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Summary

The stellar evolutionary phase between AGB and PN (Post-AGB/PPN phase) is not
well understood. Only recently it is becoming possible through IRAS data to recognize
stars which may be in the post-AGB phase. In this thesis, we study post-AGB stars
in two folds: one is identifying new post-AGB stars based on their spectral energy
distribution and other is study of photospheric chemical composition of few newly
identified post-AGB candidates to confirm their evolutionary status. Our chemical
abundance analysis is based on high resolution spectra obtained with 2.1 m telescope
at McDonald Observatory and Issac Newton Telescope (INT) at La Palma. We also
use medium resolution spectra obtained from Vainu Bappu Telescope (VBT), at Vainu
Bappu Observatory (VBO). The chemical abundance analysis presented in this thesis
will help in further understanding of stellar structure and evolution and in particular

chemical evolution in the late stages of stellar evolution.

In chapter 1, we give a general introduction to the subject. The evolution of
low- and intermediate- mass stars is briefly outlined. We also present the chemical
abundance patterns at different phases of stellar evolution. We discuss observational
properties of post-AGB stars and various groups of post-AGB stars. We give an

overview of the available chemical composition of post-AGB stars.

In chapter 2, we investigate a sample of IRAS sources which have far-IR colours
similar to PNe and post-AGB stars. We present CCD imaging and BVRI photometry.
We discuss the observed flux distribution of these sources from 0.4 gym to 100 pm.
From their spectral energy distribution, we find stars which have only cold dust
component and stars which have both cold and hot dust components. We also present

the results of low resolution optical and near-IR spectra of these sources. Stellar and
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dust envelope parameters are derived using simple model. These results suggest that

most of the IRAS sources considered here are associated with post-AGB supergiants.

High resolution optical spectroscopic observations program is outlined in chapter
3. This chapter contains a brief description of spectroscopic reduction procedure using
Image Reduction and Analysis Facility (IRAF). We also discuss in brief the computer
CODES and stellar model atmospheres involved in chemical composition analysis. We
discuss in general the various methods involved in determining atmospheric parame-
ters: effective temperature (T.;y), surface gravity ( log g), microturbulence (¢;) and
metallicity. This chapter also contains, a brief description of post-AGB candidates

which are chosen for chemical composition analysis.

In chapter 4, for the first time we present the chemical composition analysis of
a post-AGB candidate IRAS 0534140852 based on high resolution spectra. This
star shows 3.3 um and 21 pm emission features which are attributed to carbon-
rich molecules such as PAH and Fullerenes, indicating that the circumstellar dust is
carbon-rich. Our abundance analysis shows that the star is metal-poor ([Fe/H]=~1.0)
and carbon-rich ( C/0~2.2). The light element Li is found to be overabundant which
is about 100 times (log € Li=2.5) more than that observed Li in normal giants and
supergiants. Carbon, nitrogen, oxygen, aluminum and silicon are found to be over-
abundant. More importantly this star has large overabundance of s- process elements.
So far JRAS 0534140852 is the only post-AGB star showing overabundance of Li, C,
Al and s-process elements which are all in general agreement with the predictions of
the third dredge-up and Hot Bottom Burning AGB evolutionary models. However
these theoretical models suggest that Li and Al are produced in significant amounts
during the HBB in massive AGB stars. The [S/Fe]=0.07 indicates that the low Fe
abundance is intrinsic and it is not due to fractionation in this case. We compared
the high-resolution spectra and results of a well known post-AGB star HD 56126
with that of IRAS 053414+0852. We found the spectra of IRAS 0534140852 is more
dominated by s-process elements than that of HD 56126 and Li is not found in HD
56126. The low Fe abundance ([Fe/H]=-1.0) of IRAS 0534140852 indicates that it is
a low-mass post-AGB star. The overabundance of Li and Al suggest that HBB may

take place in the low-mass AGB stars also.
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In chapter 5, we study the chemical composition of few bright post-AGB stars
sclected based on their infrared, optical and kinematical properties. The stars studied
in this chapter are: HD 179821, HD 70379 (chapter 2) and IRAS 18095+2704. In this
chapter we try to understand the possible nature of an unusual object HD 179821.
This object has been classified as either a run away O- type supergiant, or a post-
AGB star mimicking population I supergiant or a massive yellow supergiant evolving
from massive red giant branch to Wolf-Rayet phase. The low Fe abundance and
overabundance of s-process elements and carbon and also the high radial velocity
indicate that HD 179821 is a low-mass post-AGB supergiant and not a massive red
supergiant. We find HD 70379 is slightly metal-poor with overabundance of C,0 and
s-process elements. We thoroughly discuss the results of chemical composition and
compared with theoretical predictions. These results combined with its kinematical
properties suggest that HD 70379 is a post-AGB star. The chemical analysis of
IRAS 18095+2704 suggests that star is oxygen-rich. This result is consistent with
the oxygen-rich dust envelope of this object.

In Chapter 6, we study HD 105262 which bhas high Cl-index and large proper
motion (0”.057 year™!). The large proper motion post-AGB supergiant stars are
very rare. HD 105262 is a high galactic latitude (472°) A-type star. Earlier, it was
classified as a Field Horizontal Branch (FHB) star. Recently, Abt (1993) suggested
that it may be a star similar to HR 4049. We analyze the optical medium and high
resolution spectra. The results of spectroscopic analysis of HD 105262 indicate that
it has gone through the AGB nucleosynthesis. The chemical composition, absolute
magnitude, high galactic latitude and kinematics indicate that HD 105262 is a halo
metal-poor post-AGB A supergiant and not a Field Horizontal Branch Star.
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Chapter 1

Introduction

1.1 General introduction

Stars, like people and the Universe, grow old and die, but they do not go gentle into
the good night—the raging of a supernova is approached in luminosity only by that of
gas about to be devoured by a massive black hole. Low and intermediate-mass stars
die much less spectacularly, but their deaths are far from insignificant. In the course
of prodigal consumption of nuclear fuel which occurs after the main sequence phase,
evolving stars increase their luminosity by factor of 10* or more and expand to great
sizes. The cool outer layers of the star are weakly bound to it at this stage, and they
are ejected by the star in the form of a wind. During the second ascent of the giant
branch (the asymptotic giant branch phase or AGB) a ferocious struggle occurs in the
interior of the star—can the star shed its outer envelope before the core mass grows
above the Chandrashekar mass limit of 1.4 Mg and the star explodes as supernova?
If so, the central degenerate remnant evolves to its final white dwarf stage, ionizing
the circumstellar material to form a planetary nebula. The circumstellar gas then
moves away from the star and is returned to the interstellar medium.
—Knapp (1991)
In this thesis, we study these less spectacular, but more significant low and
intermediate-mass evolved stars which contribute =2 70% of chemically enriched dust

material to the interstellar medium. The dust contribution by various group of stars
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Figure 1.1: Dust contribution to the ISM by various groups of stellar objects. TP-
AGB: thermally pulsing AGB stars, SN: suprenovae, A-RGB: Asymptotic red giant
branch stars, WR: Wolf-Rayet stars, RYSG: red and yellow supergiants, E-AGB: early
AGB stars, MS: main sequence stars. ( After Sedlmayr 1994)

is shown in Fig.1.1. Stars form in the interstellar gas which is contaminated by dust
thrown by evolved stars. Thus the newly formed stars have metal enriched chemical
composition. The schematic diagram shown illustrates the role of these objects in
the chemical evolution of galaxies. Today there is a general understanding of stellar
evolution from star birth in the interstellar clouds to star death as either a white
dwarf ( low and intermediate-mass stars) or a neutron star or a black hole (massive
stars M> 9My ). However the late stages of stellar evolution are not well understood,
both theoretically and in particular, observationally. The stellar evolutionary phase

between the AGB and Planetary Nebulae (PNe) was a missing link in stellar evolution
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for a long time. The Infrared Astronomical Satellite (IRAS) mission in 1983 made
it possible to understand this transition phase considerably. Now it is believed that
post-AGB stars are the immediate precursors of PNe. To date, many sources from
the IRAS database have been proposed as post-AGB candidates but very few of them
have been studied in detail. It is highly important to discover more post-AGB stars
and study them in detail, especially in terms of their chemical composition.  After
a brief introduction to the evolution of low and intermediate-mass stars (section 1.2)
and their chemical composition in various stages of stellar evolution (section 1.3), we
give a brief introduction to the post-AGB stars, various groups of post-AGB stars

and their observational properties in section 1.4 .

1.2 Evolution of low and intermediate-mass stars

In this section we present a brief qualitative picture of evolution of low (M< 2.3My)
and intermediate (M < 8 M) mass stars. It is believed that stars form in gravitation-
ally unstable interstellar clouds. Initially, a cool cloud of interstellar gas contracts
gravitationally, giving off radiation in the far infrared ( far-IR). As the contraction
proceeds, the cloud temperature rises. The surface temperature remains constant for
a long period as the proto star becomes smaller and smaller. Thus the luminosity of
the star decreases during this stage but the colour remains constant. The Hayashi
track of the star on a Hertzsprung-Russel (H-R) diagram is therefore represented by
a nearly vertical line. Iben (1965) suggested that this stage is followed by a nearly
horizontal track towards the main sequence. During this phase, the star reaches a
central temperature of around 10 K. As light elements like lithium and deuterium
are burnt, the track may undergo some short-lived changes. When the track of this
gravitationally contracting star intersects the main sequence, the star has reached a
point where it will be stable for the longest period of its life consuming the energy
liberated from the nuclear fusion of hydrogen into helium. The onset of nuclear burn-
ing on the main sequence makes the details of prior evolution largely irrelevant to

subsequent evolution.

Further stellar evolution off the main sequence largely depends on the initial mass
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of the star on the main sequence. After exhaustion of core hydrogen, low and
intermediate stars move towards the right in the H-R diagram, burning hydrogen
in the shell and dumping the resultant helium on the core. This central helium core
contracts gravitationally to support the outer envelope of the star. As the mass of the
central core continues to increase, the core slowly contracts and its temperature rises.
The increase in the core temperature causes an increase in luminosity. The increased
luminosity in turn causes the outer envelope of the star to expand, decreasing the
temperature gradient. The result is that the star moves upward and a little to the
right in the H-R diagram. Stellar evolutionary tracks of 1 Mg and 5 Mg in the H-R
diagram are shown in Fig. 1.2. The process continues until the temperature gradient
exceeds the adiabatic gradient. Then the entire outer envelope becomes convective.
Convection occurs over a greater depth for more massive stars. The stars now follow
approximately the track of a fully convective star ( Hayashi track), but in reverse.

This phase in stellar evolution is known as Red Giant Branch (RGB) of evolution.

Further evolution of low-mass stars differs significantly from that of intermediate
mass stars. A massive star has a convective core and does not have a helium de-
generate core. In the massive star, central temperature reaches 108 K faster than in
the low-mass stars and burning of the central helium sets in earlier. In the central
cores of a massive star, helium burning terminates when He is completely processed
into carbon and oxygen. During this phase the star loops back and forth near the
Hayashi line. While the helium shell burns outwards, the C-O core increases in mass
and contracts. This is similar to the situation before helium burning. But now the
star has central C-O core, surrounded by helium and hydrogen burning shells. The

star now moves upward on the Asymptotic Giant Branch (AGB) in the H-R diagram.

The situation of low-mass star is different, because a low-mass star has a radiative
core and degeneracy of the core plays an important role in the evolution. As the
temperature of the hydrogen burning shell increases and the degenerate core builds
in mass, the core temperature ultimetely reaches 10® K. This triggers the He ignition
via the triple-a (3-a) process. Under normal conditions, the burning of helium could
begin in a measured way as in massive stars. However, the core is degenerate, so

the electron pressure is only weakly dependent on temperature. A further increase
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Figure 1.2: The evolutionary tracks in the H-R diagram for stars of 1.0 Mg and 5.0
Mg. The heavy portions of each curve indicate where major nuclear burning stages
occur in the core. The label ZAMS refers to the Zero Age Main Sequence, RGB
to the Red Giant Branch, HB to the Horizontal Branch, AGB to the Asymptotic
Giant Branch, EAGB to the Early-AGB, TPAGB to the Thermally Pulsing-AGB
and PPNe to the proto-planetary nebulae. The main episodes of mixing ( 1%, 2™
and 3¢ dredge-up) are indicated by 1**D-up, 2*¢D-up and 3°D-up, respectively (
after Chiosi 1992).
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in temperature, therefore, increases the nuclear reaction rates and leads to thermal
runaway and an enormous over-production of nuclear energy. The local luminosity at
maximum reaches 10' Ly, about that of a whole galaxy for a very short duration of
time. However, these effects are not seen at the surface of the star, as the radiation
is absorbed by the expansion of the outer non-degenerate layers. After the violent
helium flash, there follows a phase of quiet burning of helium in non-degenerate
matter, called Horizontal Branch (HB) in the H-R diagram. This is also known as
helium main sequence since helium is being burnt in the core. In this phase, hydrogen
burns in a shell. The mass of the helium core grows as a result of hydrogen shell
burning and the core helium is converted to carbon and oxygen. When the helium in

the core is exhausted the star’s evolution on the HB terminates, and it evolves along

the AGB.

A star massive enough to evolve off the main sequence and less massive than 8 Mg
evolves into an AGB star with an electron-degenerate core composed of carbon and
oxygen. All stars in this phase are confined to a very small region of the H-R diagram,
with surface temperature in the range 2500-5000 K. During the AGB phase, a low-
mass star follows a path very close to the RGB which is defined by shell hydrogen

burning stars with electron-degenerate helium core.

The evolution of low and intermediate stars on the AGB phase can be separated
into two parts: the early AGB phase (E-AGB) which lasts until the H-burning shell
is reignited and the thermally pulsing AGB phase (TP-AGB) which lasts until the
H-rich envelope is lost via mass-loss. As helium in central regions is completely
exhausted, C-O core contracts and heats up while the H-rich envelope expands and
cools. Cooling in the layers external to the C-O core is so effective that the H-burning
shell is extinguished. In the H-R diagram (Fig.1.2) the AGB stars evolve almost
parallel to the RGB. Eventually the expansion of the envelope is halted by its own
cooling and the envelope recontracts and the material at the base of the convective
envelope heats up. Ultimately, the H-burning shell is reignited. This terminates E-
AGB. Meanwhile the matter in the C-O core reaches such high densities that the
electrons there become degenerate. Following the reignition of the shell H-burning,

nuclear burning in the He-shell becomes thermally unstable ( Iben and Renzini 1983,
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Figure 1.3: A schematic diagram showing the structure of a (post)-AGB star. a:
C+0O degenerate core, b: He—burning shell, c: a thin intershell mostly composed of
He., d: H—burning shell, e: deep convective envelope, f: detached expanding dust

envelope.

1984; Iben 1991) and leads to thermal pulsation. A typical AGB star has the following
structure: (1) a degenerate core composed of a mixture of *C and 60, (2) a narrow
helium-burning shell source, (3) a thin intershell layer composed of mostly He, (4)
a narrow hydrogen-burning shell source and (5) an extended outer envelope (Fig.
1.3). The dominant energy source for thermal pulses to occur is the 3-a reaction
similar to helium-core flash on the RGB. Here burning occurs in a non-degenerate
region between the C-O degenerate core and the He and H discontinuity. The energy
released by 3-o reaction, goes to expand the outer layers due to which cooling sets in

and helium burning begins to die down. The matter expelled by expansion reaches
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out to such low temperatures and densities that the hydrogen burning is effectively
shut off. Ullimately, when the helium burning luminosity falls below the surface
luminosity, the propelled matter falls back and gets heated until hydrogen burning
sets in. The alternate burning of He and H shells generates thermal pulses ( Iben
1983; Renzini 1981). During this phase, processed material in the intershell region
can be brought up to the outer convective envelope and exposed to the surface. This

is known as third dredge-up.

The evolution along the AGB is greatly influenced by the mass-loss. As the stars
ascend the AGB, thermal pulses increase and hence the mass-loss also increases.
Stars on the AGB grow in size ( R¥=250-500 Rg), and as result their surface gravity
decreases enormously. Stars on the AGB are cool ( T.sy < 5000 K), highly luminous
( Lyt = 10*), and lose mass at rates of 1078 to 10™*Mpyr~! ( Knapp et al 1982).
The matter propelled by mass-loss forms dust around the star. At the tip of the
AGB many stars are hidden by thick dust shells and emit most of their energy in the
infrared regions. Typical AGB stars are Mira variables and OH/IR stars. The stars
on the AGB are classified as oxygen-rich and carbon-rich stars based on their infrared

spectral features.

The spectra of oxygen-rich stars are characterized by 9.7 um and 18 ym circum-
stellar silicate features and carbon-rich stars by 11.3 pum emission feature of SiC.
Evolution of the emission feature at 9.7 u in the E-AGB stars (Mira variables) to self-
absorption in the evolved AGB stars (OH/IR stars) confirms the increasing mass-loss
as the star ascends on the AGB ( Kwok 1993). When the mass of the hydrogen burn-
ing envelope drops below a certain limit (10~2Mg) the AGB evolution is terminated
and the star starts to move blueward in the H-R diagram. Now the star evolves in
the post-AGB phase of evolution. During this phase the optically thick dust shell
gets diluted due to its continuous expansion and decreasing mass-loss, and the star
becomes optically visible again. IRAS observations have detected several objects
with spectral types FI and GI which are surrounded by cool and detached dust shells
( Parthasa.rat'hy and Pottasch 1986; Likkel et al 1987; Pottasch and Parthasarathy
1988). Typical members of this stage are also the non-variable OH/IR stars ( Bedijn

1987). During this phase central stars evolve, with increasing temperature, towards
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planetary nebula

and when the nebula dissipates into the ISM, the star evolves to its final stage as
a white dwarf.

1.3 Chemical evolution

The determination of chemical composition is an important aspect in stellar structure
and evolutionary studies. The chemical composition analysis of AGB and post-AGB
stars would provide clues to understand the nucleosynthesis, mixing and mass-loss in
the advanced stages of evolution of low and intermediate-mass stars. In the following
sections we discuss briefly the chemical composition and dredge-up process in the
major stellar evolutionary phases. We use a standard notation: [X] = log1o(X)star —
log10(X )sun to represent any quantity X ( e.g Fe/H, C/Fe etc. ) in the stellar

atmospheres.

1.3.1 Main Sequence

The burning of hydrogen into helium in the main sequence takes place in low-mass
main sequence stars, through mainly the reaction called PP chain, and in the upper
main sequence stars through the CNO cycle. The final result of these two types of
reactions is to convert four *H nuclei into one *He nucleus. In low-mass stars hydrogen

burns through the following PP chain reaction.

'‘H+’H —»*H+e*+v

*H+'H -+ He+e*+y

3He+3He »*He+2'H 3He+4He -+"Be+y
(pp1)

TBe+e~ -TLit+v TBe+!H +*B+y

TLi+'H ~+*He+*‘He *B +®"Be+et+v

(Pp2) *Be -+‘He+‘He

(pp3)
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The CNO cycle is the other main series of reactions through which hydrogen burns
on the main sequence in the intermediate-mass and more massive stars. It requires
the presence of some isotopes of CNO to act in a manner similar to catalysts in

chemical reactions. The sequence of reactions can be represented as follows:

l

12C+1H -13N+y
BN ~13C+et+v
13C+1H ->MN+y
—14N+1H 160+
180 ->!5N+e*+v

18N+1H -12C+4He

180+
160+!H->1"F+y
"F -»170+e*+v

170+1H- "N +*He

1.3.2 Red Giant Branch

Theoretically it is known that during the main sequence lifetime of a star there is a
gradual conversion of 2C into »3C and ' C through the CNO cycle hydrogen fusion
reactions. As the star becomes a red giant, its deepening convective envelope serves
to mix its altered interior element isotopes with the outer envelope layers. This is the
first indication of interior nucleosynthesis that becomes visible at the stellar surface.
This mixing process in the RGB stars is called first dredge up. The quantitative
estimates for the changes in surface C and N contents in Population I solar metallicity

stars during the RGB suggest that: (a) the C/N value in giants drops to = 1 from
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the main sequence value of & 5, (b) the 12C/*3C ratio would decrease from = 90 to
about 20-30 (c) the '*0 abundance would not be altered because the ON portion
of the CNO cycle would not be effective in the relatively low temperatures of the
stellar core regions reached by convective envelope ( Iben and Renzini 1984; Wheeler
and Sneden 1989). These predicted changes in abundances have been confirmed by
observations of RGB stars ( Lambert and Ries 1981). Recent determination of carbon
isotope ratio in giants of open clusters ( Gilroy 1989) also supports the theoretical
predictions. However the studies of chemical composition of old disc and population
IT RGB stars suggest that the theoretical description of first dredge-up may not be
able to explain the observed chemical composition ( Langer and Kraft 1984; Sneden
et al 1986).

1.3.3 Asymptotic Giant Branch

Observations reveal that CNO and the s-process elements like Sr,Y,Ba are synthesized
in the low and intermediate-mass stars on the AGB and brought to the surface.
The 3-a reactions which contribute large overabundance in carbon, occur at central

temperatures > 10® K. This is accomplished via two steps:
‘He 4% He —8 Be
8Be+* He =12 C + v

Once sufficient '?>C has been produced by 3-a reaction, further a particle captures
on carbon yield oxygen via the reaction 2C +* He —¢ O 4-~. This reaction destroys
carbon, but the destruction of carbon is negligible compared to the production of
carbon in the helium shell flashes on the AGB. To bring by-products of these nu-
clear reactions from the interior of the AGB star to the photosphere, two transport
mechanisms operate. One is the second dredge-up in the E-AGB star and the other
is third dredge-up in the TP-AGB star due to the deep convective envelopes. The
second dredge-up results in further decrease in carbon and increase in nitrogen and

almost no changes in the oxygen abundance.
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For the stars of initial mass > 2Mg, because of the intensive thermal pulses
the base of the convective envelope reaches the region containing highly processed
material ( Iben and Renzini 1983 and refs therein) which brings freshly synthesized
12C and neutron-rich isotopes to the surface. This is the result of third dredge-up. The
severity of third dredge-up depends on the number of pulses on the AGB. Presence of
carbon stars (C/O >1.0) and s-process element rich stars confirm the third dredge-up

predictions. We discuss these aspects in detail later in this study.

1.4 Post-AGB stars

It is understood from section 1.2 that only low and intermediate stars go through the
AGB phase of stellar evolution. In this section we discuss post-AGB phase, various

groups of post-AGB stars and their observational properties.

After the termination of AGB the star evolves towards higher temperature, but
with constant luminosity, jonizing its circumstellar material to form a Planetary Neb-
ula (PN). Recombination lines of hydrogen and forbidden lines of metals will make
the nebula easily observable in the visible. The stellar evolutionary phase (low and
intermediate-mass stars) between the end of the AGB and PN is known as Post-

AGB/Proto-planetary Nebula (PPN) phase.

We investigate in this thesis, this late stage of stellar evolution in between AGB
and PN phases. The post-AGB/PPNe stars are those that have stopped large scale
mass-loss on the AGB ( Habing et al 1987; Kwok 1993), but have not evolved to
be hot enough to emit a sufficient quantity of Lyman-continuum photons to ionize
the surrounding remnants of the AGB envelope. Recent, multi-wavelength studies
of these transition objects suggest that the following types of stars are most likely
post-AGB stars: i)luminous high latitude supergiants ii) IRAS sources having far-IR
colours similar to planetary nebulae, iii) RV Tau stars, iV) UU Her stars and UV

bright stars in globular clusters.
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1.4.1 Luminous high latitude stars

Ever since Bidelman (1951) noticed A and F supergiants ( HR 6144, 89 Her and
HD 161796) at high Galactic latitudes, the question of their origin evoked much
debate in the literature ( Luck and Bond 1984; Lamers et al 1986; Hrivnak and Kwok
1991; Sasselov 1984). Parthasarathy and Pottasch (1986) for the first time discovered
the fact that the far-IR colours of some bright high galactic latitude supergiants,
are similar to PNe colours. They concluded that the detached cold circumstellar dust
shells around the high latitude supergiants is the result of severe mass-loss experienced
by these stars in the recent past during their AGB phase of evolution. The superwind
type of mass-loss has terminated their AGB phase of evolution. Based on the available
data Parthasarathy and Pottasch (1986) concluded that the high latitude supergiants

are low-mass stars in post-AGB stage of evolution.

Recent studies show that several high latitude A and F supergiants have high
space velocities, low metal abundances ( Bond and Luck 1987), circumstellar dust
shells
( Parthasarathy and Pottasch 1986), and molecular envelopes ( Likkel et al 1987)
which indicate that these are low-mass evolved stars. The supergiant like spectra of

these stars indicate an extended atmosphere around the low-mass (0.6Mg) C-O core.

Examples of high latitude supergiant stars which are thought to be post-AGB
objects, based on their IR excess and spectroscopic studies, include HD 161796, HD
56126, HD 101584 ( Parthasarathy and Pottasch 1986; Parthasarathy et al 1992) HD
52961, HR 4049 ( Waelkens et al 1991), HR 4912, HR 7671, HR 6144, HD 161796
( Luck et al 1990), IRAS 1809542704 ( Hrivnak et al 1988) and HD 105262 (Reddy et
al 1996). There may be many more objects among the luminous high latitude stars,
which are infact low-mass post-AGB stars. A systematic spectroscopic study of these

stars is highly important.

1.4.2 TIRAS sources

Before the IRAS mission in 1983 only two transition objects were known , AFGL 618
which is a bi-polar PPN ( Westbrook et al 1975) and AFGL 2688 ( Ney et al 1975).
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The IRAS mission surveyed 95% of the sky in four broad band far-IR filters at 12
pm, 25 pm, 60 ym and 100 pm. The IRAS fluxes of several thousand point sources
have been listed in a catalogue called Point Source Catalogue (PSC). Classification
of IRAS sources in PSC based on IRAS colour-colour diagram ( Pottasch et al 1988;
van der Veen and Habing 1988) led to the idea that the sources in between OH/IR
sources and PNe in the diagram are possibly post-AGB or young planetary nebulae.
In this diagram PNe region is well separated from H II regions, galaxies and main

sequence stars.

By assuming that the infrared properties of PNe are inherited from post-AGB or
AGB stars, many unidentified IRAS sources having far-IR colours similar to PNe have
been suggested as possible post-AGB candidates (Prete- Martinez 1988; Manchado
et al 1989; Garcia-Lario et al 1990). Through studies of dust envelope evolution
( Habing et al 1987), OH and CO millimeter properties ( Hu et al 1993a) and optical
spectral properties ( Hrivnak 1995; Hu et al 1993b) many IRAS sources have been
identified as potential candidates for post-AGB stars. For example IRAS 1809542704
( Hrivnak et al 1988), IRAS 17514-1555 which is bi-polar proto-planetary nebula ( Hu
and Bibo 1990), IRAS 04296+ 3429, IRAS 05113+1347,IRAS 2000+3239 and IRAS
2330446147 ( Hrivnak 1995 and refs therein) are recognized as post-AGB stars based
on the above studies. There are probably many more IRAS objects in the transition
region between AGB and PNe, which are still embedded in optically thick dust shells

which are inaccessible to the optical studies.

