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Abstract

Star clusters are gravitationally bound systems composed of a large number of stars,
ranging from thousands to millions. As the dynamic age of the cluster is less than
the age of the universe, dynamical interactions happening among stars within clusters
result in stellar exotica such as blue straggler stars (BSSs), cataclysmic variables,
etc. Globular clusters (GCs), being old and dense, host low-mass stars in various
stages of evolution, making them ideal for investigating the end stages of low-mass
star evolution and the origins of exotic stellar populations, which are not yet fully
understood. Ultraviolet (UV) studies conducted so far using HST and GALEX data
have revealed the presence of intriguing stars such as extreme horizontal branch (EHB)
stars and blue hook (BHk) stars in GCs, making them enigmatic systems. Furthermore,
the discovery of multiple stellar populations (MSPs) in both types of clusters through

UV observations has provided new perspectives on their formation and evolution.

In this thesis, we examined the properties of late-stage, UV-bright stellar populations
and the exotic BS and yellow straggler (YS) stars in targeted star clusters. We primarily
have employed the UV data from the Ultraviolet Imaging Telescope (UVIT) onboard
AstroSat, India’s first multi-wavelength observatory in both far-UV (FUV) and near-UV
(NUV) bands. We have conducted an in-depth analysis of four clusters, consisting of
two intermediate-mass GCs (NGC 1261 and NGC 2298) and two open clusters (OCs)
(NGC188 and NGC2818). We performed the PSF photometry on the UV images
obtained from UVIT and further combined the UVIT-detected sources with the other
available archival data. In the case of GCs, we utilised the HST data to find the
optical counterparts of the UV detected sources for the central region (~2.7 square)
of the cluster, and Gaia DR2 and EDR3 catalogue for the outer region of the cluster
not covered with HST. To obtain the proper-motion (PM) members of the clusters,
we used Gaia DR2 and EDR3 catalogues for all the clusters.
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In the case of GCs, NGC 1261 and NGC 2298, we explored their horizontal branch (HB)
morphology. In NGC 1261, we constructed UV colour-magnitude diagrams (CMDs) in
combination with HST, Gaia DR2, and ground-based optical photometry for member
stars. We detected the full HB in NUV, and blue HB (BHB) in the FUV and identified
two EHB stars. HB stars have a tight sequence in UV-optical CMDs well fitted with
isochrones generated (12.6 Gyr age, [Fe/H] = —1.27 dex metallicity) using updated
BaSTI-IAC models. Effective temperatures (7.ss), luminosities and radii of bright
HB stars were estimated using spectral energy distribution (SED). As we detect the
complete sample of UV bright HB stars, the hot end of the HB distribution is found
to terminate at the G-jump (7¢r; ~11,500 K). The two EHB stars, fitted well with
single spectra, have T.;; = 31,000 K and a mass = 0.495 M, and follow the same
T.rs—Radius relation of the BHB stars. We constrain the formation pathways of these
EHB stars to extreme mass loss in the RGB phase (either due to rotation or enhanced

Helium) OR early hot-flash scenario.

In NGC 2298, UV-optical CMDs are constructed for member stars in combination with
HST UV Globular Cluster Survey (HUGS) data for the central region and Gaia EDR3
and ground-based photometric data for the outer region. BHB sequence with a spread
and four hot HB stars are detected in all FUV-optical CMDs. They are compared with
theoretical updated BaST! isochrones and synthetic HB models with a range in helium
abundance, suggesting that the hot HB stars are helium enhanced when compared to
the BHB. The estimated T, radius, and luminosity of HB stars, using best SED fits,
were compared with various HB models. BHB stars span a temperature range from
7,500-12,250 K. The three hot HB stars have 35,000-40,000 K. In contrast; one star
has around ~100,000 K. We suggest the following evolutionary scenarios: two stars
are likely to be the progeny of EHB stars formed through an early hot-flasher scenario;
one is likely to be an EHB star with probable helium enrichment, the hottest HB star
is about to enter the white dwarf (WD) cooling phase, could have evolved from BHB
phase. Nevertheless, these are interesting spectroscopic targets to understand the late

stages of evolution.



In the old OC NGC 188, UVIT data is utilised in combination with optical photometric
data to construct the optical and UV CMDs. In the FUV images, we detect only hot
and bright BSSs, one hot subdwarf, and one WD candidate. In the NUV images,
we detect members up to a faintness limit of ~22mag, including 21 BSSs, 2 YSSs,
and one WD candidate. This study presents the first NUV-optical CMDs, which are
overlaid with updated BaSTI-IAC isochrones and WD cooling sequences, which are
found to fit well with the observed CMDs. We use SED fitting to estimate the T.s
radii, and luminosities of the UV-bright stars. We find the cluster to have an HB
population with three stars (T.;; = 4,750—21,000 K). We also detect two YSSs, with

one of them with UV excess connected to its binarity and X-ray emission.

In the intermediate-age OC NGC2818 that has a Planetary nebula (PN) within the
field, we present the first FUV imaging results. We explore whether the PN is a
member of the cluster using images taken from the UVIT. We detect four bright and
hot BSSs and two YSSs based on their location in the optical and FUV-optical CMDs.
The theoretical isochrones more or less fit the observed distribution of detected stars
in all the CMDs. Based on the parameters estimated using SED, we infer that the
BSSs are either collisional products or might have undetectable WD companions. Our
photometric analysis of YSSs confirms their binarity, consistent with the spectroscopic
results. We find the YSSs to be formed through a mass-transfer scenario and the hot
components are likely to be A-type subdwarfs. A comparison of the radial velocity
(RV), Gaia EDR3 PM of the PN with the cluster members, and reddening towards
the PN and the cluster does not rule out the membership of the PN. Using SED,
the estimated stellar parameters of the PN's central star match well with the previous
estimations. Comparing the central star's position with theoretical post-AGB (pAGB)
models suggest that it has already entered the WD cooling phase, and its mass is
deduced to be ~0.66 M. The corresponding progenitor mass turns out to be ~2.1
M, comparable to the turn-off mass of the cluster, implying that the progenitor could
have formed in the cluster. We suggest that the NGC 2818 might be one of the few

known clusters to host a PN, providing a unique opportunity to test stellar evolution



models.

Overall, our study showcases the effectiveness of UVIT in resolving stars in GCs, such
as NGC 1261 and NGC2298 in FUV, and identifying the hot companions to BSSs and
YSSs in OCs, providing more insight into their formation pathways. Additionally, its
multiple filters facilitate in constructing the multi-wavelength SEDs and estimating

parameters of the hot stellar populations.
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Chapter 1

Introduction

The night sky, decorated with a variety of stars and other cosmic objects, has
always captivated the attention of humans and led us to constantly seek a deeper
understanding of its nature to uncover its secrets. Our own galaxy, the Milky Way;,
is home to an intriguing group of stars bound by gravity called star clusters found
in different locations. Their detailed study provides an insightful understanding

of how our Galaxy was formed and its evolution with time.

1.1 Star Clusters

Star clusters consist of a large group of stars bound through gravity that are
traditionally considered to be formed out of the same molecular cloud at the same
time (Portegies Zwart et al. 2010). They are considered one of the best laboratories
to test stellar evolution theory as they provide a sample of stars with similar ages
and chemical compositions located at the same distance from us. This makes it

possible to study the properties of stars of different masses and compare them with
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FIGURE 1.1: HST optical images of the GC M3 (left panel, credits: Karel
Teuwen) and an OC M44 (right panel, credits: Stuart Heggie).

theoretical predictions, which is not possible with field stars. Clusters, because
they are easier to estimate their age and distance compared to individual field stars,
have been utilised as a tool to trace the structure and history of its host galaxy
(Moffat and Vogt 1973; Janes and Adler 1982; Friel 1995; Moitinho 2010; Moraux
2016). In addition to their importance in understanding the evolution of galaxies
and the history of the universe, star clusters are also interesting to astronomers
because they provide a unique laboratory for studying the properties of stars and
the dynamics of their interactions. In the Milky Way, they are typically classified
into two types: Globular Clusters (GCs) and Open Clusters (OCs). Figure 1.1
shows examples of these two types of clusters, with M3 being a GC and M44 being
an OC. These images are taken by the Hubble Space Telescope (HST).

Globular Clusters

GCs are large, spherical collections of stars that orbit around the centre of a
galaxy. They are composed of hundreds of thousands to millions of stars and are
held together by mutual gravitational attraction. GCs are found in the halo of a
galaxy, and they are one of the oldest known structures in the universe, with ages
estimated to be between 10 and 13 billion years, and hence, provide an important
constraint for the age of the Universe. They are made up of mostly old, metal-
poor, low-mass stars and are thought to have formed during the early stages of a

galaxy’s evolution. The stars in GCs are tightly packed together, with distances
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between stars ranging from a few hundredths to a few tenths of a light year. The
high concentration of stars in a GC leads to a high probability of interactions
between the stars, such as close encounters and binary star formation (Baumgardt

and Makino 2003; Krumholz et al. 2019; Krause et al. 2020).

Open Clusters

OCs are groups of stars found in the disk of a Galaxy that are bound together
by gravitational forces. They usually have a few hundred to a few thousand stars
and are relatively young, with ages ranging from a few million to a few billion
years. OCs within a galaxy’s spiral arms typically have a high percentage of blue,
hot, and bright stars with relatively short lifetimes. These clusters can be used to
study the structure and evolution of a galaxy and the formation and evolution of
stars. OCs are generally less massive and less densely packed than GCs (Krumholz

et al. 2019; Krause et al. 2020).

1.2 Stellar Evolution

GCs, being one of the oldest objects in our Galaxy, are composed of stars that are,
in fact, less massive than < 1M, (except those that gained mass) as stars heavier
than 1M, are already in the advanced stages of evolution. On the contrary, OCs,
being younger compared to GCs, contain more massive stars. The ultimate fate
of a star is largely determined by its initial mass, with stars less massive than
8 M, eventually becoming white dwarfs (WDs), while more massive stars will
undergo a supernova explosion and leave behind a neutron star or black hole. The
different phases of stellar evolution of a low-mass star (M < 2.3M) beginning
from protostar to its end-stage, i.e., WD, are illustrated in Figure 1.2. The colour-
magnitude diagram (CMD) and H-R diagram are powerful tools to derive basic

parameters such as age, metallicity, and reddening of star clusters. Figure 1.3
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Stellar Evolutionos-smg)

FIGURE 1.2: A schematic representation of the various stages of stellar evolu-
tion. (Credits: Antonio Ciccolella)

presents the evolutionary track of a 1 Mg star and its structure during various
stages of post-MS evolution. Here, we briefly discuss the main evolutionary phases

of low-mass stars that pertain to both GCs as well as OCs (Iben 1991).

All stars are born from a dense cloud of gas and dust, which collapses under the
force of gravity (Myers and Benson 1983). As the material falls inwards, it heats
up due to the increasing pressure, eventually forming a protostar. During the
protostar evolutionary phase (Hayashi 1966; Walker 1994), the primary source of
energy will be gravitational potential energy resulting from the contraction of the
star. As the protostar continues to contract, the temperature and pressure at its
core increases. However, the role of magnetic fields, radiation from other stars
and unknown sources, and other factors are not considered (Wurster and Li 2018;

Tsukamoto et al. 2022).

The contraction will continue till the core of the star becomes dense and hot enough



Chapter 1: Introduction 5t

to ignite the nuclear fusion of hydrogen. Generally, the minimum core temperature
and density required to fuse hydrogen are ~ 10" K and 100 kg/m3, respectively.
Stars in this stage of evolution are known as main-sequence (MS) stars. Low
as well as intermediate mass (2.5M, < M, < 8M,) stars spend most of their
lifetime in the MS phase, accounting for ~70% of their total lifetime. As the core
runs out of hydrogen fuel, hydrogen burning ceases referring to the MS turn-off
(MSTO) point, and the core, mainly consisting of helium, again begins contracting
gravitationally. As the core contracts, it heats itself up, as well as the layers just
above it. Eventually, the hydrogen shell surrounding the hydrogen-exhausted core
becomes hot enough to begin hydrogen fusion. The helium produced in the shell
falls onto the core and increases the core mass. The core of a star shrinks as
more mass is added to it, which makes the gravity at the border of the core
stronger. This increased gravity affects the hydrogen-burning shell, causing the
rate of hydrogen burning to increase. The envelope of the star is radiative, so some
of the luminosity generated in the shell is used to heat the intermediate layers,
causing them to expand and increasing the total radius of the star. As the radius
increases, the effective temperature decreases for a given, nearly constant surface

luminosity (Prialnik 2009; Kippenhahn et al. 2013).

After a star leaves the MS, its position on the H-R diagram moves to the right,
turning it into a subgiant (Catelan 2007). The star’s surface expands and cools,
appearing red in colour. Keeping the surface temperature almost constant, it
begins ascending the red giant branch (RGB) (Iben 1967; Boehm-Vitense 1992).
In this phase, the envelope is no longer radiative; it has become convective, an
efficient energy transport from the shell region to the surface. This, in turn,
increases its radius as well as surface luminosity. Meanwhile, the core continues to
contract, and the high electron density in the core leads to degeneracy, especially
in the case of low-mass stars. At RGB star’s tip, the temperature in the core with a
mass of ~ 0.45—0.5M, rises to about 10® K, which is high enough to ignite helium

and burn it into carbon via the triple-alpha process. In the case of low-mass stars
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F1GURE 1.3: The H-R diagram illustrates the evolution of a low-mass star, with
a corresponding diagram on the right side showing the internal structure of the
star at different stages in its evolution. (Image Credit: Pearson Addison Wesley)

with masses less than 2 M, helium ignition in the core occurs under degenerate
conditions. In a degenerate core, the pressure is independent of temperature. If
the temperature of the degenerate core increases, it will produce more nuclear
energy without a corresponding increase in pressure or expansion. This results
in an explosive release of energy called a helium flash (Schwarzschild and Harm
1962; Boehm-Vitense 1992). The energy released in a flash is so great that it raises
the temperature of the core enough to remove the degeneracy, causing the core to
expand. This expansion decreases the gravity at the core’s border, reducing the
shell’s hydrogen burning rate and lowering the star’s overall luminosity of the star

(Iben 1974).

It then settles on the horizontal branch (HB), where the helium-burning core
with a mass of ~0.5 M is surrounded by a hydrogen-burning shell (Hoyle and
Schwarzschild 1955; Iben and Rood 1970). The location of an HB star in the H-R
diagram depends on many factors, including its initial mass, chemical composi-
tion, and mass loss along the RGB stage. The low gravity at the distended surface
of the RGB causes the outer layers to shed due to their difficulty in being held.
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For the same mass star on the RGB, more mass loss makes it end up on the blue
side of the HB, and vice-versa. Stars on the HB have a range of masses due to the
varying hydrogen envelope masses, while their core mass remains nearly constant.
When the helium in the core of a star is exhausted, the carbon-oxygen core begins
to contract, increasing the pressure and temperature of the surrounding layers.
This causes helium to ignite in a shell just outside the core while hydrogen begins
to fuse in an outer shell. The star is now in a stage of double shell burning called
the asymptotic giant branch (AGB) (Iben and Renzini 1983; Habing and Olofsson
2004; Herwig 2005). As the core continues to shrink, the temperatures and lumi-
nosities of the hydrogen-burning and helium-burning shells increase. Along this
phase, again, the whole hydrogen envelope strips off as the radius and luminosity
of a star become too high. Thus, it takes a right turn in the H-R diagram, known
as post-AGB (pAGB) phase. As the central star is extremely hot, its UV radiation
ionizes the material it has ejected. This absorbed UV light energizes the shell of
gas surrounding the central star, causing it to appear as a brightly coloured plan-
etary nebula (PN) (Iben 1995; Kwok 2000). This phase is relatively short-lived,
lasting approximately 10,000 to 100,000 years, compared to the longer stages of
stellar evolution. Ultimately, the star will end up as a CO WD (Weidemann 1990;
de Boer and Seggewiss 2008). The WDs observed in GCs have the mean mass of
~0.5-0.6 M (Moehler et al. 2004a; Cummings et al. 2018).

In this thesis, I have mainly explored the stars present in their late stages of
evolution, such as HB, post-HB (pHB), etc., and UV bright as well. Apart from
them, I have also focused on the exotic stars, which are believed to be the result of
binary evolution. Standard single-star evolution fails to explain their origin. The

details of them are discussed in the following section.
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1.3 Exotic Stellar Populations

The interactions between stars within a cluster can lead to the formation of bi-
nary systems and exotic types of stars, such as blue straggler stars (BSSs), yellow
straggler stars (YSSs), and cataclysmic variables. Below we describe their charac-

teristics and what makes them so intriguing to study.

1.3.1 Blue Straggler stars

BSSs are one of the intriguing byproducts of stellar interactions, and the mecha-
nisms behind their formation and evolution are still not fully understood (Boffin
et al. 2015). BSSs were first discovered in one of the largest and brightest Galactic
GC (GGC) M3 by Allan Sandage in 1953 (Sandage 1953). These stars appear in
a region of the CMD of star clusters where one would expect to find evolved stars
that already have used up their nuclear fuel and moved on to advanced stages of
evolution or become WDs. However, BSSs have not yet exhausted their nuclear
fuel and are still actively burning hydrogen in the core, which is not explained
through canonical stellar evolution theory. At first, they were considered as non-
members of the clusters, but later with the improvement in the observational
facilities, especially observations with HST in the inner region of GCs, confirmed
that they are lying all over the cluster, and hence might be their members. More-
over, several studies involving the proper motion (PM) and radial velocity (RV) of
stars within clusters have found that these stars are indeed members of the cluster.
Compared to the MSTO stars within the cluster, these stars are generally brighter
and bluer in colour, suggesting that they are more massive. BSSs are marked with

blue colour-filled symbols in the optical CMD of OC M67 as shown in Figure 1.4.

Several theories are put forth to explain these objects’ mass gain and rejuvenation.
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FIGURE 1.4: Optical CMD of OC M67 showing the location of non-standard
stars including BSSs, and YSSs. Image Courtesy: Emily Leiner

Two primary formation pathways proposed to explain their origin are either formed
through direct collisions or mergers of binary stars (Hills and Day 1976), or mass-
transfer in close-binary systems (McCrea 1964). The schematic in Figure 1.5
presents the two primary mechanisms by which BSSs form. Another possibility is
that they might result from the dynamical evolution of hierarchical triple systems,
in which the merger of an inner binary is facilitated by the Kozai mechanism (Iben
and Tutukov 1999; Perets and Fabrycky 2009; Naoz and Fabrycky 2014). As BSSs
can form through multiple channels, the prevalence of these channels may vary
depending on the environment. These environments include OCs (de Marchi et al.
2006; Ahumada and Lapasset 2007), GCs (Ferraro et al. 2012), the Galactic field
(Santucci et al. 2015), and dwarf galaxies (Santana et al. 2012). It is believed that
all of the formation scenarios may contribute to the overall population of BSSs in

these various environments. Despite the support for the above-stated mechanisms



Chapter 1: Introduction 10

FIGURE 1.5: The diagram illustrates the two leading mechanisms for forming
BSSs or "rejuvenated" stars in clusters: (Upper) collision and (Lower) "vampire"
or mass-transfer models. The collision model shows two low-mass stars merging
due to a head-on collision in a dense environment. The vampire model depicts a
low-mass star accreting material from a larger companion to fuel its rejuvenation.

Credits: NASA/ESA

through various studies, there are some BSSs that these models are unable to
explain (Cannon 2015). Thus, studying binary star systems such as BSSs can give
insight into the impact of dynamics on binary evolution, the frequency of binary

systems, and their contribution to cluster evolution.

The instability strip where the variables are supposed to lie passes through the
BSSs region. The BSSs which lie in this region are called SX Phoenicis (SX Phe)
variables. They have a short period ranging from 0.03-0.08 days (0.7-1.9 hours).
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1.3.2 Yellow Straggler stars

In optical CMDs of OCs and GCs, member stars occupy the position above the
sub-giant branch (SGB), between BSSs and RGB, referred to as YSSs (Leiner
et al. 2016; Sindhu et al. 2018). These stars might be the result of the evolution
of BSSs (Mathieu et al. 1990). These stars are labelled and indicated with light
yellow colour symbols in the optical CMD of M67 as displayed in Figure 1.4. These
systems are generally identified in OCs but are likely to be present in GCs as well.
These, like the BSSs, may have multiple formation pathways.

1.4 Horizontal Branch Morphology

The distribution of stars along the HB in an optical CMD based on their colour
is referred to as the HB morphology. Depending on their temperatures (colour),
HB is mainly classified into three categories: the red HB (RHB), the blue HB
(BHB), and the extreme HB (EHB). Figure 1.6 (left panel) shows different parts
of HB in the UV CMD of one of the massive and dense GC NGC2808. The
RR Lyrae instability strip separates the RHB from the BHB, where the former is
cooler than the latter. RHB and BHB stars have effective temperatures ranging
from about ~ 5,000 — 6,200 K and ~ 8,000 — 20,000 K, respectively. EHB stars
have a very thin envelope of M., < 0.02M,, which is not enough to support shell
hydrogen burning (Caloi 1972). They have a T.;; of more than ~20,000 K and
are usually located at the end of the blue part of the HB in the optical CMD.
Greenstein (1971) explored subluminous stars and showed that EHB stars were
found to be analogous to B-type subdwarfs (sdB) stars in the field. Besides these
hot HB stars, there is a subclass of EHB stars, called Blue Hook (BHk) stars,
that are particularly sub-luminous and have a T.r¢ > 32,000 K. BHk stars can be
identified by their hook-like shape in the UV CMDs, and are located at the hot
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end of the canonical EHB (D’Cruz et al. 2000; Brown et al. 2001, 2010). During
the pHB evolution, unlike more massive BHB stars, both EHB and BHk stars with
less envelope mass bypass the AGB stage and evolve directly into WDs (Sweigart
et al. 1974; Gingold 1976). Hence, they are known as AGB manqué (AGBM) stars
(Greggio and Renzini 1990).
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FIGURE 1.6: Left Panel: UV CMD of GC NGC2808 where different sub-
populations of HB are labelled and shown. Right Panel: Colour-Colour diagram,
created using HST data in three filters, F275W, F336W, and F438W, displaying
the positions of prominent photometric discontinuities observed along the HB
distribution. Credits: Prabhu et al. (2021)

The HB is of particular interest because it exhibits different morphologies in differ-
ent clusters. This is a well-known problem in GCs referred to as the second param-
eter problem, first mentioned by Sandage & Wallerstein (Sandage and Wallerstein
1960; van den Bergh 1967; Sandage and Wildey 1967). It is influenced by a num-
ber of factors, including the metallicity and age of the cluster, mass-loss along
the RGB, rotation, and chemical composition. It was originally thought that the
metallicity of GGCs plays a key role in determining their HB’s shape. In general,
metal-poor GCs tend to have bluer HBs; on the contrary, metal-rich GCs likely to
have redder HBs. This is due to the fact that metal-poor stars have fewer heavy
elements, hence less opacity in their envelope, which makes them more efficient at
shedding their outer layers, resulting in a higher surface temperature and a bluer
colour and vice-versa (Moehler 2001; Catelan 2009). Later, it was found obser-
vational that despite having similar metallicities, some GCs exhibit diverse HB

morphologies. For instance, the GC pairs M3-M13, or NGC 288-NGC 362, have
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different HB shapes even though they have similar metal content. Even metal-
rich clusters like NGC 6441 and NGC 6388 feature blue HBs, as well (Rich et al.
1997; Busso et al. 2007; Dalessandro et al. 2008). These exceptions have indicated
the need for a second and possibly a third parameter to explain the HB distri-
butions in GCs. Other potential parameters that could play a role include age,
helium abundance, mass loss during the RGB phase, and rotation. However, it
is not clear which, if any, of these parameters are the most important as some of
them are not well understood. The study, conducted by Milone et al. (2014) using
HST data, has shown that the age and metallicity of GCs are the main global
parameters influencing the shape and structure of their HB, while the abundance
of helium within a GC is a key non-global parameter. A more recent study by
Tailo et al. (2020) also found that both an increase in helium abundance and mass
loss contribute to the HB morphology, as determined by comparing observations
with theoretical models of stellar evolution. For more details, see the review pa-
pers Catelan (2009); Gratton et al. (2010) and references therein. However, none
of the above-proposed explanations fully reproduce the observed HB morphology
of GCs, and more investigation is required to fully comprehend this phenomenon

through both observation and theory.

Detailed observational studies of GCs with HB encompassing a broad range of op-
tical colours reveal additional distinctive features called jumps or discontinuities,
or gaps (Brown et al. 2016a), although their visibility may vary based on the spe-
cific passbands employed in the analysis. Until now, three such prominent jumps
or gaps have been discovered and named after the astronomer who first identi-
fied them. These include the "Grundahl jump" (G-jump) (Grundahl et al. 1999),
which is found within the BHB at a temperature ~11,500 K, "Momany jump"
(M-jump) (Momany et al. 2004, 2002) found between BHB and EHB at ~20,000
K and the gap separating EHB from BHk stars (Brown et al. 2001), covering a
temperature range of ~32,000-36,000 K. It is well illustrated in the right panel of

Figure 1.6 that these jumps are more evident in clusters that comprise significant
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numbers of both EHB and BHB stars. These jumps’ colour is consistent across
the distinct clusters (Ferraro et al. 1998; Brown et al. 2016a). These unexpected
jumps in the HB distribution have not been explained by canonical evolutionary
scenarios and have been attributed to a variety of non-canonical explanations, in-
cluding evolutionary divergence, mass-loss, atmospheric processes, and differences
in CNO or rotation rates (Moehler 2001). Other proposed explanations include dy-
namical interactions, helium mixing in RGB stars, and statistical fluctuations. It
was later understood that atmospheric phenomena, including radiative levitation
and gravitational settling, are primarily responsible for these HB features. BHB
stars that lie blueward of the G-jump show an increase in metal content resulting
from radiative levitation and a decrease in helium caused by gravitational settling
(Moehler et al. 1999, 2000; Behr 2003; Pace et al. 2006). The reason for the sud-
den emergence of radiative levitation and diffusion patterns, which results in the
jumps, is currently not fully understood. However, Sweigart (2002) pointed out
that this phenomenon occurs near the temperature at which surface convection
vanishes in HB stars, suggesting a possible connection between the disappearance
of convection and the onset of radiative levitation and gravitational diffusion ef-
fects in these stars. Additionally, BHB stars with temperatures higher than the
G-jump were found to have low rotational velocities, which might be caused by the
spin-down of the surface layers by a faint stellar wind generated by the radiative

levitation of iron.

The formation pathways of hot HB stars, including EHB and BHk stars in GCs,
are still a matter of debate. A variety of theories have been proposed, including
dynamical interactions among binary stars (Mengel et al. 1976; Tutukov and Tun-
gelson 1987), helium-mixing (Sweigart 1997), early and late hot-flasher (Brown
et al. 2001, 2010) and helium enhancement (Lei et al. 2015; Heber 2016), but the
ultimate explanation for the existence of these stars remain elusive. Nonetheless,
the population of such stars in clusters is largely affected by their mass and den-

sity (Rosenberg et al. 2004; Moehler et al. 2004b); denser, more massive clusters
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(NGC 2808, w Cen) tend to have a large number of hot HB stars.

1.5 Multiple Stellar Populations

For many years, it was thought that the stars within GCs were all created dur-
ing a single burst of star formation, resulting in a population of monometallic
and coeval stars known as a simple stellar population (SSP). But in the last two
decades, extensive photometric as well as spectroscopic studies uncovered the pres-
ence of multiple stellar populations (MSPs) in GCs. MSPs correspond to different
generations of stars that have formed through multiple star formation events or
stellar populations with distinct light element abundances such as He, C, N, O,
Na and Al. In general, stars that have a chemical composition similar to the typ-
ical composition of the Galactic field stars are referred to as the first generation
(1G); on the contrary, the second generation (2G) of stars is defined by an enrich-
ment of Al, Na, N, and He and depletion of O and C. The CMDs of most GCs
contain multiple photometric sequences that can be followed throughout a range
of evolutionary stages, as can be seen in the photometric diagrams illustrated in
Figure 1.7 These sequences can be traced from the start of the MS (Piotto et al.
2007), through the SGB (Milone et al. 2008; Anderson et al. 2009; Piotto et al.
2012), RGB (Marino et al. 2008; Yong and Grundahl 2008; Lee et al. 2009; Piotto
et al. 2015; Milone et al. 2017, 2018) and HB Dondoglio et al. (2021), and up
to the AGB (Lagioia et al. 2021) and WD cooling sequence (Bellini et al. 2013).
Even several photometric as well as spectroscopic studies of some clusters found
variations in He abundances among different sequences such as MS, RGB, and
HB of stellar populations (D’Antona et al. 2005; Piotto et al. 2005, 2007; Hema
et al. 2020). In a recent study, Dondoglio et al. (2021) discovered the presence of
MSPs in the RHB of 14 GCs for the first time by examining their distribution in

UV-optical two-colour diagrams. Recently, different scenarios have been suggested
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Ficure 1.7: HST photometric diagrams showing the presence of spread and
split along the different sequences in GC NGC 2808. Credits: Piotto et al. (2015)

to account for the origin and evolution of MSPs within GCs, and these include the
AGB scenario, fast-rotating massive star (FRMS) scenario, massive interacting
binaries, super-massive-star scenarios, stellar mergers, etc. The details of these
formation channels are well described in the recent review paper merely dedicated
to MSPs (Milone and Marino 2022). As of now, none of the above-mentioned
theories properly explain the origin of MSPs in GCs. Therefore, more in-depth
study and investigation are required to fully comprehend the multiple population

phenomenon.

In contrast to GCs, even the CMDs of young star clusters (~2 Gyr) are not re-
produced with simple isochrones. In these star clusters, the MSP phenomenon
is manifested as either a widening of the MSTO region, also known as extended
MSTO (eMSTO) or splitting of the MS, which cannot be attributed to photo-
metric uncertainties, crowding or binarity (Bertelli et al. 2003; Mackey and Broby
Nielsen 2007; Milone et al. 2009). Till now, it has been observed among star clus-
ters younger than ~2 Gyr located both in our own Galaxy (OCs) (Bastian et al.
2018) and Large and small Magellanic-Clouds (LMC & SMC). The eMSTO, first
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it. Credits: Milone et al. (2009)

detected in star clusters NGC 1846 and NGC 2173 of LMC (Bertelli et al. 2003;
Mackey and Broby Nielsen 2007) as shown in Figure 1.8, is observed in both opti-
cal and UV CMDs. On the contrary, other sequences, such as the MS, RGB, and
AGB, are narrow and well-defined, indicating that the eMSTO is not caused by
differential reddening or observational errors. Additionally, star clusters younger
than ~800 Myr exhibit a split in their MS, with the red MS hosting most of the
stars (Milone et al. 2016). This split disappears for stars with masses below ~1.5-
1.6 M, which is the point at which they experience magnetic braking (Georgy
et al. 2019).

The cause of the occurrence of the MSP phenomenon in GCs and young star

clusters is not the same. Unlike older GCs with MSPs, young star clusters with
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ages <2 Gyr are chemically homogeneous, as observed through both photometry
(Milone et al. 2016; Martocchia et al. 2017; Li et al. 2020) and high-resolution
spectroscopy (Mucciarelli et al. 2014). The eMSTO has originally been attributed
to prolonged star formation (Keller et al. 2011; Goudfrooij et al. 2011), but recent
studies have revealed that stellar rotation also plays a crucial role, as first suggested
by Bastian and de Mink (2009). Similarly, the split in the MS can be explained by
the presence of multiple populations of stars with different rotation rates, with the
blue part of the MS being reproduced by a non-rotating model and the red part
requiring the inclusion of fast rotations near the critical rotation rate (D’Antona
et al. 2015). In a recent study by Wang et al. (2022), it was proposed that blue MS
stars are formed through the merger of binary stars, which results in slow rotation,
while red MS stars are formed through the accretion of material from a disk and
have rapid rotation. Therefore, uncovering the origin of the MSP phenomenon
poses a significant challenge, and further probing into areas like stellar evolution,
stellar nucleosynthesis, and the mechanisms of star formation during the early

universe is required to achieve this goal.

