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Abstract

Classical Novae(CNe) outbursts are violent thermonuclear explosions aris-
ing on the surface of white dwarfs in close binary systems and are contributors
to the chemical evolution of the interstellar medium through the production
and ejection of copious amounts of metal rich material. Observations and mod-
eling of CNe eruptions illuminate numerous fundamental processes of astro-
physical interest, including non-equilibrium thermonuclear runaway, radiative
processes in dynamic nebular environments, binary star interaction, mass loss
from red dwarfs, molecule formation, dust condensation and dust growth.

This thesis concentrates on studying the novae near their optical maximum
brightness, the temporal evolution of the early decline phase and investigating
the physical properties of the underlying binary system. The results that
emerged from the extensive studies of three novae, viz., V5579 Sagittarii, V496
Scuti and KT FEridani are presented. Of these three novae, V5579 Sgr and
V496 Sct are of Fe II class while the third nova KT Eri is of He/N class.
The system parameters like the distance to the nova, absolute magnitude,
expansion velocity of the ejecta, mass of the ejecta and gas to dust ratio are
calculated.

The nova V5579 Sgr showed pre-maximum rise lasting for about 5 days it
was possible to obtain near infrared observations near its optical maximum.
The spectra near peak brightness show strong P Cygni signatures. The black-
body fit to the spectral energy distribution of the optical and near infrared
data during the fireball phase near optical maximum is consistent with the A
- F spectral type pseudo-photosphere usually displayed by novae at outburst.
The optical light curve showed a sharp fall about 15 days after the optical
maximum indicating the onset of dust formation. The formation of dust in
V5579 Sgr is consistent with the presence of emission lines of elements with low
ionization potentials like Na and Mg in their early spectra. The early presence
of such low ionization potential lines has been suggested as likely indicators of
dust formation in the expanding nova ejecta at later times. With ¢, = 8 days,

V5579 Sgr is one of the few fast Fe II classes of novae that formed dust.
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The highlight of our study of V496 Sct is the detection of the rarely observed
CO first overtone emission bands of CO. The formation of molecules in nova
ejecta is expected to begin before the dust formation epoch. Though the dust
formation has been observed in several Fe II class novae the CO detection has
been done in very few novae. The CO bands have been modeled, assuming the
CO gas to be in thermal equilibrium, to estimate the mass of the CO gas in the
ejecta and the temperature of this emitting gas. In addition the 2C/*3C ratio
was estimated and compared with the model predicted values. The subsequent
observations have detected the formation of dust in V496 Sct. In addition the
evolution of optical spectra has also been studied using the data by Italian
group made available as part of the collaborative efforts to study novae.

The He/N class nova KT Eri, which has been proposed as a possible re-
current nova on the basis of its similarity with the observed properties of RS
Oph, was observed during the first 100 days following its discovery and evi-
dence for high velocity bi-polar flow is presented. With its location at galactic
latitude of -32 deg, KT Eri is one of the very few novae discovered at such
high galactic latitudes. The nature of progenitor of KT Eri has been studied
using the pre-discovery optical and near-infrared photometric data. The spec-
tral energy distribution shows a power law dependence with a spectral index
of 1/3 suggesting an accretion disk as the source of this continuum radiation.
The evolution of post-outburst continuum radiation over an extended infrared
spectral range using the WISE data was done and it shows a departure from
the expected free-free phase following its fast decline.

The research work presented in this thesis is based on the photometric
and spectroscopic observations of selected novae discovered during the period
2008 to 2010. The near-infrared observations were obtained from the 1.2m
telescope at Mt. Abu Infrared Observatory of Physical Research Laboratory,
Ahmedabad using the near-infrared camera/spectrograph (PRLNIC). The op-
tical photometric data from the archives of American Association of Variable

Star Observers (AAVSO) were used to generate the light curves of the novae.
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Chapter 1

Introduction

The name nova comes from the Latin words “stella nova” which means “new
star”. All novae are members of close binary systems containing white dwarfs
(WDs) as the primary stars and late type main sequence (MS) stars or giants
as the secondaries or companions. A close binary may be detached, semi-
detached, or a contact system depending on whether the companion star fills
its Roche lobe (Figure 1.1). In a nova the sudden increase in the brightness
is the result of a thermonuclear explosion on the surface of a white dwarf
(WD) in a close binary system. The explosion ejects material from the WD
surface into the surrounding interstellar medium (ISM) at velocities ranging

from a few hundred to a few thousand km s~ !.

The majority of the ejected
material is hydrogen (H), but there are also substantial quantities of metals
produced by explosive nucleosynthesis and dredged up material from the un-
derlying WD and mixed into the ejecta. Hence, the ejecta of classical novae
may have a considerable impact on the local chemical evolution of the ISM.
In a nova explosion, the energy produced amounts to about 10° erg. All no-
vae are Cataclysmic Variables (semi-detached binary) - a name first suggested
by Gaposchkin (Payne-Gaposchkin 1977). Cataclysmic variables (CVs) are
binary star systems in which one component of the system, a low mass red
dwarf, is transferring matter onto the second component, a degenerate white

dwarf. The mass transfer results in the formation of an accretion disc around

the white dwarf. Instabilities in the accretion disk like sudden transfer of
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Figure 1.1: Diagram for three types of close binary systems; detached, semi-
detached and contact, depending upon whether the companion fills its Roche

lobe.

matter to the white dwarf or runaway thermonuclear reactions on the white
dwarf surface give rise to the cataclysmic outburst, the sudden brightening,
observed in these systems. The novae are interacting binary star systems con-
taining a Roche-lobe filling secondary, on or near main sequence which is losing
hydrogen-rich material through the inner Lagrangian point to the white dwarf

primary.

1.1 Classical Novae

The classical novae (CNe), one of the subclasses of CVs;, are close binary sys-
tems with a late-type main sequence star (the secondary) transferring material
via Roche lobe overflow to a companion star (the primary; Crawford & Kraft
1956). The white dwarf primary is a compact object in the case of CNe (Gal-
lagher & Starrfield 1978). Novae brighten by 10 - 12 magnitudes in a few
hours and subsequently fade back to the original faint level over a period last-

ing several months to years. Novae provide a unique opportunity to study the
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Figure 1.2: The schematic diagram showing the semi-detached binary, the pri-

mary, companion, Lagrangian point, mass stream, hot spot and accretion disk.

interaction of changing radiation field with expanding ejecta spanning a wide
range of physical parameters like electron number density and temperature.
The WD composition is determined by the initial mass of the primary star,
which determines the amount of nuclear processing that will be completed be-
fore depletion of the star’s fuel reserves. The mass of the secondary in systems
such as these, with a short orbital period P, and a Roche lobe-filling main

sequence secondary, can be approximated as follows

M, /Mg =~ 0.065(P,,4)"**(hours), (1.1)

where M; is the mass of the secondary and Mg, the mass of the Sun (Warner
1995b). The primary can have a wide range of mass up to the Chandrasekhar
limit, and usually it is found to be above ~ 0.5 My. The binarity is evident
through the eclipsing nature when the viewing geometry is favorable or its
imprint on the ejecta, due to the bipolar wind and/or anisotropic irradiation
of the outburst material (Warner 2008).

The CNe binary system is generally accepted to contain a carbon-oxygen

(CO) or oxygen-neon (ONe) WD primary and a low mass secondary. The
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material starts to flow through the inner Lagrangian point into the primary’s
lobe when the secondary fills its Roche lobe. From Figure 1.2 it is evident
that a thin disc is formed around the WD due to the high angular momentum
of the transferred material. Hydrodynamic studies show that this accretion
from the secondary results in a growing layer of hydrogen-rich gas on the WD
surface (Starrfield et al. 2008). The mass accretion rate for these systems are
from 1072 to 1071% My yr~! (Cassisi et al. 1998). The mixing of the matter
can occur between the outer layers of the WD and the accreted hydrogen-
rich envelope, allowing enrichment of CO or ONe nuclei to be included in the
envelope. As more material is accreted on to the WD surface, the pressure and
temperature of the material at the base of the envelope increases and when

2 consistent with

the pressure reaches a critical value ~ 2 x 10! dynes cm™
numerical hydrostatic models of nova explosion, the thermonuclear runaway
(TNR) starts. This explosive burning of hydrogen is commonly termed as a
‘nova explosion’. After explosion the CNe can eject some or all of the accreted
envelope, including material that has been dredged up from the surface layers

of WD. All CNe have only one recorded outburst but they are thought to recur

on timescales of tens of thousands of years (Yaron et al. 2005).

1.2 Recurrent Novae

The previously recognized classical novae that are found to repeat their erup-
tions on the time scale of a decade or few decade are called as recurrent novae.
Till date, about 10 have been recognized as Galactic recurrent novae with a
few others considered as potential candidates. They group themselves in three
subgroups (Warner 2008):

The T CrB type: These systems have orbital periods of several hundred
days, and contain a red giant secondary, similar to symbiotic novae (Anupama
2002). The systems in this group have very similar behaviour, both in outburst
and at quiescence. They have a high frequency of eruption attributed to the

high rate of mass transfer M associated with the giant secondary (Warner
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2008). Due to high mass transfer rate they erupt more frequently. The definite
members of this class are T CrB, V745 Sco, V3890 Sgr and RS Oph.

The U Sco type: They consist of an evolved main sequence or subgiant
secondary and are similar to the CNe systems. The subgroup includes U Sco,
V394 CrA, CI Aql and LMC-RN. They are among the fastest novae observed.
Unlike normal novae, in quiescence, their spectra are dominated by He lines.
The outburst and quiescent properties of U Sco and V394 CrA are very similar.
U Sco and CI Aql with their periods ~1 d are typical of the class.

The T Pyx type: T Pyx is the only recurrent nova that is known to
have a Roche-lobe filling main sequence secondary. It has an orbital period of
0.0762 days (Patterson et al. 1998; Uthas, Knigge & Steeghs 2010). The light
curve and the spectral development are very similar to the slow classical novae.
The spectral development of the 1966 outburst indicates T Pyx also belongs
to the class of ‘hybrid’ novae. Theoretical models to explain the outburst light
curve indicate a white dwarf mass of 1.2 My (Hachisu, 2002). T Pyx is the
only recurrent nova that shows a discernable shell. The structure of the shell is
similar to that of GK Per, and is composed of thousands of unresolved knots,
some of which are variable, typically on a time scale of months (Shara et al.
1997). The observations support the model in which the rapidly moving, initial
ejecta from a nova eruption catches up and collides with the slow moving ejecta
from a previous eruption (Shara et al. 1997, Contini & Prialnik, 1997). This
collision produces the observed clumping, observed emission lines and the knot
variability. T Pyx has an extremely large quiescent luminosity and it has been
suggested that it is in a rapid and possibly terminal phase of evolution. It
will end up either with an evaporation of the secondary or as a Type Ia SN if
the WD reaches the Chandrasekhar mass (Knigge et al. 2000). The outburst
properties of T Pyx, CI Aql and IM Nor are similar (Anupama 2002).

The much shorter inter-outburst period for RNe compared to CNe is pre-
dicted to be due to a combination of high WD mass and a high accretion rate
(Starrfield et al. 1985; Yaron et al. 2005). The theoretical models for RNe lead

to the ejection of smaller amounts of material at higher velocities than those
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for CNe (typically 1078 to 107% M, and several thousand km s~1, respectively,
for RNe).

1.3 Dwarf Novae

The dwarf novae erupt frequently ranging from few days to few years. They
have a well define time scale for each object where amplitude of outburst is
typically of 2-5 magnitudes and in rare cases it can go upto 8 magnitude. The
dwarf nova outburst is well understood. On the basis of light curve dwarf
novae are classified into 3 distinct subtype viz. Z Cam stars, SU UMa stars

and U Gem stars.

1.4 Nova like variables (NLs)

Nova like variables include all of the ‘non-eruptive’ CVs. Their spectra indicate
that they are possibly novae that are either in a pre-or post-outburst stage and
perhaps Z Cam and UX UMa stars. The period between outburst is too long to
have been seen by modern observations. Most NLs have emission line spectra,

but a subgroup called UX UMa stars show additional absorption lines.

1.5 Magnetic CVs

They have an intense magnetic field that is strong enough to disrupt the ac-
cretion disk either partially or totally. The two main subclasses are:

(a)Polars: They have the strongest magnetic field (B > 107 G). The field
lines connect to the inter-star stream and prevent the formation of any accre-
tion disc.

(b)Intermediate Polars (IPs): They have relatively weaker fields (10 <
B <107 G), e.g., DQ Her. In case of IPs, a disc forms but the inner parts are
truncated where the primary’s magnetosphere controls the flow of the material

on the surface of the white dwarf.
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1.6 Symbiotic Novae

Symbiotic novae are a subclass of Symbiotic stars. The symbiotic stars are
interacting binaries containing an evolved giant transferring matter to a hot
and compact companion, usually a white dwarf. A typical symbiotic binary
is embedded in a circumstellar nebula which is mainly formed from material
lost in the red giant, while the hot component (WD) is responsible for its ion-
ization. The orbital separation at which the interaction of the material from
the secondary with the ionizing radiation from the white dwarf occurs is de-
termined by the nature of the giant. Two types of symbiotic stars are there;
S-type (stellar), which has normal M giants, and D-type (dusty) which has
heavily dust-reddened Mira variables (Warner 1995a). The S-type and D-type
have Mying ~ 1078 - 1077 Mg yr~! and 1076 - 1075 My yr!, respectively
(Kenyon 1988). The binary must have enough room for the red giant as in the
case of D-types for its dust shell and yet allow it to transfer sufficient mass to
its companion. The orbital periods for the S - types are of about 1 - 15 years,
and more than 20 years for the D - types, which are the longest orbital periods
among interacting binaries. Symbiotic stars are a very attractive laboratory
to study various aspects of interactions and evolution in binary systems and
important tracers of late phases of stellar evolution. The presence of both
the accreting white dwarf and the red giant (with its degenerate core) makes
symbiotic stars also a promising “factory” of Type la supernovae (SN Ia). The
path to Type la supernovae (SN Ia) can be either a thermonuclear explosion of
CO white dwarf upon crossing the Chandrasekhar limit (the single degenerate
(SD) scenario) or by merging of a double CO white dwarf system (the double
degenerate (DD) scenario). Symbiotic novae form a small subclass of cata-
clysmic variables in which the outburst is caused by thermonuclear runaway.

The typical separation between the components is ~ 10% - 10'° km.
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1.7 Nova light curves

The first systematic studies of CNe were limited to the characterization of
their optical light curves, i.e., the changing observed brightness with time.
Observations of this photometric development revealed a surprising diversity

in light curve evolution (Gaposchkin 1957).

In the initial rise phase where the nova increases in brightness up to 9
magnitude (see Figure 1.3), the detailed observations are rare due to the un-
predictable nature of nova outbursts. This initial rise can take from 1 - 2 days
in the fast CNe to several weeks in the slowest CNe. The instruments like
the Solar Mass Ejection Imager (SMEI) on board the Coriolis satellite, which
scans most of the sky every 102 minute orbit (Hick et al. 2007) have made
possible to observe the rising part of the novae outburst with high cadence.
The detection and detailed observations of the initial rise for a sample of three
CNe, KT Eri, V598 Pup and V1280 Sco, and one RNe, RS Oph using SMEI
have been made by Hounsell et al. (2010).

After the initial rise, some CNe show a pause in the light curve, about 2
magnitudes below maximum (e.g., HR Del). This pause can be of a few hours
in the fast CNe to a few days in the slowest CNe. The fast CNe take 1 -
2 days and it takes several weeks for the slower CNe to reach the maximum
brightness. The fast novae will remain at or around maximum brightness
for only a few hours and slow CNe will remain for few days. Hounsell et
al. (2010) have sampled well the region of the pre-maximum halt for a few
novae determining the duration of the halt. The initial decline from maximum
brightness is often smooth but there are some exceptions like V705 Cas, DQ
Her and GK Per which show a transition where a large dip is seen in their
brightness. Subsequently these novae slowly recover their brightness to reach
a level that closely matches the level expected from the extrapolation of the
light curve prior to the sudden dip. As discussed later this sudden fading is
due to dust formation in the nova ejecta. Sometimes the slow CNe exhibit

variations in the brightness on time scales of 1 - 20 days with amplitudes of up
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Figure 1.3: A typical light curve of a nova (taken from Bode & Evans 2008).

to two magnitudes. The CNe light curve shows a steady decline in brightness
with small fluctuations after the transition phase. Strope et al. (2010) have
studied the characteristics of 93 nova light curves and classify them on the
basis of the shape of the light curve and the time of decline by 3 magnitudes
(t3). They classify the light curves in 7 categories namely S, P, D, C, O, F and

J class.

1.8 Post-outburst development of novae

In the initial phase of development in novae about 10% - 50% of the hydrogen
layer is ejected in the nova explosion and the rest of the accreted matter
settles down on the surface of the white dwarf. During hydrostatic equilibrium
stage, which is most important for slow novae, energy is produced at constant
bolometric luminosity which is related to the Eddington luminosity defined as

the maximum luminosity which a star of a given mass can have before the
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Figure 1.4: In a classical nova, the unburnt hydrogen is ejected as a shell of
rapidly-expanding material. The images of Nova Gygni 1992 taken by Hubble
Space Telescope (HST) are shown. The time difference between the left and
right image is 7 months. The left image was taken before the optical aberation
of the HST was rectified. The right image was taken after the corrective optics
were installed. Credit: F. Paresce, R. Jedrzejewski, NASA/STScl/ESA

outward radiation pressure exceeds the inward gravitational force. It is given

by the equation-

LEdd :47TGCMWD/HT (12)

where ¢ = 2.9979 x 10'° cm s7!, kr is the Thomson opacity for scattering
by free electrons and equal to 0.3975 cm? g~! for hydrogen (Gehrz 1998).

Gehrz (1998) has identified three phases in the post-outburst development
of novae from the studies of infrared temporal evolution of a large number of
classical novae. These three different phases after the nova explosion are as
follows.

Fireball phase: This is the initial phase of the nova explosion. In this
phase the ejecta is optically thick and behaves like a fireball, which radiates as a
hot blackbody of temperature 6,000 - 10,000 K. The observed light originates
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Table 1.1: Typical parameters for novae outburst.

Parameter Value
Outburst energy (Lo) = 10% ergs
Bolometric luminosity = 2 x 10* L (constant)
Outburst amplitude = 6-15 magnitudes
123 = 7-250 days
t3 = 5-1000 days
Dust formation time (¢4) = 7-100 days
Dust temperature (7y) = 1000-1700 K
Grain size (a) = 0.1 to 3 micron
Velocity of the ejecta (V¢;) = few 100 to few 1000 km s™!
Absolute magnitude (My) = -7 t0 -9
Mass of the ejected gas (M,;) = 1076 - 107" M,
Ejecta particle density = 5 x 10" ecm™3 (at t=>5 days)
Composition = Metals (C, N, O, Fe, Na, Mg etc.) enhanced over

cosmic abundances by 10-100 times,

grains, molecules, radioactive nuclei

in this “pseudo photosphere” of the expanding fireball. At this point the

spectrum of the nova resembles an A to F spectral type.

Optically thin expansion phase: After a few days of the nova explosion
the optically thin expansion phase starts. At this point the nova shell of gas
expands, becomes less dense and transparent. The energy distribution will
no longer appear as blackbody in optically thin expansion phase. When the
fireball has become optically thin, the continuum distribution beyond 2 pm
is dominated by thermal bremsstrahlung or free-free emission (Gehrz 1988).

The central white dwarf, swollen by its hydrostatic burning phase, now has
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the appearance of a blue horizontal-branch object located just blueward of the
RR Lyrae stars on the HR diagram. There may be substantial fluctuations
in the brightness in some novae because of the irregular burning of the white

dwarf envelope.

Dust formation phase: After a few months or days the temperature of
the expanding ejecta falls down to about ~ 1200 K (see Table 1.1), which is
suitable for the carbon and other heavy elements in the ejecta for the conden-
sation of dust. In roughly 50% of all dust forming novae the dust shell becomes
optically thick. This can be seen by the sudden fall of the V' band light curve of
the nova. Now the energy from the white dwarf is absorbed and re-emitted by
the dust grains. Novae with a carbon-oxygen core white dwarf generally tend
to form dust and about 25% - 30% of all novae pass through dust formation
phase. The region in the ejecta where carbon is in ionized state, the forma-
tion of nucleation sites for dust is suppressed. The reason for the suppression
is that the most efficient chemical pathways for molecular formation of basic
molecules (e.g., CO, CH, C,), which precede the formation of more complex
hydrocarbons, involve reactions with Hs, which is easily photo dissociated in
the carbon-ionized zone (Evans & Rawlings 2008). Due to neutral exchange
reactions, the presence of oxygen in the ejecta is believed to inhibit the forma-
tion of nucleation sites. The recent models by Pontefract & Rawlings (2004)
have been relatively successful at generating sufficient nucleation sites to allow
grain growth even in the presence of oxygen in gas phase. These models have
also successfully reproduced the observed CO abundances in novae ejecta. The
characteristics of the dust observed in CNe show the complexity of the dust
condensation process. The classical novae have been observed to produce both
carbon rich and oxygen rich dust species in the same eruption (e.g., Gehrz et
al. 1992) which is unlike most astronomical sources of dust. The chemical
dichotomy observed in CNe may be explained by incomplete carbon monoxide
formation in the ejecta (Evans & Rawlings 2008 and Pontefract & Rawlings
2004). If the formation of CO does not reach the saturation, then carbon and

oxygen both will be available for dust production. The abundance gradients
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in the ejecta or a globally inhomogeneous abundance distribution could result
in the production of different dust species. The optically thin ejecta is ionized
and excited by the hot central remnant and shows nebular and coronal lines

in the novae which do not form dust.

1.9 Spectral Evolution

The changing radiation field and the physical conditions in the nova ejecta
result in significant changes in their spectra as they evolve after their out-
burst. An evolutionary sequence for the nova spectra has been described by

McLaughlin (1960).

1.9.1 Pre-Maximum Spectrum

These spectra are seen on the rising branch of the light curve and they are
dominated by broad, blue-shifted absorption lines, resembling those of early
type stars. The spectral lines generally display P Cygni absorption features.
The pre-maximum spectra are characteristic of a uniformly expanding optically

thick envelope.

1.9.2 The Principal Spectrum

The principal spectrum shows stronger and more blueshifted absorption lines
than those of the pre-maximum spectrum and appears at visual maximum.
The strength of the spectral lines resembles an A or F supergiant spectrum
with enhanced CNO lines (Warner 1995a). The mean velocity of the absorption
lines is related to the speed class (which is based on t5 and t3, the time decline
by 2 and 3 magnitude, Table 1.2). McLaughlin (1960) found that these can be
represented by

10g Vprin(km s71) = 3.70 — 0.5 log t3(d) = 3.57 — 0.5 log ta(d) (1.3)
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The P Cygni profiles that develop at or immediately after maximum bright-
ness, with H I, Ca II, Na I and Fe II in the optical spectrum follow the above
equation (Warner 1995a). The emission lines have complex profiles in general

which is indicative of non-uniformity of the ejected gas.

1.9.3 The Diffuse enhanced spectrum

In the diffuse enhanced phase, the lines are broader than the principal spectrum
and the peaks are blueshifted by about twice that of the principal spectrum.
The expansion velocities derived here are also related to the speed classes

(McLaughlin 1960)

10g Vgenn(km s71) = 3.81 — 0.41 log t3(d) = 3.71 — 0.4 log to(d) (1.4)

The P Cygni profiles are common here too but wider than in the principal
spectrum. The broad absorptions often show multiple narrow structures in the

later stages.

1.9.4 The Orion spectrum

The orion spectrum starts appearing below 1 - 2 mag from maximum light,
displaced blueward by at least as much as the diffuse enhanced system and
at first consists predominantly of He I, C II, [N II] and [O II], then with [N
ITI} and [N V] emissions, reaching its maximum strength at about the same
time as the diffuse enhanced spectrum disappears (McLaughlin 1960). It is
called as Orion spectrum because of its similarity to the stellar wind lines in
luminous OB stars which appears after the novae have declined by one to two
magnitudes from maximum. Its absorption lines are usually single, diffuse and
blue-shifted by at least as much as the diffuse enhanced system, from -2700 to
-1000 km s~!. These velocities become steadily larger until the Orion spectrum
disappears which is about 2 mag down from maximum for slow novae and 4

mag down for fast novae.
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1.9.5 The Nebular Spectrum

The final recognized distinctive stage of the nova spectra is similar to the
planetary nabula, where the spectrum is an entirely emission spectrum having
radiative temperature less than 10° K. Here the [O I] and [N II] components
of the principal spectrum are retained and then producing [O I1I] and [Ne III],
strengthening relative to the H I, He I, He II, [N II], [N III| emission lines,
evolving towards the spectrum of a planetary nebula. It should be emphasized
that the spectrum can be complex indeed. Several of these stages may be

present simultaneously and each stage may have multiple components.

1.10 Spectral Classification

The characteristic features of novae are the presence of strong Balmer H I lines
seen in their optical spectra soon after their discovery. Consequently, Williams
(1992) devised a classification system based on the strength of non-Balmer
emission lines. On the basis of a large number of early post-outburst optical
spectra of novae Williams (1992) divided them in to two classes, namely, Fe II
type nova and He/N type nova.

