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ABSTRACT

We present here near-infrared spectroscopy in the H and K bands of a selection of nearly
80 stars that belong to various asymptotic giant branch (AGB) types, namely S type, M type
and SR type. This sample also includes 16 post-AGB (PAGB) stars. From these spectra,
we seek correlations between the equivalent widths of some important spectral signatures and
the infrared colours that are indicative of mass-loss. Repeated spectroscopic observations were
made on some PAGB stars to look for spectral variations. We also analyse archival Spitzer mid-
infrared spectra on a few PAGB stars to identify spectral features due to polycyclic aromatic
hydrocarbon (PAH) molecules providing confirmation of the advanced stage of their evolution.
Further, we model the spectral energy distributions (SEDs) of the stars (compiled from archival
data) and compare circumstellar dust parameters and mass-loss rates in different types.

Our near-infrared spectra show that in the case of M- and S type stars, the equivalent widths
of the CO(3-0) band are moderately correlated with infrared colours, suggesting a possible
relationship with mass-loss processes. A few PAGB stars revealed short-term variability in
their spectra, indicating episodic mass-loss: the cooler stars showed in CO first overtone bands
and the hotter ones showed in H1 Brackett lines. Our spectra on IRAS 1939942312 suggest
that it is a transition object. From the Spitzer spectra, there seems to be a dependence between
the spectral type of the PAGB stars and the strength of the PAH features. Modelling of SEDs
showed among the M and PAGB stars that the higher the mass-loss rates, the higher the [K —
12] colour in our sample.
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1 INTRODUCTION

During their asymptotic giant branch (AGB) stage, intermediate-
mass stars undergo substantial mass-loss triggered by pulsation
shocks and radiation pressure (e.g. Willson 2000; van Winckel
2003). Near-infrared (near-IR) spectroscopy is one of the recog-
nized tools to study the mass-loss process (e.g. Kleinmann & Hall
1986; Volk, Kwok & Hrivnak 1999; Lancon & Wood 2000; Bieging,
Rieke & Rieke 2002; Winters et al. 2003). The near-IR JHK bands,
contain several important diagnostic lines that can be used as sig-
natures to probe the atmospheres of these stars (Hinkle, Hall &
Ridgway 1982).

One of the most dramatic manifestations of the AGB stage is
the high rate of mass-loss that is mainly attributed to pulsational
levitation of atmosphere followed by expulsion of matter by the ra-
diation pressure (Wood 1979; Bowen 1988; Gail & Sedlmayr 1988;
Vassiliadis & Wood 1993; Habing 1996; Feast 2000; Willson 2000;
Winters et al. 2000; Woitke 2003; Garcia-Lario 2006). One of the
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issues that we would address is the possible signatures of pulsa-
tional mass-loss in the spectra of AGB stars. We would also like
to study the IR spectral signatures that the intermediate-mass stars
leave while evolving beyond AGB stage to become planetary neb-
ulae (PNe) (e.g. Kwok 2000).

In this work we report near-IR (H and K bands) spectroscopy on a
selection of about 80 AGB stars of different types, namely M type,
S type, semiregular variables (SR) and post-AGB (PAGB) candi-
dates (Section 2). In Section 3.1, we try to seek significant differ-
ences among these types and correlate spectral signature strengths
with pulsation parameters or mass-loss indicators (such as the IR
colour indices) in case of M, S and SR types.

Further, we present the Spitzer archival spectra in the mid-IR re-
gion on a few PAGB stars in order to find out the evolutionary stage
of these stars in terms of the spectral features seen in the spectra
(Section 3.2). Following this, using the DUSTY code, we model the
IR spectral energy distributions (SEDs) of these sample stars, con-
structed from archival data in the visible, near- and far-IR regions
to investigate basic differences in the photospheric and circumstel-
lar parameters among the various types of AGB stars (Section 3.3).
Some interesting aspects on variation of spectral lines in a few PAGB
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stars are discussed in Section 4. Section 5 lists important conclusions
of the present work.

2 NEAR-INFRARED SPECTROSCOPIC
OBSERVATIONS

Near-IR spectroscopic observations were made in the J (only for
some of the sample PAGB stars), H and K bands on the selection
of stars, using the NICMOS-3 near-IR camera/spectrograph at the
Cassegrain focus of the 1.2-m telescope at Mt Abu, Western In-
dia, during the period 2003-07. The observations were made at a
spectral resolution of ~1000. Spectrophotometric standard stars of
AOQV type were used for each programme star at similar air mass to
remove the telluric absorptions and for relative flux calibration (cf.
Lancon & Rocca-Volmerange 1992). For sky background subtrac-
tion, two traces were taken for each star for each cycle of integration
at two spatially separated positions along the slit within 30 arcsec.
Typical overall integration times varied between 0.6 and 160 s for
the brightest and faintest stars in our sample (in each of the three
bands). The atmospheric OH vibration-rotation lines were used to
calibrate wavelength. The H 1 absorption lines from the standard star
spectra are removed by interpolation. The resulting spectra of the
standard star were used for the removal of telluric lines from the pro-
gramme star by ratioing. The ratioed spectra were then multiplied by
a blackbody spectrum at the effective temperature corresponding to
the standard star to obtain the final spectra. Typically the signal-to-
noise ratios (S/N values) at the strongest and the weakest spectral
features varied between 100 and 3, respectively. Data processing
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was done using standard spectroscopic tasks (e.g. APALL) inside
IRAF.

