
19
8 

9A
pJ

. 
. .

34
6.

 .
26

5H
 

The Astrophysical Journal, 346:265-276,1989 November 1 
© 1989. The American Astronomical Society. All rights reserved. Printed in U.S.A. 

A STUDY OF SEVERAL F AND G SUPERGIANT-LIKE STARS WITH INFRARED EXCESSES 
AS CANDIDATES FOR PROTO-PLANETARY NEBULAE 

Bruce J. Hrivnak1 

Department of Physics, Valparaiso University 
Sun Kwok 

Department of Physics, The University of Calgary 
AND 

Kevin M. Volk 
NASA Ames Research Center 

Received 1988 October 6; accepted 1989 April 29 

ABSTRACT 
Ground-based observations have been obtained for eight F and G supergiant-like stars showing large infra- 

red excesses. The combination of ground-based and IRAS data shows that these objects have dual-peak 
energy distributions, with comparable amounts of energy emitted in the visible and the infrared. The infrared- 
emitting cool dust shells are likely to represent the remnants of ejecta from an earlier phase of evolution. It is 
suggested that these eight objects are similar to IRAS 18095 + 2704 and are intermediate-mass stars in a post- 
asymptotic giant branch (AGB) phase of evolution. Model fittings to the 0.4-100 /un energy distribution of 
these objects suggest that they left the AGB within the last 1000 yr. 
Subject headings: infrared: sources — nebulae: planetary — stars: circumstellar shells — stars: supergiants 

I. INTRODUCTION 

It has been suggested recently that a number of high-latitude 
F supergiants, the so-called 89 Her objects, are actually old, 
halo objects observed in the post-asymptotic giant branch 
(post-AGB) phase (Bond, Carney, and Grauer 1984). Among 
the properties exhibited by various members of this class (but 
not by all) are high space velocity, low metal abundance (Bond 
and Luck 1987), circumstellar dust (Parthasarathy and Pot- 
tasch 1986), and molecular envelopes (Likkel et al 1987). These 
observational data are consistent with the interpretation that 
these are low-mass objects which have lost their envelope mass 
and are now in a post-AGB phase. Although the list of such 
objects based upon optical characteristics may actually 
contain a rather diverse group of objects, some of these we 
believe to be proto-planetary nebulae (PPN) candidates, as we 
will discuss later in this paper. 

While the high latitude of the objects drew attention to them 
optically, one would expect to find low-latitude counterparts 
which are also post-AGB objects, although not necessarily 
metal poor. These would be harder to distinguish optically. 
However, by searching the IRAS sky survey data, the 
opportunity exists to first identify candidate objects based 
upon their infrared emission due to a dust shell, and then to see 
if optical counterparts exist. This is how we proceeded in the 
present study. 

Examples of objects which have been previously identified as 
post-AGB based upon their infrared excesses are HD 161796 
(IRAS 17436 + 5003) and HD 101584 (IRAS 11385-5517) by 
Parthasarathy and Pottasch (1986), HR 4049 (IRAS 
10158-2844) by Lamers et al (1986), IRAS 20051 + 1823 by 
Menzies and Whitelock (1988), and IRAS 18095 + 2704 by 
Hrivnak, Kwok, and Volk (1988). For the last of these, the 
source was selected on the basis of its peculiar spectrum as 
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observed by the IRAS low resolution spectrometer (LRS; Volk 
and Kwok 1987) and was subsequently identified with a 10th 
mag F3 lb star. The simultaneous presence of a 7000 K photo- 
spheric continuum and ä150 K dust component was inter- 
preted as resulting from a low-mass star evolving across the 
H-R diagram on the way to become a planetary nebula, with 
starlight emerging out of the fossil dust shell ejected during the 
AGB phase. 

Another post-AGB object is IRC +10420 (IRAS 
19244+1115), a strong infrared and OH source which has 
been the subject of many studies, and which we will discuss 
below. Evidence for its post-AGB and possible PPN nature is 
given by Fix and Cobb (1987). 

We define the proto-planetary nebula phase in the following 
way. Stars on the AGB are known to be losing mass at a high 
rate, and if the initial mass is large enough, their photospheres 
may become totally obscured. These objects can, however, be 
observed at infrared wavelengths. When the mass loss reduces 
the envelope mass below a certain value, the star will begin to 
evolve toward the blue side of the H-R diagram. When the 
envelope mass is reduced to a still lower value, large-scale mass 
loss ends, and we designate this point as the beginning of the 
PPN phase (see Kwok 1987). During this phase, the inner shell 
radius increases, the dust shell temperature decreases, and the 
temperature of the central star increases. When the central star 
is hot enough to ionize the circumstellar nebula, the PPN 
phase ends and the object is now classified as a planetary 
nebula. The duration of the PPN phase is expected to last up 
to several thousand years (Schönberner 1983). 

In this paper we report the identification of eight IRAS 
sources which exhibit the spectra of types F and G, and in one 
case late-A, supergiants, found at a variety of galactic latitudes, 
which we believe to be in a post-AGB phase of evolution, and 
which appear to be good candidates for PPN. We discuss their 
observational properties and analyze their flux distributions 
with a dust radiative transfer model applied to a detached 
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TABLE 1 
Candidates for Proto-planetary Nebulae 

Identifications ' Galactic 
~     Coordinates 
IRAS SAO HD DM RAFGL Other / b 

07134+1005 96709 
10215-5916 
12175-5338 239853 
17436 + 5003 30548 
19114+0002 124414 
19244+1115 
19500-1709 163075 
20004 + 2955 

56126 +10 1470 
-58 3221 
-53 4543 

161796 +50 2457 
179821 -00 3679 

187885 -17 5779 
+ 29 3865 

4106 

5384 
2343 
2390 

CPD-58 2154 
CPD-53 5072 
V814 Her 

IRC +10420 

V1027 Cyg 

206.7 +10.0 
285.1 -1.9 
298.3 +8.7 

77.1 +30.9 
35.6 -5.0 
47.1 -2.5 
24.0 -21.0 
67.4 -0.4 

envelope. The fit of the model to the observations of each 
object is discussed, and the argument made that these objects 
possess the expected properties of proto-planetary nebulae, 
particularly that of a well-detached, cool dust shell. A quanti- 
tative comparison of the derived properties of these PPN can- 
didates is then made. 

