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3 Near-infrared spectroscopy
of post-AGB stars ?

Abstract. The results of a medium resolution near-infrared spectral survey of
18 post-AGB candidate stars are presented. Most of the stars have near-infrared
hydrogen lines in absorption, which is normal for their spectral types. Three
stars, HD 101584, HD 179821 and HD 170756 have the CO first overtone bands
in emission; in two of these the emission is variable. It is suggested that the CO
emission is the result of post-AGB mass loss. HD 52961 shows the rarely occurring
3.5 �m emission feature and is only the fourth object in which this feature has
been detected.

1 Introduction

In recent years interest has grown in the study of stars in transition between the Asymptotic
Giant Branch (AGB) and planetary nebulae (PNe). AGB stars lose mass rapidly and
eventually become obscured by their circumstellar dust. Many obscured AGB stars were
not discovered until after the IRAS mission. As a star leaves the AGB, its mass loss rate
decreases significantly and the star may become sufficiently hot to create a PN, although
it is not clear whether all stars become PNe. During the transition from the AGB to the PN
phase, commonly called the post-AGB or proto-planetary nebula phase, the shell created
during the AGB moves away from the central star and becomes optically thin after a few
hundred years; hence the obscured star becomes visible again. The transition time from
the AGB to a PN is believed to be a few thousand years.

Several searches for post-AGB stars have been reported in the literature (e.g.
Parthasarathy and Pottasch, 1986; Volk and Kwok, 1989; Hrivnak et al. 1989; van der
Veen et al. 1989a; Trams et al. 1991; Oudmaijer et al. 1992; Slijkhuis 1992). These
searches yielded many post-AGB candidates, most of these are stars with supergiant-type
spectra, surrounded by dust shells.

? R.D. Oudmaijer, L.B.F.M. Waters, W.E.C.J. van der Veen and T.R. Geballe. 1995,
A&A 299, 173
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The near-infrared spectral region is well suited for the study of such stars and the
inner parts of their circumstellar shells. For sources that are still obscured, observations
of the CO first-overtone absorption bandheads together with the strength of Br can be
used to obtain an estimate of effective temperatures. If in emission, the infrared hydrogen
lines provide information on the ionization conditions close to the star. Furthermore,
the presence of the unidentified infrared band at 3.3 �m, often attributed to polycyclic
aromatic hydrocarbons (PAHs), yields information on the chemistry of the stars under
consideration.

This paper describes a near-infrared spectral study of a number of stars listed by
Oudmaijer et al. (1992) and van der Veen et al. (1989a), that are probable post-AGB
objects. Our choice of objects to observe was based mainly on their positions in the sky
and relative brightnesses, a listing is given in Table 1. Oudmaijer et al. selected all SAO
stars of spectral type B-G in the IRAS Point Source Catalogue (see IRAS Explanatory
Supplement 1985) which have a far-infrared excess compared to the expected photospheric
emission. The range in spectral type is that expected for post-AGB stars. The candidate
stars have spectra similar to supergiants, and are often located at high galactic latitude,
making identification as normal massive supergiants unlikely due to the large inferred z
distances the stars would then have. Instead, these stars probably are low mass stars in the
post-AGB phase (for a recent review see Waters et al., 1993). All of the van der Veen et
al. sample (800 candidates) lie in regions IV and V of the IRAS colour-colour diagram
(van der Veen and Habing, 1988). The sample includes i) unidentified IRAS sources that
are possible highly obscured post-AGB stars, ii) SAO stars with infrared excess similar to
the ones selected by Oudmaijer et al. (1992) but with the extra criterion that they are in
regions IV and V, and thus have large amounts of cold dust, iii) non-variable OH/IR stars,
and iv) PNe.