The “Fe I1” class novae frequently show the prominent P Cygni absorption
features in the Balmer and Fe II emission lines. The spectral development is
slow, over timescales of weeks, and the emission lines tend to be narrower than
in “He/N” novae. The velocity of the ejecta is also less compared to “He/N”
novae. These novae show low ionization transitions in the earliest phases of
the spectral evolution (Figure 1.2, Williams 1992). The first forbidden lines
to appear are those of auroral transitions and low ionization lines (Williams
1992). In the “He/N” spectral class novae the strongest non-Balmer emission
lines are almost always either He II 4686 A, He I 5876 A, N II 5679 A or
5001 A, or N III 4640 A. The HWZI is beyond 5000 km s', the excitation
levels are higher than the “Fe II” novae and the line profiles are usually broader.
Generally, the line intensity of He I1 4686 A becomes stronger than H3 (Figure
1.3, Williams 1992). There are a few novae that present a hybrid character
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in which the spectrum early after outburst evolves from a “Fe II” class to a
“He/N” class before forbidden lines appear. However, some of the novae also
show simultaneous emission from both classes (Figure 1.4, Williams 1992).
Williams (1992) proposed that the Fe II type spectrum is formed in a con-
tinuous wind, while the He/N type spectrum is formed in a discrete shell.
Following the outburst, the emitted spectrum of novae is dictated by the evo-
lution of the photosphere, wind, and surface nuclear reactions, which are all
related. Therefore the excitation level of novae is low initially, then increasing
to the point where coronal emission lines can be observed, and then decreasing
to low levels again (Williams 1990). However in a recent work, Williams (2012)
has put forward alternative explanations for the difference between the He/N

and Fe II type spectra.

1.11 General properties of novae obtained from

light curves and spectra

During eruption, it is true that no two novae show exactly the same kind of
lightcurves (see Figure 1.3) or spectra. It is possible to obtain several common
properties to most of the novae from systematic studies of light curves and
spectra. Here we discuss some general properties with necessary mathematical

relations and some of these properties are of immense value in other areas also.

1.11.1 Distribution and frequency of novae in the Galaxy

Most of the novae are concentrated towards the Galactic plane and bulge
(Warner 2008). Therefore, some of their global properties have only been re-
vealed recently from studies of novae in nearby galaxies. Novae are generally
associated with an older stellar population in galaxies. The more massive ONe
novae are concentrated towards the Galactic plane than the lower mass CO
novae (della Valle et al. 1992). There are so many factors that lead to in-

completeness in nova searches like seasonal, weather, biasing of sky coverage
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Table 1.2: Speed classification of novae.

Author Speed class  ty (in days) t3 (in days)

McLaughlin (1945) Very fast <7 <15
Fast 8-24 15-45

Average 25-49 50-84

Slow 50-250 85-449
RT Ser >300 >500
Payne-Gaposchkin (1957) Very fast <10 <20
Fast 11-25 21-49

Moderately fast 26-80 50-140

Slow 81-150 141-264

Very slow 151-250 265-440

towards the Galactic bulge and missed fast novae. Considering all of them, se-
lection effects and interstellar extinction produces estimates for a total Galactic
nova rate of 73 £ 24 yr~! (Liller & Mayer 1987), 29 + 17 yr~! (Ciardullo et
al. 1990), 30 4 10 yr~! (Shafter 2002) and 3415 yr=! (Darnley et al. 2006).

1.11.2 Maximum magnitude-rate of decline relationship

Novae in outburst are effective distance indicators since they radiate almost
at constant bolometric luminosity during their outburst. By studying CNe
in M31, Hubble (1929) noticed that the brighter CNe (at maximum light)
fade faster. The pioneering studies of Zwicky (1936) and McLaughlin (1939)
showed that the absolute magnitude of novae at maximum correlates with their
rate of decline. This correlation was later confirmed by McLaughlin (1945),
who used absolute magnitudes derived from expansion parallaxes, interstel-

lar line strengths and Galactic rotation, for Galactic CNe. This correlation
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which he referred as ‘life-luminosity relation’, is presently known as Maximum
Magnitude-Rate of Decline (MMRD). This relation can also be used as a dis-
tance indicator. On the basis of the observations for 11 Galactic novae Schmidt
(1957) got a relation between My and log t3. After that Pfau (1976), Cohen
(1985), Capaccioli et al. (1990) and Livio (1992) have tried to improve the
MMRD relation for novae on the basis of the observation for Galactic and
extra-Galactic novae. The importance of the maximum magnitude-rate of de-
cline (MMRD) relationship as an extragalactic distance indicator is immense
and has resulted in continued discussion and updating. The observational
MMRD results given by della Valle and Livio (1995) are considered to be
the most comprehensive to date. Generally, the linear MMRD relationship is

usually expressed in the form:

My = b, log t, + ay, (1.5)

where M, is the absolute magnitude at a given waveband (e.g., My for
visual), and ¢, is the time taken for the nova to decline by n magnitudes from

maximum, typically n = 2 or 3. Typical values of a,, and b,, are given in Table

1.3. The MMRD relation given by della Valle & Livio (1995) is:

My = —7.92 — 0.81 arctan (1.32 — log t3)/0.23 (1.6)

where My, is the absolute magnitude of the nova.
Downes & Duerbeck (2000) showed that a linear relationship suffices to
model the Galactic MMRD. They also derived a scatter of ~ 0.6 mags.

1.12 Determination of physical parameters

The physical parameters of the nova system can be determined by the photo-
metric and spectroscopic observations. From the analysis of the optical /infrared
spectral energy distribution (SED) the physical parameters of the nova ejecta
are derived. Several authors (Gehrz 2008 and references therein) have dis-

cussed about the physical parameters of several novae and a brief discussion
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Table 1.3: Typical values of MMRD constants (Warner 2008).

M, n an, b, References

pg 3 -11.3 2.4 de Vaucouleurs (1978)

B 3 -10.67 (£ 0.30) 1.80 (& 0.20) Pfau (1976)

V2 21070 (£ 0.30) 2.41 (£ 0.23) Cohen (1985)
Vo2 -11.32 (£ 0.44) 2.55 (£ 0.32) Downes & Duerbeck (2000)
V3 -11.99 (£ 0.56) 2.54 (£ 0.35) Downes & Duerbeck (2000)

of these results is given below.

1.12.1 Angular radius and distance to the nova

In the fireball phase, nova ejecta behave like hot blackbodies (6000 - 10000
K). The temperature of the blackbody (Tgp) can be determined by the SED

fitting. The bolometric apparent flux is expressed by the relation:

F = 0Txy = 1.3586(\f\)mas (1.7)

where (AfA)mqe is peak apparent flux density of the spectral energy dis-
tribution in W em™2 and o = 5.6696 x 10° erg s~! cm~2? K% is the Stefan-
Boltzmann constant (see Gehrz & Ney 1992). Using the above relation, the

angular diameter fpp (in milliarcsecond) can be calculated from the equation:

Opp = 2.0 X 104 (Nf)Y2 (Ty,) 2 (1.8)

max

Considering the ejecta expanding at constant velocity, the angular size of
the fireball can give us the exact time of starting of ejection by back extrapo-
lation of Ogp versus time ¢ plot to #gg = 0. The same technique can be used

to determine the angular size and expansion rate (df/dt) of a optically thick
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dust shell around a nova (see Ennis et al. 1977).

The angular expansion rate combined with the Doppler expansion velocities
can be used to determine the distance D (in kiloparsec) to the nova through

the following equation (Gehrz 2008):

D = 1.15 x 107%V,;/(d0/dt) = 5.69 x 1078(Tp)*Voit/(AH)Y2,  (1.9)
The expansion velocity V,; (in km s™') can be determined from opti-
cal/infrared spectral lines, the expansion rate dfpg/dt (in milliarcsec day™!)
can be obtained from the blackbody fits of blackbody energy distribution (see
Ney & Hatfield 1978; Gehrz et al. 1980).

1.12.2 Velocity and geometry of the ejecta

The expansion velocity is measured from the width of the spectral lines using

the Doppler shift relation:

V.j/c=HWHDM/\ (1.10)

where, c is the velocity of light = 3x 10'° cm s=', HWHM is the half
width at half maxima of the spectral line at wavelength A\. However, the
velocity is not uniform everywhere in the ejecta and generally the ejecta is
non-spherical. The geometry of the ejecta may be interpreted by studying the
multiple absorption and emission features, width and shapes of the spectral
lines. Few examples related to the present work may be presented here to
explain this. The trace of the absorption feature, which is due to P Cygni
profile, on the wings of the Paf in V5579 Sgr (see Chapter 3) confirmed that
mass ejection is a sustained process. The presence of wings on the spectral
lines of KT Eri were due to the non-spherical shape of the ejecta in the form

of high velocity polar blobs.
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1.12.3 Mass of the ejected gas

The mass of the ejected gas (My,s) can be estimated by the Infrared observa-
tions of novae. It is a crucial parameter for constraining the TNR models and
to calculate the abundance in the ejecta. When the expanding photosphere of
nova starts to deviate from blackbody energy distribution and becomes opti-
cally thin at infrared wavelengths, the gas temperature T is still high enough
that Thomson scattering dominates, and the envelope mass is given by (Gehrz

2008):

Moy /Mg = 7(Reny)? /e = 3.3 x 1073 (V jt7)? (1.11)

where, k1 is the Thomson’s scattering opacity, Re,, is the radius of the

Land t7 is the time when

gas envelope, V.; is the expansion velocity in km s~
the SED starts to deviate from blackbody energy distribution and becomes

optically thin at infrared wavelengths.

1.12.4 Ejecta abundances

To get the abundance in the nova ejecta many different techniques are used at
different stages of the nova outburst. Different techniques of the abundance
analysis have been discussed by several authors viz. Boyarchuk & Antipova
(1990), Snijders (1990), Andrea (1994). By modeling the ultraviolet, optical,
and infrared spectra observed in the early phase and/or nebular and coronal
phase, the compositions and the physical conditions of the nova ejecta can be
estimated. There are several computer codes are available such as PHOENIX
and CLOUDY to model the spectra. Abundances may also be derived from
spatially resolved nova shells. All the derivations show that the novae ejecta
are highly abundant in metals about 10 - 100 times the cosmic abundances

(Jose & Hernanz 1998).
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1.13 Observations of novae in different bands

To understand the nova phenomena completely it is required to observe them
at all wavelengths from v-rays to radio by using all modern techniques. It is
seen that the novae radiate significantly in different bands viz. ~-rays, UV,
X-rays, IR, and radio. With the help of modern technique like digital detectors
on satellites in space along with the data from ground-based observatories, we

can understand the novae in a better way.

1.13.1 ~-ray observations

The prime reason for the v-rays emission in novae is electron-positron an-
nihilation; positrons come from the decay of *N, 10, 1°0O, ?2Na, YO and
22Na (Clayton & Hoyle 1974) and transformation of “Be (through an elec-
tron capture) to an excited state of “Li (Clayton 1981). The European Space
Agency has launch the satellite INTEGRAL (INTErnational Gamma-Ray As-
trophysics Laboratory) in 2002, which has opened new perspectives for the
detection of the v-rays, the most energetic (> 10 kev) photons in the whole
electromagnetic spectrum, from nuclear radioactivity in explosive events like
novae and supernovae. During the nova explosions, y-rays are capable to give
a direct insight into the nucleosynthesis and also into the global properties,
like the density, temperature, chemical composition and velocity profiles of
the expanding ejecta. Gamma ray observations can directly trace isotopes and
thus should trace the Galactic distribution of classical novae. However, more
sophisticated calculations show that possibility of the production of ~-rays
from the above reaction is very less. Interestingly three novae, at the time
of writing, have been detected in ~-rays viz. a symbiotic binary V407 Cygni
(V407 Cyg) by Abdo et al. (2010), Nova Sco 2012 by Cheung et al. (2012a)
and Nova Mon 2012 by Cheung et al. (2012b).
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1.13.2 UV and X-ray Observations

The excitation of the ejecta is due to illumination by the hot pseudo photo-
sphere throughout the early development of classical novae (CNe). The hotter
layers are revealed until the photospheric surface approaches that of the WD
as the pseudo photosphere shrinks. Because of this recession we see a transi-
tion of the peak emission into the UV and X-ray regimes. The UV data are
particularly useful to determine the chemical abundances in the nova ejecta
(see e.g., Stickland et al. 1981; Williams et al. 1985; Snijders et al. 1987).
As the white dwarf radiates most of the energy in UV so the UV observations
can tell about the nature of the white dwarf. In addition, the UV observa-
tions provide effective means to determine the value of the reddening from the
strength of the 2200 Adust feature or from the emission line ratios. The major
achievements of UV observations are the determination of the bolometric light
of Nova Serpentis (1970), the discovery of a new class of novae, the ONe novae
(Starrfield, Sparks and Truran 1986), in which very large overabundance of
intermediate mass nuclei like Ne, Mg, O and Al have been found (see Sni-
jders et al. 1984, 1987 for V1370 Aql 1982 and Williams et al. 1985 for V693
CrA 1981). The recent observations of CNe have confirmed that most of the
classical novae undergo an extended period of super-soft source (SSS) X-ray
emission (Ness et al. 2007). The steady accretion of H-rich material onto the
WD surface is not responsible for this emission, as in other SSSs (Kahabka &
van den Heuvel 1997). The SSS emission arises from nuclear burning of the
material left over from the mass ejection event. The duration of the SSS stage
tells about the mass of the H-rich material left behind on the WD surface
after the mass ejection event. Therefore, it is related to the mass of the WD
progenitor as well as the mass accretion rate and WD temperature (Yaron
et al. 2005). The duration of the SSS phase can be predicted based on the
amount of material predicted to be left behind after the CNe eruption and it
can be > 10® years (Hernanz & Sala 2002). But ROSAT observations show
that most novae turn off within 10 years after outburst (Orio et al. 2001)

and more recent observations indicate that the duration of the SSS phase in
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Galactic CNe is typically rather short, of order 2 - 3 years (Ness et al. 2007).
This very large discrepancy between theoretical and observed turnoff times
likely indicates higher than expected mass loss during the eruption though the
theoretical explanation for this high mass loss is not yet understood (Hernanz
& Sala 2010). In the SSS phase, the ejecta are subjected to an intense flux of
high photons (0.5 - 10 keV) it can have a significant impact on the observed
spectroscopic characteristics of the emission lines and the dust. It is possible
to determine the connection between X-ray, optical and IR observational char-
acteristics of novae by coordinating observations using the Swift telescope with
optical monitoring efforts. It may associate a class of optical spectral features
with a general state of X-ray emission. As we can say the optical signature of

[Fe X] 6375 Amay be a good indicator that a CNe is in a SSS state.

1.13.3 IR observations

During the evolution, the novae radiate a significant amount of energy in in-
frared band. The prime sources for the infrared emission are optically thick
ejecta in the fireball phase, thermal bremsstrahlung in the free expansion
phase, dust formed in the ejecta. The isothermal dust phase has been ob-
served in a number of novae and analysis of this phase has provided valuable
information, especially on the properties of the emitting dust, emission from
X-ray heated grains, fine-structure line emission from a cold phase of the nova
nebula and cooling of grains heated by the shocked gas at the interface be-
tween the nova ejecta and the interstellar medium. The infrared spectroscopic
and photometric observations of novae are very useful to determine the metal
abundances in the nova ejecta and the phenomena of dust formation. The
derivations of formulae for evaluating specific physical parameters from the
analysis of the infrared data, and summaries of results on recent bright novae
is given in detail by a number of authors (Gehrz 1988, 1998, 2002; Gehrz,
Truran & Williams, 1993 and references therein).

On the basis of infrared observations, novae can be divided into two groups

which depends on the type of the white dwarf:
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CO novae: The nova explosion which occurs on the low-mass carbon-
oxygen (CO) white dwarfs is called as CO novae. They generally show P Cygni
profiles in their spectra and slow post-outburst evolution with low expansion
velocity. They are known to generally form dust, either optically thick or thin.
They also show enhanced CNO abundances but not generally heavier elements
and the He/H ratio is near the solar abundance.

ONe novae: The nova explosion which occurs on the high mass oxygen-
neon (ONe) (Mwp > 1.2) white dwarf is called ONe novae. They evolve
fast with a high expansion velocity and generally do not form dust. The
infrared spectra generally show the early emission of [Ne II] 12.8 micron in
greater strength, which is responsible for their classification as ‘neon novae’.
They usually show some evidence of carbon depletion relative to solar, with

associated enhancements of oxygen and neon.

1.13.4 Radio observations

The prime reason behind radio emission from novae is thermal bremsstrahlung.
As there is no internal and/or external extinction by the dust for the radio
emission so they have the benefit over the observations in the other wavelength
regions. The radio observations are very useful for resolved images from which
we can estimate the optically thick radio surface brightness and hence the
electron temperature. By comparing the angular expansion rates derived from
the radio with the absorption line velocities, the distance to the nova can
be determined. As the separation of CVs is of the order of 10 cm and
the radio observations provides a mean to probe the large scale structure of
the binaries on the scale of > 10! cm so the radio observations are very
important for knowing the separation of the binary system. Radio observations
provide important information on the ejected mass and geometry, often not
well-determined using other methods. Standard models predict free-free radio
emission from the expanding nova ejecta. Although in some novae we also
expect non-thermal radio emission from shock interactions. In the initial phase

the flux density is optically thick and increases as the source expands but
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then turns over as it becomes optically thin. This timescales depends on the
ejecta mass and velocity. The first detection of classical novae were made by
Hjellming and Wade (1970) by using the three-element interferometer of the
National Radio Astronomy Observatory (NRAO) at 2.7 and 8.1 GHz. These
novae were HR Del and FH Ser. The early studies of novae at radio wavelength
are summarized by Hjellming (1974). There are some observatories all over
the world who are doing radio observations but most of the radio observations
have been made with a three-element interferometer at Green Bank, West
Virginia, the Westerbork Synthesis Radio Telescope (WSRT'), the Very Large
Array (VLA) in New Mexico, or the MERLIN network of telescopes (Seaquist
& Bode 2008) and GMRT in India. As the modern telescopes have a high
resolving power so it has been possible to resolve the expanding shell in many

novae and recurrent novae and to detect a few dwarf novae and magnetic CVs.

1.14 Significance of IR observations of novae

The IR observations are important for the novae because they tell about the
properties of low temperature zones. In that way they will be helpful to get
the information about the phenomena related to low temperature. Novae are
known to produce prolific amount of dust and every known type of astrophys-
ical grain. IR observations become the sole instrument to study all physical
and chemical properties related to the dust and associated dust grains. From
IR photometry at longer wavelengths we can use to distinguish between the
temporal development of extreme CO and ONe novae. It also can be used
for determining the occurrence rate and the global influence of novae in the
near by galaxies. As very less near-IR observations are available but the com-
bination of optical and near-IR data can provide quantitative measurements
at primary physical parameters that characterized the outburst and the na-
ture of the ejecta. The IR observations can be of more help to tell about
the cooler components of the novae system like atmosphere of the secondary

and the cool outer region of the accretion disk at quiescent state. Apart from
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that the infrared observations are the best tracers of the true fireball stage
since the principal opacity source at these long wavelengths is due to thermal

bremsstrahlung which depends only on the change in the column density.

1.15 Motivation and scope of the present work

Astrophysical observations in the near IR picked up momentum with the devel-
opment of sensitive single element detectors in the 1970s and two dimensional
arrays in 1980s. Since then, infrared observations of novae using ground based
observatories and satellites in space have made significant contributions in un-
derstanding the novae outbursts and their temporal evolution. There are still
many unsolved problems and intriguing puzzles which need to be addresed and
understood by obtaining additional infrared observations. The unpredictable
nature of the nova outbursts and often unexpected changes in their tempo-
ral behaviour demand continued observations. The prime objectives of the
present investigation are to study and understand the infrared characteristics
of novae in details. We are interested in several aspects viz. understanding
the process of dust formation in these objects, studying the evolution of novae
spectra in the IR in details, identifying and understanding the different lines
that are seen in the near-IR spectra like their strengths, temporal variations,
excitation mechanisms through modeling. It was noticed that only in limited
number the detailed studies of novae has been done and there is a need for
dedicated observational programme to monitor the infrared temporal evolu-
tion of novae. The advantage of having a captive home telescope is that the
accessibility to telescope time becomes easier and flexibility in scheduling is
possible for targets of opportunity such as novae. We realize that bright novae
can be extensively observed over a large number of epochs hence giving a good
coverage of their temporal evolution. It was noted that such extensive observa-
tions documenting the infrared evolution of novae had rarely been done. This
realization thus served as one of the motivational drivers of the present work.

Observations from Mt. Abu were made of more than ten novae (a list of the
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observed novae is presented in Chapter 2), out of which a few were observed
relatively more extensively than the others. I have concentrated in the present
thesis on three of the more extensively observed objects viz. V5579 Sagittarii,
V496 Scuti and KT Eri - a brief description of these novae is given below:

V5579 Sagittarii (V5579 Sgr): Nova V5579 Sgr was discovered on 2008
April 18.784 UT. It reached the maximum brightness very quickly on 2008
April 23.541 UT. V5579 Sgr belongs to the class of ‘classical nova’ of Fe II
type. This nova formed thick dust in the later stages. Following the outburst
the near IR observations commenced on 2008 April 23.949 UT while the nova
was around maximum brightness and continued till 2008 May 14.919 UT.

V496 Scuti (V496 Sct): Nova V496 Sct was discovered on 2009 Novem-
ber 8.370 UT. The nova brightened quickly to its maximum in visual light on
2009 November 18.716 UT. V496 Sct belongs to the class of ‘classical nova’
of Fe II type. The highlight of the observations was the rare detection of the
first-overtone CO emission (2.29 - 2.4 pm) in the nova - similar emission has
been recorded previously only in a few novae. It also formed dust in the later
stages. Following the outburst the near IR observations commenced on 2009
November 19.57 UT and continued till 2011 April 22.96 UT.

KT Eridani (KT Eri): Classical nova KT Eri was discovered on 2009
November 25.536 UT. The near-IR observations of KT Eri, presented in the
thesis, were started on 2009 November 28.854 UT. The nova was followed till
2010 March 3.734 UT. KT Eri belongs to the class of ‘classical nova’ of He/N

type.



Chapter 2

Observations and Data Analysis

The near-infrared spectroscopic and photometric observations of novae, pre-
sented in this thesis, were made using the 1.2m telescope at the Mount Abu
Infrared Observatory shown in Figure 2.1 (latitude: 24° 39’ 10”N, longitude:
720 46’ 47" E, altitude 1680 m), Mount Abu, Rajasthan, India. The obser-
vatory is operated by the Physical Research Laboratory (PRL), Ahmedabad,
India.

In this chapter, we present the details of the Mt. Abu Infrared Observatory
and the focal plane instruments for the 1.2m telescope. The observing season
starts from October after the withdrawal of the Indian monsoon and continues
till May of the following year when the dust content starts increasing leading
to the onset of the monsoon in early July. The low amount of precipitable
water vapour in the winter months, 2 - 3 mm, at Mt. Abu makes it a good
site for IR observations. This is followed by a detailed description of the
observation procedures and data analysis techniques. The optical photometric
and spectroscopic data of one nova (V496 Sct), presented in this thesis was

obtained from Asiago (Italy).

29
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Figure 2.1: Front view of the Mt. Abu Infrared Observatory, Mount Abu,

Rajasthan, India.

2.1 1.2m telescope at Mt. Abu Infrared Ob-

servatory

The Mount Abu Infrared Observatory is the first major facility for infrared
astronomical observations in India. This is specially designed for the ground
based observations in the near-Infrared region (J, H and K bands) with an
equatorial mount. The optical system of the telescope consists of a 1.2m
paraboloid primary mirror having focal ratio of f/3 and a hyperboloid sec-
ondary mirror with a focal ratio of f/3.5. The Cassegrain configuration has
an effective focal ratio of f/13. The details of the optical parameters of the
telescope system are given in Banerjee et al. (1997). The f/13 beam, emerging
through the Cassegrain focus is directed to the NICMOS3 detector (Figure
2.2) by a gold coated mirror by folding the beam at 45 deg. The schematic
diagram of the camera along with the unit that couples it to the telescope is
shown in the Figure 2.3. The peak to valley surface accuracy of the telescope
mirrors is one tenth lambda (A/10) at 589 nm so that the telescope can be

effectively used for imaging in visible as well as in infrared region.
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Table 2.1: Description of broad-band filters.

Band Central Bandwidth Lower Upper  Transmission
Wavelength (pm) cut-off cut-off at peak
() (um)  (pm)  wavelength (%)
J 1.253 0.296 1.105 1.401 93.23
H 1.659 0.288 1.514  1.803 91.96
K 2.185 0.408 1.981  2.389 85.39
K’ 2.120 0.360 1.940  2.300 > 80

Presently, five instruments are used with the telescope for different kind of

observations:

[. PRL Near Infrared Camera cum Grating Spectrometer (PRLNICS)

II. High Speed Two Channel IR Photometer

ITI. Optical Polarimeter

IV. CCD imager

V. PARAS (PRL Advanced Radial Velocity All Sky Search)

In the present work, the required spectroscopic and photometric observa-

tions of novae have been made using the PRLNICS. The basic design of the

PRLNICS system is described in the next section.

2.2 PRL Near Infrared Camera cum Grating

Spectrometer

PRL Near Infrared Camera/Spectrometer is India’s first operational infrared

camera cum grating spectrometer. Its design is based on the Near-Infrared

Camera and Multi-Object Spectrograph (NICMOS3) array (256 x 256 HgCdTe

detector) cooled to liquid nitrogen temperature (77 K). It was fabricated for
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Table 2.2: Description of narrow-band filters.