II. CANDIDATES FOR PROTO-PLANETARY NEBULAE 

The PPN candidates in this study were selected based upon 
either the shape of the LRS spectrum, their previous suggestion 
as a PPN candidate, or their location in the IRÁS color-color 
plane ([25/12] vs. [60/25]). For the last criterion, a region of 
the plane was defined which contained previously identified 
PPN candidates and known young, compact planetary 
nebulae, but which excluded M stars with circumstellar dust 
shells. From this region additional color-selected candidates 
were identified. More details of this selection can be found in 
Volk and Kwok (1989). 

In Table 1 are listed the objects of the present study. For 
uniformity, we will refer to the objects by their IRAS identifica- 
tions. Additional identifications are listed in Table 1. The 
association of the IRAS source with the optical counterpart is 
based upon a close positional association, and in some cases 
the agreement with previous ground-based infrared observa- 
tions. It would be desirable to confirm the association of each 
of these directly by flux measurements at 10 /mi, as was done 
for IRAS 18095 + 2704. However, only in the association of 
RAFGL 4106 with IRAS 10215 —5916 is there any significant 
difference between the IRAS and ground-based positions, and 
in this one case the ground-based data confirm the identifica- 
tion. Thus we believe that there is no reason to doubt the 
correctness of any of these associations. 

Recently Odenwald (1986) searched the IRAS Point Source 
Catalog for associations of IRAS sources and G-type stars. He 

found that of the 150 G supergiants detected by IRAS, excess 
emission was found in «4%. Two of his infrared excess objects 
are in common with this study. Several of the supergiants 
which he identified are RV Tauri variables, which have long 
been known to possess infrared excesses at 10 /an (Gehrz 1972). 
The evolutionary status of RV Tauri stars as post-AGB 
objects of low mass has been discussed recently by Jura (1986). 
None of the sources in the present study has been classified as 
RV Tauri variables. 

IRAS data for each of these eight sources are listed in Table 
2. The IRAS broad-band measurements have been taken from 
the second edition of the IRAS Point Source Catalog, and have 
been color-corrected using the procedure described in Kwok, 
Hrivnak, and Milone (1986). The energy distributions of most 
of the objects peak around 20-30 /mi. Five of the sources have 
infrared spectra listed in the Atlas of Low Resolution IRAS 
Spectra (LSRC; IRAS Science Team 1986). Two of these are 
characterized as class 05, which indicates a low signal-to-noise 
red spectrum. Two others are classified as class 66 and 69, 
which indicate the 10 /¿m silicate feature in emission on a red 
continuum. One object is classified as class 28, implying a 
strong silicate emission feature on a blue continuum. Spectra 
for the other three were extracted from the LRS data bank 
supplied by the Space Research Laboratory at the University 
of Groningen. The probability of variability of each object is 
also listed in Table 2, as given in the IRAS Point Source 
Catalog. They are all assigned a low probability of variability, 
<50%. 

Pottasch and Parathasarathy (1988) recently identified 
several F and G giants and supergiants which display infrared 
excesses, including two objects in common with this study— 
IRAS 19114 + 0002 and IRAS 19500-1709. Their analysis, 
however, did not include the addition of non-IRAS photo- 
metric data, as have been incorporated into this study. 

TABLE 2 
IRAS Measurements 

Color-corrected Fluxes (Jy) 

IRAS ID 12 ¡im 25/mi 60 /mi 1(X) urn LRS Var(%) 

07134+1005   29.5 112.8 40.5 14.1 ... 0 
10215-5916  233.3 1763.0 685.0 166.1 66 6 
12175-5338  1.1 20.3 6.0 2.3 ... 5 
17436 + 5003   6.1 202.2 125.3 44.7 05 35 
19114 + 0002   33.0 702.9 424.8 154.1 ... 4 
19244+1115   1582.0 2028.0 564.3 170.6 28 0 
19500-1709  33.2 161.2 58.8 16.7 05 3 
20004+2955  35.3 29.0 3.5 <33.5 69 15 
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III. OBSERVATIONAL PROPERTIES 

a) New Observations 
For almost all of the objects in this study, new ground-based 

optical photometry and spectroscopy, and infrared photo- 
metry were obtained at a variety of observatories. The new 
photometry is listed in Table 3, along with the date (UT) and 
the name of the associated observatory. 

New optical UBV photometry was obtained for four of the 
sources using the 0.6 m telescope at Yerkes Observatory. We 
made the observations under fair conditions for all-sky photo- 
metry, and the data were transformed to the Johnson system 
through the use of standard stars observed nightly. For two 
of the southernmost objects (IRAS 10215 — 5916 and 
12175 — 5338), UBVRI photometry was obtained by D. Geisler 
at Cerro Tololo Inter-American Observatory (CTIO) with the 
1.0 m telescope. The UBV observations were on the Johnson 
system, and RI on the Cousins system. 

New near-infrared observations were obtained at three sites. 
At Kitt Peak National Observatory (KPNO), R. Joyce 
observed four of the northern sources at JHKLM bandpasses. 
The 1.3 m telescope was used, with the BT InSb photometer, a 
15" aperture, and a throw of 40" north-south, except when 
source confusion was obvious on the television monitor. At the 
South African Astronomical Observatory (SAAO), P. White- 
lock observed the four southernmost sources at JHKL band- 
passes with the 0.75 m and 1.9 m telescopes. At the United 
Kingdom Infrared Telescope (UKIRT), JHKLM photometry 
was obtained by the resident astronomers for two objects using 

the UK9 InSb photometer. Apertures of 8" and 12" were used. 
The M filters at KPNO and UKIRT are narrow-band filters. 

