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Abstract

The Small Magellanic Cloud (SMC), a dwarf galaxy in the local neighborhood, offers
an accessible laboratory for exploring star formation processes in a metal-poor environ-
ment. The SMC's structure, stellar populations, and kinematics bear clear evidence
of its recent dynamical encounters with the Large Magellanic Cloud (LMC) and the
Milky Way. In particular, the young massive stars formed in these disturbed conditions
serve as crucial tracers of galaxy interactions, stellar feedback, and hierarchical star
formation. However, until recently, the far-ultraviolet (FUV) view of the SMC has
been limited by spatial resolution and incomplete coverage. In this thesis, we employ
data from the Ultra Violet Imaging Telescope (UVIT) onboard AstroSat together with
complementary optical and near-infrared surveys (Gaia, SMASH, VMC) to present the

most comprehensive FUV-based study of young stellar populations in the SMC to date.

As the first step, we constructed a catalog of ~76,800 SMC FUV stars, of which
~62,900 are identified as probable SMC main body members. This catalog includes
UV, optical, and IR fluxes, enabling the study of stellar populations across multiple
evolutionary stages. Based on the Gaia optical color—magnitude diagram (CMD), FUV
stars were classified into four young populations: Young 1, Young 2, Young 3, and Blue
Loop. Their spatial distribution reveals a highly irregular and clumpy morphology, with
structures such as a broken bar, a shell-like feature, and the inner Wing. The Young
1, Young 2, and Young 3 populations are concentrated in the eastern and northeastern
SMC, while the Blue Loop, Young 2 and Young 3 dominate the southwest. Proper
motion analysis demonstrates that stars younger than ~150 Myr show evidence of
east—west kinematic stretching, consistent with signatures of the recent LMC-SMC
encounter, while no strong perturbation is seen along declination.

i



To probe star formation closely, we analyzed clustering of stars with ages below 150
Myr, identifying 236 stellar structures whose sizes span from two parsecs to three
hundred parsecs. Their irregular morphologies, perimeter-area dimension (D, = 1.46+
0.04), fractal dimensions (D, ~ 1.3-1.6), and log-normal surface density distribution
closely resemble the properties of a turbulent interstellar medium. These results provide
strong evidence that star formation in the SMC is hierarchical in nature and regulated
by supersonic turbulence, with galaxy interactions supplying the driving mechanism for

this turbulent regime.

Expanding the analysis to the northeastern SMC Shell region, we combined UVIT
data with Gaia EDR3 to create an FUV-optical catalog of ~14,400 stars. Overlaying
isochrones on FUV-optical CMD reveals multiple star formation episodes, most no-
tably at ~260 Myr, linked to the last close LMC-SMC encounter, and at ~60 Myr,
associated with the SMC's close approach to the Milky Way. The FUV stellar surface
density, together with the dispersion in proper motion, indicates that the inner SMC
extends northeastward to about 2.2°. In the FUV stellar density map, we identify
arm-like and arc-like features whose kinematics are comparable to those of its main
body. These outer extensions represent spatial overdensities of stars formed during
multiple episodes of star formation, but they do not exhibit any clear kinematic dis-
tinction. The median proper motion and velocity dispersion are comparable to those
of the SMC main body, suggesting that this region has not undergone significant tidal

influence.

Finally, to characterize the properties of the SMC's young stars, we choose a sample
region within the Shell where multifilter UVIT data are available for robustness. We
constructed spectral energy distributions (SEDs) for 1348 stars in the Shell region,
spanning 18 photometric bands from UV to IR. Using single- and double-component
fits, we derived effective temperatures, luminosities, and radii, identifying 1242 sin-
gle systems which are mainly main sequence B- and A-type stars (10,000-30,000 K,

3-8 M) and 85 systems which are double systems. These double systems include



18 stripped star binary systems, 9 subgiant-giant binary systems, and 20 candidate
binaries. We also found 38 double systems, which could be non-contact binary or a
star with a circumstellar disk or line-of-sight projections within the SMC. The charac-
terized single and double systems include known eclipsing binaries, emission line stars,

photometric variables, and pulsating variables.

Taken together, the results presented in this thesis deliver the most extensive FUV
catalog of the SMC to date and provide a detailed view of the distribution, clustering,
kinematics, and properties of its young stars. Our findings establish that the morphol-
ogy and dynamics of massive stars are strongly shaped by LMC-SMC interactions,
while their spatial substructure reflects turbulence-driven hierarchical star formation.
By identifying binary systems and stripped stars, this work also lays critical groundwork
for spectroscopic follow-up studies, which are essential to fully constrain the role of
binarity and feedback in metal-poor environments. Looking forward, future UV mis-
sions such as UVEX and INSIST will further expand upon these results, offering deeper

insight into how massive stars regulate the galaxies’ evolution in the early Universe.
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Chapter 1

Introduction

“Farth is a small town with many neighborhoods in a very big uni-

verse.” — Ron Garan

The Lambda Cold Dark Matter (ACDM or LCDM) framework suggests that the
formation of galaxies and the large-scale structure of the Universe is a hierarchical
process (Bower et al. 2006). In this paradigm, structure formation proceeds in
small-to-large manner, where smaller systems form first within dark matter halos
and later merge to build larger structures, as shown in Figure 1.1. Dwarf galaxies
occupy a central role in this framework: they are among the first galaxies to form
and act as key building blocks for the growth of more massive galaxies. These
galaxies are either accreted as satellites or merge with more massive systems, such
as the Milky Way (MW), contributing stars and gas to their halos and disks.
These interactions leave behind observable signatures, including stellar streams,
tidal bridges, and other substructures. This hierarchical assembly process is still
ongoing and is observable in both nearby and more distant systems (e.g., Ibata
et al. 1995; Bullock & Johnston 2005). In the Local Group, it can be examined

in exceptional detail, offering a unique window into the physical mechanisms that

1
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govern galaxy growth and transformation. Studying nearby interacting systems,
therefore, provides crucial insights into galaxy formation and evolution. One of the

most prominent and accessible examples in our vicinity is the Magellanic System.

FIGURE 1.1: The hierarchical model of galaxy formation: small galactic build-
ing blocks form first and gradually merge over cosmic time to create large and
massive galaxies. Credits: ESO/L. Calcada

1.1 The Neighboring System

The Magellanic System, as shown in Figure 1.2, is located in the immediate locality
of the MW and comprises an actively interacting group of galaxies and provides
an unparalleled laboratory for studying galaxy interactions in detail (D’Onghia &

Fox 2016). Its primary components are two gas-rich, irregular dwarf galaxies, the
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Stream

FIGURE 1.2: Composite map of the sky combining radio and optical data.
Neutral hydrogen (H 1) emission is shown in pink and overlaid on an optical all-
sky image (blue, white, and brown) from Mellinger (2009). The map is displayed
in an Aitoff projection, centered on the Galactic center. The MCs are visible as
bright white patches within the dashed circles. Credits: Nidever et al. (2010).

Large and Small Magellanic Clouds abbreviated as LMC and SMC respectively,
collectively known as the Magellanic Clouds, referred to as MCs. Their ongoing
interaction, between the Clouds and with our Galaxy, has given rise to a complex
network of gaseous and stellar features that trace the system’s dynamical history.
Three major signatures of these interactions are observed in the form of extended
gaseous and/or stellar structures: (1) the Magellanic Stream (MS) — a gaseous
structure trailing behind, covering over 200 degrees across the sky (Liu 1992;
Gardiner et al. 1994), (2) the Leading Arm (LLA) — a counterpart feature ahead of
the Clouds in their orbit (Putman et al. 1998) and (3) the Magellanic Bridge (MB)
— a dense gaseous and stellar connection between the LMC and SMC (Hindman
et al. 1963; Gardiner et al. 1994; Muller & Bekki 2007; Zivick et al. 2019). These
structures reflect both past and ongoing tidal and hydrodynamic interactions and

serve as powerful probes of the orbital history and internal dynamics of the Clouds.
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1.1.1 The Magellanic Clouds

Tl b o T

o

FIGURE 1.3: Enlarged view of La Caille’s 1752 map, with the two Clouds
marked by red arrows. Credits: Paris Observatory, Dennefeld (2020).

FIGURE 1.4: Left panel: Ground-based wide-field image of the LMC, taken
by astrophotographer Eckhard Slawik, covering approximately 10° x 10°. The
prominent red region slightly left of center marks 30 Doradus (the Tarantula
Nebula), the most active star-forming region in the Local Group. The H 11 region
N11B appears in the upper right portion of the LMC. Credits: Eckhard Slawik.
Right panel: Two-colour image of the full SMC, constructed from Digitized
Sky Survey 2 (DSS2) data. The field of view spans just over 3.5°. Credits:
ESA/Hubble and DSS2 and Davide De Martin.

The MCs stand out in the southern sky and have captured human curiosity for
centuries. Their visibility to the naked eye ensured that they were well known

to Indigenous populations in the southern hemisphere long before the advent of

Western astronomy (Dennefeld 2020). Cultural interpretations by communities
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TABLE 1.1: Basic properties of the MCs: morphological type, distances, masses,
spherical coordinates, and proper motions. S — Spiral, B — Barred, (s) — without
ring, m — Magellanic, and p — peculiar. !Pietrzyriski et al. (2019), 2Graczyk et al.
(2020), 3Besla (2015, and references therein), and *de Vaucouleurs & Freeman
(1972, hereafter V1972), ?Gaia Collaboration et al. (2021a).

Property LMC SMC
Morphological Type SB(s)m SB(s)mp
Distance D [kpc] 149.59 + 0.09 262.44 £+ 0.47
3Mass [Mg] Stellar 2.7 x 109 3.1 x 108

Gas 5.0 x 108 4.2 x 108

Dynamical (1.7 — 2.25) x 1010 (1.4 —5.1) x 10°

Center [RA, Dec] 4Optical 05M19™38%, —69°27/05"7.2  00P52™128.5, —72°49/43"
5Proper Motion u [mas/yr] o COS O 1.7608 £ 0.4472 0.7321 4+ 0.3728

1 0.3038 + 0.6375 —1.2256 £ 0.2992

such as the Mapuche and Tupi-Guarani often associated these diffuse celestial ob-
jects with natural phenomena like water sources, describing them as fountains or
ponds. Early visual depictions, including petroglyphs from northern Chile, provide
some of the earliest surviving references to these galaxies. Mentions also appear in
early Islamic texts, although much of the knowledge from precolonial societies was
transmitted orally and has not survived in written form. The first documented
Western observations are attributed to the age of maritime exploration. Amerigo
Vespucci, during his voyage in 1501-1502, likely provided the earliest European
description of the Clouds. Subsequent explorers, including Andrea Corsali (circa
1515) and members of Ferdinand Magellan’s expedition (1519-1522), offered more
detailed accounts. The latter, especially through Antonio Pigafetta’s travel writ-
ings, introduced the Clouds to a broader European audience. Nevertheless, their
diffuse nature meant they were often overlooked in navigation charts in favor of
more practical asterisms like the Southern Cross. Over time, sailors began in-
formally referring to them as the “Magellanic Clouds,” a name that eventually
gained scientific acceptance, most notably through John Herschel’s usage in the
mid-19th century. Despite their long-standing visibility, systematic scientific stud-
ies of the Clouds only began in earnest in the mid-20th century. The seminal work
of Gérard de Vaucouleurs during the 1950s marked a significant milestone, offering

surprisingly accurate insights into their morphology, dimensions, and distance (de
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Vaucouleurs 1954a,b, 1955a,b, 1957). From being cultural icons to key objects in
modern astrophysics, the MCs have evolved into essential targets for understand-

ing galactic dynamics and evolution.