Band Central Bandwidth Lower Upper  Transmission
Wavelength (pm) cut-off cut-off at peak
() (um)  (pm)  wavelength (%)
[Fell] 1.645 0.0375 1.6262 1.6638 > 80
H,S(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 vy 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

PRL by Infrared Labs Inc., USA.

The f/13 beam, which is reflected by the gold coated mirror at 45 deg, enters
the 50 mm entrance aperture of the camera. This beam can be compressed
by a focal reducer lens that changes the focal ratio to £/6.5 beam. The focal
reducer also changes the camera field of view (FOV) from 2" x 2" to 4’ x 4.
Correspondingly, the plate scale changes from 0.5’ /pixel to 1’ /pixel for the two
FOVs respectively.

The focal reducer lens is a cooled plano convex doublet that has BaF,
and Fused Silica components. The beam then passes through the filter wheels
and the system has two circular filter wheels: the first one contains broad
band filters (JH K K') and the second one contains narrow band filters. The

descriptions of these filters are presented in Tables 2.1 and 2.2, respectively.

The PRLNIC cum Spectrograph follows Ebert-Fastie configuration. An
entrance aperture/slit, which is placed at the focal plane of the telescope, a
collimating mirror to make the optical beam from the telescope parallel, a

mirror and dispersing element (grating) mounted back to back, and a camera
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Figure 2.2: Close-up view of the PRLNICS system (golden colored dewar on
the left side) attached to the cassegrain focus of the 1.2m telescope.

mirror that is used to image the stellar field or spectrum on to the NICMOS3
array. The instrument can be quickly changed from the imaging mode to
spectrograph mode by rotating the platform on which the mirror and grating
are mounted. The required wavelength range is chosen by rotating the grating
about its axis to change the angle of reflection. As the grating equation can be
satisfied for several different wavelength values and order for a given diffraction
angle, different orders can overlap and lead to contamination of the spectra.
A blocking filter, known as order sorting filter is placed in the beam to remove
such unwanted contamination. The broad band filters used for the photometric
observations are used as order sorting filters. The converging beam then falls
on the NICMOS3 array after 45 degree reflection by a plane mirror. Remote
control operations for moving the mirror/grating, platform and selecting the
filters using stepper motors are available from the control room. The change
over from the imaging aperture to the slit is done manually. In addition,
a facility for centering the star on the slit, using a combination of a beam
splitter that reflects the optical wavelengths at 45 degree and a fast read out
CCD to display the stellar field prior to the beam entering NICMOS3 dewar is
available. The characteristics of the optical elements of the spectrometer and

the detector are given in Table 2.3 and 2.4, respectively. A schematic diagram



34 Chapter 2. Observations and Data Analysis

Table 2.3: Specifications of the near-infrared Spectrometer.

Element Specification
Collimator Mirror -508 CCV, 63.4mm x 44.8mm, 40 deg off-axis
Camera Mirror -508 CCV, 84.2mm x 64mm, 40 deg off-axis
Grating Flat, 73.8mm x 44mm, 6.95 deg blaze and 149.1 lines/mm
Slit width 76 pm
Dispersion 9.5 A /pixel

of this multimode instrument is shown in Figure 2.4.

2.3 Observation and Data Reduction

To get the true or intrinsic image we have to do some task, like removing the
unwanted background emission from the telescope and the atmosphere, a num-
ber of instrumental effects such as bad pixels, different kinds of noise, effects
of cosmic rays and other things from the raw observed image. In addition to
that we have to deal with the infrared radiation from the source, on its way to
the observer, which suffers scattering and absorption by both the inter stellar
medium and the Earth’s atmosphere; the atmospheric transmission is not uni-
form and varies with wavelengths. All these effects must be eliminated from
the acquired image to get the proper image or the spectrum of the source. In
order to achieve this, certain procedures are followed during observations that

aid in the reduction and analysis of the data.

2.3.1 Spectroscopic observations

1. A set of at least two spectra of the nova are taken each time with the

object dithered to two positions (offset by 20 - 30 arcseconds) along the slit;
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Table 2.4: Characteristics of the detector array.

Detector 256 x 256 HgCdTe
Pixel size 40 pm
Readnoise o3 e-
Darknoise <0.7 e-/s
ADC 32 bit
Bad Pixels ~ 200
Total yield (Usable Pixels) 99.7 %

System Quantum Efficiencies

J band 32.75 %
H band 18.30 %
K band 28.91 %
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Figure 2.3:  Schematic diagram of the PRLNICS optical system coupled with
the 1.2m telescope at Mt. Abu Observatory.
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Figure 2.4: The optical layout of the PRLNICS camera system.

the exposure time is same for both the spectra. The purpose of taking two
spectra at two different locations is to remove the background contribution

(sky + dark counts) by subtracting the images from each other.

2. Following the same procedure mentioned above, two spectra of a stan-
dard star are obtained along with the nova spectra. The spectra of the standard
star are used to correct the effects of atmospheric transmissions, reflectivity
of the telescope optics and the spectral response of the spectrometer. Since
the intensity of the atmospheric transmission varies with the airmass, we have
always tried to choose a standard star near the nova so that the airmasses do
not differ too much. Generally a standard star of spectral type A was chosen
because the spectra of A type stars have a featureless continuum except for
the presence of prominent absorption lines of H I which can be easily identified

and removed.

3. The dispersion in each of the JH K bands exceeds the array size. Hence,
the spectra were observed, in each band, in two parts. The initial part of the

wavelength region is positioned on the detector by rotating the grating/mirror



2.3. Observation and Data Reduction 37

Figure 2.5: The effect of cosmic rays on the observed spectra and the images is
shown in left panels on top and bottom. The randomly located white spots are
due to the cosmic ray hits. In the right panels on top and bottom, the effect of

high counts on individual pizels caused by cosmic rays has been removed.
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assembly by a known amount and then the later part of the spectra is brought
on the detector by additional small amount of rotation of the grating/mirror
assembly. In both the spectral images the middle part of the spectra was kept
common, so that the intensities of the spectral features in the middle part
could be matched and the two parts could be spliced together to form the

complete spectra.

2.3.2 Photometric observations

1. In each of the JH K bands, generally images of the nova were obtained at
five dithered positions, offset typically by 20 arcsec. At each position, a large
number of frames of short integration time were obtained depending on the
brightness of the nova.

2. Following the same method, several frames of a standard star were
acquired at five dithered locations either before or soon after the nova obser-
vations. The standard star was chosen in such a way that it is located close to
the nova in the sky, has spectral class close to AOV and the difference between
the magnitudes of the target nova and the standard star is small (generally ~
2 - 3 magnitudes).

3. The detector array is a combination of four individual quadrants. Since,
the response of these parts are not same, the dithered images of the nova during
photometry, were preferably taken in the same (first) quadrant of the array.
The reason for choosing the first quadrant is that, it contains less number of

bad pixels relative to the others.

2.4 Data Reduction

Spectroscopic observations of novae were made using the grating spectrometer
based on HgCdTe 256 x 256 focal plane array (resolving power A/AX ~ 1000;
dispersion of ~ 9.5 Angstroms per pixel) whereas photometric observations
were performed under photometric sky conditions using the imaging mode

of the NICMOS3 array. Observed data were analyzed using several tasks
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under /RAF. TRAF (Image Reduction and Analysis Facility) is an image
processing and astronomical data analysis software developed at the National
Optical Astronomy Observatories (NOAO), USA. The different steps of the

data analysis process and the principal tasks used are presented in Table 2.5.

2.4.1 Spectroscopic data reduction

The spectra were extracted using the APEXTRACT task in ITRAF. The
spectral extraction process follows the following steps -

1. We remove the effects of the cosmic rays by using the TRAF task
cosmicrays. Cosmic ray events appear as high count signals randomly scattered
over the observed frames (see Figure 2.5) caused by ionizing radiation. The
cosmic ray hits are usually confined to one or two pixels.

2. In order to remove the sky background and dark counts, the frames of
two spectra, observed in the same wavelength region but with the star shifted
along the slit, were subtracted from each other by using the I RAF task imarith
(see Figure 2.6).

3. After the subtraction, an image contains two spectra of the star viz.
one spectrum with positive counts and the second one with negative counts.
Generally, the full width at zero intensity of the spectrum spreads over about
ten pixels. The positive spectrum is converted to a 1D spectra using the task
apall. The extracted spectrum is a plot of the number of counts against the
pixel number.

4. The calibration of the JHK spectra (conversion of pixel number to
wavelength) is done with the help of OH sky lines and telluric lines that register
with the stellar spectra. We select a particular frame where the OH sky lines
are prominently seen. We first calibrate this frame with the help of the sky
lines and use it as a reference for calibrating the other spectra in the same
wavelength region.

5. The hydrogen Paschen and Brackett absorption lines are manually re-
moved from the spectra of the standard star and the telluric absorption feature

is removed by dividing the nova spectra from the standard star spectra.
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Figure 2.6: Illustration of the steps involved in the spectral reduction is shown
from top to bottom. A set of spectra of the nova (corrected for cosmic rays),
at two positions along the slit is followed by the subtracted images that show
the removal of the sky background and dark counts. The extracted spectrum
shows counts vs pizel plot followed by the wavelength calibrated spectrum. An
example of the nova spectrum divided by the standard star spectrum shows the
removal of telluric and filter transmission effects from the nova spectrum. The
intrinsic nova spectrum shown in the last panel, is obtained by multiplying the
ratioed spectra by a black body curve corresponding to the temperature of the

standard star (see subsection 2.4.1 for more details).
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6. The intrinsic nova spectrum is recovered by multiplying the ratioed

spectra by a black body curve corresponding to the effective temperature of

the standard star to correct for the instrument response function.

Table 2.5: List of IRAF tasks used for the data reduction.

Steps IRAF tasks
Cosmicrays removal cosmicrays
Subtraction of images imarith
Defining the dispersion axis hedit
Extracting spectra apall

Wavelength calibration
Making blackbody curve
Arithmetic of spectra
Plotting spectra
Combining images

Aperture photometry

identify, refspectra and dispcor
mkldspec
sarith
splot, specplot
imcombine

tasks under APPHOT

2.4.2 Photometric data reduction

Photometric data were reduced to derive JH K magnitudes of the nova us-
ing the TRAF aperture photometry task APPHOT. The photometric data
reduction process follows the following steps (see Figure 2.7)-

1. First, we remove the effects of cosmic rays by using the TRAF task
COSMACTAYS.

2. From each set of the images of star observed at a particular position, an
average frame is generated. This process improves the signal to noise ratio in

the average frames.
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3. A sky frame of equal exposure time devoid of the field stars is gener-
ated by median averaging the 5 average frames at 5 dithered positions. The
background is removed by subtracting the sky frame from each of the average
frames.

4. After the removal of the sky and dark current background, a subtracted
frame contains the signal from the star only. From the subtracted images the
instrumental magnitude of the nova is obtained using aperture photometry.

Following the same procedure described above, the instrumental magnitude
of the observed standard star is also derived.

5. After getting the apparent magnitude we apply the correction for the
interstellar extinction in the nova direction. The interstellar extinction refers
to the loss of radiation from the star by scattering and absorbtion by the in-
terstellar medium. The necessary corrections are made by using the extinction
coefficients for each photometric band. The typical atmospheric extinction co-
efficients for the Mt. Abu Infrared Observatory site are E; = 0.11, Eg = 0.07
and Ex = 0.09 magnitude per airmass (Varricattu 1998).

The observing and reduction procedure described above minimized the er-
rors arising out of airmass corrections.

In the present work, we have calculated the interstellar extinction correc-
tions using Koornneef (1983) relations:

Ay = 3.1 x E(B-V)

A; =0.265 x Ay

Ay =0.155 x Ay

A =0.09 x Ay

where E(B - V) is the color excess and the A ;, Ay and Ak are the extinction
coefficients in the respective bands. Hence, the corrected magnitudes will be

Mo = My - Ac where C' = J, H or K.

2.4.3 Flux calibration

The PRLNICS filters are quite similar to the 2MASS filters. We have used
the 2MASS magnitudes for the photometric standard stars selected for the
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Figure 2.7: Illustraion of the steps involved in the photometric data reduction
is shown in the panels from top left to bottom right. The individual image
(corrected for cosmic rays) of nova (top left) observed at one of the five dithered
positions followed by the average image at the same position are shown (top
right). The sky frame generated from median combining the average images at
the five dithered positions is shown next (bottom left). The final panel shows
the sky subtracted nova image (bottom right) which clearly shows some of the

fainter field stars (see the subsection 2.4.2 for details).
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Table 2.6: The flux densities for a zero-magnitude star (Bessell et al. 1998).

Near-IR ~ Meft FA Fv
bands  (pm) Wem™? pm~! W em 2?Hz ™!

J 1.22 315 x 10713 159 x 10723
H 1.63 1.14 x 1073 1.02 x 1072
K 219 396 x 107 6.40 x 107

nova observations. The flux from the nova at the effective wavelength of near-
infrared JH K bands, F), is derived using the basic equation

my = -2.5 log(F)/F)(0))

where m,, is the corrected magnitude of the nova, F)(0) is the flux of a zero
magnitude star. In the present work, we have used the flux values for the zero
magnitude star in the JH K bands from the work of Bessel, Castelli and Plez
(1998) as given in Table 2.6.

2.5 Details of all the observed novae

Apart from the three novae (which are discussed in this thesis) few additional
novae are also observed by the author from Mt. Abu during the period of the
present thesis to explore the properties of the nova system. The present thesis
incorporates results of the three best-observed novae viz. V5579 Sagittarii,
V496 Scuti and KT Eridani. Out of these KT Eridani shows some features of

a recurrent nova. A list of the all observed novae is given in Table 2.7.
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Table 2.7: List of observed novae in the JH K bands.

Observed Discovery Spectroscopy Photometry
novae date Epochs Epochs

V2468 Cyg Mar. 7.801 UT, 2008 6 4
V5579 Sgr Apr. 18.784 UT, 2008 6 4
V5584 Sgr Oct. 26.439 UT, 2009 8 10
V496 Sct Nov. 8.370 UT, 2009 10 5
KT Eri Nov. 25.536 UT, 2009 10 17
V1722 Adql Dec. 14.400 UT, 2009 3 4
V2673 Oph Jan. 15.857 UT, 2010 6 4
V5585 Sgr Jan. 20.720 UT, 2010 2 2
V1310 Sco Feb. 20.857 UT, 2010 2 4
V2674 Oph Feb. 18.845 UT, 2010 2 6
V1311 Sco Apr. 25.788 UT, 2010 - 1
Nova Oph 2012 Mar. 25.789 UT, 2012 - 15
Nova Sgr 2012 Apr. 21.011 UT, 2012 - 2
Nova Oph 2012 No.2 May. 19.484 UT, 2012 1 10

Nova Sco 2012 May. 22.800 UT, 2012 1 1







Chapter 3

Study of V5579 Sagittarii

3.1 Introduction

Nova Sgr 2008 (V5579 Sgr) was discovered by K. Nishiyama and F. Kabashima
at V' = 8.4 on 2008 April 18.784 UT (Nakano, Nishiyama & Kabashima 2008)
on two 30 s unfiltered CCD images. Munari et al. (2008) reported a rapid and
steady brightening of about 0.7 mag per day in the initial stages leading to the
possibility of V5579 Sgr reaching naked eye visibility if the trend continued.
However, the brightening lasted only for 5 days and V5579 Sgr reached a
maximum brightness of V., = 6.65 on 2008 April 23.541 UT. The early optical
spectrum taken during the pre-maximum phase by Fujii (2008) on 2008 April
19.82 UT showed hydrogen Balmer series absorption lines with Ha having a
prominent P Cygni profile and also several additional broad absorption lines
indicating that V5579 Sgr is a classical nova. The infrared spectra taken by
Russell et al. (2008) on 2008 May 9 showed lines of O I, N I, Ca II and
exceptionally strong lines of C I. The full width at half maximum (FWHM) of
the lines are approximately 1600 km s~!. Even though the Fe II features were
weak Russell et al. (2008) classify V5579 Sgr to be a Fe II type nova. The
lines of neutral helium had not yet formed and the strongest lines were the O
I lines that are fluorescently excited by LyS. The infrared continuum showed
strong thermal emission from dust at a temperature of 1370 K. Subsequent

infrared observations extending to 13.5 um by Rudy et al. (2008) showed

47



48 Chapter 3. Study of V5579 Sagittarii

significant spectral changes like substantial decrease in the line strengths and
pronounced absorption dip at the line centers. There was an increase in the
dust emission and associated cooling of the dust temperature to 1080 K. The
formation of dust can also be seen from the light curve. After reaching the
maximum, V5579 Sgr followed a smooth and fast decline. This fading was
interrupted, about 20 days after discovery, by a sharp decline seen in the
AAVSO light curve consistent with the formation of dust in the nova ejecta
as reported by Russell et al. (2008). A search in the Digitized Sky Survey
(DSS) red image and U.K. Schmidt red plate by Dvorak (2008) did not reveal
any object at the position of V5579 Sgr. With the limiting magnitude of
these surveys being close to 20 magnitudes, V5579 Sgr is one of the large
amplitude (AV = 13 magnitudes) novae observed in recent years. A BV Ro 1o
photometric sequence around V5579 Sgr was performed by Henden & Munari
(2008). They found that the field is extremely crowded, with several very faint
field stars lying within 4 arcsec from nova position and not listed in USNO B1
or 2MASS catalogs. The astrometry was also done using SLALIB (Wallace,
1994) linear plate transformation routines in conjunction with the UCAC2
reference catalog. The errors in the coordinates was less then 0.3 arcsec for
the nova. The Plate archive photometry was also done by Jurdana-Sepic &
Munari (2008) for nova V5579 Sgr. The Asiago Schmidt plate archive was
searched for nova V5579 Sgr, and 106 plates were found covering its position.
After plate inspection 58 good B and I- band plates were finally retained.
These 58 good plates covered the period 1961 June 16 to 1977 July 24, with
an average limiting magnitude B ~ 18, Io ~ 15.5. They found that the
progenitor was below limiting magnitude on all the plates. The J band images
of the nova V5579 Sgr from Mt. Abu after the outburst and a 2MASS image
before outburst are shown in Figure 3.1 (left and right panels). The position
of the nova is marked in 2MASS image, as circle in the right panel of Figure

3.1.

This chapter discusses the near-infrared photometric and spectroscopic ob-

servations in Section 3.2. The results of the analysis of V' band light curve,
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Figure 3.1: The J band images (2 x 2 arcmin) of V5579 Sgr. The left panel
shows the image obtained during the outburst from Mt. Abu and the right panel
is 2MASS image with suggested progenitor marked with a circle. North is on
the top and Fast is to the right.

evolution and general characteristics of the near-infrared spectra, dust forma-
tion and ejecta mass estimate are presented in Section 3.3. In Section 3.4 the

results are summarized.

3.2 Observations

Near-IR observations were obtained using the 1.2m telescope of Mt. Abu In-
frared Observatory from 2008 April 23 to 2008 May 15. The deteriorating
sky conditions associated with the pre-monsoon conditions did not allow ob-
servations after 2008 May 15. The log of the spectroscopic and photometric
observations are given in Table 3.1 and Table 3.2 respectively. The spectra were
obtained at a resolution of ~ 1000 using a Near-Infrared Imager/Spectrometer
with a 256x256 HgCdTe NICMOS3 array. In each of the JH K bands a set
of spectra was taken with the nova off-set to two different positions along the
slit. Spectral calibration was done using the OH sky lines that register with the
stellar spectra. The spectra of the comparison star SAO 185320 were taken at
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similar airmass as that of V5579 Sgr to ensure that the ratioing process (nova
spectrum divided by the standard star spectrum) removes the telluric features
reliably. To avoid artificially generated emission lines in the ratioed spectrum,
the H I absorption lines in the spectra of standard star were removed by in-
terpolation before ratioing. The ratioed spectra were then multiplied by a
blackbody curve corresponding to the standard star’s effective temperature to
yield the final spectra. Photometry in the JH K bands was done in clear sky
conditions using the NICMOS3 array in the imaging mode. Several frames,
in 4 dithered positions, offset by ~ 30 arcsec were obtained in all the bands.
The sky frames, which are subtracted from the nova frames, were generated
by median combining the dithered frames. The star SAO 185779 located close
to the nova was used for photometric calibration; the typical errors in the ob-
served magnitudes are +0.03. The parameters of the standard stars are given
in Table 3.3. The data is reduced and analyzed using the I RAF package. The

details of the data analysis procedures are discussed in Chapter 2.

Table 3.1: Log of spectroscopic observations of V5579 Sgr. The date of out-
burst has been assumed to be its discovery date viz. 2008 Apr 18.784 UT.

Date Days Integration time
2008 since (s)

(UT) Outburst  J H K
Apr 23.949 5.165 20 40 40
Apr 26.966 8.182 40 40 20
May 3.947  15.163 30 30 60
May 4.977  16.193 30 30 60
May 8.972  20.188 45 45 60

May 13.914 25.130 200 100 -
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Table 3.2: A log of the JH K photometric observations of V5579 Sgr. The date
of outburst has been assumed to be its discovery date viz. 2008 Apr 18.784

UT.

Date Days Magnitudes

2008 since

(UT) outburst  J H K
Apr 23.988 5.204 4.58 4.47 4.16
May 1.894  13.11 5.58 5.14 4.90
May 8.926  20.142 6.19 5.96 4.69
May 14.919 26.135 6.85 5.47 4.09

Table 3.3: Parameters of the standard stars used for spectral and photometric

reduction.
Star Equatorial and Galactic V J H K Spectral
co-ordinates (2000) type
SAO 185320 17h 22m 0.58s -24d 59m 58.37s 3.248 3.631 3.656 3.831 B2IV
0.46, 6.55
SAO 185779 17h 48m 27.84s -26d 58m 29.8s 6.35 5.909 5.848 5.861 B41IV

2.002, 0.48
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3.3 Results

Before presenting the results proper, we estimate some useful parameters for
V5579 Sgr. The basic useful parameters for the nova V5579 Sgr, namely the
outburst luminosity, the interstellar reddening and the distance, are derived

using the V' band light curve.

3.3.1 The pre-maximum rise, outburst luminosity, red-

dening and distance

The light curves based on the V' band data of AAVSO and JH K magnitudes
from Mt. Abu are presented in Figure 3.2. The date of discovery as given
by Nakano, Nishiyama & Kabashima (2008) is 2008 April 18.784 UT. There
is a good photometric coverage of the nova’s rise to maximum which lasts for
almost 5 days culminating in a peak brightness of V,,,, = 6.65 on 2008 April
23.541 UT. The decline rate is calculated from the epoch of peak brightness
2008 April 23.541 UT. We fit a least square regression to the post maximum
light curve and estimate the time decline by 2 & 3 magnitudes (¢5 & t3) about
8 £ 0.5 d and 14 £ 0.5 d, respectively. This small observed value of t, makes
V5579 Sgr as one of the fast Fe II class of novae in recent years. The example
of the fast novae of Fe II class in recent years are N Aql 1999 (V1494 Adql, ¢,
= 6.6 d), N Sgr 2004 (V5114 Sgr, t; = 11 d), N Cyg 2005 (V2361 Cyg, ty =
6 d), N Cyg 2006 (V2362 Cyg, t; = 10.4 d), N Oph 2006 (V2576 Oph, t; =
8 d), N Cyg 2007 (V2467 Cyg, to = 7 d), and N Cyg 2008 (V2468 Cyg, ty =
7.8 d). The earlier example of Fe II class nova with fast decline rate is N Aql
1995 (V1425 Aql) with ¢, = 11 d (Kamath et al. 1997). As mentioned earlier
V5579 Sgr is also one of the large amplitude novae observed in recent years
with AV = 13 magnitudes.

These observed values of the amplitude AV = 13 and t, = 8 days for V5579
Sgr are consistent with its location in the amplitude versus decline rate plot
for classical novae presented by Warner (2008) which shows AV = 12 - 15 for

to = 8 days.
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Figure 3.2: The V' band lightcurve of V5579 Sgr from AAVSO data. The days
of spectroscopic observations are indicated by dashes below. The Mt Abu JHK

photometric data s also shown.

Using the maximum magnitude versus rate of decline (MMRD) relation of
della Valle & Livio (1995), we determine the absolute magnitude of the nova
to be My = -8.8 £ 0.1 giving a distance modulus of V.. - My = 15.50.

The reddening is derived using the intrinsic colors of novae at peak bright-
ness, namely (B - V) = 0.23 £ 0.06, as derived by van den Bergh & Younger
(1987). We have used the optical photometry data from the AAVSO to cal-
culate E(B - V). The observed (B - V) = 0.95 &+ 0.06 results in E(B - V) =
0.72 + 0.06 and Ay = 2.23 £+ 0.08 for R = 3.1. Russell et al. (2008) estimate
E(B - V) = 1.2 using the O I lines in the spectra obtained on 2008 May 9
but remark that part of the reddening may be local to the nova as dust had
already formed. Our observations, discussed in a later subsection, also clearly
show the dust formation in V5579 Sgr by 2008 May 9. In their study of the
spatial distribution of the interstellar extinction, Neckel & Klare (1980) have
shown that close to the direction of V5579 Sgr, Ay steadily increases to a

value of ~ 1.8 mag around 2 kpc and flattens after that. The moderate value
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of Ay estimated by us appears reasonable even though the nova is located
close to the direction of Galactic Center (Galactic coordinates: 3.73, -3.02 see
Table 3.8). The distance to the nova is calculated using the expression for the

distance modulus

Vmax—MV:5lOgd—5—|—AV (31)

Based on the above we obtain a value of the distance to the nova d = 4.4 +
0.2 kpc. The height from the galactic plane is estimated to be z = 232 + 11
pc to the nova.