Mid-infrared observations were obtained at UKIRT for 
IRAS 07134+1005. The observations were carried out by 
resident astronomers using the UK8 bolometer. A 6" aperture 
was used in the observations. Standard stars at similar air- 
masses and average extinction coefficients were used in the 
reduction of all the UKIRT observations. 

Optical spectra of five of the objects were obtained at the 
Dominion Astrophysical Observatory (DAO), with an intensi- 
fied Reticon detector. They were all observed with the 1.2 m 
coudé system, at a reciprocal dispersion of 20 Â mm ~1 and a 
resolution of « 1.5 Â. Approximate spectral types were deter- 
mined by comparison with a few spectral standards observed 
with the same instrumentation, and by reference to the pho- 
tographic spectral atlas by Yamashita, Nariai, and Norimoto 
(1978). The derived spectral classifications are listed in Table 3, 
and they all appear to be in accord with the published classi- 
fications based upon lower dispersion studies and listed below. 
We have displayed for future reference these spectra in Figure 
1 along with some spectral standards. IRAS 18095 + 2704 is 
also included for comparison. The spectra have not been flux- 
calibrated. These objects should be studied for spectral varia- 
tions over the next several decades. The five objects were 
observed in 1988 April and May; a few earlier spectra were 
also obtained in 1987 August with the DAO 1.8 m Cassegrain 
telescope. Multiple radial velocity observations of four of these 
sources have been made at DAO, using the 1.2 m telescope and 
radial velocity spectrometer to obtain high-precision velocities. 

TABLE 3 
New Ground-based Observations 

A. Visible 

IRAS ID Date U B V Rc Ic Observatory Spectral Type 

07134+1005  ... ...   ... F0-5 I-Ia 
10215-5916  1988 Mar 18 11.22 10.24 8.73 7.68 6.54 CTIO ... 
12175-5338  1988 Mar 18 10.15 9.68 9.30 9.05 8.78 CTIO 
17436 + 5003  1987 Sep 04 7.84 7.42 7.00   Yerkes F2-5 lb 
19114 + 0002   1987 Sep 04 10.81 9.49 7.89   Yerkes ~G5 la 
19500-1709  1987 Sep 04 9.34 9.19 8.67   Yerkes F2-6 la 
20004 + 2955  1987 Sep 04 13.3 11.28 8.94   Yerkes ~G7 lab 

B. Infrared 

IRAS ID Date J H K L E M Observatory 

07134+1005  1987 Oct 06 6.84 6.57 6.59 6.43 ... 5.86a KPNO 
1988 Apr 06 7.00 6.76 6.70 ... 6.49 6.29b UKIRT 

10215-5916  1987 Nov 20 4.61 3.49 3.02 2.58 ... ... SAAO (0.75 m) 
12175-5338  1987 Nov 19 8.47 8.25 8.15 ... ... ... SAAO (0.75 m) 

1988 Mar 31 8.41 8.23 8.13 8.03 ... ... SAAO (1.9 m) 
19114 + 0002  1988 Mar 31 5.01 4.52 4.27 4.05 ... SAAO (1.9 m) 

1988 Apr 10 4.98 4.51 4.28 ... 4.00 3.71 UKIRT 
19500-1709  1987 Oct 07 7.20 6.94 7.04 6.60 ... 6.14a KPNO 

1988 Mar 31 7.16 6.90 6.77 6.54 ... ... SAAO (1.9 m) 
20004 + 2955  1987 Oct 07 4.79 4.15 4.01 3.38 ... 3.06 KPNO 

2(/mi) 8.75 9.7 10.5 11.5 12.5 19.5 
IRAS ID Date 1.2 ... 1.0 1.3 1.2 4.8 

07134+1005  1988 Apr 09 2.21 1.96 1.66 0.67 -0.11 -2.05 

Note.—Observational uncertainties (in mag) are as follows—visible: 0.01 at CTIO, 0.04 at Yerkes; infrared: <0.03 at KPNO 
and SAAO, < 0.02 (J through M) and < 0.05 (8.75 through 19.5 /mi) at UKIRT. 

a Observational uncertainty of+0.16. 
b Observational date was 1988 Apr 8. 
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Fig. 1. Optical spectra of five of these sources and IRAS 18095 + 2704, together with several classification standards, (a) The F supergiants. (Note that in the 
spectrum of 19500-1709, two mercury night-sky emission lines have been truncated slightly above the continuum level.) {b) The G supergiants. 

These will be published as part of a separate study of the 
variability of these objects. IRAS 19114 + 0002 stands out as a 
high-velocity object, with a radial velocity of + 88 km s- L 

b) Discussion of Individual Objects 
IRAS 07134 + 1005.—The published spectral type of the 

object is F5 I (Nassau, Stephenson, and MacConnell 1965). 
The object has been observed in the Walraven intermediate- 
band VBLUM system by Pel (1976) and by van Genderen, van 
Driel, and Greidanus (1986), with the later investigators com- 
menting on the reddness of its colors. The B and V magnitudes 
listed in Table 4 are those transformed by van Genderen, van 
Driel, and Greidanus (1986) to the Johnson system. With 
(B—V) = 0.90, the object is clearly reddened. CO emission has 
been detected from this object (Zuckerman, Dyck, and Claus- 
sen 1986) and at a relatively high velocity. Zuckerman and 
Dyck (1986) classify this object as oxygen-rich on the basis of 
its IRAS colors. 