2.1 The sample stars

The programme stars were selected from published litera-
ture/catalogues (Fouquet et al. 1992; Kerschbaum & Hron 1994;
Chen, Gao & Jorissen 1995; Wang & Chen 2002; Stasinska et al.
2006). Our sample contains about 80 stars with the selection based
on the observability at Mt Abu during the period November-May
and JHK-band magnitudes brighter than 8-9. Among these stars, 30
are M type; 17 S type; 15 SR type and 16 are PAGB stars [some of
which are known to be transition/proto-PNe (PPNe), see Ueta et al.
2003 and Kelly & Hrivnak 2005]. The greater bias towards M types
in the sample is due to the fact that they are brighter in K band than
the others. Tables 14 list all the stars in the four categories along
with the [H — K] and [K — 12] colours computed from Two Micron
All Sky Survey (2MASS) and IRAS photometric archival data. The
phases (¢) of the variable stars of M and SR types, corresponding
to the dates of our observations, are also listed in the tables (epochs
taken from Kholopov et al. 1988). The spectral types are taken from
SIMBAD data base.

3 RESULTS AND DISCUSSION

Fig. 1 shows some typical spectra for different types considered
here. In general, we find in the AGB stars, the photospheric absorp-
tion lines of Nal doublet at 2.21 um, Cal triplet at ~2.26 pum,
as well as Mgr1 at 1.708 pum in all the sample stars. Brackett

Table 1. 2MASS and IRAS colours and Mt Abu EWs (in A) of the spectral features of the sample M stars.

Star Spectral type ¢ H-K K—-12 CO(3-0) CO®4-1) CO(H) CO(2-0) CO(3-1) CO(K) M
02234—-0024 M4e 0.34 0.44 2.31 16.1 7.8 51.5 21.1 6.9 61.9 2.6(—6)"
0308241436 MS5.5e 0.33 0.45 1.99 11.3 9.2 64.2 25.1 133 62.3 9.8(=7)1
03489—-0131 M411I - 0.31 1.86 4.8 53 61.9 18.4 20.2 45.9 1.3(—6)
0435246602 Sev 0.44 0.50 1.22 - - - 31.8 29.8 101.2 1.4(=7)t
05265—0443 MT7e 0.57 0.49 1.32 13.6 10.1 53.1 15.1 7.8 229 4.6(=7)t
0549541547 S7.5 0.49 0.59 2.79 11.6 8.4 474 11.9 16.0 47.6 3.5(—6)
06468—1342 S - 0.52 1.03 14.5 16.6 85.0 329 31.2 110.6 -
0657145524 Se 0.59 0.64 1.67 20.0 22.1 105.6 18.3 25.6 52.8 1.7(—6)*
0704342246 S6.9¢ 0.36 0.18 1.17 11.6 13.9 71.0 343 28.8 98.8 3.1(-7nt
0709240735 Se 0.30 0.71 3.02 16.4 15.4 72.1 20.5 25.8 81.0 2.9(—6)
07197—1451 S 0.26 0.55 2.32 11.8 8.0 65.0 223 9.7 43.5 4.6(—6)
07299+4-0825 MT7e 0.57 0.36 1.90 16.2 10.5 64.1 26.8 14.1 65.3 8.5(-7t
0746242351 SeV 0.96 0.52 -0.90 12.3 13.8 68.8 28.1 339 108.0 -
0753743118 0.09 0.53 1.40 13.7 9.9 76.5 22.8 25.0 71.5 -
07584—2051 S2.4e 0.19 0.44 1.00 12.6 11.0 78.4 212 17.9 39.1 -
08188+1726 SeV - 0.41 2.28 14.3 13.6 66.1 222 24.8 713 -
08308—1748 S - 0.43 0.72 10.1 15.9 72.6 25.7 19.1 92.9 1.7(=7)
08416—3220 - 0.41 0.97 12.2 142 75.8 33.0 35.0 105.3 -
08430—2548 - 0.46 1.51 12.2 13.0 68.3 19.6 16.6 80.2 -
094111820 Me 0.31 0.49 1.63 5.1 73 33.2 8.5 5.7 22.1 7.9(=7)t
123722623 M4 0.92 0.40 1.39 9.9 14.8 64.2 20.2 23.8 50.8 -
17001-3651 M 0.70 0.58 2.17 9.6 8.9 57.0 11.3 8.9 35.8 1.9(—6)"
17186—-2914 S - 0.70 1.76 14.5 13.2 80.7 239 26.1 89.2 2.9(-6)
17490—-3502 M 0.60 0.54 2.26 16.4 16.1 78.1 24.6 17.6 95.8 -
175212907 Se 0.11 0.56 1.64 18.9 19.5 88.4 20.1 21.9 71.8 4.6(—6)
18508—1415 SeV 0.44 0.38 1.00 3.4 5.1 64.3 8.8 5.5 31.1 -
1911142555 S 0.57 0.80 4.36 19.1 17.6 66.8 133 11.2 24.5 4.6(—6)"
19126—-0708 S... 0.90 0.79 3.81 21.6 19.1 102.0 21.5 23.5 59.4 2.9(—6)t
1935445005 S... 0.24 0.52 2.28 26.6 22.8 108.0 30.2 33.8 98.2 1.5(=6)f
2304141016 MT7e 0.87 0.52 2.40 73 9.0 50.7 124 6.3 18.7 1.5(—6)"
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Table 2. 2MASS and IRAS colours and Mt Abu EWs (in A) of spectral features of the sample S stars.