2 Observations and data reduction

2.1 The UKIRT observations

Observations of several post-AGB candidates were made at the 3.8m United Kingdom
Infrared Telescope (UKIRT) on March 17-20 and November 2, 1989, using the common
user seven-channel grating spectrometer, CGS2. For all observations a 500aperture was
employed along with standard chopping and nodding techniques. The resolving powers
used were in the range 400-700. Wavelength calibration was performed with an argon lamp,
and occasionally by using strong absorption lines in the target stars. Selected wavelength
settings were the H band (1.5-1.8 �m), the K band (2.1-2.4 �m), and (in two cases) the
L band (3.15-3.6 �m). Thin clouds were present on all of the March nights; skies were
photometric on November 2.
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Table 1 The sample stars

SAO HD/IRAS Other V (B – V) Sp.Type RA(1950) Dec(1950)
The IRSPEC target stars

239288 101584 7.01 0.39 F0 IapeSh 11 38 33.9 �55 17 48
165175 213985 8.90 0.18 A2 I 22 32 45.8 �17 30 59

15452-5459 OH326.5-0.6 15 45 17.1 –54 59 41
16115-5044 16 11 31.1 –50 44 53
17516-2525 17 51 37.3 –25 26 00
18135-1456 AFGL 5438 18 13 32.7 –14 56 18

124414 179821 8.30 1.40 G5 19 11 24.9 00 02 17
163075 187885 9.20 0.60 F3 I 19 50 01.5 �17 09 37
163245 190390 HR 7671 6.34 F1III 20 02 19.8 –11 44 32

The UKIRT target stars
RV Tau 9.2 1.8 G2 Iae 4 44 01.9 26 05 26

96430 52961 8.50 1.0 F I 7 00 52.9 10 50 42
134141 53300 8.08 0.32 A0 Ib 7 01 52.8 �05 13 55

96709 56126 8.30 0.40 F5 I 7 13 25.4 10 05 07
134775 59693 U Mon 6.30 1.15 F8 Ibe 7 28 24.0 �09 40 10

86134 170756 AC Her 7.50 0.80 F2 Ibp 18 28 08.7 21 49 49
68739 186438 8.01 0.53 F3 Ib 19 41 05.6 37 33 28

105871 192388 R Sge 8.83 0.96 G0 Ib 20 11 46.6 16 34 24
70096 195324 HR 7835 5.88 0.52 A1 Ib 20 27 26.5 36 17 16

2.2 The IRSPEC observations

Further observations of post-AGB candidates were made on July 14-15, 1989 at the ESO
3.6m telescope, equipped with the cooled grating spectrometer, IRSPEC (Moorwood et
al. 1988), which operates between 1 and 5 �m. The detector was a linear array of 32 InSb
diodes. The width of the entrance slit was always 600 and a chop throw of 2000 in declination
was used. The wavelength calibration employed a neon calibration lamp. Spectra of the
Br line were acquired in discrete mode with the array centered at 2.166 �m (�=∆� =
R� 1600). To observe the CO vibrational bands the grating was stepped to cover the
wavelength ranges 2.2-2.4 �m (R� 1600).

The weather on July 14 was good, but on July 15 the weather was relatively poor,
causing large continuum fluctuations, which have caused offsets between the short and
long wavelength portions of the spectra. However, the spectra are of sufficient quality to
allow identifications of the strongest lines.
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Table 2 Short summary of the results

SAO HD/IRAS Hydrogen CO ‘PAH’ other
239288 101584 - E
165175 213985 - -

15452-5459 A
16115-5044 -
17516-2525 E
18135-1456 A

124414 179821 A E
163075 187885 A -
163245 190390/HR 7671 A

RV Tau
96430 52961 A - E

134141 53300 A
96709 56126 A -

134775 59693 A A
86134 170756 A E Na I
68739 186438 E? -

105871 192388 A A Na I
70096 195324 A - -

Note to the table: A means absorption detected, E emission detected, - not detected, and blanks
mean not observed.

2.3 Data reduction

The spectra were corrected for atmospheric absorption and instrumental transmission by
dividing them by spectra of comparison stars at roughly the same airmass. The compar-
ison stars always were bright stars, preferably without strong absorption features in the
wavelength range of interest. In the K band Br absorption lines in comparison stars were
removed by interpolation before the division. Flux calibrations of the spectra were done
by fitting black body curves through available near-infrared photometry of the compari-
son stars before the division. The calibrations yield fluxes within 15% of the broad band
magnitudes observed for the objects.