This object is not included in the IRAS LRSC. A spectrum 
was extracted from the LRS data base. The spectrum is almost 
flat between 10 and 18 /mi and has a strong emission feature at 
21 /mi. This feature is too wide to be due to spectral line 

emission and does not appear to be due to silicates, for there is 
no corresponding feature at 10 /mi. 

One might suspect that this odd spectrum is due to causes 
other than the source itself. For example there could be 
another source near IRAS 07134+1005 which is entering the 
focal plane just after IRAS 07134+1005 and thus producing 
the rise near 21 /mi. That possibility was checked by looking 
for nearby IRAS point sources, and none was found anywhere 
near IRAS 07134+1005 that was bright enough at 12 /mi to 
produce contamination of the spectrum. Also the individual 
scans all show the same features. Thus it is not obvious that 
there is any contamination or instrumental problems affecting 
the spectrum. There are a few other sources with similar LRS 
spectra. One of these is IRAS 22272 + 5435 which is associated 
with the K5 I star SAO 34504. The source appears to have the 
21 /mi emission feature but it is relatively weak. It also displays 
a drop in its spectrum near 11 /mi similar to that of IRAS 
07134+1005. This source is discussed by Pottasch and Partha- 
sarathy (1988), who attribute the features to silicate absorption. 

IRAS 10215 — 5916.—The object was identified with CoD 
— 58°3221 by Bidelman (1986), who also listed a spectral type 
of G5: I by Sanduleak. It lies 55" north of the position of 
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RAFGL 4106, and we assume them to be the same source, as 
the IRAS 25 jjm flux is similar to the 27.4 /un flux of RAFGL 
4106 (Price and Murdock 1983) and there is no other IRAS 
source closer to this bright RAFGL source. The object is 
extremely red, with (B—V)= 1.50. At its low galactic latitude, 
b = — 2°, much of this might be interstellar. 

IRAS 12175 — 5338.—This star has an earlier spectral type 
than any of the others in our study, A9 lab (Stephenson and 
Sanduleak 1971). It is somewhat reddened. It is not in the 
LRSC and the spectrum extracted from the LRS data base is 
extremely noisy and not very useful for detailed study, as the 12 
/¿m flux density is too low for a reasonable quality LRS spec- 
trum to be observed. However, it does show an increase in flux 
from 10 to 20 /an, in agreement with the broad-band IRAS 
measurements. 

IRAS 17436 + 5003.—This object is well studied, and its 
visible and infrared flux distribution have been analyzed and 
discussed previously by Parthasarathy and Pottasch (1986). 
The spectrum of the system has been carefully classified as F3 
lb (Fernie and Garrison 1984), and we adopt it as a secondary 
standard for our classifications. Older abundance analyses 
yield differing results as to whether the object is metal poor or 
not. A recent study by Bond and Luck (1987) concludes that it 
is slightly metal poor, and Fernie and Garrison (1984) con- 
clude that is is only slightly metal poor, if at all. 

Our new UBV photometry leads to magnitudes similar to 
those of Fernie (1983) and Percy and Welch (1981), with our 
observations indicating that the object was somewhat brighter 
and bluer than average when we observed it. The mean 
UBVRI values of Fernie (1983) are used to form the flux dis- 
tribution and these are listed in the summary in Table 4. Little 
reddening is indicated for the system. A polarization study 
shows that the object has a small but significant intrinsic polar- 
ization, 0.6%, with no wavelength dependence, which is inter- 
preted as evidence for large (>0.3 /¿m) dust grains uniformly 
distributed around the source (Joshi et al. 1987). Near-infrared 
JHKL photometry has been published by Humphreys and 
Ney (1974), and AFGL 20 and 27 ¡im photometry has been 
published by Price and Murdock (1983). The IRAS spectrum 
was extracted from the LRS data base and is noisy below 12 
fim where the flux density is low. The object is a known quasi- 
periodic light and velocity variable, with a range in V of 0.08 
mag (Fernie 1983; Burki, Mayor, and Rufener 1980). 

IRAS 19114 + 0002.—The spectrum of the object has been 
previously classified as G5: la (Buscombe 1984), G4 0-Ia 
(Keenan 1983), and G la (Bidelman 1981). The observed color 
index, (B—V)= 1.60, is very red for mid-G spectral type. At its 
low latitude, b = — 5°, much of this might be interstellar. The 
source is associated with RAFGL 2343, and infrared magni- 
tudes are given by Ney and Merrill (1980) and Price and 
Murdock (1983). There is no LRSC classification, and a weak 
10 /xm feature is detectable on the extracted spectrum. Zucker- 
man and Dyck (1986) consider it to be oxygen-rich on the basis 
of its IRAS colors. 

CO emission has been measured from the object, at a large 
velocity relative to the LSR (Zuckerman and Dyck 1986; 
Likkel et al. 1987). The expansion velocity (Ve) of 33 km s-1 is 
higher than the typical expansion velocity of the circumstellar 
envelopes of AGB stars. Such a high expansion velocity is 
more typical of supergiants (Jones 1987). 

IRAS 19244 +1115.—This source is associated with the 
well-known infrared object IRC +10420, one of the strongest 
sources in the sky at 10 and 20 /mi. It is known to vary irregu- 
larly in light and has been assigned the variable star name 

VI302 Aql. The photographic magnitude increased by about 
1.4 mag from 1920 through 1975, while from 1900 through 
1920 the light level was near the middle of this range (Gottlieb 
and Liller 1978). UBVRI and 2.2 to 22 /tm photometry has 
been published by Humphreys et al. (1973), who noted the 
similarity of the infrared flux distribution with that of rj Car. 
UBV observations made 2 yr after those listed by Humphreys 
et al. showed a similar light level (Craine and Tapia 1975), as 
did the infrared observations of Thomas, Robinson, and 
Hyland (1976). 