It is also realized that the bright stars in SAO and HD catalogues having dust
properties similar to PNe may be post-AGB stars. From an analysis of IRAS PSC a
new class of stars was detected. These stars have circumstellar dust shells with far-
IR colours and flux distribution similar to the dust shells of PNe and most of them
show A, F, G and K supergiant like spectra in the optical region ( Parthasarathy and
Pottasch 1986; Lamers et al 1986; Pottasch and Parthasarathy 1988; Hrivnak et al
1989; Waelkens et al 1989; Trams et al 1991; Qudmaijer et al 1992). Parthasarathy
and Pottasch (1986) interpreted that the dust shells around these stars are the result
of mass-loss during the AGB phase of evolution. It is likely that these objects are in

a hitherto unseen post-AGB stage of stellar evolution. Some of these stars are at high
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Galactic latitudes, have high space velocities and are metal-poor, indicating that they

have evolved from low-mass stars and are now in the post-AGB stage of evolution.

RV Tauri stars:

RV Tau stars are variables located just above the horizontal branch and to the left
side of the AGB, in the H-R diagram. Preston et al (1963) have described the basic
properties of RV Tau stars: they are luminous pulsators of spectral class F, G and K.
From their optical classification , they estimate that M,~—3 which corresponds to a
luminosity of =~ 10® Lg. Recent studies by Jura (1986) and Wahlgren (1993) reveal
that all the observed RV Tau stars have infrared excess ranging from 1.2 to 4.9 mag.
The dust around these stars can probably be attributed to the mass-loss phenomenon
on the AGB. From the infrared and statistical properties of these stars Jura (1986)
suggested that the RV Tau stars are in post-AGB stage of evolution.

The key test for the post-AGB nature of RV Tau stars lies in chemical composition
studies. Luck and Bond (1989) have analyzed the high resolution spectra of few RV
Tau stars. The RV Tau star RU Cen is metal-poor ([Fe/H]=-—1.4) and displays
slight overabundance of carbon and s-process elements. Other stars such as AC
Her ([Fe/H]}=-1.2), U Mon [Fe/H]=-0.8) and R Sct ([Fe/H]=-—0.9) display the s-
process element deficiency. The location of RV Tau stars at high latitudes, their metal
deficiency, the spectral characteristics and the presence of circumstellar dust around
them suggest that these are low-mass post-AGB supergiants. The detailed chemical
composition studies of RV Tau stars are hampered by the large variation in effective
temperatures of its photosphere and line doubling and emission due to the presence

of a shock-front in the outer layers of the photosphere ( Wahlgren 1993).

Hot-post-AGB stars:

Previously all high latitude B-type supergiants were thought to be massive young
stars based on their low resolution spectra. Recent studies of these objects ( Conlon
et al 1991) suggest that some of these stars are in fact post-AGB supergiants. These
include LB 3193, LB 3116 and LS 1V -12 111 . Chemical composition studies of few
high latitude B-type supergiants ( McCausland et al 1992) indicate low metallicity,
carbon deficiency and over abundance of He which are highly incompatible with the

interpretation of their being massive Pop I stars. The studies also confirm that these
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stars have experienced first and second dredge-up process. LS IV -12 111 and LS II
+34 26 have been found to be IRAS sources, having IRAS excess similar to post-AGB
stars ( Parthasarathy 1993). The spectra of LS IV -12 111 and LS II +34 26 show
nebular emission features indicating that they are hot post-AGB stars. Parthasarathy
(1993) discovered detached dust shell around the B-type high latitude supergiant LS
II +34 26, and concluded that it is hot post-AGB star and not a massive B star in
the outer edge of the Galaxy.

UU Her stars:

These are semi-regularly varying F and G type supergiants, located high above the
galactic plane. The amplitude of the variations is about 0.5 mag with a characteristic
timescale between 40 and 100 days ( Sasselov 1984). Their chemical composition
and pulsation characteristics suggest they are low-mass stars in post-AGB stage of

evolution ( Sasselov 1984)

1.4.3 Properties of post-AGB stars

In this section we briefly outline the observed properties of these transition objects

between the tip of AGB and PN phase.

infrared excess:

This is a common characteristic of all transition objects, which is due to the emission
by cool dust. Infrared excess in post-AGB stars suggests that they have gone through
the mass-loss episodes during their life time on the AGB phase of evolution. However
a few high latitude post-AGB stars are not IRAS sources (HD 105262, BD +39° 4926).
It may be possible, in the case of low mass post-AGB stars, that the transition time
is so long, all the material ejected during the AGB phase might have been dispersed
into the ISM by now. Such non-IRAS post-AGB stars may become white dwarfs,
without going through the planetary nebula phase.

dust temperatures:

The evolutiorary sequence of IRAS sources in the colour-colour diagram ( Habing et
al 1987) suggest that the expected dust temperatures of post-AGB stars are between
100-300 K. It is found that the typical dust temperature of PNe is around 100 K
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Figure 1.4: Circumstellar environment of cool mass-loosing AGB star. The OH and

CO molecular features are marked. Dust is formed at few R, ( After Knapp 1991)

and for the AGB stars it is around 300 K. This is consistent with the dust enve-
lope evolution from AGB to PN, with increasing envelope radii and decreasing dust

temperature ( Pottasch et al 1984; Iyenger 1986).

molecular features:

Detection of OH, CO and HCN emissions in the post-AGB stars shows the presence
of molecular envelopes around these stars. A sketch of the circumstellar environment
is shown in Fig. 1.4.  These detections show that there are both carbon rich and
oxygen-rich post-AGB stars. OH and CO originate from the molecular envelope far
away from the central sources. The expansion velocities and mass-loss rates derived

from the CO millimeter observations also clearly indicate that these are evolved stars.
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1.4.4 Chemical composition

Generally one expects that the post-AGB stars should show over abundance of Li,
CNO and s-process elements. But the available chemical composition studies of post-
AGB stars present a very diverse chemical composition pattern. Here we give a brief

overview of the observed abundance patterns of these stars.

Several of the post-AGB stars are high latitude supergiants which are generally
metal-deficient indicating that they may belong to old disk or halo. The elemental
abundances of the extremely metal-poor post-AGB stars (HD 52961, HR 4049, HD
44179, BD +39° 4926 and HD 46703, HD 105262) are hard to explain. None of
these stars satisfy the expected chemical properties of the post-AGB stars. Only two
sources HD 52961 and HD 44179 ( Waelkens et al 1992) show a mild over abundance
([hs/Fe]=0.6) of s-process elements and rest of the sources ( Waelkens et al 1991; Luck
et al 1983; Kodaira 1973) are found to be deficient in s-process elements. Surprisingly,
for all the sources CNO and S abundances are nearly solar irrespective of their metal-
licity. Van Winckel et al (1992) found that the observed chemical composition of very
metal-poor post-AGB stars are similar to that of the gas phase abundances of the
interstellar medium (ISM). They suggested that this peculiar chemical composition
may be due to the selective fractionation of refractory elements into circumstellar
dust ( see for details Bond 1991; Lambert 1991; Parthasarathy et al 1992). Recently
Van Winckel et al (1995) found that many of these stars are binaries. They concluded
that these stars are more likely represent a particular stage of binary evolution rather

than being typical post-AGB stars.

Luck et al (1990) discussed the chemical composition of four A- and F- type high
latitude supergiants, HR 6144, HD 161796, 89 Her and HR 7671. The abundance
results of these stars suggest that these are not pop-I supergiants. The first three stars
are slightly metal-deficient ([Fe/H]=—0.4) and show over abundance both in carbon
and nitrogen, however oxygen is over abundant only in the first two stars. Their
location in the H-R diagram, circumstellar dust and molecular envelopes suggest that
these are low-mass stars in the post-AGB stage of evolution. However, HR 6144,

HD 161796 and 89 Her do not reveal the enhancements of s-process elements seen in
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highly evolved AGB stars.

There are two post-AGB stars HD 56126 ( Parthasarathy et al 1992; Klochkova
1995), HD 187885 (Van Winckel et al 1996) for which the chemical composition
supports the post-AGB nature of these objects. HD 56126 and HD 187885 are high
latitude moderate metal-poor supergiants. The significant overabundance of CNO

and s-process elements confirms the post-AGB nature of these objects.
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IRAS post-AGB candidates

2.1 Introduction

Planetary nebulae are strong infrared emitters. The IRAS fluxes of planetary nebulae
show flux maximum around 25 pm or 60 pum indicating the presence of detached cold
dust shells having temperatures 100 K to 300 K. At present 1200 to 1500 planetary
nebulae are known. The IRAS data may contain 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 circumstellar envelope created during the AGB should still be
present in a PN. In fact all the transition region objects which are in between the tip of
the AGB and PNe are expected to have circumstellar dust shells with far-IR colours
similar to planetary nebulae. Applying the above mentioned concept many young
PNe and post-AGB candidates have been discovered ( Parthasarathy and Pottasch
1986, 1989; Habing et al 1987; Pottasch and Parthasarathy 1988; Manchado et al
1989; Preite-Martinez 1988; Garcia Lario et al 1990; Hu et al 1993a).

In fact Parthasarathy and Pottasch (1986) discovered that some of the high lat-
itude 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 several post-AGB
objects have been detected from an analysis of IRAS data ( Parthasarathy and Pot-
tasch 1989; Lamers et al 1986; Waelkens et al 1987; Pottasch and Parthasarathy 1988;

20
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Hrivnak et al 1988; Parthasarathy 1993; van der Veen et 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 IRAS source is a post-AGB star or
proto-planetary nebula, additional observations 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 nebulae, we have obtained CCD photometry and low resolution
spectra of several IRAS sources with far-IR colours similar to PNe. In this paper we
present BVRI CCD photometry and spectroscopy of 14 IRAS sources which are most
likely associated with post-AGB stars and proto-planetary nebulae.

2.2 Sample selection

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

(a) We have chosen the IRAS sources having colours Fi2/F2s < 0.50 and Fys/Fe >
0.35 which are typical of PNe from IRAS colour-colour diagram of Pottasch et al.
(1990) and objects which have IRAS properties in between AGB and PNe in the van
der Veen and Habing (1988) IRAS evolutionary colour-colour diagram (VH diagram).
The positions of these sources are shown in Fig. 2.1. 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. 2.1). IRAS sources in the boxes IIIb, 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 and Habing 1988). The sources in our sample and their corresponding positions
in the VH diagram are given in Table 2.1. (b) We have selected the objects which
have good quality IRAS fluxes in at least three bands. The 100 pm fluxes which carry
‘L’ flag (Table 2.1) 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
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Table 2.1: IRAS data of program candidates. VAR is the IRAS variability index as
given in IRAS PSC.

IRAS fluxes ( Janskys)

IRAS Name Association 12p  25u 60 100 1 b VAR
04296+3429 12.77 4590 15.12 8.92L 166 —09 1
05113+1347 3.79 15.35 5.44 1.62L 189 -14 1
05238—0626 BD-06 1178 0.73 1.76 1.26 1.81L 209 -22 O
0534140852 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 0595 7.82 235 —01 O
08143—4406 0.61 9.31 5.96 3.64L 261 —-05 O
08187—1905 HD 70379 072 17.69 12.09 3.53 241 10 0
14429—-4539 14.68 33.24 1343 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 211 19.33 2273 11.58 03 05 0
17441-2411 RAFGL 5385 42.86 191.13 106.09 27.54L 04 02 0
2330446147 11.39 59.03 26.38 3047L 114 01 0

will cease when the mass of the hydrogen-rich envelope becomes so small ( & 1073 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) concluded
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 colours 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 IRAS PSC the VAR = 0 indicates that the

percentage probability source is variable is between 0 and 10% and VAR = 1 indicates
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that the percentage probability source is variable is between 10 and 20%. The IRAS
fluxes and the VAR indices of the selected IRAS sources are given in Table 2.1.  (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.2.2.
All the sources marked on the CCD frame of V filter are stellar in appearance except
IRAS17150—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.
(e) 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 16™.5.

2.3 Observations

2.3.1 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 1.0 m and 2.3 m (VBT) telescopes at Vainu Bappu Observatory (VBO), Kavalur
in January 1993. The photometry (imaging) has been done with 1 m telescope at
Cassigran mode at focal ratio F/13 equipped with Thomson CSF TH 7882 CCD chip.
The image scale at this focus is 15.6 arcsec/mm. Imaging of these sources also has
been done with 2.3 m VBT telescope at prime focus with focal ratio /3 and Astromed
CCD detector. This gives image scale of 24.2 arcsec/mm. Since VBO is located at an
altitude of 2340 ft above the sea level,which makes the site not ideal for observation
in the ultraviolet U passband. Moreover the CCD response in the ultraviolet is very
poor unless they are ultraviolet coated. For calibration, we observed standard stars in
the dipper asterism region of M67. The usefulness of this region in M67 (NGC 2682)
in calibrating CCDs is discussed by several authors ( Mayya 1991, and references
therein). We also observed the standards chosen from the Landolt (1983) in the
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Figure 2.1: The positions of program IRAS sources in the van der Veen and Habing

[12] - [29]

(1988) IRAS colour-colour 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 2.6.
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IRASP426+3429  IRASBS113+1347 IRASOS2I8-0626  IRASESI41+0852

IRASBES30-0213 IRASB7203-2001 IRASES143-4406 IRASO8187-1905

IRAS17086-2403 IRAS17150-3224 IRAS17291-2402

. IRAS14425-4539
. . D

IRAS17441-2411 IRAS23304+6147

Figure 2.2: Optical identification charts of the IRAS sources. Identifications are
marked on CCD frames of V band. The scale of the each figure is 1.5'x1.5". For all
images Nortk is up and East is left.
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direction of program stars. We observed one or two standards in all filters every
night at different airmass to get the atmospheric extinction coefficients. Flat field
images were obtained by exposing CCD to a twilight sky. This was done every night

before and after the observations.

These CCD images have been processed using IRAF (Image Reduction and Anal-
ysis Facility). The reduction procedure of the images consists of three steps: instru-
mental calibration, deriving instrumental magnitudes and transforming the derived

magnitudes into some standard system.

Instrumental calibration of the images includes, bias subtraction, dark counts
removal, fixing the bad pixels on the CCD chip and flat field corrections to the images.
This whole image processing is done using single task in IRAF called CCDPROC.
Several well exposed twilight flat field images obtained during a single night in each
filter are individually debiased and stacked. The resultant flat field image is used in
CCDPROC image calibration. The relative detector pixel response is calibrated by
dividing by a scaled flat field calibration image. The result of CCDPROC run is the
bias subtracted, dark subtracted, flat field corrected and bad pixels free CCD image

frame which is linear in pixels.

Instrumental magnitudes are derived from the APPHOT package in IRAF. AP-
PHOT package is a set of tasks for performing aperture photometry on uncrowded
or moderately crowded fields. Aperture photometry on the stars, requires the size of
the aperture and sky parameters. The size of the aperture has been determined for
each star by aperture synthesis method. This involves, computing the magnitudes for
a series of smaller apertures (8,10,12,16,18) for each filter and then seeing for which
radius the difference in magnitudes is constant. We have taken the width of the sky
annulus as 5 pixels throughout out our phbtometric analysis. We derived instrumen-

tal magnitudes for both program stars and standard stars by using the task phot in
APPHOT package.

The measured magnitudes are corrected for atmospheric extinction using a stan-

dard formula

my =my — (K} + k"x¢)X
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where m) is measured magnitude, m g is corrected magnitude k’, is principal extinc-
tion coeffient and k" is the second order coeflicient, ¢ is the observed colour index
and X is the air mass. The coefficients have been determined using the magnitudes
of standard star(s) observed at different air masses. The air mass X in the above

equation is determined by a most common polynomial approximation ( Hardie 1962)

X = secz—0.0018167(secz —1) —0.002875(secz—1)* —0.0008083(secz —1)® where

z 1s the zenith distance.

The extinction corrected magnitudes are transformed to BVRI standard system

through the following transformation equations:
V=v+B(B-V)+a
B =V = f(b—v)+ as
V= R = furlv — 7)o + aur
R—1=fu(r—1)o+ar

where, V, B—V,... are the magnitudes of standard stars vo, (b-v)y, ... are
extinction corrected measured magnitudes «,, a4y, ... are the zero-point constants

Bvy B, ... are the colour coefficients.

The derived BVRI magnitudes of 14 IRAS sources are tabulated in Table 2.2.
Near-IR photometric data has been taken from the literature and far-IR fluxes have

been taken from IRAS point source catalogue.

2.3.2 Spectroscopy

Low resolution optical spectra of a few bright sources in the sample (Table 2.1) have
been taken during observational runs in December 1992 and January 1993. We used
the 1.0 m telescope at VBO equipped with a UAGS spectrograph and CCD. Spectra
from 4000A to 6500A with a resolution of 5.7A pixel~! were obtained. Low resolution
pear-IR specira of several of these sources have also been obtained with the 2.3 m
telescope at VBO during November 1993. We have reduced the spectra using a locally
developed software program called RESPECT at VBO Kavalur.
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Table 2.2: Photometric observations of the program sources

IRAS Name B A% R I Date of
observation.®
04296+3429 16.39 14.30 13.10 244,9064.5
16.20 14.21 11.64 244,7452.51

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 13.5 125 10.8 244,9005.5
15.37 13.06 10.43 244,7452.5%
15.52 13.15 11.79 10.50 244,7762.5
Note: Errors in magnitudes: B:40.1; V,R,I: £0.05
1. Hrivnak and Kwok 1991, 2. Hu et al 1993
3. Torres et al 1995

a. in Julian date
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Table 2.3: 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 - F51 244,9328.5
IRAS 0511341347 G3I G51 244,8996.5
IRAS 05238—0626 F211 244,9199.5
IRAS 0534140852 F61 244,9199.5
IRAS 06530—0213 - F0I 244,9328.5
IRAS 07253—2001 - F5I(e) 244,9199.5
IRAS 081434406 F8I - 244,9199.5
IRAS 08187—1905 F6l1 F51 244,8995.5

2.4 Analysis

2.4.1 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 spectra of standard
stars compiled by Jacoby et 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 and
Bruce Weaver (1993). The near-IR spectral classification agrees well with the optical
classification except for IRAS 04296+ 3429. We classified this star as an F'5 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 program stars. Some
of the sample stars may be slightly metal-poor and therefore spectral types assigned

may be a bit earlier. The spectral types and luminosity classes of 8 stars have been
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reliably estimated and are listed in Table 2.3. We could get spectra of only 8 stars
within the allotted observing time. Several of our program stars are fainter than 13
th magnitude and the sky conditions during our observing run were not favorable and
hence we ended up with spectra of eight program stars. The optical and NIR spectra
of program stars have been displayed in Fig.2.3 and Fig.2.4 respectively.

2.4.2 Observed flux distribution

The observations of the sources in the various wavelength regions (0.4 pm to 100 pum)
were combined to study their energy distributions ( Fig.2.5). The near-IR photometry
of the sample objects (Table 2.1) has been taken from the studies of Manchado et
al (1989) and Garcia-Lario et 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 estimated the reddening in the direction of these
objects from the work of Burstein and Heiles (1982) and Neckel and 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 faint (distant)
O and B stars, to minimize the effect of distance on the reddening. The estimated
average extinction values Ay have been tabulated in Table 2.4. Using these values, the
BVRI and near-IR magnitudes have been corrected for interstellar extinction using
the average extinction law of Cardelli et al (1989). The flux distribution of stars are
compared with the Kurucz (1979) atmospheric models which are shown in Fig.2.5. It
is clear from Fig. 2.5 that all the stars have far-IR excess.

2.4.3 Stellar temperatures, gravities, luminosities and dis-

tances

The effective temperatures and gravities are estimated from the observed energy
distribution fits with the Kurucz model atmospheres with solar metallicity. The
models were fitted to three wavelength regions: optical, near-IR and far-IR. The
model atmospheres of different metallicities differ considerably only in the UV part
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Table 2.4: Temperatures and fluxes of stars and their dust envelopes

IRAS Name T.; logg BV A, Ty  fo £1:, v /Fopt
(K) (K) x10712 Wm=2? x 10712 W m™?
04296+3429 5500 1.0 209 1.6 160 0.137 7.136 50.0
0511341347 5000 1.0 218 0.4 145 0.188 2.36 12.5
05238—0626 7500 1.0 048 0.6 143 3.846 0.296 0.08
0534140852 6500 0.5 0.61 0.4 200 0.804 1.643 2.04
06530—0213 7500 1.0 212 1.2 145 0.184 4.269 23.20
07253—-2001 7000 1.0 089 0.9 210 0.563 2.495 443
08143—-4406 6000 1.0 1.77 1.2 115 0.651 1.386 2.13
08187—1905 6500 1.0 068 0.3 110 11.374 2.614 0.23
14429—4539 5500 0.89 0.6 200 0.213 5.504 25.84
17086—2403 9500 1.0 0.87 1.9 140 3.907 1.701 0.44
17150—-3224 5000 1.0 0.87 0.9 150 0.066 50.076 758.7
17291-2402 6000 1.21 0.9 140 0.132 3.076 23.30
17441-2411 9000 1.71 2.8 150 1.555 29.76 19.14
23304+6147 5000 1.0 23 2.8 135 0.485 8.99 18.54

of the spectral domain which is sensitive to the metallicity. Since the optical fluxes
are from the broad band photometry, and the low dispersion spectra of some of these
sources do not indicate significant underabundance of metals, we have used Kurucz
model atmospheres with solar metallicity. The IR part of the energy distribution is
not very sensitive to metallicity. From Fig.2.5 it is seen that for several stars, model
fits are satisfactory atleast in the optical part of the energy distribution. In the case
of a few stars (see Fig.2 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 en-
velopes, deducing stellar parameters T.sy and log g from the model fits are largely

hampered by the reddening caused by both interstellar medium and circumstellar



Chapter 2 35

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 individual
stars. The probable errors T.s; and log g determinations are of the order of 4 500 K
and = 0.5 respectively.

For stars which have spectral types and luminosity classes (Table 2.3), we esti-
mated temperatures from spectral type vs T.;; calibration for supergiants ( Flower
1977). Stellar surface gravities are taken from luminosity vs gravity tables ( Landolt
and Bérnstein 1982). Deriving 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.s; and log g values derived from the spectra
of IRAS 05238—-0626, IRAS 0534140852, TRAS 07253—2001, IRAS 08187—1905 and
IRAS 17086—2403 are in good agreement with the values derived from the model fits.
The derived T,ss and gravities are presented in Table 2.4.

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 Mya —6.6 which is very large and valid
for the population I supergiants. The stars considered here all have circumstellar
envelopes with far-IR colours typical of post-AGB stars and proto-planetary nebulae.
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 2.6. Since all these sources are post-AGB stars, we
assume that they may have a core mass of M.~0.6 Mg. 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 increasing surface temperature and decreasing radii
( Schonberner 1983; Blocker 1995). The central stars are still burning hydrogen in a
thin shell just outside the stellar core. The stellar envelope mass is still large enough
(M, > 10~*Mg) 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 Mg we get stellar luminosity
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L,=10%"Lg. The post-AGB tracks calculated ( Blocker 1995) for the core mass

M.=0.6 Mg also gives approximately the same luminosity.

The luminosity log (L./ Lg) =3.79 corresponds to an absolute magnitude My=—4.75.
The distance estimates by distance modulus method demand knowledge of total ex-
tinction caused by dust and the interstellar medium (A,). Using the A, values given
in Table 2.4 |, 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 colours
(B-V), as derived from the spec'tra,. 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 hav-
ing cold detached dust shells, this approximation gives reasonable distance estimates.
The total extinction values A, used in the distance estimates and derived distances
are given in Table 2.5. The stellar radii are estimated using the relation L=4wR2cT*
and the values R, are tabulated in Table 2.5. The uncertainties in the derived stellar

radii are subject to the uncertainties in the 7,;; and the assumed luminosity.

We estimated the total optical fluxes ( f,:) by integrating the fluxes from 0.34
pm to 0.9 pm and the total far-IR fluxes ( ff;,) by integrating fluxes from 12 um to
100 pym. The f,: , {5, and the ratio fy;,/ fope are presented in Table 2.5. For most of
the sources the ratio fy;/fopt > 1 suggesting that all these sources are emitting most

of their energy in far-1R.

2.4.4 Dust envelope parameters

Temperatures, masses, radii, dynamical ages and mass-loss rates of dust envelopes

are estimated as follows:

The dust temperatures (T4) have been estimated assuming black body distribution

using the IRAS fluxes. We accepted the dust temperature for which the deviation
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Table 2.5: Derived stellar and dust envelope parameters IRAS sources .

IRAS Name Ao d Z R Ry My tagn Mx10~7
(kpc) (pc) (Re) (x10°Rg) (x107'Mg) (yr) Mpyr™!
IRAS04296+3429 3.0 5 08 119 2.0 5.9 400 5.1
IRAS05113+1347 4.3 5 12 105 2.6 2.5 550 4.6
IRAS05233-0626 1.0 7 26 47 2.8 1.2 700 2.0
IRAS0534140852 0.5 10 2 54 1.1 4.0 300 2.7
TRAS06530-0213 6.1 3 00 43 2.6 2.0 350 1.8
IRAS07253—-2001 2.1 10 02 54 1.0 5.7 250 2.0
IRAS08143-4406 4.0 4 04 68 4.8 3.0 1100 3.0
IRAS08187—-1905 1.1 3 05 54 5.5 3.9 1300 2.3
TRAS14429-4539 0.1 6 12 87 1.09 5.0 252 3.8
IRAS17086-2403 3.6 6 1 29 4.1 1.6 800 1.2
IRAS17150-3224 30 <18 0.9 105 2.4 <1545 490 4.6
IRAS17291-2402 20 <23 09 73 2.9 <246 642 3.2
IRAS17441-2411 60 25 01 32 2.4 11 660 1.2
IRAS23304+6147 4.4 5 87 105 4.9 21 1900 4.5

between the observed and calculated fluxes are minimum as judged by x? test. The
derived dust temperatures are given in Table 2.4. The radii of dust envelopes are
estimated by equating grain heating by photon absorption with cooling by photon
emission. The energy balance equation between the radiation from the star (4mR20T})

and dust envelope (4mR30T4Q(a,Tq) is given by

RITY = RyT3Q(e, Ty) (2.1)

where Q(a,T4) is an average efficiency of dust emission for a given T4 and dust
grain size, a=1 pm. The values of Q (Q/a ~ 0.13 - 0.5 pm™') are taken from the
calculations of Drain and Lee (1984). Here dust absorption coefficient is taken as
1, with the assumption that total star light is intercepted by dust. However this

assumption may not be true if the dust shell is in the form of a disk.  Dust masses
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are computed using the formulae given by Barlow (1983) and Hilderbrand (1983) and
using the 60 um flux and the derived Ty

_ 4apd2 F,
~ 3QB,(Ty)

where p is the grain density, d is distance to the source, F, is the observed IRAS

M, (2.2)

flux and B,(7y) is a black body function for given dust temperature. We have used
ap/Q=0.013 gm cm™' which is typical for interstellar dust grains ( Drain and 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 es-
timated dust envelope masses (Table 2.5) are in the range 107 to 107*My except
for IRAS 14429—4539 and IRAS 1715—3124 which have large dust masses of around
10-2 Mo,

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)

L. T, T Vo o
¢ L= 1 3 0.5 0.5 -2.5 00 1
am = 1133 W00 ({aag) (Goor) * (Tlms) V"

(2.3)

This relation assumes that only radiation pressure and gravity are important and
Ry/R. > 100 and T4 < 200 K. The expansion velocities V,, are either obtained from
the CO or OH observations ( see Table 2.6) or assumed to be equal to 15 km s™'.
The estimated values are given in Table 2.5. The derived 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 program stars, according to

the Reimers (1975) approximated formula:

L, M,

: T
— 10—-8 1.5 * \—2
Mp =5 x 10" n(g5or=)"(350) ™ (37

)" Mpyr™! (2.4)
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where 7 is taken equal to unity and M,=0.6Mg. Though Reimers mass-loss for-
mula cannot account for the large mass loss rates observed on the AGB ( = 10™*Mg
to 1078 My yr~!), it still gives reasonable mass-loss rates for low pulsational period
stars ( Blocker 1995). The very low IRAS variability index ( Table 2.1) for our pro-
gram stars justifies the use of this simplified formula. The estimated mass-loss values
are given in Table 2.5. All the stars have mass-loss rates of the order of 10~7" Mgyr—1.
The uncertainties in the derived mass-loss rates are subjected to uncertainties in the

assumed luminosity and stellar mass and in the estimated T.,.