We have estimated the white dwarf mass by using the derived value of the

absolute magnitude My and relation given by Livio (1992); Warner (1995b):

The mass of the underlying white dwarf (My,p) in V5579 Sgr is estimated
to be My p ~ 1.12 M. The outburst luminosity of V5579 Sgr as calculated
from My is Lo = 2.7 x 10° L.

3.3.2 The nature of the light curve

A classification system for the optical light curves for novae on the basis of the
shape of the light curve and the time to decline by 3 magnitude (¢3) has been
presented (see Chapter 1) by Strope et al. (2010). The shape of the optical
light curve of V5579 Sgr presented in Figure 3.2 has all the characteristics
of D class of nova which shows a dust dip in the V band light curve after
the optical maximum. The early decline of V5579 Sgr following the rise to the
maximum is interrupted by fast decline around 15 days after optical maximum
and continues further. Thus the classification of the optical light curve for
V5579 Sgr is D(14), as the estimated value of t3 is ~ 14 days for V5579 Sgr.
The t3 value obtained by us using the AAVSO V band light curve is little less
with the value obtained by the relation t3 = 2.75 (t5)"® which gives t3 = 17
days (Warner 1995b).
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3.3.3 Line identification, evolution and general charac-

teristics of the JH K spectra

The JHK spectra are presented in Figures 3.3 to 3.5 respectively; line iden-
tification in graphical and tabular form are shown in Figure 3.6 and given
in Table 3.4 respectively. The infrared observations presented here cover all
the phases with the first infrared spectra taken on 2008 April 23 very close
to the visual maximum. These spectra near optical maximum are dominated
by lines of hydrogen, neutral nitrogen and carbon and display deep P Cygni
profiles. The emission components of all these lines have become stronger in
the spectra taken on 2008 April 26 and by 2008 May 3 all the lines are seen in
emission. The typical FWHM of the H I lines are 1500 km s~!. A noticeable
feature of these early spectra is the presence of lines due to Na I and Mg I.
In the spectra taken on 2008 May 3 the Na I lines at 1.1381 pm, 1.1404 pm,
2.1452 pm, 2.2056 pm and 2.2084 pm and Mg I lines at 1.1828 pm, 1.5040
pm, 1.5749 pm and 1.7109 pum are clearly seen. In an earlier study of V1280
Sco, Das et al. (2008) had suggested that the presence of spectral lines of
low ionization species like Na I and Mg I in the early spectra are indicators
of low temperature zones conducive to dust formation in the nova ejecta and
this is very well borne out by the present observations in the case of V5579
Sgr. We would like to point out the presence of a large number of strong lines
of neutral carbon. These are typical of Fe II type nova as seen in the case of
V1280 Sco (Das et al. 2008) and V2615 Oph (Das et al. 2009). The rising
continuum is seen in the spectra taken on 2008 May 8 indicating formation of
significant amount of dust in the nova ejecta. The dust continuum has started

dominating the spectrum on 2008 May 13.

From the K band spectra we do not find CO emission bands in the first
overtone. However it is possible that such emission may be weakly present
but below detection levels. It is thus useful to try and set an upper limit on
the strength of the CO emission and hence on the CO mass. An upper limit

can be set by computing a model spectrum for the CO emission and using
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The relative intensity is normalized to unity at 1.25 um. The time from optical

maximum are given for each spectrum.
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the criterion that CO emission should be discernible if the calculated model
strengths of the CO bands are atleast 3o times the value of the continuum
noise in the CO band region (2.29 - 2.4 um). The model CO spectrum has
been computed along the same lines as done for the nova V2615 Oph, where
CO was strongly detected, and which is described in Das et al. (2009). The
details of the model calculations for CO bands are given in Chapter 4 where
we report the detection of CO bands in emission for the nova V496 Sct. The
model calculations were done for the temperature range of 2500 K to 4200
K corresponding to the observed values in case of novae where CO has been
detected and modeled (first overtone detections have been made in V2274 Cyg
- Rudy et al. 2003; NQ Vul - Ferland et al. 1979; V842 Cen - Hyland &
Mcgregor 1989, Wichmann et al. 1990, 1991; V705 Cas - Evans et al. 1996;
V1419 Aql - Lynch et al. 1995; V2615 Oph - Das et al. 2009; V496 Sct - Rudy
et al. 2009, Raj et al. 2009). A value of 3 -5 x 1079 M, is obtained for the
upper limit of Mo using a distance of 4.4 kpc to the nova.

Theoretically, the detailed modeling of Pontefract and Rawlings (2004) for
molecule formation and destruction in nova winds, predicts that CO should
form early after the outburst, remain constant in strength for ~ 15 days there-
after and then get rapidly destroyed. Fairly consistent with this picture, most
of the CO detections outlined above have indeed been reported early after
the outburst. Thus, in the present case too, CO emission could have been
expected. Its absence indicates that it either is present but below detection

levels or that it did not form for reasons which are not clearly understood.

3.3.4 Fireball phase

As noted earlier, V5579 Sgr showed pre-maximum brightening. After its dis-
covery on 2008 April 18.784 UT by Nishiyama & Kabashima (Nakano 2008)
at 8.4 mag, it brightened by nearly 1.8 mag over next five days to reach maxi-
mum of V' = 6.65 mag on 2008 April 23.541 UT. This pre-maximum rise is well
observed at optical wavebands. Our first near-IR photometric observations are

available for 2008 April 23.988 UT close to the optical maximum. We have
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studied the fireball phase by obtaining spectral energy distribution (SED) cov-
ering the optical and near-IR region. The following optical magnitudes B =
7.6,V =6.87, Rc = 6.23 and I = 5.55 at maximum brightness from AAVSO
along with the present JH K magnitudes of 2008 April 23.988 UT were used
in deriving the SED. The observed magnitudes were corrected for extinction
using Koornneef’s (1983) relations (see Chapter 2) and Ay=2.23 mag. From a
blackbody fit to the SED shown in top panel of Figure 3.6, we obtain a formal
temperature of Ty, = 8900 + 400 K which is consistent with the A to F spectral
type for the pseudo-photospheres displayed by novae at outburst (Gehrz 1988).
However, this temperature Ty, estimate is likely to have additional errors as
all the observed flux values used in the fit lie on the Rayleigh-Jeans part of the
spectral energy distribution. Further, the B band flux value is also susceptible
to significant errors since it has the largest interstellar extinction correction.
The list of corrected broad band flux values for the optical and near-infrared
bands is given in Table 3.5. The blackbody angular diameter 6, in arcseconds
is calculated using the relation given by Ney & Hatfield (1978), namely,

O = 2.0 x 10" (NFy) Y2 x T2 (3.3)

max

where (AF))mae is in W em™2 and Ty, is in Kelvin. From the model black-
body fit of 8900 K shown in Figure 3.7 (upper panel), we find (AF))0e = 3.64
x 1071 W em~2. We accordingly obtain a value of ~ 0.5 milliarcsec for the
angular diameter. This value for the angular diameter can be used to estimate
the distance to the nova by invoking constant expansion rate for the ejecta

and the relation given by Gehrz (2008), namely,

d=1.15 x 1073(V,;)t/0w (3.4)

where d is in kpe, V,; in km s7%, ¢ in days since outburst began and 6y, in
milliarcsec. Taking a value of 1500 km s~!, the typical FWHM of H I lines for
V.; and t = 5d corresponding to the epoch of optical maximum we get d =
17.3 kpc which is four times larger than the estimate done in section 3.1 using

the MMRD relation. The reason for this discrepancy is not clear. A likely
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reason is that the pseudo photosphere behaves as a grey body with reduced
emissivity in the fireball phase. The estimate of 8y, will always be a lower limit
since it is applicable for a blackbody (Ney & Hatfield 1978; Gehrz et al. 1980).
For a grey body, the observed angular size can be larger, since the right hand
side of equation 3.3 should be divided by €'/, where € the emissivity has a
value less than unity.

A similar discrepancy was noticed by Das et al. (2008) in the case of V1280
Sco, where the blackbody angular diameters were smaller by a factor of three
than the values derived from the interferometric measurements. It should be
noted that the value of ¢ is likely to have an error due to the uncertainty in the
determination of the start of the outburst. For V5579 Sgr, Yamaoka, Haseda
& Fujii (2008) and Liller & Camilleri (2008) report that no object brighter
than 11.5 and 11.0 mag respectively was seen on their patrol images taken
around 2008 April 15.743 UT and 2008 April 16.22 UT. Thus our estimate of
t is likely to have an error of ~ 2 days which worsens slightly the discrepancy
between the distances determined using the MMRD and the blackbody angular

diameter relations.

Table 3.4: A list of the lines identified from the JH K spectra shown in Figure
3.6. The additional lines contributing to the identified lines are listed and the

unidentified lines are mentioned as u.i.

Wavelength Species Other contributing
(pum) lines and remarks
1.0938 Pa ~
1.1126 u.i Fetr ?
1.1287 O1
1.1330 Cr
1.1381 Nar1 Cr11.1373

Continued on next page.
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Table 3.4 — Continued from previous page.

Wavelength Species Other contributing
(pm) lines and remarks
1.1404 Na1 Cr11.1415

1.1600-1.1674 Cr strongest lines at 1.1653,
1.1659,1.16696
1.1746-1.1800 Cr strongest lines at 1.1748,
1.1753,1.1755
1.1828 Mg1
1.1819-1.2614 several C1  strongest lines at 1.1880,
and N1 1.1896

1.2461,1.2469 N1 blended with O1 1.2464

1.2562,1.2569 Cr blended with O1 1. 2570
1.2818 Pa /8
1.2950 Cr
1.3164 O1
1.5040 Mg1 blended with Mgt 1.5025,

1.5048
1.5256 Br 19
1.5341 Br 18
1.5439 Br 17
1.5557 Br 16
1.5701 Br 15
1.5749 Mgt blended with Mgt 1.5741,
1.5766,C1 1.5788
1.5881 Br 14 blended with C1 1.5853
1.6005 Cr
1.6109 Br 13
1.6407 Br 12
1.6806 Br 11

Continued on next page.
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Table 3.4 — Continued from previous page.

Wavelength Species Other contributing
(pm) lines and remarks
1.6890 Ci
1.7045 Cr
1.7109 Mg1

1.7234-1.7275 Cr several CT lines
1.7362 Br 10 affected by C1 1.7339 line
1.7449 Cr
1.7605-1.7638 C1
1.7675 u.i
1.7769-1.7814 Cr
1.8021 Or?
1.9445 Hr
1.9722 Cr
2.0585 Her
2.0870 u.i
2.1023 Cr
2.1156-2.1295 Cr
2.1452 Nar1
2.1655 Br v
2.2056,2.2084 Nar1
2.2156-2.2167 Cr
2.2520 u.i
2.2906 Cr
2.3130 Cr
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Table 3.5: List of broad band flux values close to the optical maximum cor-
rected for Ay = 2.23 use to derived the spectral energy distribution during the
fireball phase.

Band Flux (Wem?pm™1)

8.8 x 10714
5.1 x 107
3.7 x 1071
2.3 x 107
8.0 x 1071°
2.6 x 107
1.0 x 1071

N D N o~ 3 < W

3.3.5 Dust formation and ejecta mass estimate

The light curve showed a sharp fall about 15 days after the visual maximum
indicating onset of dust formation. The thermal emission from the dust con-
tributes to the near-IR bands and one expects a brightening at these wave-
lengths. The present near-IR photometric observations presented in Figure 3.2
clearly show the onset of dust formation associated with the fall in the visual
light curve around 2008 May 8 accompanied simultaneously thereafter by a

steady increase in the near-IR magnitudes, especially in the K band.

The SED of the dust component in the ejecta is constructed using the
observed JH K magnitudes on 2008 May 14.919 UT and shown in the lower
panel Figure 3.7. The contribution of the thermal emission from the dust
given in Table 3.6 is seen increasing upto the K band indicating that it may
peak at even longer wavelengths. We estimate a value of 1700 4+ 200 K for

the temperature of the dust shell. However, this estimate of temperature for
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Figure 3.7:  The top panel shows spectral energy distribution for the fireball
phase data of April 23.988 UT with blackbody temperature fit of 8900 K. The
bottom panel shows a similar fit for the data of May 14.919 UT with blackbody
temperature fit of 1700 K after dust formation.

Table 3.6: List of near-infrared broad band flux values corrected for Ay, = 2.23

for 2008 May 14.919 UT corresponding to dust formation phase.

Band Flux (Wem™2um™!)

J 9.9 x 10716
H 1.0 x 10715
K 1.1 x 10715
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the dust shell has large uncertainty as observations in only three wavelengths
are used in fitting the SED of which the dust is contributing mostly in the K
band. The list of corrected broad band flux is given in Table 3.6. Russell et al
(2008) have estimated the dust shell temperature to be 1370 K based on the
observations spanning the wavelength range upto 5.2 ym. The likely reason
for the higher value for the dust temperature derived by us is the restricted
spectral coverage extending upto K band only that may have emphasized the

contribution at shorter wavelengths.

T
v/

N T=15000K -

Relative Intensity

:\\\\l\\\\l\\\\l\\\\l\\\\l\\\\l\\:
8 10 12 14 16 18

Upper level number

Figure 3.8:  Recombination analysis for the hydrogen Brackett lines in V5579
Sgr on 2008 May 3 and 8. The abscissa is the upper level number of the
Brackett series line transition. The line intensities are relative to that of Br
12. The Case B model predictions for the line strengths are also shown for a
temperature of T = 10* K and electron densities of n, = 10" ¢cm™3 (dashed

line) and 10° em™ (solid line).

The mass of the dust shell can be calculated from the thermal component
of the SED of 2008 May 14 UT shown in Figure 3.7. Woodward et al. (1993)

have given the expression for the mass of the dust shell as
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Mgy = 1.1 x 106(AF))maed? /TS, (3.5)

In the expression above, mass of the dust shell My, is in units of Mg |,
(AF))maz 18 in W cm ™2 measured at peak of the SED, the black-body temper-
ature of the dust shell Ty, is in units of 10? K, and the distance to the nova
d is in kpc. It is assumed that the dust is composed of carbon particles of size
less than 1 pm with a density of 2.25 gm cm~3. The early dust formation, high
dust temperature and SED in the near-infrared that resembles black-body in
the case of V5579 Sgr are indicative of presence of carbon grains in the dust
shell (Clayton & Wickramsinghe 1976). In addition the occurrence of strong
carbon spectral features in the observed spectra indicate that our assumption
that the dust is made up of carbon/graphite is reasonable. We obtain My, =
2.12 x 1072 M, for 2008 May 14 taking the observed parameters of (AF))maz =
242 x 107 W em™2, Tyue= 1.7 x 10® K and d = 4.4 kpc. The observed ratio
for the Myqs to Mgys: range from 1.8 x 102 for LW Ser that formed optically
thick dust shell (Gehrz et al. 1980) to 2.5 x 10* for V1425 Aql that formed
optically thin dust shell (Mason et al. 1996). Taking a canonical value of 200
for the gas to dust ratio, we get ~ 4.2x 10~7 M, for the gaseous component
of the ejecta. This value is smaller than the typically observed value of 107 to
107% Mg, in novae. One definite reason for the dust mass being underestimated
is that our SED is based on data extending upto only 2.2 pym and certainly
neglects contribution from dust emission at longer wavelengths. In this process
we are overestimating the derived dust temperature considerably as is evident
from Russell et al. (2008) who get Tguse = 1370 K on 2008 May 9, five days
before the date being considered in this analysis, which further cools down
quickly to 1070 K by 2008 May 22 (Rudy et al. 2008). The formulation used
for the dust mass estimate is very sensitive to Tg,. Further, since the Rudy
et al. (2008) and Russell et al. (2008) reports show that the dust emission
peaks at longer wavelengths, we are also underestimating (AF))maz- Correct
use of both Ty, and (AF))maz values should considerably enhance the dust

mass estimate made here.
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Table 3.7: List of near-infrared line flux values corrected for Ay, = 2.23 for

Case B analysis.

Brackett line

Flux (Wem™?pm™)

3 May 2008 8 May 2008
7 1.0 x 1071 3.2 x 10714
12 1.3 x 10718 1.9 x 10714
13 43 x 107" 85 x 1071
14 70 x 1074 1.3 x 107
15 5.6 x 1071 7.5 x 1071
16 50 x 107 1.1 x 107"
17 3.0 x 107" 51 x 1071
18 1.8 x 107 3.0 x 1071
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Among all the fast novae that were mentioned above, only N Cyg 2006
(V2362 Cyg) and N Aql 1995 (V1425 Aql) formed optically thin dust. It should
be noted that V2362 Cyg showed a pre-maximum rise lasting for ~ 2.8 days
and also a second maximum at At = 239 d, after the optical maximum and
dust formed around At = 251 d. In case of V1425 Aql there was an indication
of dust in the ejecta around At = 22 d, while the present observations show
that dust formation took place even earlier around At = 15 d after the optical
maximum in V5579 Sgr. Thus the IR data presented here for V5579 Sgr along
with the results of Kamath et al. (1997) on V1425 Aql indicate that the earliest
dust formation time scale for an Fe Il nova lies in the range of 15 - 22 days.

We have alternatively explored the possibility of estimating the ejecta mass
using recombination line analysis of H I lines for 2008 May 3 and 2008 May
8 (Figure 3.8). However, we find that the strengths of these lines, relative to
each other, deviate considerably from Case B values on all epochs indicating
that the lines are optically thick. Hence we are unable to estimate the ejecta
mass from recombination analysis. The list of corrected line flux is given in

Table 3.7 for H I lines.

3.3.6 A discussion of the P Cygni phase

We qualitatively discuss the P Cygni profiles seen around maximum light as
they can help estimate the radius of the white dwarf’s (WD) photosphere
(rpn) at this epoch. Kato & Hachisu (1994) have shown from theoretical con-
siderations of the photospheric optical depth that r,, > 100 Rg at maximum.
This is a substantial increase by a factor of almost 10* in the WD’s radius
between quiescence to maximum. Subsequent refinements in their modeling of
novae light curves reaffirm that after the thermonuclear runaway sets in on a
mass-accreting WD, its envelope expands greatly to r,, > 100 Ry (Hachisu &
Kato, 2001; Hachisu & Kato, 2006) the evolution of r,, with time is illustrated
diagrammatically in the above works. It is desirable to have observational
confirmation for such estimates of r,, and P Cygni profiles may provide an

assessment of this physical parameter.
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Figure 3.9: The time evolution of PafS 1.2818 um line showing the evolution
of the P Cygni feature. For more details see section 3.3.6.

The generic formation of P Cygni profiles, following Lamers & Cassinelli
(1999), can be understood by considering a spherical symmetric outflowing
wind (in our case the mass loss from the nova outburst) in which the veloc-
ity necessarily increases outwards i.e., the wind is accelerated outwards till it
reaches a terminal velocity. To the outside observer, it is the matter in the form
of a tube in front of the stellar disc which scatters light from the continuum
of the star that is responsible for the absorption component of the P Cygni
profile (see Figure 2.4 in Lamers & Cassinelli 1999). The ratio of the strength
of the emission and absorption components of the P Cygni profile depends on
the size r,, of the wind region (i.e., size of the ejected material) relative to the
size of the star. If the star is large compared to the size of the wind region the
emission will be smaller than the absorption. When the wind region is large
compared to the star’s size we expect emission to dominate - this can be seen

geometrically as the volume of the emitting gas becomes much larger than the



72 Chapter 3. Study of V5579 Sagittarii

volume causing the absorption component. Observationally consistent with
this scenario, it is known that prominent P Cygni profiles in a nova outburst
are inevitably seen and reported at maximum light and on one or two days
following it. At such an epoch, it is therefore reasonable to use an approxima-
tion that the wind region size r,, is of the order of the stellar size r,,. Since the
wind region size r,, can be approximated kinematically (r, ~ Vinean X t, Vinean
= mean velocity of ejecta, ¢t = time after outburst), a qualitative estimate can
be made of r,,. This could be used as the rationale in estimating r,,. As
the ejected matter (the wind region) keeps expanding to larger sizes at later
times following the maximum, the emission component strengthens and finally
begins to dominate. This expected behaviour is reasonably in accordance with
the early P Cygni profiles seen in V5579 Sgr as shown in Figure 3.9.

A simplistic order-of-magnitude estimate for r,, may be obtained in the
following way. Let a typical velocity of Viean ~ 1000 km s~! for the nova
ejecta be assumed. Velocities in nova ejecta can range from few hundreds to
few thousands of km s™! and Ve, = 1000 km s~! is a fairly representative
value. For our choice of v,,cqn, and taking ¢ = 1 d as the typical timescale
when prominent P Cygni profiles are generally seen, the value of r,, ~ 120 R
encouragingly matches that expected for r,,. However, we emphasize that this
is purely a qualitative estimate. We hope to undertake a detailed modeling,
which takes into account a realistic wind-velocity law in the ejecta, to try and
reproduce observed P Cygni profiles in novae and their evolution with time.

It is theoretically expected that mass loss during a nova outburst is a sus-
tained process. Spectroscopic evidence for such a sustained mass loss, obtained
by tracing the evolution of a P Cygni feature in the Paf line, is presented here

allowing a lower limit of 8 - 12 days to be set for the mass-loss duration.

3.4 Summary

In this chapter, we have presented near-infrared spectroscopic and photomet-

ric results of Nova V5579 Sgr which erupted on 2008 April 18.784 UT. The
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spectra evolve from a P Cygni phase to an emission-line phase and at a later
stage is dominated by emission from the dust that formed in this nova. It
is theoretically expected that mass loss during a nova outburst is a sustained
process. Spectroscopic evidence for such a sustained mass loss, obtained by
tracing the evolution of a P Cygni feature in the Pag line, is presented here
allowing a lower limit of 8 - 10 days to be set for the mass-loss duration. From
the optical lightcurve, the distance and the height from the galactic plane to
the nova is estimated to be 4.4 £ 0.2 kpc and 232 4+ 11 pc. The mass of the
underlying white dwarf in V5579 Sgr is My, p ~ 1.12 M. The outburst lumi-
nosity of V5579 Sgr as calculated from My is Lo = 2.7 x 10° L. The light
curve classification for V5579 Sgr is D(14). The infrared spectra indicate that
the nova is of Fe II class. Evidence is seen from the JH K photometry and
spectra for the formation of dust in the nova in mid-May 2008. The mass of
the dust is estimated to be My, = 2.12 x 1072 M. In this context, the pres-
ence of emission lines from low ionization species like Na and Mg in the early
spectra and subsequent formation of the dust supports the predictive property
of these lines as indicators of dust formation as proposed by Das et al (2008).
It may be noted that V5579 Sgr is one of the few fast Fe II class of novae (5
= 8 d) that formed dust. We have indicated the possible usefulness of the P
Cygni profiles seen in the novae spectra around maximum brightness to study
the physical parameters related to the central white dwarf. The summary of

the nova is given in Table 3.8.
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Table 3.8: Summary of the nova.

Parameter Value
Name Nova Sagitarii 2008, V5579 Sgr
Discovery Date 2008 April 18.784 UT
Date of optical maximum 2008 April 23.541 UT
Equatorial coordinates 18h 05m 58.88s -27d 13m 56s (J2000.0)
Galactic coordinates 3.7342, -3.0225 (J2000.0)
Speed class Very fast
to 8 + 0.5 days
t3 ~ 14 days
Reddening E(B-V) 0.72 £ 0.06
Extinction Ay 2.23 £ 0.08
My, -8.8 £ 0.1
Distance 4.4 £+ 0.2 kpc
Galactic latitude 232 + 11 pc
Mwp ~ 1.12 Mg
Lo 2.7 x 10° Ly
Emission lines P Cygni profiles
Line widths (FWHM) 1500 km st
Ejecta mass ~ 4.2x 107" M

Dust formation (mass of the dust) Yes (2.12 x 1072 My)




Chapter 4

Study of V496 Scuti

4.1 Introduction

Nova Scuti 2009 (V496 Sct) was discovered by Nishimura on 2009 Novem-
ber 8.370 UT at V' = 8.8 (Nakano 2009) on two 10s unfiltered CCD images.
Nishimura also reported that no object was visible on two CCD frames taken
with the same instrument a day earlier on 2009 November 7.377 UT indicating
that V496 Sct was discovered close to maximum brightness. This was con-
firmed spectroscopically soon after its discovery by the low resolution spectra
obtained during the period 2009 November 9.73 UT to 10.08 UT which showed
prominent Ha and Hf emission lines with P Cygni components, along with
the strong Fe II multiplets and O I lines indicating that V496 Scuti is an Fe
IT class nova near maximum light (Teyssier 2009, Munari et al. 2009a, Balam
& Sarty 2009). The typical FWHM of the P Cygni components ranged from
700 to 950 km s~! with the absorption component blue shifted by 700 km s~.
Munari et al. (2009a) report that the overall resemblance is that of a typical
nova of Fe II class observed close to the maximum brightness. The follow-up
observations by Munari et al. (2009b) showed a post-discovery brightening
for about 10 days before the onset of fading with maximum brightness V..
= 7.07 around 2009 November 18.716 UT. V496 Sct was observed in the in-
frared by Rudy et al. (2009) using Near Infrared Imaging Spectrograph on
the 3m Shane reflector at Lick Observatory on 2009 November 27.08 UT and

75



76 Chapter 4. Study of V496 Scuti

Figure 4.1: The J band images (2 X 2 arcmin) of V496 Sct. The left panel
shows the image obtained during the outburst from Mt. Abu and the right panel
is 2MASS image with suggested progenitor marked with a circle. North is on
the top and FEast is to the right.

revealed strong first overtone CO emission bands - an extremely short lived
feature that is seen in only a few novae. They also found several prominent C
I emission lines with the strongest line accompanied by P Cygni type absorp-
tion component. As the novae that display first overtone CO in emission and
strong C I emission in early phases form dust, Rudy et al. (2009) predicted
that dust formation in V496 Sct is almost certain. Following this interesting
prediction an observational campaign of V496 Sct was initiated at Mt. Abu
IR Observatory and the first result by Raj, Ashok & Banerjee (2009) showed
the continuation of CO emission during the period 2009 December 3.55 UT to
8.55 UT. V496 Sct could not be observed after 2009 December 9 as it become
inaccessible due to its conjuntion with the sun. Subsequent observations by
Russell et al. (2010) after V496 Sct came out of the solar conjunction showed
dust formation on 2010 February 10. The CO emission seen in 2009 November
was absent.