The spectrum has been classified as F8-G0 I (Humphreys et 
al. 1973) and F8 la (Giguere, Woolf, and Webber 1976). High- 
resolution infrared spectra reveal CO band lines at 4.6 /xm with 
P Cygni profiles (Fix and Cobb 1987), and both the stellar and 
outflow velocities are in agreement with the 18 cm OH velo- 
cities. The photospheric absorption lines indicate a radial 
velocity 30 km s-1 larger than the OH velocity, which Fix 
(1981) attributes to scattering of photons from the expanding 
shell (Kwok 1976). New emission lines have recently been 
observed in the near-infrared spectrum (Irvine 1986). 

IRC +10420 is a strong source of OH emission and has 
been studied by several investigators. It shows a variability in 
total flux over several months, and a number of highly circular- 
ly polarized individual features in its blueshifted and redshifted 
peaks (Mutel et al. 1979). OH and SiO emission have both 
been measured, with similarly large radial velocities and with 
similar expansion velocities (Bowers, Johnston, and Spencer 
1983; Olofsson et al. 1982). A mass-loss rate of 2 x 10-4 M0 
yr-1 was calculated by Bowers, Johnston, and Spencer (1983), 
based upon a distance of 3.4 kpc (Mutel et al. 1979), which is 
probably overestimated. CO and HCN have both been 
observed (Bachiller et a/. 1988; Jewell, Snyder, and Schenewerk 
1986, respectively), and S02 has been detected by Guilloteau et 
al. (1986). 

A VLA study of OH emission by Bowers (1984) indicates a 
clumpy, asymmetric distribution of emission, which he fits with 
an expanding spherical shell model. In contrast, Diamond, 
Norris, and Booth (1983) interpret their MERLIN study of 
OH as indicating a bipolar nebula. Recently, Ridgway et al. 
(1986) have used infrared speckel interferometry to study the 
dust shell of IRC + 10420. They find no convincing evidence of 
asymmetry in their data, and model their data to determine an 
optical depth of 0.7 + 0.3 at 3.4 /xm and an inner dust shell 
radius of 0'.T25 ± 0"015. We will later compare their results 
with our derived values. 

IRAS 19500 — 1709.—The spectral type assigned to this 
object is cF3 by Houk (Bidelman 1986) and F2-3 by Partha- 
sarathy, Pottasch, and Wamseker (1988). Our UBV observa- 
tions indicate little reddening. 

IRAS 20004 + 2955.—This source is associated with the 
irregular variable VI027 Cyg, which has an observed range of 
variability of 1 mag in the photographic (Wachmann 1961). 
The spectrum has been classified as G7 la (Keenan and Pitts 
1980) and KO la (Roman 1973). The observed color index, 
(B—V) = 2.34, is very red. At its low latitude, b = 0°, much of 
this might be interstellar. The LRS classification of 69, which 
means a 10 /xm silicate emission feature on a red continuum, is 
similar to that of 18095 + 2704. An observation at 1612 MHz 
did not detect OH emission (Eder, Lewis, and Terzian 1987). 

c) Observational Summary 
In Table 4 are collected the visible-band and near-infrared 

data available for the program objects. Where multiple obser- 
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TABLE 4 
Summary of Ground-based Observations 

IRÁS ID B H K M N 
Spectral 

[27] Types 
07134+1005. 
10215-5916. 
12175-5338. 
17436 + 5003. 
19114 + 0002. 
19244+1115. 
19500-1709. 
20004 + 2955. 

11.22 
10.15 
7.82 

10.81 
15.7 
9.34 

13.3 

9.13 
10.24 
9.68 
7.54 
9.49 

13.9 
9.19 

11.28 

8.23 
8.73 
9.30 
7.08 
7.89 

11.2 
8.67 
8.94 

7.20 
8.92 
6.67 

8.7 

5.78 
8.63 
6.42 

7.0 

6.92 
4.61 
8.43 
5.83 
5.00 
4.9 
7.18 
4.79 

6.66 
3.49 
8.24 
5.98 
4.52 
3.7 
6.92 
4.15 

6.65 
3.02 
8.14 
6.02 
4.28 
2.7 
6.8 
4.01 

6.43 
2.58 
8.03 
5.83 
4.05 
0.6 
6.57 
3.38 

6.10 

3.71 
-0.65 

6.14 
3.06 

-5.8 -6.8 

0.1 
-4.6 

-2.5 
-4.1 
-6.4 

-3.1 
-5.0 
-6.7 

F5I 
G5:1 
A9 lab 
F3 lb 
G5 la 
F8 la 
cF3 
G7 la 

0.6 
2 
0.5 
0.1 
2 
3 
0.4 
2.5-3 

valions are available, average values are listed. The R and / 
observations are on the Johnson system, with the Cousins 
system values transformed using the relationships given by 
Bessell (1979) and Celis (1986). The ground-based data are 
combined with the /RAS data, and the flux distribution plotted 
for each object in Figures 2-9. In cases where the two halves of 
the LRS do not coincide in the overlapping wavelengths, one- 
half was shifted to match the other and the entire LRS scaled 
with respect to the 12 fim photometry point after it was first 
convolved with the 12 /¿m band instrumental profile. 

For IRAS 20004 + 2955, which varies by 1 mag in the visible, 
the lack of simultaneity of the observations will affect the 
detailed flux distribution, although the general shape of the 
spectrum will be represented. IRAS 19244 +1115 has displayed 
significant historical variability, although there is no documen- 
tation of present variability at greater than the 10% level. 
None of the other objects is known to vary by as much as 10%, 
and the combination of data should accurately represent the 
spectrum. Flux calibrations for UBVRI are taken from Hayes 
(1979), and near-infrared from calibration coefficients provided 
by Joyce. Conversion factors to flux measurements for the Wal- 
raven system were taken from Lub et al (1979). Values have 
been estimated for the reddening and visual extinction of each 
object, assuming a distance of a few kiloparsecs. These have 
been derived from the studies of Neckel and Klare (1980) and 
Burstein and Heiles (1982) for objects in and out of the Galac- 
tic plane, respectively. These estimated values of extinction are 
listed in the rightmost column of Table 4, and they are in good 

agreement with the general comments regarding the observed 
reddening of the individual objects. 