2.5 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 Rg ~ 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 candidates, 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 tem-
perature. 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 molecular features are not detected ( te Lin-
tel 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 1987).
Garcia-Lario and Parthasarathy (1996) obtained optical and ultraviolet spectrum of
IRAS 17086 —2403. They detected nebular emission lines in the optical spectrum in-
dicating that it is a low excitation 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 and Pottasch
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1986). The IRAS colours of these three objects indicate very cold dust shells and all
these objects fall out of the range of van der Veen and Habing (VH) (1988) IRAS
colour-colour diagram. However in the IRAS colour-colour 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.2.5). One peak represents the stellar emission , obscured by optically thin
hot dust component and the other is produced by the reemission in the far-IR 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 and 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 processes 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 2.5
are almost two orders less than that of the typical mass-loss rates of fewx 107* Mg

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 envelopes ( 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 evolution of low and intermediate-mass stars ( Iben and Renzini 1983) Eight
out of the eleven sources in this group are identified with having at least one of the
molecular carbon features, for example, in JRAS 2330446147 and IRAS 0429643429
CO, HCN and 21 pm emission features are detected ( Woodsworth et al 1990; Loup

et al 1993)). The strong unidentified emission feature at 21 um is not seen in PNe
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Table 2.6: Molecular observations of program stars. VH is the star’s position in the

van der Veen and Habing (1988) colour-colour diagram.

IRAS Name CO V., OH HCN 33y 21p Chem. Type VH(region) Ref
052380626 v
08187-1905 -
17086—2403 No No - h
0429643429 Yes 156 No Yes Yes Yes Carbon \" a,c
0511341347 Yes Yes carbon \% f
0534140852 No Yes Yes carbon IIIb g
06530—0213 Yes 31 No carbon v b
07253—-2001 IITb
08143—406 -
14429—-4539 Yes 182 No IIIb b
17441-2411 Yes No \%
23304+6147 Yes 155 No Yes Yes carbon A% a,c
17150—3224 Yes Yes \%
172912402 VIII d

(a) Woodsworth et al 1990; (b) Loup et al 1993;(c) Kwok et al 1989

(d) Likkel et al 1991; (e) Hu et al 1993b;(f) Hrivnak et al 1994

(g) Geballe et al et al 1992; (h) te Lintel Hekkert et al 1991
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and AGB stars, but only in post-AGB stars ( Kwok 1993). In IRAS 17441-2411,
IRAS 06530—0213, IRAS 0511341347 and IRAS 14429—45389 CO molecular feature
has been identified ( Omont et al 1993 and references therein). In IRAS 0534140852
and TRAS 04296+3429 an unidentified 3.3 um molecular feature has been detected (
Geballe and van der Veen 1990) which is generally attributed to Polycyclic 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 and Kwok 1987).
Lack of OH and low far-IR variability index (Table 2.1) are consistent with the reduced
mass-loss ( Likkel et al 1991). Most of these sources fall in the region V of VH IRAS
colour-colour diagram. This region is characterized 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.

2.5.1 Description of individual sources

TRAS 04296+43429:

This object has been classified as a carbon-rich GO supergiant using the blue part
of the spectrum ( Hrivnak 1995). We classified this object as F5I 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 mag-
nitudes B and V derived by Hrivnak and Kwok (1991) are in good agreement with
our photometric values. The distances 3.6 kpc and 4.2 kpc estimated by Kwok et
al (1989) and Omont et al (1993) respectively are slightly less than the distance 5
kpc derived from our analysis. This may be due to the uncertainties involved in es-
timating the reddening due to interstellar medium and circumstellar envelope. The
characteristics of the dust envelope and the detection of CO, HCN, 3.3 pm and 21
pm (Table 2.6) emission features indicate that TRAS 0429643429 is a carbon-rich
post-AGB F-G type supergiant.
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TRAS 0511341347:

This is a G type supergiant of magnitude V =12.63. It has large near-IR and far-IR
excesses. [RAS 0511341347 has rising flux at 0.55 pm which reaches peak at 1.25 ym.
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 circumstellar
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 pum molecular features (Table 2.6), the high galactic latitude (-14°) and
the spectral type of G3I 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 0.44 ym to 4 um energy
distribution. The T.;;=8000 K derived from near-IR fluxes ( Garcia et al 1990)
agrees with our spectral classification of F2I1. The star has only cold dust component
sirnilar 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 brightness (Table
2.3).

TRAS 053414-0852:

This star has an optical counterpart of magnitude V =12.63. This has been classified
as F6 supergiant based on both optical and near-IR spectra. The energy distribution
of IRAS 0534140852 has been compared with the Kurucz model of T,f;=6500 K and
log g=1.0. The slight deviation of flux distribution from 1 pm to 4 ym from the model
fluxes (Fig.2.5), suggests that the star has optically thin hot dust component. Geballe
and van der Veen (1990) have discovered 3.3 um emission feature which is generally
found in carbon-rich PNs and post-AGB stars ( Geballe et al 1992). The presence of
3.3 pm and 21 um (Table 2.6) emission features suggest that IRAS 0534140852 is a
carbon-rich post-AGB F supergiant.

IRAS 06530—0213:

This source is a F0 supergiant of magnitude V =14.11. Within the uncertainties, our
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BVRI photometry of this source agrees well with the photometry of Hu et al (1993a).
We also confirm the spectral class of FOI estimated by Hu et al. The IRAS colours
place the star in box IV of IRAS colour-colour 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 type

and presence of CO molecular emission suggest it is a post-AGB F supergiant.

TRAS 07253—-2001:
This star has Ha filled in emission. This source has been classified as F5 supergiant
based on its red spectrum. The flux distribution from 0.44 pm to 0.9 pum fits with
T.rs=T7000 K and log g=1.0. The shape of the energy distribution from 1 ym to 100
pm ( Fig.2.5), suggests the presence of warm and cold dust shells. In the van der
Veen and Habing (1988) IRAS colour-colour 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] 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+4-0852. This star has been surveyed for
radio continuum emission ( Van de steen and Pottasch 1993) and is found negative

detection.

TRAS 08187-1805: This IRAS source is associated with a F6 supergiant of
V =8.86. The flux distribution between 0.44 um and 3.4 um fits very well with the
Kurucz atmospheric model of T,;y=6500 K and log g=1.0. The T.;;=6300 K derived
from the T.;; and V-I relation ( Jones et al 1995) is in good agreement with the above
result. Recently Garcia et al (1990) irom the near-IR photometry indicated that this
star may be a main sequence star or a giant. But from our spectra, we classified
this object as F6I. This has been confirmed from our analysis of high resolution

spectra. It has very narrow Balmer profiles typical of low gravity stars. The detailed
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spectroscopic analysis of this candidate will be published elsewhere.

TRAS 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 2.2) obtained by us are in good agreement with Hu et al (1993a).
The estimated distance of the star from its V =13.49 and My = —4.7 and E(B-V)=0.1
is approximately 35 kpc which is very large. However Loup et al (1993) infers distance

of 6kpc from molecular observations.

TRAS 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.;y=9500 K and log g=1.0. The T.;;=9500
K corresponds to spectral type of A2. The V-I colour of the star after reddening

correction corresponds to a temperature of around T.;;=9500 K ( Jones et al 1995).

TRAS 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 et 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 pm to 100 ym 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 coin-
cidence. Its visual magnitude V =13.35. The overall flux distribution from 0.44 um

to 100 pm indicates it has large far-IR excess and it has warm and cold dust shells.

The IRAS colours places it in box IV of VH (1988) diagram. Detection of CO and
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non-detection of OH molecular emission ( Likkel et al 1991) indicates that the star
may have a carbon-rich circumstellar envelope. According to the far-IR colours, this
star falls in the region ( Likkel et al 1991) of IRAS colour-colour 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 G0. We conclude that IRAS 17441—2411 is a post-AGB star.

TRAS 23304+6147:
This object appears to be similar to IRAS 04296+3429. The presence of CO molecular
emission and 21 pm emission ( Woodsworth et al 1990; Kwok et al 1989) indicate that
it has a carbon-rich circumstellar envelope. Thé CCD BVRI images of this star are
stellar in appearance. The BVRI magnitudes obtained by us and those obtained by
Hrivnak and Kwok (1991) are given in Table 2.2. The BVRI magnitudes obtained at
three different epochs , suggest that IRAS 2330446147 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.

2.6 Conclusions

We studied 14 IRAS sources with far-IR colours 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 components. The
sources JRAS 052380626, IRAS 08187—1905 and IRAS 17086—2403 have only cold
dust components. From low resolution optical spectra and BVRI photometry we de-
rived spectral types and luminosity classes for these sources. We estimated the stellar
and dust envelope parameters of these stars. The dust envelope characteristics, low
infrared flux variability, high galactic latitude, spectral type and supergiant luminos-
ity class suggest that these 14 IRAS sources with far-IR (IRAS) colours similar to
planetary nebulae 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 evolu-

tion. None of these sources are associated with star forming regions. Several of these
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evolve 8 IS. 1 .

features indicating that these are carbon-rich post-AGB st
- stars.
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Chemical Composition Analysis

In this chapter we describe high resolution spectroscopic observational program and
reduction procedures. We also discuss in brief the computational methods and anal-

ysis techniques involved in the study of chemical composition of post-AGB stars.

3.1 Observations

The high resolution spectroscopic data required for chemical composition analysis of
post-AGB stars in this study, have been obtained with various telescopes. The spec-
trum of HD 179821 was obtained with the IDS+IPCS system fed by the 2.5 m Issac
Newton Telescope (INT) located in La Palma. The spectra for IRAS 1809542704
were also obtained with the INT. Spectroscopic observations for IRAS 0534140852,
IRAS 08187-1905 and HD 105262 were made with 2.1 m telescope (mcdat82) at
McDonald Observatory. This telescope is equipped with a Cassegrain Echelle Spec-
trograph and a Reticon 1200x400 pixel CCD ( McCarthy et al 1993). Each exposure
yields an image frame containing 28 orders, having spectral range 1200A to 15004
with resolution 0.07 to 0.25 A per pixel. '

The medium resolution (AA=1.24) spectroscopic data for the higp galactic lati-
tude luminous star HD 105262 has been acquired using the 2.3 m telescope (Vainu
Bappu observatory, Kavalur) at Cassegrain focus. The telescope is equipped with a
Boller and Chiven (B&C) spectrograph and GEC p8603 CCD chip. The observation

48
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log for the high resolution spectra and medium resolution spectra is given in Table

3.1.

3.2 Reductions

The CCD spectra were reduced using standard Image Reduction and Analysis Facility
(IRAF) packages. Reduction of raw spectroscopic images consists of three steps: in-
strumental calibration which consists of bias and dark frame subtraction and flat field
correction of object images, extraction of one-dimensional spectra, and wavelength

calibration.

We averaged the bias frames taken on each night using the IRAF task zerocombine
and the resultant bias frame for each night is subtracted from the spectra and flat field
frames. This is done by the task ccdproc in CCDRED package. The bias subtracted
flatfields are median combined with flatcombine task and normalized by apnorm in
the SPECRED package of IRAF. The normalized flat field images divided into the
spectrum frames to remove pixel-to-pixel variations across the CCD chip, again this
is accomplished using ccdproc. We did not use dark frames, as the dark counts are
negligibly small over the bias counts. Now the image is ready for extraction of the

one-dimensional spectrum.

The extraction of the one-dimensional spectrum starts by defining the properties
of each slit. These properties are the position of the object in the slit, the spatial size
of the object and the curvature of the object position as a function of dispersion. In
some cases, where background noise is high, ( either due to long exposures or moon
light), background subtraction from the adjacent pixels within the slit is required and
these regions need to be defined. The signal within the defined aperture ( normally
6-10 pixels) is then summed for each dispersion line and the background for that
line is subtracted. This entire process may be done by the task apall in SPECRED
(ECHELLE) package. The task apail also has the option to remove cosmic-ray hits
on the spectrum. The net result of apall is the extracted one-dimensional spectrum

with counts vs pixel number and is free of cosmic rays.
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Table 3.1: High resolution and medium resolution spectroscopic observation log.

Objects Wavelength range Grating AA  Date of obs. Telescope
AA lines/mm

TRAS18095+27 4360 - 4650 1800 0.6 05 jul 93 La Palma INT

4660 - 4950 " 0.6 04 jul 93 ”

4900 - 5205 ” 0.6 ” 7

4600 - 4800 2400 0.35 19 Aug 92 7

5327 - 5459 2400 0.35 24 may 91

6112 - 6226 ” » ” i

6285 - 6405 " 0.40 23 May 91 i

6515 - 6630 " 0.40 » 7

7060 - 7185 K 0.45 ” 7

7395- 7510 ” 0.45 » 7
HD179821 4030 - 4520 1800 0.6 18 Nov 90 7

4635 - 5120 ” 0.6 " 7

6230 - 6716 ? 0.6 " 7
IRAS08187-1905 5025 - 5950 Echelle 0.16 10 Dec 95 Mcdonald mcd82

5710 - 7230 K 0.16 ” 7
TRAS05341+0852 6230 - 7230 ” 0.16 11 Dec 95 7
HD56126 5710 - 7230 i 0.16 08 Dec 95 7
HD105262 5710 - 7230 " 0.16 ” 7

6380 - 8700 K 0.16 17 Jan 96 ?
HD 105262 4200 - 4600 1800 1.1 13 Feb 95 VBO, VBT

4900 - 5300 1800 1.2 14 Feb 95 7

6000 - 6400 " 1.2 13 Feb 95 7

6300 - 6700 " 1.2 14 Feb 95 7

7100 - 7500 ” 1.2 05 May 95 7
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Wavelength calibration requires similar extracted spectra for each slit of compar-
ison frame. The emission lines in the arc spectrum ( Thorium or Thorium-argon )
are identified using the atlas of Thorium-Argon spectra. The dispersion correction
(wavelength solution) is determined from the arc spectrum by using Legendre poly-
nomial of order 2 or 3 . This wavelength correction is determined by using the task
identify in SPECRED or ecidentify in ECHELLE package. Finally each individual
object spectrum is wavelength-corrected using the task dispcorrection. Now we have
the spectrum with counts vs wavelength. The stellar spectrum is then smoothed by
fitting a slowly varying function ( such as cubic spline) to the continuum. This fit is
divided into the spectrum to produce a flat spectrum where continuum is normalized
to unity.

Before measuring equivalent widths, one must remove the telluric features in the
stellar spectrum. Telluric features are removed by dividing the spectrum by that of
a rapidly rotating hotter star, normally early A- or B-type stars, observed near the
same air mass and reduced by the same methods. The rapid rotation of the hot
stars guarantees that any weak lines present will be highly broadened and close to

the continuum level. Telluric features are removed from the regions 61004, 65004,

71004, 7400A, 7700Aand 8700A.

Equivalent widths (W) have been measured in two ways using splot package in
IRAF. 1) by fitting a gaussian profile to the absorption line and 2) by measuring the
total area of the line. If the absorption line is symmetric, full width at the half flux
point is taken to fit a gaussian profile. But if the absorption line is not symmetric
and has only right or left wing of the profile in gaussian form, then we have taken
right half width or left half width at the half flux points, respectively, in constructing
gaussian profile. These W) values usually agree to within 10% uncertainty. This
small uncertainty may be due to the incorrect placement of continuum between each
measurement and to the fact that the spectral lines are not perfectly gaussians. This
uncertainty in W) may introduce an uncertainty in abundances to approximately
Alog (Abun) <0.1 dex. Slightly blended lines are deblended by the routines available
in the splot package. We fit gaussians to individual absorption lines, and measured

equivalent widths. For severely blended lines equivalent widths are not measured.



Chapter 3 52

3.3 Analysis

3.3.1 Assumptions

The general assumptions made for stellar atmospheres in deriving chemical composi-
tion are as follows:
a) the atmosphere is in a steady state,
b) the flux of energy is constant with depth in the atmosphere since energy source for
the star lies far below the atmosphere and no energy comes into the atmosphere from
above. The flux is usually specified by an effective temperature such that flux=0T,
0=5.6697E-5,
c) the atmosphere is homogeneous and there are no spots ,no magnetic fields and no
granules etc,
c) the atmosphere is thin relative to the radius of the star, and hence it is plane
parallel,
d) there is no relative motion of the layers in the normal direction and no net ac-
celeration of the atmosphere; so the pressure balances the gravitational attraction
pd?r/dt? = —pg + dP/dr =0

where p is the density and ¢ = GM*/R? is the gravitational acceleration, which is
assumed constant as the atmosphere is thin, with M, and R, as the mass and radius

of the star respectively.

This type of model atmosphere is called Local Thermodynamic Equilibrium (LTE)
atmosphere. These are the usual assumptions of essentially all abundance analyses
of stellar photospheres. The LTE analysis may be valid for the normal stellar at-
mosphere. In the context of analysis of low-mass supergiants with highly extended
atmospheres and dust shells around them, all of these assumptions are equally sus-
pect. There are known failures of LTE ( Luck and Lambert 1985; Boyarchuk et al
1985). The oxygen abundance derived from O I 7770A triplet ( Gratton 1990) lines is
higher than that of abundance derived from [O I] 6300A. This suggests that the non-

LTE effects in the excitation of the oxygen atom affect the formation of the permitted
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7770A triplet, but not the forbidden line.

The use of non-LTE models is constrained by lack of sufficient atomic data like
collision strengths, size of the atom and uncertainties in the treatment of radiation
field in model atmospheres. At present it is a difficult task to use non-LTE for analysis
of every chemical element except for few selected elements. In this thesis, we used
LTE model atmosphere in analyzing the chemical composition of photospheres of our

selected post-AGB stars.

3.3.2 Atmospheric models

For effective temperature in the range 5000 K to 7500 K, we used atmospheric models
of Gustafsson et al (1975), computed by MARCS code by R.E. Luck. For effective
temperature higher than 7500 K , we used Kurucz (1979) atmospheric models com-
puted using ATLAS6. Both these models are constructed based on the assumptions
of the LTE atmosphere given in section 3.3.1

3.3.3 Codes used

In our study of chemical composition, we adopted both Fine Analysis and Spectrum
Synthesis methods depending on the quality of available data. We used the updated
computer codes, LINES for fine analysis and MOOG for spectrum synthesis analysis,
which were originally developed by Sneden (1973). The detailed description of these
codes and methods can be found in Sneden (1973) thesis and in a review article by

Castelli and Hack (1990). We briefly describe here each of these methods.

3.3.3.1 Fine analysis

This method consists of comparing the measured equivalent width of a given un-
blended line with the equivalent width calculated for a given atmospheric model. A
detailed computation of the equivalent width of each individual line as a function of
abundance of the atom under consideration is carried out. For a given stellar model,

abundance is modified until the computed equivalent width matches with that of
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the observed equivalent width. This can be achieved by numerous iterations with
some prefixed step value ( we use 0.1 dex). Using fainter lines would be the best for
the determination of abundances because their equivalent widths are not affected by
microturbulence, by blending with the near by lines and by the damping constants.
Moreover the weak lines are least affected by non-LTE. But to derive reliable elemen-
tal abundances, with the fine analysis method, one would require very high resolution

spectra with good S/N ratio.

We used the computer code LINES ( Sneden 1973) in our abundance analysis for
fine analysis method. The code LINES basically solves the radiative transfer problem
for spectral lines under the LTE assumptions and calculates line depths and equivalent
widths for a given stellar atmospheric model. The LINES requires line data as an
input. The line data, for each line consists of wavelength, excitation potential, first
and second ionisation potentials and oscillator strength. All these atomic quantities
are well-determined except oscillator strengths for lines of astrophysical interest. We

have discussed about the gf-values in section (3.3.4).

3.3.3.2 Spectrum synthesis analysis

This method consists of comparing the observed spectrum with the computed spec-
trum. In this method fluxes are computed for very close A values, with the resolution
AX=0.001A. This computed spectrum must be degraded to the resolution of the ob-
served spectrum to allow a direct comparison. Broadening mechanisms, like instru-
mental broadening, rotational broadening and macro-turbulent broadening should be
taken into account in the spectrum synthesis calculations. Instrumental broadening
can be represented by a gaussian function, which has the same FWHM as the instru-
mental profile used to obtain the observed spectrum, and macrovelocity broadening
can be simulated by gaussian function. The rotational broadening may be taken into
account by computing the Doppler shifts of the intensities coming from different parts
of the stellar disc and then integrating the Doppler-shifted intensities to obtain the
flux. In spectrum synthesis calculations one requires extensive line lists for each ele-
ment in the different ionisation states, with known laboratory wavelengths, excitation

potentials for lower and upper levels and reliable transition probabilities (gf-values)
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and broadening parameters. A huge database for both atomic and molecular lines is

the pioneering work of Kurucz ( 1987, 1988).

Spectrum synthesis analysis has sorme advantages over fine analysis in chemical
composition studies. The comparison of the computed spectrum with the observed
one makes it possible to derive line identification, microturbulence, rotational veloc-
ities, Doppler shifts and abundances from single and blended lines. The continuum
level in the observed spectra can be better estimated, particularly in the case of stars
with high rotational velocities and stars with numerous metallic lines. Because the
comparison of profiles gives much more information than the comparison of equivalent
widths does, the computed spectrum is used to confirm abundances obtained with

the fine analysis.

We have used spectrum synthesis code MOOG in our abundance analysis. MOOG
inputs are: stellar atmosphere model, abundances of relevant elements, beginning
and end points in the spectrum, step size in the spectrum, width of the spectrum
to be considered at each point and line parameters which are similar to LINES.
Given these as inputs to MOOG, it will calculate continuum flux, point by point,
separated by a given step size. This calculated spectrum is degraded to the required
observed spectrum resolution by supplying the resolution of the spectrum as PFUNC
in MOOG code. MOOG must be run several times by adjusting the input abundances
of elements until the computed spectrum matches that of observed one ( see Sneden

1973 for detailed description of the MOOG code).

3.3.4 gf values

Oscillator strengths ( gf values) are the most crucial physical data in abundance
analysis. Laboratory measured values are proved to be highly reliable, but these are
available for very few lines of astrophysically interest. In our study we made extensive
use of Luck (1993, Private communication) compilation of gf values. For C I and N
I we have taken the theoretical gf values calculated by Hibbert et al ( 1991,1993).
The theoretical gfs of C I are in good agreement with the gfs determined from solar

inverse spectrum ( Biemont et al 1993). Theoretical gf-values have been chosen for
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for main sequence stars, giants and supergiants ( Flower 1977) are available. These
empirical formulae for B-V vs T.s; are derived from observations of pop I stars.
Consequently they are totally inadequate for use with metal-poor stars like pop II
stars. For metal-poor stars, one has to rely on the theoretical T.;;:B-V:BC rela-
tions based on model atmospheres for different metallicities. Computed B-V colour
indices for variety of model atmosphere of different metallicity are available ( Kurucz
1979). Another widely used photometric system in deriving atmospheric parame-
ters is Stromgren uvby system. The b-y colour 1s sensitive to temperature. Relyea
and Kurucz (1978) have constructed grids of b-y colour and Te;; with metallicity
range of pop I to Pop II. The use of photometric calibrations in determining T.s; in
the case of post-AGB stars is hampered by reddening: either due to circumstellar,
circumsystem, interstellar or some combination of those. The interstellar reddening
contribution may be negligible for the high latitude post-AGB stars, but it is signif-
icantly important for the galactic post-AGB stars. Most of the post-AGB stars are
IRAS sources, having circumstellar dust shells around them. Reddening properties
of these dust shells are not known clearly. Using solely photometric systems to es-
timate T, ;s for this kind of objects may lead to high temperature uncertainties and
erroneous chemical composition. Another difficulty is that the computed grids do not
go below gravity log g=1.0. Most of the known post-AGB stars are low gravity (
Luck 1993) objects which go down to log g=0.3. To work in the region where these
stars are located, the grids must be extrapolated. The primary calibration sources in
the literature include: Bell and Gustafsson (1978) for T< 6000 K for all colours and
Lester et al (1986) calibrations for T> 6000 K for (b-y) colours. All above mentioned
methods ( based on the availability of data) are used in estimating T.y;y.

Spectroscopic T.ss determinations can be done in two ways: one is by excitation
analysis of neutral atomic lines and the other is by matching Balmer profiles with the
observed ones. In the case of excitation analysis, one plots the abundances determined
from individual lines of neutral atormric lines of any species (eg Ti I,Cr I, Fe I) versus
lower excitation potential. Correct T.ss is that T.ss for which abundances of neutral
atomic lines are independent of their excitation potentials. This method assumes that

there are no systematic excitation effects in the gf values. This is the most widely
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used method in determining T.f; in the chemical composition analysis based on high
resolution spectra. The T.;; determination by this method requires many neutral
atomic lines with wide range of lower excitation potential. Applying this method in
T.;s determination in post-AGB stars is constrained by the fact that the most of the
post-AGB stars are metal-poor and there are very few neutral lines; hence insufficient
range in low excitation potential of observed lines. This also assumes the lines are
unblended and emission free. Another spectroscopic method to determine T.s; is
that the comparison of synthetic and observed Balmer line profiles. Kurucz (1979)
synthesized Balmer profiles for various models of pop I and pop II atmospheres. The
cores of Balmer profiles are more sensitive to T,;s in A- and F-stars. Again here we
restrict to only Hé and H<, as there is a possibility of dust envelope effects in the H3
and He profiles.

