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ABSTRACT

Circumstellar environment of eruptive young pre-main sequence stars and that
of evolved low mass stars offers a unique opportunity to study the underlying
physical processes. Investigation of circumstellar matter around eruptive pre-
main sequence stars gives insights into understanding the accretion process
responsible for the observed episodic behavior, while that around evolved stars
helps in understanding the mass loss processes.

The first part of the thesis (Chapter 3) deals with infrared (IR) investiga-
tions of the circumstellar matter around eruptive young low-mass stars. The
eruptive events in such stars are classified as FUors and EXors depending on
the duration of the outburst, which are believed to be caused by enhanced disk
mass accretion. V1647 Ori is a young eruptive variable star that has caught
the attention of astronomers since last decade on account of its peculiar be-
havior. It experienced two episodes of outbursts during 2004 and 2008. Here
we report the IR monitoring at a unprecedented high cadence of V1647 Ori
during 2004 to 2012 including the two outbursts flanking the brief quiescent
period. The nature of the outburst and its similarity to the pre-main sequence
eruptive types of both FUors and EXors makes V1647 Ori to be distinctive.
The JHK color patterns during the 2008 outburst suggested the presence of
colder dust in its circumstellar environment as compared to the 2004 outburst
phase. The physical parameters obtained by modeling the spectral energy dis-
tribution (SED) of V1647 Ori during its outburst and quiescent phases showed
marked differences in the disk accretion rates. The disk mass and disk accre-
tion rate during the outburst phase are significantly greater than those in the
quiescent phase. The envelope mass and accretion rate are higher during qui-
escent phase. The IR photometric and spectroscopic properties of V1647 Ori
were compared with five other eruptive variables.

The second part of the thesis (Chapters 4 and 5) deals with the photometric
and spectroscopic study of evolved stages of low and intermediate mass stars
namely Asymptotic Giant Branch (AGB) stage and post-AGB (PAGB) /Proto-
planetary nebule (PPNe) stage. Near-infrared (NIR) spectroscopy in the H

xxili



and K bands was done at Mt. Abu on a selection of 80 AGB stars of M,
S and semiregular (SR) types. The NIR spectra of these stars showed CO
vibration-rotation lines of first and second overtone bands (Av = 2 and Av =3
respectively). The equivalent width (EW) of the second overtone band of CO
correlated with IR colours, suggesting a possible relationship with mass-loss
processes. Modeling of the SED showed an increase in the derived mass-loss
rates for the M type as compared to that of SR and S types.

Investigations were also made on the transition phase between AGB and the
Planetary Nebula (PN) stages, the so called PAGB or PPNe phase. Spectro-
scopic variability at NIR wavelengths was monitored for a sample of 14 PAGB
candidates that are known to undergo episodic mass loss. Cooler PAGB stars
showed variation in CO first overtone lines, while hotter stars showed variabil-
ity in HI lines. The mid-IR spectra for a sample of 50 PPNe and 21 PAGB
candidates were obtained from the Spitzer data archive. Investigations of such
a large sample are not done earlier. The mid-IR spectra of these sample stars
showed different spectral features that include emissions from polycyclic aro-
matic hydrocarbons (PAHs). The physical and circumstellar parameters for
these sample stars were derived from the SED models. A trend of dependency
is established between the EWs of various vibrational modes of PAHs with their
photospheric temperature T, of the sample objects. A few transition objects
with low-excitation line emission of [Nell] were identified, which indicates their
advanced stage of evolution. IR vibration modes of neutral fullerenes (Cgp)
were detected for the first time in the PAGB star IRAS 21546+4721 making
it one of the very few evolved stars that showed the presence of fullerenes.

Keywords: Pre-main sequence stars - Eruptive young stellar objects: Cir-
cumstellar matter - Asymptotic Giant Branch stars - Proto-planetary Nebulae
- mass-loss, Infrared Spectra - Spectral Energy Distribution - Polycyclic aro-

matic hydrocarbons
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Chapter 1

Introduction

This thesis deals with the circumstellar environments of stars that are in dif-
ferent stages of stellar evolution. We consider here firstly, circumstellar matter
around eruptive, young, low mass pre-main sequence stars to understand the
accretion processes responsible for its outburst. Secondly, we also take up the
study of circumstellar environments around mass-losing, evolved intermediate
mass stars. In both the cases viz. young low mass pre-mainsequence stars and
evolved intermediate mass stars the evolution of circumstellar matter is rather
rapid and in itself forms an interesting case study; although phenomenological
differences do exist in these two environments. In this chapter, we give an
introduction to (i) the mass accretion phenomenon in low mass young stel-
lar objects and the scenario of eruptions; and (ii) the mass loss processes in

evolved stars that lead to the circumstellar matter around such stars.

1.1 Evolution of Pre-main sequence stars

Stars are formed by the gravitational contraction of dense clumps that are
formed within molecular clouds. These clumps subsequently give rise to pro-
tostellar cores that are in hydrostatic equilibrium. These protostellar cores
accrete matter from the parent molecular cloud. While high mass stars (M >

8 Mg, where M, is 1 solar mass) are known to form in Giant Molecular Clouds



2 Chapter 1. Introduction

(GMC; typical size 20 - 100 pc, and masses between 10* - 10° M), low mass
stars (M < 3 M) may form either in GMCs or in dwarf clouds (typical size 2
to 5 parsec with masses 10% and 10* M) (Stahler and Palla, 2005).

We consider as a starting point, a low mass (< 1 - 2 M) protostellar core
accreting mass from a surrounding accretion disk which is in turn fed by an
enclosing envelope. Such protostars contain ionised hydrogen (their central
temperature is about ~ 10° K), whose mass is a few tenths of 1 M, and whose
size is a few solar radii (Stahler and Palla, 2005). These protostars form in
about 10* years after the start of the gravitational collapse. Due to the sub-
stantial rotation of the protostellar core, material cannot fall directly on to its
surface (Adams and Shu, 1986) and a disk-like structure called an accretion
disk is formed with matter slowly spiraling inwards. In agreement with the the-
ory, observations show that the circumstellar material surrounding young stars
having dispersed envelopes are not spherically distributed, but concentrated
into a disk (e.g. Cohen and Schwartz (1983); Appenzeller, Oestreicher and
Jankovics (1984)) from which material is slowly spiraling inwards. The evolu-
tion of a deeply embedded protostellar core into a main sequence star involves
various stages (Lada, 1987; Andre, Ward-Thompson and Barsony, 1993). At
the earliest stage, a protostellar core derive its luminous energy by the infall ki-
netic energy of circumstellar matter. This phase is referred to as Class 0 phase
(see Fig 1.1) (Andre, Ward-Thompson and Barsony, 1993). Class 0 sources
are deeply embedded protostars accreting matter from the infalling circum-
stellar matter and displaying energetic mass ejections that are characterized
by the occurrence of molecular bipolar outflows. This phase is also the most
shortlived phase of the protostars (10* yrs; Andre, Ward-Thompson and Bar-
sony (2000)). The energetic mass outflows observed during the Class 0 phase
clears away the envelope in about 10° years after the start of the gravitational
collapse (Class I Object of Lada (1987)). Subsequently, the young protostar
becomes optically visible in about 10° years (Class IT object of Lada (1987)).
Young stars with masses less than 2 Mg, are called T Tauri stars, while those

between 2 and 8 Mg, are called Herbig Ae/Be stars. During this Class I stage,
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Figure 1.1: The spectral energy distribution for low-mass young stellar object
during its pre-mainsequence evolution (left panel). Class 0 objects represent the
earliest embedded phase in the star-formation process, while Class I objects are
surrounded by a clear disk and an envelope. Class IT objects (T-Tauri objects) are
surrounded by accretion from the disk that decreases with age and the envelope
dissipates. Class III objects dissipate their circumstellar material before reaching
the zero-age main-sequence phase. The right panel shows the corresponding system

geometry (Image credit: (Bachiller, 1996)).
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stellar wind starts blowing and the accretion rate of the remnant envelope
decreases. Finally, most of the gas and dust content disperses or coagulates
into planetesimals in what is known as a debris disk surrounding the protostar
(Class III objects of Lada (1987)) (see Fig 1.1). This classification is for low
mass stars. It is possible that high mass stars go through these phases but at
much shorter time scales. A very detailed description of stellar formation can

be found in Stahler and Palla (2005).

1.1.1 Spectral Energy Distribution of Protostellar stages

The Spectral Energy Distribution (SED) is a powerful tool to study the evo-
lutionary status of a protostar in star-forming regions. Infrared excess defined
as the strong excess infrared (IR) flux in the SED due to the emission from
circumstellar dust in young stellar objects may be used as an observational
measure of the stellar youth or age of the star. The classification of the youth
of protostars by Lada and Wilking (1984) and Lada (1987) was based on the
slopes (i.e. spectral index) of their SED (see Fig 1.1). The spectral index
defined in the range longward of 2 um is given by

ay = % (1.1)
where A is the wavelength and F) the observed flux. Objects for which a) >
0 belong to Class I. As the IR excess decreases (—1.5 < a < 0), the object is
said to be a Class II source. Class IIT (a,y < -1.5) indicates a star with no, or
little, IR excess. Objects detected at far-IR and sub-millimeter wavelengths

with no optical counterpart belong to the Class 0.

1.1.2 Eruptive young stars

Kenyon et al. (1990) suggested that the accretion may occur episodically dur-
ing the main accretion stage, so that accreting stars intermittently become
highly luminous and are called FUors and EXors, named after the prototypes
FU Orionis and EX Lupi. Recent models by Dunham et al. (2010) also suggest
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Figure 1.2: Estimated mass accretion rates during the early evolution of a solar-
type star. The two main classes of eruptive young stars, namely, FU Ori and EX

Lup (EXor) are indicated (Image credit: (Hartmann, 2009)).

episodic accretion as the best explanation for describing these eruptive phe-
nomenon that cause these accreting stars to become highly luminous. Thus,
material may be accreted at a much higher rate from the surrounding envelope,
and ’stored’ in the disk until the next outburst, which occur when the mass is
transferred onto the young stars at rates of several orders of magnitude higher
than usual (Hartmann, Heitsch and Ballesteros-Paredes, 2009). This might
lead to disk instabilities and sudden enhanced accretion events (see Fig. 1.2).

Mass accretion of eruptive young stars during the Class II phase of the pre-
main sequence star is seen to increase by more than four orders of magnitude
and can occur on a time scale of months. The typical mass accretion rate
observed in T Tauri stars varies between 1077 to 10712 Mg yr~! (Gullbring
et al., 1998). During the high state the accretion rate increases from 1077 to

107* Mg yr~! (Hartmann and Kenyon, 1996). At the onset of these events
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in FU Orionis and EX Lupi objects, the optical brightness can increase by
4 or more magnitudes. Statistical studies suggest that young low-mass stars
experience several such outbursts during the early phase of stellar evolution
(Hartmann and Kenyon, 1996). The outburst events may last for diverse
periods of time. The longer flare-ups are called FUors (after FU Orionis) and
typically last for decades in its outburst phase. The shorter flare-ups are called
EXors (after EX Lupi), and typically last for few months to years (Stahler
and Palla, 2005). Eruptive phases play a very important role in the early
evolution of the stellar system. They affect the circumstellar environments,
and consequently the formation of the planetary systems. The observational

properties of the two classes of objects are described in the following subsection.

1.1.2.1 FUors

FUors drew attention by their unusual brightening by 4-6 mag at optical wave-
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Figure 1.3: Light curves of the FUors: FU Ori, V1515 Cyg and V1057 Cyg. Recent
photometry is in the B-band and historical data are by photographic photometry
(Credit: Hartmann (2009)).
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lengths. The prototype of this FU Orionis class brightened by 5 mag in 1936,
compared to its previous brightness of ~ 16 mag in the B band (Herbig,
1977, 1989). Figure 1.3 represents the light curve of three FUors reproduced
from Hartmann (2009). Among the three sources the amplitude of increase
in brightness is similar, but the timescales of rising and fading vary. While
FU Ori and V1057 Cyg reached their maximum brightness in less than a year,
V1515 Cyg took almost a decade. FU Ori has been fading very slowly for ~
80 yr, whereas V1057 Cyg faded quickly. The optical spectra of FUors resem-
ble those of a fast rotating F-G type supergiant star, while the near-infrared
(NIR) spectral characteristics indicate that of K-M supergiants (Hartmann
and Kenyon, 1996). FUors also display strong absorption of Li I at 6707 A
in their optical spectrum that are characteristic of young stars. The SED of

these sources shows an IR excess at longer wavelengths.

1.1.2.2 EXors

Members of the EXor class show less dramatic flareups. Hence they are some-
times referred to as ’subfuors’ (Herbig, 1989). The amplitudes of these out-
bursts are generally smaller, ranging between 1 - 5 mag at optical wavelengths.

Figure 1.4 represents a typical light curve of VY Tau, an EXor candidate.
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Figure 1.4: Photographic light curve of VY Tau showing EXor type of eruption
(Credit: Herbig (1977)).
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These repetitive eruptions last for a few months to years and are separated by
intervals of quiescent periods ranging from a few months to years. Spectra of
EXors resemble K- or early M-type dwarfs, in addition to their T Tauri-like

emission lines (Sipos et al., 2009).

1.1.3 Outburst mechanism

The physical mechanism behind the outbursts of EXor and FUor are consid-
ered to be the result of an enhanced accretion process (Hartmann and Kenyon,
1996; Audard et al., 2014). Eruptive phenomena are generally associated with
an enhancement of the mass accretion rate from the circumstellar disk. There
is no concensus regarding the triggering mechanism of this enhanced accretion.
The sudden dramatic increase of the accretion rate, is explained as the result
of various types of instabilities in the disk. Possible mechanisms are (a) Grav-
itational instability (b) Magneto-rotational instability (c) Thermal instability
(d) a combination of magneto-rotational and gravitational instabilities; and
(e) Tidal forces from a binary companion.

Gravitational instability in the inner circumstellar disk may induce
bursts of accretion (Vorobyov and Basu, 2006). This leads to the fragmen-
tation of the material in the accretion disk. The fragments then move inwards
and trigger the outburst. This model can account for highly variable values of
accretion rates ranging from 107% to 10™* My, yr—!. For this scenario, the disk
has to be in the embedded phase (i.e. Class 0 & I), and a constant replenish-
ment of material from the envelope to the star is necessary, and also the disks
must fragment into dense concentration. However, it may be noted that most
of the observed outburst belongs to Class II phase of evolution.

Balbus and Hawley (1991, 1998) and Balbus (2003) proposed a model based
on the interaction of magnetic field and Keplerian rotation of a protoplanetary
disk. The model assumes magnetic field lines threaded between the masses
at neighboring annuli moving at different angular velocities in the disc. The
magnetic field lines get stretched as the shear proceeds. The field lines will

try to resist the shear by speeding up the outer annulus relative to the inner
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annulus thereby transferring the angular momentum outwards. As the inner
annulus loses angular momentum, the angular velocity increases while the
outer annulus will tend to move outward, enhancing the stretching of the
magnetic field. This phenomenon repeats and results in instability. Thus,
however weak the disk magnetic field may be, as long as there is some ionized
fraction in the disk threaded by magnetic field, an instability will grow in
the disk. This type of instability is called magnetorotational instability
(MRI), or Balbus-Hawley instability.

A thermal instability is caused either by the presence of a planetary
companion (Lodato and Clarke, 2004), or in the disk alone (Hartmann and
Kenyon, 1996) in the absence of a planetary companion. This provides another
possible triggering mechanism. According to the thermal instability model, the
material from the envelope is still falling on to the young disk. The accretion
rates from the disk onto the star, and from the envelope onto the disk do not
match, with the envelope accretion on to the disk being considered to be higher.
As a result matter piles up in the disk. In such a state, temperatures are low
even in the regions very close to the star. At low temperatures turbulent
motions in the disk and thus viscosity, responsible for angular momentum
transport is low. Due to the slow angular momentum transport, accretion
rates onto the star remain low, and mass piles up in the disk, close to its inner
edge. Due to mass accumulation, the density and thus opacity in the disk
grows, until the disk will be opaque enough to trap heat. As a result, the
temperature increases rapidly. Opacity in the ~ 3000 - 10000 K temperature
range varies steeply with temperature due to the ionization of hydrogen. In this
temperature range, corresponding to a typical radial distance ~ 0.1 AU from
the star, a small temperature fluctuation can switch on thermal instability
resulting in the ionisation of the inner regions of the disk. The increased
viscosity results in enhanced accretion. The thermal instability explanation
for the onset of eruption can account for the observed high accretion rates.
It can also account for both the rapid and the slow rise-time of the FUors,

thereby making it, for a long time, the most widely accepted model.
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A combination of magneto-rotational and gravitational instabili-
ties was suggested by Armitage, Livio and Pringle (2001) as a modification to
the thermal instability model. In this model gravitational instability drives ac-
cretion in the outer disk and material is accumulated at ~ 1-2 AU. This region
slowly heats up until the temperature for thermal activation of the magneto-
rotational instability (MRI) is reached. Then MRI becomes suddenly active
and material starts moving in rapidly causing an outburst. This model is
favored to the simple thermal instability model, because it makes accretion
events possible even after the infall from the envelope has ceased. This model
explains a number of observed features.

Bonnell and Bastien (1992) proposed that tidal forces of the binary
companion perturb the circumstellar disk leading to an outburst. This hy-
pothesis assumes that most of the eruptive objects are members of binary or
multiple system. Most of the FUors are indeed found to be binary systems;
but the binary tidal force mechanism may predict a periodic or quasi-periodic

repetition of the outburst (cf. figures for FUori and EXor light curves).

1.2 Post-main-sequence evolution

In this section we describe briefly the evolution of low and intermediate mass
stars (0.8 - 8 M) from the core hydrogen burning main-sequence phase to the
Planetary Nebula phase with their cores ultimately going to the White Dwarf
stage (Kwok, 1993; Iben, 1995; Lattanzio and Wood, 2003).

1.2.1 Red-Giant phase of evolution

When the hydrogen in the core of a main-sequence star is exhausted the core
will start to collapse. This will heat up the layer of hydrogen just outside
the helium core to temperatures high enough to start hydrogen fusion in a
shell via the carbon-nitrogen-oxygen (CNO) process. This high temperature
leads to high pressure just outside the core causing the hydrogen envelope to

expand thereby increasing the luminosity of the star (Lattanzio and Wood,
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Figure 1.5: L - T.¢; (HR) diagram for a 2 Mg star. The red curve represents
the evolutionary track from the main-sequence to white dwarf (WD) phase. The
blue track shows the born-again evolution of a star with same mass due to a very
late helium shell flash during the post-AGB (or WD) phase that transforms the star
back into an AGB stage. The numbers besides each evolutionary phase show the

logarithm of its approximate duration (Herwig, 2005)

2003; Herwig, 2005). In the mean time the outer layer of the star expands to
larger radii (< 100 R, where R, is stellar radii) and cools, marking the (first)
Red Giant branch (RGB) phase of the star. During the RGB phase the outer
layers of the star are convective and can bring the products of nucleosynthesis
from the hydrogen burning shell to the outer layers of the envelope thereby
enriching helium (*He), nitrogen (**N) and carbon (**C) while depleting carbon
(*2C) and oxygen (*60) (Iben, 1967; Shadick, Falk and Mitalas, 1980; Gilroy
and Brown, 1991). This process of transporting the products of nucleosynthesis
from the interiors to the surface is known as ” dredge-up”, and the one that

occurs during the RGB phase is called the first ” dredge-up”. The typical mass



12 Chapter 1. Introduction

loss rate at the tip of the red giant phase (the point of He ignition) is around
107" to 107 Mg, yr~! (Origlia et al., 2002). At the tip of RGB phase, when
the central temperature has reached > 10® K, helium ignites in the core. For
stars with initial mass approximately 1.8 My, the core will become strongly
electron-degenerate and ignite helium as a core helium flash (Herwig, 2005).
The luminosity of the star then decreases and the star settles afterwards in
quiescent helium core burning at the Zero Age Horizontal Branch (ZAHB)
of the Hertzsprung-Russell (HR) diagram. More massive stars with masses
about 1.8 to 8 My, will ignite helium at a normal rate (without a flash) in the
core and continue their evolution in the horizontal branch. Helium burning
increases the mass fraction of 12C and 0. The central helium burning and
its eventual exhaustion give rise to blueward and redward parts of the loop
(Lauterborn, Refsdal and Weigert, 1971) in the HR diagram (as shown in Fig
1.5 for a 2 Mg, star).

1.2.2 Asymptotic Giant Branch (AGB) phase of evolu-

tion

The core of the low and intermediate mass stars contains carbon and oxygen
after the exhaustion of helium burning during horizontal branch phase. Now
helium and hydrogen fusion can continue alternatively in shells around the
contracting carbon and oxygen core. The energy production during this phase
is mostly due to the hydrogen burning shell. The carbon and oxygen core will
continue to contract and for a star with a mass below 8 Mg, the carbon will
never ignite and an electron degenerate core will eventually be formed. The
star expands and moves towards the early-AGB (EAGB), becoming a red-giant
for the second time. During the AGB phase the star undergoes two significant
phenomena; (a) pulsation with periods between 100 - 1000 days; (b) mass loss
at the rates of ~ 1077 to 107°M, yr~!. The stars at this stage are called Mira

variables named after its prototype Mira or o Ceti.

The expansion of the outer layers due to the helium shell burning ex-
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tinguishes the hydrogen-burning shell in the intermediate-mass stars, which
causes the convective envelope to move inward for a second time. This sec-
ond dredge-up brings the products of hydrogen burning, mainly helium and
nitrogen to the surface, but it does not occur in low mass stars since the

hydrogen-burning shell is not extinguished.

Following the narrowing of the intershell helium layer, the hydrogen shell
burning takes over until enough helium is produced. Eventually when the he-
lium shell is sufficiently massive it ignites and drives the hydrogen burning
shell outwards. This causes the hydrogen shell to cool, turn off and fall back
after a time. When the burning in the helium shell diminishes, the hydro-
gen shell gets reignited and the entire process repeats. The helium-burning
shell is known to be thermally unstable and it undergoes thermal pulses recur-
rently. This is the thermally-pulsating AGB (TP-AGB) phase, characterised
by alternatively burning hydrogen and helium shells surrounding an electron-
degenerate carbon-oxygen core. Schwarzschild and Harm (1967) suggest that
thermal pulses may occur in both low- and intermediate mass stars with the
release of a huge amount of energy. The period between pulses is a func-
tion of the mass of the star, ranging from 103 years for 5 Mg stars to 10°
years for low-mass stars (0.6 My ), with the pulse amplitude growing with each
successive event (Iben, 1982; Stancliffe, Tout and Pols, 2004). The energy
produced by the He shell burning cannot be transported by radiation alone,
hence a intershell convective zone is developed below the hydrogen burning
shell. The flash-driven convection zone is composed mostly of *He (about 75
%) and 2C (about 22 %), and lasts for a few hundred years (Iben, 1976; Lat-
tanzio, 1987; Boothroyd and Sackmann, 1988). When the helium shell burning
ceases the intershell convection zone disappears. The star contracts and the
H-burning shell is re-ignited and the star enters a interpulse phase. The in-
tershell convection zone will bring the carbon that had been produced during
helium burning into the envelope. The mixing of protons from the envelope
with the '2C rich intershell region during the interpulse phase produces *N

which undergoes positive beta-decay to produce 3C. During the next thermal
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pulse the intershell convection zone engulfs *C, and neutrons are released via
13C(a,n)®0 reaction in the intershell convection zone (Kaeppeler et al., 1990;
Lattanzio and Forestini, 1999). Due to the increasing neutron density, slow-
neutron capture or s-process produces iron group elements, which are brought
to the surface by convection along with the helium burning products during
the third dredge-up (TDUP) (Lattanzio and Wood, 2003). This is the process
which creates carbon-rich stars. TDUP occurs in stars with masses of 1 Mg
and above (Groenewegen and Marigo, 2003; Stancliffe, Izzard and Tout, 2005).

The occurrence of TDUP in intermediate mass stars with masses over 5
Mg produces a deep convective envelope that penetrates into the top of hy-
drogen shell where the temperature can be as high as 10® K. Penetration of the
envelope results in nuclear burning at the bottom of convective envelope. The
nuclear reaction converts the freshly dredged-up 2C into ¥C and '*N. This
requires a temperature greater than 8 x 107 K (Iben, 1976) which was found
to occur during TDUP (Iben, 1975). This process is known as hot bottom
burning (HBB) and mostly occurs in intermediate mass stars (M > 3 M) via
proton capture at the base of convective envelope and can dramatically alter

the surface composition (Herwig, 2005).

1.2.3 Evolution of C/O during the AGB phase

When the star ascends along the AGB phase in the HR diagram it displays
more O than C (C/O < 1) reflecting the original composition of the inter-
stellar medium (ISM). However, repeated thermal pulses preferentially add C
to the star’s surface through TDUP. For this reason, AGB stars, originally
O-rich, can turn into C-rich AGB stars (C/O > 1) after a few thermal pulses.
This explains the observed sequence of evolution from being M-MS-S-SC-C
star based on the increasing amounts of carbon in their atmospheres with suc-
cessive thermal pulses (Lambert, 1991; Mowlavi, 1999; Habing and Olofsson,
2003). MS-stars have M spectral-types (a spectral classification with effective
temperatures between 3850 to 2640) with C/O lower than one and smaller

s-element overabundances ([s/Fe| ~ 0.3) in their surfaces, S-stars display C/O
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ratio very close to one and higher s-element overabundances ([s/Fe] > 0.5), SC-
stars are C-rich stars also strongly s-element enriched but with their C/O ratio
still close to ~ 1 while C-stars are carbon-rich stars with C/O clearly larger
than one. After TDUP event, the surface abundance of carbon increases until
it exceeds the abundance of oxygen. The star has now turned from an oxygen-
rich star into a carbon-rich star with abundance ratio of C/O > 1. The initial
abundance of oxygen as well as carbon depends on the initial amount of ele-
ments heavier than hydrogen or helium (metallicity), metal-rich stars require
more carbon to be mixed to the surface to change the C/O ratio to values
larger than unity. Other than carbon and nitrogen, AGB stars are one of the
main sources for the heavy elements in the universe, such as Zr, Tc, Y and La

that are produced by the s-process (Arlandini et al., 1999).

1.2.4 Circumstellar matter in AGB stars

The mass lost during the AGB phase generally leads to the formation of
molecules and dust in the circumstellar environment (Millar, 2003). Dust
nucleates when the atmosphere has been pushed far enough outward for the
temperature to fall below 1500 K (Woitke, 2006). The formation of dust de-
pends largely on the availability of atoms and molecules. The most abundant
elements that form the building blocks of dust are C, H, O and N. However,
the carbon monoxide (CO) molecule is very stable and already forms at high
temperatures in the stellar atmosphere. This leads to a clear separation of the
type of dust present around AGB stars. If oxygen is more than the available
carbon, i.e. C/O ratio < 1, all the C will be trapped in CO and only O will
be available to form dust. In this case oxygen-rich dust (predominantly sili-
cates) are formed. This is the initial situation for all M type stars. During the
stellar evolution the C/O ratio will increase until carbon-rich stars are formed.
In the dusty envelope of the C-stars, most of oxygen is trapped in CO and
carbon is left to form carbon-rich dust such as silicon carbide (SiC), graphite
and polycyclic aromatic hydrocarbons (PAHs). For objects where the C/O

ratio is almost unity, the so-called S-stars, both the carbon and oxygen will be
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highly depleted in the wind and other dust species like ferro silicon (FeSi) are
expected to form (Smolders et al., 2012). Thus, atomic abundances in stellar

winds strongly determine the kind of dust that are formed.

The evolution of stars throughout the AGB phase is accompanied by an in-
creasing mass-loss rate (M), that varies from 10~7 to 10~ Mg, yr~' (Whitelock
et al., 1994). Mass loss in the EAGB phase is thought to be spherically symmet-
ric. Mass loss from these low surface-gravity red giants requires a mechanism
that allows matter to gain momentum and overcome the gravitational pull of
the central star. Bowen (1988) showed that a combination of pulsations and
the radiation pressure exerted on dust particles can drive a stellar wind from
AGB stars. Large-amplitude pulsations levitate material to greater heights in
the stellar atmosphere and reduce the temperatures enough to facilitate the
condensation of dust grains a few stellar radii away from the stellar surface.
As radiation pressure pushes these dust grains radially outward, they transfer
momentum to the gas particles and basically drag them along. Momentum is
transferred from the photons emitted by the star to the dust grains, through
photon absorption and scattering and is subsequently redistributed to the more
numerous gas particles by collisions with the dust grains (Wood, 1979; Bowen,
1988; Norris et al., 2012). As the dust grains in the circumstellar matter ab-
sorb energetic radiation and re-emit at longer wavelengths the observed SED
will contain the dust emission which contributes beyond the NIR wavelengths

in addition to its photosphere contribution.

It is generally accepted that the mass loss of AGB stars is due to dust-
driven winds (Lamers and Cassinelli, 1999). Although the mechanism to drive
dust-driven wind is reasonably well understood, it remains a question as to
which type of grain drives the wind. To be considered a good candidate, a
dust species needs to (i) form close to the star where the temperatures are still
high and (ii) have sufficient opacity to be accelerated by radiative pressure.
Amorphous carbon grains in the atmospheres of C stars can account for the
observed mass-loss rates (Winters et al., 2000a). Interferometric observations

show evidence for the existence of large dust grains of a few hundred nm in di-
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ameter, less than one stellar radius above the stellar atmosphere (Norris et al.,
2012). Anandarao, Pottasch and Vaidya (1993) had established the correla-
tion of circumstellar dust masses with the pulsation period of oxygen-rich Mira
variables. This proximity to the atmosphere indicates that the dust species
are transparent at optical wavelengths and hence resistant to sublimation by
the intense radiation field. The IR spectra of cool M and S stars show the
presence of an unidentified continuum opacity source (McDonald et al., 2010).

