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ABSTRACT

CCD imaging and BVRI photometry of 14 IRAS sources with far-IR colors similar to planetary nebulae and
post-AGB stars are presented. Also results of optical and near-IR spectroscopy of 10 of these candidates are
given. From the observed flux distribution from 0.4 um to 100 um we find the presence of hot dust
component in addition to the cold dust component. The stellar temperatures, luminosities and distances are
estimated. We also estimated the parameters of the circumstellar dust envelopes. These results suggest that
the 14 IRAS sources considered here are associated with post-AGB supergiants. © 1996 American

Astronomical Society.

1. INTRODUCTION

Planetary nebulae are strong infrared emitters. The IRAS
fluxes of planetary nebulae show flux maximum around 25
or 60 wm indicating the presence of detached cold dust
shells having temperatures 100 to 300 K. At present 1200 to
1500 planetary nebulae are known. The IRAS data may con-
tain a few thousand of these objects which have not yet been
identified and studied. Since the evolutionary time from the
Asymptotic Giant Branch (AGB) to Planetary Nebula (PN)
phase is short, we expect that the remnant of the circumstel-
lar envelope created during the AGB should still be present
in a PN. In fact all the transition region objects which are
inbetween the tip of the AGB and PNe are expected to have
circumstellar dust shells with far-IR colors similar to plan-
etary nebulae. Applying the above mentioned concept many
young PNe and post-AGB candidates have been discovered
(Parthasarathy & Pottasch 1986, 1989; Habing et al. 1987,
Pottasch & Parthasarathy 1988; Manchado et al. 1989;
Preite-Martinez 1988; Garcia Lario et al. 1990; and Hu et al.
1993a).

In fact Parthasarathy & Pottasch (1986) discovered that
some of the high latitude bright F supergiants have dust
shells similar to PNe and they concluded that they are low
mass stars in post-AGB stage of evolution. Since then sev-
eral post-AGB objects have been detected from an analysis
of IRAS data (Parthasarathy & Pottasch 1989; Lamers e? al.
1986; Waelkens et al. 1987; Pottasch & Parthasarathy 1988;
Hrivnak et al. 1988; Parthasarathy 1993; van der Veen e? al.
1994). CO observations have also shown that these stars

have molecular envelopes with characteristics similar to

post-AGB stars (Likkel et al. 1987).

In order to ascertain whether an individual JRAS source is
a post-AGB star or proto-planetary nebula, additional obser-
vations are necessary. Optical observations would be useful
especially to know their spectral and luminosity class and
hence to fix their position in the H-R diagram. As a part of a
program to study post-AGB stars and proto-planetary nebu-
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lae, we have obtained CCD photometry and low resolution
spectra of several IRAS sources with far-IR colors similar to
PNe. In this paper we present BVRI CCD photometry and
spectroscopy of 14 IRAS sources which are most likely as-
sociated with post-AGB stars and proto-planetary nebulae.

2. SAMPLE SELECTION

We have selected the post-AGB stars on the basis of the
following criteria:

(a) We have chosen the IRAS sources having colors F 5/
F,5=<0.50 and F,s/F ¢;=0.35 which are typical of PNe from
IRAS color-color diagram of Pottasch et al. (1990) and ob-
jects which have IRAS properties inbetween AGB and PNe
in the van der Veen & Habing (1988) IRAS evolutionary
color-color diagram (VH diagram). The positions of these
sources are shown in Fig. 1. Three sources are in box IIIb,
two are in box IV, five are in box V, and one is in box VIII
of the VH diagram. Three sources have very cold dust shells
and they fall outside the boundary line ([12]-[25]=2.0) of
the VH diagram (Fig. 1). IRAS sources in the boxes ITIb, IV,
and V in the VH diagram are mostly evolved stars with dust
around them. The sources which fall in these boxes are most
likely post-AGB stars and planetary nebulae (van der Veen
& Habing 1988). The sources in our sample and their corre-
sponding positions in the VH diagram are given in Table 1.
(b) We have selected the objects which have good quality
IRAS fluxes in at least three bands. The 100 um fluxes which
carry ‘‘L”’ flag (Table 1) are upper limits and are affected by
infrared cirrus (emission from interstellar dust). (c) AGB
evolution of low and intermediate mass stars is terminated by
loss of the outer hydrogen-rich envelope due to severe mass
loss. Severe mass loss will cease when the mass of the
hydrogen-rich envelope becomes so small (~10~3 M) that
the pulsational amplitude decreases or the pulsation stops
altogether (Habing 1990; Schonberner 1990). The average
variability of OH/IR stars is around 64% (Likkel 1989).
From a study of non-variable OH/IR stars Bedijn (1987) con-
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Fic. 1. The positions of program IRAS sources in the van der Veen &
Habing (1988) IRAS color-color diagram. The evolutionary track from
Miras to OH/IR stars is indicated by dashed line. The vertical line at [12]}~
[25]=2 is the boundary line of VH diagram (see text). The sources and their
corresponding positions in the VH diagram are given in Table 6.

