antenna (Wilson et al.
1973; Mufson et al., 1975). The infrared structure of IRC+10216 is
fairly well understood, thanks to two lunar occultations (Toombs et al.,
1972) and high resolution 4.7u CO observations (Geballe et al., 1973).
Combination of the radio and infrared observations of IRC+10216
suggests that at least two, and perhaps many, shells of gas have been
ejected during the past 10" years. The innermost shell of 2" diameter
has a mass ~1072 Mg and is expanding at 20 km/s, which is slightly
faster than the average expansion velocity, " 15 km/s, of the > 2'
diameter molecular cloud seen in CO. Most of the molecules observed
around IRC+10216, such as HCN, CS, SiS, and HC,N, are excited mostly
by the near infrared flux from the central statr, whereas CO is mainly
excited by collisions with H, molecules (Morris, 1975; Kwan and Hill,
1977). Fairly extensive opt%cal, infrared, and radio observations
also exist for CRL 618 and 2688 (Ney et al., 1975; Crampton et al.,
1975; Westbrook et al., 1975; Lo and Bechis, 1976; Zuckerman et al.,
1976; Cohen and Kuhi, 1977).

The primary constituent in the envelopes around evolved stars is
probably either H or H,. Both are difficult to observe directly, al-
though detection of theé 2l1-cm line from planetary and proto-planetary
nebulae has been attempted with the NRAO 300-ft. and the Arecibo 1000-ft.
antennae (Zuckerman et al., 1976 and 1977c). An advantage of the
21-cm line over the J=1*0 line of CO is that the former is excited at
much lower densities and we might, therefore, hope to detect very ex-
tended envelopes indicative of mass loss rates over the past " 10°
years (contrasted with the v 10" years sampled by CO observations).

With the possible exception of o Ori, which is not a CO source (Vanden
Bout and Lambert, 1976; Lo and Bechis, 1977), and one planetary nebula,
no 2l-cm lines were evident. Then for objects such as IRC+10011,
IRC+10216, and NML Tau, if the total mass in the envelope is > 0.1 Mg
the bulk of the hydrogen is in the form of H2 rather than H.

3. COMPARISON WITH PLANETARY NEBULAE

In the preceding section we estimated that within Vv 1 kpc of the
Earth the volume density of observable proto-planetary nebulae is
comparable to, or less than, the volume density of observable optically
thin planetary nebulae. If we assume that IRC+10216 is typical, the
observable lifetime of a single shell of ejected molecular gas is
n 5%103% years (v 0.1 pc at v 15 km/s). Similarly, for a typical planet-
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ary the observable lifetime of a single shell is v 2x10* years (v 0.7 pc
at v 25 km/s). Therefore, it appears that, very roughly, the average
number of shells ejected during the planetary and proto-planetary
phases are comparable. The relative volume densities are still too
imprecisely known to make a good estimate. The time spent crossing

the H-R diagram from cool, red giant to hot, O-type central star must
be very short as only CRL 2688 (F-type star) and CRL 618 (B-type star)
appear as likely "transit" candidates. However, even for crossing time
scales as short as 3-5x10° years (Harm and Schwarzschild, 1975) we
would expect to see rather more objects in transit unless the average
number of observable shells per planetary is 3 or more. Since this
seems unlikely, perhaps there are more interesting objects like CRL 618
and 2688 yet to be discovered and/or properly classified.

One may also compare the lifetime of a proto-planetary nebula with
the lifetime of a typical Mira variable. According to Wood and Cahn
(1977) there are " 511 Miras within 1.5 kpc of the sun. Since this is
" 10-20 times the number of proto-planetaries within a comparable volume,
either (a) only a small fraction of Mira variables become proto-planet-
aries, as defined in 81 above, or (b) the lifetime in the Mira phase
is (v 10 times) longer than the lifetime as a proto-planetary, or some
combination of (a) and (b). Wood and Cahn estimate that the typical
Mira phase lasts between 7x10“ and 7x10° years. The lifetime of the
proto-planetary phase must be S 10° years for even the most massive
stars that become planetaries and even shorter for stars near 1.5 M
based on simple considerations of the total mass available in the
envelope of a red giant.

@’

We noted in 82 that the small inner shell in IRC+10216 appears
to be expanding more rapidly than the bulk of the much older and larger
molecular envelope. This may be a manifestation of a more general
phenomenon: the later in time is the ejection event, the more rapid
is the ejection velocity. This regularity is suggested by comparison
of the expansion velocities, V , of the 24 objects listed in Table 1
with measured expansion velocit¥Bs for 21 planetaries (Osterbrock, 1973).
The average expansion velocity for the proto-planetaries is v 13 km/s
and for the planetaries v 23 km/s. Many explanations of this difference
appear conceivable including, for example: successively more violent
ejection events as a function of time; ejection from a smaller radius
for the later events; or acceleration & the planetary nebula material
after ejection.

The planetary nebula progenitors listed in Table 1 probably
originate from main-sequence stars of initial mass 2 1.5 M, (Zuckerman
et al., 1977b). Stars of lower mass (say v 1.1 M ) such as those found
in globular clusters, the galactic halo, and the nuclear bulge are un-
likely to produce the "classical" kind of planetary nebulae that we
have been discussing. Planetary nebulae from population II stars are
apt to be N 100 times less massive than classical planetaries and may
be mostly oxygen-rich, rather than carbon-rich (Wood and Cahn, 1977;
Zuckerman et al., 1977b).
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SUMMARY

The observation and identification of proto-planetary nebulae
appears reasonably well established. Continued study of such objects
promises to help our understanding of stellar evolution including,
for example, the physical mechanism(s) responsible for the ejection
of planetary nebulae. The elemental composition of these planetaries
and their progenitors helps to regulate the chemical evolution of the
galaxy.
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DISCUSSION

Seaton: What criteria are used to determine whether progenitors are
carbon-rich?

Zuckerman: Near infrared spectroscopy or visual work for the stars

which are optically observed. Sometimes radio observations can see

enough molecules to tell whether the object is carbon rich or oxygen
rich.

Feldman: I have not been able to detect continuum radio emission from
CRL 2688, but have recently been able to detect an optically thick cm-
wavelength radio source associated with CRL 618. It becomes optically
thin by 9.0 GHz where the radio flux (v270m Jy) indicates that the Hg

flux has been underestimated by a factor of 9.

Do I understand you correctly to imply that V1016 Cyg is not a
proto-planetary nebula? This object underwent a large optical outburst
in 1964-65, developed an optical line spectrum like that of a dense
planetary nebula, and exhibits a mass loss of NlO‘SMOyr'l. However,
Marionni and Mufson have been unable to detect CO (Tp <0.15 K). So, by
your criteria, this would not be a proto-planetary.

Zuckerman: Yes, that is one object that does not fit my definition.

Aller: Do you feel that there is any evidence that so-called combination
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variables (e.g., R.W. Hydrae, BF Cyg, CI Cyg, Z And, and AX Persei) are
evolving into planetaries? They are associated with M-type stars and
thus presumably O-rich objects.

Zuckerman: Without checking the infrared characteristics or looking for
CO, I don't know the answer.

Finzi: If proto-planetaries evolve into planetaries, there should be
some objects whose properties are intermediate.

Zuckerman: There are some such as CRL618.

Tinsley: On the question of the galactic population type, why do you
believe that supergiants do not become planetaries?

Zuckerman: They may, but they are not protoplanetary nebulae according
to my definition. The mass loss rates are less than 10-° M@yr'1 on the
average by a factor of about 10.
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