The mass loss rate of AGB stars increases until the envelope gets so thin
that the photosphere begins to contract and the star becomes a proto-planetary
nebulae (PPNe). Reliable mass loss rates are obtained from the dust contin-
uum emission and circumstellar molecular radio lines like hydroxyl (OH) and
rotational lines of CO (Olofsson, 2003). Mass-loss during the AGB phase has
been modeled based on both theoretical arguments (e.g., Bowen (1988); Fleis-
cher, Gauger and Sedlmayr (1992); Bloecker (1995b); Arndt, Fleischer and
Sedlmayr (1997); Venkata Raman and Anandarao (2008)) and semi-empirical
calculations (e.g., Vassiliadis and Wood (1993)).

1.2.5 Post-AGB Evolution

Some AGB stars experiencing high mass-loss rate contain a large amount of
dust rendering them completely obscured in the visible and NIR wavelength
regions. The peak of the SED thus moves to mid-IR wavelengths. These
stars are known as OH/IR stars, because they show strong OH maser emission
in addition to the IR radiation. It is generally believed that M type stars
eventually evolve into OH/IR stars (van der Veen and Habing, 1988), with the
onset of a superwind phase, having mass loss rates of ~ 107* My, yr~! (Renzini,
1981). The outflow during the AGB stage, removes the outer parts of the star
until the mass of the envelope is reduced to ~ 1072 Mg, (Blocker, 1999). Now
the pulsations decrease in amplitude and the mass-loss may cease. Post-AGB
(PAGB) evolutionary tracks cross the upper Cepheid instability strip leading
to the possibility of pulsations in some objects. A distinct class of pulsating

variables that resemble PAGB from their IRAS colors are called RV Tauri
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stars (Jura, 1986; Wahlgren, 1993). These stars are defined by luminosity
class I - II with spectral types ranging from mid-F to K type and show light
curves with periods between 50 and 150 days. PAGB stars with the spectral
types of F - G usually show photometric and spectroscopic variations on scales
of the order of a month (Jura, 1986; Waelkens et al., 1987; Oudmaijer, 1996).
The overall characteristic of the photometric variability may be its irregularity.
The variability may be attributed to the continued pulsation during the PAGB
phase. The decrease or cessation of mass loss is normally considered to be the
beginning of the short PAGB phase where the temperature of the central star
quickly rises at roughly constant luminosity. During this phase the mass lost
during the AGB phase slowly drifts away from the star ( v ~ 10 km/sec),
its (column) density drops and the central star becomes visible again. When
the central star reaches temperatures of > 30,000 K and if the material lost
during the AGB has not reached too large distances from the central star, the
star can ionise this material to form a planetary nebula (PNe) (Kwok, 2000).
Typical post-AGB stars are expected to have luminosities around 103 - 10* L,
(Bloecker, 1995a) where L is the solar luminosity.

Most PAGB candidates were detected and identified on the basis of their
far-IR (IRAS) colors (Parthasarathy and Pottasch, 1986; Pottasch and Parthas-
arathy, 1988; Kwok, 1993; Anandarao, Pottasch and Vaidya, 1993). PAGB
stars can be recognized from two distinct contributions that appear in their
SED. First, the contribution from the expanding circumstellar envelope that
leaves its mark in the mid-IR region. Second, the contribution from the cen-
tral star that accounts for ultra-violet (UV) and optical wavelengths. This
leads to double-peaked SED indicating detached envelopes around the star as
distinguished from the single broad peak of AGB stars that have warmer dust.

1.2.6 IR spectra of Evolved Stars

AGB and PAGB stars are usually very faint at optical wavelengths. Hence
they are mostly studied in the NIR and mid-IR wavelengths. Most of the

molecular lines originate close to the star, where the temperature is relatively
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high (Habing and Olofsson, 2003). Farther away from the star, in the cooler
regions, the dust continuum along with the dust features may be detected.
The excitation mechanisms of the rotational-vibrational spectra of CO ob-
served in AGB stars at the NIR wavelengths, Hy & PAH emissions observed
in PAGB/PPNe stars at the mid-IR wavelengths are described here.

1.2.6.1 Rotational-vibrational spectra of CO

The CO molecule offers several advantages as a diagnostic probe of the struc-
ture of cool stellar atmospheres. It has a stable, closed-shell structure and
a high dissociation energy of 11.2 eV. Hence, it is predicted to form in cool
giant and supergiant atmospheres. Shock chemistry models predict that the
CO abundance remains unaltered, even if the gas is shocked periodically by
stellar pulsation (Duari, Cherchneff and Willacy, 1999). CO formed deep in
the photosphere exists unchanged in abundance over large distances above the
photosphere with the predicted lack of saturation in the rotational-vibrational
lines. Hence CO should be a very useful probe for studying the extended
atmospheres of AGB stars.

The total rotational-vibrational energy of a molecule experiencing rotation
as well as vibration (stretching of bond lengths) is given by

1 1
Etotal = B‘](‘] + 1) + (U + §)w€ - ZEe(U + 5)256 (12)

where B, J, v, W, are rotational constant, rotational quantum number, vi-
brational quantum number, equilibrium oscillation frequency respectively (see
Banwell and McCash (1994)). The selection rule for the allowed transitions
between these combined motions are Av = +1, +2, etc and AJ = £1. The
transitions between the vibrational levels Av = £1 with AJ = +1 is called
the fundamental mode of transition. The vibrational transitions with Av =
2 are called the first overtone bands while those with Av = 3 are called the
second overtone bands (see e.g., Emerson (1996); Tennyson (2005)). The NIR
spectra of AGB stars mostly show the first and second overtone bands of CO

in absorption. In contrast PAGB objects at these wavelengths mostly show
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Brackett series lines in absorption.

1.2.6.2 Rotational spectra of H,

Molecular hydrogen (Hs) is the most abundant molecular species in the uni-
verse (Shull and Beckwith, 1982; Dalgarno, 2000). H, is a homonuclear di-
atomic molecule and therefore does not have a permanent electric dipole mo-
ment or an allowed rotational-vibrational spectrum, thus making it a difficult
species to observe directly. However, weak electric quadrupole transitions of Hy
can be observed. The selection rule for pure rotational spectra in the v=0 level
is AJ = 42, where v and J are vibrational and rotational quantum numbers
respectively.

The small mass (1.673 x 10** gm) and size (5.291 x 10~!'* m) of the H,
molecule gives it a low moment of inertia, thus leading to a large rotational
constant of 85.25 K (expressed in Kelvin). As a result of this large value,
the rotational levels are widely spaced. First few pure rotational lines of Hy
lines lie at the wavelengths 28.221, 17.035, 12.279, 9.665, 8.026 and 6.908 pm.
For the pure rotational transition, J = 2 — 0 at 28.221 pm the excitation
temperature is 510 K. Similarly the excitation temperatures for the J =4 —
2 and J = 7 — 5 transitions that occurs at 12.279 and 6.908 pm are 1200
and 2276 K respectively. However, if excited collisionally or by shock between
the shell and the wind of the central hot source, they do not require such high
temperatures and can be emitted at temperatures around 250 K (Parmar, Lacy
and Achtermann, 1991). Burton, Hollenbach and Tielens (1992) have modeled
the rotational line intensities of Hy from photodissociation regions (PDR) and
in shocks, that are emitted at temperatures around 100 - 300 K. These pure
rotational lines of Hy are observed in PPNe candidates having a hot central

source (Herpin, Cernicharo and Heras, 2000).

1.2.6.3 Polycyclic Aromatic Hydrocarbons (PAHs)

The most common features observed at the mid-IR wavelengths in PAGB/PPNe
are PAHs, CyHy, HCN, CHy, Cs, SiC (dust), MgS (dust) (Cerrigone et al.,
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2009; Manteiga et al., 2011; Sloan et al., 2014). These species contain the
most common elements like H, C and N. The features located around 3.3, 6.2,
7.6, 7.9, 8.6, 11.2 and 12.7 um observed in PNe, PAGB stars, HII regions,
reflection nebulae around early-type stars and in some galaxies could not be
identified with already known molecular emission bands and were therefore
called as Unidentified Infrared Bands (UIR). Later it was realized that very
small dust grains consisting of about 20 - 100 C-atoms, more typically large
molecules, are the most likely candidates for the carriers of these bands (Leger
and Puget, 1984; Allamandola, Tielens and Barker, 1985; Cohen et al., 1986;
Allamandola, Tielens and Barker, 1989).

The observed UIR wavelengths coincide with the typical resonances found
in aromatic hydrocarbon molecules. These aromatic molecules may easily at-
tain the temperature required to emit at such short wavelengths upon the
absorption of a single UV photon (~ 2200 A). Therefore the carrier of the UIR
bands is thought to be a family of connected aromatic species, or the so-called
PAHs. PAHs are a family of molecules comprising of a group containing hun-
dreds of organic material made up of two or more benzene rings. Naphthalene
(Cy1oHs), pyrene (Ci6Hig), and coronene (CqoqHjs) are simple examples of these
structures. An exhaustive overview on PAHs in interstellar space is given by
Omont (1986) & Tielens (2008). Table 1.1 lists the wavelengths with modes
of excitation of PAH molecules (Tielens, 2005).

1.2.6.4 PAH formation

The main molecule from which PAHs are formed is acetylene and its radi-
cal derivatives (Millar and Williams, 1993; Tielens, 2005). The first step in
PAH formation, which is the most difficult one, is the creation of the first
aromatic ring. In additional reactions on the aromatic ring, it is believed that
an addition of H-atoms and hydrocarbons, can lead to the formation of a PAH
molecule. For H-poor environments there is a three-way route. After the for-
mation of small, flexible, linear, C-chain radicals, monocyclic ring molecules

are formed through the addition of C-atoms. The isomorization reactions on
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Table 1.1: The mid-IR emission features with wavelength and mode identifications

Credit: Tielens (2005)

Bands(pm) Mode(s)
Lines

6.0 C-O stretch (7)
6.2 aromatic C-O stretching
6.9 aliphatic C-H bending
7.6 C-C stretching and C-H in-plane bending
7.8 C-C stretching and C-H in-plane bending
8.6 C-H in-plane bending
11.0 C-H out-of-plane bending, solo, cation
11.2 C-H out-of-plane bending, solo, neutral
12.7 C-H out-of plane bending, trio, cation (7)
13.6 C-H out-of-plane bending, quartet
14.2 C-H out-of-plane bending, quartet
16.4 in-plane and out-of-plane C-C-C

bending modes in pendant ring (?)

Plateaus

6-9 blend of many C-C stretch and C-H in-plane bend modes
11-14 blend of C-H out-of-plane bending modes
15-19 in-plane and out-of-plane C-C-C bending modes

the C-chain lead to planar carbon hexagon structures. The absence of hydro-

gen leads to dangling bonds. Incorporation of pentagons and curling reduces

the dangling bonds, possibly creating fullerenes, better knows as 'Bucky Balls’

(Cataldo, Strazzulla and Iglesias-Groth, 2009; Ehrenfreund and Foing, 2010).

PAH processing and destruction can be caused by high energetic radiation

with energies of 20 eV, or by strong shocks (Siebenmorgen and Kriigel, 2010).

However, only the smaller PAHs (up to 30 C-atoms) are completely destroyed.
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Near the stellar photosphere the high densities and temperatures allow PAH

to grow chemically.

1.2.6.5 PAH emission mechanism

PAHs are electronically excited into an upper electronic state upon the absorp-
tion of a single Far-UV (FUV) photon, raising the PAH’s temperature as much
as 1000 K. The energy is rapidly converted internally from the single excited vi-
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Figure 1.6: Comparison of the observed spectra of PPNe IRAS 2227245435 (a)
with the lab absorption spectra (b) produced from a mixture of neutral and ionised

PAH (Allamandola, Hudgins and Sandford, 1999)

brational state into several excited vibrational states, bringing the PAH back
into a lower electronic state (Allamandola, Tielens and Barker, 1989). The
molecule cools down mainly by radiative cascade through IR emission in the
C-C and C-H vibrational modes decreasing its temperature to ~ 10 K on a
timescale of seconds (Bakes, Tielens and Bauschlicher, 2001; Tielens, 2008).
The internal energy redistribution is a complex mechanism involving the cou-

pling of different vibrational modes and can occur in several steps involving
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different timescales.

Laboratory studies show that PAH ionizations do not affect the frequency
of vibrational resonances very much (Tielens, 2005). But more striking is the
effect on the relative intensity of the various modes. This effect is very clear in
the 5 - 10 um region, where the resonances are very weak in neutral PAHs and
much stronger in charged PAHs. PAHs can both be positively and negatively
charged. The charge is set by the balance between photoelectrically ejected
electrons and the PAH electron recombination rate, and is thus determined by
the ratio of the UV field and the electron density. Fig 1.6 shows a comparison
of lab absorption spectra produced from a mixture of neutral and ionised PAH
with the stellar spectra of the PPNe IRAS 22272+5435.

The stellar IR spectra often show narrower lines than those observed in
laboratory spectra. This is due to fact that laboratory materials are more
disordered. The precise position of a specific mode is dependent on the size,
symmetry, structure, molecular heterogeneity of the PAH molecule and of the

charge.

1.3 Organization of thesis

1.3.1 Chapter 1: Introduction

This Chapter gives an introduction to the circumstellar environments of erup-
tive low mass young stellar objects and evolved mass losing intermediate mass
stars. The first part of the Chapter describes eruptive pre-main sequence stars
and their outburst mechanism. The second part deals with the post-main se-
quence evolution of intermediate mass stars, the mass loss processes and the

observed circumstellar dust features.

1.3.2 Chapter 2: Observations and Data analysis

This Chapter gives insights of the optical layout and detector characterisa-
tion of the first light NIR instrument Near Infrared Camera & Spectrograph
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(NICS). It deals with the NIR observations and the data analysis techniques.
The Infrared Spectrograph (IRS) on board Spitzer Space Telescope (SST) and
Short wavelength Spectrometer (SWS) on board Infrared Space Observatory
(ISO) that provided all the mid-IR data presented in this thesis are described.
The data analysis techniques and the softwares used for the same are also

described.

1.3.3 Chapter 3: Infrared study of V1647 Ori and five

other eruptive young stellar objects

This Chapter presents the results of the NIR monitoring of V1647 Ori during
its recent two outburst phases flanking the quiescent phase. It describes the
spectroscopic variability in the NIR and mid-IR wavelengths. The results of
the SED models during the outburst and quiescent phase are presented. The
photometric and spectroscopic nature of V1647 Ori are compared with five

other eruptive young stellar objects.

1.3.4 Chapter 4: Infrared photometric and spectroscopic
study of Asymptotic Giant Branch stars

This Chapter deals with the NIR spectroscopic mass loss signatures during
AGB phase on a sample of M, SR, S type stars. A correlation study of the
observed NIR spectral signatures with the mass loss parameters and the im-
plications are discussed. The circumstellar parameters derived from the SED

models are compared between these three types.

1.3.5 Chapter 5: Infrared photometric and spectroscopic
study of Post Asymptotic Giant Branch stars/Proto-
Planetary Nebulae

Multi-epoch NIR spectroscopic observations on a sample of PAGB stars are

presented to explore possible variability due to episodic mass loss. Mid-IR
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spectra of a larger sample of PAGB/PPNe stars are also presented. These
results combined with SED modeling of the sample sources are used to un-
derstand possible relationship between the strength of various spectroscopic
features and the physical parameters of the sources. The Chapter presents a
few PAGB/PPNe candidates making their transition to PNe. A rare detec-
tion of neutral fullerence (Cgp) feature in the mid-IR spectra of a PAGB star
is presented which is possibly only the second such detection in this class of

objects.

1.3.6 Chapter 6: Summary and Future Work

This Chapter briefly describes the significant results obtained during the cur-

rent research and the future direction of work.



Chapter 2

Observations and Data

analysis

2.1 Introduction

NIR photometric and spectroscopic observations were carried out with the
Physical Research Laboratory’s (PRL) 1.2 m telescope using the NICS (Anan-
darao et al., 2008) and Near-Infrared Camera and Multi-Object Spectrometer
(NICMOS). Most of the mid-IR spectra were extracted by processing the data
from the Spitzer archive. The data used were from IRS (Houck et al., 2004)
onboard SST (Werner et al., 2004). The IR spectra obtained by SWS (de
Graauw et al., 1996) onboard ISO (Kessler et al., 1996) were used for a few
sources for which IRS Spitzer data were not available.

The SEDs for the selected sample of PAGB stars and PPNes were con-
structed using the available public archival data compiled from VIZIER, Two
Micron All-Sky Survey (2MASS), AKARI (Ishihara et al., 2010), Spitzer -
InfraRed Array Camera (IRAC) (Fazio et al., 2004), Infrared Astronomical
Satellite (IRAS) (Bamberg and Zaun, 1985) and Midcourse Space Experiment
(MSX) data archives (Egan, Price and Kraemer, 2003a). The SEDs thus ob-
tained were modeled using the DUSTY software (Ivezic et al., 1997).

This Chapter briefly describes the Mt. Abu Infrared Observatory, IR de-

27
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Figure 2.1: Mt. Abu Infrared Observatory

tecting technique used and the parameters that determine the performance of
the detector array. The details of the optics and the detector characteristics of
the new focal plane instrument NICS are described. The instruments like IRS
and SWS that are on board SST and ISO are outlined. The NIR observation

procedures and the data analysis techniques are described.

2.2 Mt. Abu Infrared Observatory

Mt. Abu Infrared Observatory (MIRO) is geographically situated at Mt.Abu in
the state of Rajasthan at 24° 39" 10"N, 72° 46" 47"E, at an altitude of 1680 m,
adjacent to the Gurushikar peak of Aravalli mountain ranges. Figure 2.1 shows
the outer view of MIRO. It consist of an equatorially mounted 1.2 m telescope
mainly designed for NIR observations. The telescope was installed during
December 1994 and has been operational since 2 decades. The site typically
offers about 200 nights in a year for astronomical observations. Out of these

200 nights 70% are spectroscopic in nature. The typical seeing (measured as
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i

N,

Figure 2.2: Infrared telescope at MIRO

the full width at half maximum of a star image) is about 1.3 arcsecs in the
months of October to March and about 1.7 arcsecs during the months of April
to June. The site is very dry (precipitable water vapour ~ 2 mm) between

October to May (< 40%) and is hence excellent for NIR observations.

Optical observations are also possible since the surface accuracy for all
the optical components had been optimized at 5000 A. The surface accuracy
of the primary mirror is A\/10 (at the green line). The primary parabolic
mirror has an aperture of 1.21 m with a focal ratio of f/3. The secondary
hyperbolic mirror produces an effective focal ratio of /13 at the Cassegrain
focus. The Cassegrain focus is behind the primary at a distance of 0.38 m from

the Cassegrain plate where the back-end instruments are mounted. Figure 2.2
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shows the IR telescope operational at MIRO. The back-end instruments that

are currently in operation at MIRO are

1. NICMOS Camera

2. NICS Camera

3. Imaging Fabry-Perot Spectrometer

4. Optical Polarimeter

5. PRL Advanced Radial-velocity All sky Search (PARAS)

Various science programs that are pursued using MIRO are described in
Anandarao and Banerjee (2005). Part of the work presented in the thesis

utilized the first two instruments mentioned above.

2.3 Detector principles

Detector arrays in the near- and mid-IR detect photons through photoconduc-
tivity. An incoming photon with energy greater than the bandgap energy is
absorbed within the semiconductor material, exciting a bound electron into the
conduction band. The remaining net positive charge behaves as a positively-
charged particle, called ’a hole’. Thus an electron-hole pair is created, which
can carry a measurable electric current (a photocurrent).

The cut-off wavelength (\.) of a detector with intrinsic absorption having
a band gap energy (E,) is given by

he 1.24
A = 2= 2.1
B, E,ev)"" (2.1)

where h is a Planck’s constant, c is the velocity of light. The E, of the semi-
conductor materials varies with temperature. Band gap engineered alloys are
used as materials for the detectors so that the band gap energies can be tuned,
thereby changing its cutoff wavelength of operation. Popular semiconductor
choices include indium gallium arsenide (InGaAs), which is sensitive up to 1.7

pm, indium antimonide (InSb) (A.=5.4 pm) and mercury cadmium telluride
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(HgCdTe), whose composition can be tuned to give a desired cut-off wavelength
above 2.4 pm (Joyce, 1992). Since a smaller band gap will enable detection
at longer wavelengths, less energy is required to excite an electron across the
gap, leading to larger thermally generated dark currents. This suggests that
the lower functional temperature should be used so that thermal excitation
of electrons can be minimized. The required passive cooling temperature for
reducing the thermal electrons for low background detectors (Hoffman, Love
and Rosbeck, 2004) is given by

200K
Ac(pm)

For example, the required cooling temperatures for a cut off wavelength \. =

Tmax =

(2.2)

2.5 pm is ~ 80 K, a temperature that nearly corresponds to the boiling point

of liquid nitrogen.

2.3.1 Mercury Cadmium Telluride (HgCdTe)

HgCdTe is often referred to as Hgy_,Cd,Te, where x is the mole fraction of
cadmium. For x = 0.45, the cut-off wavelength is 2.3 pm, while for x = 0.24,
it is 9.19 pm. The band gap energy is very sensitive to small fluctuations in
x of around 0.24. For example, a change in x by 0.001 for x ~ 0.24 changes
the cutoff wavelength > 0.1 pym. Because HgTe is a semi-metal and CdTe
is a semiconductor, carefully tuned mix of these two compounds can create a
semiconductor with a very small band gap, corresponding to a relatively longer
cut-off wavelength.

Arrays of detectors are desirable for efficient direct imaging, but are nec-
essarily much more complex to manufacture than single pixel detectors. The
detectors are grown on a wafer of silicon with a matching grid of output con-
tacts. Indium bumps are deposited on each grid for contact and the detector
and amplifier grids are aligned, and pushed together by applying a large force.
Such hybrid arrays are difficult to manufacture, as differential thermal expan-
sion between the two layers can cause the array to break apart (Rieke, 2007).

Partly as a result of this, such IR arrays are very expensive.
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2.3.2 Detector performance

There are many parameters that determine the performance of a detector. The

significant parameters are described below:

2.3.2.1 Dark current

Dark current is the small electric current that flows through the detector even
when no photons are entering the device. The electron-hole pairs that are
generated thermally within the semiconductor material are the main source of
the dark current. To minimise this effect on the resulting signal, IR detectors

are normally operated at low temperatures (see Eqn. 2.2).

2.3.2.2 Read noise

This is the component of the noise from a single pixel which is independent
of the signal level. Read noise arises from the process by which the charge
stored on the diode capacitor is converted to the final signal. If the readout
procedure is optimised, the read noise is usually limited by electronic noise in
the amplifier(s). The smallest signal which can be detected goes as the square

of the read noise.

2.3.2.3 Readout time

Long readout times are usually needed to take out the effects of high frequency
changes in bias voltages etc., and so the time taken to read out a pixel with
the minimum read noise can be tens or hundreds of microseconds during which

signal cannot be acquired (dead time).

2.3.2.4 Quantum efficiency

The Quantum efficiency (QE) of a detector is the fraction of incident photons
(of appropriate wavelengths) that are detected. Modern direct-readout arrays

typically have quantum efficiencies of well over 90 %. The quantum efficiency
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and read noise of the detector decide the signal to noise ratio (S/N) of the
observation of the faintest target (McLean, 2008). The S/N ratio is given by
S Ngtn
N~ /Nstn + Ngtn + Nptn + NG

where 7 is the QE at the concerned wavelength; Ng is the total number of

(2.3)

photons (signal) incident on the pixel in the exposure time (t); Np is the total
number of photons due to the sky background; Np is the total number of dark
current electrons; and Np is the total number of electrons resulting from the

readout noise.

2.3.2.5 Linearity

Linearity of the detector is a measure of how consistent the detector responds
to its well depth (maximum number of electrons stored in a pixel before it
is saturated). It also signifies a simple linear relation between the number of
photons striking the detector and the charge collected during the exposure.

The linearity is critical in obtaining the accurate intensity measurement.

2.3.2.6  Well capacity

The number of photoelectrons an individual pixel can contain before saturation
is termed as well capacity. Charge exceeding the saturation level in a pixel of

the IR array leads to a deviation from its linear response.

2.3.2.7 Array size

Large format arrays like H4RG-15 fabricated by Teledyne Imaging sensors
(Beletic et al., 2008) have potential usage in astronomy in conducting large

area scientific survey of astronomical sources in astronomy.

2.3.3 Array Readouts

High speed time resolved astronomical observations demand arrays having very
short dead times. Array readout schemes therefore play a crucial role in de-

ciding the dead time of the array thereby using an appropriate or optimized
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scheme in reading out the array quickly and more efficiently. There is usu-
ally no shutter in an IR camera to determine the exposure time. This is
partially due to the requirement that the shutter be cold, and that it oper-
ates very rapidly to accommodate the short exposures demanded by the high
backgrounds. IR arrays are continuously exposed to light, and the exposure
time is controlled by a sequence of reset and read pulses. IR arrays employ
non-destructive readout operation in which each pixel is read out separately
without shifting the charge to the adjacent pixels.

There are four modes of reading the array:

1. Single Frame Mode
2. Correlated double-sampling mode (CDS)
3. Reset-read-read or Fowler sampling

4. Sampling up the ramp (SUTR)

In the single frame mode the entire array is reset pixel by pixel. During this
mode only one sample frame is acquired after the reset-read cycle and hence
is incapable of removing noise efficiently. In the correlated double-sampling
mode, after the array is reset it is sampled once (pedestal level) and after pass-
ing through the desired integration time (signal level) it is sampled again. The
resulting frame is the difference between the two reads. The Fowler sampling
method employs multiple correlated frame reads of the detector. According to
this scheme the entire array is reset pixel by pixel and then immediately the
entire array is sampled non-destructively for N reads (pedestal level). After
waiting for the required integration time it is again sampled non-destructively
for N reads (signal level). The effective signal is the average of the difference
between the individual reads in the pedestal and signal levels. The differencing
process is usually accomplished in a front-end co-adder. By averaging N reads,
the read-noise can be reduced by ~ 1/ v/N. The NICS employs this technique
for its read out while the NICMOS uses a double-correlated sampling mode.

In sampling up the ramp mode the array is reset row by row. After the initial
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pedestal read many individual single reads are obtained during the given inte-
gration time. The effective signal acquired by a pixel over the integration time
is given by the slope of a linear fit of the data samples during the multiple

reads multiplied by the integration time.

Table 2.1: Detector characteristics of NICMOS

Array Format 256 x 256
Pixel size (pm) 40

Lower Cut-off A (um) 1.10
Upper Cut-off A (um) 2.30

Dark noise (e~ /s) < 0.7
Read Noise (e7) 53
Linear range 1000-10000 ADU
Bad pixels ~ 250

System Quantum efficiencies

J band (%) 32.75
H band (%) 18.30
K band (%) 28.91

2.4 Near Infrared Camera and Multi-Object
Spectrometer (NICMOS)

The NICMOS camera has been a major workhorse at MIRO for nearly 15 years.
The instrument was designed and built by Infrared Labs Inc., USA. The array
design is based on the NICMOS-3 concept that uses a 256 x 256 format of
HgCdTe detector operating between 1.1 and 2.3 ym. The photometric mode
offers two field of view (FOV) of 2 x 2" and 4 x 4. These options yield
plate scales of 0.5"/mm and 1”/mm respectively, for the two FOV’s. The
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Table 2.2: Description of broad & narrow band filters in NICMOS

Band Central Bandwidth Lower Upper  Transmission
Wavelength cut-off cut-off at peak
(pm) (pm) (pm)  (pm)  Wavelength(%)
J 1.253 0.296 1.105  1.401 93.2
H 1.659 0.288 1.514  1.803 91.9
K 2.185 0.408 1.981  2.389 85.3
K’ 2.120 0.360 1.940  2.300 > 80

Narrow-band filters

[Fell| 1.645 0.0375 1.6262 1.6638 > 80
H,1-0S(1) 2.1175 0.0429 2.0961 2.1390 74.1
Narrow band 1 2.1352 0.0428 2.1138 2.1566 78.0
Br v 2.164 0.0443 2.1427 2.1870 59.1
CO band 2.3726 0.1013 2.3220 2.4232 83.0
Narrow band 2 2.2169 0.0831 2.1754  2.2585 74.0

spectroscopic part of the instrument was designed to give a dispersion of about
9.5 A per pixel in each of the J(1.253 pum), H(1.659 pm) and K (2.185 pum)
bands, giving an over all resolving power of ~ 1000. The optical layout of
the instrument is described in Nanda Kumar (1999). The characteristic of the
detector and the filters (both broad and narrow) are shown in Table 2.1 and

2.2.

2.5 Near Infrared Camera and Spectrograph
(NICS)

The NICS camera is a recently commissioned HgCdTe (HAWAII-1) 1024 x

1024 array imaging camera with both photometric and spectroscopic capabili-
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ties as in NICMOS. In the photometric mode it delivers an angular resolution
of 0.5 /pixel in an un-vignetted field of view of ~ 8 x 8. The spectral cov-
erage is between 0.8 - 2.5 pym. The dispersion of the spectrograph is designed
so as to cover the combined bands of I.J, JH and HK (see Table 2.3 for filter
definitions) on 1024 pixels.