cluded that they are in the very early post-AGB (transition
stage) evolutionary stage. In order to find transition objects,
we selected IRAS sources with far-IR colors similar to PNe
and with very low IRAS VAR indices (0 and 1 Ref. IRAS
PSC and Expl. Suppl 1985). In the IRAS PSC the VAR index
=(percentage probability source is variable)/10. In the
printed version of the JRAS PSC the VAR=0 indicates that
the percentage probability source is variable is between 0%
and 10% and VAR =1 indicates that the percentage probabil-
ity source is variable is between 10% and 20%. The IRAS
fluxes and the VAR indices of the selected IRAS sources are
given in Table 1. (d) We searched for optical associations for
the IRAS sources having the above criteria on the POSS/ESO
optical sky survey plates. We have chosen the objects which
have definite optical counterparts. The optical identifications
for the sources in our sample are given in Fig. 2. All the
sources marked on the CCD frame of V filter are stellar in
appearance except IRAS 17150—3224 which is a known bi-

polar PPNe (Hu et al. 1993b). In this study we eliminated
IRAS sources which have spectral features typical of main
sequence stars. (¢) In order for the sources to be observable
from the VBO, Kavalur Observatory we restricted our
sample to sources in the declination range +62° to —46°
and with optical counterparts brighter than 167'5.

3. OBSERVATIONS
3.1 Photometry

We identified the optical counterparts of 14 IRAS sources
on the POSS and ESO optical sky survey plates. We have
obtained BVRI, CCD imaging of all these sources using the
1.0 m telescope at the Vainu Bappu Observatory (VBO),
Kavalur in 1993 January. Optical photometry has been per-
formed in the Johnson-Cousins system using Thomson CSF
Th7882 CCD chip. For calibration we used standards from
Landolt (1983) and members of the open cluster M67 from
Mayya (1991). The CCD images have been processed using
IRAF (Image Reduction and Analysis Facility). Near-IR
photometric data have been taken from the literature and
far-IR fluxes have been taken from /RAS point source cata-
logue.The results of optical photometry have been tabulated
in Table 2.

3.2 Spectroscopy

Low resolution optical spectra of a few bright sources in
the sample (Table 1) have been taken during observational
runs in 1992 December and 1993 January. We used the 1.0
m telescope at VBO equipped with a UAGS spectrograph
and CCD. Spectra from 4000 to 6500 A with a resolution of
5.7 A pixel™! were obtained. Low resolution near-IR spectra
of several of these sources have also been obtained with the
2.3 m telescope at VBO during 1993 November. We have
reduced the spectra using a locally developed software pro-
gram called RESPECT at VBO Kavalur.

TABLE 1. IRAS data of program candidates. VAR is the JRAS variability index as given in IRAS PSC.

IRAS fluxes (Janskys)

IRAS Name Association 12u 25u 60u 1004 1 b VAR
04296+3429 12.77 45.90 15.12 8.92L 166 —09 1
05113+1347 3.79 15.35 544 1.62L 189 —14 1
05238—0626 BD-06 1178 0.73 1.76 1.26 1.81L 209 -22 0
05341+0852 4.52 9.89 3.87 7.77L 196 -12 0
06530—0213 6.14 27.45 14.83 03.9 215 -0 0
07253—2001 6.33 15.23 05.95 7.82 235 —01 0
08143—4406 0.61 9.31 5.96 3.64L 261 —05 0
08187—1905 HD 70379 0.72 17.69 12.09 3.53 241 10 0
144294539 14.68 33.24 13.43 2.81 323 12 1
17086—2403 CD—23 13192 1.61 11.82 2.13 14.89L 360 09 0
17150—3224 58.04 321.42 268.29 81.41 354 03 0
17291-2402 2.11 19.33 22.73 11.58 03 05 0
17441-2411 RAFGL 5385 42.86 191.13 106.09 27.54L 04 02 0
23304+6147 11.39 59.03 26.38 30.47L 114 01 0
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FIG. 2. Optical identification charts of the IRAS sources. Identifications are marked on CCD frames of V band. The scale of the each figure is 1.5X1.5. For

all images North is up and East is left.

4. ANALYSIS
4.1 Spectral Classification

We used both optical and near-IR spectra for spectral
classification. In order to compare and classify the objects we
obtained spectra of several bright standard stars with the
same instrumental setup. We have also used the optical spec-
tra of standard stars compiled by Jacoby ez al. (1984) for this
purpose. The near-IR spectra of program stars have been
compared with the spectra of bright standard stars obtained
by us and also with the near-IR spectra of several stars given
by Torres Dodgen, & Weaver (1993). The near-IR spectral
classification agrees well with the optical classification ex-
cept for IRAS 04296+3429. We classified this star as an F5
supergiant based on the near-IR spectra; Hrivnak (1995)
classified it as a G5 supergiant based on the spectrum in the
blue region. It is to be noted here that we made use of spectra

of normal population I stars to classify the spectra of pro-
gram stars. Some of the sample stars may be slightly metal
poor and therefore spectral types assigned can be a bit ear-
lier. The spectral types and luminosity classes of 8 stars have
been reliably estimated and are listed in Table 3. We could
get spectra of only 8 stars within the alloted observing time.
Several of our program stars are fainter than 13th magnitude
and the sky conditions during our observing run were not
favourable and hence we ended up with spectra of eight pro-
gram stars. The optical and NIR spectra of program stars
have been displayed in Fig. 3 and Fig. 4 respectively.