Star Spectral type H-K K- 12 CO(3-0) CO®4-1) CO(H) CO(2-0) CO@3-1) CO(K) M
0459941514 MO 0.49 0.96 12.8 17.3 80.8 242 28.6 99.4 1.4(=7)f
0503641222 0.60 1.09 12.7 15.1 80.9 26.2 28.1 54.3 -
0537443153 M2]Iab 0.16 1.44 13.7 12.2 71.5 21.6 26.6 88.3 73(=7)f
07247—-1137 Sv... 0.34 0.85 8.6 10.7 57.8 25.8 19.1 74.5 -
0739241419 M3II-1II 0.09 —1.44 5.3 8.4 389 16.7 14.7 55.3 7.3(=7)
09070—2847 S 0.25 0.91 10.7 12.8 74.1 22.1 37.1 59.2 -
09152—-3023 0.47 1.21 4.0 9.4 442 18.1 144 39.1 -
10538—1033 M... 0.29 0.74 8.1 45 44.6 229 9.6 64.9 -
11046+6838 M... 0.40 0.39 3.7 9.5 41.1 15.0 10.4 54.7 -
12219-2802 S 0.30 0.72 9.2 9.4 57.0 22.1 17.8 69.8 -
1241746121 SeV 0.41 0.95 16.7 18.0 82.4 28.2 29.5 922 1.0(=7)f
13421-0316 K5 0.22 0.57 - 8.3 40.9 20.0 14.9 59.8 -
13494—0313 M... 0.42 0.56 3.0 9.2 55.5 174 20.0 474 -
142510251 S... 0.34 0.71 3.7 9.1 45.8 20.2 16.7 60.0 -
154942312 S 0.38 0.62 5.1 8.1 46.1 19.8 17.2 59.3 -
16205+5659 M... 0.18 0.78 5.4 7.1 453 13.0 19.1 61.6 -
16209—2808 S 0.54 0.92 10.7 13.6 73.9 21.9 27.2 79.5 1.0(=7)
Table 3. 2MASS and IRAS colours and Mt Abu EWs (in A) of spectral features of the sample SR stars.

Star Spectral type ¢ H—-K K—-12 CO(3-0) CO®4-1) CO(H) CO(2-0) CO(3-1) CO(K) M
0403042435 S4.2V - 0.40 0.63 4.1 8.3 45.0 16.2 17.9 34.1 -
04483+2826 cl - 0.38 1.04 7.0 10.9 60.3 245 17.6 58.3 1.4(=7)
0521340615 M4 0.41 0.39 1.37 9.3 11.1 64.8 19.3 21.4 56.9 -
05440+1753 S0.V 0.33 0.66 1.89 22.7 19.5 99.5 332 30.3 88.1 1.4(—6)
06333—0520 M6 0.85 0.38 1.20 19.7 10.1 77.8 19.1 24.8 61.5 1.7(=7)
08272—0609 M6e - 0.40 1.47 11.3 7.8 51.7 19.1 15.1 81.4 5.6(=7)
08372—0924 MsII - 0.36 1.57 5.5 6.5 52.3 18.5 12.4 49.0 1.7(=7)
08555+1102 MSIIT - 0.26 1.28 7.4 7.9 61.8 15.5 13.9 43.7 2.4(-7)
0907643110 M6llIaSe - 0.31 1.20 13.5 11.6 65.9 18.5 18.8 56.7 3.8(-7t
10436—3459 S - 0.37 1.61 10.5 15.4 61.2 30.3 239 79.0 9.5(=7)f
1549244837 M6S 0.77 0.40 1.58 12.7 13.0 63.8 19.9 24.5 444 9.5(=7)f
16334—-3107 S4.7:V - 0.43 1.13 15.0 229 93.4 225 29.7 104.8 Lo(=7t
17206—2826 M... - 0.42 0.82 10.3 114 68.1 15.2 19.6 63.8 1L.o(=7)f
1739040645 SV... - 0.36 0.92 12.1 7.6 56.7 29.8 14.2 70.9 -
194974-4327 - 0.60 0.82 6.7 115 59.2 25.2 18.1 73.8 -
Table 4. 2MASS and IRAS colours and Mt Abu EWs (in A) of spectral features of the sample PAGB stars.