CO emission has been observed for four of these sources and 
expansion velocities measured. Except for 19244+1115, none 
of the sources has had additional molecular lines detected. The 
molecular line observations have been summarized in Table 5. 

IV. MODELS AND RESULTS 
The prominence of the photospheric emission in all of the 

objects suggests the following two possibilities: (1) the circum- 
stellar dust is in the form of a disk or torus which we are 
viewing nearly face-on; or (2) the circumstellar dust is distrib- 
uted spherically and the envelope is optically thin in all wave- 
lengths longward of 0.5 /mi. In the absence of evidence for 
asymmetry, we shall adopt the second assumption as it is the 
simpler of the two. The optically thin approximation is partic- 
ularly attractive considering the evolutionary nature of these 
objects. If they are indeed post-AGB objects, the mass-loss 
process would have been terminated sometime in the past, 
probably when the star was at the tip of the AGB (defined as 
t = 0). As the star evolves to the left of the H-R diagram, the 
remnant dust envelope will continue to expand into the inter- 
stellar medium, leaving a “ hole ” between the inner base of the 
envelope and the surface of the star. If the dust mass-loss rate 
(Md) has been constant in the preceding several thousand 
years, the density distribution of the envelope would have a 
form of r a with a = 2, and the optical depth of the envelope 
will decrease linearly with time (t oc r-1 oc i_1). A mass-loss 

TABLE 5 
Summary of Molecular Line Observations 

IRAS ID Line (km s ^ 
K 

(km s l) Reference Remarks 
07134+1005. 
10215-5916. 
12175-5338. 
17436 + 5003. 
19114 + 0002. 

19244+1115. 

19500-1709. 
20004 + 2955. 

CO 

CO 
CO 
CO 
OH 
SiO 
HCN 
CO 
CO 

+ 71.0 

-36 
+ 99 
+ 105.0 
+ 73.7 
+ 79 
+ 78 
+ 73 
+ 25 

10.0 

11.5 
33 
33.9 
33.0 
35 
39 
47 
11 

c 
c 
d 
f 
h 

j 
c 

ND in H,Ob 

ND in H2Ob 

ND in H2Ob 

ND in HCNe 

ND in H2Og 

ND in OHk 

References.—(a) Zuckerman, Dyck, and Claussen 1986; (b) Zuckerman and Lo 1987; (c) Likkel et al. 
1987; (d) Zuckerman and Dyck 1986; (e) Lucas, Guilloteau, and Omont 1988; (f) Bowers, Johnston, and 
Spencer 1983; (g) Nyman, Johansson, and Booth 1986; (h) Olofsson et al. 1982; (i) Jewell, Snyder, and 
Schenewerk 1986; (j) Bachiller et al. 1988; (k) Eder, Lewis, and Terzian 1987. 

Note.—ND stands for no detection in the particular molecular line indicated. 
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rate which increases with time on the AGB would be represent- 
ed by a > 2. While the progenitors of these stars might have 
had optically thick envelopes during the AGB and might have 
appeared as infrared objects with no bright optical counter- 
parts, the circumstellar envelopes are likely to have become 
optically thin after several hundred years of post-AGB evolu- 
tion. 

While the dust envelope is likely to be optically thin, the 
observed energy distributions of the objects indicate that com- 
parable amounts of energy are emitted in the visible and the 
infrared. This combination of a large fraction of the stellar 
luminosity in the form of reemitted infrared light and at the 
same time a bright central star puts severe constraints on a 
model. Model fits to the energy distributions of these eight 
stars have been obtained using a radiative transfer calculation. 
Details of the calculations are given in Volk and Kwok (1989). 

The model fittings to the flux distribution from 0.4 to 100 /mi 
are shown in Figures 2 through 9. Three quantities—L^/D2, 
rin/D, and (M/V)/D—are derived from the model fittings, where 
L* is the stellar luminosity, D is the distance, rin is the inner 
radius of the dust envelope, V is the dust expansion velocity, 
and M is the total (gas plus dust) mass-loss rate. The silicate 
grain opacity function of Volk and Kwok (1988) is used and 
the gas-to-dust mass ratio is assumed to be 160. For two 
sources with no obvious silicate features (07134+1115 and 
19500—1709), the grain opacity function for SiC is used 
instead. 

The stellar temperature (T*) is estimated from the spectral 
types of the stars and is derived from Allen (1973). The tem- 
perature of 12175-5338, with a spectral classification of A9 
lab, is the average of values taken from Johnson (1966) and 
Flower (1977). We find that errors in T* of a few hundred 
degrees do not have a major eifect on the overall energy dis- 
tribution. 

In almost every case, the observed color temperature of the 
photospheric component is significantly redder than the stellar 
temperature expected from the spectral type. As in the case of 
IRAS 18095 + 2704, we find that another component of extinc- 
tion is required in addition to the circumstellar reddening 
inherent in the model. In the present model fits, we assume an 
additional source of extinction (presumably interstellar) which 
has a 2“1 dependence on opacity. The additional extinction 
(Av) varies greatly among the objects. It is in almost every case, 
however, consistent with the estimated interstellar extinction 
listed in Table 4. The notable exception is 10215 — 5916, where 
there is evidence for a large additional circumstellar com- 
ponent, possibly a more extended dust shell farther from the 
star. The object may be associated with the Carina complex, 

which could explain the large extinction. A summary of the 
parameters used to produce the model fits in Figures 2 through 
9 is given in Table 6. Note that the model was adjusted to give 
the best fits in the infrared region and provide a reasonably 
good representation of the visible and near-infrared flux. The 
fit to the visible and the near-infrared could perhaps be 
improved in some cases by further slight adjustments of the 
model and dust parameters. The fit of the model to the 
observed flux distribution of each object is discussed below. 