The LMC and the SMC are located at a distance of ~50,000 pc (de Grijs et al.
2014; Pietrzynski et al. 2019) and ~62,000 pc (de Grijs & Bono 2015; Graczyk
et al. 2020, hereafter G2015 and G2020 respectively) away from our Solar System.
These two satellite galaxies are irregular gas-rich dwarf galaxies, gravitationally
bound and currently interacting with each other and the MW. These interactions
have led to significant tidal and hydrodynamic effects, shaping the morphology,
kinematics, and star formation histories of these galaxies. The LMC is the more
massive and more structured of the two, displaying a prominent off-centered bar
(Zaritsky 2004) and spiral arm-like features (Gardiner et al. 1998) (left panel of
Figure 1.4). 30 Doradus in the LMC is the most active region of stellar formation
within the Local Group (Elmegreen & Elmegreen 1980; Gallagher & Hunter 1984).
In contrast, the SMC exhibits a more disturbed and irregular morphology (see
the right panel of Figure 1.4), with a central bar and extended wing-like structure
(Shapley 1940) pointing towards the LMC. The stellar and gas components of both
the Clouds show evidence of distortion and displacement, supporting the view that
they have experienced repeated close encounters (Harris & Zaritsky 2009; Rubele
et al. 2018; Massana et al. 2022; Dhanush et al. 2024). Until approximately two
decades ago, it was accepted that the MCs orbit our Galaxy and the episodic star
formation was attributed to the perigalactic passages and/or the corresponding
tidal effects of the MW-LMC-SMC interactions (Lin et al. 1995; Harris & Zaritsky
2004). Subsequently, observational studies using the ground telescopes, the Hubble
Space Telescope (HST) (Kallivayalil et al. 2006) and dynamical simulation (Besla
et al. 2007; Chandra et al. 2023) found that the MCs are on their orbital encounter
with the MW. Vasiliev (2023) proposed that the MCs are on their second passage.
A summary of the basic characteristics of the LMC and the SMC is presented in
Table 1.1.
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1.1.2 The Magellanic Stream and the Leading Arm
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FIGURE 1.5: H 1 projections of the MCs and their surrounding environment
from multiple surveys. Top panel: Original identification of the six high-density
knots (MS I-VI) along the MS (Mathewson & Ford 1984). Upper middle panel:
Reprocessed HIPASS data (Putman et al. 2003), presented in Magellanic Coor-
dinates as defined by Nidever et al. (2008). Lower middle panel: LAB survey
map highlighting gas associated with the MCs, separated from Galactic emis-
sion using Gaussian decomposition (Nidever et al. 2008). Bottom panel: HI4PI
survey map displaying high-velocity gas (Westmeier 2018). Galactic coordinates
are indicated in all panels. Credits: Lucchini (2024).
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Among the most prominent components of the Magellanic System is the MS, a
massive trailing structure of neutral hydrogen (H 1) that arcs across more than
200 degrees of the sky. First identified in 21-cm surveys by Mathewson et al.
(1974), the Stream is devoid of significant stellar content and is believed to have
originated from the outer gas-rich regions of the LMC and the SMC. The Stream’s
filamentary morphology, high radial velocities, and low metallicity offer essential
clues to its origin and evolution. Kinematic studies have shown that the gas in
the Stream is moving at high velocities consistent with material stripped during
dynamical interactions, either between the Clouds themselves or with the MW
(Nidever et al. 2008). Its chemical composition (Fox et al. 2014)—particularly the
detection of low metallicity and alpha-element enhancement—suggests a predom-
inant origin in the SMC, with possible contributions from the LMC as well. An
alternative scenario proposes that the Stream is formed via ram-pressure stripping
during the Magellanic System’s last passage through the MW’s extended ionized
disk. This interaction likely stripped loosely bound H 1 gas, creating the observed
trailing structure (Mastropietro et al. 2004; Hammer et al. 2015). The Stream
is therefore not just a product of galactic interactions but also a laboratory to
study the mechanisms of gas removal in dwarf galaxies and their impact on the
circumgalactic medium around massive galaxies. A view of the Stream as found

in different H 1 surveys is shown in Figure 1.5.

The LA, first identified by its velocity components lying ahead of the MCs in
their orbit (Figure 1.6; Putman et al. 1998), consists of LA I, II, and III. LA T is
physically and kinematically connected to the LMC (Nidever et al. 2010), whereas
LA TII lies farthest away. Though limited absorption spectroscopy data exist for
a few sightlines, metallicity measurements remain poorly constrained (Fox et al.
2018), and low O/H values have ruled out an LMC origin for LA III. Estimated
distances to the LA (~20 kpc) are supported by stellar population detections,
interactions with the MW disk, and Ha emission (Casetti-Dinescu et al. 2014;
McClure-Griffiths et al. 2008; Antwi-Danso et al. 2020). While initially viewed as
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FI1GURE 1.6: Newly detected components of the LA as revealed by the GASS
survey. Left panel: Integrated H I column density map, where red boxes high-
light newly identified extended features within the LA complexes. The arrow
indicates a potential bridge connecting LA II and LA III. A previously uniden-
tified complex, designated as LA IV, is enclosed within the blue box, with a
possible extension marked by the dashed blue box. Right panel: Schematic
illustration of the LA structures (For et al. 2013). Credits: Lucchini (2024).

strong evidence for a tidal origin, more recent studies show that even tidal models
struggle to fully explain the presence of the LA (Tepper-Garcia et al. 2019). Ram-
pressure exerted by the MW’s circumgalactic medium may disrupt or displace
the leading gas (Bustard & Gronke 2022), and alternative scenarios suggest it
may contain gas removed from dwarf galaxies leading the Clouds during their
infall (Hammer et al. 2015). However, definitive remnants of such dwarfs remain

unidentified.

1.1.3 The Magellanic Bridge

The MB represents a prominent stellar and gaseous connection between the SMC
and LMC. It was initially thought to consist mainly of neutral hydrogen and young
stars (Putman et al. 2003; Harris 2007). Later Belokurov et al. (2017) revealed
a second branch, the Southern Bridge, the Southern Bridge, which is not aligned
with the LMC and contains older stars traced by RR Lyrae variables. More
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FIGURE 1.7: Spatial distribution of star clusters in the SMC. Small gray circles
represent clusters from the catalog by Bica et al. (2020). Black circles mark
clusters studied by Parisi et al. (2023), while black crosses indicate clusters
analysed in the VISCACHA studies by Dias et al. (2021, 2022). Clusters with
CaT-based metallicities available in the literature are shown as larger gray cir-
cles. The ellipse traces the projected extent of the SMC main body. Thick
dashed lines demarcate the outer regions into distinct two-dimensional struc-
tural components of the SMC, following the definitions of Dias et al. (2014,
2016). Credits: Parisi et al. (2023).

recently, Dias et al. (2021) uncovered a third component, the Northern Bridge,
supported by earlier indications (Nidever et al. 2013). This structure appears
to contain star clusters, possibly stripped from the SMC and moving toward the
LMC. Figure 1.7 shows the projected locations of the main bridge (extension of
the Wing), Southern, Northern, and Counter Bridges (in terms of clusters), and
southwest halo (discussed in section 1.2.1). Diaz & Bekki (2012) used N-body
simulations to predict a tidal structure associated with the MB, the Counter-

Bridge, which originated roughly 250 Myr ago. Dias et al. (2021) identified the first
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star cluster associated with this structure. Further evidence from the VISCACHA
survey (Oliveira et al. 2023) identified two cluster populations in the Bridge region:

a young population formed in situ, and an older population likely stripped from

the SMC.

1.2 The Small Magellanic Cloud

The SMC is one of the largest satellites of the MW and a metal-poor galaxy with
an average metallicity of Z ~ 0.2 Z, (Russell & Dopita 1990; Trundle et al. 2007;
Hunter et al. 2009; Hocdé et al. 2023). It is currently undergoing active star for-
mation, particularly concentrated in the central and eastern regions (Gonidakis
et al. 2007), (El Youssoufi et al. 2019, hereafter DL2019). The SMC has likely
experienced multiple interactions with its more massive companion, the LMC,
with the most recent close passage occurring approximately 150-300 Myr ago (as
inferred from dynamical modelling, cluster formation histories, and star forma-
tion histories, Harris & Zaritsky 2009; Rubele et al. 2018; Massana et al. 2022;
Dhanush et al. 2024). These interactions have triggered bursts of star formation
and significantly influenced the galaxy’s morphology and internal dynamics. With
a dynamical mass of (1.4-5.1) x 10?, M, the SMC is about an order of magnitude
less massive than the LMC (DM = (1.7 — 2.25) x 10'° M; Stanimirovi¢ et al.
2004; van der Marel & Kallivayalil 2014; Besla 2015) and nearly two orders of
magnitude less massive than the MW (D My = (0.75-2.25) x 1012 M, Cautun
et al. 2020). This large mass disparity renders the SMC highly susceptible to
tidal forces and ram pressure effects, resulting in pronounced structural asymme-
tries and the development of prominent tidal features such as the MB, the Stream
(Putman et al. 1998; Tatton et al. 2021), (Massana et al. 2020, hereafter MS2020)
and substructures in the outskirts (Dias et al. 2016, 2021, 2022; Parisi et al. 2023).
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The SMC serves as a critical laboratory for understanding dwarf galaxy evolution
in an interacting environment. Its immediate vicinity (/62,000 pc; G2015; G2020)
allows the resolution of individual stars across its extent, enabling detailed studies
of stellar populations and kinematics. Moreover, its position in the sky avoids the
crowded central regions of the MW, minimizing foreground contamination and
allowing high-fidelity mapping of its structure and dynamics. In this thesis, the
recent evolutionary history of the SMC'is examined, with particular attention given
to its morphology, kinematics, star formation, and properties of its young massive
stars. This section presents a comprehensive overview of these aspects, which will

serve as the foundation for the subsequent chapters.