3 Results

3.1 Brief description of the spectra

The signal-to-noise ratios of most spectra are in the range 40 - 75, high enough to allow
identification of the strongest lines. The prominent features in the H band spectra (Fig. 1)
are the hydrogen Brackett lines, detectable up to Br19. The K band spectra (Figs. 2 and 3)
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Figure 1 The H band spectra of the post-AGB candidate stars. The flux is in units of 10�12

Wm�2�m�1. The positions of hydrogen Brackett lines are indicated by vertical lines.

show the Br line and the CO first-overtone bandheads. Only IRAS 17516-2525 shows
strong emission in Br; in the other stars either the line is in absorption or is not detected.
Three stars have the CO first-overtone band heads in emission, while some have it in
absorption. Two stars were examined for the 3 �m unidentified infrared bands (Fig. 4),
with detection of these bands in one. A summary of the results is presented in Table 2
and a log of the observations is provided in Table 3. The emission line fluxes are listed in
Table 4 and the spectra are shown in Figs. 1-6.

3.2 Individual objects

HD 52961 (Figs. 1, 2, 5): This star was classified as a post-AGB object by Waelkens et al.
(1991). In the H band, the spectrum of HD 52961 is dominated by hydrogen absorption
lines. The K band is featureless apart from a weak Br absorption. At L weak emission
features centered at 3.30, 3.42 and 3.53 �m are present.
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HD 56126 (Figs. 1 and 2): The detection of C2 and CN absorption lines in the optical
spectrum by Bakker et al. (1995) suggests that carbon rich material from the helium
burning shell was dredged up to the photosphere of HD 56126 during the AGB phase.
The H band hydrogen absorption lines in HD 56126 are weaker than in HD 53300 and
HD 52961, as expected from its later spectral type (F5). We confirm that no emission is
present in these lines (see Hrivnak et al. 1994; hereafter HKG94). In contrast to Kwok
et al. (1990), who reported Br to be absent, Br is easily detected in absorption in the
present measurements. The absence of CO was also found by HKG94.

HD 53300 (Fig. 1): This star was taken from the list of Oudmaijer et al. (1992). The
H band spectrum is dominated by hydrogen absorption lines. They are the strongest and
broadest of the three stars observed in the H band, which is consistent with the classification
of HD 53300 (A0 Ib), as hydrogen lines have their maximum strength at spectral type A.

HD 186438 (Fig. 2): A modest amount of hot circumstellar dust is present toward this
object; the dust excess radiation at the K band is 30% – 40% (Waelkens, private com-
munication). The Br line in this star appears weakly in emission. The star has mild H�
emission (Oudmaijer, unpublished data), but not so strong that detectable Br emission
should be expected. The faint emission feature at 2.26 �m is unidentified; it is not due
to an absorption feature in the comparison star (HR 7796). Other spectra that have been
divided by the same ratio-spectrum do not show the line.

HD 195324 (Figs. 2 and 5): This object appears in the list by Oudmaijer et al. (1992). In
the K band spectrum the only prominent feature is a strong Br absorption line. The L band
spectrum does not show evidence for the 3.3 �m ‘PAH’ feature; a faint Pf� absorption
line may be present.

RV Tau, HD 59693, and HD 192388 (Fig. 2): These three RV Tau stars are likely to be
post-AGB objects (Jura, 1986). Their K band spectra are similar, with Br (weakly) and
the CO bandheads (strongly) in absorption. The 13CO 2-0 bandhead may be detected in
RV Tau. HD 192388 shows a weak emission feature at 2.207 �m which is identified as
the Na I doublet. The detection is probably real since two other stars that were ratioed
with the same standard star, HD 186438 and HD 195324, do not show the line.

HD 170756 = AC Her (Figs. 2 and 6): HD 170756 is one of the brightest RV Tau stars.
The K band spectrum of HD 170756 obtained on 2 November 1989 is remarkable for its
strong CO band emission. The first five 12CO and first three 13CO bandheads are identified.
The 13CO 2-0 band emission is nearly as strong as the 12CO 2-0 band, which indicates
that many 12CO lines and perhaps some 13CO lines are optically thick. The spectrum of
HD 170756 shows faint Br absorption, and faint 2.207 �m Na I emission.
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Table 3 Log of the observations