4.2 Observed Flux Distribution

The observations of the sources in the various wavelength
regions (0.4 um to 100 pm) were combined to study their
energy distributions (Fig. 5). The near-IR photometry of the
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TABLE 2. Photometric observations of the program sources.

Date of
IRAS Name B \%4 R 1 observation.?
04296+3429 16.39 14.30 13.10 244,9064.5
16.20 14.21 11.64 244,7452.5!
05113+1347 14.81 12.63 11.46 10.17 244,9006.5
05238—0626 11.04 10.56 10.27 9.91 244,9006.5
11.01 10.54 10.26 9.97 No date?
05341+0852 12.50 11.89 11.47 11.00 244,9006.5
06530—0213 16.23 14.11 12.77 11.46 244,9076.5
16.43 14.04 12.74 11.40 1989 March®
07253—2001 13.79 12.90 11.80 244,9006.5
08143—4406 14.14 12.37 11.65 10.61 244,9005.5
08187—1905 9.53 8.85 8.35 8.09 244,9005.5
14429—4539 14.28 13.49 12.89 12.10 244,9100.5
14.45 13.39 12.64 12.18 244,9076.5
14.39 13.54 12.92 12.17 1989 March?
17086—2403 12.67 11.80 11.40 11.00 244,9100.5
17150—3224 16.26 14.55 13.55 12.46 244,9064.5
16.10 14.54 13.60 12.69 1989 March?
17291—-2402 15.29 14.08 13.40 12.66 244,9076.5
17441-2411 15.06 13.35 12.26 11.21 244,9076.5
23304+6147 15.8 13.5 12.5 10.8 244,9005.5
15.37 13.06 1043 244,7452.5!
15.52 13.15 11.79 10.50 244,7762.5"

Note: Errors in magnitudes: B: +0.1; V,R,I: £0.05 1

'Hrivnak and Kwok 1991.
2Hu et al. 1993.

3Torres et al. 1995.

%In Julian date.

sample objects (Table 1) has been taken from the studies of
Manchado et al. (1989) and Garcia-Lario ef al. (1990). In
order to compare the energy distribution of the program stars
with model atmospheres we have to correct the observed
fluxes for interstellar reddening. The optical and near-IR
fluxes have been corrected for interstellar reddening. We es-
timated the reddening in the direction of these objects from
the work of Burstein & Heiles (1982) and Neckel & Klare
(1980). We also estimated interstellar reddening from O- and
B-type stars which are in the direction of program stars. We
have used both the bright (nearby) and fainter (distant) O and
B stars, to minimize the effect of distance on the reddening.
The estimated average extinction values Ay have been tabu-
lated in Table 4. Using these values, the BVRI and near-IR
magnitudes have been corrected for interstellar extinction us-
ing the average extinction law of Cardelli et al. (1989). The
flux distribution of stars are compared with the Kurucz

TABLE 3. Spectral types and luminosity classes as derived from optical and
near-IR spectra of few sources.

IRAS Name optical spectrum  NIR spectrum  Date of obs.
IRAS 04296+3429 - F5I 244,9328.5
IRAS 05113+1347 G31 GSI 244,8996.5
IRAS 05238—0626 F2I1 244,9199.5
IRAS 05341+0852 F6l 244,9199.5
IRAS 06530—0213 - FOI 244,9328.5
IRAS 07253—2001 - F5I(e) 244,9199.5
IRAS 08143—4406 F8I - 244,9199.5
IRAS 08187—1905 F6l F5I 244,8995.5

(1979) atmospheric models which are shown in Fig. 5. It is
clear from Fig. 5 that all the stars have far-IR excess.

4.3 Stellar Temperatures, Gravities, Luminosities and
Distances

The effective temperatures and gravities are estimated
from the observed energy distribution fits with the Kurucz
model atmospheres with solar metallicity. The models were
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FiG. 3. Normalized low resolution optical spectra of some of the sources.
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FiG. 4. Normalized low resolution red spectra of few fainter sources.

fitted to three wavelength regions: optical, near-IR and far-
IR. The model atmospheres of different metallicities differ
considerably only in the UV part of the spectral domain
which is sensitive to the metallicity. Since the optical fluxes
are from the broad band photometry, and low dispersion
spectra of some of these sources do not indicate significant
underabundance of metals, we have used Kurucz model at-
mospheres with solar metallicity. The IR part of the energy
distribution is not very sensitive to metallicity. From Fig. 5 it
is seen that for several stars, model fits are satisfactory at
least in the optical part of the energy distribution. In the case
of a few stars (see Fig. 5), large deviations of observed flux
distribution from the models may be due to unaccounted
interstellar and/or circumstellar reddening.

Since all the stars considered here are IRAS sources and
have circumstellar envelopes, deducing stellar parameters
T and log g from the model fits are largely hampered by
the reddening caused by both interstellar medium and cir-
cumstellar envelopes. Determination of extinction due to the
dust around the stars is difficult as there are no accurate

extinction laws which satisfy the dust environment of indi-
vidual stars. The probable errors T and log g determina-
tions are of the order of =500 K and *+0.5, respectively.