1.2.1 Morphology
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FIGURE 1.8: Distributions of main sequence (blue) and red giant (red) stars
of the SMC in XY- (left panel; spatial) and proper motion (right panel; VPD)
plane. The black “x” marks the proper motion center of the red giants. Credits:
Zivick et al. (2021).

The appearance of the SMC, i.e. its morphology, is complex and varies with
its stellar population (e.g. Bot et al. 2004), (Gaia Collaboration et al. 2021a,

hereafter G2021). The young population in the SMC is distributed asymmetrically,

concentrated primarily in the central body and extending eastward into the SMC
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Wing, a region that connects to the MB (see the distribution of the blue points,
the main sequence stars, left panel, Figure 1.8; Indu & Subramaniam 2011; Rubele
et al. 2015; Zivick et al. 2021). In contrast, the older stellar population, traced
by red giant (RG) stars, appears more uniformly distributed, i.e., spheroidal or
ellipsoidal configuration (see distribution of the red points, the RG stars, left
panel, Figure 1.8; Zaritsky et al. 2000; Stanimirovi¢ et al. 2004; Rubele et al.
2015; Zivick et al. 2021). Recent study by DL.2019 recently found that its young
stars exhibit a bar with a noticeable break, indicating a density discontinuity,
while intermediate-age stars extend towards the MB, probably as a consequence
of tidal effects from the LMC ~200 Myr ago. Additionally, irregular features seen
in the central area suggest that the inner SMC has also been significantly shaped

by these past gravitational encounters.

The 3D structure of the SMC reveals considerable complexity, particularly along
the viewing direction. Depth estimates vary significantly across different regions.
Cepheids, which trace younger stellar populations, have been shown to follow
a bimodal age distribution, with younger Cepheids generally located closer to
the observer compared to older ones (Subramanian & Subramaniam 2015; Ripepi
et al. 2017). According to Scowcroft et al. (2016), the galaxy extends as much
as ~20 kpc along the northeast-southwest (NE-SW) axis, with the northeastern
side being the nearer end. Furthermore, the SMC bar has been identified as
being significantly stretched along the observer’s line of sight (Gardiner & Noguchi
1996),with eastern areas showing greater depth, sometimes extending to 23 kpc
(Nidever et al. 2013). Investigations using red clump (RC) stars also support
this geometry. Subramanian & Subramaniam (2012) concluded that the SMC is
elongated along the northeast—southwest direction, with a tidal extent estimated
between 7 and 12 kpc. Subramanian et al. (2017) reported a bi-modal distance
distribution among a foreground population of RC stars, suggesting tidal stripping
that may be linked to the formation of the MB. According to Sakowska et al.
(2024, hearafter SW2024), the northeastern portion of the SMC extends about 7
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kpc along the observer’s line of sight. Dhanush et al. (2025) found that the SMC
exhibits a line-of-sight extent of roughly 30 kpc, reflecting significant elongation

along the radial direction.

1.2.2 Substructures

The SMC’s peripheral regions host a range of stellar substructures, providing
clues to its complex dynamical interactions with the LMC and the MW. Several
studies have identified distinct spatial and kinematic features tracing signatures
of past tidal interactions and localized star formation events (Belokurov & Erkal
2019), (MS2020). One such feature is the northeastern SMC-Shell, estimated to be
younger than 500 Myr, and studied extensively (Albers et al. 1987; Zaritsky et al.
2000), (Martinez-Delgado et al. 2019, hearafter MD2019), (SW2024). According
to MD2019, the Shell may have originated in the latest phase of star formation,
potentially driven by interactions with the LMC or MW, but a tidal formation
scenario remains unconfirmed. Piatti (2022) analyzed 20 star clusters in this region
and found that the region shows a significant depth of ~13 kpc, exceeding earlier
estimates. SW2024 found that the northeastern Shell is dominated by young stars,
with episodes of enhanced stellar activity at ~250 and ~450 Myr.

On the western side of the SMC, a distinct feature known as the West Halo (Fig-
ure 1.7) has been reported in both photometric and kinematic studies (Dias et al.
2016, 2022; Zivick et al. 2018; Saroon et al. 2023). This structure appears to be
receding from the SMC and likely represents tidally stripped material. In the
southern outskirts, Cullinane et al. (2023) reported the presence of two distinct
stellar populations: one consistent with the SMC outskirts and another appearing
as debris removed from the SMC through interactions with the LMC. Similarly,
Omkumar et al. (2021) detected a foreground stellar population in the eastern out-

skirts, which they associated with the stellar counterpart of the MB. A prominent
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overdensity known as SMCNOD was discovered 8° from the SMC centre by Pieres
et al. (2017) using Dark Energy Survey (DES) data. Based on color-magnitude
diagram (CMD) analysis with theoretical isochrones, this structure primarily com-
prises intermediate-age stars around 6 Gyr old, with a smaller number of younger
stars with an age of ~1 Gyr, and is likely a tidal remnant stripped from the SMC
disc. Follow-up observations with the Magellanic Satellites Survey (MagLiteS)
confirmed that SMCNOD lies at a similar distance as the SMC, reinforcing its
tidal origin. Another substructure, termed Northern Substructure 2, was reported
by El Youssoufi et al. (2021) near the SMCNOD, around 7° northeast of the SMC'’s
centre. This feature, composed mainly of intermediate-age stars, may be linked
to the SMC'’s ellipsoidal shape rather than an external interaction. In addition, a
recently discovered diffuse feature located approximately 14° from the SMC cen-
tre was discovered by MS2020 using the Survey of the MAgellanic Stellar History
(SMASH) (Nidever et al. 2017, 2021, hearafter N2017 and N2021, respectively)
data. The significant separation points to a potential association with a distant

and ancient component.

1.2.3 Kinematics

The kinematic structure of the SMC exhibits significant variation depending on
the stellar population (see Figure 1.8). Using the Australia Telescope Compact
Array (ATCA) observations, Stanimirovi¢ et al. (2004) revealed that the H 1 gas
in the SMC exhibits differential rotation, characterized by a velocity gradient
extending from southwest to northeast.” Intermediate-age RGB stars also show
kinematically complex behavior. In particular, Dobbie et al. (2014a) found a pro-
nounced velocity gradient, with lower line-of-sight velocities towards the Wing and
higher values towards the southwestern end of the bar. These features were in-
terpreted as kinematic evidence of tidal debris—the former possibly representing

stars drawn into the MB and the latter linked to the so-called Counter-Bridge.
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Proper motion measurements by Zivick et al. (2018), based on HST observations
across 43 SMC fields, suggested that the SMC lacks strong internal rotation. Ac-
cording to their orbital study, the LMC and SMC experienced a close, head-on
encounter around 147 Myr ago. In another study, De Leo et al. (2020) identified
signs of tidal disruption in the RG population, particularly through tangential ve-
locity anisotropy, further supporting the scenario of tidal influence from the LMC.
More recently, Niederhofer et al. (2021) used data from the VISTA survey of the
Magellanic Clouds system (VMC) (Cioni et al. 2011, hereafter C2011) to examine
proper motions across different stellar ages. Their results indicated that the SMC’s
outer regions are being stretched outward. Notably, younger stars exhibited larger
proper motions toward the MB, while older populations showed coherent motion

toward the region associated with the older bridge.

El Youssoufi et al. (2023) revealed that young stars in the bar exhibit systemati-
cally higher radial velocities than supergiants, likely due to their formation from
gas already perturbed by tidal forces during a star formation episode ~40 Myr ago.
Moreover, stars originating in the northern bar during a significant burst about 25
Myr ago show greater radial velocities relative to stars in the southern bar. This
north—south kinematic asymmetry is also evident among giant stars. These stellar
patterns, supported by analyses of cold gas along with transverse motion data,
provide strong evidence for tidal stretching and stripping of the SMC induced
by its recent interactions with the LMC. More recent work by Dhanush et al.
(2025) reveals that young populations (<400 Myr) form a rotation-supported disk
with high elongation, moderate velocity dispersion (~11 kms™!), and an estimated

U over a ~6-9 kpc scale radius. In

asymptotic rotation velocity of ~49-89 kms™
contrast, the older stellar components exhibit little to no rotation and instead

trace a more spheroidal or flattened elliptical morphology.
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1.2.4 Star Formation

The galaxy’s stellar formation history characterizes how its star formation(SF)
rate has varied over cosmic time, offering insights into the processes governing
stellar mass assembly. It reflects the efficiency and timing of SF events, which
are influenced by mechanisms such as gas accretion, galaxy interaction/mergers,
internal feedback, and external environmental factors. Numerous studies have

explored the SMC’s temporal evolution of SF using various tracers.

Using UBVI photometry from the Magellanic Clouds Photometric Survey (MCPS),
and StarFISH analysis software (Harris & Zaritsky 2001), Harris & Zaritsky (2004)
derived the spatially resolved SF and chemical enrichment history of the central
region of the SMC. Their study revealed that nearly half of all stars in the SMC
formed more than 8.4 Gyr ago,with additional episodes of SF around 0.06, 0.4
and 2.5 Gyr, closely coinciding with past perigalactic interactions with the MW.
Sabbi et al. (2009) revealed that SF began around 12 Gyr ago in the SMC based
on the oldest main sequence turn off (MSTO) from HST/ACS CMDs, though it
remained low for the first few Gyr. A radial metallicity gradient is observed, with
lower metallicity in the outskirts. SF persisted until ~2-3 Gyr ago and re-ignited
around 500 Myr ago, especially in the bar and wing. The patchy spatial arrange-
ment of young stars suggests that recent SF is localized. Indu & Subramaniam
(2011) traced the last star-formation event in the SMC over the past 500 Myr us-
ing the MSTO identified from optical CMDs based on OGLE III and MCPS data.
They detected young star-forming concentrations near the center and wing, with
notable activity at 0-10 Myr and 50-60 Myr. A systematic shift in the centroid of
young populations was observed towards the LMC, suggesting recent SF was trig-
gered by the LMC’s gravitational influence combined with the MW’s perigalactic
passage. Rubele et al. (2018) using CMD reconstruction method found that the

SMC built up approximately 5.3 x 10® M, in stars, with nearly 67% of that mass
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remaining in stars and remnants today. Roughly half of the stellar content origi-
nated more than 6.3 Gyr ago, while 80% was in place between 8 and 3.5 Gyr ago.
This pattern suggests that SF was most vigorous in the galaxy’s earlier stages,
tapering off in more recent times. Joshi & Panchal (2019) reported a noticeable
increase in the Cepheid population around 200 Myr ago, likely triggered by a close
interaction between the Clouds. SW2024 analyzed a Shell-like structure in the
northeastern SMC using deep SMASH photometry and CMD fitting. They found
young SF enhancements at ~1 Gyr, ~650 Myr, ~450 Myr, ~200 Myr, and ~150
Myr with evidence of synchronization with the LMC’s northern arm over the past
~2.8 Gyr. The formation of star clusters in the SMC has been closely associated
with episodes of SF (e.g., Glatt et al. 2010; Nayak et al. 2018; Dhanush et al.
2024), indicating that periods of enhanced SF are often accompanied by increased
cluster formation activity. Massana et al. (2022) used THESTROM (Tracing tHe
Evolution of the STar fOrmation Rate and Metallicity) software (Bernard et al.
2015, 2018) to obtain the best-fitting star formation history (SFH) solution for
each Voronoi bin of the SMC via a Poisson-adapted x? that fits synthetic single
stellar populations to the observed CMD. They identified five major SF peaks in
the SMC over the past 3.5 Gyr, occurring around 3, 2, 1.1, 0.45 Gyr ago and one
presently. They found a striking synchronicity between the SMC and LMC SF his-
tories, implying that their repeated tidal interactions have significantly influenced

their recent evolution.