Source Band Ratio Assumed Date
star Teff

(K)
IRSPEC
HD 101584 2.2-2.4 HR 4460 12600 890714
- 2.14-2.17 HR 4526 3200 890714
- 2.14-2.17 HR 4360 3937 890715
HD 179821 2.2-2.4 HR 7209 10900 890714
- 2.14-2.16 HR 7873 3317 890715
HD 187885 2.2-2.4 HR 6115 13600 890714
- 2.14-2.16 HR 7515 4409 890714
HD 190390 2.14-2.16 HR 7515 4409 890714
HD 213985 2.2-2.4 HR 8573 11200 890715
- 2.14-2.16 HR 7515 4409 890714
- 2.14-2.16 HR 8649 3778 890715
15452-5459 2.2-2.4 HR 5798 10500 890715
- 2.14-2.17 HR 6746 4569 890714
16115-5044 2.2-2.4 HR 6115 13600 890714
17516-2525 2.14-2.17 HR 6746 4569 890714
18135-1456 2.2-2.4 HR 7119 7350 890715
UKIRT
HD 52961 H HR 1543 6400 890318
- H HR 1543 6400 891102
- K HR 1543 6400 891102
- L HR 2421 9500 890320
- M HR 2219 4800 890320
HD 53300 H HR 1543 6400 890318
HD 56126 K HR 1543 6400 891102
- H SAO 153924 5900 890319
HD 59693 H SAO 153924 5900 890319
- K HR 1543 6400 891102
HD 170756 K HR 7796 6200 891102
HD 186348 K HR 7796 6200 891102
HD 192388 K HR 7796 6200 891102
HD 195324 K HR 7796 6200 891102
- L HR 1543 6400 891102
RV Tau K HR 1543 6400 891102
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Figure 2 UKIRT K band spectra of the post-AGB candidate stars. The flux is given in units of 10�12

Wm�2�m�1. Br (2.16 �m) and the 12CO band heads (2.29-2.42) are indicated by vertical lines
and the 13CO band heads are indicated by vertical dotted lines.

An additional spectrum of HD 170756 was obtained at UKIRT in August 1992, using
CGS4. At this time the CO bands were in absorption. The 1989 and 1992 spectra are
plotted together in Fig. 6. In absorption the 13CO bands are considerably weaker than the
12CO bands. Note the continuum offset between the two spectra from well longward of
each of the band heads, due at least in part to numerous CO lines first in emission and then
in absorption.

HD 101584 (Fig. 3): The post-AGB nature of this star is uncertain (Bakker, 1995). In
the K band spectrum the CO first overtone bands are in emission. Br does not appear
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Figure 3 IRSPEC Br and CO spectra of the post-AGB candidate stars. The flux is given in units of
10�12 Wm�2�m�1. Br and 12CO band heads are indicated by vertical lines. Vertical dotted lines
indicate 13CO band heads.

in emission, despite strong P Cygni-profiled H� emission (Trams et al. 1989) observed
five months earlier. This may be due in part to excess continuum radiation from hot dust
which is approximately 2 mag at K (Trams et al. 1990).

HD 179821 and HD 187885 (Fig. 3): The post-AGB nature of these two objects was first
discussed by Pottasch and Parthasarathy (1988). Both stars show a distinct double-peaked
energy distribution in contrast to, e.g., HD 101584, which has considerable dust emission
at near-infrared wavelengths (Trams et al. 1990). In the spectra of these stars Br is
strongly in absorption. No CO band-heads are detected in the spectrum of HD 187885,
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Figure 4 Br spectra of IRAS 17516-2525 and HD 190390. The flux scale is given in units of 10�12

Wm�2�m�1.

consistent with the results of HKG94. In HD 179821 CO emission at the 2-0 and 3-1
bandheads is detected, despite poor weather conditions. CO emission was also reported
by HKG94. To within the uncertainties, there is no difference in either the continuum or
CO band emission between the two spectra.

HD 213985 (Fig. 3): Waelkens et al. (1987) suggested this star to be a post-AGB object
based on its high galactic latitude and strong infrared excess. Neither CO nor Br was
detected in HD 213985. As in the case of HD101584, the non-detection of Br may be
due to the large 2 �m dust excess emission ( � 1 magnitude, Waelkens et al. 1987).

IRAS 15452-5459 and IRAS 18135-1456 (Fig. 3): These objects are non-variable OH/IR
stars as discussed by van der Veen et al. (1989a). The CO bandheads appear in absorption.
13CO absorption is not detected.