In this thesis work, we have explored the presence of MSPs along the HB in
GC NGC2298 and also probed the eMSTO in OC NGC 2818 by examining the
response of UV colours to stellar rotation presented in Chapters 4 and 6, respec-

tively.

1.6 UV bright stellar populations and importance
of their UV study

Star clusters, mainly GCs, host hot stellar populations such as HB, pHB, pAGB,
and WDs, which are particularly bright in the UV regime (Zinn et al. 1972; Harris

et al. 1983). In addition, they are home to exotic populations, which deviate from
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traditional single stellar evolution, including BSSs, cataclysmic variables, EHB,
and BHk stars. These hot stars’ spectral energy distribution (SED) peak lies in
the short-wavelength region, specifically in the NUV or FUV. Thus, to identify and
study them in detail, UV observations have been proven to be an efficient window.
In the case of OCs, crowding does not affect the detection of such populations. On
the contrary, it can be challenging to identify hot populations in optical images
of GCs due to the high density of stars in the cluster cores, which are dominated
by the MS and RGB stars. Additionally, many of the exotic stars that are hotter
than other cluster members and emit much of their radiation in the UV are also
optically faint and located in the dense inner regions of the GCs. However, in
UV images, due to the fact that normal cluster stars (MS and RGB) are cooler
than late A-type stars and faint at short wavelengths less than 2000 A, crowding
due to MS and RBG cluster members is generally not an issue in detecting hotter
members. The recent studies on GCs (Ferraro et al. 2003; Dieball et al. 2010;
Haurberg et al. 2010; Parada et al. 2016; Dieball et al. 2017; Raso et al. 2017)
have uncovered the key role of using UV CMDs in identifying and understanding
the properties of UV-bright stars. The observed optical and UV CMDs display
the distribution of identified UV bright stars as stated above along different se-
quences as shown in Figure 1.9. In UV CMDs, it can be noted that HB stars no
longer fall on the horizontal sequence and cover a wide range of over 3 magnitudes
when compared to optical CMDs. BSSs also appear brighter and form a vertical
sequence similar to HB stars, spanning more than 3 magnitudes. Even EHB and
BHk stars follow a particular sequence in UV CMDs, separating them from BHB
and hot BSSs. Thus, the most effective way to spot and analyse them in star
clusters is by utilising a combination of both optical and UV magnitudes (Ferraro
et al. 1998; Dieball et al. 2010; Dalessandro et al. 2011, 2013; Subramaniam et al.
2017; Sahu et al. 2019; Rani et al. 2020; Singh et al. 2020; Prabhu et al. 2021;
Rani et al. 2021b).
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FIGURE 1.9: Observed UV (Left) and optical (Right) photometric diagrams
showing the location of various stellar evolutionary sequences. Credits: Dieball
et al. (2010)

Apart from the above-stated merits of UV observations, they can also be used to
investigate the presence of MSPs in GCs and OCs. Piotto et al. (2015) analysed
54 GGCs to explore the existence of MSPs among them using three HST filters,
namely, F275W, F336W and F435W, known as “magic trio". Combining these
three filters with other optical filters is the optimal approach for identifying and
determining the properties of multiple populations in GCs. The key benefit of
utilising them to disentangle the distinct populations is that they span the wave-
length range of 3000—4000 A, which includes the OH, NH, CN, and CH absorption
bands. Appropriate combinations of magnitudes in the F275W, F336W, F438W,



Chapter 1: Introduction 21

and F814W filters have been shown to be effective in identifying multiple popula-
tions along almost all sequences in GCs, as demonstrated in the study by Monty
et al. (2018). In addition, the F275W—F814W colour covers a broad wavelength
range. Hence, it is very sensitive to T¢ss of stars, allowing for the identification
of different stellar populations based on their He and metal content. This also re-
vealed that the identification of MSPs within GCs is highly dependent on the filter
used; specifically, the UV filters are very sensitive to variations in the abundances
of C, N, O and He. These filters make it more apparent to discern the features of

MSPs in CMDs by increasing the separation between sequences.

Code and Welch (1979) first discovered the UV upturn phenomenon in elliptical
galaxies using the OAO-2 space telescope and found that their spectra show a
rise in the flux below 2500 Afalling near the FUV region. As old systems, Ellip-
tical galaxies are normally expected to consist of old stellar populations, which
mainly contribute their light in the visible regime and are not expected to emit
UV flux. Later, various space missions, which include Hopkins Ultra-Violet Tele-
scope (HUT), International Ultra-Violet Explorer (IUE), Galaxy Evolution Ex-
plorer (GALEX), etc., confirmed the UV upturn phenomenon in these galaxies
(Bertola et al. 1982; Brown et al. 1997; Yi et al. 2011), but the cause of it was not
known earlier. UV sources found in elliptical galaxies have temperatures around
20,000-30,000 K (Brown et al. 1997) and properties similar to the hot HB stars
(Piotto et al. 1999) identified in GGCs, indicating their dominant contribution to
the “UV upturn” seen in their spectra (Dorman et al. 1995; Brown et al. 2000,
2008; Chung et al. 2011; Bekki 2012). All the facts stated above clearly indicate
the importance of locating and characterising these stars to shed more light on

their formation pathways and evolution in star clusters.
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1.7 Motivation and Aim

In literature, there have been a few UV imaging studies of GCs done using HST
and GALEX data, but they have their own limitations. Schiavon et al. (2012)
presented and discussed the main features of the UV CMDs (FUV-NUV vs FUV)
in 44 GGCs by exploiting data from GALFEX. They demonstrated that the HB
stars fall along a diagonal sequence that spans greater than 4 mag in UV-optical
colour, thereby removing the degeneracy in colour (B—V) from optical CMDs.
They also identified the population of BSSs in UV CMDs, which is found to
be located parallel to the HB sequence spanning ~3mag in UV colour, and 1-
1.5 mag fainter than the HB. Along with these two populations, they detected
and catalogued other UV bright stars such as pAGB, post-early-AGB (peAGB)
and AGBM stars, which are in the pHB evolutionary phase and more luminous
than the HB stars. Hence, they are easier to identify in UV CMDs, unlike optical
CMDs. However, their study lacked membership information for the detected
stellar sources. Additionally, the centre of the cluster could not be resolved by
GALEX in both NUV (5-6") and FUV (4-5") images due to its poor resolution
as given in the parentheses. They also didn’t compare the UV CMDs with stellar

evolutionary models.

Brown et al. (2016a) characterised the HB features in 53 GGCs, including NGC 1261,
and NGC 2298, using three HST filters (F275W, F336W, F475W). They created
colour-colour plots for all selected clusters. Their study found that UV CMDs are
the most effective tools to examine the shape of the HB in GCs and detect gaps re-
lated to it. On the other hand, the GCs survey, HUGS, conducted by Piotto et al.
(2015) detected MSPs in GCs, thanks to its high resolution (0”705). Nonetheless,
both studies mentioned above were restricted to only analyzing GC’s core regions
due to HST'’s restricted FOV (~ 3.4" square) and was further constrained to ob-
serve only in NUV wavelengths. Note that the FUV filters on the HST have a

flaw that causes them to let in too much red light. This leads to an inaccurate
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measurement, of the amount of FUV light coming from cool stars, making them
appear brighter than they actually are. Thus, in GCs analysis, we mainly aim to
examine not only the central regions but also the entire cluster and focus on the
hot stellar populations using a combination of FUV and NUV wavelengths to get

a more accurate picture.

In the old OCs, NGC 6791, NGC 188, and M67, hot stars have been detected and
studied by Landsman et al. (1998) using Ultraviolet Imaging Telescope (UIT)
data. De Martino et al. (2008) have obtained FUV and NUV images of the old
OC NGC2420 from GALEX and cross-matched with Sloan Digital Sky Survey
(SDSS) u,g,r,i,z photometric data in search of WDs in the cluster. The wide field
photometry for nearby clusters M79, NGC 2539, M67, and NGC 188 using Swift
Ultraviolet Optical Telescope (UVOT) by Siegel et al. (2014) reveals that the UV
CMDs can easily identify the unusual UV bright stars. Browne et al. (2009) used
GALEX observations to check UV variability in OCs Hyades and the Pleiades and
detected 16 UV variable sources. Gosnell et al. (2015) utilised HST data in FUV
passbands to detect and identify hot companions to BSSs in old OC NGC 188.
Therefore, UV imaging to study OCs offers a specific opportunity to identify and
characterise hot stellar populations to further shed light on their formation and

evolution.

There are only a few OCs in our Galaxy known to harbour Planetary nebulae
(PNe). PNe are classically considered to represent the late stages in the stellar
evolution of all the low as well as intermediate-mass stars with a mass range of
0.8—8 My (Weidemann 2000). As the evolutionary lifetime of PNe are short
(around 10 — 10° years, depending on the mass of the progenitor) when compared
to other evolutionary phases, especially when the number of evolved stars present
in OCs are small, PNe as members of OCs are rare and are not expected in
young OCs. Objects in this brief phase are essential to comprehend the physical

processes and steps that transform stars into their remnants. They are crucial in
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testing the theory of stellar evolution, including the nucleosynthesis physics and
the correlation between a star’s initial mass and its final WD remnant (Kwitter
et al. 2014). Furthermore, the chemical composition of PNe can offer insight into
the dredge-up of chemical elements, which is believed to be linked to the initial
mass and composition of the star. Finding a PN as a member of an OC gives us an
excellent opportunity to better characterise and constrain its crucial parameters,
such as distance, reddening, and age.

This thesis’s objectives are:

e to present the UV and UV-optical CMDs of GCs and OCs members covering
the entire cluster region and interpret them using theoretical stellar evolution

models.

e to classify and investigate the behaviour of stars that appear bright in the

UV as we shift from optical to UV CMDs.

e to examine the morphology of HB in GCs and investigate the MSPs that

can be present within them.

e to identify and determine the parameters of hot HB stars, including EHB,
BHk, and pHB stars, in order to gain insight into their UV properties.

e to identify and study the properties of BSSs and YSSs in a variety of OCs

and understand their formation and evolution in them.

e to characterise the central star of the PN (CSPN) to explore its physical
association with the cluster and understand the late stages of evolution of

low-mass stars.

In order to accomplish our objectives as stated above, we employed the Ultra-
Violet Imaging Telescope (UVIT) on Astrosat, India’s first multi-wavelength space
observatory, and combined it with various other archival data as detailed in Chap-

ter 2. The advantage of observing with UVIT over the other UV telescopes is
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its good spatial resolution (< 175), large FOV (28’ in diameter) and the multiple
number of FUV (130-180 nm) and NUV (200-300 nm) filters with both narrow and
broad passbands, which help in probing the properties of different stellar popula-
tions. The UVIT’s wide FOV will allow us to detect UV stellar populations over a
full cluster region with good resolution. By combining UV data with optical data
from archives such as HST and Gaia, we can accurately identify cluster members
and classify them in the UV. UVIT’s multiple filters in the FUV and NUV will
also enable more precise sampling of the UV wavelength range and detection of

BSSs and other UV bright candidates showing UV excess.

1.8 Overview of the thesis

This thesis is organised in the following way:

e Chapter 1: We introduce star clusters and their UV stellar populations,
including the properties and characteristics that are relevant to our study.
We also outline the motivation and aim of our research. Our study focuses
mainly on bright UV objects such as HB, pHB, BS stars and other objects
that appear bright in UV.

e Chapter 2: We present the details of the observations and multi-wavelength
data employed in this thesis. This chapter also describes the methods and
tools used to analyse the data and characterise the UV-bright stellar popu-

lation identified in the clusters under study.

e Chapter 3: We study the HB and BS stars, focusing mainly on the hot
HB stars detected in GC NGC 1261 using UV observations, and present the

important findings by comparing them with theoretical models.
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e Chapter 4: We present the results obtained from the UVIT-HST-Gaia
study of GC NGC 2298 to investigate its HB morphology and hot HB stars.
In addition, we also examined the presence of the MSPs along HB in it by

comparing observations with simulations.

e Chapter 5: We present the results obtained for identified UV-bright stars
other than BSSs in one of the old OC NGC 188, and estimate their properties

using UV photometry.

e Chapter 6: We present the results obtained from the UV study of intermediate-
age OC NGC 2818, mainly focusing on the BSSs, YSSs, and PN. It also in-
cludes results from the membership analysis of the cluster and its associated

PN using Gaia EDR3 PM data and UV photometry.

e Chapter 7: We present a summary of our findings, draw conclusions, and

discuss future prospects.



Chapter 2

Observational Data and Methods

In the previous chapter, we discussed the details of stellar populations in star
clusters and the motivation behind studying them in this thesis. As we are mainly
interested in hot and bright stellar populations that emit the bulk of their energy
in the UV part of the electromagnetic spectrum, most of the telescopes used to
collect data in that region are space-based. In optical and IR regions, we have
used imaging data from both space and ground-based facilities, as described in
the following Sections. Apart from the observing facilities used, this chapter also
includes details of the various methods and models adopted to analyse the data

and accomplish the broad goals of the thesis.

2.1 Space Based Telescopes

Here we discuss about the space-based telescopes that are used for obtaining UV
observations. It is not possible to observe the UV region from the ground as the

atmosphere of our planet blocks UV radiation. Therefore, in order to collect the

27
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UV radiation emitted by the stellar objects of interest, we must rely on space-based

telescopes.

2.1.1 UVIT

AstroSat, the first multi-wavelength Indian Space Observatory, has the UVIT as
one of its payloads (Singh et al. 2014; Singh 2022). On September 28, 2015, ISRO
launched AstroSat into a 650 km, nearly equatorial orbit. It also carries four X-ray
instruments in addition to the UVIT. These instruments include three LAXPCs,
an SXT, a CZTI, and an SSM. A schematic of AstroSat is shown in Figure 2.1,
where all the payloads are marked. There are three SSM onboard AstroSat to
monitor bright transient X-ray sources. All telescopes are oriented in the same
direction to allow for the simultaneous observation of astronomical sources across

a wide spectrum of wavelengths, including X-rays, UV and visible regions.

Large Area X-Ray Ultra Violet Imaging
Proportional Counter Telescope (UVIT)

7

Cadmium Zinc
Telluride

Imager (CZTI)

Soft X-ray Telescope|
(SXT)

Scanning Sky Monitor
(SSM )

FI1GURE 2.1: The Figure shows the AstroSat setup, with each instrument listed
and labelled. Image Credits: ISRO
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The UVIT instrument is primarily designed to observe in both the UV and opti-
cal bands. UVIT comprises two Ritchey-Chretien type telescopes with a primary
mirror of ~ 38 cm diameter. One of them takes observations in the FUV (130-180
nm) channel and the other one in NUV (200-300 nm) as well as VIS (320-550
nm) channels simultaneously. UVIT has a circular field of view (FOV) of diam-
eter ~ 28. The spatial resolution (FWHM) is better than 1”5 for the FUV and
NUV channels. Each channel (FUV, NUV and VIS) consists of a set of selectable
filters having different wavelength passbands. The details of all UVIT filters are
provided in two calibration papers (Tandon et al. 2017b, 2020). Figure 2.2 depicts
the UVIT’s configuration. Further details about effective area curves, calibration
results of UVIT, and instrumentation can be found in Kumar et al. (2012), and
Tandon et al. (2017a, 2020). Note that observations of HZ4, a WD used as a
spectrophotometric standard, were performed to carry out in-orbit calibration of
the instrument in order to compute the zero point magnitudes, unit conversion,

etc.((Tandon et al. 2017b)).

<&——— Secondary Mirror

4 & Primary Mirror

Detectors/Filters

FIGURE 2.2: UVIT’s schematic displaying its two telescopes (Tandon et al.
2017a).
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As the photon counts at UV wavelengths are not high, intensified CMOS detec-
tors are used in the photon-counting mode for the FUV and NUV channels. In
contrast, in the optical channel, due to large photon counts, it is operated in inte-
gration mode. When a UV photon strikes the photocathode, it causes the release
of a primary electron which is further accelerated to a microchannel plate (MCP)
amplified by a factor of ~ 107. The subsequent electron shower illuminates a phos-
phor anode, and the light from it passes through a fibreglass taper to be detected
by a CMOS chip (512x512-pixel array). The centroid of the incident photon is
then determined using the photon event that spans a fraction of a CMOS pixel
(3 pixel) using a centroiding algorithm (See for more details in Hutchings et al.
(2007); Postma et al. (2011)). These centroid positions are eventually used to con-
struct the science images. The final resolution of the UVIT images is determined
by photoelectron spread on the detector (~ 1”) and the tracking jitter (~ 0”5).
The CMOS is generally read out at 29 frames per second for a full frame; however,
this can be raised to roughly 200 frames per second for a subarray. Since optically
bright sources are more easily available than those emitting UV light, the VIS

channel is particularly employed to monitor and calculate spaceship drift.

AstroSat has a 90-minute orbit, and UVIT only observes the night part of that
orbit. Therefore, the observations typically last for less than 25 minutes every
orbit. To complete the required exposure time, the UVIT instrument makes ob-
servations over several orbits. The recorded UVIT data is provided in the Levell
(L1) format, which comprises a set of fits tables containing centroid data as well as
additional spacecraft and observational metadata. A customised software package,
CCDLAB, is used to process the L1 data to produce the scientific images (Postma
and Leahy 2017). This software particularly takes care of the following correc-
tions: geometric distortion, centroiding bias, flat-field illumination, and spacecraft
drift. The final images obtained after correcting for drift are aligned and combined
to create a science-ready image. For example, Figure 2.3 shows the UVIT FUV

image without applying drift correction in the left panel and after drift correction
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in the right panel.

F1cure 2.3: UVIT image of young OC NGC 663 in FUV F154W filter without
(left panel) and with (right panel) drift correction (Postma and Leahy 2017).

Due to the VIS data being sampled at 1 Hz as compared to the UV data being
sampled at 29 Hz, the combined images are still not perfect. Furthermore, a slight
discrepancy in the pointing direction of the VIS and FUV telescopes can occur
due to thermal stick-slip (Postma and Leahy 2021). To fix this, CCDLAB offers
a point spread function (PSF) optimization feature that stacks images of bright
sources with an exposure time of 20 seconds or less to get the optimal PSF and a
minimal drift correction. The FWHM of PSF for point sources in various targets

and filters typically varies from ~ 172 — 1”5.

We exploited Gaia and GALEX point source databases for performing astrometry
on the UVIT images. For the UVIT data observed before 2018, we used the as-
trometric coordinates of the bright sources common in GALEX and UVIT images
to get the astrometric solution using the CCMAP task of IRAF followed by the
WCSTRAN task to register the UVIT images. As astrometry of GALEX is not
as accurate as Gaia, we further used the Gaia catalogue to make astrometry more
precise. We have applied the coordinate matching algorithm from the upgraded
CCDLAB to do the astrometry on NGC 2818 images. Details of the algorithm can
be found in Postma and Leahy (2020).
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FIGURE 2.4: Overview of the GALEX instrument. Image Credits: NASA

2.1.2 GALEX

The Galaxy Evolution Explorer, GALEX, is a space-based telescope launched
on April 28, 2003, by National Aeronautics and Space Administration (NASA),
specifically designed to observe in UV wavelengths (Martin et al. 2003). The
instrument consists of a 50 cm diameter modified Ritchey-Chrétien telescope with
photon-counting mode detectors to obtain simultaneous images in two bands, NUV
(1771-2831 A) and FUV (13441786 A). The FOV of the instrument is very large,
with a circular shape of 1.2° and it offers a spatial resolution of 5”3 and 4”2 in the
NUV and FUV channels, respectively. The plate scale of detectors is 1”5pizel L.
The GALEX schematic is shown in Figure 2.4. This mission’s main goal was to
analyse galaxies’” UV properties to probe star formation and its evolution with

time.

GALEX has conducted five imaging surveys in two bands to address the main
science goals. These surveys include the All-sky imaging survey (AIS), Medium

Imaging Survey (MIS), Deep Imaging Survey (DIS), Ultra-deep Imaging Survey


 http://www.galex.caltech.edu/
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(UDIS), and Nearby Galaxy Survey (NGS). The instrument’s detection limit de-
pends on the imaging survey type, and in NUV, it is ~20-21 ABmag in AIS, ~23
ABmag in MIS, ~25 ABmag in DIS, ~26 ABmag in UDIS. GALEX data is pub-
licly available at Multimission Archive at Space Telescope (MAST). We have used
photometric data for all clusters studied in the thesis from the updated GALEX
UV sources catalogue containing FUV and NUV images of ~500 million sources

(Bianchi et al. 2017).

2.1.3 HST

The Hubble Space Telescope, HST', is a space-based telescope that was launched
on April 24, 1990, by NASA. It comprises five main instruments which capture
images in wavelengths of light spanning from UV to near-infrared (NIR). The
primary mirror of the telescope has a diameter of 2.4 m. The currently working
instruments on board HST are Advanced Camera for Surveys (ACS), Wide Field
Camera 3 (WFC3), Cosmic Origins Spectrograph (COS), Space Telescope Imaging
Spectrograph (STIS), and Fine Guidance Sensor (FGS). One more instrument,
namely, the Near Infrared Camera and Multi-Object Spectrometer (NICMOS),
used for both imaging and spectroscopic observations, is currently inactive. The
widely used third-generation imaging instrument ACS has three channels: Wide
Field Channel (WFC), High-Resolution Channel (HRC) and Solar Blind Channel
(SBC). WFC, the most utilised channel of ACS, has a plate scale of 0705 per pixel
and an effective FOV of 202" x 202”. It features a number of filters that cover the
350-1100 nm spectral range. WFC3 is a fourth-generation instrument with two
channels, the Ultraviolet-Visible (UVIS) and the NIR, providing images in three
broad regions of the spectrum, UV-Visible-NIR (Quijada et al. 2006). The UVIS
channel spans a spectral range from 200-1000 nm, and a NIR detector covers a
wavelength range from 800-1700 nm. The UVIS channel has a plate scale of (/04
per pixel with FOV 164" x 164", less than compared to the ACS camera. The


http://galex.stsci.edu/GR6/
https://www.nasa.gov/mission_pages/hubble/main/index.html
https://www.stsci.edu/hst/instrumentation/acs
https://wfc3.gsfc.nasa.gov/

Chapter 2: Observational Data and Methods 34

spatial resolution of ACS and WFC3 cameras are similar, allowing for a resolution
of ~ 0709 for point sources with depths of AB <~26-27mag (5-0) (Windhorst
et al. 2011).

We have used the catalogue provided under the HST UV Globular Cluster Survey
(HUGS) (Nardiello et al. 2018) to identify common stellar sources between UVIT
and HST and construct different CMDs to select stellar populations along distinct
phases. The catalogues include details on high-precision stellar astrometry and
photometry in three UV /blue WFC3/UVIS bands (F275W, F336W, F438W) and
two optical ACS/WFC bands (F606W, and F814W) of every star detected in the
cluster field. Additional information about their PM membership is also provided

in the catalogue.

2.1.4 Gata

The Global Astrometric Interferometer for Astrophysics, Gaia, is a space mission
launched on 19 December 2013 by European Space Agency (ESA) dedicated to
astrometry. Gaia has twin optical telescopes with a primary mirror of 1.45x0.5
square m pointing at two different portions of the sky, separated by a fixed wide
angle of 106°5 as illustrated in Figure 2.5. Each telescope has a large primary
mirror with a collecting area of about 0.7 m?. Both Gaia telescopes have a common
focal plane containing 106 charge-coupled devices (CCDs) of 4500x 1966 pixels
each (total ~938 megapixels) as shown in Figure 2.6. The five distinct components
of the focal plane are the wavefront sensor (2 CCDs) and the basic angle monitor
(2 CCDs), sky mappers (14 CCDs), astrometric field (62 CCDs), blue and red
photometer (14 CCDs), radial velocity spectrometer (12 CCDs). Its three major
instruments are an astrometer, a photometer, and a spectrometer. A detailed
description of the focal plane and instruments can be found in Gaia Collaboration

et al. (2016). The three passbands in Gaia are G (330-1050 nm), GBP (330-680


https://archive.stsci.edu/prepds/hugs/
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nm), and GRP (640-1050 nm). Gaia has an spatial resolution of ~ (74. The main
objective of Gaia is to utilise global astrometry from space along with multi-colour,
multi-epoch photometric measurements to produce a catalogue of about one billion
stars, or roughly 1 % of the stars in the Milky Way. In terms of completeness, it
will be complete for stars with magnitudes up to 20. Over a span of five years,
Gaia will observe each of its target stars approximately 70 times. It will precisely

map out their locations, distances, motions, and brightness variations.

Rotation axis (6 h) Basic angle

Two SiC primary mirrors monitoring system

1.45 » 0.50 m? at 1065

SiC toroidal
structure

/ (optical bench)

: Combined

S L~ focal plane
~ Superposition of (CGDs)
two Fields of View F=35m

F1GURE 2.5: Diagram of Gaia Payload showing two mirrors and instruments
mounted on the optical bench. Image Courtesy: EADS Astrium

Depending on the duration of observations, there have been three major releases
of Gaia data to date. On September 14, 2016, the first data release, known as
Gaia DRI, based on observations acquired over the course of the first 14 months,
was made available. It contains locations and magnitudes for over 1.1 billion stars,
albeit not all sources have PM data. The second DR, known as Gaia DR2, was
made available on 25 April 2018, and it is based on 22 months of observations.
It includes locations, parallaxes, and PMs for around 1.3 billion stars. Based
on 34 months of observations, the third data release has been divided into two
parts, allowing the first data set to be released earlier. Gaia Early Data Release
3 ("Gaia EDR3"), the first component, was made public on December 3, 2020.

It included enhanced locations, parallaxes, and appropriate movements for over



Chapter 2: Observational Data and Methods 36

104.26em

A \7\7\7\7\7\7\7

-
.
lllllll

™
™
|

SADD 42wy pay

|
' ‘ Radial Velocity
Spectrometer CCDs
Monltor
* Xgpa
Monlior
+ Y
Sky Mapper Astrometric Field CCDs
CCDs g

FIGURE 2.6: Schematic of the Gaia telescope’s focal plane (Image courtesy:
ESA)

two billion sources. Gaia DR3, which was made accessible on June 13, 2022, is
the most current data release and comprises Gaia EDR3 data complemented with
astrophysical parameters, variability data, and light curves. (Gaia Collaboration
et al. 2022; Babusiaux et al. 2022). Gaia-released data can be accessed through

Gaia Archive.

In this thesis, we have made use of Gaia DR2 and Gaia EDR3 catalogues to
obtain the PM membership of UVIT-detected sources only in the outer region of
the programme GCs and for the entire region of the programme OCs. In addition
to that, we also used the photometric information in different wavelength bands

to create the CMDs.

2.1.5 WISE

Wide-field Infrared Survey Explorer, WISE is a 40 cm IR space-based telescope
launched on December 14, 2009, by NASA (Wright et al. 2010). WISE’s FOV
is 47" and consists of four passbands, W1(3.4um), W2(4.6pm), W3(12um), and
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W4(22um) with a spatial resolution of 6”1, 674, 675, and 1270, respectively; the
bands’ central wavelengths are given in parentheses. The prime goal of this mission
was to image the whole sky in the IR region of the electromagnetic spectrum. The
WISE All-Sky (WISEA) data was made available on 14 March 2012 and can be
found at the Infrared Science Archive. In this thesis work, we have utilised WISE

data points to construct the SEDs for stars studied in-depth.

2.2 Ground Based Telescopes

Apart from the data from space telescopes, we also have used optical and IR
photometric data from ground-based telescopes. Below I will briefly describe each

telescope used in the thesis.

2.2.1 LCO

We have used archival photometric data of GC NGC 1261 (Kravtsov et al. 2010)
from the 1.3 m Warsaw telescope, the main instrument of the Optical Gravi-
tational Lensing Experiment (OGLE), situated at Las Campanas Observatory
(LCO). It is a Ritchey-Chreétien telescope. Kravtsov et al. (2010) made observa-
tions of NGC 1261 in UBVRI filters using 2048 x2048 CCD camera attached to
telescope. The plate scale of this telescope is 074 per pixel, and the corresponding

FOV is 14’ x 14’. Details of observations can be found in Kravtsov et al. (2010).


https://irsa.ipac.caltech.edu/frontpage/
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2.2.2 KPNO

We have utilised the archival photometric catalogue of NGC 188 (Sarajedini et al.
1999) from the 0.9 m Cassegrain telescope at Kitt Peak National Observatory
(KPNO). Sarajedini et al. (1999) obtained observations of OC NGC 188 using
2048x2048 pixel Tektronix CCD (T2KA) camera in UBVRI filters. The image
scale of this telescope is 0768 per pixel, giving a FOV of 23’ x23’. The observational
details can be found in (Sarajedini et al. 1999).

2.2.3 SDSS

The Sloan Digital Sky Survey (SDSS) telescope, specially designed for survey pur-
poses, is a 2.5 m modified Ritchey-Chreétien optical telescope situated at Apache
Point Observatory in New Mexico, United States (York et al. 2000; Gunn et al.
2006). It makes observations in spectroscopic and imaging modes. The photomet-
ric system of the SDSS telescope consists of five optical filters, namely, u, g, r, i
and z, covering a wavelength range of 3500-9300 A. The image camera is made
up of 30 Tektronix 2048 x2048 CCDs arranged in a six-column, five-row array for
observations in several bandpasses. The plate scale of the telescope is 074 per
pixel, and a FOV is 3°. The observed photometric data of point sources with a
typical seeing of 270 is 95 % complete up to the magnitudes 22.0, 22.2, 22.2, 21.3,
and 20.5, for the filters u, g, r, i, and z, respectively. In addition to the imaging
camera, it has two fibre-fed double spectrographs with a spectral resolution of
R ~1500-2500 that can simultaneously obtain 640 spectra in a spectral range of
3800-9200 A.

In our study of clusters, we used the SDSS DR9 imaging catalogue, which provides

information on more than 1.2 billion objects dispersed over a 31.637 deg? area.
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2.2.4 Pan-STARRS

Panoramic Survey Telescope and Rapid Response System (Pan-STARRS), primar-
ily dedicated to imaging survey observations, is situated at Haleakala Observatory
in Hawaii. It consists of two 1.8 m Ritchey-Chrétien telescopes equipped with a 1.4
Gpixel detector spanning a 3°3 FOV. Its photometric system contains five broad-
band filters designated as g.r,i,z, and y, covering a wavelength range of 400-1000

nm. Further details about the instrument can be found in Tonry et al. (2012).

We have used a photometric catalogue from Pan-STARRS data release 1 (Pan-
STARRS1) survey (Chambers et al. 2016) containing information about the posi-
tions and magnitudes of ~ 2 billion objects. In the Pan-STARRS1 survey, each
source was observed typically for 30-60 sec in five filters (grizy) with a sensitivity

of 23.3, 23.2, 23.1, 22.3 and 21.4, respectively.