1.2.5 Hierarchical Star Formation

Stars can be observed either as isolated field stars or as members of larger groups,
including clusters, stellar associations, or even widespread complexes that span
galaxy-scale regions. It is well-established that SF begins when pockets of gas
and dust within molecular clouds collapse under their own gravity (Lada & Lada

2003; Larson 2003; Duchéne et al. 2004). The interstellar medium (ISM) exhibits
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FIGURE 1.9: Schematic representation of hierarchical star formation, following
Elmegreen et al. (2014).

structures which are hierarchical across various spatial scales (e.g., Elmegreen
1993), where large-scale features like giant molecular clouds consist of progressively
smaller and denser substructures. These nested formations continue down to the
smallest scales, forming a fractal-like pattern. Elmegreen & Efremov (1996) found
that this organization within the ISM is largely shaped by turbulence, magnetic
fields, and gravitational forces. Young stars, particularly those younger than 100
Myr, display a spatial arrangement (see Figure 1.9) that mirrors the hierarchical
structure of the gas in the ISM (e.g., Gouliermis et al. 2015). Both observational
studies and simulations indicate that young stellar groupings emerge following the
ISM’s fractal distribution (Vazquez-Semadeni et al. 2017; Elmegreen & Elmegreen
2001). This pattern of formation is commonly referred to as ‘hierarchical,” ‘fractal,’

or ‘scale-free’ SF (Bate et al. 1998; Larson 1995).

According to Hodge (1985), the SMC has 70 associations of stars, averaging 77
pc in size, similar to associations observed in the LMC (Lucke & Hodge 1970)
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but smaller than typical associations in the MW, M31, or M33. Using the spatial
distribution of OB stars, Battinelli (1991) identified associations in the SMC with
a comparable mean size of 90 pc. In M33, Bastian et al. (2007) demonstrated
that the typical size of young structures can vary depending on the detection
criteria, such as the adopted breaking scale or minimum number of stars. Gieles
et al. (2008), analyzing MCPS data and using two-point correlation function and
spanning trees, reported prominent substructures among ~10 Myr old stars that
fade by ~75 Myr. Similarly, Bonatto & Bica (2010) reported that clusters of
young stars in the SMC and LMC display strong spatial self-correlation and a
power-law size distribution, consistent with hierarchical star formation. However,
their analysis relied on Bica et al. (2008)’s catalog, which may suffer from selection
biases. More recently, Sun et al. (2018, hereafter S2018), using VMC near-infrared
(NIR) data, found that the SMC’s structures of young stars are non-uniformly
arranged but their size and mass follow power-law distributions, likely driven by

the ISM’s supersonic turbulence.

1.2.6 Massive Stars

Massive stars, despite their relatively short lifetimes, play a pivotal role in driv-
ing galactic evolution. Through their intense ionizing radiation, powerful stellar
winds, and eventual core-collapse supernovae, they act as primary sources of me-
chanical feedback and the chemical enrichment of the ISM (Zinnecker & Yorke
2007). By dispersing heavy elements and injecting large amounts of energy into
their surroundings, they regulate SF on local and galactic scales, shape the struc-
ture and dynamics of the ISM, and set the conditions for subsequent generations of
stars and planetary systems (Bally & Zinnecker 2005; Kennicutt 2005; Kennicutt
& Evans 2012; Goswami et al. 2022). Their influence extends beyond individual
star-forming regions, profoundly affecting the physical, chemical, and morpholog-

ical evolution of galaxies across cosmic time.
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The SMC, with its proximity and low line-of-sight extinction, offers an excep-
tional laboratory to study individual massive stars in a low-metallicity environ-
ment (~0.2 Zg; Russell & Dopita 1990; Trundle et al. 2007; Hunter et al. 2009;
Choudhury et al. 2018). Its metallicity is comparable to that of galaxies at in-
termediate redshifts, making it a valuable local analog for conditions in the early
Universe. Bonanos et al. (2010) created a catalog of 5,324 massive stars with
photometry for 3,654 of them and revealed systematic differences in properties in
the infrared between the SMC and the LMC. These differences were attributed
to the reduced dust content and lower mass-loss rates at low metallicity, which
affect the infrared excesses of evolved massive stars. Schootemeijer et al. (2021)
reported a notable scarcity of luminous, very young massive stars in the SMC.
They argued that many such stars may remain deeply embedded in their natal
molecular clouds due to the lower dust content, making them harder to detect in
optical and NIR surveys. On the other extreme, properties of young massive stars
in the UV are also significant in the low metallicity environment. Bouret et al.
(2021), using high-resolution UV and optical spectra, found evidence of stronger
chemical evolution signatures—particularly nitrogen enrichment—in evolved O-
type stars. Their results suggested that rotational mixing and mass-loss processes
operate differently in the low-metallicity regime of the SMC, when compared to the
MW. More recently, Cakirli et al. (2023) identified five candidate slowly pulsating
B-type stars in binary systems with component masses ranging from 2-25 M.
Nakano et al. (2025) recently identified 7,426 massive stars with M > 8 M, using
Gaia data (Gaia Collaboration et al. 2023, hereafter G2023), providing the most
extensive and homogeneous catalog to date for exploring the demographics and
evolutionary pathways of massive stars. To probe binarity in such low-metallicity
environments—analogous to the early Universe—the Binarity at Low Metallicity
(BLOeM) survey was launched (Shenar et al. 2024a). BLOeM is monitoring 929
massive stars across 25 spectroscopic epochs and has already yielded results on
Be/Oe stars, BAF-type supergiants, and OB-type populations in the SMC (Bo-
densteiner et al. 2025; Patrick et al. 2025; Britavskiy et al. 2025).
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1.3 Multiwavelength Study of the SMC

Field 3

FIGURE 1.10: Top left panel: Four FUV fields observed by UIT (Cornett et al.
1997). Top right panel: Field observed by Swift/UVOT (Gehrels et al. 2004).
Bottom panel: Combined FUV (blue) and NUV (red) coverage of the SMC by
GALEX DR6 and DR7 data (Simons et al. 2014; Bianchi et al. 2017).
Observations of the SMC across multiple wavelengths are crucial for tracing its
morphology (see section 1.2.1) as a function of stellar population, thereby provid-
ing insights into its evolutionary history. In the NIR wavelength, surveys such as
the 2MASS (Cohen et al. 2003) and the VMC (C2011) have traced the older stellar
populations and the galaxy’s underlying structure. In the mid- and far-infrared
(FIR), the Spitzer has provided a detailed census of dust emission and SF regions
(Gordon et al. 2011). At optical wavelengths, Gaia has delivered high-precision

astrometry and photometry, enabling unprecedented studies of stellar kinematics
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and populations (Gaia Collaboration et al. 2016),(G2021; G2023), (Gaia Collabo-
ration et al. 2021b), while the SMASH survey (N2017; N2021) has contributed to
the deep imaging for studying the SF history.

Far-UV (FUV) observations are particularly valuable for studying the properties
and spatial distribution of young stellar populations, since young massive stars
emit the majority of their radiation at these wavelengths (Cornett et al. 1997),
(Devaraj et al. 2023, hereafter D23). While the HST provides high-resolution FUV
imaging, its narrow field of view restricts coverage to localized regions. Wider-field
instruments, such as the Ultraviolet Imaging Telescope (UIT) (Cornett et al. 1994,
1997) and UltraViolet and Optical Telescope (UVOT) (Gehrels et al. 2004), have
observed parts of the SMC, but with spatial resolutions >2"”. The Galaxy Evo-
lution Ezplorer (GALEX) (Simons et al. 2014) extended this effort by mapping
large areas of the SMC in both FUV and near-UV (NUV) at a spatial resolution
of approximately 5", but leaving gaps in coverage. Complete and contiguous FUV
mapping is therefore crucial to fully resolve the young stellar distribution, con-
strain the recent SF history, and identify interaction-driven substructures. The
footprints of UIT, UVOT, and GALEX observations across the SMC are shown

in Figure 1.10.

1.4 Rationale and Goals of the Thesis

The SMC has long served as a natural laboratory for exploring stellar populations
in a low-metallicity environment. Previous studies have investigated a wide range
of stellar types, such as X-ray binaries, Classical Cepheids, and Wolf-Rayet stars,
yielding valuable insights into their evolutionary pathways, feedback processes,
and demographics in a metal-poor regime (Shtykovskiy & Gilfanov 2005; Haberl
& Sturm 2016; Neugent et al. 2018). Optical and infrared surveys have largely
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focused on young, low-mass stellar populations, revealing substructures associated
with the SMC’s past interactions (MD2019; DL.2019; MS2020). Large-scale cat-
alogs of massive stars have also expanded significantly, with ~5,000 candidates
identified by Bonanos et al. (2010) and more than 7,000 stars with M > 8 Mg
reported by Nakano et al. (2025). These datasets provide an essential statistical

foundation for population-wide studies.