3.3.5.2 Surface gravity determination

Surface gravity can be determined from both photometry and spectroscopy. The
synthetic colours of UBV and ubvy for different models of gravity and metallicity are
computed by Relyea and Kurucz (1978). The cl-index Strémgren photometric system
( cl=(u-v)-(v-b)) is very sensitive to changes in gravity for stars in the range 10,000
K > Tesy 2 5500 K ( Relyea and Kurucz 1978). However, photometric determination

of gravity 1s severely affected by circumstellar reddening.

Spectroscopically, gravity can be determined by using ionisation equilibrium of
of different ionic states of any species ( usually Fe I and Fe II). Here gravity is the
free parameter to adjust until the abundance of Fe I is equal to the abundance of
Fe II for given T.;r. Finding the gravity by ionisation balance has two difficulties.
One 1s insufficient number of metallic lines in most of the post-AGB stars which are
metal-poor. The second is that Fe II lines are too strong in the metal rich stars, and
hence subject to microturbulence effects. The scatter in the Fe II abundance can be
significant from which it follows that the Fe II line selection is critical in determining
gravity. Another spectroscopic method to estimate surface gravity is by comparing

the computed wings of Balmer profiles with the wings of observed profiles.
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One can also use the mass and radius relation to determine log g. An equivalent

form representing this relation is as follows:

logg = logg(M/M@) —10.62 —log(L/Lg) + 4log T.s¢

The problem here is that stellar luminosity and mass are unknown. This can be
applied to pop II post-AGB stars, by assuming typical pop II M/Mg=0.6 and typical
post-AGB luminosity of &~ 10*.

3.3.5.3 Microturbulent velocity

Another important physical parameter in abundance analysis is the microturbulent
velocity (£:). This can be determined by forcing the Fe II, Ti II and Fe I abundances
to be independent of their equivalent widths. In this method §; is the adjustable
parameter for a given T.sy and log g model. The value of £ may not be critical in
the analysis of post-AGB metal-poor stars, if only weak lines are selected for final
abundances. The use of weak lines also means that radiative damping terms will not
be important. Normally in many of post-AGB stars there are not enough lines with
a good range in equivalent widths. In this case one has to assume the £; of another

similar post-AGB star having almost similar physical parameters.

3.3.6 Selected post-AGB stars for Abundance Analysis: IRAS
0534140852, HD 56126, HD 179821, HD 70379, IRAS
1809542704 and HD 105262

IRAS 0534140852

This is an optically visible star with IRAS colours suggesting it is post-AGB star.
Geballe and van der Veen (1990) detected a strong 3.3 pm emission feature which
is normally seen in the dust envelopes of evolved stars. This object is also one of
the few post-AGB candidates which have been identified with unique 21 um emission
feature. In chapter 2, we studied its Spectral Energy Distribution (SED) from 0.44
pm to 100 um and low resolution optical spectra and it has been suggested as a low-

mass post-AGB F6 supergiant. In Chapter 4, we have for the first time studied the
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chemical composition of this object based on high resolution spectra. The results of

abundance analysis confirm the post-AGB nature of IRAS 05341+0852.

HD 56126

This star is the known post-AGB star satisfying the predicted chemical properties
of post-AGB stars. This object also shows 21 pm emission feature ( Geballe et al
1992). Bakker (1995) studied carbon molecular lines C2, CN and C3 in the AGB
remnant of this object. Parthasarathy et al (1992) and Klochkova (1995) studied the
elemental abundances of this object and found that this is a carbon-rich low-mass
post-AGB star. This star has been discussed in Chapter 4 along with the IRAS
05341+0852.

HD 179821

This 1s a truly remarkable object. It has become the target of scrutiny ever
since Odenwald (1986) found large far-IR excess due to dust envelopes. This object
has been classified as a low-mass post-AGB star (Pottasch and Parthasarathy 1988;
Hrivnak et al 1989; Likkel et al 1991; Justtanont et al 1992; van der Veen et al 1994)
based on its SED, spectral class and molecular features. Zuckerman and Dyck (1986)
suggested that this star was once a runaway O or B type star from its kinematics.
In many ways this object also resembles the massive yellow supergiants with dust
envelopes. Very recently, Kastner and Weintraub (1995) and Hawkins et al (1995)
detected an extended nebula around this object and they suggested that HD 179821
1s a massive yellow supergiant caught in between massive red giant branch and Wolf-
Rayet phase of stars. Till date, the nature of this unusual object is not clear. In
chapter 5 we discussed for the first time the chemical composition of this object. The
results of our abundance analysis strongly support the suggestion that this object is

a low-mass post-AGB star.
HD 70379

In chapter 2, we identified HD 70379 as a post-AGB candidate. Detailed chemical
composition analysis of this star, based on high resolution spectra, is presented in
chapter 4. The results of abundance analysis confirm the post-AGB nature of this

star.
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IRAS 1809542704

This is a high latitude F3 supergiant of magnitude V=10.4. Hrivnak et al (1988)
pointed out that this is an excellent candidate for proto-planetary nebula. Klochkova
(1995) analyzed the high-resolution spectra of this object and found that it is an
oxygen-rich evolved star. In Chapter 5 we analyze the elemental abundances based

on the high resolution spectra obtained from ESO.

HD 105262

This is an interesting object with large proper motion ( 0.056 yr~!), lying at
high galactic latitude (472°). This was thought to be a HB star belonging to Wolf
630 group of stars ( Eggen 1969) with M,=0.4. However Eggen (1977) noted that
the value of Strémgren C1 index (1.41) for HD 105262 is much larger than for any
known HB star ( C1=1.2 to 1.3). He also pointed out that this may be similar to
the metal-poor luminous high latitude supergiant BD 439° 4926. Very recently Abt
(1993) suggested that this may be another HR 4049 like star based on the narrow
Balmer profiles which are similar to that of supergiants. For the first time we stud-
ied (Chapter 6) the chemical composition of this star based on medium (A)=1.24)
and high (AX=0.2A) resolution spectra. The kinematics and elemental abundances

indicate that HD 105262 is most probably a low-mass post-AGB supergiant.
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Chemical composition of IRAS
0534140852 a post-AGB star with

21 ym emission

4.1 Introduction

The AGB stars, post-AGB stars ( or PPNe) and PNe which have dust envelopes
around them are among the most numerous objects detected by IRAS. These are very
luminous infrared objects corresponding to critical phases of low and intermediate-
mass stars. Detailed studies of these objects in the wavelength region from ultraviolet
to radio region are provide clues to understand the role of thermal pulses, nucleosyn-
thesis, mixing and mass-loss and the transition from Oxygen-rich stars to Carbon-rich
stars etc. The 11.3 pm emission of SiC is used to identify warmer carbon-rich cir-
cumstellar envelopes. It is absent in the circumstellar envelopes of coldest late AGB
and post-AGB stars. With IRAS LRS spectra one can identify carbon-rich late AGB
stars circumstellar envelopes. However, the situation is more complex for post-AGB
objects with cold circumstellar envelopes. Several oxygen-rich post-AGB stars have
LRS spectra hardly distinguishable from some carbon-rich post-AGB stars. HCN

and OH observations and optical and near-IR spectroscopic observations are then
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necessary to clarify the C/O character of some of the post-AGB stars.

The discovery of dust shells around some of the bright high latitude supergiants
by Parthasarathy and Pottasch (1986) similar to PNe and their suggestion that these
are post-AGB supergiants, led to a detailed study of these stars. Pottasch and
Parthasarathy (1988) have shown that some of these stars have unusual LRS spectra.
The CO/HCN line ratios of several of these post-AGB stars indicate that they have
carbon-rich circumstellar envelopes ( Omont et al 1993). On the other hand, the
infrared spectra of some of these post-AGB stars show unidentified infrared features
at 3.3, 6.2, 7.7, 8.6 and 11.3 um, which are commonly attributed to the polycyclic

aromatic hydrocarbon (PAH) molecules.

Recently, detection of strong broad emission feature at 21 ym and unusually strong
3.4-3.5 pm and 6-9 um emission features in several PPNe and post-AGB stars were
reported ( Kwok et al 1995 and references therein). The optical spectroscopy has in-
dicated that all the 21 pm emission sources are carbon-rich post-AGB stars ( Hrivnak
1995). Detailed chemical composition study of one of the post-AGB stars with 21 ym
feature (HD 56126) showed that it is overabundant in carbon and s-process elements
indicating that it has gone through the third dredge-up on the AGB ( Parthasarathy
et al 1992; and Klochkova 1995).

Thus detailed chemical composition analysis of post-AGB stars with carbon-rich
photospheres and carbon-rich circumstellar dust permits us to understand the cor-
relation between C/0O and abundances of s-process elements and the association of

s-process enhancements with shell-flashes and dredge-up.

In our study of chemical composition of carbon-rich post-AGB stars we included
IRAS 0534140852 as it is found to have carbon-rich circumstellar dust ( Geballe and
van der Veen 1990). Parthasarathy (1993) found it to be a F-type supergiant with
IRAS colours similar to planetary nebulae. Manchado et al (1989) made near-IR
photometry of this star. IRAS 05341+0852 shows 3.3, 3.4-3.5, 7.7, and 11.3 um PAH
-related emission features ( Geballe and van der Veen 1990; Kwok 1995) and also
weak 21 pm feature ( Kwok 1995). In this chapter we study in detail the chemical
composition of IRAS 05341+40852.
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Table 4.1: Basic parameters of IRAS 0534140852 and HD 56126

TRAS05341+0852 Ref. HD56126 Ref.

Sp.type a F6l a F51 c
Tess 6500 K a 6500 K d
log g 1.0 a 0.5 d
a 05*13™10° b 07413m25.3° e
é 08°52'23" b 10°05'09” e
17 196° 206.75°

b” -12.0° 10°

\' 11.89 a 8.23 f
(B-V) 0.61 a 0.9 f
E(B-V) 0.13 a 0.60 f

(a). Reddy & Parthasarathy (1996)., (b). IRAS catalogue
(c). Nassau et al (1965)., (d). Parthasarathy et al (1992)
(e). SAO catalogue., (f). Hrivnak et al (1989)

Reddy and Parthasarathy (1996) studied the flux distribution and low resolution
optical spectrum and concluded that IRAS 0534140852 is a post-AGB F6 supergiant
type star. It is found to be very similar to the bright post-AGB F supergiant HD
56126 in Tesy, log g (Table 4.1) and [Fe/H] ( Parthasarathy et al 1992). HD 56126
is also a carbon-rich post-AGB star with overabundance of s-process elements and
it also shows 21 pm emission feature ( Parthasarathy et al 1992). We carried out
chemical composition analysis of HD 56126 in order to compare the similarities and

differences in the chemical composition of IRAS 0534140852 and HD 56126.

4.2 Description of the spectra

A few selected regions of the spectra of IRAS 0534140852 are shown in Fig.4.1, along
with those of HD 56126. It is clear from Fig.4.1 that the spectra of IRAS 05341+0852
is completely dominated by s-process elements Nd, Ce, La, Sm, Pr etc. The heavy
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Table 4.2: Radial velocities of IRAS 0534140852 and HD 56126

IRAS05341+0852 HD 56126
Vhetio = 258 km 571 Vo= 16.28 km 572
element  # of lines Vi, (kms™) ¢ Vg, (kms™? o

cu 7 22.7 0.5 72.5 2.5
0 I(7774A) 3 24.1 0.7 - -
0 1(6157A) 3 - - 71.5 1.15

NI 1 23.0

Sc Il 3 22.9 0.5

Fe II ) 22.9 11 74.5 1.5

element line identifications were done using the spectra of s-process rich star FG Sge
( Kipper and Kipper 1993). We identified strong (EW=>50mA) Li I doublet line at
6707A in IRAS 0534140852, which is absent in HD 56126. We also identified the
S I and Al 1 lines in the spectrum (Fig. 4.1) of IRAS 053414+0852. Examining the
spectral lines of heavy elements reveal that most of the lines are asymmetric. The
sharp spectral features in IRAS 0534140852 (Fig. 4.1), suggest that the star has
highly extended atmosphere. The important feature observed in most of the post-
AGB stars is Ha in emission. The Ha profile of IRAS 0534140852 is compared with
that of HD 56126 in Fig. 4.2. The Ho (Fig. 4.2) shows emission in the wings and a
narrow absorption core similar to HD 56126. The structure of the Ha profile clearly
indicates mass outflows. The list of identified lines and their equivalent widths (EWs)

are given in Appendix.

4.3 Radial velocities

Measurement of radial velocity comes from 22 absorption lines showing no line asym-
metry on our high resolution spectrum of IRAS 05341+0852. The telluric lines in the
spectrum are used as references in measuring the radial velocity of these lines. We

also derived radial velocities for HD 56126 from C II, O I and Fe II lines. The mean
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Figure 4.1: Spectra of IRAS 05341+0852 is compared with a carbon-rich post-AGB
star HD 56126. Important features of Li, Al, S and several s-process elements are

marked. The spectra of IRAS 0534140852 is dominated by s-process elements.
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Figure 4.2: Ha-profiles of IRAS 0534140852 and HD 56126
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Table 4.3: Sulpbur atomic data used in the sulphur abundance analysis

Mab LEP(ev) log gf
6748.573 7.868 -1.320
6748.682 7.868 -0.730
6748.779 7.870 -0.530
6748.839 7.868 -0.530
6756.851 7.870 -1.669
6757.007 7.870 -0.830
6757.171 7.870 -0.240
6757.195 7.870 -0.240

observed radial velocity of each element and the heliocentric correction velocities for
the two stars are given in Table 4.2. After heliocentric correction, we obtain radial ve-
locities, V,=25 £1km s™! and V,=89+1 km s~ for IRAS 0534140852 and HD 56126
respectively. The derived velocity of IRAS 053414-0852 V,=25 km s™! suggests that
the star may be an old disk population star. However, HD 56126 is a high velocity
star, most probably a halo low-mass post-AGB star. The values of V, for HD 56126
is in good agreement with the values V,=90 km s™! derived by Klochkova (1995).
However Parthasarathy et al (1992) obtained a value which is 15 km s~ more than
that derived in this work. Bakker(1995) derived radial velocity V,= 83 km s~ from
the C II, N I and O I lines.

4.4 Chemical composition analysis

The chemical composition analysis uses a set of model atmospheres and a combination
of selected spectral lines and measurements of their equivalent widths and in some
cases spectrum synthesis. In this section we discuss model atmospheres and atomic
data needed in the abundance analysis. We also discuss the derivation of stellar
model parameters T.sy, log g, microturbulence and metallicity. Finally we discuss

the derived abundances and their sensitivity to uncertainties in the derived model
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parameters.

4.4.1 Atmospheric models and atomic data

Elemental abundances have been derived with the local thermodynamic equilibrium
(LTE) model atmosphere techniques. We used the updated code ” LINES” originally
developed by Sneden (1973) in deriving the elemental abundances, by fine-analysis
technique. Crucial elemental abundances like Li, S and CNO have been determined

from the spectrum synthesis analysis allowing for blends (see for details chapter 3)

The most important atomic data in the chemical composition analysis is the re-
liable transition probabilities (log gf) for observed lines. In Table 4.5 we list the
spectral lines which are used in the chemical composition analysis. The table also
contains low excitation potentials (LEPs), EWs , and log gf value for each line. We
have taken the log gf values for most of the lines, from the recent compilation of R.E.
Luck (1993,private communication). The adopted gf values in our carbon abundance
analysis come from the work of Biemont et al (1993) who determined the gf values
of C II lines from the solar abundance analysis. The gf values for N I lines are from
Lambert et al (1982). The gf values for oxygen triplet at 7774A are from solar abun-
dance analysis of Lambert et al (1982). The set of sulphur lines used in the abundance
analysis of spectrum synthesis are given in Table 4.3. The quoted gf values for S I
lines are computed recently by Biemont et al (1993). The oscillator strengths for Fe
I lines are all laboratory values which are taken from Bard et al (1991), Holweger
et al (1991) and O’ Brian et al (1991) or from the compilation of Fuhr et al (1988).
The abundance analysis of Fe II lines is based on the accurate gf values determined
experimentally by Biemont et al (1991) and Drake et al (1994). The measured gf
values for Ni I at longer wavelengths are not available. We adopted the gf values

determined by semi-empirical relations by Kurucz and Peytremann (1975).

The accurate gf values for the heavy elements are not available especially for the
lines in the longward of 6250A. The gf values used in our analysis come from either
solar abundance analysis or theoretical estimates. For Y Il abundance analysis, we

used the solar oscillator strengths derived by Hannaford and Whaling (1982). The
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Table 4.4: Atmospheric parameters used in the chemjcal composition analysis of IRAS
0534140852 and HD 56126

Star Tesy logg & [M/H]
IRAS 0534140852 6500 K 0.5 5 km s -1.0

HD 56126 7000K 0.1 55kms™! —1.0

La II abundances are based on the reliable gf values determined recently by Bord et
al (1996). The gf values for Nd Il lines in our spectral range are not available. Out of
30 identified Nd II lines we got gf value for only one line at 6365.550A ( Ward 1985).
The available gf values for Sm II, Ce II and Pr II are listed in Table 4.8 which are
taken from Kurucz and Peytremann (1975).

4.4.2 Atmospheric parameters

The atmospheric model parameters: effective temperature (T.ss), surface gravity
(log g) and microturbulent velocity (§;) for the chemical composition analysis of

IRAS053414+0852 were determined as follows.
Reddy and Parthasarathy (1996) have estimated T.;;=6500K and log g=1.0 by

comparing the flux distribution of this source with Kurucz atmospheric models by
applying the interstellar reddening E(B-V)=0.23. The B-V vs T.;; calibrations of
Flower (1977) yields T.s;=6200K. The spectral type F6I ( Reddy and Parthasarathy
1996) of this source corresponds to T.;;=6200K. We used these parameters as initial

values in deriving the accurate atmospheric parameters by spectroscopic method.

A spectroscopic estimate of Tes; is found by identifying the model atmospheres
for which the iron abundance given by Fe I lines is independent of their low excitation
potential. We tried with three mode's of different T.;s for a given log g and ; . The
log g has been determined by forcing the Fe I and Fe II lines to yield the same iron
abundance for the given Tess and £ . The ¢; has been determined from individual

¥e I lines to show no dependence on their equivalent widths
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Figure 4.3: Spectroscopic determination of atmospheric parameters: Top panel: log
¢ (Fe I) vs Ews of Fe I lines, Middle panel: log € (Fe I) vs LEP, Bottom panel: log €
(Fe II)(filled circles) and log € (Fe I)(croses) vs LEP.
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ure 4.4: The C I region of observed spectrum (solid line) of IRAS 0534140852
sus the best-fit synthetic spectrum (broken line) of an adopted model with log €
1=8.77

In Fig. 4.3 we illustrate the spectroscopic determination of stellar parameters
ag Fe I and Fe II lines. In the top panel log e(Fe I) versus EWs of Fe I lines are
tted. No trend is apparent for a £;=5km s™*. In the middle we plotted loge(Fe I)
sus low excitation potential of Fe lines and for T.ss=6500 K the slope of the fit
lmost zero. In the bottom panel we plotted abundances of Fe I and Fe II versus
itation potentials for three different surface gravities for a given Teyy and §;. The

mndances of Fe I and Fe II are in good agreement for the log g=0.5 model.
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4.4.3 Abundances

From above analysis we found model atmosphere: T.;y=6500 K, log g=0.5 dex , £=5
km s and metallicity [M/H]=—1.0 is the most appropriate for the atmosphere of
IRAS 0534140852. Abundances derived using the above model are given in Table
4.6. Summary of elemental abundances of IRAS 0534140852 and HD 561326 are
given in Table 4.6 and Table 4.7 respectively. In this section we briefly discuss the

abundance analysis of each species.

The abundance of Li has been determined by spectrum synthesis analysis of Li I
resonance doublet feature at 6707.761A and 6707.912A. The basic line data required
for the synthetic spectrum has been taken from Lambert et al (1993). In addition
to the four Li-lines at 6707A a number of other lines had to be considered. In
fitting the synthetic spectra to observed spectra of Li-feature, we included the Ce II
line at 6707.740A as suggested by Lambert et al (1993). We tried to reproduce the
observed Li-feature by including the Sm II and Ce II lines and their abundances were
determined from other Sm II and Ce II lines in the spectrum. Since the optical spectra
of this source i1s dominated by s-process elements, it is likely that the Li-feature is
contaminated by these lines. From the spectrum synthesis analysis of Li-feature, we
derive an upper limit to the Li-abundance of IRAS 053414-0852: log €(Li)=2.5. The
upper limit to the Li abundance is based on the following facts: there might be still
unidentified lines which are contributing to the observed strength of the Li-feature (
Lambert et al 1993) and there may be uncertainties in derived abundances of Sm II
and Ce II. We derived the carbon abundance both from spectrum synthesis and line
analysis. In fig. 4.4 we show the carbon region A 7100-7125A which contains five C
II lines. The internal scatter among the individual carbon lines is very small. Other
carbon lines are detected at 6587A, 7070A and 7476A. These individual lines yield
abundances which are in agreement with abundances derived from 7100A lines. The
final C II abundance listed in Table 4.6 is the average of all the individual carbon
lines. For N I we have three features at 7423.63A, 7442.23A and 7468.27A. The line
at 7442.23A is not used in our analysis, since it falls at the end of the chip and
unfortunately it is hit by cosmic rays. The line at 7423.63A is blended with the Si I

and abundance derived from this line might have been overestimated. We were left
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with one clean N I line at 7468.27A which yields abundance 0.4 dex less than that
of N I line at 7423.63A. Luck and Lambert (1985) showed that the Non-LTE effects
on abundances derived from N I lines are upto 0.6 dex for stronger N I lines. Since
the identified N I lines in our source are weaker (EW<70mA), the deviation of the

abundances due to Non-LTE effects may be small.

We derive oxygen abundance by spectrum synthesis of O I triplet at 7774A. The
lines are very strong and these are known to be plagued by known Non-LTE effects
( Johnson et al 1974). The derived average abundance from the three lines log (O
1)=9.2 dex. Takeda (1994) analyzed the Non-LTE effects on the oxygen abundance in
the metal-poor dwarfs for different T.s;, metallicities and gravities. Non-LTE abun-
dance corrections for O I at A 7774A ( Takeda 1994) indicate that a large Non-LTE
corrections may be needed for IRAS 0534140852 as the star has a highly extended
atmosphere. Bascheck et al (1977) studied the Non-LTE effects on oxygen triplet
lines at 7774A and tabulated the equivalent widths derived from Non-LTE models
and from LTE model analysis for A-type stars. From this study we approximately
derived the abundance difference of A log € (O I) < 0.8 between LTE and Non-LTE
analysis for IRAS 05341+40852. This analysis yields oxygen abundance [O/H]=+0.5.
We can also have rough estimate about oxygen abundance by assuming that the oxy-
gen overabundance follows the trend observed among the field stars increasing with
decreasing metallicity as [O/Fe]~-0.5[Fe/H] until [Fe/H]~—1.0 ( Wheeler et al 1989).
This yields an oxygen abundance [O/H]=0.5 for a star of metallicity [Fe/H]=~1.0. In
the case of HD 56126, oxygen abundance ([O/H]=—0.21) comes from the O I triplet
at 6156A which is in good agreement with the value ([O/H]=—0.37) of Klochkova
(1995)

The abundance of sulphur has been derived from spectrum synthesis of two S
I lines at 6757A and 6748A. The derived sulphur abundance [Fe/S]= 0.07 which is
consistent with the stellar model calculation of AGB stars. Abundance of Aluminum
[Al/Fe]=1.07 is based on the two weak Al I lines at 6696.032 (31mA) and 6698.669
(28mA). We derived the abundance of Si ([Si/Fe]=1.15) from two strong Si II lines at
6347.532A and 6371.767A. Our abundance analysis of Fe I and Fe 1I is based on very

limited number of lines. In our iron analysis we used only lines of EW<150mA and
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Table 4.5: Lines used in the abundance analysis using the LTE model atmosphere:

T.rs=6500 K , log g=0.5 , {=5km s~ and [M/H]=-1.0.

Alab ident. LEP(ev) EW(mA) loggf  Abun.
6707.980 3.0 .00 35.00 -0.510  3.43
6587.622 6.00 8.53 160.00 -1.049 8.71
7111.480 6.00 8.64 132.40 -1.07 8.64
7113.180 6.00 8.64 176.00 -0.760  8.69
7115.190 6.00 8.64 161.00 -0.899  8.69
7116.990 6.00 8.64 181.00 -1.08 9.05
7119.660 .00 8.64 130.00 -1.31  8.85
7423.630 7.00 10.33 68.00 -0.610  8.50
7468.270 7.00 10.33 60.00 -0.210 8.01
7771.954 8.00 9.14 440.00 0.364 10.29
7774177 8.00 9.14 509.00 0.217 10.88
7775.395 8.00 9.14 352.00 -0.0400 9.93
6696.032 13.00 3.14 31.00 -1.32 6.44
6698.669 13.00 3.14 28.00 -1.62 6.69
6347.090 14.10 8.12 282.00 0.260 1.87
6371.350 14.10 8.12 227.30 -0.0500 7.63
6439.083 20.00 2.52 110.00 0.390 5.25
7148.150 20.00 2.71 90.00 0.137 5.53
6245.620 21.10 1.51 100.00 -0.930 2.13
6279.740 21.10 1.50 109.00 -1.16 241
6604.600 21.10 1.36 135.00 -1.48 2.78
6230.735 26.00 2.56 89.00 -1.281  6.50
6335.337 26.00 2.20 35.70 -1.23 6.59
6336.830 26.00 3.69 30.00 -1.05 6.64
6393.612 26.00 2.43 77.40 -1.62 6.64

6400.010 26.00 3.60 113.00 -0.290 6.64
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Table 4.5 continued

Mab ident. LEP(ev) EW(mA) loggf Abun.
6411.658 26.00 3.65 60.0 -.620 6.56
6421.360 26.00 2.28 55.0 -1.947  6.62
6494.994 26.00 2.40 126.0 -1.273  6.66
6592.926 26.00 2.72 38.0 -1.599  6.46
6677.999 26.00 2.69 75.0 -1.47 6.71
7411.162 26.00 4.28 52.0 -0.33 6.7
7445.758 26.00 4.26 69.0 -0.02 6.6
7495.077 26.00 4.18 102.0 0.18 6.7
6247.562 26.10 3.89 116.0 -2.51 6.24
6369.463 26.10 2.89 55.00 -4.36 6.69
6383.715 26.10 5.55 43.00 -2.27 6.79
6416.928 26.10 3.89 119.00 -2.85 6.61
6516.083 26.10 2.89 146.00 -3.45 6.53
6643.638 28.00 1.68 12.00 -2.299 531
7122.695 28.00 3.54 40.00 0.039 5.20
7525.118 28.00 3.63 26.00 -0.339 5.45
6643.638 28.00 3.85 53.00 0.210 5.46
6795.410 39.10 1.73 111.00 -1.55 2.86
6832.490 39.10 1.74 84.00 -1.82 2.93
6858.240 39.10 1.74 76.00 -2.25 3.28
7264.200 39.10 1.84 161.00 -1.50 3.30
6496.908 56.10 .60 571.00 -0.379  3.76
6399.040 57.10 2.63 115.00 -0.648  3.07
6642.790 57.10 2.51 66.00 -1.08 298
6834.050 57.10 .24 104.00 -3.192  3.35
6675.540 58.10 1.53 84.00 8-1.40 3.60
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Table 4.5 continued

Alab ident. LEP(ev) EW(mA) loggf Abun.
6755.080 58.10 1.67 75.00 -1.64  3.90
6397.960 59.10 1.04 81.00 -0.819 2.03
6365.550 60.10 .93 46.00 -1.41  2.36
7051.520 62.10 .92 76.00 -1.560 0.40
6256.660 62.10 1.16 62.00 -1.63  0.58
6431.820 62.10 1.40 84.00 -2.04 1.40
6502.000 62.10 1.55 63.00 -1.97  1.27
6570.675 62.10 .99 60.00 -1.91  0.68
6731.890 62.10 1.16 66.00 -1.22  0.20
6741.470 62.10 .99 75.00 -1.72  0.62
7039.225 62.10 .99 101.00 -1.45  0.56

hence the errors due to may be Non-LTE are minimal. The abundances of other iron
peak elements Ca, Sc and Ni are also derived from lines which have EW< 100mA.