2.2.5 2MASS

The Two Micron All Sky Survey, 2MASS consists of two 1.3 m Cassegrain equa-
torial telescopes, one located at the Whipple Observatory at Mount Hopkins,
Arizona, while another telescope site is at Cerro Tololo, Chile (Skrutskie et al.
2006). Each telescope has a camera containing three NIR detectors with dimen-
sions 256x256 pixels used to simultaneously image the sky in three wave bands,
J (1.25 pm), H (1.65 pm), and Ks (2.16 pm). The plate scale of each telescope is
2"pixel ! with FOV 85 x 85. 2MASS conducted an astronomical survey from 1997
to 2001 covering 99.998 % of the sky in three bandpasses. The limiting magnitudes
of the telescope are 15.8, 15.1, and 14.3mag in the J, H, and Ks bands, respec-
tively, for a 7.8-sec exposure. The 2MASS All-Sky Data Release, which contains

472 million sources, including both point and extended, was released in 2003.
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2.3 Observations

We largely employed the UVIT observations to analyse the clusters presented in
this thesis. Observations of the two GCs, NGC 1261 and NGC 2298, as well as
the two OCs, NGC 188 and NGC 2818, were made between November 2015 and
June 2020 in various UVIT filters. NGC 188 was selected as the initial target for
UVIT observations on 30 November 2015. The cluster was monitored regularly
over the first six months of UVIT’s operation to track the changes in the sensitivity
of the UVIT. The observations of NGC 188 used in thesis work were made from
December 2015 to March 2016. The observations log of the clusters is provided in
Table 2.1, together with information about the filters that were utilised and their
individual exposure times. CCDLAB was used to create images of the clusters

with dimensions 4096 x4096 pixels and had a 1/8 pixel resolution.

TABLE 2.1: Details of UVIT observations of studied star clusters.

Cluster Observation Date  Proposal ID PI Filters Teap (sec)

NGC 188 22 March 2016 T01_034  A. Subramaniam F148W, F172M, N279N 3216, 4708, 9365
NGC1261 26 August 2017 A03_112 G. Pandey F169M, F172M, N219M, N245M, N263M, N279N 1746, 6662, 2847, 740, 1022, 3831
NGC2298 13 December 2018 A05_025 G. Pandey F148W, F154W, F169M 2300, 558, 1263
NGC2818 21 December 2018 A05_196 N. K. Rao F154W, F169M, F172M 1491, 1715, 1903
NGC 2818 11 June 2020 A09_047 N. K. Rao F148W, F154W, F169M, F172M 1736, 2877, 1999, 2878

2.4 Research Methodology

We have used various methods, which are discussed in the following sections, in

order to analyse the data obtained from the various telescopes mentioned above.
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2.4.1 Photometry

Photometry is the method of measuring the flux emitted by an astronomical object.
In astronomy, the brightness of a star is measured in terms of magnitude defined

as:

m = —2.5log (%)

Where m is an apparent magnitude of the object, f corresponds to the flux of the
object at a particular wavelength; fy represents flux giving the zero point (ZP)
magnitude. In order to estimate the ZP, the Vega star is used by assuming it has

a zero magnitude in that filter.

In our analysis of UVIT images of various clusters, we performed the photometry
on them using the DAOPHOT package (Stetson 1987) in Image Reduction and
Analysis Facility (IRAF) software provided by National Optical Astronomy Ob-
servatory (NOAQO). There are two types of photometry techniques used to obtain
magnitudes of point sources depending upon the crowding in the field, Aperture

and PSF photometry. A brief description of both techniques is given below.

2.4.2 Aperture Photometry

The fundamental idea behind aperture photometry is to enclose the star within
a radius, r, from its centre and sum up all the light that falls within that circle.
The star’s brightness is then determined by subtracting the total contribution of
the sky background within the same region. Thus, this technique will allow for
the absolute measurement of a star’s emission flux, which can then be used to
determine its instrumental magnitude. The following steps are used to do the

aperture photometry.
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e imexamine: To estimate the FWHM of the stars in the image and the stan-

dard deviation (o) of the sky.

e daofind: To find and locate the stellar sources above a given threshold (gen-

erally 40).

e phot: To compute magnitudes for a list of stars identified by daofind.

The aperture radius of a star should be chosen in such a way that it will include its
total flux and not include the background contribution. We made use of a curve

of growth method to estimate the optimum aperture radius.

2.4.3 PSF Photometry

Aperture photometry does not work in the case of crowded fields as there are
chances of finding more than one star in the neighbourhood of a target for a given
aperture size. Hence, the flux will be overestimated for the target star. PSF

photometry is utilised in such cases.

The fundamental concept behind PSF fitting is that all stars on an image have
the same intrinsic profile shape, regardless of their brightness or amplitude. This
is due to the fact that each star is simply a point source of light that has been
distorted by the telescope’s optics, and in the case of ground-based telescopes, by
the Earth’s atmosphere. Therefore, it is possible to create a “standard profile" for
the stars on an image, which can then be scaled to fit the individual stars present

in it.

The first few steps are identical for both aperture and PSF photometry. Further
steps adopted to perform PSF photometry are given below.
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e pstselect: To select the bright and isolated candidate psf stars in the image.
e psf: To construct a model PSF.

e allstar: To fit a model PSF to a group of stars simultaneously to obtain psf

fitted magnitudes.

e ccmap: To compute world coordinate solution (WCS) using matched sources

between UVIT and reference GALEX or Gaia images

e wesctran: To apply the WCS solution to register the image.

PSF photometry gives relative magnitudes, unlike aperture photometry. In or-
der to get the instrumental magnitude, we did the PSF correction. To estimate
the PSF correction, we calculated the mean difference between the output from
ALLSTAR and PHOT for common bright and isolated stars. Then, we added
this mean difference to all the PSF-fitted magnitudes to convert them into in-
strumental magnitudes. Further, aperture correction is applied to instrumental
magnitudes by computing the mean difference between the flux enclosed in the
fiducial and small aperture radius to acquire the final magnitudes. The instru-
mental magnitudes of stellar sources detected in UVIT images are calibrated to
the AB magnitude system utilising the ZPs reported in Tandon et al. (2017b,
2020). As the UVIT detector works in the photon counting mode for UV chan-
nels, saturation correction (to account for more than one photon per frame) was
done to get the saturation corrected final magnitudes. The saturation correction
mainly affects stars brighter than 17 magnitude. The details of the saturation
correction are described in (Tandon et al. 2017b). The details of both types of

photometry are given in the manual by W. E. Harris*.

After performing the photometry on all science images, we made use of the TOP-

CAT tool (Taylor 2011) to identify the common sources between UVIT and other

*https://physics.mcmaster.ca/ harris/daophot_irafmanual.txt


https://physics.mcmaster.ca/~harris/daophot_irafmanual.txt
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optical catalogues using the maximum separation < 1.7” to create the CMDs as

discussed in the introduction Section 1.2.

2.5 Spectral Energy Distribution

All astronomical objects radiate over a broad range of wavelengths of the elec-
tromagnetic spectrum. The light emitted by them helps in probing their nature
and evolution. SED is one of the techniques to obtain the physical properties, for
example, T.sf, L (in terms of L), and R (in terms of Rg) of astronomical sources
using multi-wavelength imaging observations to put insights into their formation.
A SED is a plot of flux emitted by an object as a function of wavelength /fre-
quency. The shape of the continuum reveals information about the source. The
other method to characterise the stellar sources is using spectroscopic observations
by fitting the spectrum with a model template. But, acquiring spectroscopic obser-
vations over a wide wavelength range is challenging as well as time-consuming. In
the case of faint sources, it is difficult to get spectroscopic observations. Each given
data point in an observed SED refers to the integrated flux radiated by a star over
a bandpass encompassing a certain wavelength range. Compared to spectroscopy,
the SED technique is cheaper and equivalent to a low-resolution spectrum. Wide-
field imaging surveys have been carried out in a variety of wavelength ranges over
the past few years, yielding multiwavelength photometric (archival) data for a sig-
nificant number of stellar sources. Hence, SEDs play a vital role in deriving the

physical parameters of stars.

In order to construct and fit the observed SEDs with theoretical models, we have

used the virtual observatory tool, VO SED analyser (VOSAT) (Bayo et al. 2008).

"http://svo2.cab.inta-csic.es/theory/vosa/index.php
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FIGURE 2.7: SED of the MS star with solar metallicity and effective temperature
of 8,750 K. The theoretical Kurucz spectrum with the mentioned parameters in
the legend is displayed with a solid black line overlaid with the corresponding
model integrated flux in each filter. The transmission curves of used filters to
obtain SED are shown in both panels.

VOSA, developed by the Spanish Virtual Observatory (SVO*), encompasses spec-
tral libraries and VO services. Moreover, the properties of the filters used by VO
services are provided by the SVO Filter Profile Service.

In this thesis, we employed the photometric data from various telescopes spanning
a wavelength range from FUV-to-IR to build the observed SEDs. We mainly have
provided the UVIT photometry combined with HST, Gaia, LCO, and KPNO data
to VOSA. The other available archival photometric data points such as GALEX,
Pan-STARRSI1, SDSS, 2MASS and WISFE for the target sources are obtained using
the VO services to increase the number of data points in the SEDs. After obtaining
extinction corrected observed SED, VOSA computes the synthetic photometry by
using the filter transmission curves for a selected theoretical spectral model. The
next task VOSA performs is comparing the synthetic photometry obtained from

model SEDs to the observed data using a x? minimization test to estimate the

thttp://svo2.cab.inta-csic.es/theory/fps/
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best fit stellar parameters. The reduced x? , is calculated through the following

expression:

N
M ml
ot = Z aFni)” (2.1)

i=1 Toi

The number of photometric data points is represented by N, while the number of
adjustable parameters in the model is represented by N¢. The observed flux is
symbolized as Fy,;, and the flux of the star predicted by the model is represented
as MqF, ;. The scaling factor for the star, which is determined by the ratio of the
star’s radius to its distance, is represented as My = (%)2, and the uncertainty in
the observed flux is represented as 0, ;. Figure 2.9 illustrates the single SED fit of a
star with solar metallicity and 7. of 8,750 K. The solid line displayed with black
colour represents the Kurucz model spectrum, and square symbols with red colour
depict the model fluxes in each of the bandpasses used to generate the synthetic
SED. In our study of four clusters, the number of photometric data points (N)
for target stars varies from 9 to 20 depending upon their observations available in
different filters. The scaling factor is used to calculate the radii of stars through

the following expression:

R, = /My x D (2.2)

The luminosity of a star can be measured by using the estimated values of effective

temperature and radius in the following formula:

L, =4nRlospT,y; (2.3)

VOSA estimates the error in T,¢; to be approximately half of the grid step size
in the vicinity of the optimal fitting value. In order to get realistic errors in all
estimated parameters, VOSA uses a statistical approach, i.e., the Markov Chain

Monte Carlo (MCMC) technique using 100 best-fit SED iterations. If the error
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estimated using the MCMC method exceeds half the grid spacing for a particular
parameter, then that will be flagged as an error; otherwise, it will give half the
grid step as uncertainty. To estimate the extinction in different bandpasses used to
create SED, VOSA uses Fitzpatrick reddening law (Fitzpatrick 1999; Indebetouw
et al. 2005).

2.5.1 Binary SED fitting

In some of the stars in our study, we could not fit their observed SEDs with a
single model as they show significant UV excess. In general, UV excess can be
attributed to chromospheric activity, the presence of a hot companion, or lower
metallicity. SEDs can also be used to disentangle both components of a binary
star, provided they have different T¢s;. In the case of stars showing UV excess, we
fitted the observed SED with two spectral SED models depending on the nature of
the hot companion. We used the VOSA binary fit feature to fit the two-component
SEDs. It will fit both components of the observed SED simultaneously by using the
linear combination of two spectral models. A two-component SED fit of a binary
star that was constructed and fitted using the VOSA binary function is shown in
Figure 2.8. Apart from VOSA, we also have utilised a python script® to fit the
double component SEDs. The details of how the script fits the double component
SED and estimate their parameters are given in (Jadhav et al. 2021). In the latest
version of this code, bootstrapping method is used to estimate uncertainties in all

parameters.

Shttps://github.com/jikrant3/Binary_SED_Fitting
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FIGURE 2.8: Example of the composite SED fit (Black spectrum) of the binary
star consisting of an RHB (cool component) and sdB (hot component) star with
Terp of 5,750 K and 17,000 K, respectively. The Kurucz and Koester model
spectra are displayed with orange and sea-green solid lines, respectively. The

upper panel displays the scaled transmission curves of the passbands utilised to
create the SED.

2.6 Theoretical Models

In this section, I will describe different stellar models employed to compare the
distribution of stellar populations in observed CMDs with expected ones. It will
also include a brief description of spectral models used to characterise hot stars

identified in the analysed clusters.

2.6.1 Isochrones and Evolutionary Tracks

An isochrone defines the locus of a population of stars assumed to form at the
same time with the same metallicity and different initial masses in the H-R di-
agram/CMD. As star clusters are home to stars with different masses lying in

different evolutionary phases, their observed distribution in CMDs can be best
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illustrated with theoretical isochrones. Isochrones are used to compute the basic
parameters of star clusters, such as age, reddening/extinction, and metallicity, by

comparing their location with the observed CMDs.

In our study, we have employed two types of theoretical isochrone models, namely,
updated BaSTI Stellar Evolution Models and Isochrones (BaSTI-IAC) (Hidalgo
et al. 2018; Pietrinferni et al. 2021), and MESA Isochrones and Stellar Tracks
(MIST)? (Choi et al. 2016). We obtained BaSTI-IAC isochrones for cluster metal-
licity and age with and without o enhancement from the updated BaSTI databasel
for the UVIT, HST, and Gaia filters used in the analysis. The BaSTI-IAC models
without a enrichment span a mass range from 0.1—15 Mg, metallicity ([Fe/H])
from —3.20 to 4+0.45 dex, and age range from 20 Myr to 14.5 Gyr. Besides,
these models also incorporate the effect of diffusion, overshooting, and mass loss

efficiency parameter n = 0.3.

-I 1 1 1 1 I K 1 I 1 1 1 s ] ] i
- 0 | . i _
2r : ]
— '_____/"'""’M B 3 .
P i B i
~ - > o -
2 0 = - .
=7} | B i
ke i B i
I 10 - 7]
-2 - i i
I 1 1 1 1 I 1 L 1 1 15 B 1 I 1 1 1 1 I 1 1 1 L ]
4.5 4.0 3.5 0.0 1.0
FIGURE 2.9: (Left panel) BaSTI-IAC isochrones with solar-scaled (solid lines)
and a-enhanced (dotted lines) abundances of metallicity, [M/H] = —1.4 dex,

Y = 0.2478, with two distinct ages 2 and 12 Gyr, respectively. ZAHB track
corresponds to the 12 Gyr isochrone. (Right panel) Optical CMD showing the

12 Gyr solar-scaled (solid lines) and a-enhanced (dotted lines) isochrones and
ZAHBs with a metallicity of [M/H] = —1.4 dex (Pietrinferni et al. 2021).

Thttps://waps.cfa.harvard.edu/MIST/interp_isos.html
Inttp://basti-iac.oa-abruzzo.inaf.it/
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The modified version of BaSTI-TAC models computed for an a-enhanced heavy
element distribution includes all improvements and updates in their previous mod-
els, have a mass range between 0.1 and 15 M), 18 metallicities between [Fe / H] =
—3.20 and +0.06 dex with [a/Fe] = +0.4 dex (Pietrinferni et al. 2021). In addi-
tion, they also have provided the helium-enhanced models for each metallicity for
enhanced a abundances. The BaSTI-IAC model also offers the HB model, which
consists of zero age HB (ZAHB), post-ZAHB tracks, and terminal age HB (TAHB)
referring to the end of the core-helium-burning phase, with or without diffusion
for a specific mass range. The updated BaSTI-IAC isochrones with solar-scaled
and a enhanced abundances are illustrated in HRD and CMD in Figure 2.9. We
created the ZAHB and TAHB tracks for a metallicity of [Fe/H} =0, -1.3, —-1.92
dex corresponding to clusters NGC 188, NGC 1261, and NGC 2298, respectively,
considering diffusion that occurs in these stars’ sub-atmospheric regions. In the
case of NGC 2298, we also have utilised « as well as helium-enhanced HB models
to compare them with the observed distribution of HB stars in FUV CMDs. The
hot flasher models, including early hot-flasher (EHF) and late hot-flasher (LHF),
explaining the late evolutionary stages of low-mass stars (EHB and BHk) in GCs,
are provided by Santi Cassisi (private comm.). We used these models, generated
for UVIT and Gaia EDRS filters, in NGC 2298 to probe the nature of hot HB

populations.

MIST models provide isochrones and evolutionary tracks spanning a wide range
in metallicities (—4 < [Fe/H]| < +0.5), masses (0.1 My, < M < 300My), ages
(5 < logt < 10.3) and evolutionary stages. Depending on the initial stellar mass
and metallicity, these models take into account the evolution starting from the
pre-main sequence (PMS) phase to the end of hydrogen burning, the WD cooling
sequence, or the end of carbon burning. These models also provide the isochrones
incorporating the effect of rotation on different phases. Figure 2.10 shows the over-
plotted BaSTI-IAC and MIST isochrones in the optical CMDs of GCs NGC 6397
and Ruprecht 106, respectively.
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FIGURE 2.10: Left panel: Optical CMD of GC NGC 6397 (Stetson et al. 2019)
overlaid with BaSTI-IAC isochrone of a metallicity —1.9 dex, age 13.5 Gyr and
ZAHB with Y = 0.248 (Pietrinferni et al. 2021). Right panel: HST optical CMD
of GC Ruprecht 106 (Dotter et al. 2011) overploted with a MIST isochrone of
metallicity —1.50, age 12.0 Gyr (Choi et al. 2016).

In order to probe the state of central stars of planetary nebulae (CSPNe), pAGB
stars in clusters, we have used the pAGB evolutionary tracks computed by Miller
Bertolami (2016) for initial mass range 0.8-4 M, and a wide range of metallicities
(Z = 0.02, 0.01, 0.001, 0.0001). All previous evolutionary stages, from the ZAMS
through the WD phase, are incorporated into these pAGB models. Moehler et al.
(2019) have calculated the theoretical evolutionary tracks for pHB stars by extend-
ing the pAGB models presented by Miller Bertolami (2016). These models include
theoretical evolutionary tracks corresponding to different masses, beginning from
the ZAHB and continuing through late pHB evolution or a point on the pAGB
cooling track. We have used these pHB tracks obtained for metallicity close to the
cluster metallicity in the study of HB and pHB populations in two GCs and one
OC.

Apart from the above isochrones and evolutionary tracks, we made use of WD
cooling models (Tremblay et al. 2011) with hydrogen-rich surfaces with a mass

range of 0.2 — 1.3 M, provided by P. Bergeron (Private Comm.). The synthetic
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UVIT magnitudes for these WD models were obtained by convolving them with
all UVIT filters and then overplotted in the observed CMD to identify the location
of WDs.

2.6.2 Spectral Models

The theoretical stellar model atmospheres are convolved with the given filter trans-
mission curves to get the synthetic fluxes and construct the synthetic SED to derive
the physical parameters of stars depending on their nature and stage of evolution.
Below, I will briefly discuss the family of stellar model atmospheres used in this
thesis.

textbfKurucz Models:

The Kurucz models are stellar atmospheric models used to predict the flux dis-
tribution of stars, which take into account various factors such as convection,
rotation, and opacities in the atmosphere of the star (Castelli et al. 1997; Castelli
and Kurucz 2003). These models are based on local thermodynamic equilibrium
(LTE) and hydrostatic equilibrium and are computed using the ATLAS9 model
atmospheres (Kurucz 1993). The models are arranged in a grid that have a wide
range of parameters, including [Fe/H| values ranging from -2.5 to 0.5 dex, effective
temperatures from 3,500 to 50,000 K and log g from 0 to 5 dex. Recently, new Ku-
rucz models are computed for an extended metallicity range (—4< [Fe/H] <0.5)
with enhanced « elements abundances (+0.4 dex) irrespective of any change in
any other parameter range. These models cover a wide range of wavelengths, from
UV to IR. We used both old and new Kurucz models in our analysis of MS, BS,
and HB stars.

Koester WD Models:

(Koester 2010) computed models for DA-type WDs that have atmospheres rich in
hydrogen. These models were computed by assuming that the layers of the WDs

are homogeneous, arranged in a plane-parallel configuration, and have LTE. The
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models also assume that the WDs are in hydrostatic, radiative, and convective
equilibrium. The T,¢; and surface gravity (log ¢) of the WDs are the free param-
eters used in the model. The range of effective temperatures covered by Koester’s
models is 5,000-80,000 K, with step sizes that vary based on the value of T.s;:
250 K for T, values from 5,000 to 20,000 K, 1,000 K for T¢ss values from 20,000
to 30,000 K, 2,000 K for T¢ss values from 30,000 to 40,000 K, and 5,000 K for
Te sy values from 40,000 to 80,000 K. The range of surface gravities covered by the
models is 6.5 to 9.5, with a step size of 0.25.

Husfeld Models:

In the case of helium-enhanced hot HB and pHB stars, we utilised non-LTE helium-
rich Husfeld models (Husfeld et al. 1989). These model atmospheres are calculated
considering the basic assumptions that include plane-parallel geometry, non-LTE,
hydrostatic equilibrium, radiative equilibrium and chemical composition of hydro-
gen and helium. The model grid spans the range of stellar parameters typical of
extremely helium-rich O-type subdwarf (sdO) stars: 35,000 K < T.;r < 80,000
K, 4.0 <logg < 7.0, and 0.01 < Yy, <0.7.

Tiibingen NLTE Model Atmosphere Package (TMAP) Models:

For hot stars present in the pAGB and AGB-manqué stage of their evolution,
we made use of available Tiibingen NLTE Model Atmosphere Package (TMAP)
Models depending on the available parameter space (Rauch and Deetjen 2003;
Werner et al. 2003). The free parameters in this model are Tiss, log g, and hy-
drogen mass fraction, Xz. The TMAP model grid consists of two sets of param-
eters: Grid3 and Grid4. The range of parameters covered by the Grid3 model
includes T¢sy from 50,000 K to 190,000 K, logg from 5.0 to 9.0, and Xy from 0
to 1, whereas Grid4 model covers a range of atmospheric parameters including

20,000K < T,.¢r < 150,000K, 4.0 <logg <9.0,and 0 < Xy < 1.
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2.7 Summary

A summary of the data, observations, and methods used in this study is provided

below:

e We described the specific details of various ground and space-based tele-
scopes employed to study four clusters: NGC 1261, NGC 2298, NGC 188,
and NGC 2818.

e We provide an overview and details of the UV observations of four pro-

gramme clusters obtained from the UVIT telescope.

e We describe the methods of PSF and aperture photometry, including the
utilisation of the IRAF/DAOPHOT package for its implementation.

e We discuss the brief details of the stellar models utilised to generate the
theoretical isochrones used to analyse the observed CMDs of the programme

clusters.

e We discuss the details of generating SEDs and fitting them with theoretical
SED models using the x? minimization test. We also provide brief infor-
mation about the several spectral models used in our SED analysis of hot

stellar populations.
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3.1 Introduction

In this chapter, we analyse the southern galactic GC NGC 1261 located in the
constellation Horologium at a distance of 17.2 kpc (Arellano Ferro et al. 2019)
and metallicity [Fe/H] = -1.27 dex (Carretta et al. 2009). Since this cluster is
away from the Galactic disc (b = —52°13), it experiences almost negligible or no
reddening. The age of this cluster is estimated to be 10.75 £ 0.25 Gyr (VandenBerg
et al. 2013), 11.5 £ 0.5 Gyr (Dotter et al. 2010) and 12.6 £ 1 Gyr (Kharchenko
et al. 2013). In this study, the adopted age of this cluster is 12.6 Gyr to generate the
isochrones. Brown et al. (2016a) characterised HB features in 53 GCs, including
NGC1261. They created colour-colour plots for all selected clusters. They found
less than four HB stars blue-ward of the G-jump in NGC 1261 (see Figure 5 in

TResults of this work are published in Rani et al. (2020, 2021b).

%)



Chapter 3: UVIT view of NGC 1261: HB morphology 56

Brown et al. 2016a). Schiavon et al. (2012) constructed UV CMDs ( FUV-NUV
vs FUV) for 44 GGCs using GALEX data. They observed that the HB stars
follow a diagonal sequence, unlike the horizontal distribution in optical, and its

slope mainly depends on the bolometric correction effects.

The chapter presents the results of imaging analysis of NGC 1261 carried out with
UVIT, using six filters, including two in FUV and four in NUV. In this chapter,
we aim to focus on the following aspects of the cluster: a) identify and classify
UV bright stars in comparison with theoretical isochrones in the optical and UV-
optical CMDs, b) explore the HB morphology of the cluster in UV, ¢) determine
the properties of hot HB stars to gain insights into their formation and evolution.
This objective is accomplished by combining UVIT data with data obtained from
the HST (Nardiello et al. 2018) and ground-based observations (Kravtsov et al.
2010). The cluster members detected by UVIT in both the inner and outer regions
of the cluster were selected using PMs estimated from HST and Gaia DR2 data.

3.2 Data and Analysis

Observations of the cluster were obtained using UVIT’s two FUV and four NUV
filters. The science-ready images of the cluster were generated using CCDLAB
in all filters. PSF photometry was performed on all images to determine the
magnitudes of detected sources. The details of observations of NGC 1261 UVIT
images are presented in Table 2.1 in Chapter 2. The UVIT image created using one
NUV N279N, and one FUV F172M filter is depicted in Figure 3.1. In this figure,
yellow and blue colours represent UVIT NUV and FUV detections, respectively.
The FUV images show resolved stars in the cluster’s centre, but the central regions

of NUV images are affected by crowding. The FWHM of isolated sources in the
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FIGURE 3.1: An image of NGC 1261 created from UVIT data by combining the
FUV (F172M) and NUV (N279N) channel images.
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F1GURE 3.2: PSF fit errors as a function of magnitude for the UVIT observations
of NGC 1261. The top two panels show the plot for two FUV filters, whereas
the bottom 4 panels show for the NUV filters.

UVIT images is ~ 1”2 in NUV and ~ 1”5 in FUV. The PSF fit error plots, shown
in Figure 3.2, are plotted against the magnitude for each filter. UVIT is able to
detect stars down to 21 mag in NUV and 22mag in FUV with typical errors of
0.2mag and 0.3 mag, respectively.
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3.3 Optical and UV-optical colour-magnitude dia-

grams

CMDs are a very important tool for identifying different evolutionary sequences
in star clusters. As we have observed this cluster in 4 NUV and 2 FUV filters
of UVIT, a large number of CMDs using various filter combinations are pos-
sible. To identify stars within a ~ 34 diameter in the inner region, we have
used the HUGS catalogue (Nardiello et al. 2018) to cross-match with UVIT de-
tected sources. Most likely, members of this cluster in the inner region have a
proper motion probability of more than 90% as mentioned by Nardiello et al.
(2018). In order to cross-match UVIT-detected sources with HST data, first, we
selected stars with a proper motion membership probability of more than 90%. In
HST, the filters F606W and F814W are proxy to the V and I bands. To cross-
match HB stars and BSSs, we have used specific colour, and magnitude ranges
in the optical HST CMD. In the F606W—F814W vs F814W HST CMD, we have
used —0.1<F606W—-F814W<0.7 and 15<F814W<20.5 range for HB stars and
0<F606W—-F814W<0.4 and 17.3<F814W <19.5 range for BSSs. In the optical
CMD displayed in Figure 3.3, two stars appear near the faint end of the blue tail
of the HB. These same stars are also present in the colour-colour plot of this cluster
created by Brown et al. (2016a) (see their Figure 5). The Vega magnitude system
used in HST is converted into the AB magnitude system in order to adopt the
same magnitude system The magnitude system used to create optical CMDs in
the inner and outer regions is the Vega magnitude system, but both photometric
systems are different. Clement et al. (2001), Salinas et al. (2016) and Arellano
Ferro et al. (2019) have studied the variability of stars in this cluster. To identify
the variable stars such as RR Lyrae and Sx Phe, we have cross-matched UVIT data
with variable star catalogue from Arellano Ferro et al. (2019). In NUV bands, our
sample of HB stars is incomplete within the inner region as we are unable to resolve

stars in the inner 1’ diameter region due to crowding, whereas, outside this region,
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we detect about 90% stars in comparison to the HST. The number of BS, HB, and
variable stars detected in each UVIT filter is tabulated in Table 3.1. Figures 3.4
and 3.3 present the UV-optical and optical CMDs, respectively. The photometric
error bars shown in Figures 3.4 and 3.6 are the median of the photometric errors
of stars at selected magnitude ranges. The HB stars in the UV-optical CMDs
deviate from the horizontal distribution observed in the optical CMDs; instead,
they follow a diagonal sequence with less spread (Busso et al. 2007; Dalessandro
et al. 2008, 2011; Dieball et al. 2009, 2010; Sahu et al. 2019; Subramaniam et al.
2017; Raso et al. 2017). Nonetheless, note that the BSSs sequence, if diagonal,

remains unaltered in both optical and UV-optical CMDs.

The optical and UV-optical CMDs are overlaid with updated BaSTI-IAC* isochrones
(Hidalgo et al. 2018) obtained for an age 12.6 Gyr (Kharchenko et al. 2013), a dis-
tance modulus, (m-M)y = 16.21 mag (Arellano Ferro et al. 2019) and [Fe/H] =
—1.27 dex (Carretta et al. 2009). These models are generated with normal helium
abundance Y = 0.247 as expected for GCs, [Oé/ H] = 0, including diffusion, over-
shooting, and mass loss efficiency parameter n = 0.3. The BaSTI-IAC model also
provides an HB model that encompasses ZAHB, post-ZAHB, and TAHB tracks
with or without diffusion for a particular mass range. The ZAHB and TAHB
tracks are obtained for a metallicity of [Fe/ H} = —1.27 dex, including diffusion.
The BaSTI-IAC model does not provide the BSS model line. In order to define
the location of BSSs in CMDs, BaSTI isochrones (Pietrinferni et al. 2004) gener-
ated through the FSPS code by Conroy et al. (2009), Conroy and Gunn (2010)
were utilised. We applied the reddening and extinction correction to the observed
UVIT stellar magnitudes. For the Milky Way, we have adopted a reddening value
of E(B—V) = 0.0l mag as reported in Kharchenko et al. (2013) and the total-
to-selective extinction ratio of R, = 3.1 from Whitford (1958). This resulted in

an extinction coefficient in visible light of Ay = 0.031mag. The Ay is utilised

*http://basti-iac.oa-abruzzo.inaf.it/
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F1GURE 3.3: Optical CMD of NGC 1261 for the region covered by the HST.
Black dots represent the HST-detected stars with a proper motion membership
probability of more than 90%. only HB and BSS stars detected in the NUV
N279N filter and cross-matched with the HST catalogue are shown in different
colours, which are explained in the figure. The variable stars, such as RR Lyrae
and SX Phe, are also marked in the plot. The solid grey line denotes the updated
BaSTI-TAC model isochrone for an age of 12.6 Gyr and metallicity of [Fe/ H]
= -1.27 dex. The solid grey line shown over the HB is the ZAHB, and the
dotted one represents the TAHB. We also show the BSS model line, which is an
extension of the ZAMS.

to calculate the extinction coefficients, Ay, for each passband using the Cardelli
et al. (1989) reddening relation. The BS sequence shown in optical as well as in
UV CMDs is the extension of the zero-age MS (ZAMS). If BSSs are formed by
the merging of two MS stars, their distribution should roughly follow the ZAMS
until roughly twice the turn-off mass. The MSTO mass in NGC 1261 is estimated
to be ~0.8 M. The brightest and faintest part of the BS sequence shown in all
CMDs corresponds to 1.6Mg and 1.1Mg, respectively.
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FI1GURE 3.4: UV-optical CMDs of NGC 1261 members detected in the central
region common with HST in 4 NUV and 2 FUV filters. The meaning of different
colours and symbols is shown in the panels. The PSF-fit errors are also displayed
in each panel. Grey lines denote the updated BaSTI-IAC model isochrone for
generated for cluster parameters, i.e., the metallicity of [Fe / H] = —1.27 dex, and
age of 12.6 Gyr. Solid and dotted grey lines correspond to ZAHB and TAHB,
respectively.
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F1GURE 3.5: Optical CMD of NGC 1261 for the region outside the HST field.
HB and BSS stars that are detected in the NUV N279M UVIT filter and cross-
matched with ground-based photometric data (Kravtsov et al. 2010) and Gaia
data are marked with different colours. The rest of the stars shown with black
dots are cross-matched ground-based data with Gaia data. Other details are the
same as in Figure 3.3.