Despite these advances, significant gaps remain. Most investigations have concen-
trated on particular stellar subgroups or localized fields or young low mass stars,
whereas a comprehensive, galaxy-wide characterization of young massive stars is
still lacking. This omission leaves a significant gap because massive stars are
short-lived and highly sensitive to environmental conditions, making them excel-
lent tracers of recent SF and dynamical processes. Moreover, their strong radiative
and mechanical feedback profoundly affects the ISM, influencing subsequent star
and planet formation, and regulating galactic chemical enrichment. Understand-
ing the spatial distribution, kinematics, SF, and physical properties of the young
massive stars in the SMC therefore offers direct clues to how interactions with the

LMC and MW have shaped the SMC’s recent evolution.

Acknowledging the above gap, this thesis focuses on the detection of young massive
stars and their role in tracing the SMC’s recent dynamical and SF history. A key
component of this effort is the use of UV data from the Ultra Violet Imaging
Telescope (UVIT) (Tandon et al. 2017a), whose superior resolution (about 1.4”)
with respect to GALEX, UIT, and UVOT enables contiguous, better-resolution
FUV coverage of the SMC for the first time. Through a multiwavelength approach
that combines UV, optical, and NIR, this work provides a detailed view of the
spatio-temporal distribution, kinematics, and physical properties of young massive
stars, thereby highlighting their role as tracers of recent SF and as key agents of

feedback in a dynamically evolving, low-metallicity galaxy.
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The scientific goals of this thesis are:

e Spatial distribution: Determine how young massive stars are distributed
across the SMC and assess whether their large-scale patterns carry signatures

of tidal interactions.

e Kinematics: Characterize the motions of massive stars using astrometric
data, and evaluate how these kinematic properties reflect the SMC’s dynam-

ical history.

e Star formation hierarchy: Investigate whether massive stars form in hierar-

chical structures, and assess how these structures are generated.

e Physical properties: Constrain the fundamental stellar parameters (e.g., lu-
minosities, temperatures, size) of young massive stars using multiwavelength

photometry, linking their properties to their evolutionary processes.

A sample of young massive stars in the SMC is created to meet the scientific goals

mentioned above.

1.5 Thesis Chapter Arrangement

To address the objectives of this thesis, it is organized into seven chapters, each
building toward a comprehensive understanding of the young massive stellar pop-

ulations in the SMC and their role in galaxy evolution:

e Chapter 1: This chapter sets the foundation for the thesis by reviewing the
scientific background, with a particular focus on the morphology, kinemat-
ics, SF history, and young massive stars of the SMC, and by outlining the

underlying motivation and goals of this study.
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e Chapter 2: This chapter describes the multiwavelength datasets employed in
this study, spanning the UV, optical, and NIR regimes. It details the UVIT
observed fields, data reduction procedures, and source extraction techniques.
Furthermore, the chapter outlines the methodology for deriving stellar pa-
rameters, including the use of different theoretical models to interpret the

data.

e Chapter 3: This chapter presents a FUV catalog of the SMC main body and
inner wing, and examines the morphology and kinematics of FUV-detected
stars across different young stellar populations. This chapter is based on our

published work Hota et al. (2024b, hereafter, H24b).

e Chapter 4: This chapter investigates the clustering properties of young mas-
sive stars in the SMC, examining how these clusters are spatially organized
(i.e., hierarchical star formation) and exploring the underlying mechanisms
that drive the arrangement. The content of this chapter is drawn from our

study Hota et al. (2025, hereafter, H25).

e Chapter 5: This chapter focuses on the study of the SMC’s northeastern
outskirts, a region likely influenced by tidal interactions. It examines the
morphology, kinematics, and SF history of this area and compares the find-
ings with those of the SMC main body to assess the impact of interactions
on its evolution. This chapter presents results from our published work Hota

et al. (2024a, hereafter, H24a).

e Chapter 6: This chapter focuses on investigating the fundamental proper-
ties of young massive stars of a sample region in the SMC, including their
multiplicity, effective temperatures, sizes, and luminosities. By characteriz-
ing these parameters, the chapter aims to link stellar properties with their
evolutionary status and the underlying SMC’s low-metallicity environment.
The content of this chapter is drawn from work submitted to a journal (Hota

et al.).
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e Chapter 7: This chapter summarizes the thesis’s main results and highlights

pathways for future research on the SMC’s young massive stars and beyond.






Chapter 2

Data and Methods

“Telescopes are in some ways like time machines.” — Martin Rees

In the previous chapter, we discussed the basic characteristics of the SMC and its
significance in understanding the evolution of dwarf galaxies within an interact-
ing environment. Particular emphasis was placed on the importance of studying
young massive stars in the SMC, a nearby, metal-poor galaxy that offers a unique
laboratory for stellar population studies. Since these massive stars emit the ma-
jority of their energy in the ultraviolet (UV) range, observations in the UV band
are essential to probe their physical properties. In addition to UV data, proper
motion (PM) measurements are crucial for tracing their kinematics within the
SMC. A comprehensive understanding also requires multiwavelength data, span-
ning optical to near-infrared (NIR) bands. A summary of the wavelength ranges
considered in this thesis and the corresponding telescopes and surveys is presented
in Figure 2.1. This chapter presents the data used in this thesis and their organi-
zation across sections: section 2.1 describes UV observations and the steps taken
for their processing. Section 2.2 outlines the photometry procedure used to derive

FUV magnitudes, along with completeness estimates based on ASTs. Section 2.3

29
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Ultraviolet Optical - Near infra red

Wavelength (nm) 1000 2000
UVIT (Ultra Violet Gaia & SMASH (Surv VMC (VISTA survey of the
Imaging Telescope) MAgellanic Stellar | Magellanic Clouds system)

FIGurE 2.1: Multiwavelength datasets employed in this study, spanning from
the ultraviolet (UVIT) to the optical (Gaia, SMASH) and near-infrared (VMC).

details the archival optical and NIR datasets used in this study, followed by the
methods used to detect single and double systems in section 2.4. A brief discussion

on different theoretical models is provided in section 2.5.

2.1 UV data

As discussed in the previous chapter, the SMC has been observed in the UV
band by several space-based missions, including the Ultraviolet Imaging Telescope
(UIT), Swift’s Ultraviolet/Optical Telescope (UVOT), and the Galaxy Evolution
Explorer (GALEX), as shown in Figure 1.10. While these missions have provided
valuable images/data, they suffer from limitations in spatial resolution and partial
coverage in the FUV regime. Although the HST offers superior spatial resolution,
its limited field of view restricts large-scale studies of the SMC. Therefore, there
is a critical need for FUV observations of the SMC that combine better spatial
resolution with wide-area coverage, surpassing what was previously achieved by

UIT, UVOT, and GALEX. Here, the UVIT fills the gap.

2.1.1 UVIT Observation

The UVIT, a key payload onboard AstroSat, India’s first space observatory, of-

fers better-resolution imaging capabilities across UV and optical wavelengths. A
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FIGURE 2.2: Illustration of the twin UVIT telescopes mounted on AstroSat,
India’s inaugural space observatory. Credits: IIA and ISRO

schematic diagram of the instrument is shown in Figure 2.2. It consists of a pair
of Ritchey—Chretien telescopes mounted in a co-aligned configuration, each with
a 38 cm aperture. One telescope is designated exclusively for the FUV (130-180
nm) channel, while the second is designed to handle both the NUV (200-300 nm)
and visible (VIS; 350-550 nm) channels. Each channel is equipped with a suite
of filters that enable multi-band imaging, facilitating a broad range of astrophys-
ical investigations (Tandon et al. 2020). UVIT provides a wide circular field of
view of approximately 28', with a spatial resolution of around 1”.4, significantly
improving upon previous UV missions such as GALEX, UVOT, and UIT (Tandon
et al. 2017a).The technical specifications and calibration of UVIT are discussed
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extensively in Postma et al. (2011); Subramaniam et al. (2016a); Kumar et al.

(2012).

Due to the inherently low photon flux in the UV domain, UVIT utilizes photon-
counting detectors for both the UV channels. These intensified CMOS detectors
register the arrival of individual photons rather than collecting integrated flux.
When a UV photon strikes the photocathode, it releases a photoelectron, which
is then propelled into a microchannel plate that amplifies the signal by a factor of
about 107. This amplified electron cascade hits a phosphor screen, producing light,
which is transmitted through a fiber-optic taper to a 512x512 pixel CMOS sensor.
A centroiding algorithm is employed to pinpoint the position of each photon event
with sub-pixel precision, typically reaching an accuracy of about 1/8 of a pixel

(Postma et al. 2011; Hutchings et al. 2007).

The final image resolution is primarily determined by the intrinsic spread of pho-
toelectrons at the detector, about 1 arcsecond, and by spacecraft jitter, roughly
half an arcsecond. The typical readout speed of the CMOS detector is about 29
frames per second in full-frame mode, with the option to increase this to around
200 frames per second in subarray mode for faster readouts. The VIS channel,
which operates in the integration mode due to the presence of large flux in the
optical wavelength, is primarily used to track and correct for drift due to space-
craft motion during exposures. Since AstroSat orbits the Earth every 90 minutes
and observations are limited to the dark portion of each orbit, UVIT typically
obtains useful exposures < 25 minutes for a single orbit. Therefore, the total inte-
gration time is accumulated over several orbits. The spacecraft initially downlinks
Level 0 (L0) data to the ISSDC, ISRO, which are then processed by incorporating
spacecraft-related metadata to generate Level 1 (L1) data. The L1 data, formatted
as FITS files, contain time-stamped photon centroid events along with essential

observational and spacecraft metadata.
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FI1GURE 2.3: The UVIT-observed fields of the SMC are marked by white circles,
overlaid on a GALEX background image (Bianchi et al. 2017). This background
is a two-color composite, with blue indicating FUV data and red representing
NUV data, incorporating both GR6 and GR7 releases.

In this thesis, we employed 39 UVIT pointings using the medium-band filter
F172M (silica: 17174125 A; Tandon et al. 2020), covering the SMC’s main body
and its Wing (Figure 2.3). Additionally, we used 11 UVIT fields observed in the
broad-band filter F148W (14814250 A; Tandon et al. 2020), targeting the SMC
Shell region, as shown in Figure 2.3. The L1 data for all the UVIT fields used
in this study are publicly accessible * and the details of the UVIT observed SMC
fields are provided in Table 2.1. The data processing workflow, including reduc-
tion, photometry, and completeness, is summarized in Figure 2.4 and described in

detail in the subsequent sections.

*https://astrobrowse.issdc.gov.in/astro_archive/archive/Home. jsp


https://astrobrowse.issdc.gov.in/astro_archive/archive/Home.jsp
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UV data

TABLE 2.1: Details of the UVIT observed SMC fields. RA and Dec indicate
the central coordinates, and tex, denotes the exposure time in seconds of each

field.