Star Spectral type H-K K—-12 Pag Bry CO(K) 21 pm Ta M
70222946208 G9a 0.44 6.38 - 9.2 8.4 - 300 2.9(-5)
0429643429 GOIa 0.49 7.34 - 4.1 17.7 —2.11 270 4.5(=5)"
0511341347 G8la 0.25 5.98 - 6.5 12.9 - 350 2.1(-95)
065561623 Bpe 1.11 5.10 - —52.4 - - 1200/150 1.0(=5)
0713441005 F5la 0.10 6.45 - 5.1 - —1.73 280 2.3(=5)1
07284—0940 KOIbpv 0.23 5.64 - - 10.9 - 450 1.0(=5)
07430+1115 GS5la 0.44 6.35 - 3.9 28.9 - 320 3.3(=5)
174231755 Be 1.48 5.30 - —5.6 —23.6 - 125 4.9(—6)f
182370715 Be 0.55 2.29 —25.6 —14.9 - - 70 5.8(—6)
1911440002 G5la 0.27 4.84 - 5.4 - - 120 4.9(=5)"
19157—-0247 BIIII 1.19 5.76 - - —10.8 - 270 L1(=6)f
1939942312 Ble 0.11 4.80 —6.2 —15.6 - - - -
2222344327 Fola 0.24 4.44 75 5.8 - —1.31 125 1.0(=5)"
2227245435 GS5la 0.38 5.55 4.4 34 30.2 —0.83 250 1.6(=5)1
22327-1731 AOQII 0.90 4.95 3.8 - 28.7 - 800 5.0(—6)
2330446147 G2la 0.36 6.48 3.4 5.1 12.8 —2.53 250 3.5(=5)1
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Figure 1. Mt Abu near-IR spectra of a selection of AGB and PAGB stars. From top to bottom the panels show PAGB, M, SR and S type stars giving two

examples per category.

series lines of H1 were found mostly among the PAGB stars where
a hotter central source is believed to be present. In addition, the CO
vibration—rotation lines of first and second overtone bands (Av =2
and 3, respectively) were seen in a large number of M, S and SR type
stars and in a few PAGB stars. Some PAGB stars showed H 1 Brack-
ett emission lines (IRAS 06556+1623, 17423—1755, 18237—-0715
and 1939942312 for the last one of which our spectra are new)
and an indication of fainter emission in CO. This could be due to
the fact that as the central star becomes hot, the CO lines become
progressively weaker and finally disappear when CO dissociates (at
11.2 eV). Around this time the H1recombination lines start becom-
ing prominent in emission. Our spectra on IRAS 0655641623 and
17423—1755 are quite comparable to those of Garcia-Hernandez
et al. (2002), with a faint detection of H, S(1) 1-0 line at 2.12 pm.
For the PAGB object IRAS 22327—1731, our spectra showed for the
first time absorption in H1 lines and CO bands. Some of the PAGB
objects that showed variability are discussed in Section 4. Equiva-

lent widths (EWs) were computed for all the spectral features that
are detected in our sample stars. The errors in the EWs are mainly
from the S/N of the lines. To that extent the errors are estimated to
be about 3 A, mostly applicable to the low-S/N (~3) line detections,
such as the metallic lines; but for high-S/N (=5) line/bands the er-
rors are <1 A. Tables 1—4 list the EWs (in A, positive for absorption
and negative for emission) of the CO(3-0, 4-1) second overtone
bands in H band, CO(2-0, 3—1) first overtone bands in K band and
H1 Brackett series lines (only for PAGB stars), for the programme
stars of each category.

3.1 Correlations and their implications

Based on physical processes, very interesting correlations were
found among spectral features observed in AGB stars (Kleinmann
& Hall 1986; Lancon & Wood 2000; Bieging et al. 2002). We tried
to see if our sample too shows these. Kleinmann & Hall (1986) and
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Bieging et al. (2002) have found that the CO(2-0) and CO(3-1)
band head strengths are correlated. From the Tables 1-3, we can see
this trend; in addition, one can see a correlation between CO(3-0)
and CO(4-1) bands as well.