In Figure 3.4, the top two panels display the FUV-optical CMDs, generated using
the F169M and F172M filters. The overlaid isochrone helps in defining the loca-
tion of HB stars and BSSs, which exhibit a large range in colour and magnitude in
contrast to optical CMDs, suggesting FUV-optical CMDs have better resolution
in colour at a given magnitude. The HB stars, redder and bluer than the RR
Lyrae stars, are detected in the FUV, suggesting that both RHB and BHB stars
are detected. The sequence of HB stars is well aligned with the isochrone suggest-
ing that the predicted and observed FUV magnitudes match well. The BSSs in
the FUV exhibit a wide range of magnitude for a given colour and vice versa. In
NUV-optical CMDs, displayed in the rest of the four panels in Figure 3.4, we find
that the BSSs are as hot as BHB stars covering a large range in colour and mag-

nitude We have detected a full HB population in all NUV-optical CMDs. The HB
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F1GURE 3.6: UV-optical CMDs of NGC 1261 after cross-matching ground-based
photometric (Kravtsov et al. 2010) and Gaia data with UVIT data in 4 NUV
and 2 FUV filters. The rest of the details are the same as in figure 3.4.

population appears as a tight sequence more-or-less aligned with the isochrone.
In the case of CMDs created using N245M, N263M, and N279N filters, the redder
part of the HB is fainter compared to the isochrone. As the photometric errors
are also large at this limiting magnitude, our data is only suggestive. We also note
that the same stars are fainter than the isochrone in both CMDs, where N263M
and N279N magnitudes are shown. In all the CMDs, we have detected two stars

located close to the blue extreme end of the HB. These stars are quite separated
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TABLE 3.1: Number of detected HB stars and BSSs in different UVIT filters.
Here Ngp, Npss, Nrrr and Ng,pne represent the number of detected HB,
BSS, RRL and Sx Phe stars, respectively. The number of stars detected in the
outer region (> 34 diameter) are shown in parentheses.

Filter Nup  Npss Ngrrr Nszphe
F160M  59(9) 41(1
F172M  97(11)

) 10(1)

B5(2) 15(3) 1
N219M  196(40) 71(8) 19(4) 2
N245M  216(46) 75(7) 19(4) 2
N263M  222(47) 62(8) 19(4) 1
N279N  221(46) 70(7) 18(3) 3

from the observed HB sequence and are likely to be very hot HB stars, as sug-

gested by their UV-optical colour.

To identify stars in a given cluster’s outer region, UVIT-detected stars were first
cross-matched with Gaia proper motion membership data provided by Bustos
Fierro and Calderén (2019), followed by cross-match with the ground-based pho-
tometric data (Kravtsov et al. 2010). Here, the photometric system adopted to
create optical CMD is the standard Johnson-Cousin photometric system. To gen-
erate UV-optical CMDs, we transformed the Vega magnitude system into the AB
magnitude system using photometric calibration mentioned in Blanton and Roweis
2007. Our sample of UVIT-detected HB and BS stars is 90% complete in the outer
region when compared to the number of stars detected with Gaia. The 10% of the
stars, which are not detected, are fainter than the detection limit of the UVIT.
Figures 3.5 and 3.6 present the optical and UV-optical CMDs, respectively. It can
be clearly noticed that less number of HB and BS stars are detected in the cluster’s
outer region (outside 34 diameter) in contrast to the inner region. More stars are
detected in the NUV images than in the FUV. Only BHB stars are detected in
FUV passbands, and both BHB and RHB stars in all the NUV pass bands. We
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have also detected YSSs, identified based on their location in the optical CMD
(figure 3.5). The cluster’s outer region has fewer BSSs than the inner region. It
can be noticed that the detected BSSs are all redder than the predicted BSS line,
though this could be an artefact due to the less number of their detections. The
comparison of the HB and BS stars detected in the central and outer parts of the

cluster suggests that they may be segregated towards the centre of the cluster.

3.4 SED analysis of the bright HB stars

The Kurucz stellar atmospheric models (Castelli et al. 1997; Castelli and Kurucz
2003) are utilised to generate SEDs for the bright HBs, which cover a wavelength
range from UV to IR. We set the value of metallicity, [Fe / H] = —1.5 dex, close to
the cluster metallicity and had given the range of effective temperature from 5,000-
50,000 K and corresponding log ¢ from 3-5 dex for the adopted Kurucz models to fit
the SED of HBs (see Figure 19 in Pandey et al. 2001). We have combined 6 UVIT
photometric data points with 5 HST photometric data points from Nardiello et al.
(2018) to generate SED for UV bright HB stars detected in the cluster’s central re-
gion. For those detected in the outer region, the photometric data points of UVIT
(6 passbands) were combined with Gaia (3 passbands) (Gaia Collaboration et al.
2018) and ground photometry (4 passbands) (Kravtsov et al. 2010). As errors in
the HST measured flux are small, which blows up the x? value for the HST data
points, we assumed no error, which does not impact the fit parameters. In case
there are photometric data points with a zero observational error, VOSA assumes
the biggest relative error present in the SED. VOSA makes use of Fitzpatrick red-
dening relation (Fitzpatrick 1999; Indebetouw et al. 2005) to correct for extinction
in observed data points. The extinction-corrected VOSA magnitudes match well

with those described in Section 5.3.
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Ficure 3.7: SEDs of EHB1 and EHB2 stars after applying the extinction
correction. The fixed and estimated parameters are shown in the plots.

Best SED fits were obtained for 26 HB stars, out of which 2 are EHB stars and

24 are BHB stars. The SEDs of 2 EHB stars are shown in Figure 5. The esti-

mated values of parameters 7T, ¢, R—IZ and % corresponding to the best-fit Kurucz

model along with the errors for 26 HB stars are listed in Table 3.2. In Figure 5

(left panel), note that the Kurucz model spectrum fits well to the observed data

points, but in the case of the EHB2 star, three UVIT data points are not fitted

with the model spectrum. There seems to be some amount of excess flux in these

UVIT filters, as also reflected in figure 3.4. We excluded these three data points to
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make a good fit of the observed data points to the Kurucz model spectrum. The
high temperatures of EHB1 (31,000 K) and EHB2 (31,000 K) indicate that they
belong to the category of EHB stars (Heber 1986). BHB stars have a range of
temperature 8,000—12,750 K, with one star at 12,750 K. The SEDs of these stars
are presented in Appendix-A.

We also note from Table 3.2 that the luminosity, %, is more or less constant
for the HB stars (except for a few cases), whereas the T, is found to increase
with a corresponding decrease in radius. We estimate this relation assuming a
constant luminosity as we have a good number of BHB stars. Figure 3.8 depicts
the variation of the T¢ss of all bright HB stars with their corresponding radius.
The best-fit relation to the observed points plotted in Figure 3.8 is :

| R
T.rp = 0.5¢] = + 0.002
Rq

This relation corresponds to the well-known Stefan-Boltzmann law. Since the in-
trinsic luminosity of the BHB and EHB stars is not very different, so they should
satisfy a quite similar 7. ;4R relation. We, therefore, extended the plot to higher
T.ss and included the EHB stars. This relation is found to fit the EHB stars quite
well, as shown with a black line in Figure 3.8. The goodness of fit parameter value
for this curve fit is determined to be 0.99, which is close to 1, indicating a very
good fit. This fit validates the precision of the parameters obtained from the SED
fit.
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3.5 Evolutionary Status

To check the evolutionary stage of EHB stars identified with UVIT, we have plot-
ted the theoretical evolutionary tracks using the models presented by Moehler
et al. (2019). The models used in their paper were computed by the extension of
the pAGB evolutionary models published by Miller Bertolami (2016). We have
selected a model with metallicity close to the cluster metallicity. The theoretical
evolutionary tracks corresponding to different masses starting from ZAHB through
to a point late in pHB evolution or a point on the pAGB cooling track are shown
in Figure 7. The TAHB is shown with a dash-dotted line in Figure 7. We can see
in Figure 7 that all BHB stars are lying along the BHB tracks. Figure 7 also shows
that two EHB stars are indeed found along EHB tracks lying below the TAHB.
So, these two stars do not belong to any of the evolved class of stars, which lie
on the hot pAGB cooling sequence. This suggests that the two EHB stars share
the properties of the BHB stars and, therefore, can be considered as the extreme
extension of the HB. They are, therefore, still in the HB evolutionary phase. From
the model, the masses of these two stars turn out to be approximately 0.5Mg,

which corresponds to the star’s core mass on the HB.

3.6 Discussion

In this study, we used data from UVIT onboard the AstroSat satellite to create
NUV and FUV CMDs and to investigate the morphology of HB stars. UVIT
is not able to detect stars in the MS, RGB and SGB evolutionary phases since
these stars are fainter than 22 mag in UV. To generate UV CMDs, UVIT-detected
stars were cross-matched with HST catalogue for the inner region corresponding to
~ 34 diameter and with ground-based data along with Gaia for the outer region

as UVIT observes almost the entire cluster region. The UV and optical CMDs are
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TABLE 3.2: Bright HB star’s parameters derived using SED fitting method.
Star ID RA (deg) DEC (deg) T.sr (K) % % X2
EHB1  48.04181  -55.20597 31000 £500 38.92+1.09 0.21+0.01 2.7
EHB2  48.07732  -55.22445 31000 £500 41.28+£0.9 0.22+0.01 8.6
BHB1  48.07928  -55.22457 12750 £125 4426+ 1.64 1.36£0.03 4.6
BHB2  48.09452  -55.2267 11000 £125 43.46+1.96 1.79+£0.04 6.9
BHB3  48.08742  -55.22956 11750 £125 48.75+2.58 1.69+0.04 2.9
BHB4  48.06405  -55.21413 11250 £125 42.77+1.87 1.71+0.04 3.6
BHB5  48.07904  -55.21753 11250 £125 4597 +2.25 1.79+£0.04 4.3
BHB6  48.05424  -55.21919 11000 £ 125 46.91+1.87 1.89+£0.04 4.5
BHB7  48.05896  -55.21738 10500 £125 49.12+2.51 2.11+0.05 7.3
BHB8  48.08082  -55.22729 10000 £ 125 46.70 £2.09 2.23+0.05 6.3
BHB9  48.06626  -55.21944 9500 + 125  47.28 +£2.06 2.52+0.06 6.8
BHB10 48.06391 -55.21627 9250 £125 44.54+1.59 259+0.06 5.9
BHB11 48.04864 -55.21555 9250+ 125 56.64 £1.89 2.944+0.07 4.2
BHB12 48.05479  -55.22369 8750 £125 48.88+1.41 3.05+0.07 3.6
BHB13 48.10376  -55.21723 8500 £125 49.55+1.57 3.23+0.08 5.0
BHB14 48.08487 -55.22036 8750 £125 49.63+1.83 3.08+0.07 2.1
BHB15 48.06478  -55.21766 8750 £125 49.424+1.64 3.04+0.07 5.5
BHB16 48.07389  -55.22981 8250 £125 49.79£1.69 3.47£0.08 4.1
BHB17 48.04274  -55.22656 8000 £125 51.07£1.85 3.73£0.09 3.4
BHB18 48.06466 -55.21258 8000 £125 50.06 £1.55 3.69+0.09 5.0
BHB19 48.05484  -55.18698 11500+ 125 46.69+3.98 1.69+0.04 5.7
BHB20 48.14102 -55.20569 10000 4+ 125 47.64 £4.98 2.284+0.05 4.6
BHB21 48.01035 -55.31072 9750 £ 125 47.85£5.55 2.424+0.06 3.9
BHB22 48.12378  -55.25798 9500 £125 48.24£7.88 254+0.06 1.8
BHB23 47.90097 -55.23117 8750 £125 59.04 +£10.44 3.32+0.07 1.5
BHB24 48.14307  -55.27254 8250 £ 125 51.274+13.41 3.544+0.08 1.8
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FIGURE 3.8: Variation of the radius of all bright HB stars with their effective

temperatures, determined from SEDs. Red-filled circles represent bright HB

stars, and the black curve representing the function 7,7y = L\/% + 0.002 is the

fitted curve to the observed distribution.

created for cluster PM members. In all UV-optical CMDs, we find that the HB
stars do not show the horizontal distribution, as found in the optical CMDs. This
is due to the fact that the HB stars have a range in temperature, and the flux in
UV pass bands is more sensitive to temperature than in optical. The HB feature
is therefore found to be slanting and is similar to that found in the GALEX UV
CMDs obtained by Schiavon et al. (2012). They suggest that the slope of HB is
mainly a result of bolometric correction effects. Dalessandro et al. 2013 investi-
gated the HB morphology of three GCs, namely, M3, M13 and M79, using HST
data in optical and UV bandpasses, and they also found a similar HB distribu-
tion in Far-UV CMDs (see their Fig. 2). The UV magnitude distribution of HB
stars aligns well with the isochrones in all UV-optical CMDs, taking into account
measurement errors. As we detect the entire stretch of the HB (RHB, RRL and
BHB), we find a good match for the UV magnitudes between the observation and
the updated BaSTI-IAC models.
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FIGURE 3.9: Evolutionary tracks corresponding to different masses with metal-
licity close to cluster metallicity. Evolution starting from the HB phase to the
moment when the star has entered the pHB phase (Moehler et al. 2019) are
shown. In the plot, magenta, blue and green colours represent the sequences pop-
ulating the extreme, blue and red parts of the HB. The dashed and dash-dotted
lines indicate the ZAHB and TAHB, respectively. Bright HB stars identified
with UVIT are shown with red cross symbols.

A large gap is observed between EHBs and BHBs, and that needs to be explored.
However, massive and dense GCs like NGC 6752, NGC 2808, and w cen exhibit a
substantial population of EHB stars that form a distinguishable sequence in their
optical CMDs. Conversely, in less massive clusters, these stars are fewer in num-
ber and can be difficult to detect in optical CMDs at the faint end of the HB. In
such cases, UV CMDs play an important role since EHB stars are bright in UV
CMDs and also follow a separate sequence. The clusters with less number of stars
hotter than the M-jump are NGC 2298, NGC 3201, NGC 5466, NGC 6981, etc.
(see Figure 5 in Brown et al. 2016a). We have detected full HB in NUV and only
hot HB stars in FUV. Two EHB stars are also identified in all UV-optical CMDs,
which have bluer colours as compared to other hot HB stars. Vanderbeke et al.

(2015) studied 48 galactic GCs to explore the radial distribution of multiple stellar
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populations known to exist in clusters. They identified 6 EHB stars in NGC 1261,
which may or may not be the members of the cluster. They also used different
selection criteria to select different HB sub-populations. The HB stars identified
by UVIT are PM members of the cluster, including the two EHB stars.

The bright HB stars span a T¢ss range from 8,000 K to 12,750 K, with the hot
end very close to G-jump (7%.;; = 11,500 K) in the HB distribution. One star is
found to have 12,750 K, along with the two hotter stars. The HB distribution’s
hot end, therefore, coincides with the G-jump in this cluster. There is only one
star slightly hotter, and there is no further extension of the HB to the EHB beyond
the G-jump. Therefore, we do not detect M-jump (Momany et al. 2002, 2004),
expected at ~23,000 K. Instead, we detect two stars with 7.7 = 31,000 K, coin-
ciding with the T¢;; expected for the gap between EHB and the BHk stars. The
cluster NGC 1261, therefore, has an HB distribution truncating at the G-jump at
the hot end, including two EHB stars.

With the estimation of the surface parameters of the BHB stars, we are able to
derive a relation between the temperature and radius, as the bolometric luminos-
ity is found to be almost the same for these stars. We find that 7., and radii of
the two hot HB stars agree with the relation derived above, suggesting that they
can be considered as part of the EHB population. Thus, the EHB stars in this
cluster are still burning helium in their core, like other HB stars and are not in
any different evolutionary phase. This is supported by their position in the HR
diagram overlaid with isochrones. It must be noted that these two EHB stars may

be starting to evolve off from the HB.

EHB stars, as described by Heber (1986), are a type of star that burns helium in
their core and have a mass near 0.47 M. These stars are characterised by their

thin hydrogen envelope, which makes up no more than 1% of their total mass.
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Our estimation of mass for the detected EHB stars matches well with this defi-
nition. Although the EHB star’s evolution after the exhaustion of Helium in the
core is better comprehended, the formation pathways that lead to the EHB are
much less understood. Many have explored the binary nature of EHB stars, and a
wide variety of companions are found as the binary occurrence among EHB stars
is observed to be remarkably higher than that of typical stars. The way in which
the envelope is lost is mostly attributed to binary interactions, which are affected
by the mass ratio of the binary system. According to Lei et al. (2015), the tidal
enhancement of the stellar wind in binary evolution leads to increased mass loss
during the RGB stage, which is necessary to explain the formation of BHk stars
through the LHF mechanism. They have adopted different initial orbital periods
for binaries to explore the formation of both canonical HB and BHk stars. As
suggested by the SEDs, the EHB stars found in this cluster are most probably
single stars. The SEDs are well-fitted by a single spectrum with minimum resid-
ual across the wavelength. It is proposed by Castellani and Castellani (1993) that
the delayed helium flash (HEF) is a promising scenario to explain the existence of
EHB stars. High mass loss during the RGB phase results in a significant reduction
of the star’s envelope mass, preventing it from igniting helium at the tip of the
RGB. As a result, the star starts to evolve into a WD with an electron degenerate
core. The location of the delayed helium flash, either at the bright end of the WD
cooling sequence (EHF) or along the WD cooling sequence (LHF'), depends on the
residual envelope mass. These stars settle on a blue hook at the hot end of the
HB, where they are much hotter than their counterparts on the canonical ZAHB
due to their greatly reduced envelope mass. D’Cruz et al. (1996) also suggested
a hot He-flash scenario to explain the origin of EHB stars in GCs. Cassisi et al.
(2003) computed the models of low-mass Population II stars during the helium
flash mixing (HEFM) phase, suggesting that the HEFM scenario may provide a

viable explanation for the presence of BHk stars.
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Here we summarise the possible scenarios accounting for the origin of single EHB
populations. Webbink (1984) and Saio and Jeffery (2000) suggested the merger of
two He-core WDs as a possible mechanism. Another scenario involves the ejection
of a common envelope caused by a giant planet, which then evaporates (Soker
1998). The fraction of close binaries among the EHB stars in GCs is found to be
very small (Moni Bidin et al. 2006, 2009, 2011). It is possible that in old systems
like the GCs, the WD-WD merger may likely result in the formation of single
EHB stars. If these two stars are the product of the merger of two He-core WDs,
then they can be helium-rich, which will lead to higher 7.;; compared to esti-
mated using Kurucz stellar atmospheric models (Schonberner and Drilling 1984).
Another model suggested for the EHB star formation is primordial enrichment in
helium (D’Antona et al. 2002). EHB stars, in this scenario, are formed through the
normal evolution of helium-rich sub-populations in GCs. These sub-populations
might have formed out of the matter contaminated by the expelled material of
massive AGB stars. Given a specific age and metallicity, He-enhanced stars have
lower masses compared to He-normal stars, leading to a bluer HB morphology. A
super-solar surface He abundance causes a huge mass loss on the RGB phase by
increasing the RGB tip luminosity, but the phenomena responsible for a huge He
enhancement invoke non-canonical mixing during the RGB stage and dredge-up
induced by H-shell instabilities (Sweigart and Mengel 1979; von Rudloff et al. 1988;
Sweigart 1997; Denissenkov and VandenBerg 2003). The finding of MSPs in GCs
opened a new frontier, as one of the causes is the variation in Helium enrichment,
with the blue HB stars produced by Helium rich stars (Bedin et al. 2004; Piotto
et al. 2005, 2007, 2012, 2015). The models that consider populations with vary-
ing helium abundances have effectively reproduced both the MS splitting and the
multi-modal HB observed in w Cen (Lee et al. 2005) and NGC 2808 (D’Antona
et al. 2005). As a result, helium enhancement presents itself as a promising and
alternative explanation for the creation of EHB stars in GCs compared to the
binary scenario. We find that both the EHB stars are single stars and estimate

their masses to be 0.495 M, which is quite close to the theoretical estimate for
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EHB stars. The possible formation mechanism for these stars is likely to be the
enhanced mass loss during the RGB phase, caused by either rotation or increased

helium content (primordial or mixing).

The comprehensive studies of EHB and BHk stars by Brown et al. (2001, 2010)
suggest that these stars could be formed via delayed HEF after the RGB and are
termed as early hot-flashers and late hot-flashers. In the case of an EHF scenario,
helium ignition occurs while the star is evolving towards the WD cooling sequence.
Flash mixing between the core and envelope is prevented by the high entropy bar-
rier of a strong hydrogen-burning shell, leaving the envelope mass and composition
unchanged. This results in a luminosity that is similar to that of canonical HB
stars ( See Figures 1 & 4 in Brown et al. 2010). In the case of an LHF, a helium
flash occurs during the descent of the star along the WD cooling curve. This leads
to mixing between the helium core and the hydrogen envelope, which in turn in-
creases the helium and carbon content in the envelope. This mixing reduces the
brightness of a star with respect to the canonical EHB star. The EHB stars of this
cluster are not sub-luminous with respect to the BHB stars and hence are unlikely
to be late hot-flashers. These stars, therefore, could be EHF objects which follow
the properties of the normal HB stars. Follow-up spectroscopic observations are
needed to probe their nature and confirm the formation scenarios described above.
Since there is not enough mass for the hydrogen shell surrounding the core in EHB

stars, these stars are likely to evolve directly to the white dwarf phase.

All the detected BSSs occupy a region parallel to HB sequence as well as span a
wide range in both colour and magnitude in the UV-optical CMDs. In general, the
temperature of BSSs ranges from 6,000-8,000K, but in this cluster, we notice that
some of the BSSs have colours similar to the BHB stars, which in turn implies that

BSSs may be as hot as the BHB stars. We detected a few BSSs in the cluster’s
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outer portion beyond the half-mass radius (r>rj,). These BSSs might be products
of mass transfer in binaries, which dominate in a low-density environment. Mass-
transfer models are required to confirm this. We also detect two YSSs in the outer
part of the cluster. We plan to construct the SEDs of the BSSs as well as the

YSSs to understand the properties of these stars.

3.7 Conclusions

In this chapter, we present the photometric results of NGC 1261 imaged using the
UVIT on AstroSat. The advantage of using UVIT over HST is its large field of view
covering the full cluster region, and over GALFEX is its good spatial resolution and
multiple filters. We have characterised the HB member stars for the first time in
this cluster using UVIT, HST, ground-based and Gaia data. Below, we summarise

the important findings of this study:

e We constructed UV-optical and optical CMDs of the cluster members and
overlaid them with isochrones generated for respective filters. We detected
only BHB and 2 EHB stars in the FUV CMDs, whereas the full HB is de-
tected in NUV CMDs. We also detected BSSs which span a wide range in
magnitude as well as in colour in NUV CMDs.

e The effective temperatures, luminosities and radii of 24 BHB and 2 EHB
stars are estimated by generating SED using multi-wavelength data. The
T.rs of BHB stars range from 8,000-12,750 K, whereas EHB stars have T,
more than 30,000 K.
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e Keeping the L constant, we fitted an R versus T¢ss relation for the BHB
stars, which is found to fit the EHB stars as well. Their location in the HR
diagram overlaid with isochrones confirms that they are EHB stars with a

mass of ~0.5 M.

Based on findings from the UVIT study of this cluster, we conclude that:

e Most of the RHB stars are so faint that they can not be detected by UVIT
in FUV filters. The stars of HB lie along a well-defined sequence in the
UV-optical CMDs, largely fitted by the BaSTI-IAC isochrones.

e The EHB stars in this cluster are likely to be single stars. We suggest that
single EHB stars are likely to have formed through intense mass loss during
the RGB stage (either from rotation or helium enrichment) or through an

early hot-flasher scenario.

3.8 Additional plots: SEDs of all BHB stars

The procedure of SED fitting for bright HB stars is presented in Section 3.4. The
SED fits for 24 BHB stars are shown in Figure 12.
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F1GURE 3.10: SEDs of all BHB stars after applying extinction correction. The
optimal fit parameters are displayed within the plots. The UVIT and HST data
points used to create SEDs for stars lying in the region covered with HST are
represented with red circles and green triangles, respectively. For the stars lying
in the outer region, UVIT, Ground-based photometric, and Gaia data points are
shown with red circles, green triangles, and cyan squares, respectively.
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Chapter 4

Hot HB stars in NGC 2298:

Insights from UV observations'

4.1 Introduction

In this chapter, we study the southern GGC NGC 2298 located in the constellation
Puppis at a distance of 10.6 kpc and has metallicity [Fe/ H} = -1.92 dex (Carretta
et al. 2009; Harris 2010; Monty et al. 2018). The adopted reddening value and age
for the cluster in this work are (0.2 +£0.01) mag and (13.24+0.4) Gyr, respectively
(Monty et al. 2018). NGC 2298 is also known for hosting MSPs along the MS and
the RGB (Piotto et al. 2015; Milone et al. 2017). The helium difference between
1G and 2G stars along RGB sequence in GCs is determined by Milone et al. (2018),
and it is found to be 0.011 in NGC 2298. This cluster is widely studied in optical,

but the UV studies of this cluster are sparse.

As this cluster is metal-poor, its HB mainly comprises BHB and a few EHB stars

TResults of this work are published in Rani et al. (2021a).
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and hence is ideal for studying the UV properties of the very hot HB population.
In our quest to understand the formation and evolution of hot HB stars, here we

present, for the first time, an FUV photometric study of hot HB stars in NGC 2298.

This chapter mainly aims to: a) examine the HB morphology, b) probe the helium
abundance difference among the HB population in order to check the existence of
MSPs, 3) characterise the hot HB stars to shed light on their properties and find

their formation mechanisms in comparison with theory.

4.2 Data and Analysis

The cluster was observed with UVIT’s three FUV filters, and images were gen-
erated using CCDLAB. Subsequently, PSF photometry was carried out on these
finalized, science-ready images, determining the magnitudes of the stars identified
by UVIT. A detailed log of UVIT observations of NGC 2298 is reported in Table 2.1
given in Chapter 2. The colour image of NGC 2298 in the F148W filter is shown
in Figure 1. In this figure, the blue colour indicates UVIT FUV detections in the
F148W filter. Crowding is not a problem here, as we can effectively resolve stars
even in the central part of the cluster. We show our PSF-fit errors for all filters
as a function of magnitude in figure 3. For further analysis, stars detected with
UVIT are considered down to ~22mag in the FUV F148W filter and ~ 21 mag
in the F154W and F169M filters. This sets an upper limit of ~0.3 mag on our

photometric errors.
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F1GURE 1: The colour image of NGC 2298 in UVIT FUV band F148W. The
hot stellar populations displayed with blue colour are well resolved at the centre
of the cluster.

4.3 Proper Motion Membership

To select the confirmed members of the cluster in the inner region covered by HST,
we employed the membership probability (MP) information provided in the astro-
photometric catalogue of Nardiello et al. (2018). To get the confirmed members
of the cluster in its outer part, we have utilised Gaia EDR3 PM data released on
December 3, 2020, (Gaia Collaboration et al. 2020). The Gaia EDR3 catalogue
contains photometric and astrometric data for stars with a brightness of up to
21 mag in the Gmag band. To identify cluster members and determine the intrinsic

parameters of both member and non-member star distributions, we utilised a
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FIGURE 3: In three panels from left to right, PM members of the cluster are
shown with blue dots, and the remaining Gaia EDR3 sample marked with grey
dots represents field stars. Left Panel: position in the sky; Middle Panel: Vector
Point Diagram (VPD); Right Panel: Gaia Optical CMD.

probabilistic GMM method. The distribution of stars in the PM space (pq, pts5) 18

composed of a compact cluster of member stars and a more widespread distribution

of field stars.

In most clusters, both distributions overlap each other, and we
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can not distinguish between the two by eye. Each of the distributions follows a
Gaussian distribution, and hence these two distributions are assumed to overlap
two Gaussian distributions. The Gaussian probability distribution corresponding
to the sum of two distributions is

— -1 —
eap[ = 1/2(n —m)" 3 (0 — )]

Pl ) =D w om/det Y,

(4.1)

2
w; > 0, sz‘ =1 (4.2)
i1

where individual PM vector is represented by u, and p; represents the mean PMs
for the field and cluster. 3= denotes the symmetrical covariance matrix and w; in-
dicates the weights for the two Gaussian distributions. Full details of this method

for the n-dimensional case are described in (Vasiliev 2019).

We selected Gaia EDR3 stars with complete astrometric data within twice the tidal
radius from the cluster centre (de Marchi and Pulone 2007). In order to choose
the stars with good astrometric solution, we removed those with parallaxes that
deviate by more than 30 from the expected parallax calculated using the previously
known cluster’s distance, where o represents the error in parallax reported in
Gaia EDR3 catalogue. We also removed the sources with RUWE exceeding 1.2
as larger values of this parameter might lead to an unreliable astrometric solution
(Lindegren et al. 2018; Riello et al. 2021). The PM in RA and DEC of the cluster
members are supposed to follow two Gaussian distributions. So, GMM is created
for these two distributions, and at first, it is assumed that cluster members and
field stars follow the isotropic Gaussian distributions. Initial guess for cluster
PM p, and ps values and internal velocity dispersion are taken from (Vasiliev
2019). Maximizing the total log-likelihood of the GMM and determining the

mean PM and standard deviation of both Gaussian distributions was achieved
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using GaiaTools*. The MPs for all chosen stars were simultaneously calculated
using the same approach. The equations for maximizing the log-likelihood of the
GMM and estimating the MP for the i*" star in the k" component are presented
in appendix A in Vasiliev (2019).

The cluster’s mean PM and standard deviations are determined to be p, = 3.31
mas/yr and ps = -2.176 mas/yr, with 0. = 0.055 mas/yr. Figure 4 shows the
position of stars in the sky, in the PM space known as VPD, and in an optical
CMD created using Gaia filters. In this figure, blue dots indicate the member
stars belonging to the cluster, and grey dots represent the field stars. The stars
with an MP of more than 90% are selected as confirmed cluster members. The
PM members in the cluster’s outer part are found to be ~1240 and considered for

further analysis.

4.4 Colour Magnitude Diagrams

4.4.1 Selection of HB and BS stars

We have data in three FUV filters of UVIT, and only very hot and bright stars are
expected to be detected. It is not easy to classify the stars belonging to different
evolutionary sequences from the FUV CMDs. Therefore, optical CMDs are needed
to identify different evolutionary sequences. Thanks to UVIT’s large FOV as it
covers the outer parts of the cluster. As the GCs are very dense and massive
objects, HST is an ideal telescope to resolve and study the central region of the

clusters in all available bandpasses.