SMC Main Body and Wing

Observed Field RA [deg]

Dec [deg] texp [sec]

SMC-02
SMC-03
SMC-04
SMC-05
SMC-06
SMC-07
SMC-08
SMC-09
SMC-10
SMC-11
SMC-12
SMC-13
SMC-14
SMC-17
SMC-18
SMC-19
SMC-21
SMC-23
SMC-24
SMC-25
SMC-26
SMC-27
SMC-28
SMC-29
SMC-31
SMC-32
SMC-33
SMC-34
SMC-35
SMC-37
SMC-38
SMC-39
SMC-40
SMC-42
SMC-43
SMC-44
SMC-45
SMC-46
SMC-47

10.47
10.84
11.49
12.11
12.72
13.30
10.76
11.43
12.08
12.70
13.31
13.90
14.46
12.69
13.32
13.92
15.07
13.32
13.95
14.55
15.14
15.70
16.24
16.77
15.21
15.79
16.35
16.89
17.42
16.46
16.37
17.54
18.08
18.97
19.71
20.21
20.97
21.45
22.23

—73.38 153.0
—-73.03 954.2
—72.73 953.9
—72.43 954.9
—72.13 445.3
—71.82 955.1
—73.64 954.6
—73.34 954.3
—73.04 954.8
—72.74 954.9
—72.43 954.4
—72.13 951.6
—71.82 951.7
—173.35 1022.3
—-73.04 965.3
—72.74 957.2
—72.12 955.8
—73.65 952.7
—73.35 951.0
—173.04 952.6
—72.73 634.3
—72.42 952.0
—-72.10 953.7
—71.79 953.9
—73.34 951.3
—73.03 951.3
—72.71 825.8
—72.40 472.0
—72.08 485.3
—73.32 377.0
—72.98 371.0
—72.62 395.4
—72.37 471.8
—73.27 187.8
—73.55 951.7
—-73.23 951.6
—73.51 470.6
—73.18 472.0
—73.46 471.5

Continued on next page



Chapter 2: Data and Methods 35

SMC-Shell Region
Observed Field RA [deg] Dec [deg] texp [sec]

Field 1 14.55 —70.76 2406.4
Field 2 14.94 —71.12 2405.7
Field 3 15.37 —70.48 2373.2
Field 4 16.16 —71.22 2371.3
Field 5 17.05 —70.96 2366.2
Field 6 17.87 —70.66 2208.1
Field 7 18.26 —71.03 1533.6
Field 8 18.79 —71.36 2373.7
Field 9 19.25 —71.73 2375.1
Field 10 17.22 —71.27 1903.6
Field 11 17.22 —71.41 1902.5

UVIT L1
data
Data Reduction
Science-ready PSF
& WCS IRAF
Image Photometry
(CCDLAB)

IRAF JADDSTAR i

{ FUV stars }

‘ Completeness

Factor (AST)

FIGURE 2.4: Flowchart presenting the UVIT data process.

2.1.2 Data Reduction

The L1 data obtained from UVIT observations of the SMC fields were processed
using CCDLAB, an automated data reduction pipeline developed specifically for
UVIT data (Postma & Leahy 2017, 2021; Ranasinghe & Leahy 2025). This pipeline
systematically applies several necessary corrections, including flat-fielding, fixed
pattern noise removal, and correction for spacecraft drift, to generate calibrated

UV images.
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Astrometric calibration is performed within the same pipeline using reference stars
from the Gaia DR3 catalog (G2023), enabling the construction of an accurate
World Coordinate System (WCS) solution for each field. The final output com-
prises science-ready UV images of the SMC fields, each with reliable astrometric

accuracy and suitable for further photometric analyses.

2.2 Photometry

Photometry is the process of determining the amount of light/flux emitted by
a celestial object. To measure the stars’ UV fluxes in the UVIT science-ready
images of the SMC, we performed PSF photometry, which is particularly suitable
for crowded stellar fields like those in the SMC. Unlike aperture photometry, which
can suffer from flux contamination due to nearby stars, PSF photometry models
the intrinsic shape of a point source and fits this model to all detected stars in the

image, enabling more accurate flux estimation even in dense regions.

We used the DAOPHOT package within the Image Reduction and Analysis Fa-
cility (IRAF) environment (Tody 1986, 1993; Stetson 1987) for the photometric
analysis. The process began with an initial estimation of the image background
(0) and source FWHM using the imezam routine. Source detection was then per-
formed using daofind, typically employing a threshold of five times the background

noise (o).

Following source identification, preliminary aperture photometry was carried out
using the phot task. A subset of bright, isolated stars was selected using pstselect
to build an empirical PSF model with the psf task. This model was then fit to
all detected sources using allstar, which iteratively refines source magnitudes by

simultaneously fitting overlapping stellar profiles.
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To convert PSF-fitted magnitudes into instrumental magnitudes, we computed
the mean offset between the PSF magnitudes and aperture magnitudes for com-
mon bright stars. This PSF correction was then applied uniformly to all sources.
Subsequently, an aperture correction was applied based on the curve of growth
method to account for flux loss outside the chosen aperture radius. A comprehen-
sive explanation of both aperture and PSF photometry methods is described in

W. E. Harris’s manual .

The final instrumental magnitudes were calibrated to the AB magnitude system
using the relation:

map = —2.5log(CPS) + ZP (2.1)

where CPS is the counts per second, and ZP is the zero-point given by

ZP = (=2510g(UC) - (Amean)?) — 2.407 (2.2)

Here, UC is the unit conversion for the filter. For the FUV filter, the zero point
adopted was from Tandon et al. (2020). Given that FUV and NUV channels of
UVIT operate in photon-counting mode, we also applied saturation corrections
following the method provided by Tandon et al. (2017b). This correction is essen-
tial for bright stars, where multiple photons may arrive within a single frame. This
photometric approach ensures homogeneous magnitude estimation across UVIT’s
fields of view, particularly in the crowded regions of the SMC. To avoid the edge
effect, sources within a ~1’ annulus near the edges of the observed fields are ex-

cluded.

"https://physics.mcmaster.ca/~harris/daophot_irafmanual.txt


https://physics.mcmaster.ca/~harris/daophot_irafmanual.txt
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Completeness Factor

In photometry, completeness refers to the fraction of sources of a given brightness
that are successfully detected in an observational image. Due to factors such as
detector sensitivity, background noise, and crowding, particularly in dense regions
like the SMC, some faint sources may go undetected. This effect becomes more
significant as one moves toward the detection limit of the image. Therefore, as-
sessing the completeness of a dataset is essential when deriving statistically robust
conclusions about stellar populations, such as the surface density or star forma-
tion history. One way to infer the completeness of a field is by examining the
distribution of measured magnitudes. Typically, the number of detected stars in-
creases with fainter magnitudes up to a certain peak, beyond which it declines
due to observational incompleteness. This peak acts as an indicator of the onset

of incompleteness in the data (Leahy et al. 2020), (D23).

To quantify this effect across our observed fields, we performed ASTs using the
DAOPHOT package within IRAF, a widely used software environment for photo-
metric analysis. ASTs involve injecting synthetic stars of known brightness into
science images and then attempting to recover them using the same photometric
pipeline as used for real sources. The CF is estimated as the ratio of recovered

artificial stars to the total number of added stars:

N, recovered
CkF= —— 2.3
Nadded (2:3)

To assess the CF of an observed field in our study, artificial stars were added using
the addstar task in IRAF. We added stars amounting to ~10-15% of the total
detected stars to avoid artificially increasing the crowding. The magnitudes of
added stars ranged from 12 to 21 mag. These stars were uniformly distributed in

position and magnitude. The addstar task utilizes a model PSF (created by the psf
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task in DAOPHOT) to insert artificial stars into the original image. It scales the
pixel intensity of the artificial stars based on their magnitudes and the reference
PSF, and adds appropriate Poisson noise, taking into account the detector gain
(stored in the datapars file). If no manual photometry file is provided, addstar
can randomly generate positions and magnitudes for a specified number of stars
using the parameters minmag, maxmag, and nstar. Following the injection, PSF
photometry was applied to the modified images using the procedure outlined in
section 2.2. The recovered stars were then cross-matched with the input artificial
star list to determine the number of matches. To improve the statistical robustness
of our completeness estimates, we repeated ASTs for each field multiple times.
Specifically, we conducted tests twice over the full magnitude range (12-21 mag),
and three times within narrower intervals: 15-21 mag, 1821 mag, 19-21 mag,
and 20-21 mag. The final CF for a field was obtained by averaging the results
across these tests, and the corresponding completeness percentage was computed

accordingly.

2.3 Archival Data

FIGURE 2.5: left to right: The SMC as observed by Gaia (Credits: ESA/Ga-
ia/DPAC), SMASH (Credits: https://datalab.noirlab.edu/data/smash),
and the VMC survey (Credits: ESO/VISTA VMC).


https://datalab.noirlab.edu/data/smash
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To characterize the identified stellar sources, we combined UVIT ultraviolet ob-
servations with optical (Gaia, SMASH) and NIR (VMC) datasets. The spatial

coverage of the optical and NIR surveys across the SMC is presented in Figure 2.5.

2.3.1 Gaia Data

The Gaia mission, launched by the European Space Agency (ESA) on 19 December
2013, is dedicated to astrometry, the precise measurement of positions, parallaxes,
and motions of celestial objects. Gaia carries two telescopes, each equipped with
a primary mirror measuring 1.45x0.5 m?, fixed at an angular separation of 106°.5,
enabling it to observe two regions of the sky simultaneously with an exceptional

spatial resolution of about ~0”.4. Gaia’s instrument suite includes:

e An astrometric instrument for measuring stellar positions and motions,

e Photometers that observe in three bands, G (330-1050 nm), Ggp (330-680
nm), and Ggp (640-1050 nm),

e A spectrometer for measuring radial velocities.

Gaia surveyed the SMC within a circular region of radius 11°, centred on the
optical coordinates defined by Cioni et al. (2000). To retrieve the complete Gaia
dataset covering this region, we executed an ADQL query (G2021) using the Gaia
Archivet. The query selected all sources within the specified area that have valid

parallax measurements and G-band magnitudes brighter than 20.5 mag:

"SELECT * FROM user_edr3int4.gaia_source AS g
WHERE 1 = CONTAINS(POINT(’ICRS’, g.ra, g.dec),

*https://gea.esac.esa.int/archive


https://gea.esac.esa.int/archive
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CIRCLE(’ICRS’, 12.80, -73.15, 11))
AND g.parallax IS NOT NULL

AND g.phot_g_mean_mag < 20.5"

Following the execution of the query (G2021), we obtained 4,709,622 Gaia sources.