IRAS 16115-5044 (Fig. 3): Van der Veen et al. (1989a) list this star as a potential post-
AGB object, The spectrum is featureless, apart from a possible (unidentified) emission
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Figure 5 L band spectra of HD 52961 and HD 195324. The flux scale is in units of 10�12

Wm�2�m�1. The Pf� line at 3.297 �m, as well as the 3.42 and 3.53 �m emission features are
indicated.

line at 2.398 �m. The reduced spectra of other post-AGB stars that employed the same
ratio star do not show this line.

IRAS 17516-2525 (Fig. 4): Br was found strongly in emission with an equivalent width
of 15 Å. This value is consistent with, but 20% lower than, the measurement of van der
Veen et al. (1989b). The nature of IRAS 17516 is uncertain. Van der Veen et al. (1989a
& b) were unable to decide on basis of their data whether the object is a young PN or a
young stellar object. A 20th magnitude visual counterpart was found by van der Veen et
al. (1989b); no spectral classification for this star has been made.

HD 190390 (Fig. 4): Trams et al. (1991) mentioned this object as a post-AGB candidate
based on its photometric variability. This star was only observed in the Br setting with
IRSPEC, it shows Br in absorption, consistent with its spectral type.
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Figure 6 UKIRT K band spectra of HD 170756. The upper spectrum was taken with CGS2 in 1989;
the lower with CGS4 in 1992 (scaled to the observed flux in 1989). The flux is given in units of
10�12 Wm�2�m�1. The CO vibrational transitions are indicated as in Fig. 3.

4 Discussion

4.1 Hydrogen lines

The strengths of the near-infrared hydrogen absorption lines in the spectra of the post-
AGB stars studied here appear to be consistent with the spectral types of the stars. The
H� lines of most stars in the sample have faint shell-type emission profiles, except for
that of HD 101584 which has a prominent P Cygni profile (Trams et al. 1989; Waters et
al. 1993). Those stars without a Br feature have large infrared excesses at 2 �m; any
photospheric absorption or emission is heavily overradiated by the dust continuum. HD
186438 is a possible exception; its dust excess is small but it has a weak Br feature. IRAS
17516-2525, whose evolutionary status is unclear, is the only object for which strong Br
emission is found.

4.2 Hydrocarbon features

Two stars were observed in the 3�m spectral range. One of the two, HD 52961, appears to
have the well-known 3.3 �m ‘PAH’ feature weakly in emission. The additional presence
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Table 4 Emission line fluxes

HD 170756 HD 101584 HD 179821
CO 2-0 1.8e-15 1.0e-14 4.7e-15
CO 3-1 3.2e-15 1.1e-14
CO 4-2 5.7e-15 1.7e-14
CO 5-3 5.7e-15
13CO 2-0 1.9e-15
13CO 3-1 2.2e-15

17516-2525 HD 52961
Br 7e-12
3.3 1.5e-15
3.43 1.4e-15
3.52 7.0e-16

Line fluxes are given in units of Wm�2. Systematic errors in the derived fluxes are about 15% due
to the uncertainty in the flux calibration of the spectra. The flux for the 3�m features in HD 52961
is uncertain by at least 50%.

in this star of the 3.5 �m feature is remarkable. This unusual emission feature, consisting
of a peak at 3.53 �m and a shoulder extending to shorter wavelengths, has been found in
only one other post-AGB candidate, HR 4049 (Geballe et al., 1989), and in two pre-main
sequence objects, HD 97048 and Elias 1 (Blades and Whittet 1980, see also Baas et al.
1983; Whittet et al. 1983).

The broad 3.42 �m emission in HD 52961 probably is a blend of a 3.43 �m emission
(apparently always associated with the 3.5 �m feature) and the 3.40 �m satellite feature
associated with the 3.3 �m feature. Other post-AGB stars show strong features peaking
near, but not precisely at 3.43 and 3.53 �m (Geballe and van der Veen 1990; Geballe et
al. 1992).

Schutte et al. (1990) attribute the 3.43 and 3.53 �m features to C-C stretching modes
in large, dehydrogenated PAH molecules. It is known that in the case of HD 97048, the
strong 3.53 �m feature arises very close to the central star and the 3.3 �m feature is much
weaker than the 3.4 �m feature (Roche et al. 1986). This may be because the emitting
material is situated very close to the star, where the intense stellar radiation field dissociates
hydrogen atoms from the molecules. The situation in HD 52961 may be similar. A hot dust
component around HD 52961 is evident from its broadband energy distribution(Waelkens
et al. 1991).