The first overtone bands of CO (Av = 2) in the K band arise at
T ~ 800 K partly in the photosphere and partly in the circumstellar
envelopes; while the second overtone bands (Av = 3) in the H
band arise at 7 ~ 3000-4000 K entirely in the photospheric layers
(e.g. Hinkle et al. 1982; Emerson 1996). As a result, the pulsational
effects may be more pronounced in the Av = 3 bands than in the
Av = 2 bands; while the former will reflect the circumstellar matter
properties better. Thus we would expect a better correlation between
EW of Av = 3 bands with pulsation period P than the Av =2 bands.
It should be noted here that for the CO bands the S/N is high (in many
cases >5) and hence the errors in EW are <1 A. Fig. 2 shows EWs of
CO(3-0) and CO(2-0) plotted against the colour [H — K] for M type
stars. The phases of these variable stars are not necessarily the same
between our observations and 2MASS or IRAS data acquisition (see
Table 1 for phases during our observations). Also shown in Fig. 2
are the EWs of the CO lines from the S type stars (against the colour
[K — 12]). The trend of correlation for CO(3-0) band is quite clear.
For SR stars, we did not find any such trend.

In order to quantify the degree of correlation between two param-
eters, we have used the Spearman rank correlation method that does
not assume any functional relationship between them (e.g. used by
Loidl, Lancon & Jorgensen 2001). Fig. 2 shows only those correla-
tions with CO(3-0) for which the rank coefficient (p) > 0.50 and
its significance (s) < 0.01 (i.e. a chance occurrence of 1 in 100).
We find that for M stars, for the CO(3-0) versus [H — K], p is 0.50
with s of 0.008 (a chance occurrence of 8 in 1000); while for S
stars, for CO(3-0) versus [K — 12] p is 0.74 with s of 0.003. These
are moderately significant correlations as may also be visually seen

from the plots. In comparison, the coefficients and their signifi-
cance are quite poor for the CO(2-0) plots in Fig. 2. For M stars,
one can also see a trend in the CO (Av = 3) versus log P better than
CO(Av =2) versus log P (not shown). Usually the mass-loss is cor-
related well with the pulsation period; as also by the colour indices
[H — K] and [K — 12] (Whitelock et al. 1994). While the trends in
Fig. 2 are certainly beyond the errors in EW, we find that the scat-
ter is rather significant in the correlation plot between the CO(3-0)
band EWs and [H — K] and other mass-loss indicators (not shown)
such as log P and [K — 12], although it is much less in comparison
to the plots for CO(2-0) band (only [H — K] is shown). Lancon
& Wood (2000) and Loidl et al. (2001) argued that in the case of
carbon-rich AGB stars, the CO lines arise deeper in side the atmo-
spheres (close to the photospheres) and hence may not respond to
dynamical effects such as pulsations as much as those lines that arise
in the outer atmospheres. In our sample M stars, a large number of
them are oxygen-rich and hence the pulsational phase effects may
be significant and can possibly account for the scatter in our plots.

3.2 Spitzer spectra on a few post-AGB objects - PAH
and 21 pum features

We have searched the Spitzer archival spectroscopic data in the mid-
IR region of 6-30 pwm and succeeded in obtaining seven PAGB stars
for which the data were available and unpublished and are not in the
list of sources presented originally by Hrivnak, Volk & Kwok (2000).
The raw spectra (post-basic calibrated data) were analysed using
the Spitzer IRS Custom Extraction (SPICE) task under Spitzer data
processing software packages. Interesting spectra in the wavelength
range of 10-18 pm from these objects are shown in Fig. 3 (where
in addition to the seven Spitzer stars, we have shown one more
PAGB star, namely IRAS 2227245435, reanalysed from the ISO
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Figure 3. Spitzer spectra for some PAGB stars showing mid-IR PAH features in emission (for all the four spectra shown in the left-hand side panels and the
one in the top right-hand panel, continuum was subtracted using (fifth-order) polynomial fitting in segments). The spectra for IRAS 2227245435 were obtained

by reanalysing the /SO data and shown here for comparison.

spectral archives). Of these eight stars, IRAS 19157—0247 and
IRAS 22327—1731 are of early spectral types and showed nearly
featureless continua (see Fig. 3). For the spectra of those stars that
showed the in-plane and out-of-plane bending modes of C—H bonds
in polycyclic aromatic hydrocarbon (PAH) molecules (e.g. Kwok
2004 and Tielens 2005), we have subtracted the continuum by (fifth-
order) polynomial fitting in segments, in order to bring out the com-
parative strengths of the features. Fig. 4 shows the 610 pum spectra
on two stars for which the data are available; these stars show the
C—C stretching modes of 6.2 and 6.9 pm and the blended features
around 8 pm due to C—C stretching and C-H in-plane bending
modes. A comparison of the spectra in the region of 10-18 pum
common to about six PAGB objects suggests that the intensity of
the spectral features due to PAH molecules depends on the spectral
type of the star — being weakest or shallowest for cooler stars than
for relatively hotter stars. This can possibly be due to the ultraviolet
(UV) radiation flux and the hardness that is available to excite the
molecules (Tielens 2005).