2.3.2 SMASH Data

The SMASH (N2017; N2021) is a deep optical imaging survey designed to trace
the MCs’ extended stellar structures, including their stellar halos, tidally removed
stars, and other low surface brightness features. The survey covers a total of 480
square degrees to a depth of approximately 24th magnitude in the u, g, r, ¢, and
z filters, enabling the detection of faint and diffuse stellar populations. Although
the survey design targeted a sparse tiling pattern over a larger region of about
2400 square degrees, the actual imaging was conducted in discrete, strategically
chosen fields. The first public data release (DR1; N2017) provided photometric
measurements for around 100 million sources from 61 observed fields. The more
recent and comprehensive data release (DR2; N2021) includes measurements for
nearly 360 million sources across 197 fields, making it one of the most extensive
datasets available for studying the stellar content and structure of the MCs and
their surroundings. Data from SMASH DR2 can be accessed via several tools

provided by the NOIRLab Data Lab:

e TAP (Table Access Protocol): Users can connect to the TAP service at
https://datalab.noirlab.edu/tap using TAP-compatible clients such as
TOPCAT. The database SMASH DR2 contains the full set of tables and metadata

that can be browsed and queried.


https://datalab.noirlab.edu/tap
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e Data Lab Query Client: This Python-based interface allows direct access
to the SMASH catalog using SQL queries. It supports both synchronous and
asynchronous modes, and can be used locally or through the Jupyter note-
book environment provided by NOIRLab. Tutorials and example notebooks

are available at https://github.com/astro-datalab/notebooks-latest.

For this study, we accessed SMASH DR2 using a structured SQL query through
the NOIRLab Data Lab interface, and this enabled us to extract objects located

within the SMC region relevant to our analysis.

2.3.3 VMC Data

The VMC (C2011) is a deep NIR imaging survey designed to explore the star
formation history and three-dimensional geometry of the Magellanic system. The
VMC survey covers a total sky area of approximately 170 square degrees, including
~105 deg? in the LMC, 42 deg? in the SMC, 21 deg? in the MB, and 3 deg? in the
MS region. The survey area is segmented into VISTA tiles, comprising 68 tiles for
the LMC, 27 for the SMC, 13 for the MB, and 2 for the MS. Each tile spans an
area of ~1.5x1.18 deg? and includes slight overlaps (0.1 deg vertically and 0.016
deg horizontally) to ensure uniform coverage. Observations are conducted in three
NIR bands: Y, J, and K,. The survey achieves 100 detection limits of 21.1,
21.3, and 20.7 mag in the Y, J, and K, bands (Vega system), enabling sensitive
observations of a wide variety of stellar populations, from old main sequence turn-
off stars to evolved giants. The bright-end limits, set by detector linearity, are

roughly 12.9, 12.7, and 11.4 mag in the same bands.

The VMC data products, including images, source catalogs, and confidence maps,

are publicly available via the ESO Science Archive and the VISTA Science Archive


https://github.com/astro-datalab/notebooks-latest
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(VSA). For this work we used PSF photometry catalog of the SMC in NIR band
as part of the VMC, from the ESO archive ¥.

2.4 Spectral Energy Distribution
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FIGURE 2.6: The top panel displays the transmission profiles of filters from
UVIT, Gaia, SMASH, and VMC. In the lower panel, schematic SED of a model
star with an effective temperature of 16,000 K is shown. The Kurucz synthetic
spectrum is plotted in black and the colored regions indicate the portions of
the spectrum sampled by each filter, while the black square symbols mark the
corresponding integrated fluxes. Plotting these integrated fluxes against the
filters’ effective wavelengths yields the constructed SED.

By analyzing the radiation emitted by stars across various wavelengths, we can
infer their physical characteristics. One powerful approach for doing this is SED
fitting, which utilizes broadband photometric data across different filters to esti-

mate parameters such as the effective temperature (Teg), stellar radius (R), and

$”https://archive.eso.org/cms.html”


https://archive.eso.org/cms.html

Chapter 2: Data and Methods Spectral Energy Distribution

luminosity (L). An SED is a representation of the observed flux of a source plotted
against wavelength or frequency. The shape of this distribution carries information
about the underlying physics of the object. Compared to spectroscopy, which of-
fers high-resolution data but requires significant telescope time and can be difficult
for faint objects, SED fitting using photometry is an efficient alternative. It pro-
vides an approximate, low-resolution spectral profile constructed from multi-band

observations.

In our last project work of this thesis (Hota et al. submitted) , we compiled
photometric data covering a wide wavelength range, from the UV to the NIR,
using filters from UVIT, Gaia, SMASH, and VMC surveys. These magnitudes
were converted to fluxes and corrected for extinction. The Milky Way foreground
extinction toward the SMC is low (Schlegel et al. 1998; Schlafly & Finkbeiner
2011). For extinction correction, we adopted the extinction law, from Cardelli
et al. (1989); Gordon et al. (2024), Ry value of 3.1 (Gordon et al. 2024) and a
color excess of E(B — V) = 0.05 mag (mean value; Haschke et al. 2011). The
extinction in each band was estimated using the filter transmission curves and
extinction coefficients provided by the Spanish Virtual Observatory (SVO) Filter

Profile Service 1.

To perform the SED fitting, we used the Virtual Observatory SED Analyzer
(VOSA; Bayo et al. 2008), a web-based tool developed by the SVO. Figure 2.6
presents an example of a synthetic stellar model with an effective temperature of
16,000 K, assuming the observed fluxes from UVIT, Gaia, SMASH, and VMC.
VOSA offers access to several theoretical model libraries and enables comparison
between observed data and model-predicted fluxes through synthetic photometry.

This is achieved by convolving the model spectra with the filter response functions.

17 https:/ /svo2.cab.inta-csic.es/theory /fps/”
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The fitting process in VOSA is based on minimizing the reduced chi-squared statis-

tic:
N 2
X2 — ; Z Fobs,i B MdFmod,i (2 4>
red TN — Ny = Oobs,i ’ .

where:

e N is the number of photometric data points,

e N; is the number of free parameters,

e Fip; is the observed flux in the i band,

® 0,1 1S its corresponding uncertainty,

® [lod; is the model flux, and

o My = (%)2 is the scaling factor, which scales the model to the observed

data, incorporating the stellar radius R and distance D.

From the best-fit model, the stellar radius can be derived as:
R=+/M,- D, (2.5)
and the luminosity is computed using the Stefan—Boltzmann law:
L =471 R?osp T, (2.6)

where ogp is the Stefan—Boltzmann constant.

In addition to the standard 2, VOSA calculates two extra parameters, vgf and
vefy,, as estimates of the visual goodness of fit. These parameters account for cases

where a fit looks satisfactory by eye but yields a large x? due to underestimated
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observational errors. Vgf is a modified x? obtained by imposing a minimum error of
2% of the observed flux (F,;), while vgf;, is similarly defined but with a minimum
error of 10%. These parameters help evaluate how well the model matches the
observations and are especially valuable when the photometric uncertainties in
any catalog used to construct the SED are smaller than the actual. VOSA also
provides error estimates using a Markov Chain Monte Carlo (MCMC) method that
generates multiple realizations of the best-fit solution. The uncertainty in T.g is

typically taken as half the grid step unless the MCMC-derived error is larger.

Fitting of two-component SEDs

10—14
= Total Spectrum, Main-sequence + Giant double system
—— Kurucz Model Spectrum, [Fe/H]=—1, Te = 17000 K
—— Kurucz Model Spectrum, [Fe/H]=—1, Teg = 4750 K
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FIGURE 2.7: Schematic composite SEDs of a main sequence-giant double
system. Kurucz synthetic spectra are shown for the main sequence star
(Teg = 17000 K, red) and the giant star (Teg = 4750 K, blue), with their
combined spectrum plotted in black.
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During the SED analysis, we encountered several stars whose observed SEDs could
not be adequately reproduced by a single stellar atmosphere model. These cases
typically exhibited notable UV excess or abnormally high values of the goodness-
of-fit parameter (vgf, values in VOSA), indicating possible complexities in their
spectral contributions. UV excess in stellar SEDs may arise due to various physi-
cal mechanisms, including enhanced chromospheric activity, the presence of a hot
unresolved companion, or differences in metallicity. To investigate the possibility
of binarity/doubles, we employed the double fitting functionality available within
the VOSA tool. This method enables the modelling of a composite SED using the
weighted sum of two different stellar spectra, each characterised by distinct effec-
tive temperatures. By fitting the combined observed SED with two-component
models simultaneously, we were able to better match the observed UV flux and
overall SED shape. This approach is particularly useful when the individual stars
in a binary system contribute significantly different fluxes across the wavelength
range, allowing us to disentangle the physical properties of both components. Fig-
ure 2.7 shows an example of double SED fitting for a system composed of a main
sequence star and a giant, with effective temperatures of 17,000 K and 4,750 K,

respectively.

2.5 Theoretical Models

In this study, we employed theoretical isochrones to infer the age distribution and
star formation history, evolutionary tracks to understand stellar development, and
synthetic SED models to derive the physical parameters of individual stars. The

specific models and their applications are outlined below.
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FiGURE 2.8: Padova—PARSEC isochrones with ages of 5, 10, 50, and 100 Myr
for Z = 0.002. The color bar indicates the photometric mass.

Isochrones

Isochrones represent the theoretical loci of stars that formed at the same time
and possess the same metallicity but span a range of initial stellar masses as
shown in Figure 2.8. When plotted on a CMD, these models provide a snapshot
of stellar evolution at a given age. They are particularly useful for deriving the
age distribution of stellar populations in galaxies, where stars exist in various

evolutionary stages and mass ranges.
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In this work, we used Padova-PARSEC isochrones (Bressan et al. 2012) to es-
timate the age range of stars identified in our study region. These isochrones
were generated assuming a Kroupa initial mass function (Kroupa 2001, 2002).
The PARSEC models assume non-rotating stars, include mass loss during the
red giant branch phase, and do not account for the thermally pulsing asymp-
totic giant branch (TP-AGB) or post-AGB phases. The initial point of each
isochrone is the 0.1 M model on the lower main sequence. The terminal stage of
the isochrones is either the beginning of the TP-AGB for low- and intermediate-
mass stars (M < Mpy, ages = 10% yr) or carbon ignition for more massive stars.
For extinction corrections, we applied the reddening law described by Cardelli
et al. (1989) and refined by O’Donnell (1994) and we followed the metallicity of
the SMC of Z = 0.002 (Lemasle et al. 2017). This approach enabled us to compare

the theoretical isochrones with observed CMDs.