2.5.1 Optical layout

In order to achieve the principal goal of the design of having seeing-limited
angular resolution in an un-vignetted field of view of ~ 8" x 8" with 0.5" /pixel,
a focal reduction by a factor of 2 is required. The optical system design for
these specifications are achieved using 9 singlet lenses. Of these 9 lenses, five
are used for field definition (Lenses 1 and 2) and collimation (Lenses 3, 4 & 5).
The remaining lenses are used for re-imaging on the Hawaii-1 array. The optics
is arranged in an L-shaped configuration at the fold of which lies either a mirror
for the photometric mode or a reflection grating for the spectroscopic mode of
operation. The top panel in Fig 2.3 represents the collimating and re-imaging
arms of NICS. Fig 2.4 shows the layout of the optics in the Y-Z plane. The
operating temperature of the NICS is 77 K; and is achieved by liquid nitrogen.
As the /13 beam from the telescope enters the system through the window
W, the Lenses 1 & 2, located before the Cassegrain focus (CAS FOCUS in
Fig 2.4), serve as field lenses to image the virtual exit pupil of the telescope
(located behind the secondary mirror) to a real pupil at a different location.
At this point the focal ratio drops to £/10.5. The Lenses 3, 4 & 5 constitute the
collimator that makes the diverging rays from the Cassegrain focus parallel.
The beam then passes through two circular filter wheels containing interference
filters before being incident on the flat fold mirror or grating located at the
end of the collimating arm at 45°. The definitions of the filters are presented
in Table 2.3. The imaging lenses L6 - L9 further decrease the focal ratio to
/6.5, the desired value.

The mirror/grating assembly is made from the same substrate that is pol-

ished for reflection on one side, for the imaging mode while the other side has
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Figure 2.3: Inside view of the NICS dewar Top: the two perpendicular tubes show
collimation and re-imaging arms. The HAWAII-1 detector is mounted at the end of
the re-imaging tube to the bottom-left. Bottom: NICS mounted at the Cassegrain
focus of the 1.2 m telescope at Mt Abu.
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a reflection grating for the spectroscopic mode. After the rays pass through
the collimator, a pupil mask is located, 25 mm before the mirror/grating, in
order to block IR radiation from the spider holding the secondary mirror. The
folded beam (at the mirror/grating) is then passed through the re-imaging
arm of the optics at the end of which lies the HAWAII-1 array detector. All
the lenses are anti-reflection-coated to maximize the throughput, in the entire
wavelength range of 0.8 - 2.5 um. In the optical design the angles of incidence
between rays and the lens optical surfaces are constrained to be < 30° for the
purpose of facilitating the design of anti-reflection coatings covering the full

wavelength region over the full square field.  The details of the optics are
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Figure 2.4: Optical layout of NICS. The lens materials are mentioned in the top
left side. The system window is shown as W; position of the Cassegrain focus is
indicated as CAS FOCUS (vertical line); L’s represent lenses; and the horizontal
line above L9 is the location of the HAWAII-1 array.

described in Anandarao et al. (2008).
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Table 2.3: Description of filters in NICS

Band Central Bandwidth Lower Upper  Transmission
Wavelength cut-off cut-off at peak
(pm) (pm) (pm)  (pm)  Wavelength(%)
Y 1.021 0.118 0.9600 1.078 70
J 1.2449 0.181 1.1587 1.3400 85
H 1.6291 0.333 1.4687 1.8020 95
K 2.1979 0.389 2.0004 2.3895 97
Ks 2.1479 0.358 1.9666 2.3250 97

Narrow and

combo-band filters

H, 1-0 S(1) 2.1231 0.0353 2.1053 2.1406 91
Br v 2.1701 0.04 2.1505 2.1905 90
1J 1.1675 0.595 0.8495 1.4445 97
JH 1.5166 0.7958 1.1166 1.9124 97
HK 1.9715 1.1754 1.3702  2.5456 98

2.5.2 Photometric mode

The photometric mode contains standard broadband filters: Y (0.97-1.07um),
J (1.17-1.33 pm), H (1.49-1.78 pum), K (2.03-2.37 um) and K's (1.99-2.31 pm);
and narrowband (NB) filters: Hy 1-0 S(1) (2.121 pm) and Br v (2.165 pum)
arranged in filter wheels. The filters in the J, H, K and Ks bands follow the
specifications of Tokunaga, Simons and Vacca (2002). The original platescale
of the cassegrain is reduced by half to give 0.5" /pixel thus covering 8 x 8 on

the sky.
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2.5.3 Spectroscopic Mode

The spectroscopic mode can be set up by rotating the fold mirror by 180°,
bringing in a diffraction grating having 150 lines per mm, operating in the
first order of diffraction. The combo filters IJ, JH and HK are used for the

spectroscopic mode.

The grating equation is given by

d(sino + sinf) = mA (2.4)

where o and [ are the angles of incidence and diffraction respectively and the
inter groove distance d is 1/150 mm and m is the diffraction order (m=+1
in our case). To improve the efficiency, the grating was blazed at 2 pym with
a blaze angle of 8° 38 and an apex angle of 130°. Fig 2.5 represents the
laboratory spectra of a mercury CFL using NICS in the IJ, JH and HK
bands.

The reciprocal dispersion found by using spectra from a mercury lamp (Fig
2.5) is 7.70, 7.82 and 8.07 A/pixel in I.J, JH and HK filters respectively. Thus
the spectral coverage over the 1024 pixels of the entire detector is ~ 0.80 pm,

enabling us to take spectra in two bands at a time.

There are two slits of widths 82 and 102 um respectively, in the aper-
ture/slit wheel sector. The slits placed at the £/10.5 focus are demagnified by
a factor (6.5/10.5) on the detector image plane. The wavelength dependent
anamorphic demagnification in the direction of dispersion given by the factor
cos(ar)/ cos(B) is 0.7 for NICS. Hence the total demagnification of the slit in m
= +1 mode is 0.43. The 102 pm slit is therefore demagnified to 43 pm on the
detector which is slightly more than 2 pixels (1 pixel = 18 pm). The slit will be
sharpest in the K band since the anamorphic demagnification has the largest
value. Hence the 102 pm slit is used in the K band without appreciable loss
of resolution while allowing a relatively larger amount of flux to be gathered.

The resolving power of the spectrograph is ~ 1000.
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Figure 2.5: Spectral image (left side) & reduced spectra (right side) of Hg CFL

spectra obtained in I.J (top panels), JH (middle panels) and HK (bottom panels)

using NICS.
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2.5.4 Detector Characteristics

This section describes the procedures followed for measuring the gain, read-out

noise and linearity of the array.

2.5.4.1 Determination of Gain

The gain of the array is the ratio between the number of electrons recorded to
the number of digital counts. The gain was measured by the following method
in which two images were subtracted from one another at several illumination
levels. For each intensity level, the following procedure was adopted.

Two images were obtained in succession at the same light level. The ex-
posure was kept short (0.5 s) so that the dark counts are negligibly small.
The mean signal level was measured in a chosen region of pixels on both the
acquired images. The regions are chosen such that they are as small as 50
x 50 or 100 x 100 pixel? on both the images. The ratio of the mean signal
levels of the regions is multiplied with one of the image so that the same signal
level is maintained without affecting the noise structure. After subtracting
these two images, the standard deviation over the already chosen region was
determined. The level of illumination was varied while making the exposure
time constant and the procedure was repeated. The slope determined from
the photon transfer curve (PTC), which is a plot of the measured signal vs
variance of the noise gives the gain of the detector. A different method of
varying the exposure time with a constant illumination will also lead to the
same result. Fig 2.6 represents the PTC curve of the HAWAII-1 array. The

measured gain from the photon transfer curve was found to be 5 e~ /count.

2.5.4.2 Determination of read-out noise

The read-out noise was measured by subtracting two dark frames obtained
at 0.5 s after removing the bad pixels. The resulting frame was found to
have a mean count close to zero and a standard deviation (averaged over the

entire frame of 1024 x 1024 pixels) of 6 to 7 counts per pixel. Since both the



44 Chapter 2. Observations and Data analysis

1.0x10"

8.0x10° [~

6.0x10° [~

Signal (Counts)

40x10° -

20x10° [~

I | I | I | I | I | I | I |
500 750 1000 1250 1500 1750 2000

Variance (Counts squar ed)

Figure 2.6: Photon transfer curve: The gain is equal to the slope which is measured

to be close to 5 €~ /count

dark frames were taken using two reads (Em2 mode) having two readouts per
frame, the observed standard deviation needs to be divided by v/4. This gives
an average readout noise of 3 to 3.5 counts. Since the gain is 5 e~ /count, the

readout noise per pixel is approximately 15 to 18 electrons/pixel.

2.5.4.3 Linearity test

This test was conducted by illuminating a section of the telescope dome with
a 100 W tungsten lamp and obtaining dome flats in the K's filter at different
integration times in integral values between 1 and 16 s. A set of 5 frames were
obtained for each value of integration time. The median value of the counts of
a particular frame was considered as a representative value of that frame. Fig
2.7 represents a plot of the median counts versus integration time. A linear

fit shown as a red line reproduces the observed data between 2600 and 20000



2.6. Near-infrared Observations and data analysis 45

3.0x10"

25x10"

2.0x10°

ian counts

1.5x10"

Med

1.0x10"

5.0x10°

0'00 2 4 6 8 10 12 14 16 18

Integration time (s)

Figure 2.7: Response of the array to illumination. A linear response is seen up to

approximately 20000 counts

counts. A deviation from linearity can be seen after 20000 counts.

The characteristics of the detector are summarised in Table 2.4.

2.6 Near-infrared Observations and data anal-
ysis

The large sky background due to the thermal continuum and OH line emis-
sion from the Earth’s atmosphere contributes substantially at the NIR wave-
lengths. All these effects, which deteriorate the quality of observations, must
be eliminated in order to obtain a proper image or spectrum of the source.
Background subtraction thus remains an essential part of all IR observations.
Dithered imaging is the most efficient method to take care of sky background

issues with a minimum loss of observing time. By observing the same field



46 Chapter 2. Observations and Data analysis

Table 2.4: Detector Characteristics of NICS

Array Format 1024 x 1024
Pixel size (um) 18.5
Lower Cut-off A (um) 0.85
Upper Cut-off A (um) 2.50

QE @ 77 K, 2um 65
Dark current (e~ /s @ 77 K) < 1.0
Read Noise (e7) 15 - 18
Well Capacity (e™) 1.3 x 10°
Gain b}

on the sky with small offsets around a central position for each exposure, it
is possible to measure the sky background variations. Care has been taken to
ensure that these procedures have to be followed strictly while making both

photometric and spectroscopic observations.

2.6.1 Photometric Observations

In all the observations included in this thesis, the images were obtained at six
dithered positions in the JH K bands . The source was completely kept away
from the field of view while acquiring the dithered frames. The nearest photo-
metric standard star chosen from Hunt et al. (1998) was observed immediately
after the source by following the same dithering procedures as done for the
source. Several dark frames were obtained and median-combined to form a fi-
nal dark frame for each exposure time. It is important to bear in mind that sky
subtraction does not take care of the pixel to pixel QE variations. Therefore
a flat field was applied after sky subtraction. Flat-field frames were acquired
by observing the dome flat frames as described earlier. Since the telescope
is focused to infinity, observing a dome flat illuminates the pixels uniformly

and removes pixel to pixel QE variation. The data processing techniques are
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described in section 2.6.3.

2.6.2 Spectroscopic Observations

Spectroscopic observations were made in the JHK bands by dithering the
object to two spatial positions along the slit. The exposure times were kept
constant during the two nod positions. The background subtraction (sky +
dark) was accomplished by subtracting the images from each other. The at-
mospheric transmission is not uniform over the entire spectral region of 1-2.5
pm and varies with wavelength. To correct for this variation it is necessary
to observe a standard star. Generally a spectral standard star of type AOV
is chosen because the spectra of such a star shows a featureless continuum,
except for the presence of prominent absorptions of HI which can be easily

removed later.

2.6.3 NIR data reduction

The observed NIR data was analysed using Image Reduction and Analy-
sis Facility (IRAF) developed at National Optical Astronomy Observatories
(NOAO), USA.

2.6.3.1 Photometric data reduction

Photometry refers to measurement of flux over broad wavelength band of radi-
ation. The obtained data were reduced to derive the JH K magnitudes using
IRAF. The aperture photometry task was used for sources that were isolated
i.e. without any close neighbours. The Point Spread Function (PSF) photom-
etry task was used for crowded fields.

An average frame was generated from each set of images observed at the
source and dithered positions. This process improves the S/N ratio in the
average frame. Various sets of dithered sky frames were median combined so
that the final sky frame was devoid of field stars. The sky background was

removed by subtracting the averaged source frame from the median combined
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sky frame. Similarly, the multiple images of dome flats and dark frames were
also median combined. The final background subtracted image was obtained

by

SourceFrame — SkyFrame
FlatFrame — DarkFrame

FinalFrame = (2.5)

The same method of background subtraction was performed for the standard
star. These frames were used to determine the instrumental magnitude of
the source and standard star. Aperture photometry was performed using the
available tasks in the IRAF APPHOT package. The DAOPHOT package in
IRAF was used for locating objects, fitting point spread functions, subtracting

stars and performing photometry.

2.6.3.2 Spectroscopic data reduction

The spectra were extracted using the APEXTRACT package in IRAF. The sky
background was removed by subtracting the frames observed with star shifted
along the slit. The APALL task was used to extract one dimensional spectra
from the background subtracted images. The calibration of the JH K spectra
were done using the OH sky emission lines that register along with the stellar
spectra. The Paschen and Brackett series lines were manually removed from
the spectra of the standard star and the resulting spectra were ratioed with
the source spectra to remove telluric absorption features. The ratioed spectra
were then multiplied by a blackbody spectrum at the effective temperature,

corresponding to the standard star, to obtain the final calibrated spectra.

2.7 Infrared Space Observatory

The ISO was launched on 17 November 1995 into a highly elliptical geocen-
tric orbit by European Space Agency (ESA). The ISO telescope consists of a
60 cm diameter primary mirror, cooled to 1.7 K. The ISO satellite contains

four instruments in which two are for photometry from 2.5 to 240 ym and the
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other two are for spectroscopy from 2.5 to 196.8 um. The four scientific instru-
ments on board ISO are the Infrared Camera (ISOCAM), Photo-polarimeter
(ISOPHOT), Short Wave Spectrometer (SWS) and the Long Wave Spectrome-
ter (LWS). The ISOCAM and ISOPHOT are high-resolution cameras covering
the range 2.5 to 17 and 2.4 to 240 um, respectively. The SWS operates between
the wavelengths 2.38 and 45.2 pm with two nearly independent grating spec-
trometers having a spectral resolution ranging from 1000 to 2000 (de Graauw
et al., 1996). The LWS provides a wavelength coverage in the range 47-196 pm.
It uses a grating in tandom with a Fabry-Perot interferometer to make medium
(A/AX ~ 200) and high (A/AX ~ 10000) resolution spectroscopic observations
(Clegg et al., 1996).

2.7.1 ISO SWS data reduction

The three types of data products provided by ISO are Raw data products, Basic
Science data products and Fully Auto-processed Science data products. Raw
Data products are essentially unpacked telemetry in which no data reduction
has taken place. Basic Science data products have been processed further to
an intermediate level (with the use of calibration files where necessary), often
containing physical units. The fully auto-processed science data products data
contain a set of coherent data that are produced by an automatic pipeline that
produces results very close to those obtained otherwise from a step by step
analysis using Basic Science data products. There are also Highly Processed
Data Products (HPDP) that are the result of further processing beyond the
pipeline and/or using new, refined algorithms. The data presented in this
thesis use Fully Auto-processed Science data products and Highly Processed
Data Products (HPDP) by Sloan et al. (2003).

Fully Auto-processed Science data products were reduced using ISO Spec-
tral Analysis Package (ISAP), whose primary function was to simplify the pro-
cess of visualizing, subsetting, shifting, rebinning, masking, combining scans
with weighted means or medians, filtering, and smoothing the Auto Analysis

Results (AAR).
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2.8 Spitzer Space Observatory

The SST, was launched on August 25, 2003 in a Earth-trailing solar orbit.
The Spitzer telescope consists of a 85 ¢cm diameter primary mirror cooled and
maintained at 5.5 K. The three IR scientific instruments, the IRAC, the IRS
and the Multiband Infrared Photometer for Spitzer (MIPS) share a common
focal plane. TIRAC is a four-channel camera that obtains simultaneous broad-
band images at 3.6, 4.5, 5.8, and 8.0 um. Channels 1 (3.6 ym) and 2 (4.5 pum)
use InSb detector arrays that operate at a temperature of 15 K, and channels
3 (5.8 pm) and 4 (8.0 pm) use Si:As detectors that operate at 6 K. Both the
array types are 256 x 256 pixels in size and have the physical pixel size of 30
pm. MIPS provides photometry in the three wavelength bands centered near
24, 70 and 160 pm.

IRS has four separate modules, known by their wavelength coverage and
resolution as Short-Low (SL), Short-High (SH), Long-Low (LL) and Long-High
(LH). It operates in the wavelength range between 5.3 to 38 pum with spectral
resolving power, R = A\/A\ ~ ranging from 60 to 120 for SL and LL modules.
The SH and LH modules operate in the wavelength region of 9.89 to 37.14
with a spectral resolving power of 600. The details of the spectrograph are
described in Houck et al. (2004).

2.8.1 Spitzer archival data and analysis

The IRS has two modes of operation, the spectral "staring” and ”mapping”
modes. In the staring mode, science targets were placed on one or more of the
IRS slits for a specified integration time. The spectral mapping mode allowed
an observer to configure a grid of map positions around a central target position
and obtain spectra at each position. All the observations presented in thesis
are in the "staring” mode.

The IRS data products are organised into three categories: Raw Data, Ba-
sic Calibrated Data (BCD), Post-BCD (PBCD). The Raw data consist of the

raw detector sample images, with some descriptive information in the FITS file
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header. The BCD files were the fundamental basis for science analysis, with
the primary product being a two-dimensional slope image of each Data collec-
tion event (DCE) in units of electrons s™! pixel ™!, accompanied by a header
containing the essential programmatic information and the processing, cali-
bration, and pointing history. Additional BCD data files include uncertainty
images that accompany each slope image. The BCD also include co-added
image data for those observations with more than one ramp at a sky location.
The BCD (also called Level 1) files were used for the data analysis of SL and
LL spectra. The primary products that were formed by combining individual
BCDs are called PBCD (Level 2) data. PBCD data were used for SH and LH
spectra.

Spectroscopic Modeling Analysis and Reduction Tool (SMART) was used
to reduce and analyze IRS data from the Spitzer data archive. SMART was
designed to operate on the BCD delivered by the Spitzer Science Centre (SSC).
SMART was used to extract spectra for sources having low resolution obser-
vations. The extraction routines include column extraction of a point source
scaled to the instrumental PSF, fixed-aperture extraction for extended sources
and a weighted Gaussian for point sources.

The Spitzer IRS Custom Extraction (SPICE) software is a JAVA-based
tool used to extract spectra from the PBCD data sets. SPICE was used to
extract spectra for sources having high resolution observations. SPICE offers
two extraction algorithms: "regular” and ”optimal”. The regular algorithm
works well for bright point sources while the optimal extraction algorithm is
especially suited for faint point sources as it weights the extraction by the

instrumental PSF and S/N ratio of each pixel.






Chapter 3

Infrared study of V1647
Ori and five other eruptive

young stellar objects

3.1 Introduction

V1647 Ori is a young eruptive variable star known to be the illuminating source
of McNeil's object, a reflecting nebula discovered by the amateur astronomer
J.W. McNeil on January 23, 2004 (McNeil, Reipurth and Meech, 2004). This
offered a rare opportunity to study phenomena accompanying the eruption
of a low-mass pre-mainsequence star. The star brightened by ~ 4.5 mag in
the I. band in a period of 3 months (Briceno et al., 2004), until it reached
a peak brightness in early 2004. In February 2004, 4 months after the onset
of the outburst (during November 2003), the rise of the brightness stopped
and the magnitude remained (relatively) constant. The object stayed in the
high state for about 2 years, then started a rapid fading in October 2005
(Kospal et al., 2005). Already during 1966 - 67, it may be noted that V1647
Ori exhibited a similar eruption (Aspin et al., 2006). The outbursting star
V1647 Ori is located in the vicinity of the T Tauri star LkHa 301 and Herbig-

23



54 Chapter 3. IR studies of FU Ori candidates

Haro object HH22. These outbursts are thought to be a consequence of a
sudden and steep increase of the mass accretion rate onto the central low-
mass pre-mainsequence star (Hartmann and Kenyon, 1996). The optical and
NIR spectra of V1647 Ori are characterized by various emission lines with the
continuum showing a positive slope, thus depicting a red energy distribution.
Following the discovery of the outburst by McNeil, Reipurth and Meech (2004),
the brightness evolution at the NIR wavelengths was monitored by Reipurth
and Aspin (2004a); McGehee et al. (2004) and Ojha et al. (2005, 2006). The
optical /NIR spectrum, and its changes were studied by Vacca, Cushing and
Simon (2004); Walter et al. (2004); Andrews, Rothberg and Simon (2004);
Rettig et al. (2005); Ojha et al. (2006) and Gibb et al. (2006). Based on the
observed spectral signatures they classified it to be an EXor class of eruptive
variable. The X-ray emissions from the star during the outburst were studied
by Kastner et al. (2004); Grosso et al. (2005) and Kastner et al. (2006). The
physical processes causing the outburst and their influence on the structure of
the circumstellar matter were studied by Muzerolle et al. (2005) and Rettig
et al. (2005). All these studies revealed V1647 Ori to be a deeply embedded
low-mass pre-mainsequence object surrounded by a disk and envelope. They
also indicate the increased disk accretion to be the cause of the outburst which

is accompanied by strong stellar wind.

However, rather unexpectedly, in 2008, V1647 Ori underwent a second out-
burst phase by increasing the optical brightness by ~ 5 mags (Kun, 2008) and
NIR brightness by ~ 3 mags (Venkat and Anandarao, 2008; Aspin et al., 2009).
Observations taken during the second (2008) and on-going outburst showed
nearly identical morphological features and photometric brightness similar to
the earlier event at the optical and NIR wavelengths. The NIR spectra during
the more recent (2008) outburst possess Br « in emission along with a very
weak CO overtone bandhead absorption in contrast to the strong bandhead
emission seen soon after the 2003 event (Aspin et al., 2009). Also, water va-
por absorption bands were observed to be much stronger than the previous

outburst. Teets et al. (2011) found that V1647 Ori was very active during
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September 2008 to April 2009 with the X-ray flux varying between 2 and 8
x 10% ergs s~! on a short time scale of 8 months. Also during 2002 to 2009,
Teets et al. (2011) found that the X-ray flux from V1647 Ori was correlated
with its optical and NIR outbursts that are driven by the enhanced disk accre-
tion. Reipurth and Aspin (2004a) described the variations in the NIR colours
of V1647 Ori along the reddening path as the combined effect of its intrinsic
brightening and the clearing away of the circumstellar matter along the line of
sight. Using high resolution NIR spectroscopy, Brittain et al. (2010) showed
that the accretion rates derived from Br v emission were similar during the two
outbursts and a factor of ~ 16 higher than the smallest accretion rate during
the quiescent phase. While the duration of its outburst during the 2004 out-
burst which lasted for 18 months was similar to EXors, the object’s spectral
characteristics seemed to be so different from EXors that it may as well be a
new class in itself (Kun, 2008). Thus, the current (ongoing) outburst is basi-
cally different from the earlier one and merits further investigations. Clearly,
therefore, continued monitoring of the object is necessary to detect possible
changes in its behavior. Here we present the results from a continuous mon-
itoring of the object during the period 2004 to 2012 including the previous
outburst during January, 2004 and October, 2005 and the on-going outburst
since August, 2008 flanking the brief period of quiescence between February,
2006 to July, 2008. In order to investigate the similarities in the photomet-
ric and spectroscopic properties of V1647 Ori with other known young stellar
eruptive variables, we have additionally observed another set of five eruptive

young stellar sources.

3.2 Observations and data reduction

NIR photometric and spectroscopic observations were made using the 1.2 m
telescope at Mt.Abu, operated by PRL. Mid-IR spectroscopic data were ob-

tained from the Spitzer public data archive.
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3.2.1 Near-infrared Photometric & Spectroscopic Ob-

servations

NIR photometric observations of V1647 Ori were made in the JH K photo-
metric bands using the NICMOS and the NICS, mounted at the Cassegrain
focus of the PRL’s 1.2 m IR telescope situated at Mt.Abu. The data consist of
more than 40 sets of photometric observations during the period 2004 - 2012,
a majority of which were made during the period 2008 - 2012. Single frame
integration times used were 40 - 60 s/20 - 30 s for J, 20 - 40 s/10-20 s for H
and 2 s/10 - 15 s for K band with the NICMOS/NICS cameras. Several such
frames were taken, amounting to total integration times of 120 - 720 s for NIC-
MOS and 120 - 400 s for NICS. A sufficient number of dithered frames were
also obtained for effective background subtraction and flat fielding. The seeing
during the observations was typically 1.7" - 2.5". Photometric flux calibration
was done by observing a standard star in the AS 13 region (Hunt et al., 1998).
The magnitudes of extended sources such as HH22 were also estimated using
a larger sampling aperture (usually four times the FWHM of a star image).
The integrated magnitude of the nebula surrounding V1647 Ori was estimated

from the images after the star was subtracted using a 40" aperture.

Spectroscopic observations at a spectral resolving power of ~ 1000 were
made in the K and JH K bands using NICMOS and NICS arrays respectively.
The spectroscopic standard star SAO 94426 of AOV type was observed at
a similar airmass as the programme star V1647 Ori to remove the telluric
absorptions. The integration time for the programme and standard stars are
60 and 25 s per frame respectively. The star was dithered at two positions
along the slit. Four frames of the same integration time were acquired at each
position of the star along the slit.

Photometric and spectroscopic data acquisition and data reduction pro-
cedures using IRAF have been described in Chapter 2. The strength of the
spectral features are measured in terms of its equivalent width (EW), defined

as the width (in wavelength units) of a rectangular strip of spectrum having
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the same area as the spectral line.

3.2.2 Smtzer archival Spectroscopic data

Mid-IR spectra were obtained by reducing the data from the Spitzer pub-
lic data archive. The BCD data products from the IRS on board Spitzer
Space Telescope were reduced using SMART. Multi-epoch spectroscopic data
of V1647 Ori during October 21, 2004 and March 11 & 24, 2005 within a span
of six months during the 2004 outburst were obtained from the data archive.
These data sets during October 21, 2004 and March 24, 2005 contained ob-
servations in the SL, SH and LH channels while on March 11, 2005 contained
only SL and LL channels (see Chapter 2 for the definitions of these channels).

3.3 Results and Discussion

3.3.1 Near Infra-red photometry

The Table A.1 in Appendix A gives the JHK magnitudes and colors of V1647
Ori for all the dates of our observations. The photometric errors are typically
between 0.02 to 0.05 magnitudes. For the on-going 2008 outburst period (ob-
servations from November 2008 till November 2012), the average magnitudes
with standard deviation (o) for 29 data sets are: 10.85 (0.17); 9.02 (0.18); 7.60
(0.24) for the J, H, and K bands respectively. Occasional deviations of more
than 30 due to variability of object were noticed in all the three bands. For
the 2004 outburst period (observations from March 2004 till December 2004)
the averages for 7 data sets are: 11.01 (0.16); 9.06 (0.17); 7.73 (0.15) for the
J, H, and K bands respectively; the deviations were within 20. For the quies-
cent phase during 2006-2007 (observations from December 2005 till December
2006), the averages for 8 data sets are : 14.2 (0.18); 11.61 (0.14); 9.89 (0.18)
for the J, H, and K bands respectively; the occasional deviations seen were
within 20. Thus, the on-going outburst shows higher amplitude fluctuations

in brightness especially in K band (more than 0.5 mag) than the 2004 - 2005
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Figure 3.1: V1647 Ori: Light Curves in the J, H, K bands from Mt Abu obser-
vations during 2004-2012 covering the two outbursts with the ~ 2 yr quiescence in
between. The blue asterisks represent the J band, green crosses represent the H
band and red pluses represent the K band. Observations made elsewhere are shown

in black filled circles (see text for references).

outburst. The light curves in the J, H and K bands are shown in Fig 3.1
covering the period between 2004 - 2012. For comparison, a few data points
from other published work are also shown (from McGehee et al. (2004); Ojha
et al. (2006); Acosta-Pulido et al. (2007); Aspin (2011)). It may be mentioned
here that Acosta-Pulido et al. (2007) reported a 56 day periodic component in
their optical light curves in the visible bands. Our JHK data do not show this

component.

Trend of decline of outburst phase since early 2012:

In comparison with its behavior till 2011 (e.g., Venkat and Anandarao
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(2011)), the object seems to show a steady decline in the brightness beginning
from February to March 2012 (cf. Semkov and Peneva (2012) & Ninan et al.
(2013)) with an approximate rate of 0.16, 0.06, 0.18 mag per year in the JHK

bands respectively (see Fig 3.1). It is necessary to confirm this declining trend
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Figure 3.2: V1647 Ori: Time variation of Ay from Mt Abu observations dur-
ing 2004-2012 comprising of two outbursts flanking the quiescent epoch (of larger

extinction).

by continued monitoring. The slow decline compared to the one noticed after
the 2004 outburst is reminiscent of a typical FUors light curve. However, it
is premature to conclude that it is a FUor, as there have been spectroscopic
indications to the contrary. In fact it could be a class in itself which shows

both FUor and EXor characteristic features (see Kun (2008)).