For stars which have spectral types and luminosity classes
(Table 3), we estimated temperatures from spectral type vs
T calibration for supergiants (Flower 1977). Stellar surface
gravities are taken from luminosity vs gravity tables. Deriv-
ing gravities from the low resolution spectra is difficult, but
the supergiant character of the spectra of the sources indicate
that they have low-gravity atmospheres. The stellar T¢ and
log g values derived from the spectra of IRAS 05238—0626,
IRAS 05341+0852, IRAS 07253—2001, IRAS 08187
—1905, and IRAS 17086—2403 are in good agreement with
the values derived from the model fits. The derived T and
gravities are presented in Table 4.

Since the distances (d) to these sources are not known, it
is difficult to determine the luminosities for these stars. The
spectral class vs absolute magnitude tables (Landolt-
Bornstein 1982) yield values of My =~ —6.6 which is very
large and valid for the Population I supergiants. The stars
considered here all have circumstellar envelopes with far-IR
colors typical of post-AGB stars and proto-planetary nebu-
lae. In most of the stars in our sample CO or OH molecular
features have been detected which are normally found in the
expanding envelopes of evolved low mass stars such as post-
AGB stars and proto-planetary nebulae. The summary of
molecular observations of these stars is given in Table 6.
Since all these sources are post-AGB stars, we assume that
they may have a core mass of M.~0.6 M. The core mass
M, = 0.6 Mg, is typical of observed white dwarfs and central
stars of PNe.

The post-AGB stars evolve from the tip of the AGB to
planetary nebulae with constant luminosity, but with increas-
ing surface temperature and decreasing radii (Schonberner
1983; Blocker 1995). The central stars are still burning hy-
drogen in a thin shell just outside of the stellar core. The
stellar envelope mass is still large enough (M,>10"* M)
to ensure that the evolution of the core and envelope are
decoupled and the core mass-luminosity relation (Wood and
Zaro 1981) is applicable. Using the core mass-luminosity
relation, with core mass of 0.6 M we get stellar luminosity

TABLE 4. Temperatures and fluxes of stars and their dust envelopes.

Tost T, fir Sidlfopt
IRAS Name () log g B-V A, (X) font X107 Wm™? X1072 Wm™
04296+3429 5500 1.0 2.09 1.6 160 0.137 7.136 50.0
05113+1347 5000 1.0 218 04 145 0.188 2.36 125
05238-0626 7500 1.0 048 0.6 143 3.846 0.296 0.08
05341+0852 6500 0.5 0.61 04 200 0.804 1.643 2.04
06530—0213 7500 1.0 2.12 12 145 0.184 4.269 23.20
07253-2001 7000 10 0.89 0.9 210 0.563 2495 443
08143-4406 6000 L0 177 12 115 0.651 1.386 2.13
081871905 6500 L0 0.68 03 110 11374 2614 0.23
14429-4539 5500 0.89 0.6 200 0213 5.504 25.84
170862403 9500 1.0 0.87 1.9 140 3.907 1.701 044
17150—3224 5000 1.0 0.87 09 150 0.066 50.076 758.7
172912402 6000 1.21 0.9 140 0.132 3.076 23.30
17441-2411 9000 171 2.8 150 1.555 29.76 19.14
23304+6147 5000 1.0 23 2.8 135 0485 8.99 18.54
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Fic. 5. Spectral energy distribution of program stars showing the presence of both hot and cold dust components. The sources IRAS 052380626, IRAS
17086—2403, and IRAS 08187—1905 have only cold dust. The full line indicates the Kurucz model with the parameters given in the figures.
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TABLE 5. Derived stellar and dust envelope parameters JRAS sources.

d z R, R, M, Lo Mx1077

IRAS Name Ay (kpc) (®0) o) (x10° Ro) (x10* M) o) Moy
IRAS 04296+3429 3.0 5 0.8 119 2.0 5.9 400 5.1
IRAS 05113+1347 4.3 5 1.2 105 2.6 2.5 550 4.6
IRAS 05233-0626 1.0 7 2.6 47 2.8 12 700 20
IRAS 05341+0852 0.5 10 2 54 1.1 4.0 300 2.7
IRAS 06530—0213 6.1 3 0.0 43 2.6 2.0 350 1.8
IRAS 072532001 2.1 10 0.2 54 1.0 5.7 250 2.0
IRAS 08143—4406 4.0 4 0.4 68 4.8 3.0 1100 3.0
IRAS 08187—1905 1.1 3 0.5 54 5.5 3.9 1300 23
IRAS 14429-4539 0.1 6 1.2 87 1.09 5.0 252 3.8
IRAS 17086—2403 3.6 6 1 29 4.1 1.6 800 1.2
IRAS 17150—3224 3.0 <18 0.9 105 24 <1545 490 4.6
IRAS 17291-2402 2.0 <23 0.9 73 2.9 <246 642 32
IRAS 17441-2411 6.0 2.5 0.1 32 2.4 11 600 12
IRAS 23304+6147 44 5 87 105 4.9 21 1900 4.5

L,=10*" Lg. The post-AGB tracks calculated (Blocker
1995) for the core mass M, = 0.6 M also gives approxi-
mately the same luminosity.