HD 52961 belongs to a small class of extremely metal deficient post-AGB candidate
stars that have peculiar photospheric abundance patterns. Apart from HD 52961, this
group consists of HR 4049 (Lambert et al.1988), BD +39 4926 (Kodaira et al. 1970),
and the central star of the well known Red Rectangle nebula (HD 44179, Waelkens et al.
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1992). These objects share photospheric abundance patterns similar to the composition
of the gaseous component of the interstellar medium (Van Winckel et al. 1992; Trams et
al. 1993). In order to explain these peculiar abundances, it has been suggested that the
outflowing wind has been stripped of its metals condensed onto grains (Lambert et al.
1988; Bond, 1991; Mathis and Lamers, 1992; Waters et al. 1992). The ‘cleaned’ wind
then has been reaccreted onto the stellar photosphere. There are more similarities between
these four objects, they have approximately the same spectral type (A-F), they all show
evidence for binarity from radial velocity measurements (van Winckel et al. 1995), and
show signs of hot dust in their spectral energy distribution, except for BD +39 4926. The
latter was not detected by IRAS, but the IRAS sensitivity leaves open the possibility of an
infrared excess of several magnitudes.

Thus, the only two post-AGB stars that have the 3.43 and 3.5 �m features, belong to
the small group with peculiar abundances. These features have not been detected in the
Red Rectangle, however (Tokunaga et al. 1991). Although a weak feature might be found
by more sensitive observations of the Red Rectangle, it is clear that the 3.3/3.5 �m ratio
is much higher than in either HR 4049 or HD 52961.

What can this correlation between the presence of dehydrogenated ‘PAH’ molecules
and the abundance patterns of post-AGB objects mean? It is possible that the hot dust
around these stars is located in a circumsystem disk, which is evidenced by the discrepancy
between the observed infrared flux and the (lack of absorption of the) UV flux (Waters et
al. 1993; Trams et al.1994). The disk may have been exposed to the stellar UV radiation
for a sufficiently long time that a fraction of the ‘PAH’ molecules have been stripped of
their hydrogen atoms. A test for this option is to obtain 3 �m spectroscopy of objects such
as HD 213985 (Trams et al. 1994) for which a similar circumsystem disk is proposed
to be present. Alternatively, some of the ‘PAHs’ may have lost their hydrogen atoms in
the process of reaccreting. As mentioned earlier, the 3.4 and 3.5 �m features are also
found in two young stars, for which, to our knowledge, no abundance study has been
performed. Such a study would test whether the dehydrogenation is due to a reaccretion
process following the metal depletion.

4.3 CO absorption

The CO absorption in the spectra of the OH/IR stars IRAS 15452-5459 and IRAS 18135-
1456 implies these objects have cool photospheric temperatures of approximately 3000-
5000 K. The depressions of the CO (2-0) band head, relative to the nearby continuum,
are 23 and 28 percent respectively. Comparison with the atlas of Kleinmann and Hall
(1986) indicates that the spectral types of IRAS 15452-5459 and IRAS 18135-1456 are
in the range G5 - K0 if they are supergiants, or of later types if the stars have higher
surface gravities. The above assumes that dust emission is small at 2 �m; otherwise the
CO absorptions are deeper and the spectral types are later.

The spectral types of the RV Tauri stars HD 59693, HD 192388 and RV Tau vary.
Those given in Table 1 correspond to the phases of maximum photospheric temperature,
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and are sufficiently early that no CO should be detected (at moderate resolution) at those
times. It is likely that the appearance of CO absorption in their spectra corresponds to
phases when these stars have later spectral types.

4.4 CO emission

First overtone CO emission is reported here in three post-AGB candidates. CO emission
was previously found in surveys of young stellar objects (e.g. Geballe and Persson 1987;
Carr 1989) and hot supergiants (McGregor et al., 1988). The discovery of this phenomenon
in relatively cool post-AGB stars is fairly recent. Mozurkewich et al. (1987) present high
resolution data of the RV Tau star R Scuti, where the CO was variable during its pulsation
period, HKG94 found CO emission in 3 out of 9 post-AGB candidate stars of which
HD 179821 is also reported here. The number of post-AGB stars with CO first-overtone
emission is 5 out of 21 objects presented by HKG94 and in the present paper.