We have computed the visual extinction Ay from the colors [J — H| and
[H — K] for both the epochs, using an empirical formula derived from Meyer,

Calvet and Hillenbrand (1997) and the extinction model of Bessell and Brett
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J-H

Figure 3.3: V1647 Ori: Color-color diagram from Mt Abu observations. The
2MASS value is marked as inverted green triangle (corresponding to October 7,
1998). The blue asterisks correspond to the on-going outburst period 2008 - 2012;
while the red circles correspond to the outburst period of 2004 - 2005. The green
squares are for the quiescent epoch of 2006 - 2007. The three ”stray” magenta as-
terisks, two appearing around J — H ~ 1.0 and the one appearing around H — K
~ 0.8 correspond to extremities in photometric magnitudes observed in our mon-
itoring. See text for discussion. The dot-dashed curve represents the unreddened
main-sequence stars; the dotted curve shows the unreddened giant stars. The black
slanting parallel lines indicate the extinction vectors for Ay = 30 mag (Bessell and
Brett (1988) extinction law was adopted). The pluses along the extinction vector
correspond to an extinction interval of Ay = 5 mag. The T Tauri stars fall on the

black dashed straight line, adopted from Meyer, Calvet and Hillenbrand (1997)).

(1988)
Ay =13.83 x [J — H| —8.02 x [H — K] — 7.19 (3.1)

The computed Ay values are listed in Table A.1. For comparison, the Ay

corresponding to 2MASS epoch (quiescent on October 7, 1998) is 13.3. The
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time evolution of Ay is shown in Fig 3.2. We find that there is ~ 6 mag
difference in Ay between the two phases, with the outburst phase having a
lower extinction. This can be attributed to the excess mass accreted by the
envelope (from the environment) during the quiescent phase in comparison
with the outburst phase during which the disk accretion (from the envelope)
is expected to dominate (e.g. Aspin, Beck and Reipurth (2008) and Aspin
(2011)). During the on-going outburst post-2008, the extinction varies quite
significantly in comparison to the 2004 outburst. A JHK color-color diagram
constructed from Mt Abu data during 2004-2012 is shown in Fig 3.3. The Ay
values computed using Eqn. 3.1 are in reasonable agreement (within 1 - 2 mag)
with those obtained by de-reddening the JH K colors to the T Tauri locus in
the color-color diagram.

The color-color diagram demonstrates the variable nature of the source
in the on-going 2008 outburst phase in comparison with the 2004 outburst.
The region occupied by the latest outburst (asterisks in Fig 3.3) extends hor-
izontally (i.e., with [J — H] ~ 1.7 - 2.0) beyond the T Tauri region; quite in
contrast with the 2004 outburst phase (open circles). This tendency during
the on-going outburst indicates the presence of cold dust in the envelope/disk
of the star compared to the 2004 outburst. Also, we found at least two oc-
casions (in November 7, 2010 & December 19, 2010) during which the colors
showed extreme values - as indicated by the magenta asterisks in Fig 3.3 at
around [J — H| ~ 1.0-1.2, with [H — K] at 1.3 and 2.3. On another occasion
(January 24, 2011) the colors indicate a position to the left of the T Tauri
region. The Ay could not be calculated for these cases falling well beyond the
T Tauri regime (shown as dashes in Table A.1). We suspect that such extreme
fluctuations may be of short duration (a few days) and may be attributed to

circumstellar dust temperature variation.

3.3.2 Spectroscopic Variations

Figs 3.4 and 3.5 show the multi-epoch NIR spectra of V1647 Ori showing its

variable nature during the recent (2008) outburst. Spectral variability in the
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Figure 3.4: V1647 Ori: Br + line (at 2.16 pm) in the K band observed using
NICMOS on a few occasions at Mt Abu. Variability is evident.

Br v line due to variable disk accretion rates is shown in Fig 3.4. The Br « line
shows a fluctuating trend that does not seem to be associated with photometric
fluctuations (cf. H « line reported by Walter et al. (2004) and Aspin and
Reipurth (2009)). Fig 3.5 represents the spectra of V1647 Ori obtained during
March 20, 2014 and December 5, 2014 using NICS nearly two years after
the last observation in Fig 3.4. The NIR spectra observed on December 5,
2014 show the onset of CO emissions in its first and second overtone bands.
This may be due to increase in the disk surface temperature triggered by
the irradiation from the central star (Calvet, Hartmann and Kenyon, 1991).
It may be noted that the width at zero-intensity and the ratio of peak to
continuum intensity in Mt. Abu profiles are in reasonable agreement with those
of Brittain et al. (2010) for the year 2009, in spite of the large differences in the

resolving power employed and S/N values between the two observations. The
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Figure 3.6: Multi epoch Spitzer spectra of V1647 Ori. The silicate emission at 10

pm and absorption at 15.2 ym due to COs ice are clearly evident.
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accretion luminosities and disk accretion rates derived from the dereddened Br
~v line fluxes from our spectra (following the procedure described by Muzerolle,
Hartmann and Calvet (1998)) range from 20 - 60 L, and 1.0x107° to 3.0x107°

1

Mg yr~ respectively which are comparable with those reported by Brittain

et al. (2010).

Figure 3.6 represents the multi-epoch mid-IR spectra of V1647 Ori ob-
served during the 2004 outburst. Using these spectra Quanz et al. (2007) had
reported 10 pum silicate emission from the surface layers of the accretion disk
with variability in the overall flux levels. However, they did not notice any
change in the over all shape of the spectral features during this period. Based
on the observed absorption profile at 15.2 ym due to CO; ice they concluded
its origin to be from cold foreground material that cause huge extinction along
the line of sight, rather than by ice processing due to heating effects in the
circumstellar disk/envelope. The EW of the 15.2 ym absorption feature was
found to change within the period of ~ 6 months between the Spitzer IRS
observations. If the absorption feature is indeed due to the foreground mate-
rial then the variation in the EW is not expected during this period. Also the
high resolution IRS Spitzer spectra observed on October 20, 2004 & March 11,
2005 showed double peaked sub-structure in the 15.2 ym profile that may be
caused by the crystallization and effective segregation of the CO5 and H5O ice.
This suggest the possibility of V1647 Ori being located within an icy envelope
thus depicting its highly embedded nature. Aspin, Beck and Reipurth (2008)
reported silicate absorption in V1647 Ori during the 2006 quiescent phase.
This implies significant dust evolution over the period between 2004 to 2007.

3.3.3 Variations in HH22 and the nebula around V1647
Ori
The deep [SII] imaging of Herbig-Haro (HH) objects by Eisloffel and Mundt

(1997) reveal V16470ri and parts of the nebula in the vicinity of the Herbig-
Haro objects HH22 and HH23. Fig 3.7 shows a JHK color composite image of
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Figure 3.7: Color composite image of V1647 Ori and the surrounding McNeil’s
nebula in the J(blue), H(green) and K(red) bands taken at Mt Abu using NICS on
February 4, 2011; HH22 is seen at nearly the north of V1647 Ori. The H Band

contours (in white) are shown superposed on the image: the outermost contour is

2

20 mag arcsec”? with each contour brightening by 2 mag arcsec™2 inwards.

V1647 Ori and its associated nebula taken from Mt Abu on February 4, 2011
using the NICS. Superposed on the image are the contours of iso-magnitudes
in H band. The curved tail at the top left part of the nebular object is usually
attributed to the on-going accretion (cf. Reipurth and Aspin (2004a)). HH22
(knot A in Eisloffel and Mundt (1997)) seen nearly to the north of V1647 Ori
(see Fig 3.7), is a Herbig-Haro type object (for its mid-IR counterpart, see
Muzerolle et al. (2005)). It happens to be present very close to V1647 Ori (30"
of separation at an assumed distance of 0.40 kpc) and its originating source
is not yet identified. It could possibly be a reflection nebulosity powered by
V1647 Ori (see, Briceno et al. (2004) and Aspin, Beck and Reipurth (2008)).
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Figure 3.8: Time variations of V1647 Ori in the K band seen against those in
HH22. The green asterisks correspond to V1647 Ori and blue pluses represent
HH22. For HH22 the magnitudes are made brighter by subtracting 5 to facilitate a

closer comparison.

It may be expected therefore that the outburst from V1647 Ori could cause
the nebulosity to show a corresponding brightening. The light travel time
from the young stellar object (YSO) to HH22 is ~ 70 days. We therefore
analyzed the images in JHK bands obtained from Mt Abu to see if HH22
shows any variability in its brightness. Fig 3.8 shows integrated K magnitude
of HH22 with time along with V1647 Ori magnitudes. The plot indicates a
possible correspondence of HH22 (knot A) with the outburst activity; as well
as indication of trigger from even short term fluctuations from V1647 Ori. We
also noticed fluctuations in the brightness of the nebula around V1647 Ori

which typically follow those of V1647 Ori itself. Similar fluctuations were also
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noticed in the J and H bands.

3.3.4 Modeling of Spectral Energy Distribution

Modeling of SEDs provides important inputs on various physical parameters
of the source. For this purpose, three sets of photometric data on V1647 Ori
were considered: during (i) the outburst phase 2004 - 2005; (ii) the quiescent
phase 2006 - 2007 and (iii) the second (on-going) outburst phase 2008 - 2012.
For each of these three phases the mean values of Mt Abu JHK magnitudes
were considered. To the JHK data we added the visible, mid-IR, far-IR and
mm-wave data during the quiescent and outburst epochs taken from Andrews,
Rothberg and Simon (2004) and Aspin, Beck and Reipurth (2008). The SEDs
given in Aspin, Beck and Reipurth (2008) for the outburst and quiescent phases
show that the fluxes of the pre-mainsequence star in sub-mm and mm regions
did not change more than 10% between the two phases. It is in the visible and
IR that a substantial change had taken place. The NIR region occurs right
at the position of turn-over in the SED and hence is quite important. It was
assumed that the small photometric variations if present, in the mid-IR and
far-IR, are not significant in each phase.

We used an on-line modeling tool developed by Robitaille et al. (2007).
Using this tool, several authors have successfully modeled T Tauri stars and
massive protostars with masses up to 25 Mg, (e.g., Kumar Dewangan and Anan-
darao (2010)). The SED modeling tool consists of a central pre-mainsequence
source associated with rotationally flattened envelope, different combinations
of axisymmetric flared accretion disk, with bipolar cavities all under radiative
equilibrium. The input parameters include, apart from a minimum of three
data points in SED and their corresponding errors, a range of distances to
the object and the visual extinction. The output parameters fall into three
categories: the central source parameters (stellar mass, radius, and temper-
ature), the infalling envelope parameters (the envelope mass accretion rate,
outer radius, inner radius, cavity opening angle and cavity density) and disk

parameters (disk mass, accretion rate, outer radius, inner radius, flaring power,
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and scale height). The stellar masses M, are varied between 0.1 and 50 M.
The on-line tool selects the best-fit solutions from 20,000 models (each with 10
different angles of inclination for the accretion disk, making a total of 200,000
models).

The tool finds the best fit model along with a group of models that are
interpolated to different apertures at different wavelengths depending upon
the beam sizes. In order to minimize the degeneracy of solutions, only those

solutions that satisfy the criterion

X2 - X%est < 3 (32)

are chosen with x? considered per data point (see Robitaille et al. (2006)).
Further, in order to avoid ‘over-interpretation’ of SEDs, we provided a small
range of visual extinction values (from the JH K photometry) for each phase,
to account for the inherent uncertainties in their determination. In the present
case, a distance of 0.40 kpc is adopted (from Anthony-Twarog (1982)). The
best fit models are displayed in Fig 3.9 along with the observed data (open
circles) for the quiescent phase of 2006 - 2007 and the on-going outburst phase
of 2008 - 2012 (filled green circles).

Table 3.1 lists the mean values and standard deviations of physical param-
eters derived from the models for the two epochs. The model parameters for
the outburst phase 2004 - 2005 match quite well with those of the on-going
outburst phase of 2008 - 2012. In the quiescent phase one can notice the stellar
parameters similar to those of a T Tauri star. But for the outburst phase the
derived physical parameters mimic more of an intermediate mass star rather
than a low mass pre-mainsequence star. In the outburst phase the disk mass
and accretion rate are enhanced substantially when compared to the quiescent
phase. The envelope accretion rate decreases by more than an order of mag-
nitude in the outburst phase compared to the quiescence while the envelope
mass decreases by several orders of magnitude. This may be due to the en-
hanced luminosity in the outburst phase which could prevent mass accretion

from the envelope. In the quiescent phase, the envelope emission dominates
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Figure 3.9: SED models for V1647 Ori during its quiescent phase (2006 - 2007)
and outburst phase (2008 - 2012). The black open and green filled circles represent
data points of the quiescent & outburst phase respectively. The red and blue curves
represent the best fit model for the quiescent & outburst phases respectively. (see

text for details).

in the mid-IR and longer wavelength region; while in the outburst phase the
disk emission contributes substantially in the region beyond 1 pm.

It may be noted that the disk accretion rate for the outburst phase given
in Table 3.1 matches well with those reported by Briceno et al. (2004); Brit-
tain et al. (2010) and Aspin (2011). However, the disk accretion rates in the
quiescent phase derived from Br 7/Pa [ emission lines by Aspin, Beck and
Reipurth (2008) are much higher than the model-derived value reported here.
While this could be due to uncertainties in the SED model or emission line

method, the important point to be noted is that the disk accretion rate dur-
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Table 3.1: Model Parameters for V1647 Ori in its quiescent (2006 - 2007) and
outburst (2008 - 2012) phases

Physical Parameter Quiescent Phase Outburst Phase
Stellar Age (yr) 48425x100  6.3£3.1x10°
Star Mass (M) 0.34+0.15 4.4440.34
Star Temperature (T (K)) 3360£170 7560£1590
Star Radius (Rg) 4.01£0.12 7.08+2.28
Total Luminosity (L) 1.85+0.24 156.5£28.0
Envelope Mass (M) 1.5140.02 1.40+3.79x 1074
Envelope Accretion Rate (Mg yrt)  5.3£0.1x107° 3.7+0.0x107°
Disk Mass (Mg) 6.848.00x 1075 6.94£1.8x1072
Disk Accretion Rate (Mg yr—!) 55+3.3x107%  2.2+1.6x1077

ing the outburst phase is much larger than that in the quiescent period. The
total luminosity obtained here (which includes the contributions from the star
and its disk and envelope) matches well with those derived by Abrahém et al.
(2004) and Aspin, Beck and Reipurth (2008) from the SEDs of the pre-outburst
phase. The total outburst luminosity during the 2004 outburst as derived by
Briceno et al. (2004) from the SED is 219 Lg, which agrees well with that
obtained from our model for the current on-going outburst. Earlier, using a
simpler model, Muzerolle et al. (2005) interpreted the Spitzer IRAC/MIPS
(photometric bands between 3.5-70 um) data for the pre- and post-outburst

phases. Their results are qualitatively similar to ours.

3.4 Infrared investigations of other eruptive

young stellar objects

In this section we present the NIR and mid-IR spectra of the FU Ori sources
IRAS 05426+0903 (FU Ori itself), IRAS 07013-1128, V1515 Cyg, V1057 Cyg
and V1331 Cyg. We try to investigate similarities in the photometric and
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spectroscopic properties of V1647 Ori with these objects.

3.4.1 IRAS 05426+0903 (FU Orionis)

IRAS 0542640903 (also called FU Ori) is located at a distance of 600 pc.
The outburst in 1936 raised the brightness by 6 magnitudes in B over the
period of 3 months and still remains in its on-going outburst phase. Based on
the NIR long-baseline interferometric observations, Malbet et al. (2005) and
Quanz et al. (2006) suggest FU ori as a binary system with a seperation of
217 AU. It has no associated optical jet or molecular outflow (Evans et al.,
1994). The light curve shows a fading by ~ 1 mag, at a rate of 14 mmag
yr~1 since 1936 (Kenyon et al., 2000). FU Ori shows a relatively blue SED
(Hartmann and Kenyon, 1996; Green et al., 2006; Quanz et al., 2007), with
emission from silicate dust as shown by Spitzer spectra (see Fig 3.10). It is
believed that outer flared disk accounts for the 10 and 18 pum silicate emission
features. Models of the FU Ori system (with a central stellar mass of 0.3 M)
suggest that the current accretion rate remains very high (107% Mg yr—!) and
it is the northern component in a close (0.5”) binary system (Reipurth and
Aspin, 2004b; Wang et al., 2004) that is responsible for the outburst. The
NIR spectra observed on March 2, 2014 shows Brackett series lines and the
first and second overtone bands of CO in absorption (see Fig 3.10). The CO
absorption bands are believed to be originating from the cooler regions of the
active circumstellar disks (Calvet, Hartmann and Kenyon, 1991). Reipurth
and Aspin (1997) suggested that high disk accretion rates cause strong CO
bands in absorption. Malbet et al. (2005) derived a disk accretion rate of 6.5
x 1075 My yr~! from the NIR interferometric data.

3.4.2 IRAS 07013-1128 (Z CMa)

IRAS 07013-1128 (also called Z CMa) is a close binary located at a distance
of 1050 pc with V' = 9.5 (Hillenbrand et al., 1992). The binary consists of
two young stars Z CMa NW and Z CMa SE located at a separation of 0.1”
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Figure 3.10: NIR JHK spectra of IRAS 05426+0903 (FU Ori) observed on March
2, 2014 using NICS (top panel) and Spitzer mid-IR spectra (bottom panel)
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(Koresko et al., 1991; Haas et al., 1993). Z CMa NW is a Herbig Be star with
a mass of 12 Mg and a spectral type of B8 (van den Ancker et al., 2004).
The other companion Z CMa SE has been classified as a FU Orionis object
with a spectral type of F5 (Hartmann et al., 1989). Both the components are
surrounded by active accretion disk. Extended nebulosity was detected around
Z CMa in the millimeter by Henning et al. (1998) and NIR by Testi, Palla and
Natta (1998). Whelan et al. (2010) showed the presence of a 3.6 parsec-sized jet
associated with this object. Z CMa has shown outburst events with brightness
variations between 1 - 2 visual magnitudes during 1987, 2000, 2004 and 2008
(van den Ancker et al., 2004; Grankin and Artemenko, 2009) that are typical of
EXor variables. Based on the spectropolarimetric observations, Szeifert et al.
(2010) suggested the outburst during 2008 is associated with the Z CMa NW
component. van den Ancker et al. (2004) derived a mass accretion rate of 3 x
107° Mg, yr~! from the SED models. Fig 3.11 shows the Mt. Abu NIR spectra
taken during two dates, January 19, 2013 and March 19, 2014. The spectra
on March 19, 2014 showed Brackett series lines and faint emissions in the CO
overtone bands while similar features may also be seen on 19 January 2013.
The NIR CO emissions may be due to the increase in the disk temperature
by the irradiation of the central star winds (Calvet, Hartmann and Kenyon,
1991). Martin (1997) suggested that the CO emissions may be also due to
the gas free-falling from the accretion disc through the accretion funnels on to
the central star through its strong magnetic fields. The Mt. Abu Pa [ profile
showed a blue shifted P Cyni profile which is believed to trace the accretion
of materials onto the central star. The emission lines observed in the NIR
may be due to an irradiated circumstellar disk by the stellar winds from the
central source. The Spitzer mid-IR spectra of Z CMa show (Fig 3.11) strong
silicate absorption and an increase in the continuum flux towards the longer

wavelengths due to the emission from cold dust.
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Figure 3.11: NIR JH K spectra of IRAS 07013-1128 (Z CMa) observed on January
19, 2013 & March 19, 2014 using NICMOS and NICS (top panel) and Spitzer mid-IR
spectra (bottom panel)
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3.4.3 V1515 Cyg

V1515 Cyg is a FU Orionis star (Kenyon, Hartmann and Kolotilov, 1991)
located at a distance of 1000 pc (Racine, 1968). The brightness gradually
rose during 1940s and 50s and continues to remain in the outburst stage since
then (Herbig, 1977). Evans et al. (1994) suggested the presence of molecular
outflow associated with this object. The region around V1515 Cyg shows arc-
like reflection nebular structure (Késpal, 2011). The SED of V1515 Cyg shows
a double-peaked SED with disk accretion rates of 1.0 x 107> My, yr~! (Lodato
and Bertin, 2001). It is not known to harbor a close binary companion (Audard
et al., 2014). Fig 3.12 represents the observed spectra on March 19, 2012 using
the NICS. The NIR spectra show Brackett series lines and CO overtone bands
in absorption. The NIR spectral signatures signify their circumstellar disk
origin. The mid-IR spectra (Fig 3.12) show silicate emission and a redward

increase in the continuum emission due to cold dust.

3.4.4 V1057 Cyg

V1057 Cyg (also called as LkHa 190) is a FU Orionis star, with a spectral type
F7/G3I/Ile (Welin, 1976; Herbig, Petrov and Duemmler, 2003) located in the
NGC 7000 (North America Nebula) at a distance of 550 pc (Straizys et al.,
1989). It underwent an outburst in 1969 with an increase in its brightness
by ~ 6 mag in less than a year (Welin, 1971). It started moving towards its
quiescent phase by gradually declining in its brightness. Evans et al. (1994)
suggest molecular outflow associated with the source. The pre-outburst optical
spectrum was consistent with a T Tauri star (Herbig, 1977). Popham et al.
(1996) derived a disk accretion rate of 1.0 x 107% My yr~! from their SED
model. Mt. Abu NIR spectra observed on March 28, 2014 showed Brackett
series lines and CO bands in absorption (not shown here). The IR spectrum is
quite similar to that of V1515 Cyg. The presence of a close binary companion
for V1057 is not yet known (Audard et al., 2014). Fig 3.13 displays a weak

silicate emission in the Spitzer mid-IR spectra since the object is moving
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Figure 3.12: NIR JHK spectra of V1515 Cyg observed on March 19, 2014 using

NICS (top panel) and Spitzer mid-IR spectra (bottom panel)
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Figure 3.13: Spitzer mid-IR spectra V1057 Cyg

towards its quiescent phase due to the sublimation of dust. The steady increase
in the continuum flux at longer wavelengths shows the presence of sublimated

cold dust emission.

3.4.5 V1331 Cyg

V1331 Cyg, also called as LkHa 120, is a FU Ori candidate. It is also con-
sidered as a T Tauri star at the pre-FUor stage by Petrov et al. (2014). It
is located in the LI988 complex at a distance of 550 pc with a spectral type
between A8-G5 that falls between those of Herbig Ae stars and typical T
Tauri stars (Hamann and Persson, 1992). Biscaya et al. (1997) used NIR spec-
troscopy to suggest the presence of an active circumstellar accretion disk by
observing the variability in the first overtone of CO. It exhibits spectral char-
acteristics very similar to the pre-outburst optical spectrum of V1057 Cyg.
Eventhough it shares several properties with FUors, its nature is still uncer-

tain (Sandell and Weintraub, 2001). The American Association of Variable
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Star Observers (AAVSO) light curve does not show significant variability over
the past decade in the B and V bands. However, the Fourier analysis of the
light curve shows a periodicity of 36.2 days (Van Genderen, 1999). The star
also drives a bipolar optical jet that extends atleast 180" from it (Mundt and
Eisloffel, 1998). Najita et al. (2009) observed water and first overtone band
of CO emissions in the K band that probe the hot (> 1500 K) circumstellar
disk. Petrov et al. (2014) derived a mass accretion rate of 2 x 107% Mg, yr™!
and wind mass loss rate of (6-11) x 107® Mg, yr~'. Weintraub, Sandell and
Duncan (1991) suggested an edge-on circumstellar disk based on submillimeter
data. Millimeter observations by Henning et al. (1998) did not resolve dust
around this object, unlike for several other FUors. The Mt. Abu NIR JH
spectra shown in Fig 3.14 revealed prominent Brackett series lines, Ti I, Mg I
and Fe II lines in emission. The Ti I, Mg I and Fe II lines may be excited due
to the shocks created by the winds from the central source. Fig 3.14 shows

Spitzer mid-IR spectra with the 10 pm silicate feature seen in emission.

3.4.6 Discussion

Various models of FUors are used in the literature to explain the observed
NIR and mid-IR properties during the outburst and quiescent phases. Most
accretion disk models assume that apart from the circumstellar disk, whose
inner radius is of the order of a few AU, there is an infalling remnant envelope
also (Kenyon, Hartmann and Kolotilov, 1991). The eruptions are commonly
explained as a consequence of dramatically enhanced accretion from the cir-
cumstellar disk on to the central star. The emissions from the hot, optically
thick accretion disk are responsible for the elevated brightness in the star’s light
curve (Hartmann and Kenyon, 1985). In the steady disk accretion model, high
accretion rates are needed to induce a temperature gradient with a hot mid-
plane and cooler exterior to produce the observed absorption features in FUors
(Kenyon, Hartmann and Hewett, 1988). These self-heated viscous accretion
discs (active disc) outshine the stellar light from the central star and repro-

duces the properties of the FUor outburst (Hartmann and Kenyon, 1985; Bell
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et al., 1995). Yet, active disc models fail to explain the mid- and far-IR excess
as well as weak silicate emissions at 10 pm. Calvet, Hartmann and Kenyon
(1991) found that an irradiated accretion disk model with accretion rate of 1.6
x 107 Mg yr~! reproduced the CO and silicate emission features of FUors.
They suggested that as the stellar effective temperature increases for a given
mass accretion rate, the disk surface temperature increases and the CO bands
turn into emission. On the other hand, as the mass accretion rate increases, the
intrinsic viscous temperature increases and the effect of irradiation becomes

less important and CO turns into absorption.

Lachaume, Malbet and Monin (2003) developed a two-layer disc model,
in which the irradiation by a central star and viscous heating are taken in to
account, for explaining the spectral properties of the FUors. Observations at
NIR wavelengths probe the gaseous inner disk of circumstellar material located
at a distance < 1 AU. The recombination lines of hydrogen observed in ab-
sorption in the NIR spectra of IRAS 0542640902, V1515 Cyg and V1507 Cyg
are possibly due the viscous heating at the disk interiors resulting in a tem-
perature gradient that decreases vertically outwards. The light curves of these
objects also suggest their elevated photometric state of outburst. The origin of
HI series lines in emission is related to the accretion processes (Acosta-Pulido
et al., 2007). If the envelope accretion rate is not high enough to replenish the
accreted material, shorter and smaller amplitude outburst like EXors occur.
Also if the disk accretion rate is not high enough to invert the temperature
gradient in the disks interior, the final spectrum will be dominated by emis-
sion features that are produced in the disk wind and/or in the magnetospheric
accretion columns (Fedele et al., 2007). The spectral signatures of hydrogen
recombination lines from TRAS 07013-1128 and V1331 Cyg suggest such a sce-
nario. Also, the irradiated accretion disk model can explain these observed

properties.

Spitzer mid-IR observations probe the cool dusty component of the cir-
cumstellar material in the accretion disks or in the envelopes of these objects.

All the six objects (including V1647 Ori) in our sample with the exception of Z
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CMa showed silicate in emission at 10um. The mid-IR properties of the FUors
can be explained with an accretion disk surrounded by optically thick infalling
envelope of gas and dust (Kenyon and Hartmann, 1991). The silicate emission
features are due to the heated surface layers of the disk from the irradiation of
the central star which results in a higher surface temperature than its interior
(Calvet et al., 1992). The silicate absorption may be due to the absorption of
disk emission by the surrounding optically thick circumstellar envelope. Such
objects are considered to be younger than those with silicate emission. Among
these samples, V1331 Cyg showed spectral signatures similar to those of V1647
Ori. The NIR and silicate emission features in V1331 Cyg are similar to those
observed in V1647 Ori. However, the 15.2 ym COs ice feature observed in
V1647 Ori is absent in the mid-IR spectra of V1331 Cyg. TRAS 05426+0903
(FU ori) exhibits 10 and 18 pm silicate emission features that may be due to
irradiated disk heating and an increasing mid-IR flux due to the flared disk
geometry. The IRS spectra of V1515 Cyg & V1057 Cyg show less intense 10
pm silicate feature. These differences are probably due to the difference in the
optical thickness of the system (disk + envelope) at 10 pm. Also, out of the
five FUor candidates observed for comparison with V1647 Ori, three sources
have a close binary companion close to the central source. Hence, the initiation
of the disk instability by tidal forces from a close binary companion cannot be
ruled out in these sources. The mid-IR interferometric observations of V1647
Ori at VLTI suggest the absence of a close companion and the possibility of a
moderately flared circumstellar disk (Abrahém et al., 2006), thus, suggesting
it to be a new class of objects with properties similar to both the FUors and

EXors.