These abundances (Ca,Sc,Ni/Fex0.0) are in good agreement with the iron abundance.

The derived abundance of light s-process element Y is found to be large with re-
spect to Fe ([Y/Fe]=1.85). We could not derive abundances from other light s-process
elements Sr and Zr in our observed range of spectrum. However, the abundance of Y is
represented by 4 relatively clean Y II lines. The large overabundance of Y suggest that
the star is overabundant in light s-process elements. Abundance of Ba ([Ba/Fe]=2.56)
is based on very strong (EW=560mA) Ba II line at 6496A. Since it is derived from
very strong and single line, the abundance of Ba may be uncertain. Nonetheless,
the abundances of other major heavy s-process elements La ([La/Fe]=2.86) (3 lines)
and Ce ([Ce/Fe]=2.96)(2 lines) clearly demonstrates that IRAS 0534140852 is infact
rich in s-process elements. The other heavy elements like Pr, Nd and Sm also show
large overabundances. The spectra of IRAS 0534 is well dominated by strong Nd
Il lines. However we were able to deduce the Nd abundance ([Nd/Fe]=1.97) from
a single Nd II line at 6365A due to scarcity of atomic data for other lines. The
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Table 4.6: Chemical composition of JRAS 0534140852 derived from LTE atmospheric
model: T.;;=6500 K, log g=0.5, {,=5km s_, and [M/H]=-1.0.

Element # of lines Abun. o As [X/H] [X/Fe]
Lil 1 2.5(synth) - 1.00 1.5 2.45
cii 6 8.77 0.15 8.69 0.08 1.03
NI 2 8.26 0.35 7.99 0.26 1.21
01 3 9.23(synth) 0.25 8.91 0.32 1.27
8.43 - 0.47 0.5
All 2 6.56 0.17 6.47 0.09 1.04
Si 1l 2 1.75 0.16 7.55 0.20 1.15
S1 2 6.31(synth) - 7.21 -0.90 0.07
cal 2 5.39 0.19 6.36 -0.97 -0.01
ScII 2 2.27 0.19 3.10 -0.83 0.12
Fe I 10 6.60 0.07 7.54 -0.94 0.01
Fe 11 S 6.57 0.20 7.54 -097 -0.01
Nil 4 5.355 0.12 6.25 -0.89 0.06
Y 1II 4 3.09 0.22 2.24 0385 1.80
Ba II 1 3.76 - 2.13 1.63 2.58
La II 3 3.13 0.19 122 191 2.86
Ce 11 2 3.55 0.21 1.55 2.00 2.95
Pr 11 1 2.03 - 0.71 1.32 2.27
Nd II 1 2.36 - 1.34 1.02 1.97
Sm II 8 0.71 0.41 0.80 -0.09 0.86

Note:-  After Non-LTE correction of 0.8 dex



Chapter 4

79

Table 4.7: Summary of elemental abundances of HD 56126 from LTE atmospheric

model: T.;y=7000 K, log g=0.25, £;=5.5km s_; and [M/H]=-1.0.

Element [ X/H]* [X/Fe]* [X/H]® [X/Fe]® [X/H] [X/Felc
C 0.08 1.08 -0.01 1.34 —0.06 0.9
N 0.03 1.03 0.17 1.53 — —
o) —0.37 063 —-0.02 1.33 —0.21 0.75
Al 0.47 1.47 — - — —
Si 0.0 1.0 —0.85 0.5 - -
S —0.37 0.63 0.01 1.46 - —
ca —0.85 0.45 —2.24 0.89 —1.25 —0.30
Fe -1.0 0.0 -1.35 0.0 —0.96 0.0
Y II 0.7 1.7 — - —0.18 0.78
Ba —-0.1 0.99 0.4 1.35 0.4 1.35
Note:-

(a.) Klochkova (1995)., (b.) Parthasarathy et al (1992)., (c.) This work

abundance of Sm([Sm/Fe=0.86) is derived from 8 Sm II lines and the abundance of
Pr([Pr/Fe]=2.27) is based on Pr I line at 6398A.

4.4.4 TUncertainties in the derived abundances

In this section we deal with the possible sources of uncertainties in the derived elemen-

tal abundances. The uncertainty in the derived Li- abundance is mainly attributed

to the fitting of the synthetic spectra to the observed spectra in the Li region. Since

our spectral resolution R=45,000 is insufficient to resolve the lines involved in the

spectrum synthesis of Li-region ( Lambert et al 1993), the uncertainties in the de-

rived Li-abundance are subject to the uncertainties involved in the abundances of

elements that have participated in the spectrum synthesis of Li-region. Lambert et
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Table 4.8: Sensitivity of elemental abundances to changes in the adopted atmospheric

parameters: T.r;= 6500K, Log g=0.5 and {;=5km 57!

species AT, ;=250K Alog g=0.25 A¢

Lil 0.25 0.1 0.02
CI¥ 0.03 0.02 0.14
All 0.2 0.04 0.01
Sill 0.05 0.06 0.25
S1
Cal 0.2 0.04 0.1
ScII 0.3 0.2 0.1
Fe I 0.3 0.04 0.05
Fe 11 0.1 0.1 0.1
Y II 0.2 0.1 0.05
Ba Il 0.4 0.01 0.3
La II 0.2 0.1 0.1
Ce 11 0.2 0.1 0.1
Pr II 0.2 0.1 0.0
Sm II 0.2 0.05 0.0

al (1993) also suggested that there may be still few unidentified species in the Li-
region and the derived Li- in lithium rich stars may be an upper limit. We performed
Li-abundance analysis for different atmospheric models. From Table 4.8, it is clear
that the Li-abundance is less sensitive to the selected T.;; of the model, and quite

insensitive to the surface gravity and micro turbulence.

The line-to-line scatter in the C abundance (Table 4.6) is represented by standard
deviation (o) 0.15 dex. The scattes in the C II abundances is mainly due to the
placement of the continuum and the uncertainties in the log gf-values. In the case of
N and O analysis, quantifying the line-to-line scatter in the abundances is difficult as

these are derived from very few lines. Moreover the O abundance analysis is based on
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the oxygen triplet at 7774A which are largely affected by Non-LTE effects. In order
to see what impact the uncertainties in the atmospheric parameters had on the CNO
abundances, we repeated the CNO analysis varying ¢ by £ 1 km s, T,y by =+ 250
K and log g by * 0.25 dex. The effects of uncertainties in the derived atmospheric
parameters on the derived abundances are tabulated in Table 4.8. The combined
effect of these variations produced maximum uncertainty in the CNO abundances of
0.1, 0.2 and 0.4 dex respectively. In the carbon analysis the uncertainty is largely

due to uncertainty in & and T.gy.

The uncertainties in thé heavy-element abundances are a bit more difficult to
quantify because errors in the atomic data (mainly log gf values) may vary from line-
to-line. For those elements for which three or more lines were analyzed, standard
erroré for the abundances derived from the individual lines are given in Table 4.8.
The internal scatter in the case of Y, La and Ce is around 0.2 dex and in the case of
Sm it is 0.4 dex. The large scatter in the individual line abundances may be largely
due to the unreliable log gf values for most of the heavier elements. Also we have
repeated the analysis for the heavy elements by varying the atmospheric parameters
as described above. For all elements except Ba II the abundances changed by < 0.3
dex due to changes in the atmospheric parameters. The Ba Il abundance is derived
from a strong line and stronger lines are particularly sensitive to variations in the
microturbulence. In the case of Ba change in the £; by 1 km s™ produces a change of
0.4 dex in Ba abundance. We conclude that the maximum uncertainties due to the

uncertainties in the atmospheric parameters in Y, La, Ce, Pr < 0.4 dex and in Ba <

0.6 dex.

4.5 Absolute magnitude

Absolute visual magnitudes for the stars can be estimated from their model atmo-

spheric parameters and core mass through the simple relation,
M, = ~2.5log{M M) + 2.5logg — 10logT.;s — B.C + 31.3

The metallicity [Fe/H]=—1.0, its radial velocity V,=24 km s™* and its high lati-
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tude suggest that IRAS 0534140852 is most probably a low-mass star belonging to
old disk Pop-II stars. The observed chemical composition of this star (carbon-rich)
also shows that star may be low-mass post-AGB star with core mass of around 0.6
Mg to 0.8 M. This corresponds to the original mass range of 1 to 2 Mg and the
mass-loss on the two ascents of red giant branch probably reduced the mass. Using
the stellar parameters derived above and assuming the stellar mass of around 0.7 Mg
and ignoring the bolometric correction, we find a very high luminosity M, = —5.3.
The uncertainties in the derived atmospheric parameters and assumed stellar mass
contribute uncertainty in the derived M, by about +1 mag. The high luminosity of
this star is consistent with the post-AGB evolutionary tracks ( Blocker 1995). It is
also known that the O I features at 7774A are correlated with the stellar luminos-
ity for a large range of spectral types ( Sorvari 1973; Mendoza 1989). We derived
M,=-5.0 from the M, vs W(O I) relation for high latitude A-type luminous stars
( Ferro and Mendoza 1993). This value is comparable to the M, derived from the

above relation.

Using the absolute magnitude M,=—-5.0 , m,=11.89 and the extinction A,=0.7
( extinction both due to dust around the star and interstellar medium) the distance
modulus method yields a distance r=10 kpc. The distance of the star above the

galactic plane (z) is found to be 2.0 kpc using the formula z=r sin b where b=-12°.

4.6 Discussion

The overabundances of s-process elements and carbon in IRAS 0534140852 is the
direct evidence for the association of s-process enhancements with shell-flashes and
dredge-up. These are clearly responsible for the increase in C/O. The most likely
neutron source, for the large overabundance of heavy elements, may be *C. The
small amounts of hydrogen get mixed with 2C rich material which is just below the
hydrogen burning shell due to semiconvection during He-shell flashes ( Hollowell 1987;
Hollowell and Iben 1988). This hydrogen reacts with 2C resulting in **C. When *C
enriched matter is mixed down due to He-shell flash, it burns via reaction *C(a,

0)"®0 which generates neutrons for s-process elemental production. This reaction is
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quite efficient, requiring temperatures <1.5x 10® K, which are easily found in the
inter-shell convective zone of models of low-mass stars. Models indicate that this is
more efficient in metal-poor AGB stars and/or post-AGB stars with small envelope
mass ( Iben and Renzini 1984; Lattanzio 1989). The s-process enrichment in the
atmosphere of IRAS 0534140852 has taken place during the shell flash events on the
AGB. The neutron exposures follow an exponential distribution. Using the Tables of
Malaney (1987) a mean neutron exposure (7,) = 0.3 is suggested. A similar value was
found by Gonzalez and Wallerstein (1992) for the post-AGB star ROA 24 in Omega

Centauri.

The overabundance of Li and Al in IRAS 0534140852 indicates that there was Hot
Bottom Burning (HBB), where the base of the convective envelope is hot enough for
nucleosynthesis to occur ( Scalo et al 1975). HBB has been suggested as the mecha-
nism responsible for the production of Li in the Li-rich AGB stars discovered by Smith
and Lambert ( 1989, 1990). Infact these are bright AGB stars which are oxygen-rich
rather than carbon-rich. Recent calculations by Sackmann and Boothroyd (1992)
showed that Li-rich AGB stars are the result of HBB. In the HBB models, temper-
atures of the order of 0.5 - 1 x 10% K are encountered at the base of the convective
envelope ( Blocker and Schonberner 1991; Lattanzio 1992). This is hot enough for
the reaction #*Mg(p,v) ?®Al resulting in the production of Al. More recent model cal-
culations of HBB in AGB stars by Lattanzio et al (1996) and Mowlavi (1995) show
that significant amount of Li and Al are convected to the surface as a result of third
dredge-up.

However in the words of Lattanzio “ the Hot Bottom Burning must be seen as an
unfortunate occurrence. It is already difficult using interior models, linked by dredge-
up, to predict the composition of AGB star photospheres. To this we must add the
possibility of nuclear processing of the envelope, which consists of the initial enve-
lope, and the products of earlier nuclear burning in the interior. A very complicated

problem in nucleosynthesis and mixing. ”

The possibility of Li synthesis in the AGB stars was first recognized by Cameron
(1955) and Cameron and Fowler (1971) who proposed "Be transport mechanism in

which 7Li is created via the sequence of following reactions: a) *He(a,y)'Be, b)



Chapter 4

84
6 T 1 U 1 [T 17 T rTr T [T T 11 [rr o T T [T 17 T
- x HD 56126 i
- o HD 187885 )
- - |RAS 0534140852 4
4+ o HD 187216 _
E - - o ) i
N 2 o _ .
E o] o B
— E - - o °
i © X - o) o x - T
- x : © X 4 x .
g o X
0 . = —
-] x x
L o 4
_2 1 i 1 l i 11 l | I A T | I | I | I | I | 1 | I I I | I 11 [ 11
Li CN O Al Si S CaScNi Y Bala CePr NdSm
elements

Figure 4.5: The average elemental abundances of IRAS 0534140852 is compared with
the known carbon-rich post-AGB stars, HD 56126 and HD 187885 and a carbon star
HD 187216.
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"Be(p,7)®B, ) "Li(p,a)*He, d) “Be(e~,v)"Li. The first reaction is capable of convert-
ing much of the available *He to "Be in the deep interior if the T~40-50x106K.The
second and third reactions are destructively effective at T~~20x10® and 3x10°K re-
spectively. The fourth one will produce and preserve the Li if T<3x108K. This
process can be successful only if the "Be produced by the first reaction is transported
to regions where T<3x106K in a time smaller than the mean life time of "Be to pro-
tons. Indeed presence of large Li abundance in evolved stars and theoretical studies
suggest that under certain conditions, “Li may be created and mixed to the surface
of luminous AGB stars ( Scalo et al 1975). However the models show ( Sackmann
and Boothroyd 1992) that the above mechanism takes place more efficiently in most
massive AGB stars. Abia et al (1993) found that only 2% of the galactic carbon stars
are super-rich Li stars. However there is no information on the abundance of Al in
these stars. We do not have a satisfactory explanation for the presence of super-rich
Li galactic carbon stars. Most of the Li rich galactic carbon stars may be in the mass
range of 2 to 3Mg . However the models of Sackmann and Boothroyd (1992) showed
that stars of masses 4 to 6Mg can produce Li in the envelope as a consequence of
hot-bottom burning. Our understanding of nucleosynthesis during the hot bottom

burning is far from complete.

HD 56126 ( Parthasarathy et al 1992, Klochkova 1995) and HD 187885 ( Van
Winckel et al 1996) are the only other two post-AGB stars which show clear evidence
of AGB nucleosynthesis and third dredge-up. Both are found to have carbon-rich
and overabundant in s-process elements. The average abundances of post-AGB stars
HD 56126 and HD 187885 and a carbon star 187216 ( Kipper and J¢rgensen 1994)
and IRAS 0534140852 are plotted in Fig. 4.5. From the Fig. 4.5 it is clear that
the abundances of IRAS053414+0852 are very much similar to AGB carbon star HD
187216. Both are metal poor, Li rich, carbon-rich and have large overabundance in
s-process elements. Although HD 56126 and HD 187885 are carbon-rich post-AGB
stars with similar physical parameters, they do not have overabundance of Li and Al.
In these stars Li may have been produced during the Thermally Pulsing phase and
then destroyed. The survival of Li last a few thermal pulses. Also the production of

Li and Al depends on the temperature at the base of the convective envelope for Hot
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Bottom Burning to occur. If the temperature at the base of the convective envelope
is much less than 50 million degrees ( Boothroyd et al 1995) then the conditions are
not sufficient enough for efficient production of Al and Li. The presence of Li and Al
in JRAS 0534140852 indicates that it may have higher temperature at the base of the
convective envelope for the production of Li and Al during the hot bottom burning.
Also it may depend on the core mass of these stars and their mass-loss episodes.
HD 4671 is the only other high latitude supergiant which shows overabundance of
Li and mild enhancement in s-process elements which are two chief characteristics of
post-AGB stars. However star is found to have underabundance in carbon. This is

not understood. The evolutionary status of this object needs further study.

TIRAS 0534140852 is the only star which is carbon-rich, metal-poor ([Fe/H]=~1.0),
overabundant in s-process elements, Li and Al. The abundance pattern of IRAS 05341
+0852 is consistent with the predictions of evolutionary models of AGB stars with
HBB. However the abundance of Fe ([Fe/H]=—1.0) in IRAS 05341 40852 and its
post-AGB nature, luminosity indicate that it is a low-mass star belonging to the old

disk or halo population, which is now in post-AGB stage of evolution.

4.7 Conclusions

From an analysis of high resolution spectra of IRAS 0534140852 we derived atmo-
spheric parameters: T.;;=6500 K, log g=0.5, {;=5 km s™! and [M/H]=—1.0. We
found star to be metal-poor with [Fe/H]=—1.0. The radial velocity measurements
yield V.= 25 km s~ which indicates that the star belongs to old disc population. The
study of chemical composition of this star yields the following quantitative results:
1. Overabundances of ([C/Fe]=1.03) and ([N/Fe]=1.21) indicate that both H- and
He- burning products are brought onto the surface during the dredge-up on AGB.

2. Large overabundances of s-process elements (Y,Ba, La, Ce, Sm etc ) strongly in-
dicate that star has gone through third dredge-up episodes.

3. Overabundance of Li ([Li/Fe]<=2.5) and Al ([Al/Fe]=1.1) in this star are consis-
tent with the theoretical calculations of Li production in the Hot Bottom Burning at
the base of the convective envelope of AGB star ( Lattanzio 1993, 1996; Mowlavi 1995)
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The position of star in the HR diagram, high galactic latitude, presence of de-
tached cold dust shell, asymmetry in Ha profile, low metallicity, overabundances of
Li and CNO elements, large ratio of C/0<2.18, normal sulphur abundance and large
abundances of s-process elements clearly establish that IRAS 0534140852 is low-mass
carbon-rich post-AGB star evolved from carbon-rich AGB star.
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Chemical composition of post-AGB
stars HD 179821 (G5 Ia), HD
70379 ( F6I) and TRAS
18095-+2704)

5.1 Introduction

The chemical composition of bright post-AGB stars has been recently reviewed by
Bond (1991) and Luck (1993). In these reviews they discussed the chemical compo-
sition of luminous (low gravity) high latitude supergiants which were found to show
detached cold dust shells with far-IR colours similar to planetary nebulae

( Parthasarathy and Pottasch 1986 ) and igh latitude low gravity A type supergiants
with warm dust shells ( Lamers et al 1986; Waelkens et al 1992). Bond (1991) con-
cluded that the photospheric CNO abundance pattern in such stars are distinctly
atypical of normal population I supergiants, and clearly indicate that these stars
have burned helium. There are few post-AGB supergiants like HR 4049, HD 52961
etc

( Waelkens ev al 1991, 1992 ) which were found to show extreme underabundance

of Fe and other refractory elements, and nearly normal (solar) abundances of CNO.

88
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Bond (1991) proposed the dust grain formation as the depletion mechanism.

The observed abundance pattern of posi-AGB supergiants indicates the following
groupSI

I) Post-AGB stars with no significant underabundance of Fe, slightly overabundant
in CNO with respect to normal Population I supergiants. These stars have oxygen-
rich circumstellar dust shells. The high latitude F- supergiant HD 161796 is a good
example of stars belonging to this group ( Luck 1993).

1I) Post -AGB stars showing extreme underabundance of Fe and other refractory
elements, and nearly normal CNO, S and Zn. Stars belonging to this group are
HR 4049, HD 52961 etc ( Waelkens et al 1991, 1992). The underabundance of Fe
and other refractory elements is due to the dust grain condensation. The abundance
pattern is correlated with the condensation temperatures ( Bond 1991; Van Winckel
et al 1992; Parthasarathy et al 1992) indicating that the depleted refractory elements

are locked up in circumstellar dust grains.

IIT) Post-AGB stars belonging to this group are carbon-rich and overabundant
in s-process elements indicating that they have gone through the third dredge-up
during their AGB stage of evolution. The star IRAS 0534140852 is a good example
for which we reported the chemical composition in Chapter 4. The other two post-
AGB F supergiants showing overabundance of carbon and s-process elements are HD
56126 ( Parthasarathy et al 1992; Klochkova 1995 ) and HD 187885 ( Van Winckel
et al 1996).

IV) The high latitude low gravity hot post-AGB supergiants were found to show
underabundance of Fe and significant underabundance of carbon indicating that these
are old disc or halo stars in post-AGB stage of evolution ( McCausland et al 1992).
The abundance pattern of these stars indicates that they left the AGB before under-
going third dredge-up.

Only for a few post-AGB stars in the above mentioned groups detailed chemical
composition analysis is available. In order to further understand the abundance pat-
tern of post-AGB F and G supergiants we selected HD 179821, HD 70379 and IRAS
18095+2704. These three stars have detached cold dust shells with characteristics
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Table 5.1: Basic data

HD 179821  HD 70379 IRAS 1809542704

Sp.type G5 Ia F6l F3 Ib
a(1950) 19%11m24°.9 08»18™42°.6 18%09™30°.9
§(1950)  00°0219”  19°05'30" 97°04/28"

1 36° 241° 53°.8

b -5° 10° 20°.2

\% 8.30 8.85 10.4

B-V 1.40 0.68 1.03

E(B-V) 0.6 0.3 0.7

similar to high latitude post-AGB stars and planetary nebulae ( Parthasarathy and
Pottasch 1986; Pottasch and Parthasarathy 1988). The basic parameters of three
post-AGB candidates are given in Table 5.1 and the details of these three stars are
given below. In this chapter we report an analysis of high resolution optical spectra

of these stars and discuss their abundance pattern and evolutionary status.

5.2 Individual stars

5.2.1 HD 179821

Having nearly the coldest IRAS colours (12 um=31 Jy, 25 pm=650 Jy, 60 pm=520
Jy and 100 pm=170 Jy) among evolved stars, this object has gained comsiderable
attention in recent literature as it displays many unusual properties. We will briefly

overview the recent literature on this object.

This is a V=8.4 star of spectral type G5 I, ( Buscombe 1984; Hrivnak et al 1989).
In the CO survey of cold IRAS objects, Zuckerman and Dyck (1986) have detected CO
molecular emission in HD 179821. It has large CO radial velocity (V,=100 km s™)

with respect to local standard of rest and also it has large out flow velocity (Vesp= 32
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Figure 5.1: Spectral energy distribution of HD 179821 is compared with Kurucz model
atmosphere (solid line). The SED indicates that star has detached cold dust shell and

no hot dust shell (no near-IR excess)

km s~!). Based on its kinematical properties, large IRAS fluxes and out flow velocity,
they suggested that the star might once have been a runaway O-type star. Pottasch
and Parthasarathy (1988) for the first time,have discussed the post-AGB nature of
this star based on its far-IR fluxes. The spectral energy distribution (SED) of this
source closely resembles that of high latitude post-AGB candidate HD 161796 and
its IRAS colours are similar to planetary nebulae. The large far excess of this star
has been attributed to large scale mass-loss in the preceding AGB phase of evolution.
The studies of SED from 0.4 ym to 100 um ( Hrivnak et al 1989; van der Veen et al
1989, 1994) points out that the star has a detached cold (~ 130 K) dust shell (Fig 5.1)
and no hot dust component indicating recent cessation of mass-loss. However very
recently Hawkins et al (1995) discovered an extended nebula around HD 179821 at

near-IR wavelengths and they suggested that it is an extremely massive star which has
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Figure 5.2: Spectral energy distribution of HD 70379 is compared with Kurucz model
atmosphere (solid line). The SED indicates that star has detached cold dust shell
and no hot dust

recently undergone an enormous mass-loss. They predicted the total observable mass
in HD 179821 circumstellar envelope is around 8Mg. Polarimetric and coronagraphic
near-IR images ( Kastner and Weintraub 1995) revealed the presence of extended
dust reflection nebula around HD 179821. Under the assumption that the star lies
at its kinematical distance ( 6 kpc), Kastner and Weintraub (1995) also suggested
that its circumstellar envelope has a dynamical lifetime of 5000 yr, containing ~
5 Mg of gas and dust and it was likely ejected during a prior OH/IR supergiant
phase. Thus HD 179821 either classified as a post-AGB star descended from a
low- or intermediate-mass progenitor or an yellow supergiant descended from massive
population I supergiants. Still there 1s no consensus on the evolutionary status of this
dusty G5 supergiant. In this paper we tried to identify the nature of this enigmatic

object using the chemical composition analysis based on the high resolution spectra
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Figure 5.3: Spectral energy distribution of IRAS 1809542704 is compared with Ku-
rucz model atmosphere (solid line). This clearly indicates that star has detached cold

dust shell and no near-IR excess

obtained at Isaac Newton Telescope (INT).

5.2.2 HD 70379

This is a F6 supergiant of V=8.86. The SED of (Fig. 5.2) this source from 0.44 pm
to 3.4 um fits very well with the Kurucz atrmospheric model: T.fy= 6500 K and log
g=1.0. This object has been suggested as a low-mass post-AGB star ( Reddy and
Parthasarathy 1996) based on its SED and low resolution spectra. Here we present

the chemical composition analysis to ascertain the post-AGB nature of this candidate.
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Figure 5.4: Comparison of Kurucz (1979) calculated Hé profile with observed Hé

profile of HD 179821

5.2.3 IRAS 1809542704

Hrivnak et al (1988) identified the optical counterpart of this object as an F3 su-
pergiant of V=10.54. This star has been suggested as a good candidate for proto-
planetary nebula ( Hrivnak et al 1988) based on its SED and galactic position. van
der Veen et al (1989) estimated the distance of this object to be d=2.4 kpc, and
the distance from the Galactic plare to be z=0.8 kpc. Hrivnak et al (1988) also
determined a colour excess of E(B-V)=0.78 mag, and concluded that most of this
excess is caused by a circumstellar dust envelope created as a result of extensive

mass-loss at the rate of 3x 10™° Mg yr~! during the AGB stage. From modeling
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Figure 5.5: Observed H~y profile is fitted with Kurucz theoretical Hy profile of model:
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of the spectra in the 0.35 um-100 pm spectral region , these authors concluded that
IRAS 1809542704 began to evolve from the AGB about 265 yrs ago and this object is
a very young proto-planetary nebula. The SED of this star is well fitted with SED
of Kurucz (1979) model atmosphere: T.;;=6500 K, log g=1.0 and [M/H]=-1.0 ( Fig
5.3). The SED of this object shows that the star has detached cold dust shell and no
hot component indicating mass-loss cessation. The presence of OH, 10 um silicate
features ( Eder et al 1988; Volk and Kwok 1987) and non-detection of CO ( Nyman
et al 1992) suggest that JRAS 18095+2704 is a oxygen-rich post-AGB star. Recently

Klochkova (1995) carried out the chemical composition analysis of this object and
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Figure 5.6: Observed Hf profile is fitted with Kurucz theoretical Hf profile of model:
6500 K, log g=1.0 and [M/H]=-1.0

found anomalous elemental abundances.