The excitation temperatures of the upper vibrational-rotational levels near the CO
first-overtone (2-0) band head are in excess of 6000 K and adjacent vibrational levels are
separated by 3000 K. Several mechanisms have been proposed to provide the required
vibrational excitation. These include direct pumping by stellar UV photons, pumping of
excited fundamental levels by 4.6 �m photons and collisional excitation (Scoville et al.
1980). As pointed out by e.g. Carr (1989) neither radiative mechanism can account for
the observed rotational distribution in the overtone bands. In addition, the calculations by
Scoville et al. (1980) show that the radiative pumping mechanisms cannot produce almost
equally strong 2-0 and 4-2 bandheads observed in most CO overtone emitters, including
post-AGB stars.

The most likely mechanism of CO excitation is by collisions, for which densities
in excess of 1010 cm�3 and temperatures in the range 2000-5000 K are required to
populate high rotational levels (without complete dissociation). Several suggestions for
the location of such physical conditions have been made for young stellar objects (e.g.
Scoville et al. 1983) and fall into three categories: a high density disk close to the star, a
high density stellar wind, or, somewhat further from the star, a region where the outflow
is compressed and warmed up due to interaction with a previous wind.

HKG94 mention the latter possibilityfor the post-AGB candidate stars and make a link
to the model of interacting winds that has been proposed for the formation of planetary
nebula shells (Kwok et al. 1978), where a new post-AGB wind collides with the former,
slower AGB wind or a pre-existing shell. In the case of IRAS 22272+5435 (Gp Ia, Hrivnak
and Kwok, 1991) they suggest that the appearance and subsequent disappearance of CO
emission over a two month period is due to such an occurrence.

A way to test if the emission arises in a contact-discontinuity far from the star or is
associated with events much closer to the star (such as a recent outflow) or a disk geometry
is to estimate the apparent surface area of the emitting region. In the case of an interacting
wind it seems reasonable to expect a larger surface area than for the other mechanisms,
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Table 5 Size of the CO emitting region

Star R� dist. ∆� Rbb Rin Ref.
(R�) (kpc) (km s�1) (R�) (R�)

HD 170756 25 0.75 5 1.0 11 1
20 0.52
>35 0.39

HD 101584 38 1.2 5 2.6 20 2,3,4
20 1.3
>35 0.96

HD 179821 93 1 5 0.59 7000 2,3
20 0.29
>35 0.22

References: 1) Shenton et al. (1992), 2) van der Veen et al. (1993), 3) van der Veen et al. (1994), 4)
Trams et al. (1994)

because the new wind must have traveled out to the old wind before the interaction can
take place. The black body radius of the emitting area can be calculated from:

FL = NlineB�(�; T )∆��
�
RBB

d

�2

Wm�2 (1)

withB� the Planck function, ∆� the linewidth of the individual lines, RBB the radius
of the emitting surface, d the distance to the source, and Nline the number of rotational
lines that contribute to the total flux. In this calculation it is assumed that the rotational
lines are optically thick; if they are optically thin, the radii are lower limits.

The number of lines that contribute to emission within one resolution element (0.003
�m) of the band head is about 24, with an average spacing of 20 km s�1 (with more
overlap of lines closer, and larger separations further from the head). The observed flux
increases with linewidth until it exceeds the typical line separation. Beyond this, if the
lines are optically thick, the sampled flux near the bandhead does not increase significantly
with velocity. Further from the band head it continues to increase. We approximate the
situation by assuming that 50 lines contribute to the observed flux, and that the average
separation of the lines is 35 km s�1.

The assumption of optically thick CO radiation is well justified in the case of HD
170756 as the 13CO emission is approximately as strong as the 12CO emission. Since the
3-1, and 4-2 overtone bandheads are strong, we adopt 4000 K for the temperature. The
results are given for some velocity widths in Table 5. The stellar radii have been calculated
from the stellar luminosities and distances listed in the references.
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Table 6 CO emission/absorption of HD 170756

JD � CO: Reference
2446952 (–6+) 0.83 absorp Shenton et al. (1992)
2447832.5 (6+) 0.51 emiss this work
2448842.5 (19+) 0.90 absorp. this work

Note: the numbers between brackets indicate the number of periods with respect to JD2447341.71.