3.5 Conclusions

The important conclusions of this work are:

1. Long term monitoring of V1647 Ori in the JHK bands from Mt. Abu,

India shows that the object had been undergoing episodes of mass accre-
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tion variation as indicated by small but significant variations in its JHK

fluxes. This conclusion is also supported by its NIR spectral variations;

. Starting from early 2012, the object seems to show a slow fading out with

a rate of ~ 0.06-0.18 mag per year. This may indicate that V1647 Ori
is an intermediate type object falling between FUors and EXors, having

characteristic features of both the proto-types;

. JHK color-color diagram for V1647 Ori indicates several occasions in the

current, on-going outburst in which the star displays positions beyond
the T Tauri region indicating the presence of colder dust compared to

its 2004 outburst phase;

. V1647 Ori displayed silicate emission and CO, ice absorption indicating

the presence of an icy envelope;

. The Herbig-Haro object HH22, with a yet unidentified energizing YSO

situated at about 30 arcsec from V1647 Ori, seems to show light fluctu-
ations corresponding to those of the latter, thereby confirming that it is

a reflection nebulosity triggered by the YSO;

. Mt. Abu NIR spectra of IRAS 0542640903 (FU Ori), V1515 Cyg, V1057

Cyg showed hydrogen recombination lines in absorption, whereas IRAS
07013-1128 (Z CMa) and V1331 Cyg showed the lines in emission. Mid-
IR spectra of all the FU Ori candidates showed silicate emission except
for Z CMa. The sources displaying hydrogen series lines in absorption
at the NIR wavelengths have high disk accretion rates, thus resulting
in active discs due to viscous heating at the centre of the disk with
temperatures decreasing radially outwards. The hydrogen series lines
in emission are believed to be caused by irradiated heating of the disk

surface by stellar wind from the central source.
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Infrared photometric and
spectroscopic study of
Asymptotic Giant Branch

stars

4.1 Introduction

It is known that AGB stars, also referred to as Mira variables, are cool stars
(Terr ~ 2000 - 2500 K, spectral type M) with carbon/oxygen cores surrounded
by He and H burning shells and having very extended, low density photo-
spheres. Most AGB stars lose their mass at a moderate rate of 10=7 - 1076 M,
yr~!, and thus, have optically thick dust shells. The gas in the shells is molec-
ular to a large extent. Dust grains are formed at distances much farther from
the star than the site where molecules are formed. The molecular and dust
properties are a strong function of C/O ratio. The dust grains in the envelopes
absorb stellar radiation and re-emit it at the IR wavelengths. These IR dust
emissions contribute as an excess to the stellar SED. Based on the regularity

of the light curve and its amplitude, different variability types on the AGB are
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distinguished. Variables that do not have a prominent period of light change
and with rather small amplitudes are called as Semiregular variables (SR or
SRV). These stars exhibit light variations with amplitudes in the V-band <
2.5 magnitude. SR variables are placed on the early AGB, while Mira vari-
ables are more evolved and populate the thermally pulsing AGB (Lebzelter
and Hron, 1999). SRVs and Miras make up a large part of the so-called long
period variables (LPVs). As mentioned in Chapter 1, it is believed that Miras
eventually evolve into OH/IR stars (van der Veen and Habing, 1988), with the
onset of a superwind phase (Renzini, 1981). Another sub-class of AGB stars
called S type are intermediate between the M (oxygen-rich) and C (carbon-
rich) classes but distinguish themselves with the appearance of ZrO absorption

bands (Keenan, 1954).

The circumstellar shells of AGB stars may retain the fossil record of the
mass loss processes by which they formed. Changes in mass loss rate are im-
printed in the shell as density variations. Through this mass-loss process, AGB
stars shed their entire mantle, and the naked carbon/oxygen core remains be-
hind. Once the mass-loss stops, the dust shell still moves outward, and the
optical depth towards the core decreases. Hydrodynamical models show that
the structure of the atmosphere of pulsating stars is dependent on the pulsa-
tion driven shocks and formation of dust grains on the circumstellar envelope.
The SED of AGB stars peaks in the NIR, enabling the study of circumstellar

molecular features.

The physical mechanisms that are responsible for driving mass loss are not
yet fully understood, inspite of the considerable progress in the hydrodynamic
calculations for pulsating AGB stars (Loidl et al., 1999; Winters et al., 2000b).
To understand the mass loss process, it is important to compare the predictions
of the hydrodynamic models with the observable properties of these stars to
assess the validity of the models. NIR spectroscopy is one of the recognized
tools to study the mass-loss processes (Kleinmann and Hall, 1986; Langon and
Wood, 2000; Bieging, Rieke and Rieke, 2002). The SEDs of AGB stars peak
in the NIR that contain several important diagnostic lines (e.g. TiO, HoO and
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CO) that can be used as signatures to probe the atmospheres of these stars
(Hinkle, Hall and Ridgway, 1982). We seek correlations between the equivalent
widths of some spectral signatures and infra-red colors that may be indicative

of mass-loss.

4.2 The Sample Stars

The programme stars were selected from published literature or catalogues
(Fouque et al., 1992; Kerschbaum and Hron, 1994; Chen, Gao and Jorissen,
1995; Wang and Chen, 2002). Our sample contains about 62 stars with the
selection based on the observability at Mt. Abu during the period November
- May and JH K band magnitudes brighter than 8 - 9. Among these stars, 30
are M type; 17 S type; 15 SR type. The greater bias towards M types in the
sample is due to the fact that they are brighter in K band than the others.
Tables B.1 - B.3 list all the stars in the three categories along with their [H — K]
and [K —12] colors computed from the 2MASS and IRAS photometric archival
data. The phases (¢) of the variable stars of M and SR types, corresponding to
the dates of our observations, are also listed in the tables (epochs taken from
Kholopov (1987)). The spectral types are taken from the Set of Identifications,
Measurements, and Bibliography for Astronomical Data (SIMBAD) data base.

4.3 Near-Infrared Observations and analysis

NIR spectroscopic observations were made in the H and K bands on the se-
lected stars, using the NICMOS at the Cassegrain focus of the 1.2 m telescope
at Mt. Abu, India. The observations were made at a spectral resolution of
~ 1000. Spectrophotometric standard stars of AOV type were also observed
for each programme star at a similar air mass to remove telluric absorptions.
For sky background subtraction, two traces were taken for each star at two
spatially separated positions along the slit. Typical overall integration times

varied between 0.6 to 160 s for the brightest and faintest stars in our sam-
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ple (in each of the two bands). The atmospheric OH telluric lines were used
to calibrate the wavelength. The HI absorption lines from the standard star
spectra were removed by interpolation. The resulting spectra of the standard
star were used for the removal of telluric lines from the program star by ra-
tioing. The ratioed spectra were then multiplied by a blackbody spectrum
at the effective temperature corresponding to the standard star to obtain the
final spectra. Data processing, using the IRAF software, was done using stan-
dard spectroscopic task (e.g., APALL). The NIR EWs were measured using
the SPLOT task in IRAF. The errors in the EWs are mainly due to the S/N
ratio of the lines. Typically, the S/N ratios at the strongest and the weakest
spectral features varied between 100 and 3 respectively. To that extent the
errors are estimated to be about 3 A, mostly applicable to the low S/N (~ 3)
line detections, such as the metallic lines; but for the CO bands the S/N ratio
is high (in many cases > 5) and hence the errors in EW are < 1 A for these

lines.

4.4 Results and Discussion

In general, the CO vibration-rotation lines of first and second overtone bands
(see Chapter 1 for details) were seen in all the sample stars of M, S and SR type.
CO molecules that are believed to form deep in the photosphere of these stars
owing to its high dissociation energy remain unchanged in its abundance even
over large distances above the photosphere with values close to the chemical
thermodynamic equilibrium (TE), suggest its significance to probe the entire
extended atmosphere. In addition, all the AGB stars in our sample, display
the photospheric absorption lines of the Na I doublet at 2.21 um, the Ca I
triplet at ~ 2.26 pum, as well as the Mg I line at 1.708 pym. Figures 4.1, 4.2
and 4.3 show some typical spectra for M, SR and S type stars considered here.
Tables B.1, B.2, B.3 in Appendix B list the EWs (in A, positive for absorption
and negative for emission) of the CO(3-0, 4-1) second overtone bands in the

H band and CO(2-0, 3-1) first overtone bands in the K band, for the program
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Figure 4.1: Mt Abu HK spectra of the M type stars IRAS 0709240735 (top) and
TRAS 193545005 (bottom)
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Figure 4.3: Mt Abu HK spectra of the S type stars IRAS 1241746121 (top) and
IRAS 0739241419 (bottom)

stars of each category.

4.4.1 Correlations and their implications:

A positive correlation between the line strength of CO(2-0) & CO(3-1) and
CO(3-0) & CO(4-1) is expected if the population of these levels are excited
under equilibrium conditions. The top panel of Fig 4.4 demonstrates this trend
between CO(2-0) & CO(3-1), while the bottom panel indicates a correlation
between CO(3-0) and CO(4-1) bands.

Earlier, Bieging, Ricke and Rieke (2002) had looked for correlations be-
tween the spectral signatures observed in AGB stars (Kleinmann and Hall,
1986; Lancon and Wood, 2000) with the stellar properties like IR colors and
mass loss rates. In our sample, we tried to establish a correlation between
the intensities of first and second overtone bands of CO with their stellar pa-

rameters. Figure 4.5 shows the correlation of CO(3-0) and CO(2-0) with the
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Figure 4.5: Plots of EWs (in A) of the CO(3-0) and CO(2-0) bands with the period
for M type stars (top panel); with [H — K] color (middle panel) ; and [K — 12] in
bottom panel. M star are shown in filled red circles and S type stars are shown in

filled blue triangles

period for M type stars and also with the mass loss indicators like [H — K] &
[K — 12] colors for M and S type stars. For M stars, one can see a positive
correlation in the CO (Av = 3) vs log P; whereas, the CO(Av = 2) vs log P
plot shows a negative correlation (see Fig. 4.5). The first overtone bands of
CO (Av = 2) in the K band arise at a temperature of T ~ 800 K, partly in
the photosphere and partly in the circumstellar envelopes; while the second
overtone bands (Av = 3) in the H band arises at a temperature of T ~ 3000
- 4000 K entirely in the photospheric layers (e.g., Hinkle, Hall and Ridgway
(1982); Emerson (1996)). As a result, the pulsational effects may be more
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pronounced in the Av = 3 bands than in the Av = 2 bands; while the lat-
ter would reflect the circumstellar matter properties better. Thus we expect
a better correlation between EW of Av = 3 bands with pulsation period P
than the Av = 2 bands. Also, as the star expands the mass loss increases
but the circumstellar envelope becomes tenuous while the column densities of
CO where the CO(2-0) band is excited decreases; hence the EW of CO(2-0)
band may show a decreasing trend. Since CO(3-0) originates entirely from the
photosphere, as the star expands the column densities of CO may still remain

high; hence a positive correlation is obtained.

The phases of these variable stars are not necessarily the same between
our observations and 2MASS or IRAS data (see Tables B.1 & B.3 for phases
during our observations). These stars show variability as their surface expands
and contracts, hence their colors may be different at various phases. Hence as
the phases are different during these observations, the correlation of CO(2-0)
with [H — K] show scatter. Langon and Wood (2000) & Loidl, Lancon and
Jorgensen (2001) argued that in the case of carbon-rich AGB stars, the CO
lines arise deeper inside their atmospheres (close to their photospheres) and
hence may not respond as much to dynamical effects such as pulsations, as
those lines that arise in the outer atmospheres. In our sample of M stars,
a large number of them are oxygen-rich and hence the pulsation effects may
be significant. The trend of correlation for CO(3-0) band with the IR color
[K — 12] for S type stars is quite clear. For SR stars, we did not find any such
trend. In order to quantify the degree of correlation between two parameters,
we have used the Spearman’s rank correlation method that does not a priori
assume any functional relationship between them (e.g., Loidl, Lancon and
Jorgensen (2001)). We find that for M type stars, for the CO(3-0) vs [H — K],
the rank correlation coefficient p is 0.50 with its significance s of 0.008 (a
chance occurrence of 8 in 1000); while for S stars, for CO(3-0) vs [K — 12] p
is 0.74 with s of 0.003. These are moderately significant correlations as may
also be visually seen from the plots. In comparison, the coefficients and their

significances are quite poor for the CO(2-0) plots in Fig 4.5. Usually the mass
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loss is correlated well with the pulsation period; as also by the color indices
[H — K] and [K —12] (Whitelock et al., 1994). While the trends in Fig 4.5 are
certainly beyond the errors in EW, we find that the scatter is rather significant
in the correlation plot between the CO(3-0) band EWs and [H — K| and other
mass loss indicators (Fig 4.5) such as log P and [K — 12], although it is much
less in comparison to the plots for CO(2-0) band.

4.4.2 Modeling of Infrared Spectral Energy Distribu-

tion:

The IR SEDs of the sample stars, constructed from archival data in the visible,
near and far-IR regions were modeled using the DUSTY code (Ivezic, Nenkova
and Elitzur, 1999) to investigate basic differences in the photospheric and
circumstellar parameters among the various types of AGB stars. DUSTY
assumes that the external radiation comes from a point source at the center
of a density distribution. Dusty contains data for the optical properties of
six common grain types: 'Warm’ and ’cold’ silicates, astronomical silicate
and graphite grains, amorphous carbon and SiC. We adopted a grain size
distribution that follows the MRN power law (Mathis, Rumpl and Nordsieck,
1977) n(a) ox a9, where a is grain radius with a,,;, = 0.005, a4 = 0.250
pum and ¢ = 3.5. The SED model assumes the envelope expansion driven by
radiation pressure on the dust grains. This code incorporates full dynamical
calculation for radiatively driven winds in AGB stars. DUSTY computes the
wind structure by solving the hydrodynamics equations, including dust drift
and the star’s gravitational attraction, as a set coupled to radiative transfer.
For the above set of parameters DUSTY generates models with different optical
depths that may be specified.

The photometric data on all the programme objects were compiled mainly
from the 2MASS and IRAS archives. In a few cases we obtained data from
DENIS and MSX archives as well. We have modeled the SEDs of all the
programme stars except those that have upper-limits (quality = 1) in TRAS



4.4. Results and Discussion 93

01 IRAS 02234-0024 | -10 ;/%6\{\513:32;436—
15 L ] ] ] ] ] J 15 C ] ] ] ] ] N
F T T T T T =
C Il Il Il Il Il -

-15

T T
IRAS 05265-0443
-10 -

log(AF,)Wm

-15

10k IIRASO72|99+0825:
15 C 1 1 1 1 1 J
- T T T T T ]
10k IRAS 19354+5005
15 C 1 1 1 1 1 ] 15
0 1 2
log(A) um

Figure 4.6: Model SEDs (red lines) of some M type stars compared with observed

data from literature (closed circles). See text for model parameters and explanation.

data in more than one band. We assumed silicate dust for M, S and SR
types. We fix stellar parameters like the photometric temperature (based on
the visible and the NIR data), inner dust shell temperature, type of dust
and size distribution (MRN assumed) and opacity at 0.5 pm (usually taken
value between 0.1 and 1.0). We have used the density distribution, relevant
for modeling the radiatively driven winds in AGB stars, as incorporated in
to DUSTY by its authors. There would be a 10-20 % uncertainty in all the
model output parameters. We have generated nearly 150 models using several
combinations of the grain composition and opacity. We then take the fluxes
computed by the code and normalize it with the observed 2 pm flux from each
object and construct the model SEDs. A y? test is performed to select the
best fit model.
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Figure 4.7: Model SEDs (red lines) of some SR type (in the top 8 panels) and S
type stars (in the bottom 4 panels below the horizontal line) compared with observed

data from literature (closed circles). See text for model parameters and explanation.

In general, the model shows that the M types have lower effective temper-
atures than the S and SR types. M types show higher opacities by a factor
of 2, than the S and SR types; S type being lowest. However, the inner dust
shell temperature for all the types were found to be in the range 450-700 K.
The dust parameters that we obtained are in good agreement with those in
the published literature for some objects. A few examples of SEDs of M, S,
and SR and their model fits are shown in Figs 4.6 & 4.7. All the program stars
show a monotonous decrease in the flux beyond the IR wavelengths. The AGB
candidates show the absence of detached shells due to its on going mass loss
where the sources have not yet reached the superwind phase. Also one can see

the origin of 10 pm silicate emission in the M type, while it is absent for SR
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type thus signifying their advanced stage of evolution in the AGB phase.

The DUSTY models of AGB stars estimates mass loss rate also but with
larger uncertainty of 30%. The mass loss rates (dMy,s/dt=M in Mg yr—!)
thus obtained are listed in Tables B.1 - B.3 for all the types; the sign { shows
stars for which the rates are independently available from CO rotational line
observations by several authors, namely, Loup et al. (1993a); Sahai and Liechti
(1995); Groenewegen and de Jong (1998); Jorissen and Knapp (1998); Winters
et al. (2000a); Ramstedt et al. (2006) for M, S and SR stars. Our model mass
loss rates are in reasonably good agreement with those determined from CO
rotational lines, for all cases. From Tables B.1, B.2 and B.3 one may see a
clear trend of increase of mass loss rate with increase of the color [K — 12]
(e.g., Bieging, Rieke and Rieke (2002)). Basically most of our sample M type
stars are in the ascending phase of their AGB stage and hence the mass loss
rate increases with the [K — 12] index (see Whitelock et al. (1994) & Habing
(1996). The variation of mass loss rate with [K — 12| among the AGB and
PAGB candidates is discussed in the next chapter.

4.5 Conclusions

1. The Mt Abu H and K band spectra of AGB stars showed CO first and
second overtone bands in absorption. Hydrogen Brackett series lines were

not detected in none of the three types.

2. The EWs of CO (3-0) show a positive trend of correlation with [H — K]
and [K — 12] in M and S type stars. The EWs of CO(3-1) and CO(4-1)
show a positive correlation with CO(2-0) and CO(3-0) respectively thus

signifying the population of the levels under thermodynamic equilibrium.

3. The EWs of CO(3-0) shows a positive correlation with the period of M
type stars whereas a negative correlation with CO(2-0), thus reflecting a

more pronounced effect of pulsation from the second overtone band.

4. Modeling of the SEDs of the sample stars revealed higher opacities for
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M type stars by a factor of 2 than S and SR types. The inner dust shell
temperature for all the types were found to be in the range 450-700 K.

5. Model mass loss rates for M type stars show an increasing trend with

the color [K — 12].



Chapter 5

Infrared photometric and
spectroscopic study of Post
Asymptotic Giant Branch
stars/Proto-Planetary
Nebulae

5.1 Introduction

During the PAGB phase the effective temperature of the central star increases
from K to B ( Tesf ~ 3500 - 10,000 K) type, while its luminosity remains
largely constant (10% - 10* Ly). The PAGB duration is a function of the initial
mass and ranges from ~ 30 years for intermediate mass stars (i.e. close to
8 My), to 10* years for low mass stars (Bloecker, 1995a). The circumstellar
envelopes of carbon-rich objects display emission from molecules such as HCN
or CN and PAHs (Wallerstein and Knapp, 1998). A strong emission at 21
pm due to TiC or SiC is also observed in C-rich PAGB stars (von Helden

97
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et al., 2000; Speck and Hofmeister, 2004). Some PAGB stars show a mixed
chemistry with signatures from carbon-rich PAHs and oxygen-rich crystalline
silicates in their IR spectra. The formation history of these object is not well
understood. Waters et al. (1998) and Molster et al. (1999) proposed that the
PAHs are formed during a later mass-loss phase after the star becomes carbon-
rich, while the gas stored in a circumbinary disk retain the earlier oxygen-rich
chemistry. In these types of objects, the emission lines most often observed are
the rotational transitions of CO, which trace the locations of cool gas (Loup
et al., 1993b). Oxygen-rich objects are also detected in the 18 cm OH maser
(Lewis, 1989; te Lintel Hekkert, Chapman and Zijlstra, 1992) and exhibit the
silicate features at 10 and 18 ym. The (sub)mm wavelength regime provides
many transitional wavelengths of oxygen-rich molecules such as SOs, SiO etc
(Omont et al., 1993b). The chemical reaction time scale of the PAGB/PPNe
phases are constrained by their short evolutionary time scale (< 10% years)
(Kwok, 2004). Hence, the detection of these carbonaceous compounds in the
C-rich circumstellar envelopes suggests that they form in a short period of

time.

A large number of PAGB stars were identified using the IRAS ([12]-[25],[25]-
[60]) colour-colour diagram. Ground-based follow-up programmes were con-
ducted for these sources to distinguish between late-type AGB stars, super-
giants or early-type PNe (Kwok, Boreiko and Hrivnak, 1987; Hrivnak, Kwok
and Volk, 1989; Oudmaijer et al., 1992; Garcia-Lario et al., 1997; Suérez et al.,
2006). A more refined evolutionary catalog was given by Szczerba et al. (2007).

The transition objects from the PAGB to the PNe stage show manifestation
of pulsations showing variability in the hydrogen series lines and CO overtone
bands. These objects display irregular photometric variability with amplitudes
varying between 0.1 and 0.3 mag. The episodic PAGB mass loss has a direct
effect on the life time of the PAGB phase and hence monitoring of these sources
is very essential to understand its variability. The circumstellar environment
around these sources evolves as the central star proceeds towards the PNe

phase. It is still not very clear if the dust composition in the envelopes of
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PAGB/PPNe is predominantly carbonaceous or not (Cerrigone et al., 2009;
Zhang, Kwok and Hrivnak, 2010). Hence studying the observed PAH, silicate,
21 and 30 pm features and their relation with the evolution of the central
source helps in a better understanding of the minerology.

In this Chapter we present our investigation of an unprecedented large sam-
ple of PAGB/PPNe candidates. Our study includes NIR and mid-IR spectra
as well as SED modeling.

5.2 The Sample Stars

The PPNe and PAGB stars for the present study were selected from Stasiniska
et al. (2006) and Szczerba et al. (2007). A sample of 14 PAGB stars was used
for the variability studies at the NIR wavelengths. Mid-IR investigations were
done on a sample of 50 PPNe and about 21 PAGB stars. Spectral types for
most of the PPNe candidates were taken from SIMBAD and for those objects
without SIMBAD classification, we have used the spectral classification by the
optical survey of Sudrez et al. (2006). Some of the objects in the selected
PPNe and PAGB star samples are identified as ”transition objects” by Sudrez
et al. (2006). It may be noted that there exist small (and in some cases, large)
differences in spectral types of some of the common objects between SIMBAD
and Sudrez et al. (2006).

The classification based on the IRAS [25-60] vs [12-25] colours (van der
Veen and Habing, 1988) for all the PAGB/PPNe objects in our sample that
are used for the mid-IR study showed an advanced stage of evolution with
cooler circumstellar shells than their AGB counterparts (see Fig 5.1). The
green circles in Fig. 5.1 represent the AGB stars (from Chapter 4) with warm
circumstellar envelopes. The blue triangles and red asterisks represent the
PAGB and PPNe sources in our sample. The warm circumstellar matter in
the AGB stars may be due to the presence of the expanding envelopes at a
smaller radii from the central source than in the case of PAGB/PPNe. In

PAGB/PPNe the shells are detached from the central star and drifted far off,
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Figure 5.1: IRAS color-color diagram for the stars in our sample. PAGB (blue
triangles) & PPNe (red asterisks) occupy positions that have very cool circumstel-
lar shells. The AGB stars (filled green circles) from the previous chapter are also
shown for comparison. The crosses along the maroon line represent the black-body

temperatures of 10,000, 5000, 2000, 1000, 500, 300, 250, 200 and 160 K

hence their lower temperatures which depict the advanced stage in evolution.

5.3 NIR Observations of a sample of PAGB

stars

NIR spectrophotometric observations on a sample of PAGB/PPNe objects
were made using NICMOS/NICS at the cassegrain focus of the PRL’s 1.2 m
telescope facility situated at Mt. Abu.
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5.3.1 Data reduction:

NIR spectroscopic observations were made in the JH K bands. Sky subtrac-
tion, wavelength and photometric calibrations were performed using the same
techniques as described in the earlier Chapter(s).

EWs were computed for all the spectral features detected in our sample
stars. The errors in the EWs were estimated to be about 3 A for 3¢ line

detection and < 1 A for detection greater than 5o.

5.3.2 Spectral variations in some PAGB objects

Repeated spectroscopic observations were made on a few selected stars as listed
in Table C.1. The spectral classification (see Table C.1) of these sources was
made by Szczerba et al. (2007), He et al. (2014) and Yoon et al. (2014). Table
C.1 list the EWs (in A, positive for absorption and negative for emission) for
the Paschen 3, Brackett v and sum of the Brackett series lines observed in H
band. In addition it also gives the EW of the sum of first and second overtone
bands in the K and H bands for the stars in our sample. The obtained spectra
are compared for sources that had earlier observations from Hrivnak, Kwok
and Geballe (1994), Oudmaijer et al. (1995) and Kelly and Hrivnak (2005) to
identify possible spectral variability. The nature of sources that showed con-

siderable variability are described.

TRAS 10158-2844:

The PAGB star IRAS 10158-2844 (spectral class B9.5Ib-1I) was observed
on March 18, 2010, February 18, 2012, March 19, 2012, March 30, 2012 and
January 19, 2013. The NIR spectra observed between February 18, 2012 and
March 30, 2012 showed variability in the Paschen § and first overtone bands
of CO. The faint CO first overtone band emission observed on February 18,
2012 became featureless during our observation on March 30, 2012. Also the
Paschen ( line which was absent during February 18, 2012, reappeared in
absorption during March 30, 2012 in a time span of 42 days. The observed
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short-term variability may be attributed to episodic nature of PAGB mass-loss.
The K band spectra observed during March 18, 2010 was almost featureless,
apart from a weak Brvy absorption. The line profiles of the Paschen § and
Brackett series show an inverse P-Cygni profile during January 19, 2013. The
absorption profile is partially filled with emission, leading to complex struc-
tured profiles that can be interpreted as an indication of PAGB mass-loss

(Sanchez Contreras et al., 2008).

TRAS 12538-2611:

IRAS 12538-2611 (spectral type F3la) is located at a high Galactic latitude
(1=304.3, b=36.4) with a pulsation period of 44 to 68 days (Arellano Ferro,
1981). It has been classified as a semi-regular pulsating star by SIMBAD
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Figure 5.2: NIR H- and K-band spectra of IRAS 12538-2611 observed on March
30, 2012 and January 20, 2013
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and as a Cepheid-like supergiant by Arellano Ferro (1981). Luck, Lambert
and Bond (1983) has suggested this object as a possible PAGB star based on
their spectroscopic studies at optical wavelengths. Giridhar, Ferro and Parrao
(1997) found the abundance pattern similar to oxygen-rich PAGB stars. The
NIR spectra show Brackett series lines in absorption and CO first overtone
bands in emission. Earlier Gorlova et al. (2006) had obtained similar features
for yellow hypergiant p Cas and explained their results by considering the CO
emission arising from regions in the near vicinity of the photosphere that are
surrounded by a layer of cool gas. The CO emissions arising from the pho-
tospheric pulsations are least influenced by the surrounding cool gas. The
HI absorption profiles are believed to be caused by these cool layers of gas.
Such a scenario can be used to explain the observed NIR features from IRAS
12538-2611. Figure 5.2 represents the NIR spectra observed on March 30, 2012
& January 20, 2013 displaying variability in the first overtone bands of CO.
The CO band intensity increased between the two epochs of observations sep-

arated by 10 months. The second overtone band of CO displays faint emission.

IRAS 17423-1755:

The PAGB star IRAS 17423-1755 displays bipolar morphology with a spec-
tral classification of Be (Manteiga et al., 2011). The NIR spectra showed emis-
sions in the Brackett series and first and second overtone bands of CO. We
made repeated observations on May 29, 2003, May 13, 2007 and April 28,
2012. The EWs of the observed features are listed in Table C.1. Tradition-
ally the hydrogen recombination lines observed in emission lie between the
two limits, Case A and Case B. Case A assumes an optically thin limit where
hydrogen emission from all energy levels (Lyman, Balmer, etc) can escape the
nebula unabsorbed. Case B situation assumes an optically thick case where
all transitions more energetic than Ly« are absorbed and re-radiated at longer
wavelengths. The line ratios reveal information on the ionizing continuum,
gas temperature etc. The line ratios of Brackett series lines deviated from

Case B during the observation on May 29, 2003 and May 13, 2007. These
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observations indicate the changes in electron density or opacity. This star also
showed CO first overtone bands in emission. Gauba et al. (2003) found emis-
sion lines in the optical spectra of IRAS 17423-1755 and hence termed it as
transition objects. Our NIR spectra observed on April 28, 2012 showed first
and second overtone bands of CO and Brackett series lines in emission. Earlier
Garcia-Hernandez et al. (2002) had observed this source in the K band and
our results are consistent with their result. The presence of regions of hot
and dense equatorial winds is clearly evident from the NIR spectra that show

strong emissions in the CO overtone bands and Brackett series.

IRAS 17436-+5003:

This object has been classified as a semi-regular pulsating star with a spec-
tral type of F3Ib by SIMBAD. However Sahai et al. (2007) and He et al. (2014)
classified it as as a high-latitude PAGB star and proto-planetary nebulae re-
spectively. Our observations of IRAS 17436+5003 on March 18, 2010 showed
the absence of the first overtone bands of CO, whereas Hrivnak, Kwok and
Geballe (1994) observed faint CO emission. Our observations, made about 16
years later, show clear indication of variability of CO in the star which might
have occurred during the intervening period. In this case, the variation was

found only in CO bands while the HI lines did not change.

IRAS 18237-0715:

IRAS 18237-0715 (spectral type B5-B9) has been classified as a Be star
by SIMBAD and Szczerba et al. (2007). Gauba et al. (2003) classified it as a
hot-PAGB star. It shows strong hydrogen series lines in emission. Repeated
spectroscopic observations were made on May 28, 2004, November 3, 2006 and
May 14, 2007. The EWs of the observed features are listed in Table C.1. The
object showed variability in the HI Brackett series lines between these obser-
vations. The Brackett line ratios matched well with the Case B assumption on
May 28, 2004 and November 3, 2006; while on May 14, 2007 the ratios deviated
from Case B. Earlier in a detailed study Miroshnichenko et al. (2005) found
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spectral line variations in this object. Miroshnichenko et al. (2005) suggested
the nature of the object to be a luminous blue variable. Gauba et al. (2003)
found emission lines in the optical spectra and classified it as transition object.
Our IR spectra of this object closely resemble those of Miroshnichenko et al.
(2005) which was obtained at a spectral resolving power of 1200.

IRAS 19399+2312:

On the basis of the IRAS colors, Gauba et al. (2003) suggested that IRAS
19399+2312 (also known as V450 Vul) as a hot PAGB star, possibly in tran-
sition to become a PPNe. It was classified as a B1III star by Parthasarathy,
Vijapurkar and Drilling (2000) but as Blllle by Kohoutek and Wehmeyer
(1999). Greaves (2003) argued that being a possible member of the cluster
NGC 6823, this star is unlikely to be a PAGB transition object but could be
a spectroscopic type Be star. We made JH K band spectrometry at Mt Abu
Observatory on this object on five occasions during November 1, 2005, May
15, 2007, June 6, 2007, April 24, 2008 and December 1, 2010. The EWs of the
observed spectral features are listed in Table C.1. Figure 5.3 represents the

observed NIR spectra.