The luminosity log(L, /L) = 3.79 corresponds to an abso-
lute magnitude My = — 4.75. The distance estimates by dis-
tance modulus method demand knowledge of total extinction
caused by dust and the interstellar medium (A,). Using the
A, values given in Table 4, we arrive at very large values for
distances. The presence of dust around these sources makes
the stars appear fainter and hence the large distances. To
minimize the effect of dust in estimating the distances we
proceeded as follows: we determined total excess E(B — V)
using observed (B — V) and the intrinsic colors (B — V), as
derived from the spectra. Since the extinction law for dust
shells are not known, we assumed the interstellar extinction
law for dust shells also. We applied the extinction constant
R = 3.1 for both interstellar and dust shells. For stars having
both hot and cold dust shells the values of d may be too large
especially in the case of IRAS 14429—4539, IRAS 17150
—3224, and IRAS 17291—2402. However, for stars having
cold detached dust shells, this approximation gives reason-
able distance estimates. The total extinction values A,
used in the distance estimates and derived distances are
given in Table 5. The stellar radii are estimated using the
relation L=471'R3,0'T4 and the values R, are tabulated in
Table 5. The uncertainties in the derived stellar radii are
subject to the uncertainties in the T and the assumed lumi-
nosity.

We estimated the total optical fluxes (f,) by integrating
the fluxes from 0.34 um to 0.9 um and the total far-IR
fluxes (fg,) by integrating fluxes from 12 um to 100 pm.
The fop frr» and the ratio f5./fp are presented in Table 5.
For most of the sources the ratio f./fo,>1 suggesting that
all these sources are emitting most of their energy in far-IR.

4.4 Dust Envelope Parameters

Temperatures, masses, radii, dynamical ages, and mass
loss rates of dust envelopes are estimated as follows:

The dust temperatures (T;) have been estimated assuming
blackbody distribution using the IRAS fluxes. We accepted
the dust temperature for which the deviation between the

observed and calculated fluxes are minimum as judged by
x* test. The derived dust temperatures are given in Table 4.
The radii of dust envelopes are estimated by equating grain
heating by photon absorption with cooling by photon emis-
sion. The energy balance equation between the radiation

from the star (47R%0TY) and dust envelope
(47R30T*Q(a,T,) is given by
RIT{=RiT;0(a,T,), )

where Q(a,T,) is an average efficiency of dust emission for
a given T, and dust grain size, a=1 um. The values of
Q (Q/a~0.13-0.5 um™?) are taken from the calculations of
Drain & Lee (1984). Here dust absorption coefficient is
taken as 1, with the assumption that total star light is inter-
cepted by dust. However, this assumption may not be true if
the dust shell is in the form of a disk.

Dust masses are computed using the formulae given by
Barlow (1983) and Hilderbrand (1983) and using the 60
pm flux and the derived Ty

4apd’F,

305,07, @

where p is the grain density, d is distance to the source, F, is
the observed IRAS flux, and B,(T,) is a blackbody function
for given dust temperature. We have used ap/Q=0.013
gm cm™! which is typical for interstellar dust grains (Drain
& Lee 1984). This procedure provides only an estimation for
the total mass, since a single temperature and of uniform
chemical composition are assumed for grains. The estimated
dust envelope masses (Table. 5) are in the range 107> to
107% M except for IRAS 14429—4539 and IRAS 1715
—3124 which have large dust masses of around 1072 M.
We next determined the dynamical ages for the post-AGB
stars considered here. The dynamical age is the travel time
from the dust condensation radius (R.) to the present radius.
We used here the approximate solution of equation of motion
for steady radial flow given by van der Veen et al. (1989)
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TABLE 6. Molecular observations of program stars. VH is the star’s position in the van der Veen & Habing (1988) color-color diagram.

IRAS Name cO Vexp OH HCN 33u 21p Chem. Type VH(region) Ref
052380626 v
08187—1905 -
17086—2403 No No - h
04296+3429 Yes 15.6 No Yes Yes Yes Carbon v ac
05113+1347 Yes Yes carbon v f
05341+0852 No Yes Yes carbon b g
06530—0213 Yes 31 No carbon v b
07253—2001 b
08143—406 -
144294539 Yes 18.2 No b b
174412411 Yes No v
23304+6147 Yes 15.5 No Yes Yes carbon \'A a,c
17150—3224 Yes Yes v e
172912402 A1 d

(a) Woodsworth et al. 1990; (b) Loup et al. 1993; (c) Kwok et al. 1989.
(d) Likkel ez al. 1991; (¢) Hu et al. 1993b; (f) Hrivnak et al. 1994.
(g) Geballe et al. 1992; (h) te Lintel Hekkert et al. 1991.

e, 103 L* 0.5 T* 05 Td -2.5
fayn= 1. 5000L,, |10 K] |100 K

Ve -1
X(W) yr. 3)

This relation assumes that only radiation pressure and
gravity are important and R;/R.>100 and T;,<200 K. The
expansion velocities V.. are either obtained from the CO or
OH observations (see Table 6) or assumed to be equal to 15
km s~ 1. The estimated values are given in Table 5. The de-
rived results are subject to the uncertainties in the assumed
luminosity and derived dust and stellar temperatures. The
derived dynamical ages for our sample range from 250 years
to 2000 years.