*https://github.com/GalacticDynamics-0xford/GaiaTools


https://github.com/GalacticDynamics-Oxford/GaiaTools

Chapterj: Hot HB stars in NGC 2298: Insights from UV observations 87

To categorise the stars detected by UVIT into various stages of evolution, we
cross-matched our stars within a central region with the HST catalogue (Nardiello
et al. 2018) and utilised ground-based photometric data for regions beyond HST
coverage. Nardiello et al. (2018) estimated the PM MPs of sources detected in
the central part of the cluster using HST data and suggested that most likely
members have a PM probability of more than 90%. Therefore, we have selected
stars with a membership probability of more than 90% in the inner as well as
outer regions using the HST and Gaia EDRJ catalogues, respectively. However,
four stars residing in the central region have an MP of more than 80%, which are
bright in UV images and found to lie along the HB locus. We have also included
these stars in our study. In order to identify members in the outer part of the
cluster, we first cross-matched ground-based photometric data taken from Stetson
et al. (2019) with Gaia EDR3 PM membership data. For the purpose of plotting
stars identified in both the inner and outer regions on the same (V-I, I) CMD, the
photometric system of the HST ACS/WFC has been transformed to the standard
Johnson-Cousins photometric system through the use of transformation equations

outlined in Sirianni et al. (2005).

The optical CMD, created using member stars detected with the HST and the
ground-based observations, is shown in Figure 4, where filled and open symbols
indicate the stars detected in the central and outer parts, respectively. The mag-
nitude system adopted for the Johnson-Cousin filters is Vega; hence, V-I colour

and I magnitude shown in Figure 4 is in the Vega magnitude system.

The HB stars were selected by giving a specific colour and magnitude cut-off
(—0.2<V—-I1<1.0, 14.5<1<20.1) in an optical CMD and displayed with the filled
and open red-coloured symbols in Figure 4. Since this is a metal-poor cluster, the
HB is populated mainly with BHB and hot HB stars. However, there are also
one or two RHB stars present along HB. Because of its low metallicity, very few

variable stars, such as RR Lyrae, were detected in the cluster. Until now, only
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four RR Lyrae are known in this cluster (Clement et al. 2001). The ground-based
and HST photometric data have been cross-matched with the available variable
star catalogue to identify the cluster’s previously known RR Lyrae stars. The
green inverted triangles correspond to the variable stars in Figure 4. In order to
select the BSSs in the inner region, we have employed the same approach used by
Raso et al. (2017). Their study highlighted the importance of using UV CMDs
over optical CMDs to properly select BSSs in GCs. The BSSs are selected from
the UV CMD created using HST F275W and F336W passbands and are shown
with filled blue symbols in Figure 4. BSSs are selected from an optical CMD in

the outer region and are displayed with open blue symbols.

4.4.2 UV and UV-optical CMDs

This section presents the FUV-optical CMDs generated by cross-identifying com-
mon stars between optical and our FUV detections. As only hot and bright stars
have detectable emission in the FUV, we have cross-matched FUV-detected sources
with the above-selected sample of HB and BSSs in the cluster’s inner and outer
regions using optical passbands. The Vega magnitude system used in the standard
Johnson-Cousins photometric system is converted into the AB magnitude system

to bring it in line with the UVIT magnitude system.

In Figure 5, three panels display the FUV-optical CMDs created using all three
FUYV filters, where filled and open markers represent the detections in the inner
and outer regions, respectively. The photometric error bars shown in all panels of
Figure 5 are the median of the photometric errors of stars at a selected magnitude.
We have also recovered already known RR Lyrae variables displayed with filled
and open green inverted triangles in all FUV-optical CMDs (See Figure 5). In
our FUV images, the variable stars are basically sampled at random phases. Out

of four previously known RR Lyrae stars, we found 3 in F148W, 1 in F154W,
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FIGURE 4: Optical CMD of NGC 2298, where Grey and coloured filled symbols
represent the HST detected stars, whereas stars shown with grey and coloured
open symbols are cross-identified using ground-based data and Gaia EDR3 data.
All coloured symbols represent the HB and BS stars selected for further cross-
match with UVIT data. All the stars in the diagram have been confirmed as
PM members of the cluster. Known RR Lyrae stars are marked with green
inverted triangles. For comparison with theoretical models, an updated BaSTI-
IAC isochrone with an age of 13.2 Gyr and metallicity [Fe/H] = —1.92 dex
has been overlaid and depicted as black dots. The solid and dashed black lines
along the HB locus indicate the ZAHB and TAHB, respectively, which signify
the completion of 99% of the star’s core He-burning lifetime.

and 2 in the F169M filter. Their positions in the optical and FUV-optical CMDs
are shown in Figures 4 and 5, respectively. We notice that fewer HB stars are

detected in the outer region of the cluster when compared to the inner region.

In all CMDs, we detect four stars at the extreme blue end of the HB. These stars
are quite separated from the observed HB sequence and are likely to be very hot,

as suggested by their FUV-optical colour. Out of the four stars, three are found
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F1cURE 5: FUV-optical CMDs of NGC 2298. The red-filled and open symbols
indicate the HB stars detected with UVIT in the inner and outer regions of the
cluster, respectively. The meaning of different colours and symbols is displayed
in the panels. The photometric errors in magnitude and colour are also shown
in each panel. The solid black line on the HB locus is the ZAHB, and the dashed
one represents the TAHB for [a/ Fe] = 0 and normal helium abundance. The
solid and dashed lines, shown with orange, magenta and cyan colour, correspond
to alpha-enhanced and helium-enhanced ZAHB and TAHB tracks.

TABLE 4.1: HB and BS stars detected in different UVIT filters are listed in
this table. Here Nyp and Npgg indicate a number of detected HB and BS
stars, respectively. Column 2 displays the sub-populations of HB where Nppp,
Nyot—gB and Ngrpgy, denote the number of BHB, hot HB and RRL identified
with UVIT. The total number of selected HB and RRL stars from an optical
CMD are shown in parentheses.

Filter Nyp Ngsg
Npup  Nuoot-np  NRRL
F148W | 63(68)  4(4)  3(4) | 4
F154W | 60(68)  4(4)  1(4) | 3
F160M | 63(68)  4(4)  2(4) | 4

to be brighter and bluer than normal BHB and EHB stars. The three bluer stars
might be pHB stars, as evident from their FUV magnitudes in all FUV bands.
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These hot HB stars are confirmed PM members of the cluster and are well re-
solved in all FUV images, as shown in Figure 6. The total number of detected
BHB, hot HB, BSSs, and variable stars in all the UVIT filters are tabulated in
Table 6.1. In the FUV-optical CMDs, we observe that the HB stars no longer lie
along the horizontal sequence as found in the optical CMDs; instead, they follow
a diagonal sequence with a significant spread. In all FUV CMDs, we also detect
a few (up to 4) FUV bright BSSs.

The optical and FUV-optical CMDs overlaid with updated BaSTI-IAC isochrones
and HB tracks are shown in Figures 4 and 5, respectively (Hidalgo et al. 2018).
The updated BaSTI-IACT isochrones are considered for an age 13.2 Gyr (Monty
et al. 2018), a distance modulus of 15.75 mag (Monty et al. 2018), and a metallicity
[Fe/H} = —1.92 dex (Carretta et al. 2009) with helium abundance Yj,; = 0.247,
[oz / Fe} = 0, encompassing diffusion, overshooting, and mass loss efficiency param-
eter n = 0.3. The BaSTI-IAC model also provides the HB model, which comprises
ZAHB, post-ZAHB tracks, and TAHB with or without diffusion for a particular
mass range. The ZAHB and TAHB tracks have been obtained for a metallicity
[Fe / H} = —1.92 dex, including diffusion happening in the sub-atmospheric regions

of these stars.
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FIGURE 6: Location of hot HB and BHB44 stars on FUV F148W image of
UVIT. The FOV of each image is 2’ x 2.

The overlaid HB tracks in FUV CMDs help define the location of HB stars, which

span an extensive range in colour and magnitude compared to optical CMDs. The

"http://basti-iac.oa-abruzzo.inaf.it/
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FiGURE 7: FUV-optical CMDs showing the comparison of the observed HB
with synthetic HB models. The meaning of red and green symbols is the same
as in Figure 5. The simulated HB populations for initial helium abundance Y;y;
= 0.23, 0.28 and 0.33 are marked with grey, orange and blue dots, respectively.

theoretical HB models with normal helium abundance (Yini = 0.247 dex), depicted
with black solid and dashed lines, do not provide a good fit for the HB sequence
at the brighter end (above 20mag). The colour/magnitude spread at brighter
FUV magnitudes might be related to chemical composition differences among BHB
stars, the evolutionary effects of ZAHB or photometric errors. In order to probe the
cause of this spread, we have compared observations with theoretical HB models
generated for enhanced [a / Fe] =0.4 dex and different initial helium abundances
available in the updated BaSTI-IAC database, i.e. Y;,; = 0.247, 0.275, and 0.3.
The ZAHB and TAHB track corresponding to these initial helium abundances are
indicated with different colour solid and dashed lines in Figure 5, respectively. We
find that ZAHB tracks with different initial helium abundances are not producing
the colour /magnitude spread observed along the BHB sequence in all FUV-optical
CMDs. We also notice that HB stars are located between the ZAHB and TAHB
tracks, suggesting that some may be evolving from the HB. Three of four hotter HB
stars were found to exhibit greater brightness than the TAHB tracks, indicating
that they are in the pHB phase, whereas one is lying within the ZAHB and TAHB
tracks implying that it is an EHB star. In order to confirm the nature of these
stars, effective temperatures and bolometric luminosities are measured using the

SED fitting technique described in Section 6.5.
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F1GURE 8: FUV-optical CMDs overplotted with hot-flasher models where solid
and dashed black lines correspond to the early and late hot-flasher models,
respectively. The four hot HB stars are displayed with magenta symbols. The
filled symbols represent stars within the HST FOV, and the open symbol for
the star in the outer region.

4.5 Comparison with Models

4.5.1 Synthetic Helium HB Models

We constructed the synthetic HB stellar populations for enhanced [a / Fe] =0.3 and
different initial helium abundances to check for the spread in helium abundance as
well as evolution. Chung et al. (2017) investigated the significance and potentials
of populations enriched with helium in relation to second-generation populations
present in the Milky Way GCs through the utilization of the YEPS model. The
synthetic HB models demonstrated here utilise Yonsei-Yale (Y?) stellar evolution-
ary tracks featuring elevated initial helium content (Lee et al. 2015). Three values
are selected for Y;,; as 0.23, 0.28, and 0.33, at fixed Z value of 0.0002 ([Fe/H]=-
1.9 dex) and age of 13 Gyr (close to the cluster age of 13.2 Gyr). Evolutionary
effects from ZAHB and observational photometric errors are taken into account.
In Figure 7, the simulated CMDs for three different Y;,; values (0.23 in grey, 0.28
in orange, and 0.33 in blue) are shown, plotted over the observed FUV-optical
CMDs, with observed HB stars displayed in red. We notice that observations
match well with synthetic HB models, especially in the case of BHB stars. It is

clear from the comparison of synthetic HB models with observations that all BHB
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FIGURE 9: SEDs of four hot HB stars detected with UVIT after correcting for
extinction. The stars, denoted with UV1, UV2 and UV3, are observed in the
inner region of the cluster and UVIT (Red) and HST (Green) photometric data
points are used to create and fit the SED, whereas for UV4, apart from UVIT,
GALEX, Gaia EDR3 and ground-based photometric data points are utilised as
it is identified in the outer region. Blue diamonds represent the synthetic flux
from the helium-rich Husfeld model used to fit the observed SED of UV1, UV2
and UV3 stars, whereas, in UV4, they correspond to the TMAP (Grid4) model.
The best-fit atmospheric parameters are mentioned in the figure. In UV1, UV2,
and UV3 stars, the light grey solid line represents the theoretical helium-rich
Husfeld model spectra and TMAP (Grid4) model spectra in UV4. The residuals
of the SED fit are presented in the bottom panel of all plots.

stars have the same helium abundance, implying that BHBs consist of a single
Yini=0.23. Therefore, we suggest that colour/magnitude spread among BHB stars
is not caused by helium variation. Out of four hot HB stars, one star is found to
have Y;,;=0.33, and another at the brighter the extension appears to be the prod-
uct of enhanced helium, which, in turn, implies that these stars are originated
from helium-enhanced populations. The other two hot HB stars are brighter than
the simulated stars for Y;,;=0.33, suggesting that they are in an evolved stage,

might be the progeny of helium-enhanced EHBs in this cluster. Therefore, using
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synthetic HB models, we estimate a Y;,;—0.23 for BHB stars and four hot BHB
stars are likely to have Y;,;=0.33. Thus, helium enrichment appears to contribute

significantly to the formation of hot HB stars in this cluster.
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FIGURE 10: SEDs of BHB stars detected with UVIT in central (Left Panel) and
outer (Right Panel) region after correcting for extinction. The left panel shows
the composite SED fit of the BHB44 star where purple and cyan colour spectra
indicate Kurucz and Koester model spectra as displayed in legend, respectively.
The black colour represents the composite spectra. The best-fit parameters are
displayed in the figure. The rest of the details are the same as in Figure 9.

4.5.2 Hot Flasher Models

The location of the very hot HB sub-population known as BHk stars in FUV-
optical CMDs is not reproduced by the canonical HB models; this sub-population
is hotter than the hottest point along the ZAHBs (See Figure 8 in Dalessandro
et al. (2011)). The proposed formation scenarios for these stars are extreme mass
loss on RGB, helium enrichment and mixing, and hot-flasher. A hot-flasher sce-
nario envisions stars undergoing substantial mass loss during the RGB phase and
departing from the branch before the helium core flash. These stars then rapidly
transition to the cooling track of helium-core WDs and experience a helium flash

due to strong electron degeneracy in their core (Castellani and Castellani 1993).
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Further, depending upon the location of ignition of helium flash along the WD
cooling sequence, hot-flasher models are classified into two types: EHF and LHF.
These scenarios are described in detail in Brown et al. (2001). The progeny of
hot-flashers ends up on the hotter and bluer side of the normal BHB stars. The
stars, which are products of the EHF scenario, are expected to be hotter and of
similar UV magnitudes compared to BHB stars in UV CMDs, known as EHB
stars, whereas the stars that are hotter and fainter than normal EHB stars in UV
CMDs are expected to be late hot flashers. Although we did not detect any BHk
star in this cluster, there are three hot HB stars that are brighter than synthetic
HB populations, and their location is not reproduced by ZAHB and TAHB tracks.
In order to check whether the hot HB stars are the product of strong mass loss, we
have compared observations with hot-flasher models, i.e., EHF and LHF models.
The hot-flasher models were generated in UVIT and Gaia EDR3 filters (Cassisi
et al. 2003)(Cassisi 2021, private comm.). The hot-flasher models superimposed on
the observed hot HB stars are presented in Figure 8. These four stars are marked
with the names UV1, UV2, UV3, and UV4 in this study, as shown in Figure 8.
Two stars, namely UV2 and UV3, are found to lie close to the EHF model in
all three FUV-optical CMDs, suggesting that they are the offspring of EHB stars
originated via an EHF scenario. We notice that UV2 is slightly brighter than the
hot-flasher model. UV4 is lying close to the LHF model (Dashed black line), only
in (F154W, F154W—V) CMD, suggesting that it may be an evolved product of
a BHk star. However, in the rest of the FUV-optical CMDs, its location is not
reproduced by hot-flasher models. From this comparison, the nature of the UV4
star is not very clear. Any of the hot-flasher models do not reproduce the position
of one EHB star designated with UV1, but it is well produced by helium-enhanced
synthetic HB models, suggesting that it could be a result of helium enrichment in
the cluster. As the stars tend to shift location among the CMDs, locating them
in the H-R diagram will be ideal for evaluating their evolutionary status. Further
estimation of atmospheric parameters and comparison with theoretical models in

the H-R diagram is required to probe these stars’ evolutionary status in detail and
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shed more light on their nature.

4.6 Spectral Energy Distribution fitting

The Kurucz stellar atmospheric models are employed to construct SEDs (Castelli
and Kurucz 2003; Castelli et al. 1997) for HB stars, which have photometry ranging
from UV to IR wavelengths. We fixed the value of metallicity [Fe / H] = —2.0, close
to the cluster metallicity, and gave the range of ¢ ;s from 5,000-50,000 K and log ¢
from 3.5-5 dex in the these models to fit the SED of HB stars. The locus of ZAHB
reflected in the T.;; versus log g plane is used to constrain the range of log g for

HB stars.

We combined 3 FUV UVIT photometric data points with 5 HST photometric
data points from Nardiello et al. (2018) to create SED for HB stars detected
cluster’s inner region. For those detected in cluster’s outer region, we combined
the photometric data points of UVIT (3 passbands) with Gaia EDR3 (3 passbands)
(Gaia Collaboration et al. 2018), ground-based photometry (5 passbands) (Stetson
et al. 2019), GALEX (2 passbands) and 2MASS (3 passbands). VOSA makes use
of Fitzpatrick reddening law (Fitzpatrick 1999; Indebetouw et al. 2005) to correct

for extinction in observed data points.

It is a well-known fact that HB stars with 7. more than 11,500 K are influenced
by atmospheric diffusion, which increases the atmospheric abundances of heavy
elements like iron and reduces the atmospheric abundances of light elements. To
take this effect into account, we fitted the SEDs of BHB stars with 7.7 > 11,500
K with solar metallicity models and determine their atmospheric parameters. As

the LHF scenario predicts enrichment in helium, the non-LTE helium-rich Husfeld
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TABLE 4.2: Atmospheric parameters derived from SED fitting of four hot HB
stars detected with UVIT in NGC 2298. Column 1 lists the star ID used in this
work. Columns 2 and 3 display the RA and DEC of all the stars considered for
fitting, respectively. Column 4 presents the different models used for the SED fit
of these stars. Columns 5 and 6 lists the obtained helium mass fraction and T¢ s/
from SED fitting using different theoretical models. The luminosities and radii
of these stars, along with errors, are tabulated in columns 7 and 8, respectively.
Columns 9 and 10 lists the reduced x? value corresponding to the best fit and
ratio of the number of photometric data points (%) used for the fit to the total
number of available data points.

Star ID  RA DEC Model Used  Yin; Tesy = e Y %
(deg) (deg) (dex) (X)
UVI*  102.2541 -35.99134 Husfeld 0.35 35,000 (35,000-40,000)  36.14+0.12 0.17+0.003 51  8/8
Kurucz 29,000 + 2,000 27.58+0.12 0240004 28  8/8
UV2*  102.2512 -36.00361 Husfeld 025 35,000 (35,000-40,000)  103.9+0.24 0.28+0.005 7.8  8/8
Kurucz 32,00075/000 86.39+1.01 03+0006 57  8/8
UV3 1022446 -35.99501 Husfeld 0.25 40,000 (40,000-60,000) 12834026 0.24+0.004 104  8/8
Kurucz 50,000_7 00 235.741.06 0.2+0004 87 88
UV4* 1022379 -36.03683 TMAP (Grid4) 120,000 (120,000-150,000) 1148 +303.4 0.08+0.002 7.8  13/13
1022379 -36.03683 Husfeld 0.35 80,000 (75,000-80,000)  469.2+17.9 0.140.002 10.7 13/13
Kurucz 50,000_g g0 108.5£5.05 0.14+£0.003 174 11/13

Note that stars marked with * symbols have their estimated temperature corresponding to the best-fit SEDs and equal to the
helium-rich model’s lower or upper limit. The range of temperatures for the ten best fits is also mentioned in parentheses. The other

atmospheric parameters are listed according to the best-fit model.

models (Husfeld et al. 1989) are used to fit the observed SEDs of four hot HB
stars. The grid of this model have the range of stellar parameters typical of
extremely helium-rich sdO stars: 35,000K < 7,5y < 80,000k, 4.0 < logg < 7.0,
and 0.01 < Yp, < 0.7. In the case of UV4 star, we have noticed that T.; derived
using the Kurucz and helium-rich Husfeld model fits the observed SED corresponds
to their upper limit, which indicates that this star is likely to be hotter than the
estimated temperature from these models. In order to compute the accurate T,z
of this star, we have fitted its SED with the TMAP (Grid4) model used for hot
stars (Werner et al. 2003; Rauch and Deetjen 2003). This model grid spans a range

of atmospheric parameters.

We carried out SED fitting analysis for 63 BHB and four hot HB stars. Figures 9
and 10 show the SED fit for four hot HB and two BHB stars overplotted with the
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TABLE 4.3: Atmospheric parameters derived from SED fit of BHB stellar pop-
ulations detected with UVIT in NGC 2298. The notation of all columns is the
same as in Table 6.2.

Star ID RA (deg) DEC (deg) T (K) % R—}é X2od %{Z
BHB1  102.2435 -36.01081 10,750 £250 70.15+1.25 2.384+0.04 3.8 7/8
BHB2  102.2357 -36.01813 12,5004+ 500 43.64+0.59 1.3+0.03 12.7 8/8
BHB3 1022252  -36.02032 11,5004+ 250 50.83+0.39 1.78+0.03 14.3 8/8
BHB4  102.2281  -36.01802 12,250 + 500 48.67+1.08 1.54+0.03 4.7 8/8
BHB5  102.2501  -36.00238 10,250 +250 73.27+2.46 2.78+0.05 9.2 8/8
BHB6  102.2629  -35.98792 10,500+ 250 57.85+2.0 23+0.04 49 8/8
BHB7  102.2271  -36.01273 10,500 +£250 54.65+1.92 2234+0.04 84 8/8
BHBS  102.2475  -36.00676 10,250 £ 250 44.37+1.59 2.04+0.04 14.1 8/8
BHB9  102.2552  -36.01549 12,000 +500 30.79+0.39 1240.02 114 8/8
BHB10 102.2459  -36.00806 11,000 +250 42.734+1.51 1.79+0.03 6.1 8/8
BHB11 102.2508  -36.0122 12,250 +500 33.134+0.47 1.23+0.02 89 8/8
BHB12 102.2564 -36.00318  9,7501200  43.34+£1.95 2.26+£0.04 351 8/8
BHB13 102.2595  -36.0062 11,000+ 250 39.01+1.63 1.69+0.03 7.4 8/8
BHB14 102.2239  -36.01842 10,250 + 500 56.95+4.86 2.14+0.04 7.6 8/8
BHB15 102.2633  -35.99884  12,000%200 32.35+0.51 1.31+£0.03 3.6 8/8
BHB16 102.2467  -36.00291  12,5007200  33.434+0.37 1.234+0.02 7.1 8/8
BHB17 102.2439  -36.00493  9,75075%0  48.07+1.44 242+0.05 132 8/8
BHB18 102.2486  -36.00619  10,250%300  42.13+2.43 1.99+0.04 54 8/8
BHB19 102.2498 -36.01167  9,25015%0  45.49+1.46 2.53+£0.05 16.7 8/8
BHB20 102.2576  -35.98383  9,50075%)  53.68+2.26 2.64+0.05 12.1 8/8
BHB21 102.2608 -35.99758  10,5007500 37.39+1.78 1.79+£0.03 6.7 8/8
BHB22 102.2467 -36.01245  10,00075%  46.03+£1.82 223+0.04 32 8/8
BHB23 102.2292  -36.01033 9,500 +250 51.97+2.09 2.66+0.05 55 8/8
BHB24  102.237  -36.00386 9,250+ 500 49.44+2.62 2.68+0.05 10.8 8/8
BHB25 102.2694 -36.00772  10,250%300 3376 +1.81 1.72+0.03 6.9 8/8
BHB26 102.2431  -35.97799  9,50075%  46.76 £3.05 2.49+0.05 15 8/8
BHB27 102.2673  -36.02095  9,75075%) 42,58 +£3.83 2.094+0.04 2.7 8/8
BHB28 102.2465 -36.01901 9,000+ 500 54.19+2.11 2.95+0.06 8.0 8/8
BHB29  102.248  -35.99478  9,5007200  44.69+£2.14 2414+0.05 52 8/8
BHB30 102.2554  -36.01623  9,2507530  41.46+3.01 224+0.04 7.9 8/8
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TABLE 4.4: Continued.
Star ID RA (deg) DEC (deg)  Tups (K) = £ g R
BHB31 102.2475  -36.00208  9,250%5%0 45924218 2.52+£0.05 86  8/8
BHB32 102.2441  -36.00356  9,2507300°  38.76 £2.55 2.08+0.04 125 8/8
BHB33 10225  -36.01609  9,00075%  46.43+3.92 2.75+0.05 27 8/8
BHB34 102.2466  -35.99503  9,000%730  41.83+3.11 236+£0.04 6.1  8/8
BHB35 102.2407  -36.00629  8,750%2%0  58.944+4.15 3.19+£0.06 9.5 8/8
BHB36 102.2623 -36.01596 9,000 500 43.43+2.52 2.53+0.05 7.5  8/8
BHB37 102.2406  -36.0042 8,75075%0 4816 +2.15 2974+0.06 122 8/8
BHB38 102.2408  -36.01402  8,500%500,  77.59+3.12 4.03+0.08 1.8 7/8
BHB39 102.2499  -35.99423  8,750%2%0  44.66+2.54 281+£0.05 11.7 8/8
BHB40 1022469  -36.00461 8,500+ 500 46.42+6.17 2.974+0.06 9.9  8/8
BHB41 1022284  -36.00907 8,500 £500 52.18 £6.35 3.01+0.06 51  8/8
BHB42 1022741 -35.99637  8,7507200  40.41+248 273+£0.05 2.0  8/8
BHB43 102.2631  -36.00405  §,2507500  48.52+3.31 3.34+0.06 106 8/8
BHB45 102.2548  -36.00226  8,5007300,  49.53+£3.74 3.15+0.06 124 8/8
BHB46  102.241  -35.99525  8,250%2%0  54.84£3.61 3.52+£0.07 53  8/8
BHB47 102.2486  -35.99375  9,50075%)  41.89+£225 227+0.04 86 8/8
BHB48 1022521  -36.01067 7,750 +£500 51.41+2.84 3840.07 140 6/6
BHB49 1022503 -36.01369 8,000+ 125 51.16+£4.78 3.65+0.07 329 8/8
BHB50 1021974  -36.0043 12,250 £250 53.02+2.62 1.59+0.03 1.2 15/16
BHB51 102302  -36.00933  11,000720)  62.62+3.29 2.15+0.04 20 15/16
BHB52 102.2673  -36.06088  10,000720  46.224+6.76 2.22+0.04 3.9 15/16
BHB53 102.2418  -36.04874  10,250720  54.08£8.19 2.32+£0.04 3.9 15/16
BHB54 102.1568  -36.10535 9,500+ 250  66.63 +£4.47 2.99+0.06 0.74 15/16
BHB55 1022196  -35.98094 10,0004+ 500 52.23+6.51 2.39+0.05 2.6 15/16
BHB56  102.2171  -35.97486  9,750723)  43.27+6.56 2.27+0.04 14 15/16
BHB57 102.2633  -36.03276  8,750725)  50.34 +£10.56 3.01+£0.06 1.7 15/16
BHB58 102.2021 -36.01866  8,7507200  64.73+£11.11 3.44+0.06 1.8 15/16
BHB59 102.2339  -36.04152  8,000%20  65.59+547 4.16+£0.08 3.5 11/11
BHB60 102.2492  -36.00759  10,7507250  35.41+£20 1.62+0.03 7.9  8/8
BHB61 102.2539  -36.00547  9,250%5%0 47154299 2.61+£0.05 3.5 8/8
BHB62 102.2809 -36.01208 8,250 £ 500 54.26 +4.36 3.36+0.06 2.7  6/6
BHB63 102.2535 -35.99972 8,000+ 500 49.49+3.77 3.48+0.07 3.0 7/7
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corresponding best-fit models (smallest value of x2_; ) shown with light grey colour.
Each plot’s lower panel present the residuals, which are the differences between
the observed SED and the best-fit model. The star ID used in this work, the
metallicity value of the fitted model spectrum, and the estimated temperature are
displayed in all the SED plots. As mentioned above in section 6.4.2, variables such
as RR Lyrae are observed at random phases, so we have not considered them for
SED analysis. The estimated parameters of four hot HB stars using the Kurucz,
Husfeld, and TMAP (Grid4) models are tabulated in Table 6.2. The Husfeld
model fits find UV1 and UV4 to be much hotter when compared to the estimates
from Kurucz model fits and also suggests these stars to be helium-rich. On the
other hand, the Husfeld model fits the SEDs of UV2, and UV3 provides normal
helium values along with T similar to those obtained from the Kurucz model fits
(within errors). The T, (120,000 K) and luminosity (1148L¢) of UV4 obtained
using the TMAP (Grid4) model are much higher than estimated from the other

two models. The derived values of parameters 7., and % corresponding

i
to the best-fit Kurucz model spectrum along with the errors for BHB stars are
listed in Table 6.3. As errors estimated through VOSA are not realistic, we have
reported the range in T,¢; as found from the 10 best-fit values. While the log ¢

values for these stars are also estimated using this technique, these values are not

reliable as SED fits are not sensitive to this parameter.

In Figure 9, it can be seen from the residuals that the observed data points are well-
fitted with the model spectrum. However, in most of the SED fits, HST F275W
data point does not fit with the model flux. The observed flux at F275W is found
to be less than the expected flux from the model, which, in turn, gives a negative
residual. We note the presence of strong absorption lines, such as Fe II and Mg II,
in the wavelength range covered by this filter. It might be possible that there is a
mismatch in the strength of these spectral lines between the observations and the
models. From the comparison of synthetic Kurucz spectra at different 7,¢, we

notice that these lines contribute to the integrated flux of F275W is more at cooler
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temperatures than the hotter ones, which results in a larger deviation from the
expected flux for cooler stars than the hotter stars. In order to establish the best
fit to the observed SED, we have only considered the data points which fit well to
the model spectra. The high temperatures of UV1 (35,000 K) and UV2 (35,000 K)
suggest that they may belong to the class of EHB stars as they have temperatures
around 30,000 K (Heber 1986). The other two hot HB stars, UV3 and UV4, with
very high temperatures of 40,000 and 120,000 K, might belong to the pHB phase.
Also, note that SEDs of all hot HB stars are well fitted with a single spectrum
with minimum residual across wavelength, which, in turn, indicates that these

stars could be single stars.

The SEDs of all BHB stars are presented in Appendix 4.10. The T¢.;; range
of BHB stars varies from 8,000-12,250 K. For one BHB star, namely BHB44,
observed SED is not fitted with a single spectrum as shown in the left panel of
Figure 10. Compared to Kurucz’s model spectrum and synthetic flux, there seems
to be a large amount of excess flux in FUV filters. We checked whether the star
is well-resolved in all FUV images (See Figure 6) and also ensured that the cross-
identification with the HST catalogue is correct. This star is found to lie at a
distance of (/68 from the centre of the cluster. It is possible that this star might
be a binary star or variable star. If we check the position of this star, marked with
a black outlined star symbol in Figures 4 and 5, in optical as well as in UV CMDs,
it is lying close to or in the variable region. In the literature, it is not reported as
a variable star. The temperature derived from the single fit of BHB44 corresponds
to that of an RHB star which shows significant FUV excess due to a possible hot
companion, as RHB stars are too cool to be seen in FUV. In order to check what
type of hot companion is present, we fitted the SED with a combination of hot and
cool theoretical spectra. To fit the FUV region of the observed SED of this star,
we selected a Koester WD model (Tremblay and Bergeron 2009; Koester 2010).
This model’s free parameters are log g and T.;¢. The value for the T,¢; for this
model ranges from 5,000-80,000 K and log g from 6.5-9.5 dex. We utilised VOSA
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to obtain the binary fit of this star. In the left panel of Figure 10, we present
the composite SED fit of this star where it can be seen that the hotter part of
SED is well fitted with a Koester model corresponding to a temperature of 17,000
K, and the cooler part is fitted with Kurucz model of temperature 5,750 K. The
detailed parameters of both companions are listed in Table 4.5. The T.;¢ and
radius obtained for the cooler part from the best Kurucz model fit correspond to
an RHB star. From the T,;; and radius, we suggest that the hot companion might
belong to the class of sub-luminous sdB stars (Heber et al. 2003).