We have computed the ratio of the EWs of the F;q¢/F;; fea-
ture which is known to indicate whether the molecule is neutral
or ionized (see Tielens 2005). We find that the PAGB star IRAS
0429643429, having a ratio of 11.3, probably shows indications
for ionized PAH molecules, while in IRAS 22272+5435, with a
ratio of 0.8, neutrals may be predominant (see Figs 3 and 4). Fur-
ther, the relative structure of PAHs may be inferred from the ratio
of Fy3/F127: a large ratio indicates large compact PAHs, while a
small ratio results when these molecules break up into smaller ir-

regular structures (Hony et al. 2001; Peeters et al. 2002; Sloan et al.
2005; Tielens 2005). In our sample PAGB stars, we find (see Fig. 3)
that the objects IRAS 0713441005 and 233044-5147 have ratios of
4.7 and 3.6, respectively, and hence may have large compact PAH
molecules compared to IRAS 0429643429 that has a ratio of 0.8.
In IRAS 0511341347 and 2227245435 the Spitzer spectra show
wide features at 7-8 and 11-12 pm regions. Such broad features
are usually attributed to more complex structures in PAH molecules
(see Kwok 2004).

Since the PAH modes arise by absorption of UV photons, their
presence indicates the onset of substantial UV flux from the central
star and hence the onset of transition/PPN phase. Mt Abu spectra
taken on all these objects do not show the H1 Brackett series in
emission; they are seen in absorption. Thus it is possible that the
UV radiation is soft (<13.6 eV) as H ionization has not yet started
in these objects.

Only three of our sample PAGB stars have Spitzer archival data
beyond 18 um, and all showed the 21-pum feature (Kwok, Volk &
Hrivnak 1989, 1999; Volk, Kwok & Hrivnak 1999; Decin et al.
1998), which was attributed to TiC (von Helden et al. 2000) or
SiC (Speck & Hofmeister 2004). Since these objects are already
known to have the 21-um feature (Volk et al. 1999), in Table 4
we give only the EWs of the feature (in um), along with the EW
for IRAS 0713441005 computed from ISO archival data. All the
properties of the observed feature (the peak wavelength, width and
red-side asymmetry) resemble the SiC feature as shown by Speck
& Hofmeister (2004).
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Figure 4. Spirzer spectra of IRAS 04296+3429 showing mid-IR (in the
range 6—10 um) PAH features in emission (continuum-subtracted as in
Fig. 3). The spectra for IRAS 2227245435 were obtained by reanalysing
the ISO data and is shown here for comparison.

3.3 Modelling of infrared spectral energy distribution

Using the pusTy code (Ivezic & Elitzur 1997), we have modelled
the SEDs in the spectral region of 0.5-100 um. This code incorpo-
rates full dynamical calculation for radiatively driven winds in AGB
stars. The photometric data on all the programme objects were com-
piled mainly from 2MASS and IRAS archives. We have modelled
the SEDs of all the programme stars except those that have upper
limits (quality = 1) in IRAS data in more than one band. For a
majority of the programme stars IRAS LRS data are not available.
Even in the /SO archives we could get only a few stars. Therefore,
we have modelled only the photometric fluxes, assuming silicate
dust for M, S and SR types; while for most of the PAGB stars, we
required carbonaceous dust. The dust grain data were taken from
in-built tables in DUSTY. In a few cases we obtained data from DE-
NIS and MSX archives as well. In the model that assumes spherical
geometry, we fix stellar parameters like the photometric tempera-
ture (based on the visible and the near-IR data), inner dust shell
temperature, type of dust and size distribution (MRN assumed) and
opacity at 0.5 pum (usually taken value between 0.1 and 1.0). We
have used density distribution relevant for modelling the radiatively
driven winds in AGB stars as incorporated in to DUSTY by its authors.
There would be 10-20 per cent uncertainties in all the model out-
put parameters. We have generated nearly 150 models using several
combinations of the above parameters. We then take the fluxes com-
puted by the code and normalize with the observed 2-pm flux from
each object and construct the model SEDs. A x? test is performed
to select the best fit model. In general the model shows that the