We estimated the present day mass loss rates for the pro-
gram stars, according to the Reimers (1975) approximated
formula:

Mg=5X10~5 5| = N _lM -1
R= N5000Ly) \107) (Mg VO3 >
@

where 7 is taken equal to unity and M,=0.6 M. Though
Reimers mass loss formula cannot account for the large mass
loss rates observed on the AGB (=107*% to 107°
Mg yr~ 1Y), it still gives reasonable mass loss rates for low
pulsational period stars (Blocker 1995). The very low IRAS
variability index (Table 1) for our program stars justifies the
use of this simplified formula. The estimated mass loss val-
ues are given in Table 5. All the stars have mass loss rates of
the order of 1077 M yr~!. The uncertainties in the derived
mass loss rates are subjected to uncertainties in the assumed
luminosity and stellar mass and in the estimated T, .

5. DISCUSSION

Based on the spectral energy distribution, the sample of
program stars are put into two groups. The sources IRAS

08187—1905, IRAS 05238—-0626, and IRAS 17086—2403
present similar flux distributions. All three sources have only
cold dust components, detached from the central stars with
dust radii R,~ 1000 R, . The low infrared variability for all
the three sources suggests that these stars have left the AGB.
The association of these sources with bright optical candi-
dates, may be due to the thining of the dust envelopes. It may
be possible that as the dust shell expands and is diluted, it
may lead to higher excitation temperature in the dust because
of high effective temperature. At a certain stage the dust
shell reaches a level when it cannot sustain the OH and CO
molecular emission features. This is consistent with at least
one source IRAS 17086—2403, in which OH and CO mo-
lecular features are not detected (te Lintel Hekkert et al.
1991). Ratag et al. (1991) detected 6 cm radio continuum
emission in this source which is generally seen in planetary
nebulae and proto-planetary nebulae shells. Radio continuum
emission is due to thermal bremsstrahlung in a (partially)
ionized gas. Radio continuum is detected in very low-
excitation PNe (Pottasch eral. 1988). Garcia-Lario &
Parthasarathy (1996) obtained optical and ultraviolet spec-
trum of IRAS 17086—2403. They detected nebular emission
lines in the optical spectrum indicating that it is a low exci-
tation PN, which is in agreement with the detection of 6 cm
radio emission by Ratag et al. All three sources are at high
galactic latitude (1>9°) suggesting that these are old low-
mass evolved stars (Parthasarathy & Pottasch 1986). The
IRAS colors of these three objects indicate very cold dust
shells and all these objects fall out of the range of van der
Veen & Habing (VH) (1988) IRAS color-color diagram.
However in the IRAS color-color diagram of Likkel et al.
(1991) these sources fall in the region where most of the
stars are evolved stars and PNe but without CO detection.
The far-IR excess, non-variability and high latitude of these
objects suggest that these are post-AGB supergiants, slowly
evolving towards planetary nebula phase.

The rest of the sources in the sample present a double
peak energy distribution (Fig. 5). One peak represents the
stellar emission, obscured by optically thin hot dust compo-
nent and the other is produced by the reemission in the far-IR

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1996AJ....112.2053R

FT99BAT.~ - CI127 2053R0

2061 B. E. REDDY AND M. PARTHASARATHY: IRAS SOURCES SIMILAR TO PLANETARY NEBULAE 2061

of the stellar radiation obscured by the dust envelope. The
presence of hot and cold dust components suggest that there
was a discontinuity in the mass loss history. A possible cause
for such discontinuity may be periodic thermal pulsations
predicted for the AGB model stars (Iben & Renzini 1983).
The clear separation between maxima, the cool outer dust
shell and low IR variability indicate that the dust shell is far
away from the central star and the intense mass loss pro-
cesses are not active now. Observations indicate that the
mass loss rates of central stars of planetary nebulae are up to
several orders of magnitude below that of the immediately
preceding AGB evolution (Perinotto 1989). Therefore, mass
loss has to decrease strongly during the transition between
the AGB and the PNe. The mass loss values given in Table 5
are almost two orders less than that of the typical mass loss
rates of few X10™* M yr™! on the AGB phase.

Most of the sources in this second group are classified as
carbon-rich based on the infrared properties of their dust en-
velopes (Omont et al. 1993). The carbon-rich dust envelopes
imply the overabundance of carbon in the photospheres,
which suggest that these stars have undergone third
dredge-up which occurs in the advanced phase of AGB evo-
lution of low and intermediate mass stars (Iben & Renzini
1983). Eight out of the eleven sources in this group are iden-
tified with having at least one of the molecular carbon fea-
tures, for example, in IRAS 23304+6147 and IRAS 04296
+3429 CO, HCN and 21 pum emission features are detected
(Woodsworth ef al. 1990 and Loup et al. 1993)). The strong
unidentified emission feature at 21 pm is not seen in PNe
and AGB stars, but only in post-AGB stars (Kwok 1993). In
IRAS 17441-2411, IRAS 06530—0213, IRAS 05113
+1347, and IRAS 14429—45389 CO molecular feature has
been identified (Omont et al. 1993 and references therein). In
IRAS 0534140852 and IRAS 04296+3429 an unidentified
3.3 um molecular feature has been detected (Geballe and
van der Veen 1990) which is generally attributed to Polycy-
clic Aromatic Hydrocarbons (PAH). In none of these sources
OH has been detected. This may be because all these sources
are carbon-rich, or the decreased mass loss rate has reduced
the OH-density below that required to sustain an OH maser
(Sun & Kwok 1987). Lack of OH and low far-IR variability
index (Table 1) are consistent with the reduced mass loss
(Likkel et al. 1991). Most of these sources fall in the region
V of VH IRAS color-color diagram. This region is character-
ized by stars which are non-variable and perhaps are in the
transition phase between AGB and PNe. The carbon-rich
dust envelopes and non-variability of these sources suggest
that these stars are in the post-AGB stage of evolution.