An inspection by Guido & Sostero (2009) of the Digitized Sky Survey (DSS)
plate (limiting red magnitude about 20) obtained on 1996 August 13 to look
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for the progenitor did not reveal any clear and unambiguous object at the
position of V496 Sct. The limiting red magnitude of 20 for the DSS plate
makes V496 Sct one of the large amplitude (AR > 13.5) novae.

The nova V496 Sct was studied at Mt. Abu IR Observatory of Physical
Research Laboratory in India, at Asiago Observatory operated by the Univer-
sity of Padova and INAF Astronomical Observatory of Padova and Schiaparelli
Observatory in Italy.

This chapter discuss the infrared and optical observations in Section 4.2.
The results of the optical light curve, characteristics of the infrared and optical
spectra, detection and evolution of the CO emission and physical parameters
of the nova ejecta are presented in Section 4.3. In section 4.4 the summary of

the results are given.

4.2 Observations

4.2.1 Infrared observations

Near-IR photometric and spectroscopic observations were obtained using the
1.2m telescope of Mt. Abu Infrared Observatory from 2009 November 19 to
2011 April 23. After the first observation on 2009 November 19, the observa-
tions were done from 2009 December 3 after the detection of CO first overtone
bands in emission on 2009 November 27.08 UT by Rudy et al. (2009). In the
intervening period no observations could be done due to the non-availability
of telescope time. The availability of V496 Sct for short duration during 2009
December resulted in restricted photometric coverage. The log of the spec-
troscopic and photometric observations are given in Table 4.1 for 520 days
from optical maximum. The details of the spectroscopic reduction of the
data is given in Chapter 2. The procedure is briefly summarized below. The
spectra were obtained at a resolution of ~ 1000 using a Near-Infrared Im-
ager /Spectrometer with a 256 x 256 HgCdTe NICMOS3 array. In each of the
JHK bands a set of spectra was taken with the nova off-set to two different

positions along the slit. The wavelength calibration was done using the OH
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Table 4.1: Parameters of the standard stars used for spectral and photometric

reduction.

Name Equatorial and Galactic V J H K
co-ordinates (2000)

Spectral

type

SAO 144150 20h 11m 18.27s -00d 49m 17.31s 3.242 3.293 3.278 3.295 B9.5III

(41.58, -18.08)
SAO 142612 18h 46m 54.7s -07d 34m 44.84s  7.24  6.551 6.509 6.44
(25.67, -2.48)

B9

sky lines that register with the stellar spectra. The spectra of the comparison
star SAO 144150 and SAO 142612 were taken at similar airmass as that of
V496 Sct to ensure that the ratioing process (nova spectrum divided by the
standard star spectrum) removes the telluric features reliably. To avoid artifi-
cially generated emission lines in the ratioed spectrum, the H I absorption lines
in the spectra of standard star were removed by interpolation before ratioing.
The ratioed spectra were then multiplied by a blackbody curve corresponding
to the standard star’s effective temperature to yield the final spectra.

Photometry in the JH K bands was done in clear sky conditions using the
NICMOSS3 array in the imaging mode. Several frames, in 4 dithered positions,
offset by ~ 30 arcsec were obtained in all the bands. The sky frames, which
are subtracted from the nova frames, were generated by median combining the
dithered frames. The star SAO 142612 located close to the nova was used for
photometric calibration. The data is reduced and analyzed using the IRAF
package.

4.2.2 Optical photometry

Optical photometry of V496 Sct was obtained with ANS Collaboration tele-
scope number R030 located in Cembra (Trento, Italy). A detailed description

of ANS Collaboration instruments, operation modes and results on the mon-
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Figure 4.2:  The light curve and the optical and the infrared colors of V496
Sct from Asiago and Mt. Abu data.
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Table 4.2: Log of the Mt. Abu near-infrared observations of V496 Sct. The date of optical maximum is taken as 2009 November

18.716 UT.

Date of Days since Integration time (s) Integration time (s) Nova Magnitude
Observation optical max J-band H-band K-band J-band H-band K-band J-band H-band K-band
Spectroscopic Observations Photometric Observations
2009 Nov. 19.57 0.854 60 - - 10 25 50 5.49+0.02 5.204+0.02 4.96£0.10
2009 Dec. 03.58 14.864 - - 60 - - - - - -
2009 Dec. 05.56 16.844 60 60 120 - - - - - -
2009 Dec. 06.56 17.844 90 60 120 5 10 10 6.501+0.16 5.8240.21 5.214+0.14
2009 Dec. 07.54 18.824 - - 120 - - 25 - - 5.671+0.20
2009 Dec. 08.54 19.824 90 70 120 - - 25 - - 5.45+0.20
2009 Dec. 09.22 20.504 - 90 120 - - 25 - - 5.27+0.07
2010 Apr. 10.97 143.254 - - - 250 275 50 9.24+0.15 7.744+0.15 5.45+0.20
2010 Apr. 11.97 144.254 120 120 80 - - - - - -
2010 Apr. 21.94 154.224 300 200 200 - - - - - -
2010 Apr. 22.94 155.224 120 80 60 - - - - - -
2010 Apr. 23.93 156.214 120 80 60 - - - - - -
2010 Apr. 29.92 162.204 150 100 100 - - - - - -
2010 Apr. 30.92 163.204 300 - - 625 550 50 9.50+0.09 7.9940.09 6.57+0.10
2011 Apr. 15.95 513.234 - - - 1000 500 105 12.824+0.15 13.03£0.15  12.46+0.20
2011 Apr. 22.96 520.244 - - - 1000 750 105 13.554+0.12  13.28+0.10  12.324+0.12
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itoring of novae is provided by Munari et al. (2012) and Munari & Moretti
(2012). Telescope R030 is a 0.30-m Meade RCX-400 f/8 Schmidt-Cassegrain
telescope, equipped with a SBIG ST-9 CCD camera, 512x512 array, 20 pm
pixels = 1.72" /pix, providing a field of view of 13’ x13'. The B filter is from
Omega and the UV Rcl¢ filters from Custom Scientific. The BV R¢lI¢ pho-
tometry of Nova Sct 2009 is presented in Table 4.3. The median values for the
total error budget are ¢(V)=0.008, ¢(B - V)=0.014, o(V - R)=0.012, o(V -
[)=0.027, which include both the Poissonian components and the uncertainty
in the transformation from the local to the standard Landolt (1992) system.

The observations and data reduction were co-ordinated by Munari.

4.2.3 Optical spectroscopy

Spectroscopic observations of V496 Sct were obtained with the 0.6m telescope
of the Schiaparelli observatory in Varese, equipped with a multi mode spec-
trograph (Echelle + single dispersion modes) and various reflection gratings,
as part of the ANS Collaboration monitoring of nova outbursts (Munari et al.
2012). A journal of the spectroscopic observations is provided in Table 4.4,
where the time is counted from the V' band maximum. The resolving power
of the Echelle spectra is ~ 20,000. The spectra were exposed with a 2 arc-
sec wide slit, oriented along the instantaneous parallactic angle. All spectra
(including Echelle ones) were calibrated in absolute fluxes by observations of
several spectrophotometric standards each night, at similar airmasses and both
immediately before and after the exposure on the nova. Their zero-points were
then checked against simultaneous BV RI photometry by integrating the band
transmission profiles on the fluxed spectra, with the differences almost never
exceeding 0.1 mag. The observations and data reduction were co-ordinated by

Munari.
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Table 4.3: Log of the optical photometric observations of V496 Sct. The date
of optical maximum is taken to be 2009 November 18.716 UT.

Date Days since
optical

(UT) maximum %4 B-V V-Re V-Ic

2009

Nov. 10.692 -8.024 8.341 0.647 0.471 0.933
Nov. 10.710 -8.006 8.329  0.707

Nov. 11.693 -7.023 8.057 0.725 0.506 0.961
Nov. 11.705 -7.011 8.009  0.709

Nov. 12.698 -6.018 7.393 0.712

Nov. 12.700 -6.016 7.463 0.680 0.479 0.935
Nov. 12.736 -5.980 7487 0.672 0.469 0913
Nov. 13.732 -4.984 7.585 0.711 0.457 0.914
Nov. 17.706 -1.010 7.219 0.772 0508 1.051
Nov. 18.716 0.000 7.070 0.797 0.526 1.037
Nov. 19.710 0.994 7115 0.713 0.472 1.000
Nov. 20.699 1.983 7271 0.708 0.495 1.021
Nov. 21.706 2.990 7.554 0.620 0.572 1.144
Nov. 23.687 4.971 7.455 0.524 0.567 1.144
Nov. 24.687 5.971 7401 0.545 0.542 1.107
Nov. 25.690 6.974 7473 0.578 0.550 1.101
Nov. 28.686 9.970 7.327 0.581 0.549 1.053
Dec. 2.681 13.965 7.508 0.583 0.550 1.109
Dec. 3.682 14.966 7.907 0.484 0.668 1.212
Dec. 14.688 25.972 8.250 0.450 0.759 1.251
Dec. 18.692 29.976 8.190 1.097

Continued on next page.
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Table 4.3 — Continued from previous page.

Date Days since
optical
(UT) maximum V B-V  V-Re V-Ic
2010
Feb. 2.221 75.505 9.607 0.351 1.402

Feb. 8.212 81.496 9.861 0.301 1.053 1.436
Feb. 15.204 88.488 10.373 0.141 1.154 1.561
Feb. 27.196 100.480  11.178 0.375 1.477 1.764
Mar. 6.163 107.447  11.684 0.501 1.796 2.003
Mar. 14.172 115456  11.143 0.152 1.412 1.588
Mar. 16.165  117.449  11.229 0.175 1.500 1.591
Mar. 24.168 125452  11.162 0.320 1.461 1.465
Mar. 27.172 128456  11.314 1.375
Apr. 2.141 134.425  11.306 0.297 1.412 1.259
Apr. 7.119 139.403  11.327 0.288 1.409 1.244
Apr. 15.110 147.394 11405 0.290 1.417 1.182
Apr. 20.128 152412 11.466 0.290 1.375 1.127
Apr. 28.094  160.378  11.439 0.292 1.313 1.037
May. 17.020  179.305  11.411 0.315 1.117 0.823
May. 18.089  180.374  11.377 0.387 1.074 0.794
May. 19.067  181.352  11.401 0.352 1.087 0.770
May. 21.040  183.324  11.371 0.376 1.005 0.742
May. 25.004  187.289  11.424 0.310 1.090 0.740
May. 28.008  190.293  11.395 0.386 0.994 0.678
Jun. 4.004 197.289 11413 0.359 0.920 0.653
Jun. 10.978 204.262  11.447 0.381 0.877 0.557
Jun. 21.950 215.235  11.448 0.516 0.711 0.416
Jun. 28.918 222.202  11.607 0.293 0.816 0.464
Jul. 8.947 232232 11.584 0.501 0.641 0.315

Continued on next page.
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Table 4.3 — Continued from previous page.

Date Days since
optical

(UT) maximum Vv B-V V-Re V-Ic

Jul. 16.906 240.191  11.680 0.455 0.657 0.268
Jul. 24.914 248.199  11.677 0.602 0.514 0.170
Aug. 1.962 256.246  11.770 0.559 0.513 0.171
Aug. 16.905  271.189  11.841 0.666 0.396 0.052
Aug. 22.883  277.167  11.925 0.627 0.404 0.012
Aug. 31.866  286.150  11.937 0.759 0.302 -0.044
Sep. 10.859 296.080  11.999 0.796 0.238 -0.111
Sep. 20.774 305.995  12.085 0.772 0.212 -0.136
Sep. 29.844 315.065  12.141 0.774 0.193 -0.139
Oct. 10.752 325.973 12188 0.843 0.139 -0.211
Oct. 19.777 334998  12.225 0.878 0.098 -0.230
Oct. 27.762 342984  12.267 0.915 0.097 -0.220
Nov. 12.744  358.965  12.387
2011

Feb. 10.212 448.433  12.773 -0.557
Feb. 23.190  461.411  12.813 1.040 -0.234 -0.642
Mar. 20.151  486.372  12.933 1.066 -0.287 -0.624
Apr. 13.141  511.362  13.029 -0.858
Apr. 18.087  516.308  13.128 0.901 -0.187 -0.683
Apr. 21.088  519.309  13.109 0.957 -0.256 -0.672
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Table 4.4: Log of the Varese optical spectroscopy of V496 Sct. The date of
optical maximum is taken as 2009 November 18.716 UT.

date UT expt disp A range Days since
(sec) (A/pix) (A) optical maximum

2009 11 09 18:26 1500 2.12  3960-8600 -8.955
10 18:15 3600 echelle 3950-8640 -7.960

12 17:06 900  2.12  3955-8595 -6.005

12 17:50 1800 echelle 3880-8640 -5.987

19 16:52 360  2.12  3955-8590 0.972

19 17:57 3600 echelle 3950-8650 1.016

21 16:53 420  2.12  3965-8610 2.973

21 17:54 3600 echelle 4180-8650 3.015
24 17:46 2700 echelle 3955-8645 6.012
28 17:07 2700 echelle 4020-8655 9.995
1201 17:23 900 echelle 3955-8645 13.002
01 17:58 900  2.12  3945-8590 13.017
05 17:09 3600 echelle 3950-8645 16.996

10 17:04 1800 echelle 3950-8640 21.994

10 17:34 300 212 3945-8597 22.007
2010 03 13 04:43 1020 4.24  3800-8385 114.469
04 28 02:39 2400 2.12  3965-8600 160.384
06 06 01:13 3600 2.12  3975-8615 199.331
06 22 23:07 3600 2.12  3975-8600 216.245
07 15 23:24 3600 echelle 3950-8640 239.252
1005 19:16 3600 2.12  3925-8565 321.082

2011 04 19 02:47 5400 2.12  4000-8640 516.387
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4.3 Results

4.3.1 The optical light curve:
the pre-maximum rise, outburst luminosity, reddening and distance

The optical light curve based on Table 4.2 is presented in Figure 4.2. There
is a good photometric coverage of the nova’s rise to maximum which lasts
for almost 10 days culminating in a peak brightness of V., = 7.07 on 2009
November 18.716 UT. The early decline after the maximum was observed till
mid - December and subsequently the solar conjunction of V496 Sct resulted
in lack of its observational coverage till early 2010 February. We determine
the rate of decline by doing a least square regression fit to the post maximum
light curve and estimate ¢, to be 59 £ 5 d. The estimated value of ¢, makes
V496 Sct as one of the moderately fast Fe II class of novae in recent years.
V496 Sct is one of the large amplitude novae observed in recent years with
AR > 13.5 magnitudes (Guido & Sostero 2009). These observed values of the
amplitude and ¢y for V496 Sct put it above the upper limit in the observed
spread of the amplitude versus decline rate plot for classical novae presented
by Warner (2008, Figure 2.3) which shows AV = 8 - 11 for t, = 59 days. Us-
ing the maximum magnitude versus rate of decline (MMRD) relation of della
Valle & Livio (1995), we determine the absolute magnitude of the nova to be
My =-7.0 £ 0.2. The reddening is derived using the intrinsic colors of novae
at peak brightness, namely (B-V) = 0.23 + 0.06, as derived by van den Bergh
& Younger (1987). We have used our optical photometry data to calculate
E(B-V). The observed (B-V) = 0.797 £ 0.014 at optical maximum on 2009
November 18.716 UT results in E(B-V) = 0.57 4+ 0.06. We have also esti-
mated E(B-V) using the interstellar lines and diffuse interstellar band (DIB)
registered in our high resolution optical spectra. The Na I line is composed of
at least five independent components, of which three are well isolated and the
remaining two are blended. Following Munari & Zwitter (1997) we estimate a

total value of E(B-V) = 0.65 from these five components. The interstellar line
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of K I, though underexposed in the observed spectra, gives a value of E(B-V)
~ 0.60 and the DIB A6614 gives E(B-V) = 0.65. These estimates of interstellar
reddening are in good agreement with each other, and in the rest of the discus-
sion in this Chapter we adopt E(B-V) = 0.57 4+ 0.06 and Ay = 1.77 & 0.06 for
a standard reddening law R = 3.1. In their study of the spatial distribution
of the interstellar extinction, Neckel & Klare (1980) have shown that close to
the direction of V496 Sct, Ay shows a value of ~ 1.8 mag around 3 kpc and
moderate value of Ay estimated by us appears reasonable. By using (MMRD)
relation of della Valle & Livio (1995) and taking the value of E(B-V) = 0.57
=+ 0.06 we obtain the distance d = 2.9 £ 0.3 kpc to the nova. The height from
the galactic plane is estimated to be z = 89 £ 3 pc to the nova. By using the
relations for the blackbody angular diameter and temperature, expansion rate
for the ejecta and distance to the nova given by Ney & Hatfield (1978) and
Gehrz (2008) respectively, we estimate a value ~ 9 kpc for the distance to the
nova. This value is more than 3 times the value estimated by (MMRD) rela-
tion of della Valle & Livio (1995). A likely reason for this discrepancy is the
behaviour of the pseudo-photosphere as a grey-body with reduced emissivity
in the fireball phase as seen earlier in the case of V1280 Sco (Das et al. 2008)
and V5579 Sgr described earlier in Chapter 3 and reported in our paper (Raj,
Ashok & Banerjee 2011).

We have estimated the white dwarf mass by using the derived value of the

absolute magnitude My and relation given by Livio (1992); Warner (1995b):

The mass of the underlying white dwarf (My,p) in V496 Sct is estimated to
be My p ~ 0.7 M. The outburst luminosity of V496 Sct as calculated from
My is Lo = 5.1 x 10* Ly,

4.3.2 The nature of the light curve

A classification system for the optical light curves for novae, based on a large

sample of the data from American Association of Variable Star Observers



88 Chapter 4. Study of V496 Scuti

(AAVSO), has been presented by Strope et al. (2010). As discussed earlier in
Chapter 3, their classification system defines seven classes based on the time
to decline by 3 mag from the peak, t3, and the shape of the light curve. The
shape of the optical light curves of V496 Sct presented in Figure 4.2 has all
the characteristics of D class of nova. The early decline following the rise to
the maximum is interrupted by fast decline around 90 days after the outburst
reaching minimum brightness close to 120 days near the center of the dust
dip. The brightness recovered to a value below the original decline. Thus the
classification of the optical light curve for V496 Sct is D(90), as the estimated
value of 3 is ~ 90 days for V496 Sct. The t3 value obtained by us is consistent
with relation t3 = 2.75 (t5)%® which gives t3 = 99 days (Warner 1995a).

4.3.3 Line identification, evolution and general charac-

teristics of the JH K spectra

The JH K spectra are presented in Figures 4.3 to 4.5 respectively; the observed
line list is given in Table 4.5. The infrared observations presented here cover
all the phases with the first J band spectrum taken on 2009 November 19 very
close to the visual maximum. This J band spectrum is dominated by the lines
of HI, NI, C T and O I all displaying deep P Cygni profiles. The full width at
half maximum (FWHM) of the emission and the absorption components of P/
line are 700 km s~! and 270 km s~! respectively. The absorption component
is blue shifted by 960 km s~! from the emission component. The next set
of spectra taken beginning from 2009 December 3 show the disappearance of
P Cygni profiles and predominant emission components for all the lines. The
typical FWHM of the H I lines are 1230 4= 50 km s~!. The ratio of the observed
strength of the O I lines, W (1.1287)/W (1.3164) ~ 3 indicates that Lyg
fluorescence is the dominating pumping mechanism and this is corroborated
by the strong O I 8446 line seen in the optical spectra discussed later. A
noticeable feature of these early spectra is the presence of lines due to Na I

and Mg I. In the spectra taken on 2009 December 5 the Na I lines at 1.1404pum,
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Figure 4.3:  The J band spectra of V496 Sct are shown at different epochs.
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maximum are given for each spectrum.



90 Chapter 4. Study of V496 Scuti

2.1452pm, 2.2056pm and 2.2084um and Mg [ lines at 1.1828um, 1.5040pum,
1.5749um and 1.7109 um are clearly seen. In an earlier study of V1280 Sco,
Das et al. (2008) had suggested that the presence of spectral lines of low
ionization species like Na I and Mg I in the early spectra are indicators of low
temperature zones conducive to dust formation in the nova ejecta and this is
very well borne out in the case of V496 Sct. We would like to point out the
presence of a large number of strong lines of neutral carbon seen in the JHK
bands. These are typical of Fe II type nova as seen in the case of V1280 Sco
(Das et al. 2008), V2615 Oph (Das, Banerjee & Ashok 2009) and V5579 Sgr
as discussed earlier in Chapter 3.

The most interesting spectral features seen in the spectra of V496 Sct taken
in 2009 December are the prominent first overtone CO bands in the K band
and they are discussed in the following subsection 4.3.4. The last spectra,
before V496 Sct became inaccessible due to its conjunction with the sun, was
taken on 2009 December 9.

The set of spectra taken in 2010 April, after V496 Sct emerged from its solar
conjunction, show strong He I lines at 1.0830um in the J band and 2.0581um
in the K band. The He I 1.0830um line exceeds in strength compared to H
I lines indicating higher excitation conditions in the nova ejecta. The other
weaker He I lines at 1.7002pm and 2.1120 - 2.1132pum are also seen. The rising
continuum seen in the spectra taken on 2010 April 11 indicates that the dust

detected by Russell et al. (2010) on 2010 February 10 is still present.

Table 4.5: A list of the lines identified from the JH K spectra. The additional

lines contributing to the identified lines are listed.

Wavelength ~ Species Other contributing
(pm) lines and remarks
1.0830 Her

Continued on next page.
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Table 4.5 — Continued from previous page.

Wavelength ~ Species Other contributing
(pm) lines and remarks
1.0938 Pa ~
1.1287 Or1
1.1404 Nar1 Cr1.1415

1.1600-1.1674 Cr strongest lines at 1.1653,

1.1659,1.16696
1.6872 Fe1r
1.1746-1.1800 Cr strongest lines at 1.1748,
1.1753,1.1755
1.1828 Mgt
1.1880 Cr
1.2074 N1

1.2187,1.2204 N1

1.2249,1.2264 Cr
1.2329 N1
1.2382 N1

1.2461,1.2469 N1 blended with O1 1.2464

1.2562,1.2569 Cr blended with O1 1. 2570
1.2818 Pa (

1.2950 Ci

1.3164 Or1

1.5040 Mg1i  blended with Mg1 1.5025,

1.5048

1.5256 Br 19

1.5341 Br 18

1.5439 Br 17

1.5557 Br 16

1.5701 Br 15

Continued on next page.
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Table 4.5 — Continued from previous page.

Wavelength  Species Other contributing
(pm) lines and remarks
1.5749 Mgt  blended with Mg1 1.5741,

1.5766,C1 1.5788

1.5881 Br 14 blended with C1 1.5853
1.6005 Ci

1.6109 Br 13

1.6407 Br 12

1.6806 Br 11

1.6890 Ci

1.7002 Het

1.7045 Cr

1.7109 Mg1

1.7234-1.7275 Cr several CT lines
1.7362 Br 10  affected by C1 1.7339 line
1.7449 Cr

1.7605-1.7638 Cr
2.0581 Her

2.1120,2.1132 Her
2.1156-2.1295 Cr
2.1452 Nat
2.1655 Br vy
2.2056,2.2084 Nat
2.2156-2.2167 Cr
2.29-2.40 CO Av=2 bands
2.2906 C1
2.3130 Cr1
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4.3.4 Modeling and evolution of the CO emission

We adopt the model developed in the earlier work on V2615 Oph by Das,
Banerjee & Ashok (2009) to characterize the CO emission. Briefly, in this
model the CO gas is considered to be in thermal equilibrium with the same
temperature for calculating the level populations of rotation and vibration
bands. It is assumed that the rotational levels are gaussian in shape. The pop-
ulations of different levels can be determined from the Boltzmann distribution
with the energy E;, of any individual rovibrational level, with rotational and

vibrational quantum numbers (J, v), being given by
Ej,=BJ(J+1)=DJ*(J+1)* +we(v+1/2) —we(v+1/2)* (e — ye) (4.2)

The first two terms in the above equation correspond to the rotational
energy (higher order terms are neglected) and the remaining terms to the
vibrational energy. The values used for the rotational constants are B =
57635.96828(12) MHz and D = 183.5058(22) KHz respectively for 1>C'®0O and
55101.0138(23) MHz and 167.668(5) KHz for *C1%0 respectively. In addition
to 12C'60 the other isotopic species included in the calculations is *C'%O. The
isotopic species like 2C'7O and '2C'®0 are not considered in our calculations
as they are expected to have low abundances. For the vibrational equilibrium
constants the values used are w, = 2169.75589(23) cm ™!, w.z. = 13.28803(5)
em™ wey, = 0.0104109(43) ecm™! for 2CO; w, = 2141.162 cm™! | wez, =
12.711 em ™!, weye = 0.0107 cm~t for 1¥CO. All the molecular constants are
taken from the NIST database except for the vibrational constants for *CO
which are adopted from Benedict et al. (1962).