Further, to confirm the nature of four hot HB stars, the comparison of the obtained
parameters from the SED fit with theoretical evolutionary tracks is needed and

discussed in the following section.

4.7 Evolutionary Status of hot HB and BHB stars

The derived atmospheric parameters of hot HB and BHB stars from SED fit are
compared with theoretical evolutionary tracks in order to check their evolution-
ary status. We plotted the theoretical evolutionary tracks employing the models
presented by Moehler et al. (2019). The evolutionary track from the MS to the
RGB was obtained utilising the updated BaSTI-IAC models from Hidalgo et al.
(2018). The model chosen was based on a metallicity similar to that of the clus-
ter. The tracks, starting from the MSTO to the point late in the pHB evolution
or on the pAGB cooling sequence, are displayed in Figure 12. The tracks with
varying masses beginning from the ZAHB represent the evolution during the pHB
stage. The ZAHB and TAHB are shown with a dashed and dash-dotted line in
Figure 12. We also have plotted the EHF and LHF tracks shown with magenta
and black solid lines. The parameters estimated from the best SED fit for hot HB

and BHB stars are plotted in the H-R diagram and shown with different symbols
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and colours. We can see in Figure 12 that most of the BHB stars marked with red
cross symbols are lying along the BHB tracks shown with blue lines. Nevertheless,
there are a few BHB stars, displayed with purple cross symbols, lying above the
TAHB, indicating that these stars’ cores have already run out of helium and they

have started evolving towards the pHB or peAGB phase.

To compare the estimated parameters of hot HB stars computed using different
models, we plotted hot HB stars’ location in the H-R diagram as illustrated in
Figure 12. As the hot HB star, UV1 was found to be helium-rich by the synthetic
HB models; we have shown only its position in the H-R diagram as found from
the helium-rich Husfeld model. UV1 is found to be located between the ZAHB
and TAHB and slightly hotter than the EHB track for 0.502 M. Thus, UV1
is still in the HB evolutionary phase, which implies that it is an EHB star, as
also seen from Figures 5 and 7. Figure 12 shows that the hot HB star UV2 is
found along the AGBM evolutionary stage, corresponding to the initial EHB mass
range 0.506-0.51 M, which is likely to evolve from the EHB phase. Stars UV3
and UV4 are found to be much hotter and brighter than the EHB tracks. UV3
is found to be located close to the evolutionary track, corresponding to an EHF.
We infer from here that UV3 is the progeny of an EHB star (with ~0.502 M)
formed through an EHF scenario. The position of the UV4 star indicates that
it might have traversed the peAGB phase and is about to enter the WD cooling
phase. TMAP (Grid4) model parameter estimates for UV4 star suggest that it is
a product of BHB star with the mass of ~0.7 M. From the model, the mass of
EHB star UV1 turns out to be 0.502 M. The rest of the hot stars are likely to be
evolved from the EHB stars with a ZAHB mass of ~0.5 M. In comparison, the
masses of BHB stars vary in the range 0.6 - 0.75 M. This suggests that the hot
HB stars have lost ~0.1 - 0.2 M, more envelope mass due to mass loss in the RGB.
The reason for this enhanced mass loss could be many, including enhanced helium

due to mixing, binary interactions, high rotation, etc. In the case of the BHB44
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TABLE 4.5: Derived parameters of BHB44 star from composite SED fit.

A ) ) . L R Nyi
Star ID  RA (deg) Dec (deg) Type Model Used Terr (K) 75 B X2ou Nfo:
BHB44 102.2532 -36.01526 sdB Koester 17000 £ 1000 4.46 +0.23 0.24+0.005 2.9 8/8

RHB Kurucz 5750 £125  63.38£5.7 8.17+0.15

star, a comparison of the L and T.s¢ of the hot companion with the theoretical
evolutionary sequences for ELM WDs computed by (Althaus et al. 2013) suggests
that it has a low mass of ~0.187 M. As the mass of the sdB is too low to support
the core helium burning, it might be evolving into a helium core WD and is likely
to be an ELM WD candidate. Therefore, this binary is most likely to be a post-
mass-transfer system consisting of an ELM-WD candidate and an RHB star.

The predicted number of stars in the pHB phase within the cluster is estimated
based on the fact that the number of stars in two post-MS phases, in general, will
be proportional to the ratio of the duration of these stages (Knigge et al. 2002).

The following relation is used to calculate the expected number of pHB stars:

TpHB

D

NpHB = Nup ( )
THB

Where N,zp and Nyp correspond to the expected number of stars in pHB and
HB phase in the cluster, respectively; 7,zp and 7y p represents the lifetimes of
pHB and HB evolutionary phases of a low mass star, respectively. We have taken
the duration of the HB phase as 75 = ~ 10% years (Dorman 1992), and that of
pHB phase as ~ 107 years from BaSTI pHB tracks. We, therefore, estimate the
number of expected pHB stars to be ~7. The observed number of pHB stars are

six in this cluster, which matches well with the theoretically expected number.



Chapterj: Hot HB stars in NGC 2298: Insights from UV observations 106

4.4 = ——————————————— ,

[ —— late hot flasher model [M/H] = -2.0dex ]
40 early hot flasher model ) ]

FiGURE 11: Position of hot HB and BHB stars identified with UVIT in
NGC 2298 in the H-R diagram along with theoretical evolutionary tracks. The
evolutionary tracks starting from MSTO to the moment when a star has entered
to the WD cooling phase (Hidalgo et al. 2018) are presented in this plot. Along
the HB phase, Post-ZAHB tracks span a mass range from 0.502 — 0.82Mg. In
the plot, cyan, blue and green colours correspond to the sequences populating
the extreme, blue and red parts of the HB. The Black dashed, and dash-dotted
lines show the position of the canonical ZAHB and TAHB, respectively. The
black and magenta solid lines indicate the late and early hot-flasher models.
The SED fit parameters obtained from the Kucurz model fit to the observed
SEDs of hot HB and BHB stars are shown with orange star and red cross sym-
bols, respectively. The olive and black-filled star symbols present the location
of hot HB stars corresponding to the helium-rich Husfeld and TMAP (Grid4)
model fit, respectively. Yellow square symbols present the location of the hot
and cool companion of a BHB44 star. The purple cross symbols show several
BHB stars evolving towards the peAGB phase.

4.8 Discussion

We have analysed the UVIT data aboard the AstroSat satellite covering the GC
NGC 2298 to characterise the hot HB population in order to gain insight into
their formation and evolution. To date, this cluster has been studied in UV, only
as a part of the group, for comparative studies of HB morphology. A focused

study on the HB population of this cluster has not been done so far. This is the
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first time hot HB stars are characterised in this cluster using FUV photometric
data combined with the HST and ground-based data. We have combined FUV
photometric data with optical photometry to generate the FUV-optical CMD in
each FUV filter (F148W, F154W, F169M) and detected the BHB, four hot HB
and a few bright BS stars.

Brown et al. (2016a) analysed the 53 GGCs using HST UV and blue photometric
data to explore the HB morphology, including NGC 2298. They created colour-
colour plots for all selected clusters and found two hot HB stars bluer than the
gap between EHB and BHk stars in NGC2298. They classified these two hot
HB stars as BHk stars based on their location in the colour-colour plot. In our
FUV images, we detected three hot HB stars in cluster’s central region and one
in its outer region. In FUV CMDs, three of four hot HB stars are brighter than

canonical EHB stars and classified as pHB stars.

Schiavon et al. (2012) presented the UV CMDs for 44 GGCs using GALEX photo-
metric data in NUV and FUV passbands, including NGC 2298. They had detected
HB and BS stars in NGC 2298, but the sample had issues because of its limited
spatial resolution and lack of membership analysis for detected stars. Our study
detected more than 90 % of HB stars compared to the HST and ground-based
catalogues, and the PM membership is also confirmed. The stars which are not
detected in the FUV images are fainter than the limiting magnitude of UVIT, and

the exposure times in all filters are not deep enough to detect them.

Further, we compared the observed HB sequence with theoretical ZAHB and
TAHB sequences for standard and enhanced initial helium abundances. The the-
oretical ZAHB tracks with distinct initial helium abundances could not reproduce
the observed colour spread along the BHB sequence. Milone et al. (2018) con-
ducted a study of 57 GGCs and found the average difference in helium content
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between 2G and 1G stars along the RGB, as well as the maximum variation of
helium within each cluster. The maximum helium variation was found to be 0.011
dex in NGC 2298. Our study does not support a large spread in helium along the
BHB sequence, based on a comparison of observed HB with theoretical tracks and
synthetic HB, though we detect a possible helium difference of 0.1 dex between the
BHB stars and the hot HB stars, as suggested by the synthetic HB simulations.

Wenderoth et al. (1994) presented a spectroscopic study of an extremely blue
star in NGC 2298, classifying it as a helium-rich sdO star, but they could not
confirm the membership of this star. In their optical CMD shown in Figure 1, the
position of this star coincides with that of EHB or BHk stars. The RA and DEC
information of this star is not provided in the above paper. Therefore, we could

not check whether this star is detected in our FUV images or not.

It is well established from the photometric as well as from spectroscopic studies
that most of the GCs like NGC 2808 and w Cen, with well-populated HBs, con-
tain helium-rich populations showing discrete HBs, which indicate discrete helium
abundances (Dalessandro et al. 2011; Moehler et al. 2011; Marino et al. 2014).
The four hot HB stars in NGC 2298 are found to be helium-rich with respect to
BHB stars with a standard helium abundance. This may suggest that these stars
are products of helium-rich second-generation stars in this cluster. However, the
helium-rich population will be hard to be detected due to their small number frac-
tion compared to the normal- or slightly enhanced initial helium abundance in the

MS to RGB stages of NGC 2298.

Our T¢ss estimation for three hot HB stars covers a range from 35,000-40,000 K,
whereas T.s¢ of BHB stars ranges from 7,500-12,250 K. We could not accurately
estimate the T.;r of UV4 star, but the temperature of this star can be around
~100,000 K. Comparing both T¢;; and luminosity of hot HB stars with evolution-

ary tracks implies that three stars have evolved away from the HB, and one is
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still in the EHB phase. The hot HB stars also have lost more mass in the RGB
(~0.1-0.2 M, than the BHB stars).

Many authors put forward several formation scenarios to account for the existence
of EHB and BHk stars in GCs, apart from helium enhancement. Lei et al. (2015)
proposed that BHk stars could be the result of binary interactions. They suggested
that the tidal enhancement of the stellar wind during binary evolution might
cause substantial mass loss on the RGB, resulting in the formation of BHk stars.
Nevertheless, our SED fits of hot HB stars do not show the signature of binarity,
hence, could not support the origin through the binary interaction scenario. The
other formation channel suggested for EHB and BHk stars, such as the hot-flasher
scenario, is described in detail in Section 4.5.2. Sweigart (1997) demonstrated
that when stars experience a late helium-core flash on the WD cooling curve, it
leads to flash mixing of the hydrogen envelope with the helium core, resulting in a
significant increase in the helium and carbon abundance of the envelope. However,
this type of mixing is not possible in the EHF scenario, because the presence of
a strong hydrogen-burning shell creates a large entropy barrier that prevents the

core helium-burning products from being mixed with the surface.

Brown et al. (2012) presented HST FUV spectroscopy of hot HB stars includ-
ing one pHB, five BHB and three unclassified stars with blue UV colours in GC
NGC 2808. They also found enhanced helium and carbon abundances in their BHk
sample, which could be the result of flash-mixing in the LHF mechanism, whereas
EHB stars in their sample exhibit carbon abundances much lower than the cluster
value and helium abundances at or below the solar value, that could be the effect
of diffusion. The two hot HB stars in our study, UV2 and UV3, are found close to
EHF tracks, whereas UV4 is located above the post-BHB track, indicating that
UV2 and UV3 could be off-springs of EHB stars, and UV4 is a plausible progeny
of BHB star. Therefore, the surface abundances of three stars except UV4 are

expected to remain the same if they are products of the early hot-flasher scenario.
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Nevertheless, these stars could have helium enrichment, as evident from a compar-
ison with simulations. Further spectroscopic follow-up observations are necessary

to confirm the nature of the evolutionary process these stars have gone through.

4.9 Summary and Conclusions

The key findings from this work can be summarised as:

e In this study, we employed UVIT observations in combination with HST,
Gaia EDR3, and ground-based photometric data to examine the HB mor-
phology of the GC NGC 2298. Gaia EDR3 data is utilised to obtain the PM

members of the cluster in its outer region.

e We constructed optical and FUV-optical CMDs for the member stars. Only
BHB and four hot HB stars are identified in all FUV images. Very few BSSs,
which are hot and bright, are detected in FUV CMDs.

e Optical and FUV-optical CMDs are overlaid with updated BaSTI-IAC isochrones
generated for respective filters to compare the observations with theoreti-
cal predictions. The theoretical HB tracks with enhanced alpha and he-

lium abundances could not reproduce the observed colour /magnitude spread

among BHB stars in FUV-optical CMDs.

e From the comparison of observed HB with synthetic HB simulations, we
found a helium abundance difference between BHB and hot HB stars (Helium
enhanced) in this cluster. However, BHB stars have a single initial helium

abundance (Y;,; = 0.23), with probably a very small scatter.

e We estimated T, s, luminosities, and radii of 63 BHB and four hot HB stars

by generating SED using multi-wavelength data. The T.;¢ of BHB stars
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ranges from 7,500-12,250 K, whereas three hot HB stars span T¢s; from
35,000-40,000 K. The temperature of the UV4 star is found to be around
~100,000 K.

e The evolutionary status of HB stars is probed by comparing derived param-
eters with theoretical evolutionary post-ZAHB tracks. Many BHB stars are
found to be located between the ZAHB and TAHB, suggesting that they are
evolving off the HB into the pHB phase. These stars have mass in the range
of 0.6-0.75 M. Some of the BHB stars are found to be evolving towards the
peAGB phase.

e We found a sub-luminous sdB companion to an RHB star in the cluster.
From the comparison with the ELM WD evolutionary tracks, the mass of
the sdB turns out to be ~0.187 M, and likely to be evolving into a helium
core WD. We suggest that it is probably an ELM WD candidate formed

from mass transfer in this binary system.

e Out of four hot HB stars, we find that two have already evolved off the EHB
phase, and they are in the AGBM phase. One star is located between the
ZAHB and TAHB tracks, and hence it is a confirmed EHB star, likely to be
helium enriched. One star is found to match with the theoretical prediction
of the early hot-flasher scenario (and maybe one more), whereas another star
has evolved off the peAGB phase and is probably evolving towards the WD
cooling stage. The theoretically expected number of pHB stars matches well

with the actual number observed.

e As the late and early hot-flashers are supposed to have different chemical
signatures; the pHB stars are targets for further spectroscopic studies in

order to explore their nature to constrain their formation pathways.
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4.10 Additional plots:

The details of the SED fitting technique are described in Section 6.5. The SEDs
for 61 BHB stars are shown in Figure 12.
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FIGURE 12: SEDs of rest of the BHB stars. The best-fit parameters are men-
tioned in the figure. The UVIT, HST data points used to create SEDs for stars
lying in the inner region are shown with red circles and green inverted triangles,
respectively. For the stars lying in the outer region, UVIT, GALEX, Ground-
based photometric, Gaia EDR3, and 2MASS data points are shown with red
circles, green squares, orange triangles, cyan inverted triangles, and purple dia-
monds, respectively.
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FIGURE 12: Continued.
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FIGURE 12:

Continued.
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FIGURE 12: Continued.
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Chapter 5

Investigation of UV bright stellar
populations in NGC 1881

5.1 Introduction

In this chapter, we analyse one of the oldest and most well-studied OC, i.e.,
NGC 188 in our Galaxy. The cluster is studied widely due to its richness, metallic-
ity, age, and its location in the Galactic plane (cpgp = 0"47™m12%.5, S9000 = +85°
14" 49" 1 = 122285, b = +22°38). The age of this cluster is determined to be 7
Gyr (Sarajedini et al. 1999), and the reddening of the cluster is 0.036 4+ 0.01 mag
(Wang et al. 2015). This cluster is located at a distance of 1866 pc (Gao 2018),

and the metallicity is found to be solar (Sarajedini et al. 1999).

Till now, a few hot subdwarfs and HB stars have been detected in two metal-rich
and old OCs, i.e., NGC6791 and NGC 188 (Kaluzny and Udalski 1992; Liebert
et al. 1994; Green et al. 1997). Only one sdB star is found in NGC 188, whereas

TResults of this work are published in Rani et al. (2021c).
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NGC 6791 hosts five sdB stars. Schindler et al. (2015) investigated 15 OCs to
understand the formation of EHB stars by taking NGC 188 and NGC6791 as
template clusters. They identified only red giant clump stars, but no EHB stars
were detected. The results of the UV imaging of the NGC 188 using three different
filters of UVIT (Two FUV & one NUV) are presented in this study. The cluster’s

basic parameters adopted in this work are listed in Table 5.1.

This chapter’s main objectives are 1) to identify the UV bright stars in the clus-
ter by comparing their location in observed UV /optical CMDs to theoretically
expected ones from isochrones and 2) to characterise them by analysing SEDs to

throw light on their formation and evolution.

5.2 Data and Analysis

All data used in the analysis were taken in three filters: one NUV (N279N) and two
FUV (F148W and F172M). The observational details of the NGC 188 UV images
are tabulated in Table 2.1 presented in Chapter 2. The science-ready images of the
cluster in different filters were generated using CCDLAB. The image of the cluster
acquired with UVIT using the F148W FUV and N279N NUYV filter is depicted in
Figure 1, with blue representing the FUV detections and yellow representing the
NUV detections.

Aperture photometry was carried out on the FUV F172M image to get the estimate
of counts. We performed PSF photometry on one FUV F148W and NUV N279N
image as described in chapter 2. The PSF-fit errors in estimated magnitudes are
presented in Figure 2 as a function of magnitude for FUV and NUYV filters. The
stars as faint as 22 mag are detected both in FUV and NUV images with typical

errors of 0.2mag and 0.3 mag, respectively.
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FiGURE 1: UVIT image of NGC 188 obtained by combining images in NUV
(N279N) and FUV (F148W) channels. Yellow and blue colour corresponds to
NUV and FUV detections, respectively.

TABLE 5.1: NGC 188 basic parameters utilised in this work.

Parameters Values References
Metallicity (Z) 0.02 dex Wang et al. (2015)
Age 7+ 0.5 Gyr Sarajedini et al. (1999)

Distance modulus, (m — M)y 11.44mag + 0.08 mag Sarajedini et al. (1999)
Reddening, E(B—V) 0.036 £+ 0.01 mag Wang et al. (2015)

5.3 Results

5.3.1 UV and Optical Colour Magnitude Diagrams

To categorise the stars detected by UVIT into different evolutionary stages, we
have employed ground-based optical photometric data (Sarajedini et al. 1999) of
NGC 188 to cross-identify with the UVIT-detected stellar sources. First, we have
selected stars with PM membership probability of more than 50% as the most
likely members of the cluster from the catalogue given by Platais et al. (2003),
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F1GURE 2: PSF fit errors as a function of magnitude for the UVIT observations
of NGC 188. The top panel shows the errors for the FUV F148W filter, whereas
the bottom panel shows the NUV N279N filter.

which gives us 562 member stars. Then we have cross-matched optical photo-
metric data taken from Sarajedini et al. (1999) with the PM catalogue. Geller
et al. (2008) presented the results of the RV survey of NGC 188 using WIYN data.
They measured the radial velocities for 1046 stars in the direction of NGC 188 and
further calculated the RV membership probability for all the stars. Out of 1046
stars, 473 stars are found to be likely cluster members. Further, we cross-matched
optical data with the RV catalogue to check for the RV membership probabil-
ity. After choosing all the cluster’s PM and RV members, we cross-matched with
UVIT-detected stars in all three filters. We have also included the stars for which
PM membership probability is given, but RV membership is unknown. We iden-
tified 356 stars of NGC 188 as members of the cluster in the NUV passband, and
10 cluster members in both FUV passbands. The accuracy of this cross-match is
within 175. 24 BSS candidates have been catalogued by Ahumada and Lapasset
(2007). According to Geller et al. (2008), 20 BSSs were confirmed to be members
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FIGURE 3: (Left panel) Optical CMD of NGC188 of all member stars co-
detected with UVIT N279N filter and optical photometric data. (Right panel)
NUV-optical CMD of NGC 188 of member stars cross-identified using UVIT
N279N data with optical photometric data. The meaning of all the symbols
is marked in the figures. Previously known binary and single BSSs are shown
as open blue circles and open blue diamonds, respectively. The BSSs with WD
detections are shown with a magenta plus symbol. The BSS outlined with a ma-
genta square symbol is bright in both NUV and FUV CMDs. The over-plotted
black colour dots represent updated BaSTI-IAC model isochrones generated for
an age 7 Gyr and solar metallicity. The solid and dashed lines shown along
the HB track correspond to ZAHB and TAHB, respectively. The dashed-dotted
black line indicates the WD cooling sequence for a WD with mass 0.5Mg,.

of the cluster based on their RV membership.

As there are many stars detected in the NUV, the detected members are segregated
based on their detection in the NUV. In the NUV filter, we detect the MS, turn-
off, SGB, RGB, BS, and YS stars, whereas in FUV images, only hot and bright
stars are detected. We have detected 21 BSSs previously known in the literature,
out of which sixteen are RV members, and five are PM members. One previously
known hot subdwarf is also detected in both FUV and NUV images, but RV
membership for this star is not known as it is fainter than 16 mag in optical CMD.
Two YSSs are selected on the basis of their position in the optical CMD. We have
also detected one very bright and hot star in NUV and one FUV image, probably
a WD candidate. Both PM and RV memberships are unknown for this star. The

optical and UV-optical CMDs, as illustrated in Figures 3 and 6, were created using
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FicUrE 4: FUV-optical CMDs of NGC 188 of member stars cross-identified
using UVIT FUV and ground-based optical photometric data. Other details are
the same as in Figure 3.

only the stars that have been confirmed as members. The optical and UV-optical
CMDs are over-plotted with updated BaSTI-IAC isochrones (Hidalgo et al. 2018).
The updated BaSTI-IAC* isochrones are obtained for an age of 7 Gyr, a distance
modulus of 11.44 mag (Sarajedini et al. 1999), and a solar metallicity with helium
abundance of Y = 0.247, [oz / H} = 0, including diffusion, overshooting, and mass
loss efficiency parameter n = 0.3. The BaSTI-IAC model also provides the HB
tracks, which incorporate ZAHB, post-ZAHB tracks and TAHB with or without
diffusion for a selective mass range. We created the ZAHB and TAHB tracks for

solar metallicity, including diffusion.

The overlaid BaSTI-IAC isochrones fit well with the observations in both optical
and NUV-optical CMDs, as shown in Figure 3. This is probably the first UV
CMD for this well-studied cluster in the NUV; the overlaid isochrones match the
observed sequence more or less satisfactorily. The CMDs shown in figure 3 suggest
that this cluster probably has an HB population with stars in the HB. Two stars
marked with red colour are lying along HB tracks, implying that these stars may
belong to the HB evolutionary phase. In fact, they are lying close to the TAHB
track, indicating that they are about to evolve off the HB phase. The previously

*http://basti-iac.oa-abruzzo.inaf.it/
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FiGURE 5: SED of a hot subdwarf and WD candidate detected with UVIT
after applying corrections for extinction. The optimal fit parameters are also

displayed.

known subdwarf is found close to the blue part of the ZAHB track in an optical

CMD and fainter than the blue end in UV CMDs. We also plotted a WD cooling

track for a 0.5 M, WD with hydrogen envelope with a dashed-dotted black line in

Figures 3, and 6 provided by Tremblay et al. (2011) to define the location of WDs

in all CMDs (P. Bergeron, private communication). Note that the star marked

with green colour in all CMDs is lying along the WD cooling track, indicating that

the star is a possible WD candidate, although its membership is uncertain. We

have also detected two stars that are bright in NUV CMD with respect to other

giants shown with yellow colour in the optical as well as in NUV-optical CMD

(See Figure 3). In the optical CMD, these two stars are bluer than the RGB and

brighter than the SGB track; hence, they are classified as YSSs.

5.3.2 SEDs of UV bright stars

In this section, our main goal is to check the evolutionary status of stars, which

appear bright in NUV and FUV CMDs, by determining their stellar parameters

using the SED fit technique. We constructed the SEDs to estimate the stellar

parameters of stars which appear bright and hot in the UV CMDs.
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FIGURE 6: SED of two HB stars (upper panels) and two YSSs (lower panels)
detected with UVIT after correcting for extinction. The best-fit parameters are
displayed in the figure.

Kurucz stellar atmospheric models (Castelli et al. 1997; Castelli and Kurucz 2003)
are used to construct SEDs for two HB, one subdwarf, and two YS stars which
are bright in the NUV band when compared to RGB stars. The model provides
the temperatures ranging from 5,000-50,000 K, log ¢ from 0-5 dex, and metallicity
from —2.5-0.5 dex. Since this cluster has solar metallicity, we selected the metal-
licity [Fe/ H} =0 dex, nearly the same as the cluster metallicity. We have given a
T.s¢ and log g range from 5,000-50,000 K and 2-5 dex, respectively, for the adopted
Kurucz models to fit the SEDs of the above-mentioned stars. We have combined
three UVIT photometric data points with two GALFEX, five ground photometry,
three Gaia, five PANSTARRS, three 2MASS, and four WISE photometric data
points to generate SEDs for UV bright stars. The actual number of data points
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TABLE 5.2: SED fit parameters of bright stars detected with UVIT in this
cluster. Column 1 lists the star ID used in this work. Column 2 represents the
identification number (WOCS ID) according to Platais et al. (2003). Columns
3 to 5 show the RA, DEC, and model used for SED fit, respectively. The rest of
the columns give the estimated values of various parameters along with errors.
The last column contains the ratio of the number of photometric data points
used for SED fitting and the number of total data points available for fitting.

Star ID  PKMID  RA (deg) DEC (deg) Model — T.py (K) 7 oy et R
Subdwarf WOCS 4918 11.96753  85.31897  Kurucz 21000500 6.71+£0.22  0.19+107% 14.23 19/23

WD WOCS 4073 10.32108  85.23638  Koester 20000 %312 0.039+0.003 0.02+107* 095 6/6
BHB  WOCS 3856 9.77341  85.15604 Kurucz 7500+125 49.13+7.49 4.13+0.01 3292 22/25
RHB ~ WOCS 5027 1198741  85.24889 Kurucz 4750125 73.83+£3.97 12.56+£0.03 30.85 20/20
YSS1 WOCS 4705 11.34416 85.21065  Kurucz 5000 +125 1028 £1.33  4.26 £0.01 38.99 21/22
YSS2 WOCS 4346  10.64712 85.22385  Kurucz 5000 +125 13.63+1.95 4.94+0.01 5.6 20/21

used for fitting will be equal to or less than the above-mentioned data points,
as not all stars are detected in all filters. The data points, which were not fit-
ting well to the theoretical model, are also excluded from the fit. We have also
constructed SED for a possible WD detected with UVIT in both FUV and NUV
images using a Koester WD model (Tremblay and Bergeron 2009; Koester 2010).
The free parameters of the Koester model are T,s¢ and log g. The T¢s; value for
the Koester model ranges from 5,000-80,000 K, and log ¢g value from 6.5-9.5 dex.
We have used two UVIT photometric data points along with two GALEX and
two Ground photometric data points to fit the SED of the WD. VOSA makes
use of Fitzpatrick reddening relation (Fitzpatrick 1999; Indebetouw et al. 2005) to

correct for extinction in observed data points.

Best SED fits are obtained for six stars, out of which two are HB, two are YSSs,
one is Subdwarf, and one is WD. All star’s SEDs are illustrated in Figures 5 and
6. We can notice in Figures 5 and 6 that all the data points are fitted well with the
models. The estimated values of stellar parameters from the SED fit, along with
errors, are tabulated in Table 5.2. The high temperature of the subdwarf (21,000
K) suggests that it belongs to the category of sdB stars (Heber 1986). The T.f
of the WD turns out to be 20,000 K with a radius 0.02 R, which confirms the
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star to a possible WD candidate.

To assign the evolutionary stage to the HB stars identified with UVIT, we have
plotted the theoretical evolutionary tracks utilising the updated BaSTI-IAC mod-
els presented by Hidalgo et al. (2018). The models are selected with metallicity
close to the cluster metallicity. The evolutionary tracks from MSTO to the mo-
ment a star has entered the pHB phase are shown in the H-R diagram in Figure 7.
We used DA-type WD models for 0.4 and 0.5 M, from Tremblay et al. (2011) to
show the WD cooling tracks. The ZAHB and post-ZAHB tracks are shown for a
mass range from 0.475Mg, to 0.8M. The TAHB is shown with a dash-dotted line
in Figure 7. For WDs, the cooling sequences for 0.4 and 0.5 M, DA-type WDs
are shown with a dash-dotted and solid grey line, respectively. The parameters
obtained from the SED fit for six stars are depicted on the H-R diagram. The
stars are marked with the same colour as in Figure 3. We can see in Figure 7
that HB stars are lying along the HB tracks suggesting that these two stars be-
long to the HB evolutionary phase. It can be noted that two YSSs are lying near
the theoretical RGB sequence on the H-R diagram. It indicates that these two
stars might belong to a giant evolutionary stage. The WD on the H-R diagram is
located near the theoretical WD cooling sequence, implying that the star is likely
to be a WD candidate.

5.4 Discussion

In the NUV passband, we have detected 2 HB, 21 BSSs, 2 YSSs, one hot Subdwarf,
and one WD candidate along with MS, MSTO, SGB, and RGB stars, whereas,
in FUV, only hot and bright BSSs, WD, Subdwarf and HB stars are detected.

For comparison with theoretical predictions, we overlaid the CMDs with updated
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BaSTI-TAC and WD model isochrones generated for respective UVIT and Ground-
based filters. The UV magnitude distribution of all the detected member stars with
UVIT is reproduced well with theoretical isochrones. Out of 21 BSSs detected with
UVIT, 15 BSSs are characterised by Gosnell et al. (2014, 2015) using SED fitting
technique. They found hot and young WD companions to 7 BSSs, out of which
5 are detected in our UVIT images. 7 BSSs binaries are likely formed from the
mass transfer. The other 6 BSSs are not studied in detail in literature till now. We
detected one BSS, which is both FUV and NUV bright. This BSS is a PM member
of the cluster, but RV membership is not known. Detailed SED analysis is required
to check whether the BSS has any hot companion. We plan to characterise the
hot companions of the BSSs of this cluster in a separate study and assess their

nature by placing them on the H-R diagram (Figure 7).

Out of three UV-bright stars identified with UIT, one star 1I-91 (numbered by
Sandage 1962) is detected in both NUV and FUV images, and here it is designated
as a subdwarf. This star was first identified by Sandage (1962) and used for
calibration. Later Dinescu et al. (1996) confirmed its membership based on the
PM. Green et al. (1997) performed the spectroscopy of UV-bright stars in OCs
NGC188 and NGC6791. They reported that the II-91 star is an sdB star and
also a spectroscopic binary. In fact, it is a close binary of 2.15 days orbital period
(Green et al. 2004). Landsman et al. (1998) estimated the effective temperature
of I1-91 about 30,000 K from its UIT magnitude and my5, — V' colour. Our study
confirms this star’s UV-bright nature. The T¢;; measured from SED fitting also
confirms it to be an sdB or EHB star.