5.1 Description of Individual Sources

IRAS 04296-+3429. This object has been classified as a
carbon-rich GO supergiant using the blue part of the spec-
trum (Hrivnak 1995). We classified this object as F5 I based
on our red spectrum. We use the spectral type derived by
Hrivnak, as his spectral resolution is superior to ours. The
double peak energy distribution similar to IRAS 06530
—0213 suggests the presence of two dust components, cold
and hot. The photometric magnitudes B and V derived by

Hrivnak & Kwok (1991) are in good agreement with our
photometric values. The distances 3.6 kpc and 4.2 kpc esti-
mated by Kwok et al. (1989) and Omont et al. (1993), re-
spectively, are slightly less than the distance 5 kpc derived
from our analysis. This may be due to the uncertainties in-
volved in estimating the reddening due to interstellar me-
dium and circumstellar envelope. The characteristics of the
dust envelope and the detection of CO, HCN, 3.3 um and 21
pm (Table 6) emission features indicate that IRAS 04296
+3429 is a carbon-rich post-AGB F-G type supergiant.

IRAS 05113+1347. This is a G type supergiant of mag-
nitude V = 12.63. It has large near-IR and far-IR excesses.
IRAS 05113+1347 has rising flux at 0.55 wm which reaches
peak at 1.25 pum. The large near-IR excess may be due to the
thick hot dust component closer to the photosphere of the
star. The large value of E(B — V) = 2.0 may be due to cir-
cumstellar dust. Recently, Hrivnak (1995) has studied the
spectra of this source and found strong C2 and C3 absorption
features. The large near-IR and far-IR excess, presence of 3.3
pm and 21 wm molecular features (Table 6), the high galac-
tic latitude (—14°) and the spectral type of G3 I suggest that
it is carbon-rich post-AGB supergiant similar to IRAS 04296
+3429.

IRAS 05238—0626. This is a high galactic latitude
(—21°) F2 supergiant having far-IR excess. The Kurucz
model of T = 7500 K and log g = 1.0 fits very well with the
044 pum to 4 um energy distribution. The T = 8000 K
derived from near-IR fluxes (Garcia et al. 1990) agrees with
our spectral classification of F2II. The star has only cold
dust component similar to IRAS 08187—1905. The BVRI
magnitudes derived recently by Torres et al. (1995) suggest
that there is no variation in the IRAS 05238—0626 bright-
ness (Table 3).

IRAS 05341+0852. This star has an optical counterpart
of magnitude V=12.63. This has been classified as F6 su-
pergiant based on both optical and near-IR spectra. The en-
ergy distribution of IRAS 05341+0852 has been compared
with the Kurucz model of T; = 6500 K and log g = 1.0. The
slight deviation of flux distribution from 1 um to 4 um from
the model fluxes (Fig. 5), suggests that the star has optically
thin hot dust component. Geballe and van der Veen (1990)
have discovered 3.3 wm emission feature which is generally
found in carbon-rich PNs and post-AGB stars (Geballe et al.
1992). The presence of 3.3 um and 21 um (Table 6) emis-
sion features suggest that IRAS 05341+0852 is a carbon-
rich post-AGB F supergiant.

IRAS 06530—0213. This source is a FO supergiant of
magnitude V=14.11. Within the uncertainties, our BVRI
photometry of this source agrees well with the photometry of
Hu et al. (1993a). We also confirm the spectral class of FO I
estimated by Hu et al. The IRAS colors place the star in box
IV of IRAS color-color diagram. The stars in this box are
typically stars at the end of their mass loss phase and have
very thick oxygen-rich circumstellar shells. The photometry
of this object taken in two epochs does not indicate any
variability. This object has large reddening E(B — V) = 1.5,
which might have been affected by unaccountable reddening
near the galactic plane as the star is near the plane of the
Galaxy. The characteristics of the dust envelope, spectral
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type and presence of CO molecular emission suggest it is a
post-AGB F supergiant.

IRAS 07253—2001. This star has He filled in emission.
This source has been classified as F5 supergiant based on its
red spectrum. The flux distribution from 0.44 pum to 0.9
pm fits with T = 7000 K and log g = 1.0. The shape of the
energy distribution from 1 um to 100 pwm (Fig. 5), suggests
the presence of warm and cold dust shells. In the van der
Veen Habing (1988) IRAS color-color diagram this source is
in box IIIb which is characterized by stars having increasing
mass loss rates.

IRAS 08143—4406. We classify this star as F8 I from its
optical spectrum. The energy distribution of IRAS 08143
—4406 indicate that it has optically thin hot dust component
in addition to cold dust component similar to IRAS 05341
+0852. This star has been surveyed for radio continuum
emission (Van de steen & Pottasch 1993) and is found nega-
tive detection.