1 2

The model luminosity E which is in units of erg s™ is converted to erg cm™
s7! um~1! by dividing with 4wd? where d is the distance to the source and scal-
ing to a unit wavelength. The peak intensities of the vibration bands are
analytically determined such that the integrated area under the curve matches
the expected observed quantity E/4wd?. An appropriate continuum deter-
mined from the K band photometry for a particular date is added to the

model CO emission so that it can be compared with the observed CO emission



96 Chapter 4. Study of V496 Scuti

Table 4.6: List of temperatures of CO gas at different days. The typical errors
are + 500 K.

Date (2009) Temperature (K)

3 December 4000
5 December 4000
6 December 3800
7 December 3600
8 December 3300
9 December 2800

bands. The input parameters to the model are the total mass of the CO gas
(Mco), the 2C/3C ratio denoted as a constant o and the gas temperature
Teco. For a given set of values for Moo, a, Tco and d the CO flux estimated
from the model is an absolute quantity. The representative model spectra
matching the observed data for 2009 December 5 and 7 are shown in Figure

4.6.

The best fit model spectra to the observed data are obtained by varying the
input parameters Mco, a, Teo. The expected changes to the model spectra
by varying these input parameters may qualitatively be summarized as follows.
The increase in Moo enhances the absolute level of the CO emission while the
increase in Too changes the relative intensities of different vibrational bands
in addition to changing the absolute level of the emission. The CO emission
is assumed to be optically thin. The C I lines at 2.2906 and 2.3130 pum and
Na I lines at 2.3348 and 2.3379 um are also likely to be present in the spectral
region covered by the CO emission giving rise to some deviations between the

best model fit and the observed spectra. In addition, since a comparison of
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the relative strengths of the vibrational bands within the first overtone allows
the gas temperature to be determined, we are handicapped by being able to
detect only three of the bands (¥ =2-0,3-1, 4 - 2). Within these constraints
we have done formal model fits for the observations during the period 2009
december 3 to 9. The typical errors to the formal model fits are £ 500 K. The
model spectra with a reasonably similar range in mass of Moo = 1.5—2 x 1078
Mg, fit the observed spectra. There is an indication of decreasing trend in the
temperature as seen from the values listed in Table 4.6 during the period of
our observations starting with a value 4000 + 500 K on 2009 December 3 and
2800 =+ 500 K on 2009 December 9. The representative fits for 2009 December
5 and 7 are shown in Figure 4.6. The model calculations also show that the
v = 2 — 0 bandhead of ¥CO at 2.3130 um becomes discernibly prominent if
the 12C/13C ratio is < 1.5. As this spectral feature is not clearly detected in
our observed spectra, we place a lower limit of ~ 1.5 for the 12C/!3C ratio.
However we add a cautionary note that the signal to noise ratio in the region of
1200 and 3CO bands is about 15 - 20 and better quality spectra may permit
a more accurate determination of the CO gas parameters. The lower limit of
~ 1.5 for the 2C/33C ratio reported here is the lowest value till date among

the novae that have displayed the first overtone bands of CO.

It may be helpful to compare the observed *C/'C ratio in V496 Sct with
the values for other novae that have displayed the first overtone bands of CO
and also the model predicted values. The observed values for the 2C/3C
ratio available in the literature are *C/3C > 5 in V705 Cas (Evans et al.
1996), 12C/1BC > 3 in NQ Vul (Ferland et al. 1979), 2C/13C > 2 in V2615
Oph (Das, Banerjee & Ashok, 2009), 12C/13C ~ 2.9 in V842 Cen (Wichmann
et al. 1991) and 2C/C ~ 1.2 in V2274 Cyg (Rudy et al. 2003). The
thermonuclear runaway (TNR) responsible for the nova outburst is one of the
important source for the production of ¥C isotopes (Starrfield et al. 1972
Starrfield, Sparks & Truran 1974 and Romano & Matteucci 2003). Hajduk et
al. (2005) have pointed out that the outburst of born-again giants like V4334

Sgr are another source for 3C isotopes in the galaxy; a low value for the ratio
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Figure 4.6:  The model fits are shown as dashed lines to the observed first
overtone CO bands in V496 Sct for 2009 December 5 and 7. The fits are
made for a constant CO mass of 2 x 107% M on both the days while the
temperature of the gas Tco is 4000 K and 3600 K respectively. The time from

optical mazximum are given for each spectrum.



4.3. Results 99

7\\\\‘\\\\\\\\\\\\{\\\\{\\\\{\\7
NN T=15000K -

Relative Intensity

8 10 12 14 16 18

Upper level number

Figure 4.7:  The two panels show the case B analysis for 2009 December 6
for two different temperatures. The abscissa is the upper level number of the
Brackett series line transition. The line intensities are relative to that of Br
12. The Case B model predictions for the line strengths are also shown for a
temperature of T = 10* K and electron densities of n, = 10" ¢cm™3 (dashed
line) and 10° ¢cm™3 (solid line).

12C/13C = 5 was observed by Pavlenko et al. (2004) in V4334 Sgr.

In the hydrodynamical models of nova outbursts the 12C/13C ratio will de-
pend on parameters like the mass of the underlying white dwarf, the accretion
history and mixing of the accreted material from the companion star with the
surface material of the white dwarf (Jose & Hernanz 1998; Starrfield et al.
1997; Yaron et al. 2005). The estimated lower limits as well as the observed
values for 12C/!3C ratio in case of novae discussed above indicate that *C
is possibly not synthesized at the high values predicted by these theoretical

models.

In the novae mentioned above that displayed CO bands, the estimated Mo
ranges from 2.8 x 1071% Mg, (V705 Cas) to 3 x 1078 My, (V2615 Oph). The
present value of Moo = 1.5 - 2 x 1078 My, for V496 Sct lies within this range
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and is similar to the CO mass determined in V2615 Oph.

We have also tried to estimate the ejecta mass by using recombination line
analysis of H I lines for 2009 December 6 (Figure 4.8). However, we find that
the strengths of these lines, relative to each other, deviate considerably (spe-
cially for Bry, Figure 4.8) from Case B values for 2009 December 6 indicating
that the lines are optically thick. Hence we are unable to estimate the ejecta

mass from recombination analysis. The list of corrected line flux is given in

Table 4.7 for H I lines.

Table 4.7: A list of the prominent emission lines identified from the optical

spectra.

Wavelength Species
(A)
3970 Ca1r and He
4101 Hé
4129 Fe11(27)
4173 Fe11(27)
4233 Fe11(27)
4303 Fe11(27)
4340 Hy
4351 Fe11(27)
4363 [O 111]
4555 Fe11(37)
4586 Fe11(38)
4634 N1
4649 O
4686 He1r
4861 Hp

Continued on next page.
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Table 4.7 — Continued from previous page.

Wavelength Species
(A)
4924 Fe11(42)
4959 [O 111]
5007 [O 111]
5018 Fe11(42)
5046 Silr
5159 [Fevi] + [Fevi]
5169 Feir + Mg1
5235 Fe11(49)
5270 [Fe 111]
5276 Fe 11(49-+48)
5309 [Ca V]
5316 Fe11(49)
5361 Fe11(48)
5415 He1r
5535 Fe1i(55) + N1
9676 N11
5755 [N 11](3)
o876 He1
5890 Nat
9909 Fe1r
5942 N11(28)
5991 Fe11(46)
6086 [Cav] + [Fevii
6084 Fe11(46)
6157 Or1
6243 Feir + N11
6300 [O1]

Continued on next page.
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Table 4.7 — Continued from previous page.

Wavelength Species
(A)
6347 Sit(2)
6363 [O1]
6419 Fe11(74)
6431 Fe11(40)
6456 Fe1r
6563 Ha
6678 He1
6726 01(2)
7065 He1
7139 [Ar 111
7234 C11(3, blend of 7231 and 7236)
7330 [O11]
774 O1
8446 O1
8498 Ca1 triplet
8542 CaTr triplet

4.3.5 Line identification, evolution and general charac-

teristics of the optical spectra

The optical spectra presented here cover the pre-maximum rise, the optical
maximum brightness, the early decline and the nebular phase. There are very
few novae for which the spectral evolution before the maximum brightness has
been documented: V1280 Sco (Naito et al. 2012, Kuncarayakti et al. 2008) and
V2615 Oph (Munari et al. 2008). The spectral evolution of V496 Sct during
the pre-maximum, maximum and optically thick branch of the decline phase

is presented in Figure 4.7, while the subsequent evolution during the optically
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thin and nebular phase is covered by Figure 4.8. Figure 4.9 documents the
complex evolution of profiles of Fe IT A5018 line, and Figure 4.10 the temporal
evolution of the velocity of the absorption components of Fe II A5018 line.
A summary of emission lines identified in the optical spectra is provided in
Table 5, and de-reddened fluxes (according to E(B-V) = 0.57 and a R = 3.1
reddening law) of the prominent emission lines relative to Hf are given in

Table 6 for some representative dates.

4.3.6 Pre-maximum rise and optical maximum

There is considerable interest in studying the spectral evolution during the
pre-maximum rising phase of classical novae, an evolutionary phase rarely ob-
served. The pre-maximum spectra of V496 Sct in Figure 4.7 are characterized
by emission lines confined to just Fe II (multiplets 27, 28, 37, 38, 42, 48, 49,
55 and 74) and hydrogen Balmer series, with feeble O 1 7772, 8446.

During the rise toward maximum the baricentric and terminal velocity of
P Cygni absorptions, and the FWHM of both absorption and emission com-
ponents declined with time (see Figure 4.7). The terminal and core velocity of
P Cygni absorption component of Ha line in Figure 4.7 declined from -2000
and -700 km s~! on day -9 to -1200 and -600 km s~! on day -6, while at the
same time the FWHM of the absorption and emission components declined
from 1000 to 700 km s=!. The P Cygni components essentially vanished at
the time of maximum brightness. When they reappeared later into early de-
cline they were much sharper (FWHM=250 km s~!) and blue-shifted (core
velocity = -1350 km s™!) than at pre-maximum. The high resolution Echelle
spectra listed in Table 3 show that the broad and single P Cygni absorption
components observed on 2009 November 10 and 12 of H I and Fe IT multiplets
are replaced by two narrow components on 2009 November 19. The two ab-
sorption components in case of Fe II 5018, shown in Figure 4.9, are located at

heliocentric velocities of -785 and -360 km s~ !.
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Low-res spectroscopic evolution of V496 Sct from pre-maximum

to the end of the optically thick branch (pre-nebular stage) of the light-curve.

For the first month of the evolution the emission lines are mostly due to Fe I1

and H I, with also O I 7772, 8446, Na I 5893, and Ca II 8498, 85/2. The last

spectrum in plotted for commonality also in Figure 4.8. The time from optical

maximum, the V band magnitude and the offset in log flux are given for each

spectrum.
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thin branch (nebular condition) of the lightcurve, with time from optical maz-

imum, the V' band magnitude and the offset in log flur are given for each

spectrum. The major emission lines are identified.



106 Chapter 4. Study of V496 Scuti

4.3.7 Absorption systems during early decline

The Echelle spectra offer the possibility to observe at high resolution the evo-
lution of the absorption components. As illustrated in Figure 4.9, when the
nova reached its maximum brightness, the broad single absorption component
of P Cygni line profile was replaced by two components, whose intensity grad-
ually faded in parallel with the decline in brightness of the nova. A similar
behaviour was exhibited by V2615 Oph where two absorption components are
seen in addition to the emission component following the optical maximum
(Munari et al. 2008). Figure 4.9 presents line profiles for Fe II 5018 from the
high resolution echelle spectra to illustrate the evolution of the two absorption
components. Both absorption components increased their negative radial ve-
locity with time, with a linear trend as illustrated in Figure 4.10 and the best

fit lines are given by the following expressions:

Va=—343 — (9.2 x t) (4.3)
Vg = —763 — (18.5 x t) (4.4)

where t is the time after optical maximum. The approaching conjunction with
the Sun prevented further observations of V496 Sct after our 2009 December 10,
22 days past optical maximum, and the next set of observations were resumed
from 2010 March 13. Novae usually display different absorption systems, which
behave similarly from object to object, and that have been studied in detail by
McLaughlin (1960, hereafter McL60), who introduced a handy nomenclature
for them. An impressive graphical representation of them has been offered
by Hack and Struve (1970, Figure 4i) from very high resolution observation of
Nova Del 1967 by Ch. Fehrenbach. The A and B components of Eq. (1) and (2)
shown in Figure 4.10 nicely correspond to the principal and diffuse enhanced
absorption systems described by McL60, who noted a clear correlation between
the t,, t3 decline times and the mean velocity of these absorption systems.
McL60 also noted how the radial velocity of these absorption systems generally

increase with time, as seen here in V496 Sct.
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Table 4.8: List of near-infrared line flux values corrected for Ay, = 1.77 for

Case B analysis.

Brackett Flux (Wem™2um™1)

line 2009 Dec. 6
7 8.9 x 10714
12 3.7 x 10714
13 2.7 x 1071
14 3.2 x 107™
16 2.5 x 10714
17 1.5 x 107"

18 8.0 x 10715
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The McL60 velocity relation for the principal system is log vpin = 3.57 -
0.5 logty, and predicts a mean -485 km s=! for the t,=59 day of V496 Sct.
The agreement with Figure 4.10 is evident, considering in particular that the
approaching conjunction with the Sun prevented to extend the observations
to later epoch characterized by larger radial velocities for both systems. The
McL60 velocity relation for the diffuse enhanced system is log vgig_enn = 3.71
- 0.4 log ty, and it predicts -1005 km s~ for the t,=59 day of V496 Sct, again
in good agreement with Figure 4.10. Munari et al. (2008) have pointed out
similar agreement of the observed velocities for the absorption systems of Ha
in case of V2615 Oph with the predicted values using the statistical relations
by McL60.

For a few days around optical maximum, the high resolution spectra dis-
played a rich ensemble of very sharp absorption lines of modest radial velocity
displacement, due to low ionization metals like Ti IT, which will be investigated
elsewhere. They are similar to the transient heavy element absorption systems
resulting from the episodic mass ejection from the secondary star seen in novae
by Williams et al. (2008).

The permitted lines of Fe II are the strongest non-Balmer lines both during
the pre-maximum rise, near optical maximum and early decline indicating P .
spectral class for V496 Sct during these phases (Williams et al. 1991; Williams,
Phillips & Hamuy 1994).

4.3.8 Nebular phase

The spectral evolution during the optically thin branch (nebular phase) is
shown in Figure 4.8. The evolution has been pretty standard, with [O I1I] 4363,
4959, 5007, [N II] 5755, 6548, 6584, [O 11| 7325 and [O I] 6300, 6364 being the
dominant lines. The [O I] 6300/6364 flux ratio, that during the early phases
was close to 1 and indicative of a large optical depth in the lines, with the
thinning of the ejecta, the opacity increased toward the 3.1 normal ratio. The
Lyp fluorescent OI 8446 line, has remained strong throughout the outburst
and begun declining around day +200 when the optical thinning of ejecta
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reduced the trapping of Ly photons and therefore the fluorescent pumping
of O I atoms. The ionization conditions have been steadily increasing with
advancing decline, with He I, He II and [Fe VII] lines monotonically increasing
in intensity with respect to the other lines. The presence of a feable [Fe X]
6375 component could compatible with the profile for the [O I] 6360 + [S II]
6347, 6371 blend of the day +516 spectrum in Figure 4.8, a firmer conclusion
requiring a spectrum of higher S/N and resolution. The spectra shown in
Figure 4.8 show how the transition of V496 Sct from permitted to nebular
phase occurred at an intermediate time after the last permitted spectrum of
2010 March 13 and the first nebular spectrum of 2010 April 28 where [O I1I]
doublet lines A\4959 and A5007 are seen prominently. We assign A, spectral
class for V496 Sct (Williams et al. 1991; Williams, Phillips & Hamuy 1994).
The presence of an emission feature at A4924 coinciding with Fe I1(42) line
in the spectra taken during 2010 March till June is little puzzling. As the
other prominent Fe II lines at A4584 and A5018 are absent as expected in the
nebular phase, this feature is unlikely to be associated with Fe II multiplet.
We would like to point out the presence of the emission feature at A\4924 as
an unidentified feature similar to several such features seen in the spectra of

many novae.

4.3.9 Physical parameters

The emission line fluxes of hydrogen and other elements can be used to estimate
the physical parameters of the nova ejecta. In the early decline phase when
the electron number densities are large, it is necessary to take in to account
the optical depth 7 while deriving the physical parameters. We determine the
optical depth for [O I} A6300 line using the formulation of Williams (1994),
viz.,

Jesoo  l—e™"

jesea 1 —e /3

(4.5)

where 7 is the line emissivity. For the period 2010 April 28 to 2010 October 5
we get 7 in the range 0.54 - 3.21. Now from the optical depth and the electron
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Figure 4.10: Profiles of Fe 11 A5018 line in the pre-mazximum rise, near optical
maximum and the early decline phases. The initial positions of the two narrow
absorption components are shown by the broken lines. The time from optical

maximum are given for each spectrum.
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Figure 4.11:  The time evolution of radial velocities of the two absorption

components of Fe II A5018 line.

temperature we can estimate the mass of oxygen in the ejecta using the A6300
line.

Moy = 1524222890/ Te 101'05E(B‘V)%FM@ (4.6)

— 6*7'
where, F'is the flux of A6300 line. Taking typical value of T, = 5000 K
for the electron temperature (Ederoclite et al. 2006) we find My, in the range

1.18x1075-2.28x107% M. The electron number density N, can be determined
by [O III] line as given in Osterbrock (1989)

: : 3.29x10% /T,
J4959 + 75007 _ 773 e

Ja363 T 1445 x 104

A (4.7)

/2

The values we obtained are in the range 10* to 10° cm™3 close to the lower
limit of the critical densities to give rise to nebular and auroral lines. This
indicates that these lines are arising in relatively low density regions. Following
Osterbrock (1989) we have a relation between the intensity of the HS emission

line and the mass of hydrogen in the emitting nebula of pure hydrogen as

d? x 2.455 x 1072

m<H)/M® = afIN

I(Hp) (4.8)
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where a®// is the effective recombination coefficient and I(HJ3) is the flux for
Hf line. The mass of hydrogen m(H) in the ejecta is (6.3 & 0.2)x107°M. As
noted earlier in section 3.2 V496 Sct formed dust. The infrared observations
by Russell et al. (2010) showed the presence of dust on 2010 February 10
which is still present on 2010 April 11 as indicated by the large (J - K)
colour and the rising continuum. A sharp decline around 2010 February 8
seen in the V' band light curve presented in Figure 4.2 also indicates the onset
of dust formation. It would be interesting to make an estimate of the dust
mass My,s: in V496 Sct and compare it with other novae that formed dust in
their ejecta using the thermal component of the spectral energy distribution
(SED). We adopt the method described by Woodward et al. (1993) that uses
(AF)\)maz and Tg,s values obtained from the thermal component of the spectral
energy distribution (SED). It is pertinent to point out that the present JH K
photometric observations cover mostly the increasing part of the SED and
thus the estimate of the temperature for the dust Ty, likely to have large
uncertainty. We obtain Mg, = 1-5x1071°M, for 2010 April 30 from the best
fit value Tguss = 1500 £ 200 K (with x? minimization) for the temperature
of the dust shell, (AF))maz = 2.62 x1071® W cm™2 and d = 2.9 kpc. The
estimated masses for different constituents of the ejecta like hydrogen, oxygen
and dust derived from the optical and the infrared observations may be usefully
utilized to derive the gas to dust mass ratio in novae. Gehrz et al. (1998) have
presented a compilation of My,s and Mg, along with ratio Myqs/Mgys ranging
from 5 in case of V705 Cas and 3x10% in case of QU Vul. In case of V2362
Cyg, a very fast Fe II nova, Munari et al. (2008) have derived a value of 3x 105
for Myas/Mayst. Taking the average fractional yield (by mass) of hydrogen to
be 0.32 £ 0.10 for white dwarf masses ranging from 0.6 to 1.25 My as per
calculations of Jose & Hernanz (1998) and Starrfield et al. (1997), the total
gas mass based on the mass of hydrogen gas (determined here as 6.3x10™°M,)
is estimated to be 2.0 £ 0.6 x10~*M,. Hence the gas to dust ratio is found
to be Myas/Mayst ~ 1.3 - 6.3 X 10° indicating that a small amount of dust was

formed in V496 Sct comparable to 3 x10° observed in the case of V2362 Cyg
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by Munari et al. (2008).

4.4 Summary

In this chapter we have presented near-infrared and optical spectroscopy and
photometry of nova V496 Sct which erupted on 2009 November 8. From the
optical lightcurve, the absolute magnitude and the distance to the nova are
estimated to be My = -7.0 &£ 0.2 and d = 2.9 £ 0.3 kpc respectively. The
height from the galactic plane to the nova is estimated to be 89 + 3 pc. The
mass of the underlying white dwarf in V496 Sct is My p ~ 0.7 Mg. The
outburst luminosity of V5579 Sgr as calculated from My is Lo = 5.1 x 10%
Lo. The light curve classification for V496 Sct is D(90). The infrared and
optical spectra indicate that the nova is of the Fe II class. The evolution
of the spectra are shown from the initial P Cygni phase to an emission-line
phase and finally to a dust formation stage. The characteristics of the JHK
spectra are very similar to those observed in a nova outburst occurring on
a carbon-oxygen white dwarf. Evidence is seen from the JH K photometry
for the formation of dust in the nova in 2010 April. In this context, the
presence of emission lines from low ionization species like Na and Mg in the
early spectra and subsequent formation of the dust supports the predictive
property of these lines as indicators of dust formation as proposed by Das et al
(2008). The highlight of the observations is the detection of the first overtone
bands of carbon monoxide (CO) in the 2.29 - 2.40 pum region. The CO bands
are modeled to estimate the temperature and mass of the emitting CO gas and
also to place limits on the 12C/!3C ratio. V496 Sct is one of the moderately
fast Fe II class of novae (t; = 59 d) that showed CO emission before the dust
formation.

The various phases of the spectral evolution of V496 Sct have been iden-
tified using the Tololo classification system for novae (Williams et al. 1991;
Williams, Phillips & Hamuy 1994). The permitted lines of Fe II were the

strongest non-Balmer lines in the pre-maximum as well as the early decline
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Table 4.9: Fluxes of prominent emission lines relative to H3 = 100. The fluxes

of the emission lines including Hp are corrected for E(B-V) = 0.57.

Wavelength Species 2009 Nov. 09 2009 Nov. 19 2009 Dec. 10 2010 Apr. 28
(A)
3970 Ca1r and He 28.3 39.4 30.0
4101 Hé 45.2 36.6 7.2 54.2
4173 Fe11(27) 27.7 24.7 18.0
4340 H~ 21.1 11.8 36.2 141.5
4584 Fe11(38) 48.2 37.3 19.8
4635 N 13.3 42.9 14.2 41.5
4686 Hen 9.3
4861 Hp 100 100 100 100
4924 Fe11(42) 31.3 44.7 39.8 5.9
4959 [Om) 48.3
5007 [O 1] 182.2
5018 Fen 36.8 35.0 58.5

516945176 Ferr + Mgt 4+ N11 36.8 21.7 64.2 11.0
5535 Fen(55) + N11 3.6 8.1 6.1
5577 O1 3.7
5675 N1 10.2
5755 [N 11 (3) 66.1
5876 Her1 22.0
5890 Nat1 10.5 11.4
6157 O1 2.4 10.7 10.6
6243 Ferr + N1 12.7 29.0 14.0
6300 [O1] 12.3 58.5
6363 [01] 6.8 28.0
6456 Fe1r 6.0 19.9 11.8
6563 Ha 234.9 195.7 240.3 690.7 ¢
6678 He1 8.5
7065 He1 15.3
7330 [O1] 44.9
7774 O1 18.1 12.5 19.1 5.1
8446 O1 6.0 14.2 16.9 47.5
8498 Canr triplet 20.3 5.4
8542 Ca1r triplet 16.6 9.1

Ha/HpB 2.4 2.0 2.4 6.9

HB 10~ Merg em—2 s~ 1 16.6 71.8 97.0 11.8

@[NII] 6548, 6584 expected to contribute significantly to the overall flux of He blend.
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phase indicating Py, class for the nova. The nova had evolved to the auro-
ral phase A, in 2010 March as the [N II] 5755 auroral line was the strongest
non-Balmer line. We note the absence of [Fe X] 6375 coronal emission line in
the spectra taken as late as 2011 April 19. Thus the optical spectra show that
the nova evolved in the P; A, spectral sequence. The summary of the nova is

given in Table 4.9.
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Table 4.10: Summary of the nova.