The T, ;¢ of one HB star derived from SED analysis is found to be 7,500 K, which
is in the range of the T,f; of a BHB star. For the other HB star, the derived
temperature is 4,750 K, hence likely to be an RHB star in the cluster. The observed
UV magnitudes of HB stars match well with theoretical TAHB isochrones, which

indicates that these stars are about to evolve off the HB phase, assuming that
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FiGURE 7: H-R diagram of UV-bright stars in NGC 188 compared to theoret-
ical evolutionary tracks. The evolutionary tracks starting from MSTO to the
moment when a star has entered the pHB phase (Hidalgo et al. 2018) are shown.
Along the HB phase, Post-ZAHB tracks span a mass range from 0.475-0.8 M.
In the plot, magenta, blue and green colours correspond to the sequences popu-
lating the extreme, blue, and red parts of the HB. The Black solid and dashed
lines indicate the ZAHB and TAHB, respectively. The dash-dotted and solid
grey line corresponds to the cooling tracks for 0.4 and 0.5 Mg DA-type WDs.
The SED fit parameters of HB stars, Subdwarf, WD, and YSSs identified with
UVIT are shown with red, cyan, green, and yellow square-filled symbols, respec-
tively.

these are, in fact, HB stars. Geller et al. (2008) classified BHB star as a rapid
rotator (RR) and binary likely non-member (BLN) as they were unable to measure
its RV because of its high rotation. Nevertheless, it is a confirmed PM member of
the cluster with a membership probability of more than 80% (Platais et al. 2003).
According to Dinescu et al. (1996), RHB (D719) is identified as one of the brightest
giants in NGC 188.Belloni et al. (1998) identified X-ray sources in OCs M67 and
NGC 188 using ROSAT observations. The RHB (X29) star has been identified as
an X-ray source within the cluster. The spectroscopic study of this star (Harris
and McClure 1985) found it to be a fast rotator with rotation velocity ~ 24 kms™!
and also this star exhibits emission in the Ca K and H and Ha lines. The absence

of RV variations suggests that this star is a single, rapidly rotating giant, an FK
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Comae-type star. Our SED fit of the RHB star also suggests that it is a single
star. From V mag and B—V colour, the T,s; of this star was estimated to be
~4,800 K. Our temperature measurement for the RHB star is in close agreement
with previous estimations. We suggest that the chromospheric emission of this

star might make it bright in the NUV region.

Two YSSs characterised in this work are also RV members, and the YSS2 star is
previously identified as a giant and single member. Geller et al. (2008) suggested
that YSS1 is a double-lined SB (SB2). Mazur and Kaluzny (1990) identified
YSS1 as a variable star (V11). They also suggested that YSS1 might be an RS
CVn-type binary. Gondoin (2005) studied the X-ray sources in NGC 188 using
XMM-Newton observations, and he identified YSS1 (S18) star as an X-ray source.
He also estimated the bolometric luminosity and effective temperature of this star
about ~8 L and 5,110 K, respectively. Landsman et al. (1997) obtained spectra
of the yellow giant S1040 in the OC M67 and found that the star is a single-lined
SB (SB1). They estimated the effective temperature of a cool component as 5,150
K with a radius 5.1 Rg. Our estimation of luminosity (~10 Lg), radius (~5 R)
and Trr (5,000 K) of the YSS1 from SED fitting is close to this value. As YSS1
is an SB2, it might have two components with a similar temperature. From SED
fitting, we can not separate two components with a similar temperature present
in a binary system. The SED fit parameters for two YSSs indicate that these two
stars may belong to the giant phase. Thus UV emission in the NUV region in
the case of YSS1 is likely due to chromospheric activity, likely to be linked to its

binary nature and X-ray emission.

von Hippel and Sarajedini (1998) studied the WDs in NGC 188 using the WIYN
3.5-meter telescope at KPNO. They identified 9 WD candidates, of which 3—6 are
expected to be cluster members. Andreuzzi et al. (2002) identified 28 candidate
WDs in the cluster using the data in HST WFPC2 F555W and F814W filters, but
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their membership was not certain. We have also identified one possible WD can-
didate in one NUV and one FUV band. We checked with the previously available

catalogue, but this star is not reported in the earlier studies.

5.5 Summary

The important results from this study are summarised below:

e In this study, we employed UVIT observations on-board AstroSat to identify
UV-bright stars in the well-known old OC NGC 188. We further created the
optical and UV-optical CMDs of member stars co-detected using UVIT and

ground-based data in this cluster.

e Stars at the different evolutionary stages, namely, MS, SGB, and RGB, are
detected in NUV image, but only hot stars are detected in FUV images.

e To compare the observations with theoretical predictions, optical and UV-
optical CMDs are overlaid with updated BaSTI-IAC and WD models gener-
ated for respective UVIT and ground-based filters. The theoretical isochrones

match the characteristics of the observed CMDs extremely well.

e This study presents the first NUV CMD for this well-studied cluster. The
CMDs analysis suggests that this cluster comprises HB stars, including an

RHB, a BHB, and an EHB/sdB star populating a temperature range of
4,750-21,000 K.

e We suggest two YSSs in this cluster based on their location in the CMDs.
An excess of UV flux has been observed in YSS1, which could potentially be

linked to its binary nature and the presence of X-ray emission.
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e We detect a candidate WD from the UV images and is found to have pa-
rameters similar to that of a 0.5 M, WD.






Chapter 6

UV study of NGC 2818: BSSs,
YSSs, PN, and their membershipJf

6.1 Introduction

In this chapter, we study OC NGC 2818, which has the unique distinction of being
one of the Galactic OCs probably associated with a PN, and interestingly, the name
NGC 2818 is assigned to both an OC and a PN. Most importantly, the membership
of the PN to the OC is still debated. The age of this cluster is estimated to be
~800 Myr, and its reddening value is E(B—V) = 0.2mag (Sun et al. 2021). The
distance estimated to this cluster in the most recent study is 3250 + 300 pc, and
the metallicity is found to be solar (Sun et al. 2021). In this work, we analyse

both the cluster and the PN, NGC 2818.

NGC 2818 is one of the OCs that shows an eMSTO phenomenon (Bastian et al.
2018), where the cluster MSTO is extended in the CMD more than expected from

TResults of this work are published in Rani et al. (2023).
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an SSP with conventional evolutionary history. It has been demonstrated that
stellar rotation is the most likely explanation for this phenomenon (Bastian and
de Mink 2009; Brandt and Huang 2015; Niederhofer et al. 2015; Cabrera-Ziri et al.
2016; Gossage et al. 2019). A spectroscopic study by Bastian et al. (2018) showed
that, in NGC 2818, stellar rotation is indeed linked to the stars’ position on the
MSTO of the CMD made using the Gaia magnitudes (G) and colour (Gbp—Grp),
such that rapidly rotating stars preferentially lie on the red side of the eMSTO.
However, the colour range (Gbp—Grp) in optical CMD is relatively small. In
contrast, a larger colour range is seen in UV colours, and it is expected that the
rotational effects are more prominently displayed in UV colours mainly because
of their sensitivity to surface (effective) temperature changes. This study also
explores the correlation between the colours derived from UVIT FUYV filters and

stellar rotation.

This chapter presents the results of the UV imaging of NGC 2818 (both PN and
OC) in four FUV filters using UVIT. Our main aims are 1) to identify and char-
acterise the blue and yellow straggler stars in the cluster to shed light on their
formation and evolution and 2) to probe the effects of stellar rotation on UV

CMDs, 3) to characterise the CSPN to investigate its association with the cluster.

6.2 Data and Analysis

The observations of the cluster used in this work were made in two epochs, the first
on 21st December 2018 and the second on 11th June 2020. In the first epoch, the
observations were carried out in three FUV filters (F154W, F169M, and F172M),
and in the second, observations were performed with deep exposures in four FUV
filters (F148W, F154W, F169M, & F172M). We utilised CCDLAB software to

create images of the cluster in all FUV filters. To extract the magnitudes of
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detected stars in all FUV images, we have carried out PSF photometry on them.
The average PSF of the stars in all FUV images is ~ 172. The details of the
UVIT observations of NGC 2818 used in this analysis are tabulated in Table 2.1.
In Figure 1, we show the UVIT image of the cluster taken in the FUV F148W
band where the orange colour depicts FUV detections. This image exhibits an
extended structure displaying the beautiful PN NGC 2818, where the central star
can clearly be seen in the FUV. Figure 3 displays the PSF-fit error (median) against
magnitude in four FUV filters for profound observations. We have detected stellar
sources down to ~ 22 mag with the most PSF-fit errors ~0.3 mag in all FUV filters

and considered them for further analysis.

1 arcmin

F1GURE 1: UVIT colour image of OC NGC 2818 in FUV F148W channel. Here
orange colour depicts the FUV detections. The extended structure in this image
represents the PN NGC 2818. North is up, and east is left in the image.

FIGURE 2: UVIT/FUV images of PN NGC 2818 in three filters: F154W, F169M,
and F172M.
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FIGURE 3: PSF-fit (median) errors versus magnitude in all FUV bandpasses of
NGC,2818.
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FIGURE 4: In three panels from left to right, PM members of the cluster are
shown with cyan dots, and the remaining Gaia EDR3 sample marked with black
dots represents field stars. Left Panel: position in the sky; Middle Panel: Vector
Point Diagram (VPD); Right Panel: Gaia Optical CMD.

6.3 Membership Determination

We employed the Gaia EDR3 catalogue that provides data with unprecedented
precision to identify the cluster members. In particular, it provides the complete
5-parameter astrometric solution (proper motions, parallaxes, and positions) and
magnitudes in its three photometric bands (Ggp, G, and Ggp) with a limiting

magnitude of about G~21mag. To assign the PM membership probability (P,,)
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of all stars observed in the cluster, we first downloaded all detections located
within a 30" radius from the cluster’s centre. To include all possible members of
the cluster, we opted to use a radius bigger than that provided by Kharchenko et al.
(2013) catalogue. Then, we applied the data quality criteria to select the sources
with a good astrometric solution. Stars are selected as follows: (i) we removed
those with parallaxes that deviate by more than 3¢ from the expected parallax
calculated using the previously known cluster’s distance, where o corresponds to
the error in parallax given in Gaia EDR3 catalogue, (ii) we also removed the
sources with RUWE exceeding 1.2 as larger values of this parameter might lead

to an unreliable astrometric solution (Lindegren et al. 2018; Riello et al. 2021).

We made use of a probabilistic GMM method to select cluster members as de-
scribed in detail in Chapter 4. We took the initial guess for cluster PM p, and
s values and internal velocity dispersion from (Cantat-Gaudin et al. 2020). The
mean PM values and standard deviation for the cluster were calculated to be p,
= -4.417 mas/yr and pus = 4.540 mas/yr, with 0. = 0.045 mas/yr. In Figure 4,
we show the position of stars in the sky, in the PM space known as VPD, and in
an optical CMD created using Gaia filters. Cyan dots in all the plots depict the
member stars belonging to the cluster, and black dots represent the field stars. 718
stars are identified as most likely cluster members with P, >50% and considered
for subsequent analysis. This method works well for a distinguishable distribution
of PM for the field and cluster stars in the VPD. But, in this case, the PM of
cluster stars are located well within the PM distribution of the field stars, suggest-
ing a non-trivial identification of cluster members from field stars. Therefore, it is
possible that stars with a lower membership probability than the above-mentioned

limit might also be members of the cluster.
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6.3.1 Is the PN a member of the cluster?

The membership of the PN with OC has been debated in several studies in the
past. According to Tifft et al. (1972), the PN NGC 2818 was found to be phys-
ically connected to the OC with the same designation. Dufour (1984) presented
the results of photometric as well as spectroscopic observations of the nebula to
analyse its physical properties and chemical composition. He suggested that the
nebula is probably associated with the star cluster. Pedreros (1989) analysed this
cluster using CCD UBYV photometric data and assumed a physical association of
the nebula with the cluster. Surendiranath et al. (1990) also suggested the as-
sociation of the PN with the cluster from their CCD photometry of the cluster.
Nonetheless, Mermilliod et al. (2001) derived accurate heliocentric RV values for 12
cluster RGB stars to obtain a mean heliocentric RV of Vhel = +20.7 & 0.3 kms™!,
significantly different from the estimated velocity of PN, —1 & 3 kms™! (Meather-
ingham et al. 1988), indicating that they are unrelated. (Vazquez 2012) recently
used high-resolution HST archive imaging and high-dispersion spectroscopic data
to reanalyse the complex kinematics and morphology of the nebula, determining

its systemic heliocentric velocity to be +2642 kms™!

, which is in greater agree-
ment with the OC, supporting its membership. Furthermore, Frew et al. (2016),
by analysing RV, radius, and Ha surface brightness of the PN concluded that it

might be a member of the cluster.

The Gaia EDR3 trigonometric parallax for the CSPN is 0.0319+0.21 mas, but it
can be noted that the uncertainty in it is more than its value. So, it can not be used
to obtain the distance to the nebula. The best estimate of the statistical distance
is given by (Frew et al. 2016) as 3000+800 pc not too far from cluster distance of
3250£300 pc estimated by Sun et al. (2021). (Cantat-Gaudin et al. 2020; Cantat-
Gaudin and Anders 2020) obtained the members of the several OCs, including
NGC 2818, using Gaia DR2 PM data, and suggested that it is a non-member of

the cluster.
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In our membership analysis, we have obtained the membership of the CSPN using
the Gaia EDR3 PM data. The PM in RA and DEC of the CSPN as listed in Gaia
EDR3 catalogue is p, = —3.712 4+ 0.185 mas/yr and ps = 4.94 £ 0.18 mas/yr.
Its P, is estimated to be ~11%, indicating non-membership. Nevertheless, it can
be noted from the location of the CSPN shown with the red star symbol in the
VPD that it is lying close to the PM distribution of the cluster members (Cyan
dots), implying that it is quite likely a member of the cluster. Statistically, it is
lying within 30 of the mean PM of the cluster. We expect that the future Gaia
DR (Gaia DR4) might give more precise and accurate PM measurements that can
re-confirm its association with the cluster. Further, assuming both cluster and
nebula at the same distance, we computed their true velocity using their already
available RV and PM information. We found that the true velocity of the cluster
and nebula turn out to be approximately the same (Vo = 99.7kms™! & Vpy =

98.7kms~1), implying that the values of the space velocity are similar.

6.3.1.1 Reddening towards the PN

Several estimates of extinction/reddening towards the cluster have been made
since the initial investigation by Tifft et al. (1972) of E(B—V) of 0.22 mag, recon-
firmed by Surendiranath et al. (1990) and recently refined by Sun et al. (2021), to
0.20mag. However, there are a few independent estimates of extinction towards
the PN NGC 2818. Dufour (1984) estimated it from the Balmer lines Ha/H 3 ratio
as 0.24+0.02 mag. Gathier and Pottasch (1988) list a value of 0.20 mag, and Frew
et al. (2016) estimated a value of 0.17+0.08 mag. We presently estimate E(B—V)
value using free-free continuum flux and the nebular Hf flux. The flux density,
S, at 5 GHz of the entire nebula, is measured by Zhang (1995) as 33 mJy. The
total Hf flux is estimated by Gathier and Pottasch (1988) as logF(H ) as -11.40
(ergem™2s71). Following Pottasch (1984), the expected ratio of S, to F(Hf) is

given as
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S0)
F(HB)

=251 x 10" x T x (v)™%! x Y Jy/ergem 2s™*

where T, corresponds to the electron temperature; v represents frequency in GHz;

Y = (1 + Z(gfj))). The value of Z(g{ej)) is ~ 0.13 assuming all He is in He™ form.

Dufour (1984) derived the T,[OI11] of 14,5004+500 K. From the above relation,

the logF'(H ) expected from the radio continuum is -11.07. The equation from
Milne and Aller (1975) used to compute the reddening is following;:

L, F(HB)uy
146" "V F(HB) ops

E(B-V)=
Inserting the expected and observed logF (H[3) values in the above equation, we
obtain the value of E(B—V) ~0.23 mag. Thus, the reddening/extinction towards

this cluster and nebula is of similar value.

From the comparison of distance, RV, PM, and extinction/reddening values of the

cluster and nebula, we suggest a physical association of the PN with the OC.

6.4 Colour Magnitude Diagrams

6.4.1 Classification of Exotic sources

This section describes the classification and identification of exotic sources, such
as BSSs and YSSs, expected to emit in the FUV. As mentioned in Section 6.3,
we considered the probable cluster members with P,>50% and created the PM-
cleaned optical CMD (G, - G, vs G) using the Gaia filters shown in Figure 5.

In this CMD, stars outlined with cyan colour depict the various identified star
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F1GURE 5: Optical CMD of the NGC 2818, created using Gaia EDR3 photom-
etry. All filled symbols denote the stars with P, > 50%. Blue-filled stars and
yellow-filled stars are the selected blue and yellow straggler stars used for further
cross-match with UVIT data, respectively. The stars detected in all FUV im-
ages are outlined with cyan-coloured square and star symbols. The over-plotted
green solid line represents the non-rotating MIST isochrone of solar metallic-
ity and an age of 775 Myr, set at reddening, E(B—V)=0.2mag and distance
modulus, (m—M)y = 12.56 mag.

populations in FUV images. Rain et al. (2021) presented a new proper-motion-
cleaned catalogue of BSSs in Galactic OCs using Gaia DR2 data. We cross-
matched the Gaia EDR3 cluster members with the BSS catalogue to classify this
population in the cluster. Out of five identified BSSs in NGC 2818 by Rain et al.
(2021), we detected four BSSs. The remaining BSS, not detected by us, is found
to be a non-member of the cluster in our membership catalogue and also falls
outside the FOV of NGC 2818 observed with UVIT in two epochs. Jadhav and
Subramaniam (2021) also produced BSS’s catalogue in OCs utilising Gaia DR2
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data with a P,>70%, and they found two BSS candidates in this cluster. The
difference in the above-mentioned catalogues could be due to the adopted age
criteria, selection method, and different membership probability cut-offs used in

the two studies.

We obtained the MIST isochrones for the Gaia EDR3 and UVIT filters from
an updated MIST online database* to identify and classify distinct evolutionary
sequences in the cluster (Choi et al. 2016; Paxton et al. 2018). We considered
isochrones with [o/Fe] = +0.0 dex, metallicity, Z = 0.017210 (Sun et al. 2021),
not incorporating initial rotation. Cluster parameters such as age, extinction, and
distance modulus, adopted to fit the isochrone to the observed optical CMD, are
775 Myr, Ay=0.6 mag, and (m—M)=12.56, respectively (Sun et al. 2021). The
overplotted isochrone (solid green line) over the observed optical CMD is displayed
in Figure 5. We notice that the isochrone appears well-matched to the observed
CMD along the MS and SGB, but it is not reproducing the observed location of
the red clump. To account for this mismatch along the red clump, (Bastian et al.
2018) suggested that it might be due to either an incorrect calibration of the red
clump models or an inaccurate transformation of theoretical isochrone properties

(temperature, gravity, and luminosity) to observational data in Gaia filters.

We also selected the YSSs based on their location in the optical CMD, as they
have colours in between the turn-off (TO) and RGB and appear brighter than the
SGB. We have chosen two such stars marked with yellow-coloured filled symbols

shown in Figure 5.

*https://waps.cfa.harvard.edu/MIST/interp_isos.html
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6.4.2 FUV-optical CMDs

This section presents the FUV-optical CMDs generated by cross-identifying com-
mon stars between optical and our FUV detections. The sources detected in the
UVIT FUV filters were cross-matched with those in the Gaia EDR3, with a max-
imum separation of 1”3, which is equivalent to the UVIT filter’s average PSF. To
plot the FUV-optical CMDs, first, we made the magnitude system adopted by
Gaia similar to that of UVIT. That is, we transformed the Vega magnitude sys-
tem used in the Gaia photometric system to the AB system using the photometric

zero points reported in the Gaia EDR3 documentation?.

We have created and shown the FUV-optical CMDs for cluster members in Figure 6
using F148W and F169M filters. We note that a similar trend of detected stellar
populations is observed in the other two filters (F154W & F172M). The error
bars displayed in all FUV CMDs are estimated as the median of the stars’ errors
at a chosen magnitude range. The FUV-optical CMDs are also over-plotted with
updated MIST isochrones (Choi et al. 2016) to compare the locations of the distinct
sequences predicted by the theoretical models with the observed ones. In all FUV
images, hot and bright stars such as BSSs, YSSs, and MS are detected. We have
detected 4 BSSs out of 5 previously known in the literature (Rain et al. 2021). Four
detected BSSs are confirmed RV and PM members. Two YSSs are also identified
in all FUV images. We note that these stars are well-separated and brighter than
the theoretical isochrone presenting the SGB sequence in all FUV-optical CMDs,
in turn confirming their classification as YSSs. The UVIT is unable to detect RGB
and Red Clump stars in the FUV region due to their faintness.

Unlike optical CMD, the FUV-optical CMDs show a large scatter along MS, as
shown in Figure 6. The overlaid isochrones in all FUV-optical CMDs help to
trace the MS scatter. We note that a few MS stars are brighter than theoretical

MSTO not reproduced by isochrones. These might have high rotational velocities

"https://gea.esac.esa.int/archive/documentation
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accounting for this feature. Some of them may be binaries or potential BSSs.
One BSS is found to be very hot and bright in all FUV-optical CMDs compared
to the other three BSSs. This BSS can be an exciting candidate to characterise,
as it might have a hot WD companion. As two YSSs are detected in all FUV
images and found to be bright in all FUV-optical CMDs, these stars also might
have a hot companion, which leads to their detection in the FUV images. These

are intriguing targets further to understand their formation and evolution in the

clusters.
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FIGURE 6: FUV-optical CMDs using F148W and F169M passbands of
NGC 2818 of confirmed members cross-identified using UVIT FUV and Gaia
EDRS3 catalogue. The error bars (median) are shown in grey colour on the left
side of each panel. The rest of the details are the same as in Figure 5.

6.4.3 Extended MS turn-off in FUV CMDs

In order to check the sensitivity of UVIT colours to the T,¢; affected by the rota-
tional velocity, we plot (Gbp—Grp) vs (F172M—G) colour as shown in Figure 7,
which indicates a linear relation. The range of Gaia colour is only 0.4 mag whereas
F172M—G spans about 3.0 mag, which makes F172M—G colour more sensitive and
responsive to rotational velocity. F172M—G colour is preferred over F169M—G
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because the band F172M allows only continuum light, and no chromospheric or

transitional emission lines are seen in late-type stars in FUV.
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FIGURE 7: F172M—G vs Gbp—Grp colour-colour plot of all stars detected with
UVIT colour-coded by their measured Vsini values. Stars with black colour
symbols do not have estimated Vsini values.

Comparison of the CMD, F172M—G vs Gbp (Fig. 8 upper right) with CMD of
Gbp—Grp vs Gbp (Fig. 8 upper left) shows the sensitivity of F172M—G colour.
The bend in the isochrone in F172M—G vs Gbp CMD at a colour of 4.0 indi-
cates the beginning of eMSTO prominently (unlike Fig. 8, left panel), and all the
stars right of the isochrone show high rotational velocity. The MS comprises stars
with both high and low rotational velocities. However, the CMD of F169M—G vs
Gbp exhibits some more aspects. From the comparison of F169M—G colour with

F172M—G in Fig. 8, we find that the former is redder than the latter. It can be
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due to the fact that the F169M flux in late-type stars is smaller than at F172M.
Moreover, the predicted colours using the theoretical isochrones are following the

same trend.

It is well known that MS stars later than about F2 would possess coronal and
transitional regions as evidenced in the FUV region by emission lines of C IV, He
IT, Si IV, N IV, N V, etc. (Linsky and Haisch 1979; Jordan and Linsky 1987).
Prominent lines like C IV and He II occur in the F169M band region (unlike the
F172M band). The F154W and F148W would contain a few more emission lines
in addition to C IV and He II. Thus, the CMD of F169M-G vs Gbp shows that the
MS stars are shifted bluewards to the isochrone, probably suggesting the presence
of transitional region lines. Even in the F169M—F172M vs Gbp CMD shown in
the lower right panel of Figure 8, it is evident that most stars have bluer colours
than the theoretically expected ones from isochrones. It is to be noted that all
stars on the blue edge of the MS in CMD of F169M—G vs Gbp (15<Gbp<16,
5<F169M—G<6) show high rotational velocity in contrast to CMD of F172M—-G
vs Gbp (15<Gbp<16, 4<G172M—M<5). It is fairly well established that high ro-
tational velocities enhance the coronal and transitional line emissions (Pallavicini
et al. 1981; Linsky et al. 2020). Thus, it is consistent with the suggestion that
high rotation stars are on the blue side because of high emission line activity in
total contrast to the MS of F172M—G vs Gbp CMD. This phenomenon sets into
stars redder than (Gbp—Grp) ~0.5 mag.
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TABLE 6.1: Stellar parameters obtained from best SED fit of BSSs detected
with UVIT in NGC2818. Column 1 denotes the star ID used in the chapter.
Columns 2 and 3 display the RA and DEC of all the stars considered for fitting,
respectively. The T, s, luminosities, and radii of all-stars, along with errors, are
tabulated in columns 4, 5, and 6, respectively. The best fit’s reduced x? value is
presented in column 7, and the ratio of the number of photometric data points
used for the fit to the total number of available data points (%) can be found
in column 8.

Star ID RA (deg) DEC (deg)  T.fs (K) L £ Xa Vef Vgf, 3

BSS1  139.0306 -36.59184 11,500 250 91.55+17.54 2.39+0.22 129 129 153 11/12
BSS2  139.0279 -36.59178 9,000 +250 32.99+6.31 2314021 3.1 31 088 12/12
BSS3  139.1633 -36.43083  8,50075% 5228 £9.84 3.304+0.31 48 48 1 19/19
BSS4  139.0276  -36.6423 8,750 £250 20.97 £3.94 1.94+£0.18 49 49 091 19/19

TABLE 6.2: Derived parameters of YS and MS stars from the composite SED
fit. The different models used to fit the cooler (A) and hotter (B) components
of the SEDs are presented in column 5. The meaning of rest of the columns are
consistent with those in Table 6.1.

Star ID RA (deg) Dec (deg) Type Model Used  T.js (K) L% R—ﬁ x%a Vet Vgfs féﬁ;
YSS1  139.0523 -36.57946 A Kurucz 4,750 £ 125 338.1+63.25 27.01+2.49 56 56 036 20/20
B Koester 10,250 £250  7.43731% 0.864103% 4.3 43 0.61
YSS2  138.9976 -36.58243 A Kurucz 5,000£250 789141555 1093+£1 3.5 3.5 071 16/16
B Koester 10,000 +250  4.72F]7% 072370969 24 24 081
MS  139.0592 -36.60989 A Kurucz 6,000+ 125 18.35+3.47 3.98+0.37 7.3 7.2 099 18/18
B Kurucz 9,000+ 125 10.79+2.04 1.36+0.125 7.3 7.2 099

TABLE 6.3: Derived parameters of PN NGC 2818 from the best SED fit. The
notation of all columns is the same as described in Table 6.1

Star ID RA DEC Model Used Tosy = £ Xog Vel Vgfy R
(deg) (deg) (K)

PN NGC2818 139.0061 -36.62707 TMAP(Grid3) 190,000 4 8080.40 826.75+225.21 0.026+0.002 83 83 45 6/6




Chapter 6: UV study of NGC 2818:

BSSs, YSSs, PN, and their membership

152

12 T

% BSS
YSS
= Vsini

13k — 775 MyriFe/I=0.0 dex

* . s
. -
14} A l
a * B . N
A
* (oo,
15| N,
L
0y
A
%,
16} 2.

Il Il Il e | Il Il
02 04 06 08 10 12 14

Gbp — Grp
12 T

%* BSS
YSs
—— 775 Myr,[Fe/H]=0.0 dex

141

Gbp

15

16

F169M - G

FIGURE 8: Optical (upper left), F172M-G vs Gbp (upper right), F169M-G vs
Gbp (lower left), and F169M-F172M vs Gbp (lower right) CMDs of NGC 2818
members colour-coded by measured Vsini values. The rest of the details are the

same as in Figure 5.

250

Vsini

12

T T
* BSS
YSs
—— 775 Myr,[Fe/H]=0.0 dex
13F
Lol
a 141
Q
o
15f
16
L L
2 3
12 T
%* BSS
YSS
—— 775 Myr,[Fe/H]=0.0 dex
13
*
E‘ 14 —
*
o —_—
15 — a
.o
16} ———
I I I I
-0.4 0.0 0.4 0.8 1.2 1.6

F169M — F172M

6.5 Spectral Energy Distribution Fits

250

It is well demonstrated in previous studies of exotic stellar populations, such as

BSSs in OCs, that they are products of stellar interactions. There might be a

chance of detecting a binary companion in the case of BSSs and YSSs. SEDs of

such systems can be used to obtain the parameters of the multiple components.

This section presents the multiwavelength SEDs constructed for the BSSs, YSSs,

and CSPN identified with UVIT to derive their atmospheric parameters like 7.,

L (Lg), and R (Rz). We aim to probe the physical nature of these stars and

probable hot companions, if present, by estimating their stellar parameters and
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FIGURE 9: SEDs of four BSSs detected with UVIT. Extinction correction has
been incorporated in all the observed photometric fluxes from UV to IR. The
BSS ID adopted in this work is shown in each figure. The grey colour presents
the best-fitting Kurucz model spectrum in all the plots. The data points that
are excluded in the SED fit are shown with the orange colour-filled symbol. The

bottom panel in all the SEDs illustrates the residual between the observed fluxes
and model predictions.

placing them on the H-R diagram. SEDs are generated with the observed photo-
metric data points spanning a wavelength range from FUV-to-IR and fitted with
selected theoretical models. The details of the SED fitting technique are described
in Chapter 2. In addition to x?;, VOSA calculates two extra parameters, Vgf and
Vg fp, known as modified x2_, to estimate the goodness of fit in case the obser-
vational flux errors are too small. The value of Vg f, should be less than 15 to

achieve a reliable SED fit (Rebassa-Mansergas et al. 2021).

The Kurucz stellar atmospheric models are employed to create synthetic SEDs

(Castelli et al. 1997; Castelli and Kurucz 2003) for YSSs and BSSs, which have
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FI1GURE 10: Double-fit SEDs of YSSs. The meaning of all the symbols is dis-
played in the legend. The star IDs and parameters of two components obtained
from the fit are shown on the top of both SEDs. The green colour represents the
composite model flux along with the observed fluxes marked with red symbols.
Orange dotted-dash and blue dashed lines indicate Kurucz and Koester models
used to fit the star’s cooler and hotter components, respectively. The middle
panel presents the fractional residual (Orange dashed line) corresponding to the
single fit as well as the composite fit (Green solid line). The fractional obser-
vational uncertainties in the flux are also shown here. The values of X%ed and
modified Xfed parameter, namely vg fb2 representing the best-fit are displayed in
the lower panel.