5.3 Atmospheric parameters: T.ss, log g, { and

metallicity

The photospheric parameters T.ss and log g are estimated using the SEDs of the
program stars. Each observed SED is compared with the Kurucz model atmosphere

with different T.;; and log g. The best fitted Kurucz models with the observed SED
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Table 5.2: Derived atmospheric parameters of stars from various methods

Photometry | Balmer profiles Adopted values
star Ters logg | Tess logg Tess logg & [M/H]
(K) dex |[(K) dex (K) dex kms™! dex
HD 179821 6000 1.0 |5500 1.0 5500 0.5 6 -1.0
HD 70379 6500 1.0 {6000 1.0 6500 1.0 5 0.0
IRAS18095+2704 | 6500 1.0 | 6500 1.0 6500 1.0 5.5 -1.0

are shown for all the objects (Figs. 5.1,5.2,5.3). We also determined T.s; and log g
using the strengths and wings of the Balmer profile respectively. We fitted theoretical
Balmer profiles ( Kurucz 1979) calculated for various model atmospheres with the
observed profiles (Figs. 5.4,5.5,5.6). The deduced values from Balmer profiles
are given in Table 5.2. The physical parameters derived from the above methods are
used in determining accurate T, , log g, microturbulent velocity (¢:) and metallicity
using excitation balance and ionization equilibrium of metallic lines as discussed in
the previous chapters. The final adopted model atmosphere parameters used in the

chemical composition analysis are given in Table 5.2.

5.4 Results

5.4.1 HD 179821

Derivation of elemental abundances using line analysis method (Chapter 3) is a bit
risky, for stars of late spectral type such as HD 179821 (G5 supergiant). It is more
likely that the measured EWs are blended with nearby lines and giving large un-
certainties in derived abundances. This problem is more acute in the case of blue
regions, where defining the accurate continuum itself is difficult because of severe
line and continuum opacities. Thus we restricted our abundance analysis only to
spectral ranges > 4600A. To avoid large uncertainties due to blending, we derived

abundances mostly by fitting the calculated spectra to the selected observed regions
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(Fig. 5.7) taking into account the possible blends. From the analysis of SED, Balmer
profile fittings, spectral line analysis and spectral type we found model atmosphere
with T.;;=5500 K, log g=0.5, [M/H]=-1.0 and microturbulent velocity £=6 km
s™! may reasonably represent the atmosphere of HD 179821. The average elemen-
tal abundances derived using the above model by spectrum synthesis analysis are
given in Table 5.3. We also derived abundances using models with T, ;;=5000 K, log
£=0.5. The results obtained (Table 5.3) also support that the star is metal-poor, and
C and s-process elements are overabundant relative to Fe. We found HD 179821 is a
metal-poor ([Fe/H]=-—0.9) based on the analysis of 25 Fe I lines. This is confirmed
by abundances of other iron peak elements like Ca, Ti, Cr and Ni ([Ca/H]}=-0.96.,
[Ti/H]=~1.22., [Cr/H]=-1.1 and [Ni/H]=-1.08). However, ionized metallic lines
([Ti 1I/H]=-0.3., [Cr II/H]=—-0.65., [Fe II/H]=-0.3) yield large abundances com-
pared to neutral lines. The fittings of synthetic spectra to observed regions in Fig.
3.7 show that only neutral lines of Ca and Fe are matched with the adopted model
and metallicity of [Fe/H]=~0.9 and ionized lines Fe II and Ti II are not matched. The
large discrepancy between ionized and neutral lines may be because of two reasons:
one is that ionized lines are too strong (~300-600mA) to use in abundance analysis
as these are affected by turbulence and severe blending and other one is that since
the atmosphere of HD 179821 is highly extended (log g=0.5) Non-LTE effects on the
ionized lines may be playing greater role in the abundance discrepancy. The carbon
found to be overabundant ( [C/Fe=0.85]) which is an average value derived from three
carbon lines at 4769.994, 5052.15A and 6588.99A. Mg and Si are found to be normal
relative to iron ( [Mg/Fe]=0.32, [ Si/Fe]=0.45) within errors. The abundance of Zn
( [Zn/Fe]=—0.15) is based on two Zn I lines at 4722.163A ( 60mA) and 4810.537A
( 212mA). The abundance values derived both from spectrum synthesis and line
analysis are in good agreement. The important results that come from the spectral
analysis of HD 179821 is s-process elemental overabundance. The abundances of Zr,
Ba and La are based on each single line and hence we believe uncertainties in these
abundances may be large. However the abundance of s-process element Y has been

measured from three lines which supports the s-process enrichment in HD 179821.

The errors involved in the abundances of HD 179821 may be larger as most of the
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abundances are determined from spectrum synthesis. This is because, it is 2 G-type
star and the spectral resolution is not very high. Uncertainties in the abundances
may be due to incomplete line list. Accurate gf values are not available for all the
lines used in the synthesis analysis. Estimating uncertainties in the abundances of
HD 179821 is difficult, due to possible missing lines in the line lists and possible
errors in gf values. Another source of error is the uncertainty in derived atmospheric
parameters. The analysis of comparing observed Balmer profiles and SED with the
theoretical ones, and ionization and excitation balance of Fe I and Fe II lines yield
an uncertainty in T.s; by & 500 K, log g by 0.5 dex and & by & 1 km s™!. Change
of 500 K in T.ss has very little effect on the abundances for higher excitation lines
such as C, N, O , Mg, and Si (Table 5.3). However there is noticeable change in the
abundance values of iron peak and s-process elements. The uncertainties in log g and
£ have little effect on the abundances. The net errors in our abundance values of
HD 179821 due to above mentioned uncertainties in the method of analysis may be
atleast : &+ 0.2 dex in carbon, + 0.3 dex in Mg and Si, + 0.2 dex in Fe and Ni , &+
0.3 dexin Y, Zr, Ba and La.

5.4.2 HD 70379

The chemical composition analysis of HD 70379 ( IRAS 08187-1905) is based on high
resolution echelle spectra in the range 5010-7200A. The list of lines,their EWs and
oscillator strengths used in this study are given in the Apendix. We used only lines

with EWs < 150mA, to avoid possible blending, turbulence and NLTE effects.

Elemental abundances of HD 70379 have been derived using model atmosphere:
Tesy=6500 K, log g=1.0, £&=>5 km s~ and [M/H]=-0.5 (Table 5.2). Average abun-

dances of each element derived from this model are presented in Table 5.4.

We found from this analysis that HD 70379 is slightly metal-deficient ([Ca/H]=—0.5,
[Sc/H]=-0.6,[Ti/H]=-0.6, [V/H]=—0.4, [Cr/H]=-0.4, [Fe/H]=-0.3 and [Ni/H]=-0.3).
We found carbon to be overabundant ( [C/Fe]=0.2) relative to Fe. The derived car-
bon abundance is based on 7 well defined lines. The oxygen triplet lines at 6156A
are badly blended with metallic lines. The profiles are not symmetric, ( Fig 5.8) and
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hence we did not use them in our abundance analysis. We used oxygen forbidden line
at 6363A which yields an overabundance of oxygen ( [O/Fe]=0.32) relative to Fe. Na
( [Na/Fe]=0.33) and Si ( [Si/Fe]=0.5) are found to be overabundant with respect to
iron. However the Mg I line at 57114 ( Ew=90mA) gives normal abundance

( [Mg/Fe]=0.1) and the other Mgl line at 51724 is too strong ( Ew=433mA) to be
used in abundance analysis. The abundance of sulphur ( [S/Fe]=0.34) comes from 7
S 1lines. Zn abundance ( [Zn/Fe]=0.1) is based on single Zn I line at 6362.35A. From
the line analysis of HD 70379, we found mild enrichment in s-process elements. The
abundance of light s-process element Y ( [Y/Fe]=0.5) is derived from 7 Y II lines and
the abundance of heavy s-process element Ba ( [Ba/Fe]=0.43) from two Ba II lines
_at 5853A and 6141A. However the abundances of other heavy elements Nd

( [Nd/Fe=—0.14) and Eu ( [Eu/Fe]=-0.03) are underabundant similar to Fe.

We estimated uncertainties in the derived elemental abundances, due to uncer-
tainties in the derived model atmosphere: &+ 250 K in T,s, £:0.5 dex in log g and £ 1
km s™! in §. Average uncertainties due to uncertainties in the model parameters are
as follows: 0.1 dex in C, N, O, Mg, Si and S., ~0.2 dex in iron group elements and
0.2 to 0.3 dex in Y, Ba, Nd and Eu abundances. Most of the derived abundances are
the result of more than three lines (Table 5.4) for which internal scatter is represented
by standard deviation (o) in Table 5.4. The large internal scatter in the abundance
of S ( Table 5.4) mostly may be due to uncertain gf values and in less extent due
to measured equivalent widths. Uncertainty in the abundances of O, Mg, Ti and Zn
may be large ( & 0.2 dex - 0.3 dex) for which abundances are derived from single

lines.

5.4.3 IRAS18095+2704

The photometry (Fig.5.3 ) and observed Balmer profile (Fig.5.6 ) indicate a temper-
ature of 6500 K and log g=1.0. Using these values as starting values and excita-
tion and ionization balance on Fe (Fe I and Fe II) lines, we determined atmosphere
model: T.;y=6500 K, log g=1.0 ,£&;=4.5 km s~! and [M/H]=-1.0 as appropriate model
to IRAS18095+2704. The derived atmospheric parameters by us are in good agree-
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Figure 5.9: Spectrum synthesis fit to the 4710 - 4730A region of IRAS 18095+2704.
dashed line: observed spectrum and Solid line: synthetic spectrum calculated for

[Fe/H]=—0.7 and [Zn/H]=—0.7

ment with that derived by Klochkova (1995): T.;;=6700 K, log g=1.1, {;=4.5 km s™*
and [M/H]=-1.0. The average abundances of chemical elements derived from two
model atmospheres are presented in Table 5.5. In our final analysis of abundances we
adopted model atmosphere derived by Klochkova (1995) as it is derived from many
Fe I and Fe II lines.

From our analysis we found it is moderately metal-deficient with [Fe/H]=—0.7.
The carbon ([C/Fe]=0.2) and oxygen ([O/Fe]=0.7) are found to be overabundant
which are similar to values of Klochkova (1995). However N ( [N /Fe]=0.8) abundance
deduced by us is 0.4 dex more than that of Klochkova value. The abundances of Mg,
Si and S are in good agreement with the abundances derived by Klochkova. The

anomalous elemental abundances as reported by Klochkova for neutral Ti, Ca and
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Cr are not found in our study. Within the uncertainties of methods used and input
parameters, we did not find any significant discrepancy between neutral and ionized
lines of Ti and Cr. The derived Mn abundance ([Mn/Fe]=0.7) based on 4 reasonably
good Mn I lines, confirms the overabundance of Mn I abundance of Klochkova ( 1995).
We also found that the abundances of other iron peak elements Ni ([Ni/Fe]=-0.1)
and Zn ([Zn/Fe]=0.0) are not overabundant relative to Fe. Klochkova reported large
overabundance of Ni ([Ni/Fe]=0.7) and Zn ([Zn/Fe]=0.8). From line analysis and
spectrum synthesis of Y II and Ba II lines we found the star to be deficient in s-
process elements. Klochkova also found Y I and Ba II are underabundant, but he

found La, Pr, Nd and Eu are overabundant relative to Fe.
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Table 5.3: Average elemental abundances of HD 179821 derived from model atmo-
sphere: T.;;=5000 K, and 5500 K, Log g=0.5 £&=6 km s~! and [M/H]=-1.0

T, ;=5000 K T.;;=5500 K
element #lines | A, [X/H] [X/Fe] A, [X/H] [X/Fe]
CI 3 8.5 —0.05 1.20 85 —0.05 0.9
MglI 1 7.0 -—-0.58 0.65 7.0 —-0.58 0.37
Sil 1 7.1 -045 0.80 7.2 —-035 0.6
Cal 4 54 —0.96 0.29 56 —-0.76 0.19
Til 3 39 -1.12 0.13 41 —-0.9 0.05
VI 1 30 -10 025 36 —04 055
Crl 2 46 —.07 0.18 49 -0.77 0.18
Mn 2 4.7 —0.69 0.56 50 —0.39 0.56
Fel 25 63 -—125 00 6.7 —0.95 0.0
Fe II 6 7.0 =055 0.0 7.3 =025 0.0
Nil 6 5.17 —-1.08 0.20 56 —0.65 0.3
Zn 1 2 3.55 ~1.05 0.20 38 —-0.75 0.2
Y II 3 22 -0.04 1.21 24 0.16 1.1
Zr 11 1 256 —-0.04 1.11 28 0.2 1.2
Ba 1l 1 20 -0.13 1.12 20 -0.13 0.8
La II 1 1.00 -0.22 1.03 1.0 -0.22 0.73

The line-to-line scatter in the derived abundances (¢) is large. This is mostly due

to the uncertainty in measured EWs as the spectrum has low S/N ratio. The analysis

of SED , Balmer profiles and the abundances of Fe I and Fe II lines yield uncertainty

in our derived atmospheric parameters: T.ss by + 250 K, log g by &+ 0.5 dex and &

by + 1 km s~!. Uncertainties in the derived parameters contribute net errors in the

abundance by + 0.2 dex in C, N, O, Mg, Si and S and by + 0.3 dex in iron peak and

s-process elements.
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Table 5.4: Elemental Abundances of HD 70379 for derived atmospheric model:
T.zs=6500 K, log g=1.0 and §;=5km s~

Element # of lines Average Abun. STD(c) [X/H] [X/Fe]

CI 7 8.65 0.13 010  0.42
[0 7] 1 8.99 002  0.38
Nal 3 6.34 0.04 001 033
Mg I 1 7.27 ~0.31  0.01
Si I 10 7.71 0.17 016  0.48
Si 11 2 7.69 0.14  0.46
S1 7 7.23 0.20 002 034
Ca I 9 5.87 0.08 —0.49 —0.17
Sc 11 6 2.61 0.19 —0.56 —0.24
Ti 11 1 4.37 ~0.65 —0.33
VII 2 3.57 ~0.43 —0.11
Crl 6 5.39 0.14 —0.28 0.04
Cr II 6 5.28 0.06 —0.39 —0.07
Fe I 55 719 011  —031 0.0
Fe 11 9 7.18 012 —032 00
Ni I 10 6.0 0.11 =025 0.07
Zn 1 1 4.44 —-02 01
Y 1I 7 2.39 012 015 047
Ba II 2 2.24 011 043
NdII 4 1.04 0.16 —0.46 —0.14
Eull 2 0.16 —-0.34 —0.03
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Table 5.5: Elemental abundances of IRAS 1809542704 derived from model atmo-
sphere: T,.;;=6500 K, log g=1.0, £;=5.5 km s and [M/H]=-1.0.

Model: T.;;=6500 K, log g=1.0
£:=>5.5 km s~1, [M/H]=—1.0

T.ss=6700 K, log g=1.0
£:=4.5 km s, [M/H]=-1.0

element n | Abun. o [el/H] [el/Fe] Abun o [el/H] [el/Fe] | Abun®
CI 10 | 8.06 0.15 -0.50 0.45 810 0.2 -—-046 0.2 8.27
NI 3 | 7.98 0.1 -0.07 0.88 805 01 00 0.65 7.66
01 1 |87 - —-0.23 0.72 8.75 - -0.2 0435 8.74
Mg I 3 |71 0.10 -0.48 042 735 015 —0.23 0.42 1.42
Sil 4 |72 02 -0.35 0.60 7.4 023 -0.15 0.5 7.48
S1 2 |68 01 -04 0.55 7.0 0.13 -0.21 0.44 6.96
Cal 4 | 547 02 -0.89 0.06 5.8 04 -0.56 0.1 5.84
Sc 11 2 1197 02 -1.13 -0.18 2.3 02 -07 —-0.05 {225
Ti1 2 |44 01 -0.62 0.33 464 002 -0.38 0.27 5.68
Th 11 3 | 417 03 -0.85 0.1 426 02 -0.76 -0.1 4.05
Crl 4 | 4.7 04 -097 0.0 5.0 02 -0.67 -0.02 |6.02
Crl1 4 | 4.7 02 -0.97 0.0 4.9 02 -0.77 -0.12 | 4.98
Mn I 3 |5.14 03 -0.25 0.7 539 03 0.0 0.65 5.12
Fe 1 23 | 6.58 02 -1.0 6.9 0.3 -0.65 6.71
Fe 11 10 | 6.62 0.2 =09 6.9 0.2 -0.65 6.73
Ni | 4 158.25 01 -1.02 -0.07 555 013 -0.7 -0.05 |6.13
Znl 2 |38 01 =09 0.05 405 01 -0.55 0.1 4.60
Y II 4 10.67 0.2 -1.57 -0.6 1.0 014 -124 —-0.6 |1.42
Ba Il 3 (093 03 -1.2 -—0.25 1.4 0.14 -0.73 —-0.1 1.13
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Table 5.6: Radial velocity measurements of program stars

star Date of Vo Ve v,

observation (kms™) (kms™) (kms™?)
HD 179821 244 8213.5 T76+4 —-22.83 54
HD 70379 245 0061.5 45+2 19.88 65
IRAS18095+2704 244 8400.5 —45 10.6 -35

244 8902.5 21 -15.3 -36

244 91735 33 —2.85 ~36

244 9163.5 -32.5°
Note:-

(a) Klochkova 1995

5.4.4 Radial velocities

Measurement of radial velocities is one of the key results, obtained from high reso-
lution spectra. We measured Doppler shifts from well defined absorption lines. The
measured radial velocities (V) for the three stars are given in Table 5.6. The mea-
sured velocities are corrected for the heliocentric corrections (Vheiio) and the final
systemic velocities (V,) relative to heliocenter are given in Table 5.5. The derived
velocities of all three stars suggest that they belong to either intermediate thick disc
(V,~40 km s™*) or old disc (V,~25 km s!) population stars. The derived veloci-
ties from the spectra of IRAS18095+2704 are in good agreement with the velocity
obtained by Hrivnak et al (1988) and by Klochkova (1995). Velocity measurements
of this star in a span of about § yrs, do not indicate any variations (Table 5.6). The
radial velocity (Vsp=54 km s7!) derived from our spectra of HD 179821 is less than
the velocity (Vsz)=100 km s™*) obiained by Zuckerman and Dyck (1986) from CO

observations. We measured doppler shifts from both neutral and ionized lines of HD

179821. We found a large systemic velocity of V,=65x1 km s~ for HD 70379.
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Table 5.7: Chemical composition of HD 179821, HD 70379 and IRAS 1809542704

are compared with the abundances of average yellow massive supergiants and dwarfs

Star [Fe/H] [C/Fe] [N/Fe] [O/Fe] [hs/Fe]
HD 179821 —0.6 to —0.9 0.9 - - 0.9
HD 70379 —0.3 0.4 - 0.4 0.4
IRAS18095 -0.8 0.45 0.88 0.72 —0.4
Yellow supergiants 0.0 —0.15 0.07 —0.2

Dwarfs 0to —2.0 0.0 0.0 <04 0.0

5.5 Discussion

The chemical composition of three program stars along with massive yellow su-
pergiants ( Barbuy et al 1996) and dwarfs ( Wheeler et al 1989) is summarized in
Table 5.7. Several remarkable characteristics are revealed by the chemical composi-

tion analysis of these sources. We discuss each of these stars in detail.

From the Table 5.7 it is clear that HD 179821 is neither a massive yellow supergiant
nor a dwarf. The chemical composition of HD 179821 clearly differs from the average
chemical composition of yellow supergiants and dwarfs. The yellow supergiants have
elemental abundances: [Fe/H]=0.0, [C/Fe]=—0.2, [N/Fe]=0.1, [O/Fe]=—0.2. How-
ever HD 179821 is found to be metal-deficient ([Fe/H]= —0.9) which argues against
the massive population I supergiants. The low metallicity of this object indicate that
the star may be a low-mass star belonging to old thick disc or halo population group
of stars. HD 179821 shows evidence of carbon enrichment with carbon abundance
[C/Fe]=0.9 unlike yellow supergiants and dwarfs ( Table 5.7). We could not derive
abundances of O and N as our observed spectral ranges did not cover the spectral lines
of O and N. The large radial velocity coupled with low-metallicity implies that HD
179821 may not be a massive supergiant. The over-abundance of carbon is expected
only in those low and intermediate-mass stars which have undergone He-burning via
the triple a reaction which occurs in the He shell flashes and third dredge-up mixing

episodes during the AGB phase of evolution ( Iben and Renzini 1982). The impor-
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Figure 5.11: Chemical composition of HD 179821

tant result of our quantitative abundance analysis of HD 179821 is the overabundance
of the s-process elements like Y, Zr, Ba and La. The enrichment of s-process elements
suggests that the star has undergone the predicted nucleosynthesis and dredge-up pro-
cesses on the AGB phase of evolution. The normal abundance of Zn ([Fe/Zn]=0.2)
means that the overabundances of C and s-process elements are due to evolutionary
effects and not because of depletion of iron peak elements ( Van Winckel et al 1992).
With its large radial velocity, chemical composition, HD 179821 resembles a known

post-AGB star HD 56126 (V,=100 km s™!, [Fe/H]=—1.0).
Recently Kastner and Weintraub (1995) and Hawkins et al (1995) suggested that

HD 179821 may be a massive yellow supergiant with circumstellar dust mass of around
5-8Mg, caught in between RGB and Wolf Rayet phase. Based on the post-AGB
interpretation of HD 179821 ( Pottasch and Parthasarathy 1988., van der Veen et al
1994) and on our chemical composition and atmospheric parameters, we estimate dust
and stellar parameters. We assume core mass (M) of 0.6Mg for HD 179821. This is a
valid assumption for the central stars of post-AGB stars and PNe (Chapter 2). Using
M.=0.6Mg, the derived Tes;=5000 £500 K and log g= 0.5+0.50 (Table 5.2) and
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from an equation 4.1 ( chapter 4), we estimate M,= —4 to —5. We estimated total
reddenning ( dust+ISM) A,~=2.0. Extinction due to ISM is estimated from hot O
and B stars in the direction of HD 179821. From values A,=2.0, V=8.4 and M,=—4
to —5, distance modulus (M,=(m,-A,)+5-5log r) yields distance (r) in the range 1
to 2 kpc. From the derived distance and angular size of 9”( Kastner and Weintraub
1995) we deduced linear size of the nebula to be of the order 0.04 - 0.09 pc. Using

1 and linear size of the nebula we

circumstellar CO expansion velocity V,.,,=30 km s~
derive the dynamical life time ( tqy.) of the nebula be around 800 - 1600 yrs. We
also estimated dust mass ( Mg) of the order of 4x1073Mg using an equation 2.2 ( see
chapter 2). The My/tq,, gives the mass-loss of the order of 5x107°Mg yr~'. These
derived values are in agreement with the values derived from the optically thin model
fits for the detached cold dust shells of post-AGB stars by van der Veen et al (1994).
van der Veen et al (1994) also noted that the spectral energy distribution from 1 um
- 100 pum of HD 179821 is similar to a carbon-rich post-AGB star HD 187885 ( Van
Winckel et al 1996). Another important point to be noted is that the non-detection of
HCN toward HD 179821 is attributed to the recent cessation of mass-loss ( Hrivnak
et al 1989) which is also suggested by its low IRAS variability index VAR=0 ( see
chapter 2 for details). Presence of strong HCN is the characteristic of heavily mass
losing supergiants ( Bujarrabal et al 1992; Nercessian et al. 1989). However the most
outstanding problem for the post-AGB interpretation is the large expansion velocity
of dust envelope.The typical expansion velocities for the post-AGB stars are in the

range of 15-20 km s~

Thus we conclude that HD 179821 is most probably a low- or intermediate-mass
post-AGB star in transition from AGB to PN, based on our abundance analysis
results, radial velocity, large displacement (Z=200 pc) from galactic plane, far-IR

excess similar to PNe and its loci in the H-R diagram.

The abundance results of HD 70379 show that it is slightly metal-poor ([Fe/H]=—0.3)
and overabundant in C ([C/Fe]=0.4) and O ([O/Fe]=0.4. The abundance pattern
of HD 70379 is different from that of normal population I supergiants which have
[Fe/H]=0.0, [C/Fe]=—0.6, [N/Fe]=0.5, [O/Fe]=—0.4 ( Luck and Lambert 1985). Un-

fortunately we do not have information about the abundance of nitrogen in our ob-
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Figure 5.12: Chemical composition of HD 70379

served spectral range. The overabundance of C may be the result of mixing of He-
burning products onto the surface on the AGB phase. During He-burning on the
AGB, a neutron source may be ignited to drive synthesis of heavy elements by the
s-process ( see chapter 4). If HD 70379 is a post-AGB supergiant, one might expect
to see overabundances of the heavy elements. Our elemental analysis indicates en-
richment of s-process elements Y ([Y/Fe]=0.5) and Ba ([Ba/Fe]=0.4). However the

other heavy elements Nd and Eu are similar to Fe.