IRAS 07134 + 1005.—The model of this source fits the pho- 
tometry very well over the entire wavelength range. The colors 
of this source suggests that it left the AGB only a short time 
ago. The LRS of this source is very peculiar with a strong 
emission feature at 21 /un. In the absence of a better knowledge 
of the grain material and the fact that this source is carbon-rich 
(Kwok and Hrivnak 1989), the SiC opacity function is used in 
the fitting. A relatively small amount of extinction is required 
to produce agreement with the short-wavelength data. The 
final model has an t(11.3 /mi) of 5.0 at i = 0, a = 2, and a 
present inner radius (rin) of 50 times rin at i = 0. Note that the 
inner radius at i = 0 is the dust condensation radius. If the 
distance is 1 kpc or less, the luminosity and mass-loss rate for 
this source are relatively low. 

IRAS 10215—5916.—The IRAS data are well fitted by a 
model with an initial 9.7 /mi optical depth of 20.0, a = 2.5, and 
an inner radius 100 times the initial value. Slightly lower initial 
optical depths are also possible. The final model has an optical 
depth of 0.04 at 9.7 /mi. Despite the low optical depth the 
model 10 /mi feature is slightly stronger than observed. There 
is some discrepancy between the near-infrared observations 
and the model fit, with the observations falling below the 
model. The amount of extinction that is needed to fit the 
shorter wavelength points is rather large—~6 mag at V. This 
source is in the direction of the Carina complex and may be 
associated with it. This would suggest a distance of «2 kpc. 
The source is quite bright at 25 and 60 /mi leading to a very 
high estimated luminosity, a bolometric magnitude of about 
~ 7.5 for a distance of 1 kpc and ~ 9.0 for a distance of 2.0 kpc. 

IRAS 12175—5338.—This object has unusually low 25/60 
and 60/100 colors, so low that even models with a = 3.0 were 
unable to properly match the colors. The LRS spectrum of 
12175 — 5338 is very noisy and steeply falling, but baseline diffi- 
culties in the extraction make it difficult to be sure of the 
continuum slope. The spectrum does not show any obvious 
feature. The best-fit model has an optical depth of 0.018 at 9.7 
/mi, from an initial optical depth of 60.0. A still higher initial 
optical depth might work slightly better in the infrared but 
would cause problems at shorter wavelengths. A lower optical 

TABLE 6 
Model Fitting Parameters 

rJD m/v/d ljd2 t; Av IRAS ID a (1015 cm/kpc) (M0 yr s“7kpc) (L0/kpc2) (K) (mag) 

07134+1005  2 3.2 3-l(-7) 1725 6600 0.7 
10215-5916  2.5 47.8 1-+-5) 80000 5000 7.1 
12175-5338  3 13.5 1.0(-5) 800 7400 1.4 
17436 + 5003    2.5 28.2 1 2(-5) 3654 7000 0.7 
19114 + 0002  2.5 41.5 2.4(-5) 15873 5000 3.0 
19244+1115   2 2.5 1.8(-6) 24000 6000 2.4 
19500-1709  2 4.0 3.6(-7) 2335 7000 1.4 
20004 + 2955  3 3.2 5.0(-7) 6042 5000 3.6 
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depth model track cannot reach the proper 12/25 color for this 
a value. The adopted model results in a very low estimated 
luminosity for the star. 

IRAS 17436 + 5003.—Based on the IRAS colors, this object 
is probably the most evolved among the eight. An inner shell 
radius of about 180 times the initial value gives a good fit to the 
colors for an initial 9.7 fim optical depth of 50.0 and a = 2.5. As 
with several of the other objects, the model has too strong a 
feature at 10 /un. In this case the 10 /mi feature has an optical 
depth of 0.04. A relatively small amount of extinction produces 
reasonable agreement at short wavelengths. 

IRAS 19114+0002.—This source has a spectral type later 
than that of IRAS 17436 + 5003 but the infrared properties 
seem very similar. The best-fit values for IRAS 19114 + 0002 
are much the same as those for IRAS 17436 + 5003—an initial 
optical depth of 50.0, a = 2.5, and an inner shell radius of 140 
times the initial value. In this case the amount of extinction 
required for short-wavelength agreement is 4 times larger than 
for 17436 + 5003. Here the LRS data do not show the begin- 
ning of the stellar continuum, which should in principle be seen 
just at the blue edge of the spectrum. As this source is several 
times brighter than 17436 + 5003, the derived luminosity is 
larger and the time since the end of the AGB is probably on the 
order 1000 yr. However, 17436 + 5003 could easily be twice as 
far away as 19114 + 0002, in which case, according to the 
models, these two sources were virtually identical when on the 
AGB. 

IRAS 19244 + 1115.—IRC +10420 is clearly a case where 
the end of the mass loss, whether permanently or not, occurred 
very recently. Here the near-infrared data imply that the mass 
loss did not end instantly as these models assume. This makes 
the fitting difficult. The development of the strong 10 /mi emis- 
sion feature so early in the evolution implies that the initial 
optical depth was not extremely high. The best fit that was 
found was for an initial optical depth of 7.5, a = 2.0, and an 
inner radius 10 times the initial value. A moderate amount of 
extinction is needed to make the model match the shorter 
wavelength points. The derived shell inner radius of 0.0008 pc 
is consistent with the observations of Ridgway et al. (1986) 
using speckle interferometry if the distance to the source is 
between 1.2 and 1.5 kpc. However, it is not clear that their 
angular diameter corresponds to our inner shell radius since 
they were working at 3.4 /mi, and backfilling of the cavity 
would complicate matters at this wavelength. For comparison, 
our model inner radius for the dust shell is 0"17 and the 
observed near-infrared inner radius is 0'.'125 + 0"015. They 
derive an optical depth of 0.7 + 0.3 at 3.4 /mi and a maximum 
temperature of 750 K + 50 K for the dust. The optical depth in 
our model is 0.19 at 3.4 /mi while the inner shell temperature is 
about 475 K. In view of the limitations of the model in this 
instance this agreement is satisfactory. 