IRAS 08187—1905. This IRAS source is associated with
a F6 supergiant of V=28.86. The flux distribution between
0.44 pm and 3.4 pm fits very well with the Kurucz atmo-
spheric model of T.4=6500 K and log g=1.0. The T
= 6300 K derived from the T.4 and V—I relation (Jones
et al. 1995) is in good agreement with the above result. Re-
cently, Garcia et al. (1990) from the near-IR photometry in-
dicated that this star may be a main sequence star or a giant.
But from our spectra, we classified this object as F6 I. This
has been confirmed from our analysis of high resolution
spectra. It has very narrow Balmer profiles typical of low
gravity stars. The detailed spectroscopic analysis of this can-
didate will be published elsewhere.

IRAS 14429—4539. This object has been classified as a
GO supergiant by Hu et al. (1993a). The flux distribution of
this candidate indicates that it has cold and hot dust shells.
CO molecular emission has been detected by Nyman et al.
(1992). The average BVRI magnitudes (Table 2) obtained by
us are in good agreement with Hu et al. (1993a). The esti-
mated distance of the star from its V=13.49 and M,
= —4.7and E(B — V) = 0.1 is approximately 35 kpc which is
very large. However, Loup et al. (1993) infers distance of 6
kpc from molecular observations.

IRAS 17086—2403. This IRAS source is associated with
an optical candidate of magnitude V = 11.8. The BVRI fluxes
very well fits with the T = 9500 K and log g = 1.0. The
Ter = 9500 K corresponds to spectral type of A2. The V — I
color of the star after reddening correction corresponds to a
temperature of around T = 9500 K (Jones et al. 1995).

IRAS 17150—3224. This IRAS source is a cold bi-polar
proto planetary nebula which has been studied by Hu et al.
(1993b). The BVRI photometry of Hu ez al. (1993a) taken in
1989 agrees with our photometry taken in 1993, showing no
evidence for brightness change.

IRAS 17291—-2402. This IRAS source is associated with
an optical candidate of magnitude V=14.08. The shape of
the energy distribution from 0.44 um to 100 wm suggests
the existence of a temperature gradient in the circumstellar
envelope. From the energy distribution of this star it is clear
that star has warm and cold dust components. The CO and

OH molecular emissions were not detected (Likkel et al.
1991).

IRAS 17441—2411. This IRAS source is AFGL 5385. We
found its optical position by positional coincidence. Its visual
magnitude V = 13.35. The overall flux distribution from 0.44
pm to 100 um indicates it has large far-IR excess and it has
warm and cold dust shells. The IRAS colors places it in box
IV of VH (1988) diagram. Detection of CO and non-
detection of OH molecular emission (Likkel ez al. 1991) in-
dicates that the star may have a carbon-rich circumstellar
envelope. According to the far-IR colors, this star falls in the
region (Likkel et al. 1991) of IRAS color-color diagram of
very cold objects, where PPNe and evolved stars with CO
detection are present. The observed B — V = 1.7, and E(B
— V) = 0.9 yields the B — V = 0.8 which corresponds to
spectral type not later than GO. We conclude that IRAS
17441—2411 is a post-AGB star.

IRAS 23304+6147. This object appears to be similar to
IRAS 04296+3429. The presence of CO molecular emission
and 21 um emission (Woodsworth et al. 1990; Kwok et al.
1989) indicate that it has a carbon-rich circumstellar enve-
lope. The CCD BVRI images of this star are stellar in appear-
ance. The BVRI magnitudes obtained by us and those ob-
tained by Hrivnak & Kwok (1991) are given in Table 2. The
BVRI magnitudes obtained at three different epochs, suggest
that IRAS 23304+6147 is gradually becoming fainter. But
there is no significant variation in (B — V). The distance d
= 4 kpc inferred from molecular observations (Omont et al.
1993) is comparable to the distance d = 5 kpc derived in the
present work.

6. CONCLUSIONS

We studied 14 IRAS sources with far-IR colors similar to
PNe and post-AGB stars. We compared energy distributions
of these sources with Kurucz atmospheric models and found
that most of the sources have both hot and cold dust compo-
nents. The sources IRAS 05238—0626, IRAS 08187—1905,
and IRAS 17086—2403 have only cold dust components.
From low resolution optical spectra and BVRI photometry
we derived spectral types and luminosity classes for these
sources. We estimated the stellar and dust envelope param-
eters of these stars. The dust envelope characteristics, low
infrared flux variability, high galactic latitude, spectral type
and supergiant luminosity class suggest that these 14 IRAS
sources with far-IR (IRAS) colors similar to planetary nebu-
lae are post-AGB stars. The dust envelopes around these
stars are the result of severe mass loss experienced by these
during their AGB stage of evolution. None of these sources
are associated with star forming regions. Several of these
sources have CO molecular envelopes with expansion ve-
locities similar to those of evolved stars. Our sample also
contains sources showing 3.3 um and 21 pum emission fea-
tures indicating that these are carbon-rich post-AGB stars.

We thank Professor R. L Kurucz for providing grid of
model atmospheres. This research has made use of the
SIMBAD data base, operated at CDS, Strasbourg, France. We
thank the referee for his valuable comments.
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PLATE 95

Fi16. 6. Composite color image of IRAS 04368+2557 made from the JHK surface brightness images. Red=K, green=H, and blue=J. Note the bipolar
structure of the IR nebula and its large change of color toward the east away from the central ‘‘dark lane.’’ North is top and east is left. The field of view of
this image is 201”X201". The cross indicates the position of the millimeter continuum source (Ohashi et al. 1996a).

Tamura et al. (see page 2082)
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