The spectra of November 1, 2005 showed some what shallow absorption in
HI Paschen (3 and Brackett series lines. The later spectra (on June 6, 2007)
however showed very prominent emissions in the HI lines, as well as a few
permitted lines in Hel and even the forbidden line in [Fell] (1.60 pm) though
at relatively lower S/N (see Fig 5.3). We also notice at a rather low S/N but
still discernable CO (Awv=3) bands in absorption. The appearance of the CO
absorption bands is not usual in Be stars, as also the forbidden lines of metals
([Fell]). In view of the appearance of forbidden lines (which was not reported
earlier), and faint but significant CO bands, we believe that this object may
as well be a transition object. The emission lines reverted back to their earlier
absorption profile during December 1, 2010. To the best of our knowledge,
these are the first observations that show spectral variability in this object.

From the ratios of the Brackett series lines, which deviate from the Case B as-
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Figure 5.3: NIR J-, H- and K-band spectra of the PAGB star IRAS 19399+2312

observed on two dates

sumption (see for example, Lynch et al. (2000)), we infer variations in electron
density or opacity in the atmosphere of this object between May 15, 2007 and
June 5/6, 2007.

IRAS 20004+2955:

This object has been classified as a pulsating variable star (spectral type
GT7la) by SIMBAD; but as a post-AGB star by He et al. (2014). The star ob-
served on November 2, 2012 displayed Brackett HI series lines in absorption in
the H and K bands. The first overtone bands of CO and the Na lines are seen
in emission. Hrivnak, Kwok and Geballe (1994) showed strong absorption in
these bands. The possible mechanism for the CO first overtone band emission

with Brackett series lines in absorption may be similar to the scenario that



5.3. NIR Observations of a sample of PAGB stars 107

explains the spectra of IRAS 12538-2611.

IRAS 22272+45435:
The spectra of this object of spectral type Gbla show signatures that are
probably indicative of its advanced stage of evolution in the PAGB phase. It
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Figure 5.4: Mt. Abu multi-epoch H- and K-band spectra of the PAGB star IRAS
2227245435

was shown by Hrivnak, Kwok and Geballe (1994) that the object had un-
dergone episodes of mass loss evident from the month-scale variability in its
spectra. They also suggested that it changed from CO emission to absorption
in a period of three months. Fig 5.4 shows the spectra on 4 occasions and it
is clear that the CO first overtone bands in the K band seen on November
4, 2006 were absent on December 22, 2006 and re-appears in emission during

November 2, 2012. But the Brackett HI absorption lines were seen in both H
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and K band spectra on all occasions. Interestingly the H band second over-
tone bands of CO were still present in the spectra on December 22, 2006. This
shows that the mass loss reached the outer regions of the atmosphere where
the temperature is about a few hundreds of degrees K. The pulsations must be
responsible for heating the matter in these regions resulting in the excitation
of these lines and filling the absorption seen earlier.

The K band spectra obtained on November 2, 2012 show the first overtone
bands of CO in emission. The CO second overtone emissions are not detected.
The CO emissions may be due to heating of the circumstellar material by the
stellar wind that is generated during the pulsation resulting in episodic mass

loss from the central source.

IRAS 22327-1731:

This object (spectral type AOIII) has been classified as a PAGB/PPNe by
SIMBAD. The NIR spectra during the 2006 observation showed Paschen (3,
Brackett series lines and CO overtone bands in absorption. Repeated obser-
vations during December 16, 2011 showed very broad HI Brackett series lines
in absorption with faint emission in the first overtone band of CO. The CO
first overtone band and the Brackett series lines are not detected in the earlier

observations of Oudmaijer et al. (1995), thus these lines show variability.

5.3.3 Discussion

From the Table C.1, it is clear that the Brackett series lines of HI were found
mostly among the PAGB/PPNe stars where a hotter central source is believed
to be present. Some PAGB stars in our sample (IRAS 0655641623, 17423-
1755, 18237-0715 and 19399+2312) showed HI Brackett series line in emission
and an indication of fainter emission in CO. This could be due to the fact
that as the central star evolves, its temperature increases and heats up the
circumstellar material making the CO bands progressively weaker until they
finally disappear. Around this time the HI recombination lines start becoming

prominent in emission. The evolution of the central source and its relation to
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the observed Brackett series lines and CO overtone bands for the PAGB/PPNe

candidates in our sample are discussed below.

5.3.3.1 Evolutionary trends in the NIR spectra

The strengths of the Brackett lines are sensitive to photospheric temperature
and degree of ionisation. Fig 5.5 (top panel) shows a positive correlation be-
tween the effective temperature of stars (obtained from the spectral types) and
the sum of the EWs of the HI Brackett series lines. For stars with repeated
observations an average value of the EW was considered. The plot shows that
the EW of Brackett series lines reaches a maximum as the stellar tempera-
ture approaches 10,000 K, a behavior similar to stars with spectral type AO.
Fig 5.5 (bottom panel) shows the sum of the first overtone bands of CO plot-
ted with the photospheric temperature with T,. The plot shows a decreasing
tendency for CO bands with T.. Thi, Bik and Waters (2005) suggested that
CO molecule start to get dissociated at temperatures greater than 3000 K.
Thus, the decreasing trend in the first overtone bands of CO beyond the pho-
tospheric temperature of 3000 K corroborates this result. Cooler PAGB/PPNe
stars show variability in CO first overtone bands and hotter stars showed vari-
ability in HI lines. In both cases variability may be associated with episodic

mass loss.

5.4 Spitzer spectra of PAGB/PPNe objects

Mid-IR spectra of stars in our sample were mostly obtained from the public
data archives of the Spitzer. The data from the ISO archive were used for a
few sources in our list where Spitzer data were not available. The archival
spectroscopic data in the mid-IR region of 5 - 38 um were used in the present
study for a sample of 50 PPNes and 21 PAGB candidates. The details of the
Spitzer and ISO instruments and the data analysis procedures are described
in Chapter 2. The present analysis of the mid-IR spectra for the sample of
PAGB/PPNe objects indicated a broad classification based on the identified
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Figure 5.6: Typical Spitzer IRS spectra of the PPNe (blue) & PAGB (red) stars
showing strong PAH features (top left), weak or blended PAH features (top right),
PAH + silicate dust emission features (middle left), silicate absorption (middle
right), prominent broad bump around 11 pm (bottom left) and silicate emission

(bottom right)

spectral features as those having (i) strong PAH features (ii) weak or blended
PAH features (iii) PAH + silicate dust in emission (iv) silicate absorption (v)
prominent broad bump around 11 pm (vi) silicate emission and (vii) nearly
featureless spectra. Figure 5.6 gives typical spectra of the PAGB & PPNe
candidates depicting the above classifications.

In general, about 34% of the PPNe sample considered here showed strong
or weak/blended PAH features, 20% of sources showed 11 pm feature, 30%
of sources are featureless, 6% of sources showed silicate absorption and 10%

showed silicate emission. In comparison, about 35% of the PAGB stars consid-
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ered here showed strong or weak /blended PAH features, 15% of sources showed
11 pm feature and 50% of sources showed featureless spectra. It may be con-
jectured that the objects showing featureless spectra may be relatively young
compared to the other sources (Waelkens and Waters, 2003). The equivalent
widths of the mid-IR spectral features were determined using SMART. The
errors are estimated to be 0.001 pm for a high S/N (> 5) and 0.01 pm for low
S/N (> 3) line/band. Tables C.2, C.3 list the EWs of the PAH features for
PPNe and PAGB candidates respectively.

5.5 Modelling of SEDs

The photometric data required for constructing the SEDs were obtained from
several archives covering the entire visible to far-IR region. The visible U BV RI
photometry was obtained from VIZIER data archives; the NIR JH K bands
from the 2MASS archive (Skrutskie et al., 2006); mid-IR from MSX (Egan
et al., 2003b) and IRAC-SPITZER (Benjamin et al., 2003) and the mid-IR
bands from AKARI (Ishihara et al., 2010) and IRAS (Helou and Walker, 1988)
archives. The SEDs of the sample stars were modeled using the software
DUSTY (Ivezic, Nenkova and Elitzur, 1999). The input parameters for each
object consist of stellar photospheric temperature (T.), temperature of the
inner region of the dust shell (Ty), composition of the dust grains and the
optical depth at 0.55 um (79.55). For all the sources modelled, a modified MRN
(Mathis, Rumpl and Nordsieck, 1977) dust size distribution was assumed with
an exponent of 3.5 having minimum and maximum dust grain sizes of 0.005
and 0.25 um respectively. A radiatively driven wind model was chosen in
which the envelope expansion is owing to the radiation pressure on dust grain
particles (see Ivezic and Elitzur (1997)). The code solves the radiative transfer
problem for a source embedded in a spherically symmetric dusty envelope. The
important output parameters of the code are the total flux versus wavelength,
the inner shell radius ry, the ratio of inner shell radius and the radius of

central source ry/r.. The model also gives an estimate of mass loss rates
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(AM 4 /dt=M) for envelope expansion that are driven by radiatively driven

winds.

The model fluxes at each wavelength for which observed flux is available,
were computed by normalising with the flux at either 2 pm (K band) or at
9 um band (of MSX or AKARI or IRAC) depending upon the distribution
of data points in the IR range. For those objects whose spectral types are
identified, T, was taken from Lang (1999) and Cox (2000). For all the other
objects whose spectral types are not available, we have estimated T, from
model best fits. A criterion for the best fit was chosen as, x* = ¥;[(Fo; -
Furi)?/Far] < 10712 where ¥; indicates summing over all the data points (i
= 1 to n, n being the number of data points for a particular source) and Fo;
and Fjy; are the observed and model fluxes at " data point respectively. For
most of the sources in our sample this limit had resulted in reasonably good
fits (visually), except for a few sources. It may be noted that the spectral class
differences in some of the objects that are common in SIMBAD and Suérez

et al. (2006) did not alter the model derived parameters by more than 10%.

For the purpose of modeling, we have divided our sample stars (PPNe/
PAGB) into two categories: (i) those showing no PAH feature at all and (ii)
those that show clearly the PAH features in the region of 6-15 um. The
first category was modeled using a single shell to represent the circumstel-
lar matter. Tables C.4 & C.5 show the list of such PPNe & PAGB sources
respectively along with model-derived photospheric and circumstellar shell pa-
rameters, namely, T, Ty, M, Tos5, I'1, I'1/Te and the grain composition (Gr is
for graphite and AmC for amorphous carbon and Sil for silicate grains with
the portion in 1 given in parentheses). It is clear from the two tables that the
grain composition for all the sample stars contain carbonaceous dust (either
graphite or amorphous carbon or a combination of the two); except for about
14 PPNe & 3 PAGB objects for which silicate grains constitute their dust en-
velopes. There is a preponderance of graphite grains in the dust composition
in PAGB stars (about 95% of cases), while in the case of PPNe there seems to

be a diminishing of this trend with graphite dominating in about 84% of the
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Figure 5.7: Model SEDs with single shell using DUSTY (red line) for a few PPNe
compared with observed data from literature (open circles). The Spitzer IRS spectra

are shown in green for comparison

cases. The result from our SED modeling showing most of the sample stars
(both PPNe and PAGB stars) to have predominantly carbonaceous circum-
stellar dust does not fall in line with the finding of Cerrigone et al. (2009),
whose sample showed a mere 25% having carbon rich envelopes. Figures 5.7
& 5.8 show typical model fits for the PPNe and PAGB objects in our sample.
The Spitzer IRS spectra are overplotted in green for comparison.

For those sources for which the Spitzer IRS spectra showed strong PAH
emissions (26 in number), we have used two spherical shells (instead of one used
before) for the SED modeling using DUSTY. The first shell contains neutral
or ionised PAH while the second, outer shell contains any of the common dust

grains (amorphous carbon/silicate/graphite). So it is assumed that PAH and
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Figure 5.8: Model SEDs with single shell using DUSTY (red line) for a few PAGB
compared with observed data from literature (open circles). The Spitzer IRS spectra

are shown in green for comparison

dust exist in two separate shells and are not mixed. The density distribution
falling off as r=2 was used for both the dust shells. Tables C.6 & C.7 show
the list of these PPNe & PAGB sources respectively along with the derived
photospheric and circumstellar shell parameters, T, T4, ionised state of PAH
in the first sphere, as inferred from the ratio of 6.2/7.6 ym and 11.2 um features
(see section 5.6.1), ry, ry/r. for both the shells and the grain composition in
the shell 2. Figure 5.9 shows typical model fits for six PPNe sources with PAH
emissions observed from Spitzer IRS spectra. The Spitzer IRS spectra are

shown in green for comparison.

The SED modelling reveals a few interesting physically viable relationship
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Figure 5.9: Model SEDs with two spherical shells using DUSTY (red line) for a
few PPNe that showed strong PAH emissions compared with observed data from

literature (open circles). The Spitzer IRS spectra are shown in green for comparison

between various derived parameters. Fig 5.10 shows the plot between inner
dust temperature and the inner radius of the dust shell for all the programme
stars. In the case of objects modeled with two shells, the inner radii of both
the PAH and dust shells are shown. The plot shows that as the dust temper-
ature increases the radius of the inner shell decreases. This implies that as
the dust get cooler it is located farther from the star. It may be inferred from
Figure 5.10 that the radius of the inner dust shell corresponding to the typical
condensation temperature for (silicate) dust grains, T, ~ 1600 K turns out
to be ~ 3.5 x10'2 m. It indicates that the dust formation distance from the

stellar photosphere is typically a few stellar radii. It was argued by Woitke,
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Figure 5.10: Plot of dust temperature T4 versus the inner dust shell radius r; (in
m) for PPNe (red asterisks) and PAGB stars (blue triangles) obtained from DUSTY
SED models with single shell irradiated by radiatively driven winds. The green filled
circles and brown squares represent the sphere 1 (PAH) and sphere 2 for PPNe’s
that showed PAH feature. The dark green diamonds and maroon pluses represent

the sphere 1 (PAH) and sphere 2 for PAGB’s that showed PAH feature

Goeres and Sedlmayr (1996); Sedlmayr and Winters (2000) that for pulsation-
ally driven mass loss to be most efficient, the dust formation should occur at
a few stellar radii (R,). Fig 5.11 shows the plot of the ratio r; /r. as a function
of T,. The plot indicates that the ratio r;/r. increases with T,. As the pho-
tospheric temperature increases the star emits copious amount of UV photons
that destroy the dust and hence dust can survive only at distances far from
the star. This explains the positive correlation between the two parameters,

and is in line with the above minimum distance of dust formation argument.
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Figure 5.11: Plot of central source temperature T, versus the ratio of inner dust
shell radius r; and the central source radius r. for PPNe (red asterisks) and PAGB
stars (blue triangles) obtained from DUSTY SED models with single shell irradiated
by radiatively driven winds. The green filled circles and brown squares represent
the sphere 1 (PAH) and sphere 2 for PPNe’s that showed PAH feature. The dark
green diamonds and maroon pluses represent the sphere 1 (PAH) and sphere 2 for

PAGB'’s that showed PAH feature

5.6 Variation of mid-IR spectral features with

the evolution (T.)

In this section we investigate the variation of mid-IR spectral features with
evolution of PAGB/PPNe stars. Since, the stellar effective temperature T,
of PAGB stars and PPNe is an indicator of their evolution, we examine the
trends in the features with T,. The SED model-derived T, is used to represent

the evolution.
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5.6.1 PAH modes:

Firstly, we investigate various modes of PAH (see Table 1.1 in Chapter 1).
Interesting correlations were obtained between the strengths of the PAH spec-
tral features with the physical & circumstellar parameters of the PAGB /PPNe
candidates. It may be noted that through out the Chapter we have used the
EW as the measure of the strength of the PAH feature instead of the feature
intensity used by other authors (e.g. Cerrigone et al. (2009); Zhang, Kwok
and Hrivnak (2010)). We have found that the usage of EW yielded mainly

the same results as that obtained using the intensity of spectral features.
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Figure 5.12: Plot of the PAH mode ratio log(EW(6.2)/EW(11.2)) vs
log(EW(7.6+7.8)/EW(11.2)) for PPNe (red asterisks) and PAGB stars (blue tri-

angles).

Ionized PAHs emit more strongly in the 6.2 and 7.7 pym bands while the
11.2 pm band is stronger in neutral PAHs; therefore the ratio of the 6.2 or
7.7 um PAH over 11.2 pym feature can be used as a measure of the ionization

fraction of the PAHs. Cerrigone et al. (2009) found an interesting correlation
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Figure 5.13: Plot of the PAH mode ratio log(EW(7.6+7.8)/EW(11.2)) versus
effective temperature T, for PPNe (red asterisks) and PAGB stars (blue triangles).

between 1(6.2)/1(11.2) and I(7.7)/I(11.2). Fig 5.12 shows a similar plot of
log(EW(6.2)/EW(11.2)) vs log(EW(7.6+7.8)/EW(11.2)). One may notice an
increasing trend as also found by Cerrigone et al. (2009). The clear correlation

is due to the dependence of these ratios on the ionization fraction (Galliano

et al., 2008).

Fig 5.13 shows the plot of the PAH features of log(EW(7.647.8) /EW(11.2))
versus T,. It can be concluded from this plot that stars that show ratio
(7.6/11.2) > 1 have ionised PAH in their circumstellar matter. The PAH bands
in the numerator represent the C-C stretching and C-H in-plane bending modes
and those in the denominator represent the solo C-H out-of-plane bending
modes. One can notice, in the Fig 5.13, a tendency of increasing ratio with
T,, up to a value of 10* K indicating the dominance of C-C stretching and C-H
in-plane bending modes as the objects evolve. But beyond this value, when the

UV photon flux starts becoming significant, the solo C-H out-of-plane bending
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Figure 5.14: Plot of the PAH mode ratio log(EW(12.6)/EW(11.2)) versus effective
temperature T, for PPNe (red asterisks) and PAGB stars (blue triangles).

modes dominate as seen from the declining trend of the ratio.

Zhang, Kwok and Hrivnak (2010), in their study of a few PPNe candidates
indicated that the ratio of the PAH features of the fluxes (12.0+12.6+13.5)/11.2
showed a decreasing trend with the central star temperature indicating that
the solo C-H modes at 11.2 ym become more and more predominant over the
duo- or trio- and quarto- modes around 12-13 pm. This is suggestive of the
possibility that the solo C-H out-of-plane bending modes get stronger as the
star evolves to PNe (Kwok, 2004). Fig 5.14 shows the scatter plot of the ratio
of log(EW(12.6)/EW(11.2)) with T,. In general, our results show that for
nearly all the sources that showed PAH bands, the above ratio is less than
1 suggesting that the solo-modes dominate over the other modes. The ratio
also shows a decreasing trend with T,, in agreement with Zhang, Kwok and
Hrivnak (2010). It appears therefore that the PAH ratios for PPNe/PAGB

show a changing trend with evolution.



122 Chapter 5. IR studies of PAGB/PPNe candidates

1141 A —
* * A
* *
- * -
A * A
—_ . "
£ nsp . f
<° % A
A
| . i
12k * -
*
A A
- * -
*
11 \ \ \ \
3.6 38 4 42 4.4
log,(T.)

Figure 5.15: Plot of the peak wavelength of the PAH feature at 11.2 um versus
the photospheric temperature T, for PPNe (red asterisks) and PAGB stars (blue

triangles).

Sloan et al. (2007) showed that the peak wavelength of the 11.2 ym feature
changes with T, for a small sample of carbon stars. We verified this result
with our sample. Fig 5.15 shows the plot of the peak wavelength of 11.2 pym
with T,. One can notice largely a shift towards the shorter wavelengths with

increasing T, up to a value of 10* K, beyond which there is a increasing trend.

5.6.2 H, rotational lines:

The IRS-Spitzer spectra of a few sources in our sample showed the purely
rotational lines of Hy in the ground vibrational level (v = 0) (see Chapter
1 for details). Table C.8 lists the EWs of the observed rotational lines of
Hy determined using SMART. Fig 5.16 shows the EW of the rotational lines
S(5) (i.e. J=T—b, see Chapter 1 for details) at 6.908 um as a function of

stellar photospheric and dust temperatures (blue asterisks for PPNe and red
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Figure 5.16: Plot of EW of the rotational lines S(5) of Hy versus the photospheric
temperature T, (left) and dust temperature Ty (right) for PPNe (red asterisks) and
PAGB stars (blue triangles).

triangles for PAGB stars). The EW of the molecular line at 6.9 pm seems to
show a positive correlation with T, and a negative correlation with Ty;. This
is understandable because, as the T, is increasing, the dust can form further
off from the star where Hy is being excited (rotational lines). The range of Ty
for which Hy S(5) is identified for our sample stars is ~ 125 - 320 K. It may
be noted that the thermal excitation temperature of the rotational lines of Hy
is 500 - 800 K in photo-dissociation region and shocks. However, if excited
collisionally they do not require such high-temperature and can be emitted at

200 K (Glass, 1999), which appears to be the case here.

5.6.3 Trends in the mass-loss rates

The mass loss rates obtained from the model for our sample of post-AGB stars

showed expected trends with the other model-derived parameters. Fig 5.17
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Figure 5.17: Plot of gas mass loss rate dM 4 /dt versus the optical depth at 0.55m
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Figure 5.18: Plot of gas mass loss rate dMgqs/dt versus the dust temperature Ty
for PPNe (red asterisks) and PAGB stars (blue triangles)
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shows increasing mass loss rate with increasing optical depth at 0.55 pm. From
the figure it may be inferred that for a majority of the objects the dust shells
are optically thick (7955 > 1.0).

During the mass loss process, the dust shell remains optically thin initially,
allowing the radiation from the central star to escape out. But as the mass
loss increases, the optical depth increases leading to the formation of more

dust that completely blocks the radiation escaping the central star. These are
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Figure 5.19: Plot of the mass loss rate obtained from DUSTY with the mass loss
index [K — 12] for AGB (green circles), PPNe (red asterisks) and PAGB stars (blue
triangles). The mass loss rates derived from the observed rotational transitions of
CO at mm wavelengths for some of the AGB, PAGB and PPNe stars in our sample

(black open circles) are also shown for comparison.

physically expected results and hence the plots not only serve as a validation

of circumstellar dust shell properties, but also gives confidence on the accuracy
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of the derived model parameters. Fig 5.18 shows the tendency of decreasing
mass loss rate with increasing inner dust temperature in line with the above
arguments. Fig. 5.19 shows the plot of the mass loss rates with mass loss index
[K — 12] for PAGB/PPNe stars obtained from the modeling along with those
for AGB stars of the previous chapter. The plot indicates the clear distinction
between the three groups and in general leads to a positive correlation. It
also indicates that the mass loss does not cease completely towards the end
of the AGB phase. The PAGB mass loss rate was found to be much higher
than the AGB mass loss rate. The mass loss rates obtained from the SED
model for PAGB stars (this Chapter) and AGB stars (previous Chapter) are
in reasonably (see Fig. 5.19) good agreement with those determined from the
observed CO rotational line profiles by several authors, namely Loup et al.
(1993a), Sahai and Liechti (1995), Groenewegen and de Jong (1998), Jorissen
and Knapp (1998), Winters et al. (2000a) and Ramstedt et al. (2006) for M, S
and SR stars; and Woodsworth, Kwok and Chan (1990), Likkel et al. (1991),
Omont et al. (1993a), Hrivnak and Kwok (1999), Bujarrabal et al. (2001),
Hoogzaad et al. (2002) and Hrivnak and Bieging (2005) for PAGB/PPNe stars
(stars marked with t in Tables C.2 & C.3).

5.6.4 Unidentified mid-IR features

From the Spitzer spectra we have identified several features in the range of
20 - 40 pm whose origins are still debated. These are in general very broad
features compared to the molecular or PAH features. Tables C.9 and C.10 list
these lines identified in PPNe and PAGB stars respectively.

5.6.4.1 The 21 ym feature:

Mid-IR spectra of a few PPNe and PAGB candidates in our sample display a
broad feature near 21 pum. This feature has been detected earlier in some PAGB
sources, C-rich, metal-poor and s-process enhanced stars by Kwok, Volk and
Hrivnak (1999); Van Winckel and Reyniers (2000). The carrier candidates in-
clude TiC (von Helden et al., 2000), SiS, grain (Goebel, 1993), doped-SiC dust
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Figure 5.20: Morphology of the feature at 21 yum observed in 10 PAGB/PPNe ob-
jects; superposed on it are the profiles of two other PPNe sources IRAS 18533+0523
& TRAS 1947742401 shown in red and blue respectively that depict different mor-

phology.

(Speck and Hofmeister, 2004), carbon and silicon mixtures (Kimura, Nuth and
Ferguson, 2005), FeO (Posch, Mutschke and Andersen, 2004) and PAH (Just-
tanont et al., 1996). Recently, Kwok and Zhang (2011) proposed an alternative
grain type called mixed aromatic-aliphatic organic nanoparticles (MOANSs) for
explaining a number of unidentified features in the mid-IR including the 21
pm feature and those that are commonly attributed to PAH molecules.

We however, find two objects that show morphologically different profiles
compared to those observed in 10 other PAGB/PPNe objects. Fig 5.20 shows
the profiles for IRAS 1853340523 and IRAS 1947742401 that depict sub-

structures not reported previously. It may be noted that the 21 um feature
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for IRAS 18533+0523 is reported for the first time in the present work. This
object show split profile with two peaks (having sub-structures) ~ 20 and 21
pm. In contrast IRAS 1947742401 shows a split profile with the dominant
half blue shifted with respect to the spectral morphology observed in 10 other
PAGB/PPNe stars. Posch, Mutschke and Andersen (2004) showed that the
presence of Si0y mantle on SiC surface could give rise to structures in the 21
pm profile in carbon stars. This may account for the structures observed at ~

20 pm. The red-ward half of the profile in these objects shows an absorption-
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Figure 5.21: Plot of the peak wavelengths of the feature at 21 pm for PPNe (red

asterisks) and PAGB stars (blue triangles) versus photospheric temperature T,

like feature at 23.2 pum followed by an emission-like feature at about 24.5 pym.
We propose that the cause of this may be due to the combination of a core and
mantle type dust grain configuration. We propose SiC (Speck and Hofmeister,
2004) and FeS (Keller et al., 2002) as the candidate material for the core and
the mantle respectively. The observed profile of the other 10 PAGB/PPNe

objects in Fig 5.20 may be caused purely by the SiC core having negligible
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mantle thickess. The morphology observed in IRAS 18533+0523 and TRAS
1947742401 may be caused by an increase in the mantle thickness on the core
grain.

Fig 5.21 shows the variation of the peak wavelength (A.) of the 21 pm
feature with T,. One may notice that the A. shows an increasing tendency with
T, for PPNe sources. We propose the increase in the mantle layer thickness
of FeS with temperature to be the probable reason behind the red shift in the

peak wavelength.

5.6.4.2 The 23-um feature:

The 23.5 pum band is usually observed in circumstellar disks surrounding young
stars and carbon rich evolved stars. The carrier of this broad feature has been
attributed to iron sulfides (FeS) (Keller et al., 2002). The IR reflectance of
troilite (FeS) has four strong resonances with a broad feature at 23 pm and
narrower features at 33, 38 and 43 pum (Begemann et al., 1994). Warmer
grains emit stronger towards the shorter wavelengths, thereby increasing the
strength of the 23 pum relative to the other bands (Keller et al., 2002). It may
be recalled here that ISO spectra from comet Hale-Bopp show a significantly
sharper feature at ~ 23.5 um which has been attributed to forsterite (MgsSiOy)
by Crovisier et al. (1997) and Malfait et al. (1998). Oxygen rich crystalline
silicates have peaks near 23.8, 27.5, 33.8 and 36.5 pum due to crystalline olivines
(Mg,Fe;_;)2Si04 [0 < z < 1], and peaks near 18.2, 23.2, 28, and 36.0 due to
crystalline pyroxenes (Mg,Fe;_,)SiO3 [0 < x < 1] (Jaeger et al., 1998). Fig.
5.22 represents the typical continuum subtracted spectra in the region of 20-
30 pum for PAGB (top panel) and PPNe (bottom panel) stars in our sample.
The spectra can be attributed to (Mg2SiO4) owing to its sharp narrow spectral
profile. The mixed chemistry is usually explained in the binary AGB evolution,
in which a reservoir of oxygen-rich dust is stored in the system, and the star
subsequently evolves to a carbon-rich phase. There are 19 PPNe and 13 PAGB
sources with crystalline silicate emission. Carbon rich stars with crystalline

olivines were observed earlier by Molster et al. (2001); Jiang et al. (2013) and
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Figure 5.22: Typical continuum subtracted 23 & 30 um features of PAGB stars
(top panels) & PPNe candidates (bottom panels). The blue curve corresponds to
the continuum subtracted ISO spectrum (normalised to unity) of comet Hale-Bopp

attributed to crystalline forsterite is shown for comparison
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Blommaert et al. (2014). The 23 um feature is absent in the PAGB stars IRAS
20259+4206 and in the PPNe IRAS 17130-4029 & IRAS 17253-2831.