The slow a-capturing elements Na ([Na/Fe]=0.3), Si ([Si/Fe]=—0.5) are also en-
hanced with respect to Fe which are expected in metal-poor stars ( Wheeler et al
1989). However the overabundance of another a-process element S relative to Fe, is
not understood in the lines of nucleosynthesis. The production of S, which requires
oxygen burning at central temperatures of around 1-2x10® K, is very hard to explain
in low-mass post-AGB stars. The large overabundance of S is also found in extremely
metal-poor post-AGB stars like HD 46703, BD +39° 4926 etc. The observed large

abundances of volatile elements like C, N, O and S and large deficiency in refractory

elements ( iron peak elements) like Na, Mg, Si, Ca, Ti, Cr, Fe, Ni etc., are attributed
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Figure 5.13: Chemical composition of IRAS 18095+2704

to depletion of iron peak elements into grains due to the condensation ( Venn and
Lambert 1990; Bond 1991; Lambert 1991; Parthasarathy et al 1992; Van Winckel et
al 1992). The refractory elements in the form of dust grains have been blown away
by radiation pressure and the gas with depleted metal has stayed back, as the radi-
ation pressure transfers greater momentum to the dust grains ( Mathis and Lamers
1992; Waters et al 1992). Similar abundance pattern is also seen in slightly metal-
poor ([Fe/H]=—0.3) high latitude post-AGB star HD 161796 ( Luck et al 1990). It

is overabundant in C ([C/Fe]=0.3) O ([0/Fe]=0.4) and ([S/Fe]=0.4. However, in

both extremely metal-poor post-AGB stars and HD 161796 s-process enrichment 1s

not evident. Note that the abundance of Zn serves as a good diagnostic to ascertain
r due to depletion of

whether the observed abundances are due to nucleosynthesis o
Fe. The derived abundance of Zn ([Zn/Fe]=0.1) comes from a single line and hence
relying on the abundance of 7n to interpret either way is difficult.

and the abundance of Ca ([Ca/Fe]=—0-2 (which is more

( Field 1974; Jenkins 1989) and the observed

The solar abundance of S

depleted than other iron peak elements

i and s-process elements relative to Fe may be the result

overabundances of C, Na, 5
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of both depletion of Fe and also nucleosynthesis. Thus its high radial velocity ( 65
km s7'), its galactic position and supcrgiant like spectrum suggest, it is a low-mass
evolved supergiant. The chemical composition and its position in the H-R diagram,

double peak energy distribution ( chapter2) indicate this is a post-AGB supergiant.

Another important candidate in our sample is IRAS 18095+2704. Recently Klochkova
(1995) has studied the chemical composition of this object. Evidence for the third
dredge-up is seen in this object with CNO overabundances. However the large O /C=4
suggest that the star is oxygen-rich. Oxygen rich nature of this source also has been
suggested by presence of SiO features in IRAS low resolution spectrum. Carbon bear-
ing molecules like CO, HCN are not detected, but OH features are seen in the direction
of this object. However we found the s-process elements Y and Ba are deficient. The
s-process elemental deficiency is observed only in metal-poor stars with [Fe/H]<—2.0
( Sneden and Parthasarathy 1983) and is not expected in stars of metallicity of IRAS
18095+-2704. This object also shows overabundance of S ([S/Fe]=0.6) and a process
elements Mg and Si.

5.6 Conclusions

We have analyzed the high resolution optical spectra of three post-AGB candidates
HD 179821, HD 70379 and IRAS 18095+2704. Our abundance analysis results of HD
179821 suggests that this is a low-mass evolved object but not a run away population
I supergiant ejected from disc. The observed excess abundances in C and s-process
elements are consistent with the nucleosynthesis predictions on the advanced phases
of AGB evolution. The high radial velocity, low [Fe/H], far-IR excess and its position
in the H-R diagram supports the idea that this star is most probably a post-AGB star
caught in between AGB and PN. We also estimated the dust parameters of HD 179821
using the derived physical parameters of the star which are in general agreement with
the post-AGB evolutionary models. We found mild metal-deficiency in HD 70379.
It shows overabundances in C,0, a-process and s-process elements suggesting that it
has evolved through the AGB phase. Thus HD 70379 with its high radial velocity
(V.=65 km s~), high latitude (10°) and its optical and IR studies suggest that it is
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a low-mass post-AGB supergiant.
Elemental abundances of IRAS 18095+2704 suggest this also to be an evolved low-
mass star. We find overabundance of carbon and nitrogen indicating that this star

experienced both CNO and triple-a reactions and third dredge-up mixing. However

we did not find overabundance of s-process elements.
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HD 105262: A high latitude
metal-poor post-AGB A supergiant

with large proper motion

6.1 Introduction

Recently Corbally and Gray (1993) surveyed the spectral characteristics of A-type
stars in the galactic halo. It is possible that some of the halo A-type stars are
misclassified as Field Horizontal Branch (FHB) stars. It may be likely that some of
them may be post-AGB A supergiants. Recently, Abt (1993) classified the spectrum
of the halo A star HD 105262 (galactic latitude +76°) as AOp Ib and found that its
spectrum is similar to that of the metal-poor post-AGB A supergiant HR 4049. HD
105262 also shows a high cl-index ( Eggen 1974) similar to the post-AGB A and F
supergiants ( Bidelman 1993). In fact Eggen (1974) suggested that HD 105262 may
be similar to the metal-poor post-AGB A supergiant BD+39° 4926 ( Kodaira 1973).
However Glaspey (1982) argued that HD 105262 is a FHB A-type star.

In order to understand the evolutionary stage and chemical composition of HD

105262 we have carried out an analysis of its spectrum, and the results are presented

In this chapter.

116
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6.2 Observations

We have obtained optical spectra of HD 105262 on 13th (UT:22h30m) and 14th (UT:
22h30m) February, 1995 with the 2.3m (VBT) telescope at Kavalur equipped with
a B & C- spectrograph and a CCD detector. Spectra cover the wavelength ranges:
4200 - 46004, 4900 - 53004, 6000 - 64004, 6300 - 6700A, 6800 - 7200A, 7200 - 7600A
and 7400 - 7800A. The effective resolution obtained from the FWHM of comparison
lines for all the frames is around 1.1A and the spectra of all the frames has S/N=~100.
Spectroscopic reductions were done using the standard IRAF package.

During writing of this thesis we obtained high resolution ( 0.15A) optical spectra
of this star in the region 5700A-8700A. This spectra has been observed with the 2.1 m
telescope equipped with echelle spectrograph at McDonald observatory on 8th (UT )
December 1995.

6.3 Analysis

6.3.1 The spectrum of HD 105262

The spectrum of HD 105262 in the H+ region is shown in Fig. 6.1 together with
the spectra of normal supergiants HD 87737 (A0 Ib), HD 202850 (B9 Iab) and also
the spectrum of the FHB star HD 93329 ( A0, [Fe/H]= —1.5). The strength and
shapes of the hydrogen line profiles in the spectrum of HD 105262 are similar to that
of B9 Iab or A0 Ib supergiants, for example, the H+y profile in Fig. 6.1. They are
not as broad as in FHB stars. The strengths of Mg I 44814 and Fe lines are much
weaker in the spectrum of HD 105262 compared to that of normal A-type supergiants,
and they are weaker than those in the metal-poor ([Fe/H]= —1.5) A0 FHB star HD
93329. There is a weak He I line at 4471A. We also identified He I line at 5875A
(Fig. 6.2) The Fe I lines are extremely weak or absent. The presence of He I lines
in the spectrum of HD 105262 indicates that its spectral type may not be later than
A0. We estimate the spectral type and luminosity class of HD 105262 to be A0 Ib,
in good agreement with that found by Abt (1993).
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Figure 6.2: Spectrum of HD 105262 around 5880A showing the He I line at 5876A.
The ISM Nal(D1) and Nal(D2) lines are also indicated

6.3.2 Atmospheric parameters

The physical parameters, surface temperature T.;, surface gravity log g and micro-
turbulent velocity &; required to determine the elemental abundances, are estimated

as follows.

The surface temperature and micro turbulent velocity can be estimated by de-
manding that there should be no dependence of the Fel abundances upon lower ex-
citation potentials and equivalent widths of Fel lines, respectively. Surface gravity

can also be determined spectroscopically by forcing Fel and Fe II to give the same
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Figure 6.3: The observed Hy profile of HD 105262 (solid line) compared with the
Kurucz ( 1979) synthetic Hy profiles for different temperatures.

abundance. It is, however, difficult to apply these methods, given that the neutral

metallic lines are absent or very weak in the spectrum of HD 105262.

The surface temperature T.ss can be derived from the spectral type, UBV and
Strémgren uvbyf photometry. The UBV photometry V= 7.08, B-V= —0.01, U-B=
—0.05 and Stromgren photometry b-y= 0.056, c1= 1.406, m1= 0.074 have been taken
from Eggen (1977). The colour excess derived by Feltz (1972) for normal stars in
the vicinity of HD 105262 are consistent with little or no interstellar reddening. The
calibration of spectral-type—T,;; relation for supergiants ( Flower 1977) yields T.zy=
9500 K for A0 supergiants. The T.rs= 8500 K, and log g= 1.5 for HD 105262 have
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been derived by Klochkova and Panchuk (1987) using the half widths and equivalent
widths of the Balmer Hy and H¢ lines in the T.;; versus log g diagram. By comparing
UBYV colours of HD 105262 with the theoretical UBV colours ( Relyea and Kurucz
1978) for [M/H]= —2.0, we estimate T.;;= 9000 K and log g= 2.0. An upper limit
for the model temperature can be found by considering the absence or presence of
He I lines in the spectra. The strengths of He I lines at 4471A (EW=40mA) and
at 5875 A(EW=38mA) (Fig. 6.2), are expected for the T.;=9000 K, and log g=2.0
mode]. We also estimated T.;; and log g, by comparing the Hy profile, with the
Kurucz (1979) LTE Balmer Hy grids of [M/H]= —2.0 for different temperatures and
surface gravities (Fig. 6.2). We obtained T.;¢= 9500 K, and log g= 2.0 from matching
both the wings and core of the Hy profiles (Fig. 6.2).

Another parameter involved in deriving the chemical composition is the microtur-
bulent velocity ¢;. We adopted £;= 4 km s™!. This value is typical for low surface
gravity metal-poor post-AGB supergiant stars such as HD 56126 (= 4 km s (
Parthasarathy et al. 1992), HD 52961 ({;= 5 km s™!; Waelkens et al. 1991), BD+39°
4926 (5 km s™1; Kodaira 1973). We adopt for our abundance analysis T.;;= 9000 K,
log g= 2.0 and §;= 4 km s7%.

6.3.3 Absolute magnitude

The equivalent width of the O I triplet at 7771A in the spectrum of A-type stars is
sensitive to the luminosity ( Sorvari 1974). Using the equivalent width of O 1 7771A
triplet and M, calibration of Sorvari (1974) we derive M,= —4.0. Klochkova and
Panchuk (1987) derived M,= —4.8 from the equivalent width of Hy profile. The M,
versus uvby and 8 photometry calibration for high proper motion, metal poor, A-type

giant stars ( Stetson 1991) yields M,= —5.0.
The absolute magnitude (M,) may also be calculated using a standard formula,
M, = —2.5log(M/Mg) + 2.5logg — 10logT.;s — B.C + 31.3 (6.1)

By using the adopted photospheric parameters of HD 105262, (T.r;=9000 K, log
g=2.0) and the typical mass of 0.6Mg of pop II stars, we find My=—2.5. The bolo-

metric correction (B.C) of —0.2 has been applied. However this formula is very
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sensitive to log g and T,y (e.g T.yy=9500 K, log g=1.5 yield M,=-4.0). Uncertain-

ties in derived T.;s and log g values, introduce an uncertainty of about 1.5 mag in

M,.

6.3.4 Chemical composition

Abundances of the chemical elements were determined with the local thermodynamic
equilibrium (LTE) model atmosphere grids computed by Kurucz (1979). For com-
puting the synthetic spectra and equivalent widths, we used updated codes LINES
and MOOG ( Sneden 1973). We have used oscillator strengths (log gf) of O I-triplet
at 6156A and N I lines, listed by Waelkens et al. (1991). For O I-triplet at 77714,
we used gf values of Takeda (1994). For other metallic lines, we have taken gf values
from Fuhr et al (1988).

We have derived elemental abundances of HD 105262 using the model atmosphere:
T.sr= 9000 K, log g= 2.0, [M/H]= —2.0 and microturbulent velocity &= 4 km™'.
Keeping in mind the uncertainties in the T.s; of this kind of stars, we also carried
out abundance analysis using the models with T.ss= 8500 K, and T.ss= 9500 K for
different microturbulent velocities. The uncertainties in the estimated atmospheric
parameters, T.ss of 500 K, log g of +0.5 dex and ¢ of £2 km™" introduce uncer-

tainties in derived abundances approximately by + 0.3 dex.

The carbon abundance is based on single C II line at 4267.27A. Abundance of
carbon has been derived both from the line analysis and synthetic spectra. The ni-
trogen abundance is derived from lines in the red region at 7442.63A and 7468.28A.
The oxygen abundance is derived from the O I-triplet lines at 6156A and at 7771A.
The oxygen abundance ([O/H]= 0.2) derived from 7771A triplet lines is larger than
the oxygen abundance ([O/H]= —0.5) obtained from 61564 triplet lines. The over-
abundance of oxygen from 7771A triplet lines may be due to Non-LTE effects. We
applied Non-LTE correction of 0.6 dex ( Baschek et al. 1977) to our LTE abundance
of oxygen, the abundance [O/H]= —0.4 after correction is comparable to the abun-
dance derived from the O I lines at 6156A. The CNO abundances are found to be
[C/H]= —0.1, [N/H]= —0.3, [O/H]= —0.5. The abundances of a-process elements
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Figure 6.4: Synthesis of O I lines at 6156A for HD 105262. The observed (dotted lines)
Fe II lines and O I lines are well matched with [Fe/H]=—2.4 and [O/H]=—0.9 for an
adopted model (solid lines): Te;;=9000 K, log g=2.0 £;=4 km s™* and [M/H]=—2.0

Mg, Si have been found to be [Mg/H]= —1.6, [Si/H]= —1.4. The abundance of sili-
con and magnesium are derived from the lines at 6347.09A, 6371.35A and 5183.60A,
5172.69A respectively. We estimated the He abundance ([He/H]=-0.2), using the
He I line at 4471A. Since the Hel line at 4471A is weak and blended with metallic
lines, the abundance of He is highly uncertain. To check our abundance analysis,
we also carried out spectrum synthesis analysis of the FHB star HD 93329 using the
spectra of the same resolution obtained with the same instrument. The derived metal
abundances are in good agreement with the abundances obtained by Adelman and
Philip (1994). The elemental abundances derived from high resolution echelle spectra
are given in brackets in Table 6.1 and Table 6.2. These values are in good agreement
with the values obtained from low resolution spectra. The CNO abundances of HD

105262 with respect to iron are found to be over abundant: [C/Fe]= +2.3, [N/Fe]=
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Table 6.1: Elemental Abundances of HD 105262 for different temperatures. The

values given in brackets are the abundances derived from high resolution spectra.

Teys  [C/H] [N/H]  [O/H] [Mg/H] [Si/H] [Ti/H] [Fe/H]

log g=2.0
E¢=4km S—l
8500 -03 03 ~0.6 —-1.9 —-1.8 -21 =23
9000 —-0.1 0.3 —0.5 —-1.6 —1.4 -20 =22
(—0.42) (—0.87) (—1.35) (—2.4)
9500 0.3 0.1 —0.4 -1.0 -1.0 -1.8 21

+2.0, [O/Fe}]= +1.5. The CNO, Mg, Si and metal abundances of HD 105262, HD
107369, HD 46703 and BD+39° 4926 are compared in Fig. 6.3. The abundance
(Table. 6.1) pattern of HD 105262 is similar to that of the metal-poor high galactic
latitude post-AGB supergiant BD+39° 4926 ( Kodaira 1973).

6.3.5 Space motions

From our spectra the radial velocity of HD 105262 is found to be V,= 4241 km s™.
This is in agreement with the radial velocity measurements made earlier: +42.0£3.7
km 57! ( Young 1942), +42.0+6.8 km s~! (Albizkij 1947), +41.4 km s™! ( Wilson
1953) and +45.0 km s ( Glaspey 1982).

The proper motion of +0”.038 year~! and -0”.042 year™! in right ascension and
declination respectively, are listed in the SAO catalogue. The total proper motion
of HD 105262 is u= 0".056 year~!. Taking the heliocentric radial velocity V,= 41
km s™!, proper motion u= 0”.057 year~! and M,= —5 the space motion is found

out to be V,= 700 km s~! with respect to the Sun. The high space velocity of HD
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Table 6.2: Comparison of chemical composition of HD 105262 with various types of

evolved stars.

el/H]  HD105262 HD46703 BD+39° 4926 HD107369 Popl BHB star
supergiants = M4 No. 4408
(C/H] —0.1 —0.27 —0.4 <-1.27 —0.25 —0.99
[N/H  —0.3(—0.42) +0.22 0.4 ~0.68 +0.7 +0.1
[O/H]  —0.5(—0.87) —0.46 —0.1 ~1.10 —0.16 ~0.9
[Mg 1I/H] ~1.6 ~1.48 ~1.5 - ~0.12 ~0.35
[SiII/H] -—1.4(-1.35) -1.94 —1.7 ~0.95 ~0.22 —0.57
(Ti II/H] ~2.0 ~1.89 ~3.7 —0.84 ~0.07 ~0.6
[Fe II/H] -2.2(-24) -1.56 —2.9 ~1.16 0.11 ~1.06

1 near the

105262, is larger than the escape velocity from the Galaxy of 290 km s~
Sun. The positions of HD 105262 in the equatorial galactic plane are X= —73pc,
Y= —765pc, and Z= 2.5 kpc. The radial velocity V,= 41 km s~! and a distance 2.6
kpc of HD 105262 from the Sun yields space velocity components with respect to the
galactic co-ordinate system: U= 445 km s, V= —545 km s™!, and W= ~12km s™".
However by taking the M,=—2.5 as derived from Eq. 1, we find a distance of only
850pc and its space motion 230km s~!. In that case, it may be a nearby object and
which is consistent with the high proper motion. Correspondingly its space velocity
components become: U= 150 km s—1, V= —170 km s™' and W= 28 km s~!. The
(U,V) components of HD 105262 suggest that the star is a member of the halo group

of stars and it does not belong to the Wolf 630 group of stars ( Eggen 1969).
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Figure 6.5: Elemental abundances of HD 105262, metal-poor post-AGB supergiants
HD 46703, BD+39° 4926 and an evolved pop II A star HD 107369.

6.4 Discussion

The main results found from our analysis of HD 105262 are: (1) that it is a metal-poor
evolved population II star, (2) the photospheric abundances of metals are very low
[Fe/H]= —2.2, but the CNO and the a-process elements Mg and Si are overabundant
with respect to iron. The chemical composition of HD 105262 clearly differs from
the chemical composition of population I giants and halo dwarfs. Population I su-
pergiants have elemental abundances: [Fe/H]= 0, [C/Fe]= —0.5, [N/Fe]= +0.5 and
[O/Fe]= —0.3 ( Luck 1993), whereas in metal-poor halo dwarfs : [C/Fe]= 0, [N/Fe]=
—0.25, and [O/Fe]= 0.35 ( Wheeler et al. 1989) and in metal-poor (Fe/H=—1.1) Blue
Horizontal Branch (BHB) star No. 4408 in M4 ( Lambert et al. 1992 ): [C/Fe]=+0.1,
[N/Fe]=+1.1 and [O/Fe]=+0.2. However, the elemental abundances of HD 105262
using model atmosphere parameters, T.s;= 9000 K, log g= 2.0, &= 4.0 km s~! and
[M/H]= —2.0 are found to be [Fe/H]= —2.4, [C/Fe]= +2.3, [N/Fe]= +2.0, [O/Fe]=
+1.5 and [e/Fe]= +0.7. Recently Van Winckel (1995) has studied a similar metal-
poor (Fe/H=—1.1) star HD 107369. This star was first classified as a horizontal
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branch (HB) star. HD 107369 is a high latitude A-type star having high Strémgrem
cl-index similar to HD 105262. Bond and Philip (1973) suggested from its photome-
try that HD 107369 is  similar to the metal-poor high latitude object BD+39° 4926.
Though HD 107369 shares some of its properties with HD 105262, it differs in chem-
ical composition (Table. 6.2). The small C/0=0.2 and no enhancement of a-process
elements, indicate that the star HD 107369 has not gone through the third dredge-up
which occurs on the AGB. On the other hand, in HD 105262, the observed large
C/0=1.2 and over abundance of Mg are the result of 3a-process via He-burning on
the AGB, which are brought to the photosphere during the third dredge-up episode.
However, [Mg/Fe]=+0.4 has been found as an upper limit, in metal-poor stars with
[Fe/H]= —1.0 to —2.0 ( Fuhrmann et al. 1995). The abundance ratio [Mg/Fe]=+0.6
in HD 105262 suggests that the star is metal-poor and slight excess in Mg abundance
may be attributed to stellar evolutionary effects on the AGB. The star HD 107369
bas neither Ha emission nor observed IR excess, which are similar to HD 105262.
But the much pronounced excess in both CNO and a-process elements compared to
HD 107369 clearly demonstrates that HD 105262 is relatively in an advanced stage
of evolution. But as shown in Fig. 6.3, the chemical abundance pattern is strikingly
similar to that of the metal-poor high latitude post-AGB stars, such as BD+39° 4926
( Waelkens et al. 1992) and HD 46703 ( Bond and Luck 1987). The overabundance
of C and the mild excess of a-process elements suggest that these elements have been

brought up to the surface during the AGB phase.

Though HD 105262 shares its chemical composition and bigh luminosity simi-
larities with high latitude post-AGB supergiants, it differs from other high latitude
post-AGB stars, in its large proper motion, high space velocity and the absence of
circumstellar dust. Most of the known high latitude post-AGB stars such as, HR
4049, HD 52961, HD 46703 and BD+39° 4926 are radial velocity variables. However,
radial velocity measurements of HD 105262 over the last few decades do not show any
evidence for variability indicating that it is not a binary star. Thus, HD 105262 may
be a single star which has evolved with primordial metallicity in the halo. However,
the peculiar chemical composition observed in high-latitude post-AGB stars has been

attributed to selective depletion of iron peak elements. The presence of circumstel-
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lar dust around these stars and the over abundance of sulphur with respect to iron
strongly supports the idea that depleted refractory elements are locked up in the
circumstellar dust grains. The question, whether the low metallicity [Fe/H]=—2.2 of
HD 105262 is primordial and CNO and a-process abundances are stellar evolutionary
effects, can be explained by two diagnostic elements zinc and sulphur. Our spectral
resolution is not sufficient enough to resolve zinc lines and unfortunately we do not

have spectra covering the SI lines to estimate its abundance.

Finally we discuss the kinematics of HD 105262. The large proper motion 0".057
year™! and its distance 2.6 kpc from the Sun can be understood from its high space
motion. Most of the halo objects were discovered from their large proper motion. As
the star approaches the galactic plane, it attains high velocity because of gravitational
potential of the Galaxy and therefore shows peculiar large proper motion. Thus, the
large proper motion of HD 105262 is not because of proximity, may be due to high
space motion in the orbit. Since the HD 105262 is an evolved low-mass ( as seen in the
discussion) star, with an extended atmosphere, it may be mimicking the supergiant
spectrum ( Parthasarathy 1994). Hence the derived M, from balmer profiles, should
be taken with caution. And may be we should not use the MK luminosity class and
M, calibration to estimate absolute luminosities and distance of these stars. Also,
the M, derived from equivalent width of the O I triplet vs luminosity class, may not
represent the true luminosity of HD 105262. Instead if we take M,=—2.5 ( see section
3.3), we arrive at a distance of only 850pc and space velocity 230 km s™. In that case,
HD 105262 is a nearby evolved object with a luminosity of only 800Lg. The large
proper motion and chemical composition indicate that it is a nearby low-mass star in

an advanced stage of evolution.

6.5 Conclusion

From our spectrum synthesis analysis, we conclude that HD 105262 is not a FHB star.
The low metallicity, over abundances of CNO and a-process elements and its locus
in the HR diagram suggest that it is a low-mass population II star in the post-AGB
stage of evolution. The large ratio of C/O= 1.2 shows that HD 105262 is a carbon-
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rich star. The absolute luminosity and the distance of HD 105262 are uncertain. To
disentangle this luminosity problem, it is highly important to remeasure the proper

motion of this star.



Chapter 7

Conclusions

In this thesis we studied post-AGB stars in two parts: first, selection of post-AGB
stars (Chapter 2) and second, chemical composition analysis ( Chapter 4, Chapter§
and Chapter6) of few selected post-AGB candidate stars. We briefly summarize the

important results obtained in this study.

In the first part, we selected a sample of 14 JRAS sources whose colours are similar
to PNe and post-AGB stars. We identified the optical counterparts for these IRAS
sources on the POSS and ESO sky survey plates. For all the identified stars, we
obtained CCD imaging and BVRI photometry. For some of the bright stars in the
sample, we also obtained low resolution optical and near-IR spectra. Using optical
photometry and spectroscopy, we derived spectral types and luminosity classes for
all the stars. We found all stars are in the A-F-G spectral types with luminosity
class I or II. We estimated interstellar extinction using O and B stars in the direction
of sample stars. We compared the observed spectral energy distribution from 0.4
pm to 100 um with the theoretical energy distributions. We found the stars, IRAS
08187-1905, IRAS 05233-0626 and IRAS 17086 -2403 have only cold dust component,
detached from the central stars. The rest of the sources present a double-peak energy
distribution, one is due to hot dust component (near-IR) and the second one is due
to cold dust component (far-IR). Using simple model, we derived stellar and dust
envelope parameters. The results obtained in this study are in general agreement

with post-AGB evolutionary models. The stellar parameters like gravity and T,z
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and dust envelope parameters like dust temperature, dust mass, dynamical life time
of the dust envelope and high galactic latitude coupled with molecular observations
of CO, OH, HCN, 3.3 pm and 21 um features suggest that all the stars considered

here are associated with post-AGB evolutionary phase.

The main part of this study is devoted to chemical composition analysis of se-
lected post-AGB stars. One of the important results obtained in this thesis comes
from the chemical composition analysis based on high resolution spectra of IRAS
0534140852 ( Chapter 4). We suggested in chapter 2 that this star is a good candi-
date for carbon-rich post-AGB star based on its optical, near-IR, far-IR and molec-
ular observations. This is one of the few stars in which 21 pm emission has been
detected. We found from the chemical composition analysis that the star is metal-
poor ([Fe/H]=-1.0), carbon-rich (C/0>1) and large overabundance of s-process ele-
ments Y ([Y/Fe]=1.80), Ba ([Ba/Fe]=2.58), La ([La/Fe]=2.86), Ce ([Ce/Fe]=2.95),Pr
([Pr/Fe]=2.27), Nd ([Nd/Fe]=1.97 and Sm ([Sm/Fe|=0.86). With low metallicity,
large C/O and overabundance of s-process elements, IRAS 0534140852 is a third
post-AGB star which shows clear cut evidence for nucleosynthesis and third dredge-
up during helium shell flashes on the AGB phase. The other two post-AGB stars
are HD 56126 and HD 187885 both are metal-poor, carbon-rich and overabundant
in s-process elements. However, IRAS 0534140852 is the first post-AGB star show-
ing overabunance of Al, Li which are not enhances in HD 56126 and hD 187885.
Overabundance of Li has been observed in HD 4671, but it is underabundant in C.
The post-AGB nature of this object is debatable. Presence of large contents of Li
and Al indicate that IRAS 0534140852 has developed Hot Bottom Burning during
its AGB evolution. The Hot Bottom Burning models predict production of Li only
in the massive AGB stars. Low metallicity, radial velocity, large displacement from
the galactic plane indicate that it is a low-mass star belonging to old thick disc or
halo. The observed overabundance of Li and post-AGB nature of IRAS 05341+0852

suggest that Li can be produced in low-mass post-AGB stars also.