Parameter

Value

Name
Discovery Date
Date of optical maximum
Equatorial coordinates
Galactic coordinates
Speed class
123
i3
Reddening E(B-V)
Extinction Ay
My
Distance
Height from the Galactic plane
Mwp
Lo
Emission lines
Line widths (FWHM)

Ejecta mass

Dust formation (mass of the dust)

Nova Scuti 2009, V496 Sct
2009 November 8.370 UT
2009 November 18.716 UT

18h 43m 45.57s -7d 36m 42s (J2000.0)

25.2838, -1.7678 (J2000.0)
Moderately fast
59 + 5 days
~ 90 days
0.57 £+ 0.06
1.77 £ 0.06
-7.0 £ 0.2
2.9 + 0.3 kpc
89 + 3 pc
~ 0.7 Mg
5.1 x 10* L,
complex, saddle-like profiles
1230 4 50 km s~ !
6.3 £ 0.2 x 107° M
Yes (1-5 x 10719 M)




Chapter 5

Study of KT Eridani

5.1 Introduction

Nova KT Eri was discovered on 2009 November 25.536 UT by K. Itagaki at V'
= 8.1 (Yamaoka et al. 2009) with 0.21m patrol system. An image taken soon
after the discovery by Itagaki using 0.60m reflector on 2009 November 25.545
UT confirmed the presence of KT Eri. Itagaki also noted the presence of a
faint object near the position of KT Eri in his archival patrol images. Yamaoka
pointed out that All Sky Automated Survey (ASAS-3) system (Pojmanski
1997) had detected KT Eri on 3 occasions prior to the discovery announcement
of Yamaoka. These pre-discovery magnitudes along with additional detections
are listed in Table 5.1. In addition Yamaoka suggested that the discovery
of KT Eri might be the result of brightening of a 15th magnitude blue star
contained in many catalogues with one of the identifications being USNO-B1.0
0798-0048707. Guido & Sostero (2009) confirmed the discovery of KT Eri using
their CCD observations using 0.25m reflector and pointed out the presence of
a star of ~ 15 mag close to the position of KT Eri on the DSS red plate of
1990 November 23 UT. The nature of KT Eri as a nova was confirmed by
several low resolution optical spectra obtained during 2009 November 26.5 -
26.6 UT by Fujji, Arai & Isogai and Imamura (Maehara 2009). These spectra
showed broad Balmer emission (FWHM of Ha 3200 - 3400 km s™!) together
with prominent emission features of He I, N I, N II, Na I D, O I and Mg II

117
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leading Maehara to suggest that KT Eri is a nova of the He/N class. Rudy et
al. (2009) also suggested KT Eri to be a nova of He/N class on the basis of
their near-infrared spectra obtained on 2009 November 26.4 UT spanning the
spectral range of 0.9 to 2.5 yum. The He I line at 1.083 pum was already the
strongest line in the spectrum with a P Cygni absorption extending to 3600

km s~ 1.

The emission lines of H I, N I and O I were very strong and broad
with FWHM ~ 4000 km s~!. The reports of clear detection of KT Eri prior to
its discovery has resulted in additional studies by different groups to obtain its
pre-discovery light curves. Drake et al. (2009) carried out a search of Catalina
Sky Survey data covering the location of KT Eri during period 2005 January
17 to 2009 November 18. KT Eri was clearly seen in outburst in the images
taken on 2009 November 18 and they pointed out that the outburst occurred
after 2009 November 10.41 UT. The study of pre-discovery light curve has
shown clear variations of approximately 1.8 magnitudes. The association of an
unresolved fainter companion to the 15th magnitude star to be the progenitor
of KT Eri would mean a very high level of variability. As this possibility is
unlikely Drake et al. (2009) conclude that the 15th magnitude star is most
likely associated with KT Eri. Ragan et al. (2009) have estimated that the
optical maximum of KT Eri occurred around 2009 November 15 UT with V' ~
5.6 mag on the basis of the photometry from the “Pi of the sky” consortium
data and the AAVSO data. Using this epoch for the optical maximum they
derived the decline times of t; = 8 & t3 = 15 days. An average value of My
~ -8.7 mag was estimated from different MMRD relations. The equivalent
width of the interstellar Na I D line from the echelle spectra was used by
Ragan et al. (2009) to calculate a value of E(B-V) ~ 0.08 from the relation of
Munari & Zwitter (1997). They derived a distance of ~ 6.5 kpc to KT Eri and
pointed out that the 15th magnitude star located close to the KT Eri position
in pre-discovery images is too bright to be its progenitor. The high galactic
latitude (-32 deg) location of the star can explain the small value estimated
for E(B - V). Hounsell et al. (2010) have obtained an impressive high cadence
optical light curve of KT Eri through its initial rise, peak and early decline
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using USAF/NASA Solar Mass Ejection Imager (SMEI) on board the Coriolis
Satellite (Eyles, 2003). These observations are spread over the period 2009
November 1.13 to 30.62 UT. The light curve, obtained by SMEI indicates that
the initial rise of the nova is steep (rising 4.1 magnitudes over 2.7 days) with
evidence of a pre-maximum halt occurring on 2009 November 13.90 £+ 0.04 UT
at mgprpr ~ 6. The duration of this halt would seem to be only a few hours,
which is appropriate for the speed of the nova (e.g. Payne-Gaposchkin 1964).
The nova reached maximum light on 2009 November 14.67 + 0.04 UT with an
unfiltered SMEI apparent magnitude of mgy gy ~ 5.42 £ 0.02. It subsequently
declined rapidly with a t5 value of 6.6 days confirming KT Eri as a very fast
nova. The SMEI observations are consistent with the observed high expansion
velocities (FWHM ~ 3400 km s!) and assignment of He/N spectral class
to KT Eri described earlier. Nesci et al. (2009) have used the pre-outburst
spectrum of the suspected 15th magnitude progenitor available in the Digitized
First Byurakan Survey of the field containing KT Eri to study its nature. The
spectra taken on 1971 January 25 shows a strong UV continuum with several
emission lines that include [Ne V]3426, [Ne III]3868 and a large blend around
H~. As these features are typical of cataclysmic variables Nesci et al. (2009)
favour the identification of the 15th magnitude star with the actual progenitor
of KT Eri and point out that the forbidden lines of [Ne III] & [Ne V] were also
seen in the transient source CSS 081007: 0305594054715 (HV Cet) suggested
to be a possible He/N nova located at high galactic latitude -43.7 deg (Prieto
et al. 2008, Pejcha et al. 2008). A search for previous outburst of KT Eri was
done by Jurdana-Sepic et al. (2011) using the Harvard College Observatory
archive plates spanning the period 1883 to 1952. As no earlier outbursts were
found they have suggested that if KT Eri is a recurrent nova, recurrence time
is likely to be on a time scale of centuries. Jurdana-Sepic et al. (2011) find
a periodicity at quiescence of 737 days for the 15th magnitude progenitor
that may arise from reflection effects and/or eclipses in the underlying binary

system in KT Eri.

Later KT Eri has been detected as a luminous soft X-ray source (Bode et
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Table 5.1: Pre-discovery CCD magnitudes of KT Eri from TAUC 9098.

Date in UT ~ Magnitude Observers
2009 November

10.236 < 14.0 ASAS
14.572 5.7 Ootsuki
14.632 5.4 Watanabe & Miyasaita
14.813 5.6 Ootsuki & Ohshima
17.226 6.9 Hankey
17.758 6.7 Tanaka
17.807 6.6 Kawamura
18.760 7.0 Yamamoto
18.809 7.0 Yamamoto
19.241 7.34 ASAS
22.179 7.98 ASAS
24.269 8.12 ASAS

al. 2010, Ness et al. 2010, Beardmore et al. 2010) and also in radio (O’Brien
et al. 2010). The details of these observations are described below.

5.1.1 X-ray detection

KT Eri has been extensively studied at X-ray wavelengths using SWIFT (Bode
et al. 2010; Beardmore et al. 2010) and CHANDRA (Ness et al. 2010) obser-
vatory. The SWIFT observations started from 2009 November 27 UT, 2 days
after the announcement of the outburst and corresponding to day 13.1 after
optical maximum. There was no evidence of X-ray observations until day 39.9
when a relatively hard X-ray source was seen. The highlight of subsequent
regular observations was the emergence of a bright and highly variable Su-
persoft X-ray Source (SSS) starting from day 55.5. Bode et al. (2010) note

that the time scale for emergence of SSS in KT Eri is very similar to that in
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<

Figure 5.1: The J band images (2 x 2 arcmin) of KT Eridani. The left panel

shows the image obtained during the outburst and the right panel is 2MASS
image with suggested progenitor marked with a circle. North is on the top and

FEast is to the right.

the recurrent nova LMC 2009a & fast and rapid variability with count rates
changing by a factor of 20 in ~ 3 hours during day 65.61 to 65.76 after the
optical maximum is similar to that seen in the 2006 outburst of recurrent nova
RS Oph. Beardmore et al. (2010) have searched for variability on shorter time
scales using the data from day 66.60 to 79.25 and find the presence of quasi-
periodic oscillation (QPO) with a period of 35 second. They have also done
a time series analysis of CHANDRA data set of KT Eri during day 70.283 to
70.457 and find a marginal detection of 35 second periodicity. These observa-
tions show that KT Eri is the second example after the recurrent nova RS Oph
where ~ 35 sec oscillation is seen in the SSS X-ray emission. Beardmore et
al. (2010) favour a possible residual nuclear-burning white dwarf pulsation for
the identical ~ 35 sec QPOs seen in KT Eri and RS Oph instead of rotation
based origin for this modulation. The high resolution X-ray spectrum of KT
Eri taken between day 70.31 to 70.49 after the optical maximum by Ness et
al. (2010) shows bright Supersoft Source along with deep absorption feature

from nitrogen and carbon.
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5.1.2 Radio detection

KT Eri has been observed at Australia Telescope Compact Array (ATCA),
Giant Metrewave Radio Telescope (GMRT), Multi-Element Radio Linked In-
terferometer Network (MERLIN) and Very Large Array (VLA) radio observa-
tories as Target of Opportunity during the period 2009 December 4 to 2010
February 3 (O’Brien et al. 2010). The observations during 2009 December 4
to 8 at MERLIN, 2009 December 28 at VLA and 2010 January 10 at GMRT
resulted in 30 upper limits at 5 GHz, 1.4 GHz and 610 MHz respectively. The
first clear detection of KT Eri at radio wavelengths was done at VLA on 2009
December 28 at 5 GHz with a peak flux of 0.21 mJy. Subsequent observations
on 2010 January 14 and February 3 at ATCA have shown the brightening of
KT Eri at 5.5 GHz and 9 GHz. These observations show that KT Eri was on
the rising part of the radio light curve during this period.

This chapter discusses the near-infrared photometric and spectroscopic ob-
servations in Section 5.2. The results of the analysis of V' band light curve,
characteristics of the near-infrared spectra, recombination analysis of the H I
lines, evidence for bipolar flow and evolution of the continuum are presented in
Section 5.3. In Section 5.4 the nature of the progenitor, mass of the underlying
white dwarf and the possibility of KT Eri being a recurrent nova are discussed.
The summary of the results obtained from the near-infrared observations are

given in Section 5.5.

5.2 Observations

Near-IR observations were obtained using the 1.2m telescope of Mt. Abu
Infrared Observatory from 2009 November 28 to 2010 March 3. The log of
the spectroscopic and photometric observations is given in Table 5.2. The
spectra were obtained at a resolution of ~ 1000 using a Near-Infrared Im-
ager/Spectrometer with a 256 x 256 HgCdTe NICMOS3 array. In each of the
JHK bands a set of spectra was taken with the nova off-set to two different

positions along the slit. Spectral calibration was done using the OH sky lines
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that register with the stellar spectra. The spectra of the comparison star SAO
131794 were taken at similar airmass as that of KT Eri to ensure that the ra-
tioing process (nova spectrum divided by the standard star spectrum) removes
the telluric features reliably. To avoid artificially generated emission lines in
the ratioed spectrum, the H I absorption lines in the spectra of standard star
were removed by interpolation before ratioing. The ratioed spectra were then
multiplied by a blackbody curve corresponding to the standard star’s effective
temperature to yield the final spectra.

Photometry in the JH K bands was done in clear sky conditions using the
NICMOS3 array in the imaging mode. Several frames, in 4 dithered positions,
offset by ~ 30 arcsec were obtained in all the bands. The sky frames, which
are subtracted from the nova frames, were generated by median combining the
dithered frames. The star SAO 131500 located close to the nova was used for
photometric calibration. The details of the standard stars are given in Table
5.3. The data is reduced and analyzed using the I RAF package (details are
given in Chapter 2).

5.3 Results

Before presenting the results proper, we estimate some of the useful parameters

like reddening, distance and latitude for KT Eri.

5.3.1 General characteristics of V and JH K light curves

The light curves based on the V' band data of AAVSO and JH K magnitudes
from Mt. Abu are presented in Figure 5.2. The AAVSO data span the period
2009 November 27 to 2010 March 20. We have used the pre-discovery obser-
vations presented in Table 5.1 from TAUC 9098 to adopt the epoch of optical
maximum for KT Eri as 2009 November 14.632 UT when it reached a value
of Vipur = 5.4. This matches with the value of 2009 November 14.67 £ 0.04
UT obtained by Hounsell et al. (2010) using the SMEI data. This is slightly
smaller than the value of £, = 6.6 days estimated by Hounsell et al. (2010).
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52‘3 Table 5.2: Log of the Mt. Abu near-infrared observations of KT Eri. The date of optical maximum is taken as 2009 November

=

=) 14632 UT.

=

o

“ Date of Days since Integration time (s) Integration time (s) Nova Magnitude

> Observation optical maximum J-band H-band K-band J-band H-band K-band J-band H-band K-band

:% Spectroscopic Observations Photometric Observations

UD. 2009 Nov. 28.854 14.222 90 90 90 25 55 105 7.39£0.03 7.45£0.03 7.04+£0.04

L:j 2009 Dec. 01.813 17.181 120 90 120 25 55 105 7.89+£0.03 7.91+0.04 7.37£0.06

% 2009 Dec. 03.844 19.212 - - - 75 165 105 7.88+0.06 7.79+0.04 7.35+0.04

'jg 2009 Dec. 04.834 20.202 120 120 120 - - - - - -

o 2009 Dec. 05.844 21.212 120 90 120 75 110 105 8.21£0.08 8.0840.04 7.69+£0.05
2009 Dec. 06.813 22.181 90 90 120 - - - - - -
2009 Dec. 07.865 23.233 90 90 120 75 110 105 8.36+0.01 8.3940.02 7.95+0.06
2009 Dec. 08.834 24.202 120 90 120 - - - - - -
2009 Dec. 09.823 25.191 120 90 120 75 110 105 8.39+0.05 8.42+0.07 8.02+0.06
2009 Dec. 15.776 31.144 120 90 120 75 110 105 8.80+0.03 8.82+0.10 8.35+0.02
2009 Dec. 16.782 32.150 120 90 120 - - - - - -
2009 Dec. 17.786 33.154 - - - 100 110 105 9.06+0.06 8.9440.04 8.55+0.07
2009 Dec. 27.779 43.147 - - - 100 220 105 9.44+0.05 9.3440.05 9.02£0.13
2009 Dec. 29.767 45.135 - - - 125 220 105 9.53+0.14 9.36+0.03 8.93+£0.12
2009 Dec. 31.757 47.125 - - - 100 165 105 9.30+£0.06 9.19+0.04 8.85+0.09
2010 Jan. 03.750 50.118 - - - 250 550 105 9.30+£0.05 9.91+£0.04 8.67+0.07
2010 Jan. 25.755 72.123 - - - 500 825 105 10.58+0.06  10.41+0.05  9.50+0.04
2010 Jan. 27.744 74.112 - - - 750 1100 105 10.65+£0.02  10.51£0.03  9.51+£0.10
2010 Feb. 28.735 106.103 - - - 600 660 63 11.23£0.08  11.01£0.08  9.99+0.10

< 2010 Mar. 01.725 106.828 - - - 600 660 63 11.26£0.04  11.05£0.10  9.89+0.10

ﬁ 2010 Mar. 03.734 108.837 - - - - 825 63 - 11.05+£0.10  9.89£0.10
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Table 5.3: Parameters of the standard stars used for spectral and photometric

reduction.

Name Equatorial and Galactic V J H K
co-ordinates (2000)

Spectral type

SAO 131794 05h 07m 50.99s -05d 05m 11.21s 2.79 247 244 24

205.34, -25.32
SAO 131500 04h 48m 13.84s -09d 30m 24.13s  7.15 7.35 7.413 7.399
207.31, -31.65

A3 II1

A0

From a least square regression fit to the post maximum light curve we estimate
ty to be 5.7 £ 0.2 d, making KT Eri one of the fast He/N class of novae in
recent years. Using the maximum magnitude versus rate of decline (MMRD)
relation of della Valle & Livio (1995), we determine the absolute magnitude of
the nova to be My = -8.9 &+ 0.1. The reddening E(B - V) = 0.09, is derived
from Shlegel et al. (1998) towards nova direction and we get Ay = 0.29 for
R = 3.1. Based on the above we obtain a value of the distance d = 6.3 £ 0.1
kpc to the nova. Using the value of d we estimated the latitude z = 3.3 £ 0.1
kpc from the Galactic plane. It shows that the value of E(B - V) taken by us
is appropriate for the nova. The outburst luminosity of KT Eri as calculated

from My is Lo = 2.9 x 10° L.

The near-infrared observations presented in Table 5.2 cover the period 2009
November 28 to 2010 March 3. The optical and JH K lightcurves show ad-
ditional small amplitude outburst near day 40 from the optical maximum. A
plateau was also seen in the V' band light curve after 80 days from optical
maximum. The duration of the plateau was more than 60 days as the nova

went in to conjunction with Sun afterwards.

The observed value of the amplitude AV = 9 and t5 = 5.7 days for KT
Eri is well below the lower limit in the amplitude versus decline rate plot for

classical novae presented by Warner (2008) which shows AV =12 - 15 for ¢, =



126 Chapter 5. Study of KT Eridani

Table 5.4: A list of the lines identified from the JH K spectra.

Wavelength ~ Species

(pm)

1.0830 Her
1.0938 Pa ~
1.1287 O1

1.2818 Pa g
1.5256 Br 19
1.5341 Br 18
1.5439 Br 17
1.5557 Br 16
1.5701 Br 15
1.5881 Br 14
1.6109 Br 13
1.6407 Br 12
1.6806 Br 11
1.7002 Het
1.7362 Br 10
1.9451 Br 8
2.0581 Het

2.1120,2.1132  Her
2.1655 Br v
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Figure 5.2: The V and JHK band lightcurve of KT Eri from AAVSO and
Mt. Abu data respectively.

5.7 days. The most likely reason for the small value of the outburst amplitude

is the possibility of KT Eri being a recurrent nova.

5.3.2 The nature of the light curve

As discussed earlier, (Chapter 1, 3 & 4) a classification system for the optical
light curves for novae have been presented by Strope et al. (2010). The clas-
sification is based on the time to decline by 3 mag from the optical maximum
(t3) and the shape of the light curve. The shape of the optical light curve of
KT Eri presented in Figure 5.2 has all the characteristics of P class of nova.
The P class light curve show smooth decline but as the light curve approaches
3 - 6 mag below peak, the smooth decline is interrupted by a long lasting,
nearly flat interval that abruptly ends and is followed by a steeper decline.
Such a flattened interval is a plateau as seen in the case of KT Eri after 80
days from optical maximum. These plateaus range in duration from 15 to 500

days and vary slightly in slopes. Strope et al. (2010) have clsssified 8 RNe on
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the basis of their light curve in which 6 have shown P class characteristics as
in KT Eri but they also pointed out that the plateau phase only is not the
signature for a nova to be recurrent one. So on the basis of light curve we can
not say that KT Eri is a recurrent nova. Thus the classification of the optical
light curve for KT Eri is P(9), as the estimated value of t3 is ~ 9 days for KT
Eri. The t3 value obtained by us is less than the value obtained by the relation

t3 = 2.75 (15)"® (Warner 1995a).

5.3.3 Line identification, evolution and general charac-

teristics of the JH K spectra

The JH K spectra are presented in Figures 5.3 to 5.5 respectively; line identi-
fication is given in Table 5.4. The infrared observations presented here cover
the phases after optical maximum with the first infrared spectra taken on 2009
November 28. In case of He/N class of novae a small number of spectral lines
are normally seen as relatively weaker individual lines blend with each other
due to large expansion velocities and become indistinguishable against the un-
derlying continuum. The prominent lines seen in case of KT Eri are HI, O I
and He I. The typical FWHM of the H I lines range from 1900 to 2300 km s~*
with full width at zero intensity (FWZI) reaching a value of ~ 4000 km s™'.
A noticeable feature of these early spectra is the presence of lines due to He I.
In the spectra taken on 2009 November 28 the He I lines at 1.0830 pm, 1.7002
pm, 2.0581 pm, 2.1120 pm and 2.1132 pm are clearly seen. These He I lines
are seen to strengthen and become even stronger as the nova evolves. There
is and indication of He I line at 2.0581 um decreasing in strength after 2009
December 7. The absence of the emission lines from low ionization species like
Na and Mg is consistent with no dust formation seen in the nova ejecta. In
addition, the absence of C I lines also supports the lack of dust formation in
KT Eri. We would like to point out the decrease in intensity of O I line at
1.1287um with respect to Paf and He I line at 2.0581um with respect to Bry

from 2009 December 8. The reason for this change is not clear.
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Figure 5.3: The J band spectra of KT Eri are shown at different epochs. The
relative intensity is normalized to unity at 1.25 um. The time from optical

mazimum are given for each spectrum.
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Figure 5.4: The H band spectra of KT Eri are shown at different epochs. The
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5.3. Results 131

C B He | Br
SE oars Hel 28 Nov 2009 B © ' 7 Dec 2009
- 2 -
°F At =+14 B At=+23
1i e
7\\H\H\‘HHHH\‘\HHHH‘H\HHH‘HH:\H\HH e e e b
C 1 Dec 2009 B 8 Dec 2009
3 L
c .
- At=+17 [ At=+24
2 - N
r 1=
10— L
EHHH\\ Ll \HHHH‘HH\HH‘\H\’\HH\H I HHH\H‘\\HHH\‘\H\
2 3 4 Dec 2009 - 9 Dec 2009
e F 2=
2 r i At=+25
o F At=+20 |
= L r
© - 1
o 1 L
x *HHH\HHHHH\MHHHHM\\HHHMH\:\H\HHMHH\HHHHHHHHHHHHHH
B 5 Dec 2009 r 15 Dec 2009
. 2
- at=+21 [ At=+31
i i
e Y I I \\\\\\\\\‘\\\\\\\\\‘\\\\7\\\\\\\\ I B \\\\\\\\\‘\\\\\\\\\‘\\\\
B 6 Dec 2009 B 16 Dec 2009
. 2 -
: At =+22 : At =+32
1= s
B b b e e s b b b feg
2.0 2.1 2.2 2.3 2.0 2.1 2.2 2.3

Wavelength (um) Wavelength (um)

Figure 5.5: The K band spectra of KT Eri are shown at different epochs. The
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maximum are given for each spectrum.



132 Chapter 5. Study of KT Eridani

5.3.4 Recombination analysis of the H I lines and mass

estimation of ejecta

The recombination case B analysis for the H I lines was carried out for all the
observed spectra, and the representative results for four epochs of our obser-
vations are shown in Figure 5.6. We have plotted in Figure 5.6 the observed
relative strength of Brackett series lines with the line strength of Br12 as unity
along with the predicted values for three different recombination case B emis-
sivity values from Storey & Hummer (1995). These predicted values cover a
representative temperature of T = 10* K and the electron densities of n, = 108,
10 and 10" cm~3. High electron densities are considered because the ejecta
material is expected to be dense in the early stages after the outburst. Figure
5.6 shows that the observed line intensities clearly deviate from case B values
in the initial phase of our observations. Specifically, Brvy, which is expected
to be relatively stronger than the other Br lines, is observed to be consider-
ably weaker in the early observations. This is most likely due to optical depth
effects in the Brackett lines (Lynch et al. 2000).

Such deviations from the recombination case B conditions during the early
stages after outburst can be expected and have been observed in other novae
too, for example V2491 Cyg and V597 Pup (Naik, Banerjee & Ashok 2009), RS
Oph (Banerjee et al. 2009) etc. However, after 25 days from optical maximum,
on 2009 December 9 (fourth panel of Figure 5) there is an indication that case
B conditions have begun to prevail. For 2009 December 9, it is found that the
observed data match well with the predicted values for the recombination case
B values of T = 10* K and an electron density n, = 10° cm™3. The mass of

the emitting gas is given by
M = (4md*(mp)*(fV /€)™ (5.1)

where d is the distance, my the proton mass, f the observed flux in a particular
line, € the corresponding case B emissivity; V is the volume of the emitting
gas, which is [4/37 (vt)? ¢], where ¢, v, and ¢ are the filling factor, velocity and

time after outburst, respectively. Using the value of temperature and electron
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Figure 5.6: Recombination analysis for the hydrogen Brackett lines in KT Eri
on selected dates. The abscissa is the upper level number of the Brackett series
line transition. The line intensities are relative to that of Br 12. The Case
B model predictions for the line strengths are also shown for a temperature of
T = 10* K and electron densities of n, = 10"* ¢cm™3 (dotted line), 10° cm™>
(solid line) and 10 cm™3 (dashed line).

density we calculated the mass of the gas in the ejecta in the range 2.4 - 7.4
x107°Mg. As the filling factor ¢ < 1, this range is an upper limit for the mass
of the ejecta.

Ederoclite et al. (2006) have derived the filling factor to lie in the range
~ 7.1 x 1072 -7.9 x 107* for V5114 Sgr. Additional values reported in the
literature for the filling factor are 1072 - 107 for T Pyx (Shara et al. 1997),
0.1 for N Vel 1999 (della Valle et al. 2002), 0.1 - 1073 for N SMC 2001 (Mason
et al. 2005) and 1072 - 10~* for N LMC 2002 (Mason et al 2002). These values

clearly demonstrate that the filling factor in nova ejecta are smaller that 1.