M types have lower effective temperatures than the S and SR types.
M types show higher opacities by a factor of 2, than the S and SR
types; S type being lowest. However, the inner dust shell tempera-
ture for all the types were found to be in the range 450-700 K. The
SEDs of PAGB stars showed, in general, double-humped but flatter
trend than their AGB counterparts, indicating detached circumstel-
lar shells (see e.g. Hrivnak & Kwok 1999). Since some of these
are transition objects their spectral classes are much earlier than M
types. The inner dust shell temperatures for most of the PAGB stars,
as listed in Table 4, are found to be in the range of ~100-300 K,
significantly cooler than the values for AGB stars. A warmer dust
shell was required in addition to the cooler one in one of the PAGB
stars (1200 K for IRAS 06556+1623). The dust parameters that we
obtained are in good agreement with those in the published litera-
ture. A few examples of SEDs of M, S, SR and PAGB stars and their
model fits are shown in Figs 5-7, respectively. The busty AGB star
model estimates mass-loss rate also but with larger uncertainty of
30 per cent. The mass-loss rates (in M yr~') thus obtained are
listed in Tables 14 for all the types; the sign t shows stars for
which the rates are independently available from CO rotational line
observations by several authors, namely Loup et al. (1993), Sahai &
Liechti (1995), Groenewegen & de Jong (1998), Jorissen & Knapp
(1998), Winters et al. (2000) and Ramstedt et al. (2006) for M, S
and SR stars; and Woodsworth, Kwok & Chen (1990), Likkel et al.
(1991), Omont et al. (1993), Hrivnak & Kwok (1999), Bujarrabal
et al. (2001), Hoogzaad et al. (2002) and Hrivnak & Bieging (2005)
for PAGB stars. Our model mass-loss rates are in reasonably good
agreement with those determined from CO rotational lines, for all
cases. From Tables 1 and 4, one can see a clear trend of increase
of mass-loss rate with increase of the colour [K — 12] (e.g. Bieging
et al. 2002). Basically most of our sample M type stars are in the
ascending phase of their AGB stage and hence the mass-loss rate
increases with the [K — 12] index (see Whitelock et al. 1994 and
Habing 1996); while the PAGB stars in our sample are already in the
PPN stage, having just passed the superwind mass-loss event. Fol-
lowing this phase the mass-loss would decrease. In fact one can see
(Table 4) that the mass-loss rates for hot PAGB stars are distinctly
less than those for cooler ones, possibly indicating the decrease of
mass-loss after a superwind event.

4 SPECTRAL VARIATIONS IN SOME PAGB
OBJECTS

Most of the PAGB stars in our sample are identified as PPNe (see
Ueta et al. 2003 and references therein). Repeated spectroscopic
observations were made on a few selected stars IRAS 17423—-1755,
IRAS 18237—0715, IRAS 1939942312 and IRAS 2227245435
(see Table 4 for their spectral types). Our results on several sources
are compared with those taken earlier by Hrivnak, Kwok & Geballe
(1994), Oudmaijer et al. (1995) and recently by Kelly & Hrivnak
(2005). Here we report spectral variations in the CO first overtone
bands in IRAS 22272+-5435; and in H1lines in stars of early spectral
type (hot PAGB stars). In both cases the time-scales of variability
are short and may be associated with episodic mass-loss.

4.1 Variability of CO first overtone bands
in IRAS 2227245435

The spectra of this object of spectral type G5la show signatures
that are probably indicative of its advanced stage of evolution in the
PAGB phase. It was shown by Hrivnak et al. (1994) that the ob-
ject shows episodes of mass-loss that was evident from month-scale
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with observed data from literature (open circles). See text for model parameters and explanation.

variability in its spectra. We obtained its spectrain H and K bands on the K band seen on November 4 were absent on December 22. But
two occasions separated by about 47 d (2006 November 4 and De- the Brackett H1 absorption lines were seen in both H- and K-band
cember 22). EWs for 2006 November 4 are given in Table 4. Fig. 8 spectra on both the observations. Interestingly the H-band sec-
shows the spectra and it is clear that the CO first overtone bands in ond overtone bands of CO were still present in the spectra on
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Figure 8. H- and K-band spectra of the PAGB star IRAS 2227245435 taken on two dates from Mt Abu.

December 22. This shows that the mass-loss reached the outer re- We have found variability of spectra in a few other PAGB stars
gions of the atmosphere where the temperature is about a few hun- similar to IRAS 22272+5435. The H- and K-band spectra of IRAS
dreds of degree kelvin. The pulsations must be responsible for heat- 0511341347, 1IRAS 1911440002 and IRAS 22223+4327 were ob-
ing the matter in these regions resulting in the excitation of these served by Hrivnak et al. (1994). Our observations, made about 12 yr
lines and filling the absorption seen earlier. later, show clear indication of variability of CO in these stars which
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might have occurred during the intervening period. In all these cases,
the variations were found only in CO first overtone bands while the
H1 lines did not change. Oudmaijer et al. (1995) found CO second
overtone bands in emission in the object IRAS 1911440002 while
our observations show near absence of these bands which can be
attributed to mass-loss variations.