Chapter 6: UV study of NGC 2818: BSSs, YSSs, PN, and their membership 155

PN NGC 2818 Temperature = 190,000 K MS A (6000 K, logg=4.0) B (9000 K, logg=4.5)

——Model  [] Model Flux ] UvIT —— Model A - -8B [ Model [l Obs
10-14 4
T T
& &
£ E
£ 2
9q04-15 a
w10 3 a
g g
2 2
'y o
~
107164 10718
—_ 05 —_ 1F
£3 od ]
£% 00 [ f g H Y = e
£, . ‘ i g Uy .
1200 2000 3000 5000 7000 10*
AlA] AA]

FIGURE 11: SED fit of the CSPN (left panel) and MS star (right panel) after
taking into account the extinction correction. The black solid line represents
the theoretical TMAP model fit to the observed fluxes shown with red symbols.
The best-fit T, ;¢ value is displayed in the figure. The rest of the details are the
same as in Figure 9 and 10.

observed photometric data points covering a wavelength range from UV to IR.
The free parameters available in the Kurucz model are T, ;¢, metallicity, and log g.
To fit the observed SEDs of the stars, as mentioned earlier with Kurucz models,
we assumed T¢sr, and log g as free parameters, and fixed the value of metallicity
[Fe/ H} = 0.0 dex, close to the cluster metallicity. We adopted the range of T,y
from 5,000-50,000 K and log g from 3.5-5 dex in the Kurucz models. We combined
the photometric data points of UVIT (4 passbands) with GALEX (2 passbands),
Gaia EDR3 (3 passbands) (Gaia Collaboration et al. 2018), SDSS (3 passbands),
APASS (2 passbands), 2MASS (3 passbands), and WISE (4 passbands) to generate
the observed SEDs. VOSA makes use of Fitzpatrick reddening law (Fitzpatrick
1999; Indebetouw et al. 2005) to compute the extinction in different passbands
and correct for extinction in observed fluxes for the provided Ay. VOSA utilises
the Markov chain Monte Carlo (MCMC) approach to estimate the uncertainties

in the stellar atmospheric parameters obtained using the SED fit.

SED fitting analysis is conducted for four BSSs, two YSSs, and PN, as described

in the following subsections.
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6.5.1 Blue Straggler Stars

The best-fitted SEDs for all BSSs are shown in Figure 9, where the lower panel of
each SED depicts the fractional residual between the observed and predicted fluxes.
The overplotted black solid line presents the synthetic Kurucz model spectrum
created using the parameters corresponding to the best-fit SED. The star IDs
adopted in this work are displayed on top of each SED. We observe that the SEDs
of all BSSs are seemed to be well-fitted with a single model, as the residual is
close to zero in all SEDs. Since the observed flux errors are very small for all
the filters used, the error bars (shown in black colour) are smaller than the data
points. We list their parameters corresponding to the best fit in Table 6.1. We
obtain Vgf, values for all BSSs to be around 1, indicating the good SED fits,
and all the derived fundamental parameters are also reliable. The BSSs have a
Tesr range of 8,500—11,500 K, and radii of 1.9-3.3 Rs. Now, here arises the two
possibilities about the nature of these stars: 1) either all BSSs are single stars, 2)
or they are binaries with a very faint companion, not able to detect by the UVIT
observations. If these stars are single, they are likely to be formed via the merger

of the component stars in a binary.

6.5.2 Yellow Straggler Stars

Figure 10 presents the SEDs of two stars classified as YSSs in this work. In
this figure, the lower panel represents the fractional residual, i.e., the ratio of the
difference between the observed and model flux (Fyps — Fiuoqer) and the observed
flux at every given data point. We can see in Figure 10 that both YSSs are showing
significant UV excess as a single model could not fit the entire SED. A rise in the
flux in the UV wavelengths can also be seen in the fractional residual plot for a

single spectrum fit (displayed as an orange dash-dotted line in the figure). To fit
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the hotter component of the system, first, we gave excess for wavelength less than
3000 A and fitted the cooler component that includes the optical and IR data
points with the Kurucz model by selecting T ¢; range from 3,500—50,000 K and
logg from 1.5—2.5 dex. From the single fit, the computed values of T¢ ;s of the YSS1
and YSS2 are 4,750 K and 5,000 K, respectively. The radius of YSS1 and YSS2
is 27 R, and ~ 11 R, respectively. From their temperature and radii, we infer
that they are in the giant phase of stellar evolution. After obtaining the stellar
parameters of the cooler component, then we used Binary SED Fittingt code to
fit the hotter part of the SED. The full details of this code are well described in
Jadhav et al. (2021). We expect the hotter component to be compact, so we have
used the Koester WD model (Tremblay and Bergeron 2009; Koester 2010). In this
model, the range of free parameters T, ¢; and logg is 5,000—80,000 K and 6.5—9.5,
respectively. The double fit of both stars is shown in Figure 10, where the Kurucz
model fit is shown with an orange dash-dotted line, and the Koester model fit
with a light-blue dashed line. The composite fit is marked with a solid green line.
The fractional residual in both plots is close to zero for all observed data points
indicating how well the double component fit reproduces the observed SED. This
is even evident from the vg f;, values (close to 1) computed from the SED fitting of
both stars. The estimated parameters of both YSSs from the best binary fit are
tabulated in Table 6.2. From the double fit, we estimate the T¢;; of the hotter
companion of YSS1 and YSS2 are 10,250 K and 10,000 K, respectively. The values
of parameters such as T¢ss, luminosities, and radii of the stars are mentioned on

the top of each SED.

‘https://github.com/jikrant3/Binary_SED_Fitting
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6.5.3 PN NGC 2818

As we have shown in the previous section, the PN NGC 2818 most likely has a
physical association with the cluster; it will be interesting to characterise its cen-
tral star to obtain information about its progenitor. We can clearly see the CSPN
in the FUV image, as shown in Figure 1, implying its very high temperature. The
magnitude of CSPN is a vital parameter to study its evolution as it can be used
to determine the stellar parameters. The magnitude of the CSPN in optical filters
was measured by Gathier and Pottasch (1988). As CSPN is well observed in all
FUV images, therefore we have calculated the magnitude of the central star by
doing the PSF photometry on the FUV images acquired in 1st and 2nd epoch ob-
servations. We have subtracted the nebular background in assessing the magnitude
of the CSPN. The external extinction and distance to the nebula are considered
to be the same as that of the cluster. Four FUV UVIT data points are combined
with two optical photometric data points from Gathier and Pottasch (1988) to
construct the observed SED of the nebula. As the central star seemed to be very
hot, we have fitted its SED with the TMAP (Grid3) model used for hot stars
(Werner et al. 2003; Rauch and Deetjen 2003). This model grid spans a range of
atmospheric parameters such as 50,000K < T,¢r < 190,000 K, 5.0 < log g < 9.0,
and 0 < Xz < 1. It is important to note that we took into account the external
extinction while fitting its SED but did not incorporate the internal extinction in
the nebula. We have noticed that T¢;; derived using the TMAP model fit to the
observed SED corresponds to their upper limit, which indicates that this star is
likely to be hotter than the estimated temperature from this model. The stellar
parameters computed from the best-fit SED of the nebula are summarised in Ta-

ble 6.3.
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6.5.4 MS stars

The SEDs are also constructed for the MS stars detected with UVIT, for which
rotational velocity information was available in the literature to investigate their
nature. Apart from that, we also have considered the MS stars for SED analysis
for which rotational velocity was not estimated earlier, and their position in all
FUV-optical CMDs was not matched with their expected one. 31 MS stars with
the known rotational velocity are identified with UVIT in two epochs. Other than
these stars, 6 MS stars are brighter than MS turn-off in FUV CMDs. We have
used the Kurucz models to fit their observed SEDs to obtain their physical pa-
rameters and check their binarity. Out of 37 stars, we observed that only one MS
star shows significant FUV excess, as illustrated in the right panel of Figure 11,
whereas other stars show less or mild UV excess that could not be fitted with a
double component SED. Chromospheric activity in the above star cannot account
for UV excess as it is exceptionally high compared to the model. The other possi-
bility to explain this excess is the presence of a hot companion that mainly emits
at shorter wavelengths. To account for the presence of the hot companion, we fit-
ted the entire SED with the Kurucz model using the binary fit task from VOSA.
The double component fit for this star is found to be satisfactory (Right panel of
Figure 11), and the best-fit parameters computed are tabulated in Table 6.2. The
radii of both components suggest that they are not quite on the MS. The cooler
companion is likely to be a sub-giant (R/Rs ~ 4.0), whereas the hot companion
has a smaller radius (R/R. ~ 1.36) when compared to the MS star of similar
temperature (R/Rs ~6.0). It might be possible that this is a post-mass transfer
system where the hotter component is the donor, and the cooler component is still

bloated after gaining mass. The rotational velocity (Vsini) of this star is around

39 km/s.
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6.6 Evolutionary Status

Placing the stars on the H-R diagram provides information about their evolution-
ary stage and helps in probing the nature of the hot companions in the case of
binaries. To examine the evolutionary status of exotic stars considered in this
study, we have plotted the theoretical evolutionary sequences starting from the
MS to the moment the star has entered the tip of the RGB stage. These tracks
are taken from MIST models computed by Choi et al. (2016); Paxton et al. (2018)
and selected for a known age of the cluster and metallicity close to the cluster
metallicity. The stellar parameters estimated from the single SED fit for four
BSSs are plotted in the H-R diagram. The meaning of the colour and symbols are
marked in Figure 12. We can notice in Figure 12 that BSSs are lying bluer to the
MS track, suggesting that these four stars belong to the BS evolutionary phase.

The location of two YSSs on the H-R diagram is near the theoretical RGB se-
quence. It indicates that their progenitors’ (BSSs) have already evolved into a
giant phase where the contracting helium core is surrounded by the hydrogen-
burning shell. The hot companions of both YSSs seemed to be compact in nature,
as indicated by their estimated radii suggesting they might belong to the WD or
ELM WD or subdwarf stage of stellar evolution. In addition to the MS tracks, we
have presented the DA-type WD cooling sequences with masses 0.5 M and 0.2
M, taken from Tremblay et al. (2011) in Figure 12. From comparing the position
of the hot companions of both YSSs with theoretical WD cooling tracks, we notice
that their location is not reproduced by them, implying that they still have not
entered the WD stage. While there are non-DA type WDs that are believed to
result from mergers, they are not expected to be found in OCs because the merger

process would take longer than the age of the cluster.

In order to find out where ELM WDs fall in the H-R diagram, we have used the
field ELM WD catalogue provided by Brown et al. (2016b). They have estimated
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the Tg and log g values of the considered ELM WD sample in their paper. To
place them on the T¢;s vs luminosity plot, SED fitting technique is utilised to
calculate the luminosity of all ELM WDs (Priv. Comm. Vikrant Jadhav). The
extinction correction has been incorporated in all the stars. All field ELM WDs are
marked as cyan-filled symbols in Figure 12. We note that the hot companions of
the YSSs are more luminous than the field ELM WDs with a similar temperature.

As the location of the binary companions of YSSs is not reproduced by the WD
tracks as well as ELM WDs, we further suspect that they might belong to the
class of sdA as they are lying near the general location of subdwarfs in the H-R
diagram. sdA stars are supposed to occupy the location between the dwarfs and
WDs in the H-R diagram; hence, they are more compact than dwarfs, indicating a
higher log g value. Brown et al. (2017) performed a detailed study of sdA stars to
investigate their physical nature and a possible link to the ELM WDs. We used the
field sdA catalogue to locate their positions on the H-R diagram. As only effective
temperatures of all sdA stars were available in the catalogue, we used the SED
fitting technique to determine their luminosities. The extinction in the visual band
(Ay) for these stars was estimated using the reddening map provided by Schlafly
and Finkbeiner (2011). We have taken care of the extinction correction in the
observed fluxes in different bands of all sdA stars. The distances to these stars
are available in the Gaia EDR3 catalogue. We have used the distances reported
in Bailer-Jones et al. (2021), estimated using Gaia EDR3 catalogue, and they all
fall within a range of ~1.5 to 8 kpc. The sdA stars are displayed with purple-filled
symbols in the H-R diagram. The hot companions of YSSs are found to be hotter
than the similarly luminous field sdAs and more luminous than the similarly hot

field sdAs.

From this comparison, we suggest that they are most likely to be sdA stars formed
through a binary mass transfer scenario. These binaries are probably a post-mass-

transfer system consisting of a sdA candidate and a YS star. We also checked the
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position of the hotter and cooler components of the MS star on the H-R diagram
displayed with orange-colour symbols. The hotter component occupies a location
bluer than theoretical isochrone, might be evolving to the sdA type star, whereas
the cooler component occupies the location expected for sub-giants. The evolution
of this star might be similar to the YSS as the cooler component is evolving to
the giant stage, whereas the hotter component later might end up as sdA. Thus,
we speculate that this system might be a progenitor of the YSSs detected in this

cluster.

Further, we have used the theoretical models of pAGB stars computed by Miller
Bertolami (2016) to deduce the evolutionary state of the CSPN. We adopted the
cluster metallicity (Z=~ 0.02 dex) to select the pAGB tracks. Tracks with a range
of final mass as shown in Figure 12 are presented from the beginning of the pAGB
phase when the H-rich envelope drops below M,,, = 0.01M, to the moment the
star has already entered its WD cooling sequence at L, = Lg,,. The estimated
parameters of the PN from the SED fit are plotted in the H-R diagram (Red filled
symbol). From the comparison to these theoretical pAGB tracks, we observe that
CSPN is found to be located on the track (Black dash-dotted line) corresponding
to the final mass 0.657M,,,. It can be noted from here that the star has already

entered the WD cooling phase.

6.7 Discussion

We have performed an observational study of OC NGC 2818 and the PN within its
field using FUV medium-resolution space-based imaging data from UVIT aboard
AstroSat. The goal of this study is to employ the most accurate and extensive
Gaia EDR3 data on the astrometry and photometry of stars in the intermediate

age OC NGC 2818 to confirm the membership of known stars and uncover the
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FIGURE 12: H-R diagram of the bright stars identified with UVIT. Various
evolutionary tracks are presented from the beginning of the MS to the moment
when a star has entered to the stage, followed by the WD cooling sequences. All
these tracks are generated for cluster metallicity and age. The pAGB sequences
with different final masses are shown here to compare the location of the CSPN
marked with a red star symbol. BSSs and YSSs are displayed with blue-filled
circles and yellow star symbols, respectively. The hotter companions of YSSs
are shown with magenta star symbols. In addition, Field ELM WDs and A-type
subdwarfs represented with cyan and purple symbols are also placed in the H-R
diagram to compare the position of the hot companions of both YSSs. Green
colour solid and dashed lines correspond to the DA-WD tracks with different
masses.

evolutionary stage of exotic stars. Given that the stars are located in the central
region of the cluster, we have limited our study to the inner part of the cluster
with a radius of 30/, and selected 37508 stars brighter than G = 21 mag. Using
the GMM method to pick out the PM members, we have chosen 718 stars as
the cluster members with P, > 50% and considered them further to identify
their FUV counterparts with UVIT. FUV and FUV-optical CMDs were generated
for the cluster members and overlaid with the MIST isochrones to compare the
position of different observed evolutionary sequences with theoretically expected

ones. MIST isochrones are found to match well with the observed sequences in
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FUV-optical CMDs, but in FUV CMDs, especially F169M—F172M vs Gbp, most
of the detected stars in both filters are lying blueward of their expected location

from isochrones.

In all FUV images, we have identified four BSSs, two YSSs, and MS based on
their location in the optical as well as FUV-optical CMDs. Then, we performed
the SED analysis to deduce their physical properties to evaluate their nature. The
Terr of BSSs estimated from SED fit ranges from 8,500—11,500 K, hinting that
they are quite hot, consistent with the young age (700—800 Myr) of the cluster.
In the previous studies of BSSs in other OCs conducted using UVIT data, the
Tt sy range varies from cluster to cluster depending upon its age. The temperature
range of BSSs in OC M67 (4 Gyr) is 6,250—9,000 K (Jadhav et al. 2019), in King 2
(6 Gyr) 5,750—8,500 K (Jadhav et al. 2021), in OC NGC 188 (7 Gyr) 6,100—6,800
K (Gosnell et al. 2015). In intermediate-age OCs such as NGC 7789 (1.6 Gyr)
(Vaidya et al. 2022) and NGC 2506 (2.2 Gyr) (Panthi et al. 2022), BSSs span a
temperature range from 7,250—10,250 K, and 7,750—9,750 K, respectively. The
SEDs of all BSSs are well-fitted with a single model, and we suggest that colli-
sions leading to the mergers might explain their formation in this cluster. Another
plausible possibility is that they might have a faint WD companion undetectable
with UVIT. If this is the case, then the second prominent scenario to explain their
existence in star clusters, i.e., mass transfer in close binaries, will dominate over
the previous one. Moreover, mass transfer in binaries will dominate in OCs as they
are less dense and compact than GC systems. Further, spectroscopic analysis of

these stars will help to confirm their nature.

Two YSSs, from their SED fits, are found to be binaries, and the location of YSSs
and their hot components in the H-R diagram suggests that cool components are
already in the RGB phase. In contrast, hot components most plausibly belong to

sdA class. We infer from here that these two stars are post-mass-transfer systems
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where BSS (accretor) has evolved into a giant stage and became YSS, and the
donor star into a sdA. In addition, a spectroscopic study performed by Mermilliod
et al. (2001) of RGB stars, including these two stars, found that they are spectro-
scopic binaries, confirming our result. Their radial velocities estimated by them
also verify their membership. Hence, we suggest that these two stars are believed

to have formed through a mass-transfer mechanism in this cluster.

From the comparison of the distance, extinction, RV and PM values of the PN
with the cluster, it turns out that it is a most likely member of the cluster. Bohigas
(2003, 2008) estimated the T¢s; from the ionization modelling of the nebula as T¢y
149,000 K and log g of 7.1 (however, this might also be dependent on the distance
assumed). Mata et al. (2016) gives the T,¢; as 160,000 K. Gathier and Pottasch
(1988) estimate the HI Zanstra temp 175,000 K and Hell Zanstra temp of 215,000
K. Kohoutek et al. (1986) derived the luminosity (L. = 851Ly) and radius (R, =
0.038R) of CSPN using optical observations, and adopting the identical distance
to the nebula as that of the cluster (d=3.5 kpc). The atmospheric parameters of
CSPN determined using the SED fitting technique are more or less in agreement
with the previous estimations. Based on the comparison of the central star’s
location with the predicted ones from the theoretical models in the H-R diagram,
the central star’s mass turns out to be 0.66 M. Cummings et al. (2018) presented
the WD IFMR for progenitor stars of M, ranging from 0.85 to 7.5 M. In their
Figure 5, they displayed the comparison of the IFMR estimated for the observed
sample with the theoretical isochrones. For a given WD of mass approximately
0.66 M), the corresponding progenitor star’s initial mass turns out to be ~2.1 Mg
(From their Fig. 5). In this work, the MSTO mass of this cluster determined using
isochrone fit is ~2 M. The previously reported TO mass for this cluster and an
initial mass of the nebula’s progenitor are ~2.1 M, and 2.2+0.3 M, respectively
(Dufour 1984). Our estimations are consistent with the previous ones. From the

comparison of the cluster TO mass and progenitor mass, we infer that PN is quite
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likely a cluster member. Thus, this study showcases the significance of using the
FUV data to study the exotic populations and end stages of intermediate-mass

star’s evolution in OCs.

6.8 Summary and Conclusions

The key findings from this study can be summarized as:

e In this study, we employed UVIT observations onboard AstroSat to iden-
tify BSSs and YSSs in the OC NGC 2818, and also characterise the CSPN.
We further created the optical and UV-optical CMDs of member stars co-
detected using UVIT and Gaia EDR3 data in this cluster.

e The PM members of the cluster are obtained using Gaia EDR3 data, and
we found that PN NGC 2818 might be a member of this cluster, consistent

with the previous studies.

e As this cluster is young, hot and bright stars such as BSSs, YSSs, and MS

are detected in all FUV images.

e To compare the observations with theoretical predictions, optical and UV-
optical CMDs are overlaid with non-rotating MIST isochrones generated for
respective UVIT and Gaia filters. The theoretical isochrones reproduce the
features of all CMDs quite well.

e The FUV-optical CMDs prominently show the eMSTO phenomenon already

reported in this cluster, in agreement with the earlier studies.

e We characterised the four detected BSSs in the cluster, and a single model

fits well to all the observed SEDs. We suggest from the single model fits that
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these stars might have a faint WD companion that could not be detected

with UVIT’s detection limit or result from the merger of two close binaries.

e We suggest the presence of two YSSs in this cluster based on their location
in the CMDs. Both YSSs were found to have excess UV flux, connected to
their binary nature. They are confirmed spectroscopic binaries, and their
hot companions are compact objects, likely to be sdA stars. Based on these

results, we conclude that they are products of mass transfer in binary stars.

e From comparing the position of the CSPN with the theoretical pAGB evolu-
tionary tracks, we found that it has already transitioned into the WD cooling
phase with a mass of ~ 0.66M. The progenitor star’s mass is estimated to
be ~ 2.1M, similar to the cluster’s turn-off mass, suggesting the possibility

of its formation within the cluster.






Chapter 7

Conclusions & Future Work

In this thesis, we focussed on the identification and characterization of UV bright
stellar populations in GCs as well as OCs. In GCs, HB, pHB stars, BSSs, and WDs
are among the hot stellar populations that mainly emit in the UV region. However,
in OCs, BSSs, YSSs, and WDs are considered hot and bright and expected to emit
significant UV radiation. This thesis particularly focused on the evolved stages of
low-mass stars, that include HB and pHB stars, in GCs to better understand their
formation and evolution. In OCs, we did a comprehensive analysis of exotic stellar
populations composed of BSSs and YSSs, which are believed to be products of non-
standard stellar evolution, to better understand their nature and evolution. It is
extremely rare to have PN as a member of the cluster, and in this thesis, we study
a PN and the OC with the same name, NGC 2818, to derive the properties of its
central star and confirm its membership to the cluster. In summary, the findings
of these studies will contribute to a better understanding of theoretical models
of stellar evolution. To achieve the above-stated aims, we constructed different
CMDs combining UV and optical data from various sources, including the HST,
GALEX, and ground-based observations, for the programme star clusters. Thanks

to Gaia (DR2 and EDR3) for providing the accurate and precise PM data that

169
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helped in confirming the association of the UV-detected stars to the clusters. We
further did the comparison of the above-mentioned CMDs with theoretical models
of stellar evolution to categorise stars in various evolutionary phases, including
the classification of hot HB stars in the case GCs. Below we highlight the main
results from the thesis presented in Chapters 3-6.

7.1 HB morphology

e NGC1261: In FUV CMDs, only the bluest part of the HB was detected,
which encompassed BHB and two EHB stars, whereas the full extent of HB
consisting of RHB, BHB, RR Lyrae, and EHB were detected in the NUV
CMDs. The UV-optical CMDs display a very tight sequence of HB stars that
aligns well with theoretical models for these stars. The BHB stars cover a
temperature range from 8,000 K to 12,750 K, with the high-temperature end
approaching the G-jump temperature of 11,500 K in the HB distribution.
The cluster, therefore, has an HB distribution truncating at the G-jump
at the hot end and with the presence of two EHB stars. The two EHB
candidates identified through UV-optical CMDs are confirmed to belong to
this class from their derived temperatures using SED fitting technique and
probably single stars. In summary, we constrained the origin of the EHB
stars and suggested that they form via substantial mass loss along the RGB
stage, which can be due to factors such as rotation or enhanced helium

content or possibly through an early hot flasher scenario.

e NGC 2298: We detected only BHB along with four hot HB stars in each
FUV image. In addition to HB, very few BSSs, which are hot and bright,
are also detected in FUV CMDs. We observed a colour/magnitude spread
among the blue HB stars in each FUV CMD, which could not be accounted

for by the HB tracks obtained for enhanced alpha and helium abundances.
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We found, by comparing the observed distribution of HB with the simulated
one, that those hot HB stars are helium enhanced than BHB stars. In
contrast, BHB stars have a single initial helium abundance (Y;,; = 0.23).
The derived T s for all detected BHB stars ranges from 7,500-12,250 K. and
mass in the range of 0.6-0.75 M. In the H-R diagram, some of the BHB
stars are seen to be evolving towards the peAGB phase. We suggest the
evolutionary effects account for the observed spread among the BHB stars.
Three of four hot HB stars identified in the cluster have already evolved off
the HB phase. The hottest one has evolved off the peAGB phase and is
probably evolving towards the WD cooling stage. One star is a confirmed
EHB star, likely to be helium enriched. We also computed the number of
theoretically expected pHB stars in the cluster, which was found to match
well with the observed number. In addition, we found a binary star lying
along the BHB sequence that has a sub-luminous sdB companion to an RHB
star in the cluster. From the comparison with the ELM WD evolutionary
tracks, the mass of the sdB turns out to be ~ 0.187M, and is likely to be
evolving into a helium core WD. We suggest that it is probably an ELM WD

candidate formed from mass transfer in an sdB-RHB binary system.

e NGC 188: We presented the UV CMDs overlaid with isochrones of this OC
and reported, for the first time, the presence of HB in OC, with an RHB,
a BHB, and an EHB/sdB star; a temperature range of 4,750-21,000 K is

estimated from their SED analyses.

Overall, from our HB studies, we infer that UV observations play a significant role
in identifying hot HB and pHB stars in GCs and old OCs, and shed more light
on their origin and evolution in the clusters. The UV CMDs can also be utilised
as a powerful tool to check the existence of MSPs among HB. The change in the
distribution of the UV bright stars in optical and UV CMDs helps to explore their

nature and evolution. The peculiarities observed in UV CMDs allow us to improve



Chapter 7: Conclusions € Future Work 172

theoretical stellar evolutionary models by further incorporating appropriate phys-
ical parameters. The hot HB stars found in both GCs are potential candidates
for further spectroscopic follow-ups to probe their nature and to constrain their
formation pathways. These stars most probably serve as the energy budget at

short wavelengths in the old stellar systems, such as GCs and elliptical galaxies.

7.2 UV bright stars in OCs

e NGC 188: In each FUV image, we detect only hot and bright BSSs, a hot
subdwarf, and a WD candidate. In the NUV image, we detect 21 BSSs, 2
YSSs, and one WD candidate. The theoretical isochrones well reproduce
the observed UV-optical CMDs. Out of two YSSs detected in this cluster,
based on their location in the CMDs, YSS1 exhibits an excess of UV flux,
which may be related to its binary nature and X-ray emission. We detect

a candidate WD from the UV images, found to have parameters similar to

that of a 0.5 M, WD.

e NGC 2818: This study presents the first results of intermediate-age Galac-
tic OC NGC 2818 observed in FUV and with a PN within its field. Our
analysis of optical and FUV-optical CMDs reveals the presence of four hot
and bright BSSs and two YSSs. The theoretical isochrones more or less
fit the observed distribution of detected stars in all the CMDs. The pa-
rameters derived through SED analysis suggest the BSSs might have been
formed through collisions or have unseen WD companions. The photometric
analysis supports the binarity of the YSSs, which is in agreement with previ-
ous spectroscopic results. These YSSs are believed to have formed through
a mass-transfer scenario, with their hot components potentially being sdA

stars.
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e PN NGC 2818: We explore the physical connection between the PN and
the cluster using images taken from UVIT. The RV, Gaia EDR3 PM, and
the reddening of the PN and the cluster do not contradict the possibility
of PN membership. The central star’s location is then compared with the-
oretical models for pAGB stars in the H-R diagram, which suggests that it
has already transitioned into the WD cooling phase with a mass of ~0.66
Mg,. The progenitor star’s mass is estimated to be ~2.1 Mg, similar to the
cluster’s turn-off mass, suggesting the possibility of its formation within the
cluster. We suggest that the NGC 2818 might be one of the few known clus-
ters to host a PN, providing a unique opportunity to test stellar evolution

models.

Thus, our study on the BSSs and YSSs in OCs highlights the advantage of using
UVIT for observations and identifying hot companions to them if present, in turn,
provides insight into their formation processes. The advantage of using UVIT data,
when combined with the other multi-wavelength photometric data, to confirm the
PN’s membership to the cluster provides us with a remarkable opportunity to test
models of stellar evolution. Finding a PN within OCs is rare, and its association
with the cluster can help in constraining its age. Our study demonstrates that
UVIT is well suited to explore the end stages of low-mass star evolution in both

types of clusters.

7.3 Future and ongoing work

This thesis demonstrates the significance of using UV photometry in combination
with optical, IR, and Gaia data to examine the UV bright stellar populations in

star clusters. Below I present the ongoing/completed projects that I worked on



Chapter 7: Conclusions € Future Work 174

during the thesis period and the projects that I am involved in to carry out the

planned future work.

e As a part of the UVIT open cluster survey (UOCS), I am analysing the
BSSs in the well-studied old OC NGC 188, using the UVIT and HST data.
From this study, we obtained exciting results about hot companions to BSSs.
Our plan is to simulate the SEDs of these stars with similar parameters and

confirm our results (Rani et al. under preparation).

e [ am also studying the BSSs of the GC NGC 1261 by employing UVIT data
along with additional archival data. As a part of the UVIT Legacy Survey of
Globular clusters (GlobULeS) (Sahu et al. 2022), I am also interested in the
multi-wavelength analyses of w Cen (Prabhu et al. 2022), NGC 362, primarily
focusing on the BSSs (Dattatrey et al. 2023), Blue Lurkers (Datatrey et al.
2023, Submitted), and HB population.

e We are also analysing the Be stars in OC NGC663 using UVIT data in
both NUV and FUYV filters. This work is under preparation titled "As-
troSat /UVIT study of the young open cluster NGC 663: Probe into the Be

phenomena" (Nedhath et al. 2023, under preparation).

Apart from the above projects, I have a few ideas about future projects using

photometric as well as spectroscopic data from telescopes worldwide.

e We plan to propose the high-resolution spectroscopic observations for the two
YSSs detected with UVIT in OC NGC 2818 to confirm their binarity and

derive their abundances to shed more light on their formation pathways.

e BSSs are complex systems formed via mass transfer in close binaries and

mergers. There are abundant photometric studies of BSSs in star clusters



Chapter 7: Conclusions € Future Work 175

using optical and UV observations, but spectroscopic studies are still sparse.
Based on the evolutionary stage of the donor, we expect the accretor star to
have different or the same chemical abundances as the usual MS stars. How
the stellar interactions affect the abundances in the post-interaction systems
is still poorly understood. We plan to study the elemental abundances in
isolated and post-interaction systems such as BSSs to evaluate the abundance
patterns and their relationship with stellar age, mass, cluster metallicity
and orbital parameters. To achieve the above aim, we have obtained high-
resolution spectroscopic observations of two member BSSs in OC M67 with
Hanle Echelle Spectrograph (HESP) mounted on a 2-m Himalayan Chandra
Telescope (HCT).

e As it is well understood from the previous studies conducted in the last
decade in GGCs that they consist of MSPs. While there have been a few
studies that used spectroscopy to confirm the presence of MSPs in GGCs, we
plan to further investigate this by analysing the high-resolution spectra of

four bright giants in nearby GGCs to verify the existence of MSPs in them.

e There have been a lot of studies of variable stars in GGCs using optical data.
Here arise two problems while studying the variability using optical data in
GCs: 1) Crowding in the central region and 2) Small amplitude of pulsa-
tions. In this case, UV observations play an essential role as FUV images
of the clusters using UVIT reveal these populations in the central region as
the core of GCs is resolved, unlike in optical, and FUV light curves have
the largest amplitudes of ~3-5mag. The UV light curves of variable stars,
such as RR Lyrae, SX Phe, etc., which are abundant in GCs, provide im-
portant information regarding pulsation and the related shock mechanisms.
By examining the light curves of variable stars, the basic parameters of the
GCs, such as distance, metallicity, and age, can be estimated. Our plan
is to study the UV light curves of the already-known variable or pulsating
stars in GCs like NGC 1261, NGC 5272 and NGC 6341, which are abundant



Chapter 7: Conclusions € Future Work 176

in such stars. We acquired profound observations of GC NGC 1261 in the
FUV F169M filter of UVIT (Prop. ID: A09 088, —P.I: Sharmila Rani) and
also proposed the profound observations of the other two GCs (NGC5272
and NGC6341) (Prop. ID: A12 029, —P.I: Sharmila Rani).
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