We find that, unless the CO first overtone radiation is very optically thin, it is emitted
from a region with a projected radius that is at most a few stellar radii and is considerably
smaller than the inner radius of the AGB dust shell. Thus, it appears unlikely that the CO
emission originates from the contact discontinuity between a post-AGB wind and the old
AGB wind. It would appear that the emission must arise either from a dense outflow near
the star or from a circumstellar disk. The outflow model is attractive because it may explain
the variable CO emission as will be discussed in the next section. We note, however, that
the large near-infrared excess emission of HD 101584 is thought to originate in a a hot
circumstellar disk (Trams et al. 1994) and that the CO emission in this case might arise
there. As in the case of young stellar objects, velocity resolved spectroscopy should help
understand the physical conditions and geometry of the emitting CO (Carr and Tokunaga
1992, Chandler et al. 1993).

4.5 Variable CO emission

Three of the five known post-AGB stars with infrared CO emission near 2.3 �m show
variability in this emission. HKG94 report the case of IRAS 22272+5435 where CO
emission disappeared over a period of two months. Here we report a similar change for
HD 170756 (Sec. 2). To the present data must be added the observations by Shenton et
al. (1992) who observed CO absorption in HD 170756 in June 1987. In HD 179821 CO
emission was detected in 1989 July (this paper) and 1990 September (HKG94), but not in
1992 August (Kwok, private communication).

It is possible that the emission/absorption of the CO of HD 170756 is related to its
pulsation period. Shenton et al. derive the ephemerid of HD 170756 as JD2447341.71 +
75.4�, where phase � = 0 corresponds to the deep minimum in the V magnitude. A second
(local) minimum occurs at � = 0.5; the maximum is at � = 0.25-0.30, with a second (local)
maximum at � = 0.75-0.80.

From Table 6, the CO overtone is in emission when V is at minimum. Absorption
is present during the decline after the second V maximum. Thus, the appearance of
CO in emission may be related to the pulsational properties of HD 170756. In fact, the
emission occurs when the photospheric velocity is shifting to its bluest value, i.e. when
the photosphere is contracting. The absorption occurs when the star is expanding. When
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the CO is in emission, it could trace a part of the envelope that is detached from the
photosphere and might continue to expand or eventually fall back again if the outflow
velocity is too low to escape.

If this is correct then the CO emission in HD 170756 is related to episodic mass loss
during a pulsation cycle.

The reason for the CO emission disappearing at later phase could be that the expanding
shell dilutes and cools, so that in particular the density in the shell is too low to populate
the higher vibrational levels, and/or that much of the emitting material falls back toward
the photosphere where it can no longer be seen in emission. The small black body radii of
the CO emission derived in the previous subsection support the idea of emission close to
the star.

One of the main problems in the study of late stages of stellar evolution of low to
intermediate mass stars is whether there is mass loss during the post-AGB phase, and if
there is, the magnitude of the mass loss rate. After the core mass, the post-AGB mass loss
rate is the most important parameter governing the time scale of the evolution of these
objects from the AGB to the PN phase (see e.g. Trams et al.1989). However, there are
almost no indicators for present-day mass loss (see e.g. Oudmaijer and Bakker, 1994).
The CO band head emission at 2.3 �m may be a promising indicator for present-day
post-AGB mass loss.

5 Concluding remarks

A near-infrared spectral survey has been made of a small sample of candidate post-AGB
stars. The following results are found:

1. The hydrogen lines of the post-AGB stars in the sample are by and large normal for
their spectral types.

2. CO absorption at 2.3 �m is present in two visually obscured stars, allowing a rough
assignment of effective temperatures for them.

3. Three post-AGB candidate stars exhibit CO first-overtone emission. The calculated
black body radii for the CO emitting region and the fact that the CO emission is found
to be variable in two of the objects suggests that the emission is a result of pulsations
associated with post-AGB mass loss.

4. The unusual 3.43 and 3.53 �m emission features are present in HD 52961, only
the fourth star, and second post-AGB object (after HR 4049), in which they have
been found. Based on the fact that both objects belong to a small class of post-
AGB candidates with peculiar photospheric abundances, it is suggested that there is a
correlation between the abundance pattern and the presence of the features.
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