IRAS 19500 — 1709.—The LRS spectrum of this source is 
slightly unusual in that the blue part of the spectrum declines 
in a way that probably precludes there being any 10 /mi 
feature. Again the SiC opacity function is used in view of the 
lack of a better alternative. The best color fit was obtained for 
an initial optical depth of about 5.0 at 11.3 /mi, a = 2.0, and an 
inner radius equal to 55 times the initial value. From the 
redness of its colors, it appears just slightly more evolved than 
07134+1005. While the observed spectrum cannot be repro- 
duced in detail by the SiC model, the color match is excellent 
on the 12/25/60 color-color diagram. It should be noted that a 
slightly better fit in the near-infrared is obtained if the initial 

optical depth is 10 rather than 5. However, such a model does 
not fit the IRAS colors quite as well. If the correct dust opacity 
function were available, the LRS spectrum would allow some 
discrimination between the two cases. A moderate amount of 
extinction is needed to match the short-wavelength data. For 
the optical depth 10.0 model this amount would be much 
smaller. 

IRAS 20004 + 2955.—With a strong 10 /mi emission feature 
and an unusually small 25/60 color, this source was rather 
difficult to model. With a = 3.0, a reasonable result was found 
for an initial optical depth near 2.0 and an inner radius of 25 
times the initial value, giving a model optical depth of 0.015 at 
9.7 /mi. The short-wavelength data are difficult to match, as the 
near-infrared data and the optical data are not satisfied by the 
same amount of extinction. This may indicate that the stellar 
effective temperature is lower than the 5000 K value which was 
used in the models. The near-infrared data can be matched by 
a value of Av = 1.2, while to match the optical data, a value 3 
times this amount is required. At least some of this difficulty 
may be attributed to the known large variability of the source. 

v. DISCUSSION 
We regard as strong evidence of the PPN nature of these 

objects the low dust temperatures and correspondingly large 
derived inner radii of the dust shells relative to the dust con- 
densation radii. It appears that mass loss has clearly ceased 
and that the circumstellar envelopes have continued to expand. 
The dust temperatures found for these objects (150-300 K) are 
intermediate between those of the late-asymptotic giant branch 
stars (300 K; Kwok, Hrivnak, and Boreiko 1987) and planet- 
ary nebulae (40-150 K; Pottasch et al. 1984). They are, in fact, 
similar to those of compact planetary nebulae (150-250 K; 
Kwok, Hrivnak, and Milone 1986). The spectral types of the 
central stars, the absence of large-amplitude photometric 
variability, and the presence of CO envelopes are all consistent 
with this PPN interpretation. The detached envelope model 
discussed in the last section is able to fit the observations as a 
whole reasonably well. 

Based upon the parameters derived from these models, one 
can derive the time t since the termination of mass loss as a 
function of distance. Five of the eight objects have measured 
gas expansion velocities from molecular line (CO or OH) 
observations. If the dust and gas drift velocity is small (Kwok 
1975), t can be calculated by assuming that the dust velocity 
can be approximated by the gas expansion velocity Ve. Thus 
t = riJK and the time scales with the distance. If one assumes 
that the sources are each at a distance of 1 kpc, the derived 
times and thus the ages since the termination of the AGB phase 
are 100, 120, 400, and 800 yr for 07134+1005, 19500-1709, 
19114 + 0002, and 17436 + 5003, respectively. While we are not 
suggesting that each of these objects is at the same distance of 1 
kpc, the calculated values do emphasize the short time scales 
involved since the end of active mass loss and the detachment 
of the circumstellar shell. 

Pottasch and Parthasarathy (1988) derive distances for their 
sample of F and G-type infrared stars by the method of spec- 
troscopic parallax. However, if these stars are not supergiants 
but intermediate-mass stars in post-AGB evolution, then such 
a method is not appropriate as the true luminosities are not 
known. For example, Pottasch and Parathasarathy (1988) 
assume a visual absolute magnitude of —8.0 for IRAS 
19114 + 0002, which is above the AGB limit of Mbol « —7 (cf. 
Iben and Renzini 1983). Decreasing their distances would also 
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give more reasonable values for the total dust mass in the 
envelopes. 

Another interesting aspect of the present model is the pre- 
dicted increase in visible brightness of the objects as the dust 
envelope expands and the optical thickness declines. System- 
atic brightening should be detectable by photometric monitor- 
ing over several decades. 

In this paper, we explain the infrared excess by dust emission 
from a spherical circumstellar envelope. The nearly equal 
amount of emission from the star and the envelope greatly 
restricts the allowable parameter space. As suggested in § IV, 
an alternative is a disk or toroidal model. Since the (optically 
thin) infrared emission is not affected by the geometry, the 
varying degree of brightness of the photospheric component 
and the value of Av adopted for the model in excess of the 
expected interstellar contribution can be the result of the 
varying inclination angle of the disk with respect to line of 
sight to the observer. We intend to further pursue this possi- 
bility with a two-dimensional continuum radiative transfer 
code. 

VI. SUMMARY AND CONCLUSIONS 
From low-color temperature objects in the IRAS catalog, we 

have identified a number of candidates for proto-planetary 
nebulae. Ground-based optical and infrared observations 
reveal that these objects have bright optical counterparts, 
which are generally of spectral types F and G and which 
display spectral characteristics of supergiants. The most inter- 
esting aspect of the energy distribution of these objects is that a 
significant amount of energy is emitted in the far-infrared, 
sometimes more than that observed in the visible. These obser- 
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