5.6.4.3 The 30-um feature:

The unidentified very broad emission feature around 30 pum was first discov-

ered by Forrest, Houck and McCarthy (1981) in carbon-rich stars. The feature
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Figure 5.23: PPNe candidates with 30 pm feature possibly due to MgS

is commonly found with varying band shapes in C-rich AGB (Jiang, Szczerba
and Deguchi, 1999), post-AGBs and PNe (Goebel and Moseley, 1985; Hrivnak,
Volk and Kwok, 2000; Volk et al., 2002). Goebel and Moseley (1985) proposed
solid magnesium sulfide (MgS) as the possible carrier with the feature peak-
ing in the range 30-35 um depending on the temperature of the grain. The
peak positions shift from 26 pum in the case of AGB stars to 35 um in PNe.
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Zhukovska and Gail (2008) suggested the formation of MgS on the surface of
SiC grains as the most promising mechanism for MgS formation in the cir-
cumstellar shells of evolved stars. Duley (2000) suggested the carrier to be
carbon-based linear molecules with specific side groups. Figure 5.23 repre-
sents the PPNe candidates in our sample with broad 30 um feature due to
MgS. Earlier Hrivnak, Volk and Kwok (2000) and Volk et al. (2002) had used
ISO spectra to study the 30 um feature. The ISO spectra appeared to have two
separate features at 26 and 30 um at varying strengths. The Spitzer spectra
of our samples do not support this claim. There are 18 PPNe and 5 PAGB
sources with broad 30 um feature due to MgS. This feature is mostly observed
in sources showing strong/blended PAH emissions. This supports the claim

that MgS are formed in C-rich envelopes (Zhukovska and Gail, 2008).

5.7 Identification of transition objects

The transition from the PAGB to PNe phase remains an elusive stage in stellar
evolution. After the termination of the high AGB mass loss, the circumstellar
envelopes expand and cool, and the effective temperature of the central star
increases to ionize the circumstellar material during the PAGB/PPNe phase
(Kwok and Feldman, 1981; Kwok and Bignell, 1984). The PPNe also show
fast bipolar outflows as well as slower components that are probably due to the
ejected material during the previous AGB phase (Solf, 1994; Balick and Frank,
2002; Sahai et al., 2007; Sahai, Sugerman and Hinkle, 2009). These outflows
may be driven by an accretion disk around a binary companion (Morris, 1987).
The effect of rotation, development of ionization front, bipolar outflows are
considered as shaping agents to explain the observed aspherical morphologies
(Sahai and Trauger, 1998; Garcia-Segura et al., 1999; Cerrigone et al., 2008).
As the temperature of the PAGB cores rises to 10* K, it ionizes the surrounding
circumstellar material by emitting low-excitation atomic lines. This suggests

that such lines predominantly arise from the PDRs.

Mid-IR fine structure lines suffer less dust extinction compared to the op-
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Figure 5.24: Continuum subtracted spectra of transition objects from

PAGB/PPNe to PNe phase showing prominent [Nell] emission at 12.8 yum

tical and UV emission lines. The ground level configuration of such ions have
energy levels separated by a small difference which is of the order of the electron
thermal energy. Hence the thermal electrons populate these levels by collisions
and the electronic transitions from excited levels give radiations. Collision-
ally excited lines may appear either in the electric dipole induced permitted
transition or in the electric quadrupole or magnetic dipole induced forbidden
transition. The forbidden lines are observed from PPNe due to low nebular
density. The [Nell] (*Py/2 — ?Pj3/2) 12.814 pm line emission from singly ion-
ized neon can be used as diagnostic tool to determine the physical properties
of the ionized gas. This nebular emission has been observed in six candidates
suggesting that the ionization of the circumstellar material may have already

started in these evolved stars.
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Figure 5.24 represents Spitzer IRS spectra of transition objects with hot
cores ionizing the circumstellar materials thereby making a transition from
PAGB/PPNe to PNe phase showing [NelI] emission at 12.8 ym. Among these
transition objects, IRAS 21546+4721 is a PAGB candidate with PAH emission
in addition to [Nell]. IRAS 17287-3443, IRAS 17381-1616, IRAS 19590-1249
and IRAS 2202345249 are PPNe candidates. Among the PPNe showing tran-
sition behavior only TRAS 2202345249 showed PAH features. TRAS 17381-
1616 and TRAS 19590-1249 show broad 11 pm feature of SiC. The effective
temperature of all these sources are > 10* K. IRAS 10211-5922 is classified
as Blue supergiant star with spectral type B3lae. However Volk and Kwok
(1989) classified it as a Proto-planetary nebula.

5.8 Identification of Fullerenes

Fullerene molecules (e.g. Cgo and Cyy) are large molecules made of carbon
hexagons and pentagons that are organised in the shape of a hollow sphere or
ellipsoid (Kroto et al., 1985; Kroto, 1988; Curl and Smalley, 1988; Krétschmer
et al., 1990). It takes a shape of a soccer ball or a geodesic dome commonly
referred to as "buckyball”, named after the inventor of the geodesic dome,
Buckminster Fuller. The Cgy molecule consists of 60 carbon atoms arranged
in the shape of a hollow sphere that is made of 20 hexagons and 12 pentagons.
The excitation mechanism of fullerenes is similar to that of PAHs. They are
generally thought to be excited by the absorption of a single UV photon. Rapid
internal conversion excites the molecule in the electronic ground state to highly
excited vibrational states. The molecule then de-excites back with the emis-
sion of IR photons. It has 174 vibrational modes, but due to its symmetry
many modes are degenerate and only 4 modes are IR active. The mid-IR vi-
brational modes lie at 18.9, 17.4, 8.5, 7.0 um. Fullerenes were first synthesized
in laboratory for understanding the formation mechanism of long-chain carbon
molecules (Kroto et al., 1985). Laboratory experiments have measured these

IR vibrational modes wavelengths in the pure, solid state (Kratschmer et al.,
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1990) as well as in the gas-phase (Frum et al., 1991). Nemes et al. (1994) sug-
gested that the difference in the observed peak wavelength from the standard
IR modes is primarily due to temperature effects; higher temperatures shift
the bands to higher wavelengths and causes broadening.

The model for the C;y geometry has a prolate top more like a rugby ball.
It has 204 fundamental vibrational modes where 31 are IR active. Most of
the Cqy IR active bands are weak, and blends with Cgg bands with isolated
medium strength bands at 12.6, 14.8, 15.6 and 21.8 um. It was suggested
that fullerenes could also form in carbon star outflows and be injected into the

interstellar medium.
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Figure 5.25: Spitzer IRS spectra of PPNe candidate IRAS 0100547910 and PAGB
candidate IRAS 2154644721 showing vibrational modes of Cgg fullerene

Clayton et al. (1995) searched for fullerenes in the IR wavelengths at 8.6

pm in R Coronae Borealis stars. Cami et al. (2010) reported the identification
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of Cgo bands from the Spitzer IRS spectrum of the planetary nebula Tc 1.
Garcia-Hernandez et al. (2010) found Cgy in carbon-rich PNe. Zhang and
Kwok (2011) and Gielen et al. (2011) used Spitzer mid-IR spectrum to identify
Cgo in protoplanetary nebula and PAGB candidates. All in all there are very
few detections of Cg in late type stars.

We carefully searched for Cgy vibrational modes in the Spitzer IRS spectra
of PPNe/PAGB candidates in our sample. We could successfully detect Cgg
vibrational modes at 7.0, 8.5, 17.4 and 18.9 um in the PAGB candidate IRAS
21546+4721. To the best of our knowledge this is the first detection of Cg
in this source and one of the very few detections reported yet. Figure 5.25
represents Spitzer IRS spectrum of IRAS 21546+4721. The spectrum of the
PPNe candidate IRAS 0100547910 with successful detection of Cgq is shown

for comparison.

5.9 Conclusions

We present here an extensive study of NIR and mid-IR spectra and SED mod-
eling of a large sample of PAGB/PPNe candidates. The important conclusions

of the study are as follows:

1. The sum of the EWs of Brackett series lines show a positive correlation
with the photospheric temperature; while the sum of the EWs of the
first and second overtone bands show a negative correlation with the

photospheric temperature.

2. Our observations showed that several PAGB stars undergo short term
spectral variability that is indicative of on-going episodic mass loss.
Cooler PAGB stars showed variation in the CO first overtone bands.

In contrast, the hot PAGB stars showed variation in HI lines.

3. The SED modelling shows consistent results: the temperature of the in-

ner dust shell shows decreasing tendency with increasing dust shell inner
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10.

radius ry, where as the stellar photospheric temperature shows increas-
ing tendency with the ratio of ry/r.; the gas mass loss rate correlates
negatively with dust temperature; further, gas mass loss rate shows an

increasing tendency with 7 55.

The PAGB mass loss rates obtained from the SED models are higher
than the AGB mass loss rates and show a positive correlation with the

mass loss index [K — 12].

. Archival Spitzer mid-IR spectra of the sample stars are classified based

on the observed mid-IR features. The objects that show PAH emission
features in the range 5-20 pum indicate the onset of UV radiation from
the central star and hence their advanced stage of evolution. Variation
in the observed strength of various PAH modes with the photospheric

temperature (T,) was established.

. The observed split in the 21 pm morphology was explained by propos-

ing a core and mantle configuration for dust grains. SiC and FeS are

proposed as the prefered material for the core and mantle respectively.

The 23 pm feature observed in the PAGB/PPNe candidates are largely

attributed to crystalline forsterite owing to their narrow width.

Sources with strong/blended PAH emission mostly show very broad emis-
sion feature due to MgS. Other sources in our sample also showed crys-

talline forsterite emission at 23.8, 27.5, 33.8 um.

Six transition objects showed [Nell] emission at 12.8 pm, thus indicat-
ing their transition nature from PAGB/PPNe to PNe with the onset of

1onisation.

The IR vibrational modes of Fullerenes at 18.9, 17.4, 8.5, 7.0 pum were
observed for the first time in the PAGB star IRAS 21546+4721.






Chapter 6

Summary and Future

Work

The work presented in this thesis deals with the study of circumstellar envi-
ronment of sources that are in various stages of stellar evolution. Here, we
summarize and highlight some of the important results obtained from the re-
search presented here. We also briefly mention some future directions of the

work that may be taken up during the post-doctoral period.

6.1 Summary

6.1.1 Infrared studies of V1647 Ori and five other erup-

tive young stellar objects

V1647 Ori is a young eruptive variable star known to be illuminating McNeil’s
nebula. It experienced two episodes of outbursts during 2004 and 2008. The
2004 outburst lasted for about 2 years and subsequently slowly faded to its
quiescent brightness. In 2008, V1647 Ori experienced its second outburst in
six years which is still on-going. The nature of the outburst and its similarity
to the pre-main sequence eruptive events of FUors and EXors make V1647 Ori

to be distinctive. NIR monitoring was done spanning the two outburst and
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quiescent phases. The current, on-going outburst, shows higher amplitude of
brightness and extinction A, fluctuations than the earlier 2004 outburst. It also
seems to show a slower fading at a rate of ~ 0.06 - 0.18 mag per year since 2012
which is reminiscent of a typical FUors light curve. The NIR spectra during the
current on-going outburst showed variability in the Br v and CO first overtone
bands. The time scales of the outburst and observed spectral features suggest
V1647 Ori to be a new class of object having both the properties of FU Ori
and EX Lupi. Mid-IR spectra show silicate emission and CO, ice absorption
feature during the 2004 outburst thus depicted its highly embedded nature.
Modeling of the SEDs during the outburst and quiescent phases show that the
disk mass and disk accretion rate much higher during the former than those
in the latter. IR photometric and spectroscopic properties of V1647 Ori was
compared with five other eruptive variables. The IR properties of V1331 Cyg
showed a possible similarity to V1647 Ori.

6.1.2 Infrared studies on a sample of Asymptotic Giant

Branch stars

NIR spectroscopy was used to study the signatures of mass loss processes
during the AGB phase of evolution on a sample of M, SR, S type stars. NIR
observations in the H and K bands showed first and second overtone bands
of CO in absorption. In all the sources the hydrogen recombination lines were
absent. The second overtone band of CO(3-0) show a trend of correlation
with mass loss parameters like [H — K] and [K — 12] color for M and S type
stars. The observed trend may be due to the fact that this line originates from
the stellar photosphere where the effects of pulsation are more pronounced.
Similarly a positive correlation of CO(3-0) with CO(4-1) and CO(2-0) with
CO(3-1) is seen which is due to the population of the levels that are excited
at equilibrium conditions. The SEDs of the AGB candidates show the absence
of detached shells indicating its on going mass loss. The SED model of M-
type stars showed higher mass loss rates compared to the SR and S type
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stars in our sample. These mass loss rates were also evident from their higher
opacities as revealed by SED models. The SED models also showed a warmer
dust shell temperature for all the types in the range 450 - 700 K. The warm
circumstellar envelopes in the AGB stars may be due to the presence of the
expanding envelopes closer to the central source. The mass loss rate of M type

stars also showed an increasing trend with the [K — 12] color.

6.1.3 Infrared studies on a sample of Post-AGB /Proto-

Planetary Nebulae

The episodic PAGB mass loss during the PAGB/PPNe stage was studied by
monitoring its NIR spectroscopic variations. Repeated spectroscopic observa-
tions in the NIR wavelengths were done on a sample of a PAGB stars. Cooler
PAGB stars showed spectral variation in CO first overtone bands while hot
PAGB stars showed variation in HI lines. The sum of the EWs of Brackett
series lines shows a positive correlation with stellar evolution of the central
source (with the increase of photospheric temperature), while the sum of the
EWs of the first overtone bands of CO show a negative correlation. Using the
Spitzer mid-IR spectra, the PAGB & PPNe candidates were classified based
on the observed spectral features. Modeling of the SEDs with a double shell
configuration was done for sources with strong PAH emission in its mid-IR
spectra. SEDs for all other sources were modeled using a single shell config-
uration. SED models of the PAGB candidates showed higher mass loss rates
compared to the M, SR, S type sources. The temperature of the inner dust
shell showed a decreasing tendency with increasing dust shell inner radius rq,
where as the stellar photospheric temperature shows increasing tendency with
the ratio of ry/r.. The mass loss rate showed a negative correlation with dust
temperature; while it correlated positively with 7y 55. The observed strength of
various PAH modes showed variation with the photospheric temperature (T.).
The mid-IR spectra of a few PAGB/PPNe candidates showed dust features at
21, 23 and 30 um. We propose a core and mantle type configuration of dust
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grains to explain the observed structures in the 21 um feature. The observed
structures may be explained by the varying thickness of the mantle material
FeS on the SiC core grain. Some of the objects in our sample showed the
presence of crystalline forsterite. The peak wavelength of the 21 um feature
was observed to move towards longer wavelength with the increase of T, while
the peak wavelength of 11 um feature moves towards the shorter wavelength.
A few PAGB/PPNe candidates showed prominent [Nell] emission at 12.8 ym
indicating their transition nature to PNe with the onset of ionizing photons.
The vibrational modes of fullerenes were detected for the first time in a PAGB

candidate IRAS 21546+4721.

6.2 Future Work

One of the most exciting challenges facing theories of post-main sequence evolu-
tion is to understand how AGB stars and their circumstellar envelopes (CSEs)
transform themself to PNe with a variety of aspherical morphologies. Gen-
eralised Interacting Stellar Winds model is the most successful model for de-
scribing the shaping of PNe (Kwok, 1982; Kahn and West, 1985). The model
consists of a fast (> 1000 km s™') spherical stellar wind that interacts with
an equatorially dense AGB CSE to produce an axisymmertic PNe. The fast
wind is blocked by the torus in the equatorial plane of the AGB star, but
may easily flow into the polar regions, creating a bipolar PPNe. However, this
model is inadequate to explain the high-resolution imaging surveys with Hub-
ble Space Telescope (HST) (Sahai et al., 1999). Collimated fast winds (CFWs)
have been proposed to operate during the PAGB phase and are considered to
be the primary agents for shaping PPNes (Sahai and Trauger, 1998). Other
models take into account the interaction of a companion object to explain the
observed non-asymmetry structure (Soker and Rappaport, 2001).

As PAGB stars/PPNe evolve into early stages of PNe, part of the shell
begins to be ionized by the central star. These ionization fronts observed in

the envelope of PPNe objects acts as a shaping agent and could heavily influ-
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ence the observed morphologies in the earlier part of the evolutionary phase.
The physical processes associated with the observed morphologies during the
formation of PNe can be studied by observing the radio continuum emissions
from the ionised shells around these objects (Cerrigone et al., 2008). The radio
continuum emissions may be due to wind-shock interaction or ionisation from
the central star. Since radio waves suffer much lesser extinction and could
pass through high dust density it can be used as an excellent probe for un-
derstanding the physical processes taking place deep inside the circumstellar
envelope. The radio-continuum observations of these transition sources with a
hot central star will be proposed to be done using the Giant Meter wave Radio
Telescope (GMRT) in the frequency bands of 150, 235, 327, 610 & 1280 MHz.
The sample of sources will be so chosen as to have a negative spectral index
that indicate a possible increase in the flux levels at these bands.

The presence of fast wind during the PAGB/PPNe phase can also be de-
tected by observing molecular hydrogen at 2.121 ym and 2.248 pm in the NIR
(Davis et al., 2003). Molecular hydrogen can be excited by the interaction of
fast wind with the circumstellar shell. These NIR observations will be made
using a NIR imaging Fabry-Perot spectrometer coupled with the NICS at the
cassegrain focus of the Mt.Abu 1.2 m telescope. This instrument is currently
being designed and assembled by the author. The radio continuum obser-
vations coupled with the detection of molecular hydrogen in the NIR on a
large sample of PAGB/PPNe candidates will lead to the understanding of the
physical processes responsible for their shaping and their evolutionary status.

NIR monitoring of several FU Ori & EXor sources will continue to be

pursued.
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Appendix A

Near-infrared monitoring

of V1647 Ori

Table A.1: V1647 Ori: JHK Photometric Magnitudes and Colors and Ay (in
mag) during 2004-2012

Date JD J H K J-H H-K Ay

2004Mar20 2453084.5 10.85 883 7.71 202 112 11.76
2004Mar21  2453085.5 10.76 891 759 1.85 132 7.1

2004Aprll 2453106.5 11.09 9.01 749 2.08 152  9.38
20040ct16  2453294.5 11.15 924 7.89 1.91 135 8.40
20040ct17 24532955 11.18 9.23 7.87 1.95 1.36 8.87
2004Dec21  2453360.5 11.04 920 7.83 1.84 137 7.7
2004Dec22 24533615 11.03 898 7.76 2.05 122 11.37
2005Dec31 24537355 14.05 11.32 9.63 2.73 1.69 17.01
2006Jan05  2453740.5 14.01 11.47 9.73 254 174 13.98
2006Feb27 24537935 14.60 11.70 9.70 2.90 2.00 16.87
2006Nov03 24540425 14.21 11.67 10.01 254 1.66 14.62
2006Nov04 24540435 14.19 11.68 9.92 251 1.76 13.41
2006Nov20  2454059.5 14.11 11.69 9.99 242 1.70 12.64
2006Nov2l  2454060.5 14.19 11.64 9.94 255 170 14.44
2006Dec23 24540925 14.23 11.74 10.17 249 157 14.65
2008Nov21 24547915 10.79 895 7.60 1.84 126 8.15

Continued on next page
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Table A.1 — continued from previous page

Date JD J H K J-H H-K Ay

2008Nov22 24547925 10.82 895 775 187 1.20 9.05
2008Dec04  2454804.5 10.73 898 7.66 1.75 132  6.42
2009Jan25  2454856.5 10.76 886 726 190 1.60 6.25
2009Jan26  2454857.5 10.74 885 723 189 1.62 595
2009Decl18  2455183.5 10.70 896  7.55 1.74 141 5.56
2009Dec21  2455186.5 10.72 896 747 1.76 149  5.20
2010Janl18  2455214.5 10.74 9.00 7.22 1.74 1.78 —

2010Feb27  2455254.5 10.77 895 737 182 158 5.31
20100ct26 ~ 2455495.5 10.79 892 742 187 150 6.64
2010Nov07  2455507.5 10.36 9.14 7.85 1.22 1.29 —

2010Dec01  2455531.5 10.86 893 784 1.93 1.09 10.76
2010Dec19  2455549.5 10.83 9.77 751 1.06  2.26 —

2011Jan01  2455562.5 10.86 9.01 7.68 1.85 1.33 7.73
2011Jan02  2455563.5 10.88 9.01 721 187 1.80 —

2011Jan24  2455585.5 10.80 8.88 8.01 1.92  0.87 —

2011Feb04  2455596.5 10.74 896 750 1.78 146  5.72
2011Mar07 2455627.5 10.86 896 748 1.90 1.48 7.21
20110ct20  2455854.5 10.82 896 746 1.86 1.50 6.50
2011Nov29 2455894.5 11.16 9.17 735 199 1.82 —

2011Decl6  2455911.5 1097 9.03 778 194 125 9.61
2012Feb18 24559755 10.86 898 791 188 1.07 10.23
2012Mar19 2456005.5 10.80 891 732 189 1.9 6.19
2012Mar30 2456016.5 10.92 895 7.89 197 1.06 11.55
2012Apr26  2456043.5 11.09 9.16 795 193 1.21 9.80
2012Apr30  2456047.5 11.11 930 772 181 1.58 5.17
20120ct19  2456219.5 11.12 9.09 778 2.03 131 10.38
2012Nov02  2456233.5 10.95 896 777 199 1.19 10.79
2012Nov18  2456249.5 11.16 9.07 7.70 2.09 1.37 10.72
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Appendix C

Infrared investigations of

PAGB /PPNe candidates

Table C.1: NIR spectral variability observed in a sample of PAGB/PPNe stars

Star Spectral type Date of observation Pa g Br~y Br(H) CO (H) CO (K)
0429643429 G0Ia 3 Jan 2006 4.1 8.4
15 Dec 2011 2.95 42.01 3.82
0713441005 F5lab 4 Feb 2007 5.1
16 Dec 2011 3.24  6.63 52.52 0.51
21 Mar 2012 1.62 4.1 47.78 5.39
0743041115 Gbla 4 Feb 2006 3.9 28.9
21 Mar 2012 4.18 341 30.17 23.24
08005-2356 Fbe 15 Dec 2011 2.0 0.94 12.15 -7.94 -22.41
19 Mar 2012 1.59 13.35 -4.75 -40.65
10158-2844 B9.5Ib-11 18 Feb 2012 1.25  2.44 56.15 -0.5 -5.34
18 Mar 2010 1.91 2.1 45.31 -4.97 -1.9
19 Jan 2013 231 114 36.01
19 Mar 2012 1.86 1.60 33.1 7.44
30 Mar 2012 1.38  6.62 38.76
12538-2611 F3la 19 Mar 2012 2.14 2.72 32.05
20 Jan 2013 0.89 2.71 36.3 -1.47 -15.71
22 Jan 2014 0.88 4.1 25.36 -34.31

Continued on next page
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192 Chapter C. Infrared investigations of PAGB/PPNe candidates
Table C.1 — continued from previous page
Star Spectral type Date of observation Pa g8 Brvy Br(H) CO (H) CO (K)
16476-1122 M1I 19 Mar 2012 24.67
30 Mar 2012 3.65 27.76 40.42 41.39
17423-1755 Be 29 May 2003 -5.6 -27.6 -11.5
13 May 2007 -5.2 -25.4 -23.6
26 Apr 2012 -5.3  -30.17 -28.65 -26.59
174364-5003 F3Ib 18 Mar 2010 2.16  6.75 52.13 1.2
18237-0715 Be 28 May 2004 -31.7 423
3 Nov 2006 -20.9 -274 -11.1
14 May 2007 -8.9 -29.8 -7.7
19399+2312 Be 1 Nov 2005 20.1  11.8 87.4
15 May 2007 -44  -88 -88.0
6 Jun 2007 -6.2  -15.6  -94.0
24 Apr 2008 -4.0 -13.8 -35.8
1 Dec 2010 1.69 49.61
2000442955 GT7la 2 Nov 2012 2.01 397 31.5 -9.99 -12.36
2227245435 G5la 4 Nov 2006 44 3.4 30.2
21 Nov 2008 247  5.46 32.6 17.12 31.74
2 Jan 2011 214 345 32.53 12.09 21.92
28 Nov 2011 2.33  3.27 34.91 24.12 32.08
15 Dec 2011 2.43 23.09 3.74 26.39
2 Nov 2012 1.99  2.65 36.41 -8.08 -6.47
22327-1731 AOIIT 6 Nov 2006 3.8 28.7
16 Dec 2011 215 195 58.38 -3.72
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Table C.8: EWs (in pm) of Hy S(5) rotational line (wavelengths in pym) observed
in a sample of PAGB and PPNe candidates

Object S(6) S(5)
6.11 6.93
14429-4539 . -0.021

17542-0603  -0.014
190244-0044 -0.125

1920043457 .. -0.035
20462+3416 .. -0.055
22023+5249 . -0.055
PAGB

11353-6037 . -0.034
15482-5741 .. -0.012

Table C.9: EWs (in um) of the spectral features at 23, 27, 33 pum possibly due to
crystalline forsterite and broad 30 pm feature possibly due to MgS (wavelengths in

pum) observed in a sample of PPNe candidates

Object 21 23 27 33 30
0100547910 - - - - -4.331
0429643429  -1.222 - - - -2.223
0508940459 - - - - -
05113+1347  -0.658 - - - -2.762
05341+0852  -0.359 - - - -2.382
0603441354 - -0.138  -0.092 -0.312 -
06530-0213 -1.801 - - - -1.884
071344-1005 - - - - -
08005-2356 - - - - -
11339-6004 - - - - -1.444
11387-6113 - - - - -3.266
13245-5036 -1.431 - - - -0.231
13313-5838 - - - - -
13500-6106 - - - - -2.515

Continued on next page
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Table C.9 — continued from previous page

Object 21 23 27 33 30
14341-6211 - - - - -
14429-4539 -0.329 - - - -1.929
16206-5956 - -0.641 -0.128 -0.316 -
16559-2957 - -0.469 - -0.105 -
17009-4154 - - - - -
17074-1845 - -0.462 -0.070 -0.207 -
17130-4029 - -0.163 -0.064 -0.091 -
17195-2710 - -0.431 - - -
17203-1534 - -0.275  -0.084 -0.095 -
17234-4008 - - - - -1.629
17253-2831 - -0.043 -0.096 -0.270 -
17287-3443 - - - - -
17317-2743 - -0.700 -0.130 -0.203 -
17381-1616 - -0.357 - -0.025 -
17423-1755 - - - - -3.579
17542-0603 - -0.113 - -0.051 -
17580-3111 - -0.257 -0.014 -0.102 -
18023-3409 - -0.380 -0.105 -0.279 -
1806242410 - -0.068 - - -
1853340523  -0.394 - - - -1.521
19024+-0044 - -0.427 -0.099 -0.252 -
19157-0247 - -0.077 -0.084 -0.291 -
1920043457 - - - - -1.585
193061407 - - - - -
1945442920 - - - - -
1947742401  -0.215 - - - -0.850
19590-1249 - -0.268 -0.051 -0.080 -
20462+3416 - -0.442  -0.138 -0.223 -
2057244919 - - - - -
21289+5815 - - - - -
22023+5249 - -0.432  -0.220 -0.166 -
22036+5306 - - - - -1.484
2222344327  -3.743 - - - -4.096
F22327-1731 - -0.020 -0.020 -0.146 -

Continued on next page
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Table C.9 — continued from previous page
Object 21 23 27 33 30
23304+6147  -1.511 - - - -2.774

Table C.10: EWs (in pum) of the spectral features at 23, 27, 33 um possibly due
to crystalline forsterite and broad 30 um feature possibly due to MgS (wavelengths
in pm) observed in a sample of PAGB candidates

Object 21 23 27 33 30
06556+1623 - - - - -
08335-4026 - -0.089 -0.144 -0.681 -
10211-5922 - - - - -
11201-6545 - -0.314 -0.089 -0.118 -
11353-6037 - -0.840 -0.18 -0.268 -
12145-5834 - - - - -5.371
13529-5934 - -0.213  -0.572 -0.181 -
14325-6428 - - - - -4.172
14346-5952 - - - - -1.270
14482-5725 - -0.214  -0.313 -0.917 -
15482-5741  -1.484 - - - -1.901
sa0243233 - - - -0.055 -
16494-3930 - -0.493 - -0.139 -
17088-4221 - - - - -
17168-3736 - - -0.298 -0.277 -
17359-2902 - -0.438 -0.115 -0.495 -
17364-1238 - -0.689 - - -
17376-2040 - -0.010 -0.008 -0.057 -
17488-1741 - -0.022 -0.177 -0.281 -
18246-1032  -0.046 -0.033 -0.531 -0.069 -
20259-+4206 - -0.013 -0.021 -0.021 -

21546+4721 - - - - -1.624
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Abstract We present results of the Mt AblHK photometric and HI Brackety
line monitoring of the eruptive young stellar object V164iiddis (McNeil’'s Object)
during its ongoing outburst phase in 2008-2012. We disdtidscolor patterns and
extinction during the outburst and compare them with thesmfthe previous out-
burst phase in 2004-2005 and in the intervening quiesceitdthat lasted about
2yr. Commencing from early 2012, the object has shown a staliny out in all the
bands. We report brightness variations in the nearby Hetlaig object HH22 that are
possibly associated with those in V1647 Ori. We also preseteling of the spec-
tral energy distributions of V1647 Ori during both its reteuatburst and its quiescent
phase. The physical parameters of the protostar and itsnagtellar environment ob-
tained from the modeling indicate marked differences betwtbe two phases.