Table 5.5: List of line flux corrected for Ay = 0.29 for Case B analysis.

Brackett Flux (Wem™2pm™) Flux (Wem™2pm™!)  Flux (Wem2pum™!)  Flux (Wem™?pm™)
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line 2009 Dec. 1 2009 Dec. 5 2009 Dec. 7 2009 Dec. 9
7 1.5 x 10716 7.6 x 1071 7.3 x 1071 6.4 x 1071
10 4.6 x 1071° 8.2 x 1071 5.3 x 1071° 2.6 x 1071°
11 3.3 x 1071 3.1 x 1071 2.2 x 1071° 2.0 x 1071
12 3.5 x 1071° 5.5 x 1071 1.8 x 1071 1.9 x 10715
13 5.5 x 1071° 1.7 x 1071 1.9 x 1071 1.8 x 1071
14 3.6 x 10°1° 1.6 x 1071 1.6 x 1071 8.7 x 10716
15 2.7 x 1071° 7.7 x 10716 9.2 x 10716 8.0 x 10716
16 2.0 x 1071° 1.0 x 1071 6.3 x 10716 8.1 x 10716
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5.3.5 Evidence for bipolar flow

A significant finding that has emerged from the studies of KT Eri is the pres-
ence of extended structure in the ejected material. Such bipolar structure
is commonly encountered in planetary nebulae and explained on the basis of
the ejecta interacting with a non-uniform circumstellar environment. Alterna-
tively, the ejection of the material could be intrinsically isotropic or anisotropic
which we can see here. In the anisotropic scenario, the pre-existing circum-
stellar material has a density enhancement in the equatorial plane then the
outflowing ejecta is impeded from expanding in the equatorial region while ex-
panding relatively more freely in the polar direction. This leads to a constric-
tion of the nebula in the equatorial region thereby giving rise to an hourglass
shape. Kinematically, this would imply that the matter in the poles would
flow out with a high velocity relative to the matter in the waist of the hour-
glass. But in the isotropic scenario the velocity of the ejecta will be almost
same. The evidence for a bipolar flow is also seen from our near-IR data. To
illustrate this, we present in Figure 5.7, representative profiles of the Pag and
Bry lines on December 7.865 UT. As can be seen, the profiles have a strong
central component flanked by two weaker components. In both panels of Fig-
ure 5.7, we have fitted the profile with three Gaussians a central Gaussian for
the core emission component and two Gaussians for the satellite components
in the wings (the Gaussians are shown by continuous black lines, their sum by
the dashed line and the observed data by the grey line).

It is seen that a three-component Gaussian fits the data reasonably well.
The fits indicate the presence of two high velocity components at radial veloc-
ities of -1530 and 2090 km s~! for Paj and at -1940 and 1930 km s~! for the
Bry lines, respectively (these high velocity components appear to be associated
with the faster structure reported by Bode et al. (2010)). The central compo-
nents have full width at half-maximum (FWHM) of 2340 and 1930 km s~! for
the Paf and Brv lines, respectively. We can interpret the results of Figure 5.7
as follows viz. the core emission can be associated with the slower expanding

material from the waist of the bipolar ejecta while the higher velocity satellite
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Figure 5.7: Line profiles of the Paf and Bry lines on December 7.865 showing
broad wings indicative of a bipolar flow. A multi-Gaussian fit of the profiles
is shown - a Gaussian for the central component and two Gaussians for the
satellite components in the wings. The Gaussians are shown by continuous
black lines, their co-added sum by the dashed line and the observed data by the

grey line. Further details are provided in Section 5.3.5.

components are associated with the flow from the polar regions.

Ribeiro et al. 2011 have modeled the Ha line showing the bipolar flow with
a dumbbell shape with a 1/r density profile, and got the expansion velocity and
inclination angle as V., = 2800 £ 200 km s~! and 58"5 degrees respectively.

The spectra presented by Imamura & Tanabe (2012) shows the decline rate
of FWHM of Ha ~ 30 km s~! per day. After 12.2 days from optical maximum
the FWHM of Hea is approximately 3400 km s~! but about 70 days after the
optical maximum is around 1500 km s~!. An asymmetric profiles at the earlier
stages for Ha suggests the existence of the non-spherical expanding gas shell.

We would like to point out the detection of similar high velocity bipolar
flow in the case of the 2006 outburst of the recurrent nova RS Oph by Banerjee
et al. (2009) on the basis of the broad wings in the line profiles of Pajs and

Bry.
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Figure 5.8: The composite JHK spectra of KT Eri for three representative
dates 2009 November 28, 2009 December 9 and 2009 December 15 are shown.
Model fits to the data with a power law, Fy o \™%, are shown by the continuous
lines with the broad band flures represented as filled circles. A decreasing trend
in the power law index « is seen indicating the decrease in the optical depth of

the ejecta.

5.3.6 Evolution of the continuum

We analyze and discuss the evolution of the continuum spectra of KT Eri. At
the time of outburst, a nova’s continuum is generally well described by a black-
body distribution from an optically thick pseudo-photosphere corresponding to
a stellar spectral type A to F (Gehrz 1988). The spectral energy distribution
(SED) then gradually evolves into a free-free continuum as the optical depth
of the nova ejecta decreases (Ennis et al. 1977; Gehrz 1988). The evolution
of the continuum of KT Eri is shown in Figure 5.8 wherein we have shown
representative spectra sampling the duration of our observations. The spec-
tra in Figure 5.8 were flux calibrated using the broad-band JH K photometric

observations presented in Table 5.2.

At the epoch of optical maximum a blackbody fit with an index of a = 4.0
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Figure 5.9:  The spectral energy distribution (SED) during the plateau phase
is shown using UBV RI fluzes in the optical from AAVSO, JHK fluxes in the
near-infrared from Mt. Abu and mid-infrared fluzes from WISE data spread
over 2010 February 21 to 28. A power law fit with index o = 2.55 is found to
fit the data.

is expected to fit the continuum flux distribution. As our observations begin
from day 14 after optical maximum, we have done power law fits, F\ a A™%, to
see the evolution of continuum spectra shown in Figure 5.8. In the beginning
of our observation, i.e. on 2009 November 28 (14 d after optical maximum)
and 2009 December 9, the continuum spectrum closely matches for a spectral
index o = 3.25.

The subsequent spectrum on 2009 December 15 has become flatter with a
slope of a = 3.0. This slow change in the slope of the continuum spectrum
is also evident in case of other novae, for example, V4643 Sagittarii where it
changed from a slope of about 3 to 2 within about three months (Ashok et
al. 2006). However, in the case of another nova viz. V4633 Sagittarii (Lynch
et al. 2001) the change in the slope of the continuum was found to be in the
opposite direction, i.e. the slope changed from 2 to 2.7 in observations taken

525 and 850 days after outburst. Therefore, it is, necessary to follow the nova
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Table 5.6: List of broad band flux corrected for Ay = 0.29 for optical IR &
mid IR data.

Band Flux (Wem?pm™1)

3.3 x 10716
2.3 x 10716
1.1 x 10716
7.8 x 10717
4.2 x 10717
1.1 x 1077
4.7 x 10718
4.1 x 10718

N W~ < <

1.4 x 10718
3.2 x 10719
4.4 x 10720

33

59 x 1072

K

outburst more regularly to have a better spectral coverage to understand the

behaviour of the nova continua.

Further we tried to fit the SED for 2010 February 21 to 28 in Figure
5.9 and found that the spectral index « is flattened up to 2.55. In Figure
5.9 we have used the UBV RI data from AAVSO, JHK from Mt. Abu and
W1W2Ww3w4 from WISE (Wide Field Infrared Survey). The central wave-
lengths for W1W2W3W4 are 3.4, 4.6, 12 and 22 micron, respectively.
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5.4 Discussion

5.4.1 Nature of the suggested progenitor candidate

The possibility of the 15th magnitude star close to the position of KT Eri
pointed out by different groups was discussed earlier in section 5.1. We have
explored the likelihood of this possibility by examining the spectral energy
distribution (SED) using the optical photometric data from USNO-B1 cat-
alouge and the near-infrared photometric data from 2MASS catalouge. The
estimated value of Ay = 0.29 mag derived in subsection 5.3.1 was used to
correct for interstellar extinction. The corrected flux values are given in Table
5.7. The observed SED shown in Figure 5.10 is difficult to fit with a black-
body spectrum. Several blackbody fits at different temperatures were tried
to fit the observed SED. We did not find a good blackbody fit to the SED
and the closest fit to the data with T = 10,000 K is not satisfactory. The
observed flux values decrease slower than the blackbody distribution. We have
considered the possibility that the observed continuum distribution from the
progenitor candidate of KT Eri is dominated by radiation from an accretion
disk surrounding the white dwarf. In the case of a steady-state accretion disk
around a white-dwarf, the continuum radiation from the disk can be described
by a F, a v'/? relation (Mayo et al. 1980 and references therein). A F, o
v/3 dependence falls less steeply than the relation expected for a blackbody
in the Rayleigh-Jeans regime. This relation translates to F) o A= where «
= 2.33. We find that a power law spectrum with o = 2.88 fits the data of
Figure 5.10 better than a black-body fit. This value of a = 2.88 is closer to
the model value of @ = 2.33 for the accretion disk compared to the value of
a = 4.0 for the blackbody distribution. It may be reasonable to consider the
power law distribution with a = 2.88 for the observed flux as some evidence
for the presence of accretion disk in the progenitor candidate.

Jurdana-Sepic et al. (2012) have utilized the 2MASS infrared magnitudes
to study the properties of the secondary star in KT Eri as this spectral region

is more sensitive to the secondary star. They have calculated the absolute
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magnitudes of the secondary star to be M; = 0.48 + 0.03, My = 0.05 4+ 0.05
and Mg, = 0.00 = 0.07 using the distance and reddening of d = 6.5 kpc and
E(B-V) = 0.08 given by Ragan et al. (2009). These magnitudes are brighter
than those derived for the RN U Sco at quiescence from 2MASS (M; = 1.3 +
0.4, Mg = 0.9 £ 04 and Mg, = 0.9 £ 0.4. Theses are significantly brighter
than typical quiescent CNe (Darnley et al. 2011). Furthermore, the colours
are more in line with those of cool giant stars.

It is relevant to point out the nature of progenitors in two recent novae
V2491 Cyg and V2672 Oph that have been suggested as possible recurrent
novae. Darnley et al. (2011) have made a comparison of V2491 Cyg with U
Sco while discussing its nature. They point out that their optical and near-
infrared luminosities at quiescence and the outburst amplitude are very similar.
They favour the suggestion of V2491 Cyg being a recurrent nova and point out
that it contains a subgiant secondary and an accretion disk. Naik et al. (2009)
have ruled out the possibility of V2491 Cyg being a RNe of RS Oph category
with red giant secondary on the basis of the temporal evolution of the Pag
line profiles. In case of V2672 Oph, another candidate for RNe, Munari et al.
(2011) have suggested that the mass losing companion star is not a red giant

like that in RS Oph or T CrB.

5.4.2 Mass of the WD in KT Eri

We have estimated the white dwarf mass by using the derived value of the

absolute magnitude My and relation given by Livio (1992); Warner (1995b):

The mass of the underlying white dwarf (Myp) in KT Eri is My p ~ 1.15 M.
The determination of mass of the white dwarf in KT Eri by other investigators
is briefly described. As the time for the emergence of the supersoft X-ray source
(SSS) in KT Eri is much later than the case of recurrent novae RS Oph and U
Sco (Hachisu et al. 2007; Kahabka et al. 1999, respectively), which have white

dwarfs with masses very close to the Chandrasekhar limit, Jurdana-Sepic et
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Table 5.7: List of broad band flux corrected for Ay = 0.29 of the progenitor

system.

Band Flux (Wem2pm™!)

7.6 x 10718
2.0 x 10718
1.7 x 10718
4.8 x 1071
2.6 x 107

NN~ W

9.4 x 10720

1e-17 t

1e-18 |

Observed Flux

1e-19 |

0.5 1.0 1.5 2.0
Wavelength (um)

Figure 5.10: The SED is shown for the progenitor of KT FEri.
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Figure 5.11:  The evolution of Bry line throughout the near-IR observations
of KT Eri.

al. (2012) have constrained the mass for the WD in KT Eri system as My p
< 1.3 M. They also constrain the mass of the white dwarf My,p >1.1 M on
the basis of Ne enrichment seen in the low-resolution spectra of the progenitor

of KT Eri reported by Nesci et al. (2009).

5.4.3 KT Eri - a possible recurrent nova ?

The similarity of some of the properties of KT Eri with those of the recurrent
novae has prompted the discussion in as to whether K'T' Eri could be a recur-
rent nova. We have made an attempt to test, to some extent, the hypothesis
that KT Eri is a RNe from the IR observations presented in this chapter. A sig-
nificant decrease in the width of the emission line profiles should be seen if KT
Eri is a RNe of the RS Oph type. As the secondary star in RS Oph type RNe
lose mass at a high rate, the nova ejecta expelled with high velocity will get
decelerated as it moves through the wind of the companion. This deceleration

results in fast temporal changes in the expansion velocity of the ejecta. Such



144 Chapter 5. Study of KT Eridani

effects have been reported by Das et al. (2006) in the case of 2006 outburst of
RS Oph. We have investigated the evolution of one prominent emission lines
viz. Bry in KT Eri. The full width at half maximum (FWHM) is a good
representation of the expansion velocity. The line profiles of Bry for 6 days

are shown in Figure 5.11. These line profiles do not show significant changes

during the period 2009 November 28 to 2009 December 16.

The present observations thus rule out the possibility of a red giant nature
of the binary companion to KT FEri, as in the case of RS Oph subgroup of
RNe. The close monitoring of recent outbursts of recurrent novae has revealed
mid-plateau phase in U Sco, CI Aql and RS Oph. These mid-plateau phase
have been interpreted as arriving from the contribution of bright accretion
disks that are irradiated by the central white dwarf. The mid-plateau phase is
followed by a sharp decline in the nova light curves leading to the final decline
to quiscence phase. The optical light curves of novae have been modeled.
Hachisu & Kato (2006) have modeled the ultraviolet, optical and near-infrared
light curve of well sampled novae and proposed a universal decline law based
on the optically thick wind ejected following the nova outburst. The initiation
of thermonuclear runaway in the accreted material on the surface of the WD
results in a rapid expansion of its envelop to values R,;, > 100 Rg leading to
the ejection of a large part of the envelop as a wind. The early decline of the
novae light curves shows a power law dependence of the form Fy a A™*. The
initial early decline becomes steeper at later stages with « increasing from the
range 1.5 - 2 to a value approaching ~ 3. The ejection of the outer envelop
is accompanied by the shrinking of the WD pseudo photosphere. Hachisu &
Kato (2006) have labeled their modeling of nova light curves as optically thick

wind model as the acceleration takes place deep inside the photosphere.

The other recent examples of novae that could be recurrent novae are V2491
Cyg (Nova Cyg 2008) and V2672 Oph (Nova Oph 2009). In case of V2491
Cyg, similarities of the optical spectra with those of RNe V394 CrA and U Sco
were pointed out by Tomov et al. (2008). Page et al. (2010) have presented
extensive X-ray and UV observations and discussed the possibility of V2491
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Cyg being a recurrent nova. They estimate recurrence time scale greater than
100 years if the mass of the WD is ~ 1.3 Mg and the source is located at a
distance of 10.5 kpc. Schwarz et al. (2009) and Munari et al. (2011) have
pointed out the similarities in the observed properties of V2672 Oph with U
Sco, like rapid decline, extremely broad emission lines and early hard X-ray
emission, thus suggesting that it could be a recurrent nova. They speculate
that earlier outburst of V2672 Oph might have been missed due to several
unfavourable characteristics like very fast decline rate (t2 = 2.3d) and faint

outburst brightness (V. = 11.35).

5.5 Summary

In this chapter, we have presented near-infrared spectroscopy and photometry
of nova KT Eri which erupted after 2009 November 10. From the optical
lightcurve, the distance and latitude to the nova is estimated to be 6.3 & 0.1
kpc and 3.3 4+ 0.1 kpc. We have estimated the white dwarf mass My p ~ 1.15
Mg. The outburst luminosity of KT Eri as calculated from My is L = 2.9 x
10° L. The light curve classification for KT Eri is P(9). The infrared spectra
indicate that the nova is of the He/N type. It may be noted that KT Eri is one
of the very fats He/N type of novae (t; = 5.7 d) and also one of the very high
latitude z = 3.3 £ 0.1 kpc nova in last few years. We calculated the mass of the
gas in the ejecta in the range 2.4-7.4 x 107 M. We also found the evidence
for bipolar flow, which shows the presence of two high velocity components at
radial velocities of -1530 and 2090 km s~! for Pa and at -1940 and 1930 km
s~! for the Bry lines, respectively. The central components have full width at
half-maximum (FWHM) of 2340 and 1930 km s™! for the Pag and Bry lines,
respectively. We have also discssed the possibility of 15th magnitude star to
be the proginator. We also discussed the evolution of the continuum of the

spectra. The summary of the nova is given in Table 5.8.
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Table 5.8: Summary of the nova.

Parameter Value
Name Nova Eridani 2009, KT Eri
Discovery Date 2009 November 25.536 UT
Date of optical maximum 2009 November 14.632 UT
Equatorial coordinates 4h 47m 54.21s -10d 10m 43.1s (J2000.0)
Galactic coordinates 207.9863, -32.0202 (G2000.0)
Speed class Very fast
123 5.7 £ 0.3 days
t3 ~ 9 days
Reddening E(B-V) 0.09
Extinction Ay 0.29
My, -89 £ 0.1
Distance 6.3 £+ 0.1 kpc
Galactic latitude 3.3 £ 0.1 kpc
Mwp ~ 1.15 Mg
Lo 2.9 x 10° L
Emission lines bipolar wings
Line widths (FWHM) ~ 2100 km s~
Ejecta mass 2.4-7.4 x 107° Mg

Dust formation (mass of the dust) No




Chapter 6

Summary and Future Work

The work presented in this thesis is an attempt to explore many fundamental
questions about classical nova outbursts. We summarize the work carried out
in this thesis with emphasis on the important and new results that have been
obtained. The scope for future work is also discussed. This work is based
mainly upon our obsevations from 1.2m telescope of Mt. Abu Infrared Ob-
servatory (Mt. Abu IR Telescope) and also includes optical data from Asiago
Observatory (Italy) for one nova. I have presented the analysis of 3 classical
novae (of different types) that have exibited different aspects throughout a
broad range of evolutionary stages of development from a few days to years

after the outburst.

6.1 Summary

The thesis presents the near-infrared spectroscopic and photometric studies of
the following three novae:

1. V5579 Sagittarii (V5579 Sgr), a classical nova. It was discovered on
2008 April 18.784 UT. Our observations of this nova commenced after 5 days
of outburst and extended upto 26 days after outburst.

2. V496 Scuti (V496 Sct), a classical nova. It was discovered in outburst
on 2009 November 8.370 UT. This object was observed for 530 days after

outburst.

147
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3. KT Eridani (KT Eri), a classical nova which showed some of the features
of recurrent novae. This was discovered on 2009 November 25.812 UT and was

followed for next 100 days.

The important results obtained from the extensive studies of these novae

are described below.

6.1.1 Results from the study of V5579 Sgr

1. From the optical light curve, we determine the absolute magnitude of the
nova to be My = -8.8 + 0.1. The distance and the height from the galactic
plane for the nova is estimated to be 4.4 4+ 0.2 kpc and 232 £ 11 pc respectively.
The mass of the underlying white dwarf in V5579 Sgr is estimated to be My p
~ 1.12 M.

2. The outburst luminosity of V5579 Sgr as calculated from My is L = 2.7
x 10° Lo. We have also pointed out that V5579 Sgr is one of the few fast Fe

IT classes of novae (to = 8 d) that formed dust. The light curve classification

for V5579 Sgr is D(14).

3. The IR spectra indicate that the nova is of the Fe II class. The presence
of emission lines from low-ionization species like Na and Mg in the early spectra
and subsequent formation of the dust support the predictive property of these
lines as indicators of dust formation as proposed by Das et al. (2008). Evidence
is seen from the JH K photometry and spectra for the formation of dust in
the nova in mid-May 2008. The mass of the dust and gas is estimated Mg,
=212 x 1072 My, and ~ 4.2x 10~ M, respectively.

4. We have indicated the usefulness of the P Cygni profiles seen in the nova
spectra around maximum brightness to study the physical parameters related
to the central WD. The presence of a persisting absorption structure in the
Pag line is interpreted as evidence for sustained mass-loss during the outburst

and used to set a lower limit of 8 - 12 days for the mass loss duration.
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6.1.2 Results from the study of V496 Sct

1. From the optical light curve, the absolute magnitude, distance and the
height from the galactic plane for the nova are estimated to be My =-7.0 &
0.2,d =29 + 0.3 kpc and z = 89 + 3 pc. respectively.

2. The key observational result is the detection of first overtone bands
of carbon monoxide (CO) in the 2.29 - 2.40 pm region. The CO bands are
recorded over several epochs thereby allowing a rare opportunity to study its
evolution from a phase of constant strength through a stage when the CO is
destroyed fairly rapidly.

3. The modeling of the CO bands shows that in the initial phase the gas
temperature and mass are found to be fairly constant in the range of 3600 -

4000K and 1.5 - 2 x 10~% M, respectively.

4. From the modeling we estimate the ratio of 2C/3C to be ~1.5. This
implies that 13C is possibly not synthesized to the high levels as predicted by

the theoretical models.

5. The IR spectra indicate that the nova is of the Fe II class. The presence
of emission lines from low-ionization species like Na and Mg in the early spectra
and subsequent formation of the dust support the predictive property of these
lines as indicators of dust formation as proposed by Das et al. (2008). The
rising continuum in the spectra taken on 2010 April 11 also shows the dust
formation in the nova ejecta.

6. From the low resolution optical spectra various phases of the spectral
evolution of V496 Sct have been identified using the Tololo classification system
for novae (Williams et al. 1991, 1994). The optical spectra show that the nova
is evolved in the Py Ao spectral sequence.

7. We have also estimated the physical parameters from our optical and
IR data. The mass of the dust and gas is estimated 1-5 x 107!° Mg and 2.0
+ 0.6 x10~*M,, respectively.

8. The mass of the white dwarf for V496 Sct is estimated to be approxi-

mately 0.7 Mg and the outburst luminosity is estimated to be 5.1 x 10* L.
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6.1.3 Results from the study of KT Eri

1. From the optical light curve, the distance to the nova is estimated to be 6.3
+ 0.1 kpe. The infrared spectra indicate that the nova is of the He/N type.
KT Eri is one of the fast He/N type of novae with ty = 5.7 d.

2. KT Eri is one of the very high latitude nova in last few years with
galactic latitude (-32 deg) and distance below the galactic plane z = 3.3 £ 0.1
kpc nova in last few years.

3. We have found the evidence for bipolar flow, which shows the presence
of two high velocity components at radial velocities of -1530 and 2090 km s~!
for Paf and at -1940 and 1930 km s~! for the Bry lines, respectively. The
central components have full width at half-maximum (FWHM) of 2340 and
1930 km s~ for the Pa$ and Bry lines, respectively.

4. The case B analysis of hydrogen Brackett series lines has been used to
estimate the mass of the gas in the ejecta and this lies in the range 2.4-7.4 x
107° Me.

5. The mass of the white dwarf for K'T Eri is estimated to be approximately
1.15 M, and the outburst luminosity is estimated 2.9 x 10° L.

6. We have also discssed the possibility of 15th magnitude star to be the
proginator and the evolution of the continuum of the spectra. The temporal

evolution of Brv line does not favour a red giant as the companion star.

6.2 Future work

It would be appropriate to indicate a few suggestions for future work.

It was pointed out that V5579 Sgr is a very fast nova of Fe II class that
formed dust as early as At = 15 d after optical maximum. The possible reasons
for dust formation in this very fast nova and that too at such an early date
will be examined.

A good observational coverage of the less frequently observed pre-maximum
risisng phase is presented in the case of V496 Sct. The high resolution optical

echelle spectra and the J band near-infrared spectrum soon after the optical
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maximum will be used to study the mass loss process during the onset of the
run away thermonuclear reactions in the accreted layers on the white dwarf
leading to the ejection of the nova shell. The work presented in Chapter
4 concentrated only on the Fe IT 5018 line to study the absorption system
during the early decline phase. This analysis will be extended to other lines.
An effort will be made to look for the transient heavy elements absorption
systems resulting from the secondary star in V496 Sct system using the echelle
spectra. Such absorption system have been reported by Williams et al. (2008).

The intriguing possibility of KT Eri being a recurrent nova makes it an
interesting target for future studies. The high velocity bipolar flow seen in KT
Eri demonstrates that nova ejecta is not expanding in a spherically symmetric
pattern and therefore it is necessary to account for the shape of the nova
ejecta with more detailed work. I plane to use SHAPFE, a morpho-kinematical
code that is used to analyse and understand the 3D geometry and kinematical
structure of nebulae (Steffen & Lopez 2006; Steffen et al. 2010). SHAPE
allows modelling of the structure and kinematics of an object to compare with
the observed images and spectra. The Pag and Bry line profiles of KT Eri
that clearly show bipolar flows will be modelled to determine the inclination
of the ejecta and relate it to the orbital axis of the underlying binary system.

As already mentioned a fairly large number of additional novae have been
observed as mentioned in Chapter 2, during the course of the studies presented
here. The complete analysis of the data on these novae will be taken up and
their results should add to further insights into the infrared development of

novae as described in this thesis.
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