In Chapter 5 we studied the chemical composition of three post-AGB stars: HD
179821, HD 70379 and IRAS 1809542704, based on high resolution spectra. The
chemical analysis study of HD 179821 made it possible to understand the nature of
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this coldest IRAS source. This star was thought to be a massive supergiant (Hawkins
et al 1995; Kastner and Weintraub 1995) with large envelope mass of around 5-
8 Mg. From the analysis of high resolution spectra, we found the star is metal-
poor ([Fe/H]~1.0) and overabundant in C and s-process elements. The abundance
of Zn found to be deficient similar to Fe. These results suggest that the observed
metallicity of HD 179821 is intrinsic and the overabundances of C and s-process
elements are the result of nucleosynthesis and deep mixing during the AGB phase.
Its large radial velocity, low-metallicity and overabundances of C and heavy elements
indicate that HD 179821 is a low-mass post-AGB star in transition between AGB
and PNe and not a massive yellow supergiant. We also estimated distance, dust mass
and dynamical age of dust envelope which are consistent with the post-AGB model
calculations. HD 70379 is another bright IRAS source which has been suggested as
a good candidate for low-mass post-AGB supergiant ( Chapter 2). The chemical
composition analysis results show that it is slightly metal-poor ([Fe/H]=-0.3) and
overabundant in C,N and s-process elements. It is also found to be overabundant in
sulphur similar to C. Overabundance of S as a result of nucleosynthesis in low-mass
stars is difficult to understand. Thus the normal abundance (solar) of S indicates that
the observed low metallicity is not intrinsic but it is due to depletion of iron-peak
elements. Taking S abundance as the metallicity indicator, we discussed the chemical
composition of HD 70379. We found slight overabundance of C and s-process elements
which indicate that the star has undergone AGB nucleosynthesis and third dredge-up
mixing. We conclude from its optical, IR properties, galactic position ( Chapter 2)
and chemical composition that HD 70379 is a new post-AGB star. In our study of
chemical composition, we found IRAS 1809542704 as an oxygen-rich post-AGB star.
Evidence for third dredge-up is seen with CNO overabundances. The photospheric
oxygen nature of this candidate confirms the chemical classification of oxygen-type
based on dust envelope properties. However, we found deficiency in s-process elements

Y and Ba.

We studied in detail, the medium and high resolution optical spectra of HD 105262
in Chapter 6. This is a high Cl-index (Cl=1.4), high galactic latitude (+72°) and
high proper motion (0.057") star. This star was previously thought to be a FHB star
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with absolute magnitude M,=0.8. Comparison of spectral features of HD 105262 with
that of FHB star and supergiant of same spectral types show that it is an A-type
supergiant with an extended atmosphere. The atmospheric parameters: T.;;=9000 K
and log g=2.0 have been determined from the fittings of observed Balmer profiles with
that of calculated profiles, from Stromgren photometry and from UBVR photometry.
Using LTE model atmospheres we derived elemental abundances. We found the star is
extremely metal-poor ([Fe/H]=-2.4). The abundances of CNO and a-process elements
Mg, Si are found to be overabundant relative to Fe. We also discussed in detail the
kinematics of HD 105262. From the derived radial velocity and absolute magnitude
(M,=—4 to —5), we found its space motion of around 700 km s~' which is much

! pear the Sun. From

larger than the escape velocity from the Galaxy of 290 km s~
the galactic positional components (X,Y,Z) and space velocity components (U,V, W)
we conclude that HD 105262 is a member of halo group of stars. We argued in detail
the results of both chemical composition analysis and kinematics and concluded that

it is most probably a low-mass post-AGB star.



Line Identification

Appendix:

In this appendix we tabulated the identified lines in the spectra of post-AGB stars
HD 70379, IRAS 18095, HD 179821 and IRAS 0534140852. Each table contains
laboratory wavelength (A1), element identification (Iden), low excitation potential

(LEP), measured equivalent width (EW) in mA log gf values and derived abundance
(log N).
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Table Al: Line data of HD 70379

,},ub Iden LEP Ew loggf logN
A mA

5380.322 CI 864 165 -1.665 8.63
6006.06 Cl 864 37

6010.65 Cl 864 26

6014.842 CI 864 49

6587.622 CI 853 124 -1.049 8.77
6663.01 Cl 885 68

6671.82 Cl 88 30

6828.193 CI1 853 89 -1.386
7100.130 CI 8.64 47 -1473
7108.92 Cl 864 -1.595
7111450 C1 864 73 -1.07  8.44
7113.171 C1 8.64 115 -0.76  8.44
7115.17 CIl 8.64 129 -0.899 8.33
7116.963 CI 864 156 -1.08 8.92
7119704 CI1 864 97 -131 8.62
6156.80 Ol 10.740 -0.44 849
6158.171 OI1 10.741 43 -0.29
5682.647 Nal 2.1 108 -0.710 6.39
5889.973 Nal 0.0 0.1099
5895.8940 Nal 0.0 -0.190
6160.753 Nal 2.1 43 -1.270 6.34
6154.230 Nal 2.1 21 -1.570 6.31
5645.618 Sil 493 37 214 .72
5772149 Sil  5.080 47 -1.750  7.59
5780.388 Sil 4920 28 2.35 181
5793.079 Sil 493 84 -2.06
£797.865 Sil 495 69 -2.05
5948.548 Sil 5.08 117 -1.230 1.72
6091.920 Sil 5.87 90 -1.404 7.52
6125.026 Sil 5.61 o7 -1513 7.35
6155.142 Sil 5.62 79 -0.965 7.9
6721.844 Sil 5.6 -1.264
6848.566 Sil1  5.860 -2.090
6347.095 Sill 812 967 0.219  T7.84
6371.355 Sill 8.2 195 -0.104 7.53
5172.698 Mgl 2.710 433 -0.3810
5183.619 Mgl 2.720 447 -0.158
5711.095 Mgl 4.340 90 -1.683




Line Identification

136

Table Al: continued

/}lab Iden LEP Ew log gf log N
A mA

6318.708 MgI 5.108 136 -1.970
5278.961 ST  6.860 63 -2.020 17.59
604193 SI 48 7.870 -1.00 7.42
6046.015 SI 75 7.870 -0.779 7.48
6052.682 S1 7.870 66 -0.6300 17.25
6743.575 S1 7.870 34 -0.7001 7.0
6748.779 SI1  7.870 170 -0.440 7.14
6757.195 SI  7.870 89 -0.2900 7.15
5581.979 Cal 252 71 -0.555  5.84
8590.126 Cal 2.52 -0.5711 5.92
5601.286 Cal 252 78 -0.5230 5.86
5857.459 Cal 292 152 0.24 6.12
6102.727 Cal 1.88 154 -0.606 6.03
6107.26 Cal

6122.260 Cal 1.886 213 -0.316  6.29
6162.180 Cal .1.90 226 0.09 6.03
6166.440 Cal 2.52 28 -1.33 6.12
6169.044 Cal 252 42 -0.778  5.76
6169.564 Cal 2.52 68 -0.590 5.86
6449.820 Cal 2.52 -0.502  5.76
7148.150 Cal 271 166 -0.137 6.31
5129.162 Till 1.892 282 -1.39
5154.075 TiIl 1.566 457 -1.920
5185.908 Till 1.893 217 -1.350 4.37
5303.223 VII  2.276 170 -1.930 3.34
5332.665 VII 127

5819.930 VII  2.522 34 -1.700  3.64
5296.702 CrI 098 73 -1.40 5.34
5348.326 CrI 1.00 79 -1.290  5.30
5781.759 Cr1 332 56

5783.866 CrI 3.32 10 -0.295  5.27
5787.926 CrlI 332 20 -0.083  5.38
5305.866 CrII 3.83 136 -2.08 5.32
5308.429 CrII 4.07 129 -1.81 5.21
5310.697 CrII 4.07 81 -2.28 5.30
5313.585 CrII 4.07 162 -1.65 5.32
5420929 CrlII 3.76 113 -2.360 5.37
6053.475 Cr Il 4.74 -2.16
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Table Al continued

Alab Iden LEP Ew loggf LogN
A mA

5239.823 ScIl 1.455 153 -0.7701 2.47
5318.361 ScIl 1.357 59  -2.040 2.55
5667.153 ScIl 1.500 110 -1.200 2.63
6245.620 ScIl 1.510 107 -0.930 2.34
6604.600 ScII 1.357 66 -1.480 2.43
5067.155 Fel 4.22 55 -0.9700 7.32
5068.771 Fel 294 153 -1.230 7.30
5090.782 Fel 4.26 84 -0.4000 7.04
5141.746 Fel 242 80 -2.150 7.20
5162.281 Fel 4.18 165 0.0200 7.25
5198.718 Fel 2.22 111 -2.135 7.23
5216.283 Fel 1.61 185 -2.150 7.31
5302.307 Fel 3.28 167 -0.8800 7.38
5364.880 Fel 4.44 160 0.2210 7.24
5373.714 Fel 4.47 40 -0.8600 7.25
5389.486 Fel .4.41 77 -0.4110 7.15
5393.176 Fel 3.24 140 -0.9100 7.15
5398.287 Fel 4.44 50 -0.6700 7.16
5410.918 Fel 4.47 170 0.2800 7.30
5445.0563 Fel 4.39 140 -0.0200 7.26
5487.755 Fel 4.14 90 -0.7100 7.31
5569.631 Fel 3.42 170 -.54000 7.19
5576.099 Fel 3.43 132 -1.100 7.33
5633.953 Fel 4.99 45 -0.270 7.17
5706.008 Fel 4.61 68 -0.5300 7.36
5753.132 Fel 4.26 60 -0.7600 7.22
5763.002 Fel 4.21 90 -0.4500 7.13
5905.680 Fel 4.65 30 -0.7300 7.14
5916.257 Fel 2.45 21  -2.99 7.34
5930.191 Fel 4.65 72 -0.2300 7.14
6003.022 FelI 3.88 62 -1.120 7.27
6027.056 Fel 4.07 53 -1.210 7.43
6056.013 Fel 4.73 55 -0.4600 7.27
6065.494 Fel 2.61 128 -1.530 7.11
6136.624 Fel 245 200 -1.400 7.46
6137.702 Fel 2.59 174 -1.40 7.37
6165.363 Fel 4.14 11 -1.55 7.08
6191.570 Fel 2.43 145 -1.600 7.17
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Table Al continued

Mab Iden LEP Ew loggf logN
A mA

6200.321 Fel 2.61 45 -2.437 7.29
6213.437 Fel 222 61 -2.660 7.34
6215.149 Fel 4.19 40 -1.440 7.59
6219.287 Fel 220 97 -2433 741
6246.327 Fel 3.60 109 -0.9600 7.27
6252.565 Fel 2.40 122 -1.687 7.03
6265.141 Fel 2.18 61 -2.55 7.20
6335337 Fel 220 91 -2.23 7.15
6336.830 Fel 3.69 77 -1.05 7.18
6355.035 Fel 2.84 33 -2.420 7.31
6265.141 Fel 2.18 61 -2.55 7.20
6358.687 Fel .86 17 -4.468 7.30
6393.612 Fel 2.43 140 -1.62 7.15
6400.010 Fel 3.60 138 -0.52 7.07
6411.658 Fel 3.65 122 -0.82 7.28
6419.956 Fel 4.73 66 -0.240 7.17
6421.360 Fel 2.28 127 -2.027 7.30
6430.856 Fel 2.18 114 -2.006 7.08
6575.037 Fel 259 31 -2.820 7.46
6593.887 Fel 243 49 -2422 7.16
6609.118 Fel 2.56 20 -2.692 7.11
6677.997 Fel 2.69 109 -1470 6.96
6750.164 Fel 2.42 43 -2.62 7.28
6945.210 Fel 242 51 -2.48 7.23
5132.674 Fell 2.84 183 -4.18 7.64
5234.630 Fell 3.22 339 -2.05 7.42
5264.808 Fe Il 3.33 243 -3.19 7.62
5272400 FelIl 595 55 -2.03 7.12
5425.259 Fe Il 3.20 214 -3.36 7.46
5813.670 FelIl 5.57 24  -2.75 7.12
5991.378 Fe Il 3.15 159 -3.74 7.32
6084.105 Fell 3.20 112 -3.98 7.23
6113.329 Fell 3.22 82 -4.31 7.18
6239.948 FelIl 3.89 105 -3.68 7.47
6247.562 FeIl 3.89 227 -2.51 7.36
6383.715 FeIl 5.55 56  -2.27 7.08
6416.928 FeIl 3.89 167 -2.85 7.16
6432.683 Fell 289 158 -3.74 7.07
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Table Al continued

Alab Iden LEP Ew log gf log N
A mA

6446.400 FeII 6.22 24 -2.16  7.10
5035370 NilI 3.635 142 0.29  5.93
5080.535 Nil 3.655 155 0.130 6.21
5155.771 Nil 3.898 76 -0.090 5.99
5754.666 NilI 1.935 54 -2.330 6.36
5760.841 NilI 4.105 18 -0.799 6.12
5805.226 Nil 4.167 26 -0.639 6.20
6086.288 Nil 4.266 14 -0.530 5.88
6176.816 NilI 4.088 40 -0.530 6.23
6339.118 NilI 4.15¢ 28 -0.539 6.13
6643.638 NilI 1.675 48 -2.229 5.98
6767.78¢ NilI 1.826 60 -2.169 6.11
7122.206 NiI 3.542 106 0.039 5.82
6362.350 ZnI 5.790 38 0.272 4.58
5087.426 Y II 1.084 265 -0.17 231
5119.120 Y II  0.992 109 -1.36  2.18
5123.222 Y II 0.992 258 -0.824 2.81
5200.415 Y II 0.99 236 -0.569 2.34
5205.730 Y II 1.033 502 -0.342 4.38
5402.783 Y II 1.839 154 -0.630 2.53
5546.032 Y II 1.748 -1.097 248
5728.877 Y II 1.839 83 -1.125  2.50
5200.415 Y II 0.992 236 -0.569
6613.73 Y II 1.740 90 -1.09
6832.474 Y II 1.740 -1.82
6795.428 Y II

5853.688 Ball 0.604 279 -1.0 2.16
6141.727 Ball 0.704 405 -0.08 2.32
5092.803 NdII 0.380 36 -0.630
5130.588 NdII 1.304 59 0.459
5293.169 NdII 0.823 30 -0.06
5319.820 NdII 9.550 36 -0.209
6437.698 Eull 1.320 -0.276 0.16
6645.127 Eull 1.380 65 0.204 0.15
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Table A2: line data of IRAS 1809642704

Aab Iden LEP Ew log gf LogN
A mA

4769.997 C1 7.48 37.0 -2.103  7.90
4775877 C1 7.49 61.2  -2.093 8.30
6587.622 C 1 8.85 61 -1.049 8.05
7087.820 C 1 8.64 26 -1.480 8.14
7100.130 C1 8.64 31.4 -1.473 8.19
7111480 CI  8.64 34.4 -1.07  7.80
7113.180 C1 8.64 77.0 -0.760 8.02
7115190 C1I 8.64 69.8 -0.899 8.10
7116.990 C1 8.64 78.5 -1.08 8.24
7119.660 C1 8.64 58.9 -1.31  8.30
7442230 N1 10.33  35.3 -0.31  7.87
6156.800 O1 10.740 54.60 -0.44 8.82
4481.140 Mg II 886

4703.003 Mgl 4.34 234.0 -0.60 7.29
5172.690 Mgl 2.71 -0.48 7.10
5183.619 Mgl 2.72 -0.238 7.10
6347.090 Sill  8.12 0.260

6371.350 Sill  8.12 -0.050

7405.790 Sil 5.61 79.1 -0.71  7.40
7409.100 Sil 5.61 74.6 -1.10  7.50
7415.950 Sil 5.61 107.0 -0.41 7.40
7423.510 Sil 5.62 84.5 7.40
4694.117 S1 6.52 52.3 -1.673 7.00
4696.262 S 1 6.52 46.0 -1.56  6.90
442544 Cal 1.88 83.0 -0.36  5.30
7148.150 Cal 2.71 113.0 0.161 5.78
6122.226 Cal 1.886 133.7 -0.316 5.77
6162.180 CaI 1.90 160.8 -0.090 6.20
4374.470 ScII  0.62

4670.413 ScIl 1.36 -1.284 2.33
5031.020 ScII 1.36 -0.38  2.20
4417.720 Ti Il  1.16 -143 4.22
4470.860 TiIl 1.16 4.22
4646.170 CrI  1.03 60.0 -0.79  4.79
5345.810 CrI  1.00 65.0 4.98
5409.800 CrI 1.03 82.0 4.80
4588.20 Cr Il 4.07 240.0 -0.734 5.22
4616.630 Cr II  4.07 124.0 -1.283 4.77
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Table A2 continued

Aﬂlub Iden LEP Ew loggf LogN
A mA

4427.330 Fel 0.05 197 -3.100 6.94
4447730 Fel 222 160 -1.321 6.9
4678.850 Fel 3.60 66 -0.720 6.92
4736.780 Fel 3.21 126 -0.540 7.00
5001.87 Fel 3.88 126 -0.0499 7.10
5049.830 Fel 228 138 -1.410 7.00
5068.770 Fel 4.22 105 -1.070 7.10
5072.080 Fel 428 131 -0.720
5074.740 Fel 4.22 90 -0.0499 7.10
5090.780 Fel 4.26 54 -0.500 6.90
5142.530 Fel 4.26 125 -0.700
5162.280 Fel 4.18 109 0.089  7.00
5339.940 Fel 326 32 -0.5699 6.10
5364.880 Fel 4.44 93 0200 6.90
5367.480 Fel 441 95 0.260 6.90
5369.970 Fel 437 104 0390 6.92
5373.714 Fel 4.47 20 -0.880 6.80
5383.380 Fel 4.31 132 0.480 6.90
5405.780 Fel 0.99 178 -1.98  7.06
5415210 Fel 4.39 128 0510 6.90
5432.960 Fel 4.44 112 -0.79
5434530 Fel 1.01 161 -2.22 7.00
6191.570 Fel 243 71 -148 6.80
6322.690 Fel 259 44 -240
6393612 Fel 243 72 -1.57 6.83
6400.010 Fel 3.60 96 -0.07 6.80
7411.160 Fel 4.28 56 -0.33
7511.030 FeIl 3.90 104 0.32 6.8
7445.760 Fe Il 4.26 87 -0.02 6.86
4620.52 Fell 283 199 -3.52  17.00
4893.82 Fell 2.83 63 -4.46 6.80
5414.07 Fell 322 97 -3.78 6.95
5405.26 Fell 3.20 125 -3.49 7.00
6369.46 Fell 289 55 -4.31 6.90
6383.71 Fell 555 32 226  6.77
6516.080 Fell 2.89 142 -3.55 6.88
4604.990 Nil 348 37 -0.35 5.67
4714420 Nil 3.38 9 0.23 5.68
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Table A2 continued

/}m, Iden "LEP Ew log gf Log N
A mA

5035.370 Nil 3.635 94 0.23 555
7122206 Nil 3.542 46.5 -0.05 5.56
4722.160 ZnI 4.03 60.0 -0.35 4.06
4810.540 ZnI 4.08 61.0 -0.176 4.00
4883690 Y II 1.08 103.30 0.07 1.00
4900.120 Y II 1.03 113.00 -.09 1.22
5087.430 YII 1.08 65.7 -17 0.90

5119.120 YII 099 145 -1.36  0.90

4524.940 Ball 251 103.2 0.9
4554.040 Ball 0.00 3574 1.5
6141.730 Ball 0.70 222.2 1.0

Table A3: line data of HD179821

Alab Iden LEP Ew loggf
A mA
6587.622 CI 853 -1.049
4769997 CI 748

5052.151 C1 7.68 1-1.240
4703.003 Mgl 4.34 0.4
6414.987 SiI  5.87 -1.20
6439.08 Cal 2.52 0.15

6462.570 Cal 2.52

6462.749 Fel 2.45

647167 Cal 252 T4 -0.88
6493.788 Cal 2.52 -0.40
4820414 Til 1.50 -0.44
5024.85 Til 0.82 115 -0.422
5064.658 Til 0.05

4851.496 VI  0.00 -1.139
4652.167 Crl 1.00 138 -L70
4789.342 Crl 2.54 -0.566
4739.113 Mnl 293 88 -0.66
4783.424 MnI 2.30 0.042
4260.486 Fel 2.40 -0.02
4678.854 Fel 3.60 257 -0.66
4733.597 Fel 148 -3.71
4736.783 Fel 3.21 -0.84
4789.658 Fel 3.55 -1.31
4871.325 Fel 2.86 -0.41

4875.88 Fel 3.33 -2.01
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Table A3 continued

Mot Iden LEP Ew loggf
A mA
4806.44 TFel 3.88 ~2.06
4905138 Fel 3.93 -2.00
5001.870 Fel 3.8 -0.05
5006.00 Fel 2.83 -0.72
5028.133 Fel  3.57 -1.10
5041.08 Fel 0.96 -2.89
5044.218 Fel 285 52 -2.55
5048.439 Fel 3.96 -1.26
5067.16 Fel 4.22 -0.92
5068.77 Fel 2.94 -1.07
5074.75 Fel 4.22 -0.05
5083.345 Fel 0.96 -3.00
5090.782 Fel 4.26 -0.46
5097.05 Fel 4.28 -0.43
6340.75 Fel

6419.96 TFel 4.73 0.27
6421.36 Fel 2.28 -2.01
6469.192 Fel 4.83 50 -0.68
4260.486 Fel 2.40 0.18
4893.817 Fell 2.83 -4.46
4923.930 Fe Il 2.89 -1.43
4686.222 Nil 3.60 80 -0.64
4829.03 Nil 354 76 -0.33
4831.182 Nil 3.61 -0.42
4904.43 Nil 354 124 -0.218
5003.747 Nil 1.68

5080.539 Nil 3.65 0.13
4722163 Zn1 4.03 100 -0.75
4810.537 Znl 4.08 236 -0.176
4900.124 YII  1.03

5087.430 Y II 1.08 -0.87
5112.279 ZrII 1.66 98 -1.38
6496.908 Bz II 0.6 550 -1.0
6526.95 LalIl 0.23 1.84
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Table A4: Line identification in IRAS 0534140852

Alab Element LEP EW(mA) log gfs
6707.98 Lil 0.00 50 -0.430
6587.622 CI 8.540 106 -1.049
6655.531 ClI 8.537 44 -1.941
7076.52 Cl 225
7100.130 Cl 8.643 50 -1.436
7108.92 ClI 7.946 77 -1.595
7111.450 ClI 8.640 77 -1.070
7113.171 CI 8.650 17 -0.759
7115.17 Cl 8.640 155 -0.899
7116.963 ClI 8.650 174 -1.079
7119.704 CI 8.650 128 -1.309
6698.669 All 3.14 49 -1.619
6243.823 Sil 124
6254.200 Sil
Fel
6347.095 Sill 8.12 310 0.260
6371.355  Sill 8.12 219 -0.049
6757.195 SI 7.87 66 -0.240
6462.500 Cal
Fel
6493.788 Cal 2.520 74 -0.109
6717.68 Cal 2.71 88 -0.524
7148.150 Cal 2.71 136 0.137
6245.630  ScII 97
6309.886  Sc Il 91
6604.600 ScII 144
6271.830 Cr II 167
Ce I1
6258.713 Ti1 232
Nd II
6230.735 Fel
VI
6232.648 Fel
6252.565 Fel 2.404 61 -1.686
6318.027 Fel 111
6335.337 Fel 2.197 28 -2.230
6336.830 Fel 3.686 36 -1.049
6393.610 Fe I 2.433 87 -1.619
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Table A4 continued

Mab Element LEP EW(mA) log gf
6386.75 Fe | 62
6400.000 Fel  3.602 117 -0.519
6411.660 Fel  3.654 5 -0.819
6421.350 Fel  2.278 54 -2.027
6494.994 Fel  2.404 126 -1.273
6574.252 Fel  0.990 48 -5.040
6592.926 Fel  2.727 39 -1.599
6677.997 Fel  2.692 75 -2.470
7093.09  Fel  4.558 -2.019
7411.162  Fel 4.28 52 -0.33
7445.758  Fel 4.26 69 -0.02
7495.077 Fel 4.18 102 0.18
7511.031  Fel 4.18 169 0.32
6238.390 Fell 156
6248.562  Fe Il 131
6369.463 Fell 2.891 55 -4.360
6375.960  Fe II 56
6383.715 Fell  5.553 43 -2.270
6456.391 Fell  3.903 314 -2.299
6516.05 FeIl  2.891 141 -3.450
7224.464  Fe II
6643.638 Nil  1.676 25 -2.299
7122.206 Nil  3.542 58 0.039
6435.02 YI 0.07 120 -0.823
6613.730 Y II  1.740 300 -1.097
679541  YII 94
6832.49  YII  1.740 84 -1.939
6858.24 Y II 117
6496.908 Ball  0.604 560 -0.368
6262.250 La II 427
6296.090 La II 223
6305.460 La II 198
6320.429 Lall 355
6390.493 Lall 400
6399.040 La Il 115
6526.99  LaII 385
6642.79  La Il 66
6671.40 Lall 180
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Table A4 continued
Alab Element LEP EW(mA) log gf

6774.33 La II 326
6834.05 La II 104
7066.23 La Il 530
6343.960 Ce Il 180
6507.16 Ce II 34
6468.97 Ce Il 75
6652.72 Ce II 96
6675.54 Ce 11 84
6755.08 Ce II 75
6829.38 Ce 11 88
6397.960  PrlI 1.04 81 -0.819
6413.680  PrlI 56
6656.83 Pr 1l 63
6673.78 Prll 134
6292.840 N4 II 68
6330.290 N4 II 89
6341.530 Nd II 105
6390.00 Nd II 263
6425.790 Nd II 119
6428.65 Nd II 136
6465.24  Nd II 90
6504.46 Nd II 45
6519.86  Nd II 66
6550.19 Nd II 250
6580.95 Nd II 124
6637.19 Nd II 108
6637.96 Nd II 166
6650.57  Nd II 105
6737.79 NdII 99
6740.11 Nd II 136
6842.66 Nd II 44
6385.20 Nd II 187
6846.72 Nd II 198
7037.30 Nd II 107
7054.74  Nd II 64
7142.04 Nd II 53
6256.660 SmII  1.160 62 -1.63 KP

6291.82 SmII  1.400 88 -1.32 KP
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Table A4 continued

Moy Element LEP EW(mA) log gf

6327475 SmII  1.250 242 -1.32 KP
6431.00 Sm Il  1.400 84 -2.04 KP
6502.00 SmII  1.55 45 -1.97 KP
6549.77 Sm Il  1.05 161 -2.14 KP
6382.07 Nd II 1587
6569.224 Sm II 142
6570.675 SmII  0.99 60 -1.91 KP
6589.725 SmII  1.26 67 -1.41 KP
6856.03 SmII  1.07 110 -1.51 KP
6861.10 Sm II 37

6862.82 SmII  0.88 o7 -1.96 KP
7039.225 SmII  0.99 95 -1.49 KP

042.24 Sm Il  1.070 91 -142 KP
7051.52 SmII  0.920 76 -1.56 KP
6645.127  Eull 159

7030.33 Hf II 190
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