Key words: stars: pre-main sequence — stars: formation — (stars:ymistellar
matter — stars: individual (V1647 Ori)

1 INTRODUCTION

It is believed that most low-mass pre-main-sequence (PN#8$ sindergo a recurring active stage
during which they show enhanced brightness or an ‘outblasting for a few years to a decade
or longer (e.g., Stahler & Palla 2004 and references therAimong the various mechanisms pro-
posed (see Hartmann & Kenyon 1996), by which the rate of éa¢m@ass substantially increases
over a period of time causing the outburst, are the thernsginility in accretion disks (Bell et al.
1995), evolution from envelope accretion to disk magnétesp accretion (Hartmann & Kenyon
1985), and gravitational or tidal triggering by the passafye putative binary companion (Bonnell
& Bastien 1992). Depending upon the duration of the outh&glS stars are sub-classified as FUors
(prototype being FU Orionis) that last for over a decade ng&r and EXors (prototype EX Lupis)
that occur over shorter periods of about two years (Herbigrl9v1647 Ori (IRAS 05436—-0007),
first discovered by McNeil et al. (2004) and since called MitBlebject, showed an outburst akin
to EXors, yet it seemed to be distinctive (e.g., Ojha et ad&@spin et al. 2008; Aspin & Reipurth
2009 and the references therein). While the duration ofliteurst was similar to EXors, its spectral
characteristics seemed to be so different from EXors thatay as well be a new class of object
in itself (Kun 2008). However, in recent times the star shdaesecond outburst (currently ongo-
ing) starting from mid-2008 (for a comprehensive study, Aepin 2011 and references therein).
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Reporting post-2008 outburst behavior, Aspin (2011) catedl that the object remained “in an ele-
vated photometric state” till early 2011. It was also codeld that McNeil's nebular morphology re-
mained unchanged in its two recent outbursts. Furtherradagge discrepancy in the accretion rates
derived from Hv and Bry emission line fluxes was reported. Using high resolutiorcspscopy,
Brittain et al. (2010) showed that the accretion rates @erfvom Bry emission were similar during
the two outbursts (though varying) and a factorof6 higher than the smallest accretion rate during
the quiescent phase. These studies showed that the cumeaiiig) outburst was basically different
from the earlier one and this deserves further investigatiearly, therefore, continued monitoring
of the object is necessary to detect possible changes iglitsvior post-2011.

In this work, we present a substantial volumelbfK photometric and somkK band spectro-
scopic observations made from Mt Abu during 2008—-2012. \Weudis their possible implications
on the nature of V1647 Ori, in comparison with the previoutbatst and quiescent phases. Further,
we attempt to model the spectral energy distribution (SEdf)@ian online modeling tool developed
by Robitaille et al. (2007) and compare the physical paramséhcluding accretion rates of both
disk and envelope for V1647 Ori during the two epochs (vizegcence and outburst). Section 2
gives the details of our observations and Section 3 presiemtesults and discussion, including SED
modeling results. Section 4 gives important conclusions.

2 NEAR-INFRARED PHOTOMETRIC AND SPECTROSCOPIC OBSERVATIO NS

JHK photometric observations were made using the Near Infr&athera & Multi-object
Spectrograph (NICMOS) (256256 HgCdTe array) and the Near Infrared Camera & Spectrbgrap
(NICS) (HAWAII-1 1kx 1k HgCdTe array), both mounted at the Cassegrain focus df.the in-
frared telescope of the Physical Research Laboratory’8'$lPRit Abu Observatory.

The data consist of more than 40 setsddK observations during the period 2004-2012, a ma-
jority of which were made during the period 2008-2012. A pdrthe photometric data obtained
between 2004—-2005 appeared in Ojha et al. (2006). Singteefiategration times were 40-60 s/20—
30s forJ, 20-40s/10-20s foH and 2s/10-15s foK band with the NICMOS/NICS cameras.
Several such frames were taken amounting to total integrdimes of 120-720s for NICMOS
and 120-400s for NICS. A sufficient number of dithered franvese obtained for effective back-
ground subtraction and flat fielding. The seeing during theeolations was typically.7” — 2.5”.
Photometric flux calibration was done by observing a stathdtar in the AS 13 region (Hunt et al.
1998).

Data reduction was done using the Image Reduction and Ardfgility (IRAF) software.
The dark-subtracted and background-subtracted imagesageadded to obtain the final image in
each band. The photometric magnitudes of V1647 Ori were fim@md using the task APPHOT in
IRAF. The magnitude of extended sources such as HH22 waseatsnated using a larger sam-
pling aperture (usually four times the FWHM of a star imagd@)e integrated magnitude of the
nebula surrounding V1647 Ori was estimated from the images the star was subtracted using a
40" apertureK band spectroscopic observations were made using the NICM@$ at a spectral
solution of~1000. The integration time for the spectra was 60 s per fr&pectral reduction was
done using standard spectroscopic tasks in IRAF. For skiggvaand subtraction, a set of at least
two spectra was taken with the object dithered to two difieositions along the slit. The sky-
subtracted spectra were then co-added resulting in a tgpalsare time of 480s. The atmospheric
OH vibration-rotation lines were used for wavelength aaflon. The spectra of V1647 Ori were
then ratioed with that of a spectroscopic standard star &f AQe, observed at a similar airmass, to
remove the telluric absorption features. Prior to ratioiig HI absorption lines from the standard
star spectra were removed by interpolation. The ratioedtspevere then multiplied by a blackbody
curve at the effective temperature of the standard staetid e final spectra. The observgdband
photometric flux of V1647 Ori was used for flux calibration bétspectra.
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3 RESULTS AND DISCUSSION
3.1 Photometry

Table 1 gives thdHK magnitudes and colors for all the dates of our observatibms.photometric
errors are typically 0.02 to 0.05 magnitudes. For the ong@®@08 outburst period (observations
from Nov 2008 till Nov 2012), the average magnitude with gtz deviationf) for 29 data sets are:
10.85 (0.17); 9.02 (0.18); 7.60 (0.24) for theH andK bands respectively. Occasional deviations
of more than 3 due to variability of the object were noticed in all the thimds. For the 2004
outburst period (observations from Mar 2004 till Dec 20049 tverages for seven data sets are
11.01(0.16);9.06 (0.17); 7.73 (0.15) for theH andK bands respectively; the deviations are within
20. For the quiescent phase during 2006—2007 (observations Bec 2005 till Dec 2006), the
averages for eight data sets are 14.2 (0.18); 11.61 (0.189; @.18) for theJ, H and K bands
respectively; occasional deviations seen are within Phus the ongoing outburst shows higher
amplitude fluctuations in brightness than the 2004—200bwst, especially in th& band (more
than 0.5 mag). The light curves in tieH andK bands are shown in Figure 1 covering the period
between 2004-2012. For comparison, a few data points frower gublished work are also shown
(from McGehee et al. 2004; Ojha et al. 2006; Acosta-Pulidale2007 and Aspin 2011). It may
be mentioned here that Acosta-Pulido et al. (2007) repatéd day periodic component in their
optical light curves in the visible bands. QiHK data do not clearly show this component.

Trend of decline of Outburst phase since early 20hZomparison with its behavior till 2011
(e.g. Venkat & Anandarao 2011), the object seems to showaastecline in the brightness begin-
ning from Feb-Mar 2012 (cf. Semkov & Peneva 2012; Ninan e2@1.2) with an approximate rate
of 0.16, 0.06 and 0.18 mag per year in the¢K bands respectively (see Fig. 1). It is necessary to
confirm this declining trend by continued monitoring. Thevsdecline compared to the one noticed
in the 2004 outburst is reminiscent of a typical FUor lightva) but it is premature to conclude that
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Fig.1 V1647 Ori: Light Curves in thd, H andK bands from Mt Abu observations during 2004—
2012 covering the two outbursts with the2-yr quiescence in between. The asterisks represent the
Jband, crosses represent thidand and pluses represent iéand. Observations made elsewhere
are shown in black filled circles (see text for references).
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Table 1 V1647 Ori:JHK Photometric Magnitudes and Colors, af¢ (in mag) during 2004—2012

Date JD J H K J-H H-K Ay
2004Mar20 2453084.5 10.85 8.83 7.71 2.02 1.12 11.76
2004Mar21 2453085.5 10.76 8.91 7.59 1.85 1.32 7.81
2004Apr11 2453106.5 11.09 9.01 7.49 2.08 1.52 9.38
20040ct16 2453294.5 11.15 9.24 7.89 191 1.35 8.40
20040ct17 2453295.5 11.18 9.23 7.87 1.95 1.36 8.87
2004Dec21 2453360.5 11.04 9.20 7.83 1.84 1.37 7.27
2004Dec22 2453361.5 11.08 8.98 7.76 2.05 1.22 11.37
2005Dec31 2453735.5 14.05 11.32 9.63 2.73 1.69 17.01
2006Jan05 2453740.5 14.01 11.47 9.73 2.54 1.74 13.98
2006Feb27 2453793.5 14.60 11.70 9.70 2.90 2.00 16.87
2006Nov03 2454042.5 14.21 11.67 10.01 2.54 1.66 14.62
2006Nov04 2454043.5 14.19 11.68 9.92 2.51 1.76 13.41
2006Nov20 2454059.5 14.11 11.69 9.99 2.42 1.70 12.64
2006Nov21 2454060.5 14.19 11.64 9.94 2.55 1.70 14.44
2006Dec23 2454092.5 14.23 11.74 10.17 2.49 1.57 14.65
2008Nov21 2454791.5 10.79 8.95 7.69 1.84 1.26 8.15
2008Nov22 2454792.5 10.82 8.95 7.75 1.87 1.20 9.05
2008Dec04 2454804.5 10.73 8.98 7.66 1.75 1.32 6.42
2009Jan25 2454856.5 10.76 8.86 7.26 1.90 1.60 6.25
2009Jan26 2454857.5 10.74 8.85 7.23 1.89 1.62 5.95
2009Dec18 2455183.5 10.70 8.96 7.55 1.74 1.41 5.56
2009Dec21 2455186.5 10.72 8.96 7.47 1.76 1.49 5.20
2010Jan18 2455214.5 10.74 9.00 7.22 1.74 1.78 —
2010Feb27 2455254.5 10.77 8.95 7.37 1.82 1.58 531
20100ct26 2455495.5 10.79 8.92 7.42 1.87 1.50 6.64
2010Nov07 2455507.5 10.36 9.14 7.85 1.22 1.29 —
2010Dec01 2455531.5 10.86 8.93 7.84 1.93 1.09 10.76
2010Dec19 2455549.5 10.83 9.77 7.51 1.06 2.26 —
2011Jan01 2455562.5 10.86 9.01 7.68 1.85 1.33 7.73
2011Jan02 2455563.5 10.88 9.01 7.21 1.87 1.80 —
2011Jan24 2455585.5 10.80 8.88 8.01 1.92 0.87 —
2011Feb04 2455596.5 10.74 8.96 7.50 1.78 1.46 5.72
2011Mar07 2455627.5 10.86 8.96 7.48 1.90 1.48 7.21
20110ct20 2455854.5 10.82 8.96 7.46 1.86 1.50 6.50
2011Nov29 2455894.5 11.16 9.17 7.35 1.99 1.82 —
2011Decl6 2455911.5 10.97 9.03 7.78 1.94 1.25 9.61
2012Feb18 2455975.5 10.86 8.98 7.91 1.88 1.07 10.23
2012Mar19 2456005.5 10.80 8.91 7.32 1.89 1.59 6.19
2012Mar30 2456016.5 10.92 8.95 7.89 1.97 1.06 11.55
2012Apr26 2456043.5 11.09 9.16 7.95 1.93 1.21 9.80
2012Apr30 2456047.5 11.11 9.30 7.72 1.81 1.58 5.17
20120ct19 2456219.5 11.12 9.09 7.78 2.03 131 10.38
2012Nov02 2456233.5 10.95 8.96 7.77 1.99 1.19 10.79
2012Nov18 2456249.5 11.16 9.07 7.70 2.09 1.37 10.72

it is an FUor; as there have been spectroscopic indicatmtigetcontrary. In fact it could be a class
in itself which shows characteristic features of both FUnrd EXors (see Kun 2008).

We have computed the visual extinctidy from the colors J—H] and [H—K] for both epochs,
using the formula for T Tauri stars derived from Meyer et &4Bg7) and the extinction model of
Bessell & Brett (1988),

Ay =13.83x [J — H] —8.02 x [H — K] - 7.19. (1)



Near-infrared Monitoring and Modeling of V1647 Ori 1111

4 * —
L % i
6 ¥ E * * _
* * * *
3 e * o 1
| % _
E 8 : *
= L * i
= *
ERUS *o* .
E *
L * *
~ *
> * *
< 121 -
- * * -
*
14— * —
- # -
16 — —
L K% i
18 1 I 1 I 1 I 1 I 1 I 1 I 1
0 500 1000 1500 2000 2500 3000 3500
Julian date (2453000+)

Fig.2 V1647 Ori: Time variation ofdy from Mt Abu observations during 2004—2012 comprising
two outbursts flanking the quiescent epoch (with largemexion).

The computediy values are listed in Table 1. For comparison,thecorresponding to the 2MASS
epoch (quiescent on 1998 October 7) is 13.3. The time ewnlutf Ay is shown in Figure 2. We
find that there is- 6 mag difference iMy between the two phases, with the outburst phase having
a lower extinction. This can be attributed to the excess raaseeted by the envelope (from the
environment) during the quiescent phase in comparison tivéghoutburst phase during which the
disk accretion (from the envelope) is expected to domireatg Aspin et al. 2008 and Aspin 2011).
A JHK color-color diagram constructed from Mt Abu data during 268012 is shown in
Figure 3. TheAy values computed using Equation (1) are in reasonable agrgefwithin 1 —
2 mag) with those obtained by de-reddening kK colors to the T Tauri locus in the color-color
diagram. The color-color diagram demonstrates the varias#iure of the source in the ongoing 2008
outburst phase in comparison with the 2004 outburst. Themezccupied by the latest outburst (as-
terisks in Fig. 3) extends horizontally (i.e. withb{H] ~ 1.7—2.0) beyond the T Tauri region; quite in
contrast with the 2004 outburst phase (open circles). Emidency during the ongoing outburst indi-
cates the presence of cold dust in the envelope/disk of #nesmpared to the 2004 outburst. Also,
we found at least two occasions (in 2010 November 7 & 2010 BDéee 19) in which the colors
showed extreme values, as indicated by the magenta astérigkgure 3 aroundJ-H] ~ 1.0-1.2,
with [H-K] at 1.3 and 2.3. On another occasion (2011 January 24) tloescioidicate a position to
the left of the T Tauri region. Thdy, could not be calculated for these cases falling well beybed t
T Tauri regime (shown as dashes in Table 1). We suspect thhtestreme fluctuations may have
short duration (a few days) and be attributable to variatiazircumstellar dust temperature.

3.2 Spectroscopic Variations

As may be seen in Figure & band spectra taken at different times during the outburas@lshow
variability in hydrogen By, indicating variable disk accretion rates. TheyBine shows a fluctu-
ating trend that does not seem to be associated with phatierflettuations (cf. Hv line reported
by Walter et al. 2004 and Aspin & Reipurth 2009). Quanz et 200{7) reported molecular line
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J-H

Fig.3 V1647 Ori: Color-color diagram from Mt Abu observations.eTAMASS value is marked
as an invertedriangle (corresponding to 1998 October 7). Tasteriskscorrespond to the ongoing
outburst period 2008-2012; while tlécles correspond to the outburst period of 2004-2005. The
squaresare for the quiescent epoch of 2006—2007. The three “straggenta asterisks, with two
appearing around — H ~1.0 and the one appearing arouid- K ~0.8, correspond to extremities
in photometric magnitudes observed in our monitoring. Seefor discussion. Thdot-dashedurve
represents the unreddened main-sequence stardottezlcurve shows the unreddened giant stars.
The black slanting parallel lines indicate the extincti@etors forAy = 30 mag (the extinction law
from Bessell & Brett 1988 was adopted). The pluses along ttiaation vector correspond to an
extinction interval ofAy = 5mag. The T Tauri stars fall on the black dashed straigkt Balopted
from Meyer et al. (1997).

variability in the mid-IR region during the 2004 outburdtniay be noted that the width at zero-
intensity and the ratio of peak to continuum intensity in Mbu profiles are in reasonable agree-
ment with those of Brittain et al. (2010) for the year 2009spite of the large differences in the
resolving power employed and signal-to-noise values batvie two observations. The accretion
luminosities and disk accretion rates derived from the dideaed By line fluxes from our spectra
(following the procedure described by Muzerolle et al. 19@®ige from 20-60.., and 1.0<10~6

to 3.0x107% M, yr—! respectively, which are comparable with those reported bigah et al.
(2010).

3.3 Variations in HH22 and the Nebula around V1647 Ori

Figure 5 shows dHK color composite image of V1647 Ori and its associated nehldzn from Mt
Abu on 2011 February 04 using NICS. Superposed on the imaghecontours of isomagnitudesin
theH band. The curved tail at the top left part of the nebular abgaesually attributed to the ongoing
accretion (cf. Reipurth & Aspin 2004). HH22 (knot A in Eidlef & Mundt 1997), seen nearly to
the north of V1647 Ori (see Fig. 5), is a Herbig-Haro type objéor the mid-IR counterpart, see
Muzerolle et al. 2005). It happens to be located very closélt647 Ori 30" of separation at an
assumed distance of 0.40 kpc) and its originating sourcadiaget been identified. It could possibly
be a reflection nebulosity powered by V1647 Ori (see Bricefial. 2004 and Aspin et al. 2008).
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Fig.4 V1647 Ori: Bry line (at 2.16um) in the K band observed on a few occasions at Mt Abu.
Variability is evident.

It may be expected therefore that the outburst from V164 7cGuid cause the nebulosity to show
a corresponding brightening. The light travel time from ylo@ing stellar object (YSO) to HH22 is
~ 70d. We analyzed images in tlé&lK bands obtained from Mt Abu to see if HH22 shows any
variability in its brightness.

Figure 6 shows the integratd€l magnitude of HH22 with time along with magnitudes of
V1647 Ori. The plot indicates a possible correspondencgdrst HH22 (knot A) and the outburst
activity, as well as indication of a trigger from even sheutn fluctuations in V1647 Ori. We also
noticed fluctuations in the brightness of the nebula aroubh@47 Ori, which typically follow those
of V1647 Ori itself. Similar fluctuations were also noticedtheJ andH bands.

3.4 Modeling of the Spectral Energy Distribution

Modeling the SED of V1647 Ori was done for three sets of dtartaluring: (i) the outburst phase
2004-2005; (ii) the quiescent phase 2006—2007 and (iii&tend (ongoing) outburst phase 2008—
2012. For each of these three phases, the mean values of Miomagnitudes were considered.
To theJHK data we added the visible, mid-infrared, far infrared and-mawe data during quiescent
and outburst epochs taken from Andrews et al. (2004) andnAspal. (2008). The SEDs given
in Aspin et al. (2008) for the outburst and quiescent phakew ghat the fluxes of the PMS star
in sub-mm and mm regions did not change more than 10% betviretwb phases. It is in the
visible and infrared that a substantial change had takereplehe near-infrared region occurs right
at the position of turn-over in the SED and hence is quite irtgm. It was assumed that the small
photometric variations, if present in the mid-infrared dadinfrared, are not significant in each
phase. We used an online tool developed by Robitaille e2@D7) for SED modeling. Using this
tool, several authors have successfully modeled T Taus astad massive protostars with masses up
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Fig.5 Color composite image of V1647 Ori and the surrounding Mébleebula in thed(blue),
H(green) and(red) bands taken at Mt Abu using NICS on 2011 February 4; HidZ2en nearly
north of V1647 Ori. TheH band contours (in white) are shown superposed on the imageiter-
most contour is 20 mag arcsecwith each contour brightening by 2 mag arcséinwards.
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Fig. 6 Time variations of V1647 Ori in th& band seen against those in HH22. The asterisks cor-
respond to V1647 Ori and pluses represent HH22. For HH22 #ignitudes are made brighter by
subtracting five to facilitate a closer comparison.

to 25 M, (e.g. Kumar Dewangan & Anandarao 2010). The online toolctelte best-fit solutions
from 20 000 models (each with 10 different angles of inclmatfor the accretion disk, making a
total of 200 000 models). The input parameters include,tdpan a minimum of three data points
in SED and their corresponding errors, a range of distarc#®etobject and the visual extinction.
The output parameters include stellar mass, temperaadie,s, age and total luminosity; as well as
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Fig. 7 SED models for V1647 Ori during (a) its quiescent phase (220687) and (b) its outburst
phase (2008—-2012). The filled circles represent data padihes full dark curves show the best fits
(see text for details).

disk inclination angle, masses of the disk and envelope ated 0f accretion. In order to minimize
the degeneracy of solutions, only those solutions thatfgetie criterion

(X2 - X%cst) <3 (2)

are chosen with? considered per data point (see Robitaille et al. 2006) Heumtore, in order to
avoid ‘over-interpretation’ of SEDs, we provided a smailiga of visual extinction values (from the
JH K photometry) for each phase, to account for the inherentrtaiogées in their determination. In
the present case, a distance of 0.40 kpc is adopted (fronoAptfiwarog 1982). The best fit models
are displayed in Figure 7 along with the observed data (shawitied circles) for the quiescent
phase of 2006—2007 and the ongoing outburst phase of 2008-20

Table 2 lists the mean values and standard deviations ofiqgaiysarameters derived from the
models for the two epochs. The model parameters for the mitphase 2004—-2005 match quite
well with those of the ongoing outburst phase of 2008-201 2hé quiescent phase one can notice
the stellar parameters similar to those of a T Tauri star.tBetoutburst parameters mimic more
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Table 2 Model Parameters for V1647 Ori in its Quiescent (2006—2G0%)
Outburst (2008—-2012) Phases

Physical Parameter Quiescent Phase Outburst Phase
Stellar Age (yr) 4.82.5x10%) 6.3+3.1 (x10°)

Star Mass {/¢) 0.34t0.15 4.44-0.34

Star Temperature (K) 3360170 756@:1590

Star Radius R) 4.01+0.12 7.08:2.28

Total Luminosity o) 1.85+0.24 156.5:28.0
Envelope MassiX/) 1.5140.02 1.40:3.79 (x10~%)
Envelope Accretion RateW(o yr—1) 5.3+0.1 (x1075) 3.7£0.0(x107%)
Disk Mass (\/) 6.8+8.00 (x10~5)  6.9+1.8 (x10~2)
Disk Accretion Rate /o yr—1) 5.5+3.3 (x1079) 2.241.6 (x10~7)

of an intermediate mass star rather than a low mass PMS stidre loutburst phase the disk mass
and accretion rate are substantially enhanced when conhfmtbe quiescent phase. The envelope
accretion rate decreases by more than an order of magniiuttie butburst phase compared to the
quiescence, but envelope mass decreases by several dragrgratude. This may be due to the en-
hanced luminosity in the outburst phase which could prewexss accretion from the envelope. In the
quiescent phase, the envelope emission dominates in thinfreded and longer wavelength region,
while in the outburst phase the disk emission contributbstsutially in the region beyonduim.

It may be noted that the disk accretion rate for the outburasp given in Table 2 matches well
with those reported by Bricefio et al. (2004), Aspin et ab0@), Brittain et al. (2010) and Aspin
(2011). However, the disk accretion rates in the quieschat@ derived from BfPa3 emission
lines by Aspin et al. (2008) are much higher than the valuéséérfrom the model reported here.
While this could be due to uncertainties in the SED model oission line method, the important
point to be noted is that the disk accretion rate during thibwst phase is much larger than that
in the quiescent period. The total luminosity obtained t{areich includes contributions from the
star and its disk and envelope) matches well with those eétiyAbraham et al. (2004) and Aspin
et al. (2008) from the SEDs of the pre-outburst phase. Tl ¢ottburst luminosity during the 2003
outburst as derived by Bricefio et al. (2004) from the SED18 2., which agrees well with that
obtained from our model for the current ongoing outburstli&ausing a simpler model, Muzerolle
et al. (2005) interpreted thepitzerlRAC/MIPS (photometric bands between 3.5+#) data for
the pre- and post-outburst phases. Their results are givgiy similar to ours.

4 CONCLUSIONS

The important conclusions of this work are:

(1) Monitoring of V1647 Ori in theJHK bands has shown that the object has been undergoing
episodes of variation in mass accretion as indicated byl §migignificant variations in it§HK
fluxes. This conclusion is also supported by its spectrahtians in near-infrared;

(2) Starting from early 2012, the object has seemed to sholeva fading out with a rate of-
0.06-0.18 mag per year. This may indicate that V1647 Ori imgammediate type object falling
between FUors and EXors, having characteristic featurbsitfthe prototypes;

(3) TheJHK color-color diagram indicates several occasions in theecity ongoing outburst in
which the star displays positions beyond the T Tauri regiogicating the presence of colder
dust compared to its 2004 outburst phase;

(4) The Herbig-Haro object HH22, whose as yet unidentifiegrgizing YSO is situated at about
30" from V1647 Ori, seems to show light fluctuations correspongdb those of the latter,
thereby confirming that it is a reflection nebulosity trigegby the YSO;
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(5) The spectral energy distributions of V1647 Ori modeledthe epochs of quiescence and out-
burst, show that the disk mass and accretion rate in the mitbbase are significantly greater
than those in the quiescent stage, but the envelope massenetian rates are much lower.
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ABSTRACT

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

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

Key words: techniques: spectroscopic — stars: AGB and post-AGB — circumstellar matter —

stars: evolution — stars: mass-loss — dust, extinction.

1 INTRODUCTION

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

One of the most dramatic manifestations of the AGB stage is
the high rate of mass-loss that is mainly attributed to pulsational
levitation of atmosphere followed by expulsion of matter by the ra-
diation pressure (Wood 1979; Bowen 1988; Gail & Sedlmayr 1988;
Vassiliadis & Wood 1993; Habing 1996; Feast 2000; Willson 2000;
Winters et al. 2000; Woitke 2003; Garcia-Lario 2006). One of the

*E-mail: vvenkat@prl.res.in (VVR); anand @prl.res.in (BGA)

issues that we would address is the possible signatures of pulsa-
tional mass-loss in the spectra of AGB stars. We would also like
to study the IR spectral signatures that the intermediate-mass stars
leave while evolving beyond AGB stage to become planetary neb-
ulae (PNe) (e.g. Kwok 2000).

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

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

© 2008 The Authors. Journal compilation © 2008 RAS
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stars are discussed in Section 4. Section 5 lists important conclusions
of the present work.

2 NEAR-INFRARED SPECTROSCOPIC
OBSERVATIONS

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

2.1 The sample stars

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

3 RESULTS AND DISCUSSION

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

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

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

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

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

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

examples per category.

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

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

3.1 Correlations and their implications

Based on physical processes, very interesting correlations were
found among spectral features observed in AGB stars (Kleinmann
& Hall 1986; Lancon & Wood 2000; Bieging et al. 2002). We tried
to see if our sample too shows these. Kleinmann & Hall (1986) and

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



1080 V. V. Raman and B. G. Anandarao

Bieging et al. (2002) have found that the CO(2-0) and CO(3-1)
band head strengths are correlated. From the Tables 1-3, we can see
this trend; in addition, one can see a correlation between CO(3-0)
and CO(4-1) bands as well.

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

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

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

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

We have searched the Spitzer archival spectroscopic data in the mid-
IR region of 6-30 pwm and succeeded in obtaining seven PAGB stars
for which the data were available and unpublished and are not in the
list of sources presented originally by Hrivnak, Volk & Kwok (2000).
The raw spectra (post-basic calibrated data) were analysed using
the Spitzer IRS Custom Extraction (SPICE) task under Spitzer data
processing software packages. Interesting spectra in the wavelength
range of 10-18 pm from these objects are shown in Fig. 3 (where
in addition to the seven Spitzer stars, we have shown one more
PAGB star, namely IRAS 2227245435, reanalysed from the ISO
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Figure 2. Plots of EWs (in A) of the CO(3-0) line (left-hand panels) and CO(2-0) line (right-hand panels) with the IR colours [H — K] for M stars (shown as
open circles in top panels) and [K — 12] for S type stars (filled triangles in bottom panels). The Spearman rank correlation coefficient (p) and its significance

(s) are given in the corresponding figures.
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Figure 3. Spitzer spectra for some PAGB stars showing mid-IR PAH features in emission (for all the four spectra shown in the left-hand side panels and the
one in the top right-hand panel, continuum was subtracted using (fifth-order) polynomial fitting in segments). The spectra for IRAS 2227245435 were obtained

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

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

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

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

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

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

3.3 Modelling of infrared spectral energy distribution

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

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

4 SPECTRAL VARIATIONS IN SOME PAGB
OBJECTS

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

4.1 Variability of CO first overtone bands
in IRAS 2227245435

The spectra of this object of spectral type G5la show signatures
that are probably indicative of its advanced stage of evolution in the
PAGB phase. It was shown by Hrivnak et al. (1994) that the ob-
ject shows episodes of mass-loss that was evident from month-scale

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



IR spectroscopy of AGB and post-AGB stars 1083

T T T T T T T T
-10 C IRAS 02234-0024 | -10 - IRAS 03082+1436
_15 C 1 1 1 1 1 J -15 1
T T
-10 IRAS 03489-0131
N C 1 1 1 1 1
' -15
§ T T T T T
= r IRAS 05265-0443
Uf -10
<
N’
%)
2 -15 1 I 1 I I
T T
-10 / IRAS 07299+0825
-15 1 1 1 1 1
T T T T
-10 TRAS 19354+5005 —
o ]
_15 C 1 1 1 1 1 J
0 1 2

log(A) pm

Figure 5. Model SEDs (full lines) of some M type stars compared with observed data from literature (open circles). See text for model parameters and
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Figure 6. Model SEDs (full lines) of some SR type (in the top eight panels) and S type stars (in the bottom four panels below the horizontal line) compared
with observed data from literature (open circles). See text for model parameters and explanation.

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

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

4.2 Variability of H1 lines in IRAS 19399-+2312

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

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

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

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

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

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

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

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