4.2 Variability of H1 lines in IRAS 19399-+2312

On the basis of the IRAS colours, Gauba et al. (2003) suggested that
IRAS 1939942312 (also known as V450 Vul) is a hot PAGB star
possibly in transition to become a PPN. It was classified as a B111I
star by Parthasarathy, Vijapurkar & Drilling (2000) but as B1IIle by
Kohoutek & Wehmeayer (1999). Recently, Greaves (2004) argued
that being a possible member of the cluster NGC 6823, this star
is unlikely to be a PAGB transition object but could be a spectro-
scopic type Be star. We made JHK band spectrometry at Mt Abu
Observatory on this object on three occasions: first time on 2005
November 1 and then recently on 2007 May 15 and again on 2007
June 5-6 (the EWs obtained on 2007 June 6 are given in Table 4).
The 2005 November 1 spectra showed some what shallow absorp-
tion in H1 Paschen B and Brackett series lines. The later spectra
however showed very prominent emissions in the H1 lines, as well
as a few permitted lines in He1 and even forbidden lines in [Fe11]
(1.60 um) at relatively lower S/N (see Fig. 9). We also notice at a
rather low S/N but still discernable CO (Av = 3) lines in absorp-
tion. The appearance of the CO absorption lines is not usual in Be
stars, as also the forbidden lines of metals ([Fe11]). In view of the
appearance of forbidden lines (which was not reported earlier), and
faint but significant CO lines, we believe that this object may as well
be a transition object. To our knowledge, our observations are the
first to show spectral variability in this object. From the ratios of
the Brackett series lines which deviate from the Case B assumption
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(see e.g. Lynch et al. 2000), we infer variations in electron density
or opacity in the atmosphere of this object associated with the H1
line ratio variations that occurred between 2007 May 15 and 2007
June 5/6.

We made repeated observations on two more PAGB stars of early
spectral type: for IRAS 17423—1755 (Be) on 2003 May 29 and 2007
May 13 and for IRAS 18237—0715 (Be) on 2004 May 28, 2006 Nov
3 and 2007 May 14. In Table 4, the EWs for IRAS 17423—1755
are for the date 2003 May 29; and for IRAS 18237—0715 the EWs
are for 2006 November 3. We find variations in the intensities of H1
Brackett series emission lines in both these objects. In the case of
IRAS 18237—0715 the Brackett line ratios matched well with the
Case B assumption on 2004 May 28 and 2006 November 3; while on
2007 May 14 the ratios deviated from Case B. Earlier in a detailed
study Miroshnichenko et al. (2005) found spectral line variations in
this object. This star did not show CO lines (Table 4). In the case of
IRAS 17423—1755 on both the days of our observations the ratios
deviated from Case B. These observations indicate the changes in
electron density or opacity. This star showed CO first overtone lines
in emission (Table 4). While Gauba et al. (2003) found emission
lines in the optical spectra of IRAS 17423—1755 and 18237—0715
and hence termed these as transition objects, the nature of the latter
object is ambiguous and could be a luminous blue variable according
to the study of Miroshnichenko et al. (2005). Our IR spectra of this
object closely resemble those of Miroshnichenko et al. (2005) and
show P-Cygni type profiles with double peaks (see Fig. 1, top panel).
Since we do not find CO lines in the spectra of this object it is likely
that this object cannot possibly be a PAGB/transition object; or CO
must have been dissociated.

In the case of the object IRAS 22327—1731 (type AOIIl) Oud-
maijer et al. (1995) found that the CO bands as well as the H1 lines
were absent; our results (Table 4) show that the object displays the
CO bands and H1 Paschen B and Brackett y in absorption, thus
showing variability.
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Figure 9. J-, H- and K-band spectra of the PAGB star IRAS 19399+2312 taken on two dates from Mt Abu.

© 2008 The Authors. Journal compilation © 2008 RAS, MNRAS 385, 1076-1086



1086 V. V. Raman and B. G. Anandarao

5 CONCLUSIONS

(i) The EWs of CO(3-0) show a trend of correlation with [H — K]
in M type; while in S stars the CO(3-0) shows a positive correlation
with [K — 12].

(i1) The Mt Abu H- and K-band spectra also showed marked dif-
ferences in the three types.

(iii) Archival Spitzer spectra of a few PAGB stars showing PAH
emission features confirm their advanced stage of evolution into
PPNe. There appears to be a dependence of the strength of the PAH
features on the spectral type.

(iv) Modelling of SEDs of a number of the programme stars
showed marked differences in various generic types. Model mass-
loss rates for M and PAGB stars show an increasing trend with the
colour [K — 12] in our sample stars.

(v) Our observations showed that several PAGB stars undergo
short-term spectral variability that is indicative of ongoing episodic
mass-loss. Cooler PAGB stars showed variation in CO first overtone
lines. In contrast, the hot PAGB stars showed variation in H1 lines.
The hot PAGB star IRAS 1939942312 is identified as a transition
object.
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