Evolutionary tracks

An evolutionary track traces the predicted changes in the physical properties of
a single star—such as its luminosity, effective temperature, and radius—over time
as it evolves from one stage to another, as presented in Figure 2.9. These tracks
are plotted on the CMD, and they represent the life path of a star of a given
initial mass and metallicity. Unlike isochrones, which show the positions of stars
of different masses at a fixed age, evolutionary tracks follow the time-dependent

behavior of individual stars.

To understand the evolutionary status of our sources, we used stellar models from
the MESA Isochrones and Stellar Tracks (MIST) project (version 1.2; Paxton
et al. 2010; Dotter 2016; Choi et al. 2016). Built on the MESA stellar evolution
code, these models offer detailed predictions for a wide range of stellar parameters

and evolutionary stages, from the pre-main sequence to the end stages of stellar
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FIGURE 2.9: MIST evolutionary tracks for stellar masses between 1 and 4 Mg

at metallicity Z = 0.002.

evolution. The MIST models adopt the solar abundance scale, scaled to the SMC

metallicity. Convection is treated using the mixing-length theory with aypr =

1.82, and overshoot is implemented as time-dependent and diffusive with foy core =

0.0160 and foyeny = 0.0174. Mass loss follows prescriptions for low-mass stars on

the RGB or AGB and for high-mass stars.

Spectral models

To interpret the observed SEDs of stars in our study, we adopted synthetic stellar

atmosphere models developed by Castelli & Kurucz (see Figure 2.6 and Figure 2.7;
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2003). These models simulate the emergent flux from stellar atmospheres under
the assumptions of local thermodynamic equilibrium and hydrostatic equilibrium,
and are generated using the ATLAS9 code (Kurucz 1993; Castelli et al. 1997;
Castelli & Kuruez 2003). The Kuruecz model grid spans a broad parameter space,
including effective temperatures (T.g) from 3,500 K to 50,000 K, surface gravities
(log g) from 0.0 to 5.0 dex, and metallicities ([Fe/H]) ranging from 2.5 to +0.5

dex.

The Kurucz models provide flux predictions across a wide wavelength cover-
age—from the ultraviolet to the infrared—making them highly suitable for multi-
band SED fitting. In this work, we employed these models to estimate stellar
parameters such as effective temperature, radius, and luminosity for both single

and binary stellar systems.

It is important to note that the Kurucz models assume local thermodynamic equi-
librium (LTE) and a plane-parallel geometry. These assumptions are generally
valid for stars with effective temperatures below ~30,000 K and for atmospheres
that are not significantly extended by stellar winds. For hotter stars or those
with strong mass loss, however, non-LTE effects and spherical geometry become
important, and alternative model atmospheres such as TLUSTY (Hubeny & Lanz
2011) or CMFGEN (Hillier & Miller 1998) would be more appropriate. The stel-
lar sample analyzed in this study primarily consists of stars in the temperature
regime where the LTE plane-parallel approximation is sufficient, justifying the use

of Kurucz models for our analysis.
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FUYV catalog, Morphology and
Kinematics of young stellar

population in the SMC*

“The cosmos is within us. We are made of star-stuff. We are a way

for the universe to know itself.” — Carl Sagan

3.1 Introduction

The SMC is known to have undergone episodes of recent star formation and there-
fore hosts massive stars. The first step in carrying out a systematic study of
massive stars is to create a catalog. The UV band is a good tracer to map mas-
sive stars, particularly in a low-metallicity environment, as these stars have high

effective temperatures and emit the bulk of their radiation in the ultraviolet. In

*This chapter is based on the work published in The Astronomical Journal, 168, 255 (2024),
Hota et al., 10.3847/1538-3881/ad7de2
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addition, reduced metal-line blanketing and lower dust content at low metallicity
result in less attenuation, making UV observations especially effective in tracing
young massive stellar populations. Also, to derive the characteristics and proper-
ties, it is essential that the catalog should have multi-wavelength data of massive
stars. The addition of kinematic information, such as proper motion, will add

additional value to understanding the massive star kinematics within the SMC.

Here, we present a point source catalog of the SMC in the FUV band based on the
UVIT images of the SMC main body and the Wing. The catalog is cross-matched
with the VMC and Gaia DR3 (G2023) catalogs to provide the corresponding IDs.
We also present the morphology and kinematics of various young populations of
the SMC that are detected in the FUV. In this chapter, section 3.2 covers the
data used in this work and their analysis. We show the location of different types
of populations on the UV-optical and IR CMDs in section 3.3. Section 3.4 and
section 3.5 explore their morphology and kinematics, respectively. Discussion is

in section 3.6 and the summary and conclusions are in section 3.7.

3.2 Data and Analysis

3.2.1 UV data

In this work, we utilized FUV images of thirty-nine (39) UVIT pointings in the
medium passband filter; F172M (silica: 1717+125 A; Tandon et al. 2020). The
observational details of the SMC fields are provided in Table 2.1. We note from
Table 2.1 that out of 39 SMC fields, 25 SMC fields have exposure time > 900 sec,
9 fields have exposure time between 400-830 sec, while 3 fields have exposure time
between 300 to 400 sec. Two SMC fields, SMC-02 and SMC-42, exhibit shorter
exposure time (< 200 sec). SMC-02 is situated on the periphery of the SMC’s
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FIGURE 3.1: FUV magnitude vs error in magnitude (PSF fit error) for various
fields of the SMC with different exposure times.

main body, whereas SMC-42 is located within the inner region of the SMC Wing.
We processed UVIT L1 data of 39 observed fields and performed PSF photometry
as described in Chapter 2. The variation of PSF fit error with the obtained FUV
magnitude and exposure time is shown in Figure 3.1 using seven sample SMC
fields: SMC-42 (187.8 sec), SMC-39 (395.4 sec), SMC-46 (472.0 sec), SMC-26
(634.3 sec), SMC-33 (825.8 sec), SMC-10 (954.8 sec), and SMC-17 (1022.3 sec).
Other observed fields of the SMC exhibit a similar trend.

3.2.2 Completeness factor

The peak of the magnitude distribution of an observed field is a pointer to the
completeness in the data (Leahy et al. 2020), (D23). In Figure 3.2(a), we have
shown the distribution of FUV magnitude of SMC fields with seven different ex-
posure times (same SMC fields as in Figure 3.1). The distribution shows peaks in

magnitudes between 17.5 and 19.5 mag, and we note a sudden drop in the number
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of fainter stars along with an increase in the FUV magnitude error, as shown in
Figure 3.1. This points to a range in incompleteness in the observed fields that

need to be quantified.

In order to quantitatively estimate the incompleteness in the data across the ob-
served fields, we conducted ASTs on the above mentioned seven fields to determine
the CF. We followed the AST as mentioned in Chapter 2. The same procedure
of AST is followed for all the images. Figure 3.2(b) shows the variation of com-
pleteness with the FUV magnitude for seven SMC fields. Extending these CF's to
all fields, we conclude that the observed fields exhibit 100% completeness at ~16
mag, and beyond which the completeness starts to reduce. For artificial stars up
to 18 mag, all considered images (with different exposures and crowding) show a

recovery rate of around 90%. Therefore, we consider a completeness of 90% or

more at ~18 mag (FUV) for all the observed SMC fields.

For context, previous FUV surveys of the SMC exhibit significant incompleteness
beyond approximate limits of ~14 Vega mag for UIT (Cornett et al. 1997) and
~18 AB mag for Swift/UVOT (Ludwig et al. 2026) based on their magnitude dis-
tributions. For GALEX (Morrissey et al. 2007), we find significant incompleteness
beyond ~20 AB mag from its published calibration. These are indicative thresh-
olds rather than precise quantifications. Our UVIT observations achieve 90%
completeness at ~18 AB mag, representing a significant improvement over UIT
and comparable depth to Swift/UVOT, while GALEX provides deeper coverage

acCross a larger area.
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TABLE 3.1: FUV catalog of the sources detected in the direction of the
SMC. Columns 1 to 8 of the catalog table present UVIT_ID, spatial coor-
dinates, magnitude in the F172M filter, corresponding fit error in magni-
tude, VMC_PSF _Source_I1D, Gaia_DR3_Source_ID, and probable SMC member
(PSM), respectively. The complete table is accessible as supplementary online
material in H24b.

UVIT ID RA [deg]  Dec [deg] FUV [AB mag] Error [AB mag] VMC PSF Source ID Gaia DR3 Source ID PSM

UVIT00000 10.315324 —73.277606 16.116 0.098 558371534268 4688850813948992896 Y
UVIT00001 09.940444 —73.294990 16.586 0.163 558371499893 4688862942940210304 Y
UVIT00002 10.548706 —73.303662 17.022 0.154 558371482809 4688848855413218688 Y
UVIT00003 10.034966 —73.309045 16.083 0.129 558371472160 4688851054467630464 Y
UVIT00004 10.368390 —73.330106 17.078 0.134 558371430415 4688847446664173568 N

Note. Total detected FUV stars: ~76,800; cross-matched with Gaia: 73,395; with VMC: 72,790; with
both: ~70,900; not matched with Gaia or VMC: 1,456. PSMs are identified by truncated optimal NN
with RUWE < 1.4 (62,901 sources). In the last column, Y = Yes, N = No.

3.2.3 FUYV catalog and Cross-matching

To produce the FUV catalog, we combined the photometric data of all 39 UVIT
observed fields. The presence of data duplication in the overlapping regions is ad-
dressed by considering the source with the better S/N and/or photometric error.
For the catalog, we selected FUV sources with a magnitude error of <0.2 mag (for
S/N >5) and an FUV magnitude >13.2 mag as the FUV sources brighter than
~13.2 mag may be saturated (Tandon et al. 2017b). With the above criteria, a cat-
alog with ~76800 FUV sources are listed in Table 3.1. Though this catalog covers
the inner SMC, we point out the presence of a gap in the observed area, centered

around the coordinates (a,0):(14°, —72.5°) (see Figure 3.8 and Figure 2.3).

To better characterize the detected FUV sources in the SMC, we cross-matched
these FUV sources with IR and optical data. We obtained the Gaia DR3 data
(Gaia Collaboration et al. 2023) of the SMC with ADQL query in the Gaia archive!
as mentioned in G2021, (see also Chapter 2, section 2.3.1). The number of cross-
matched UVIT-Gaia sources within a search radius of 1” is 73395, and their cor-

responding Gaia_DR3_Source_IDs are listed in the seventh column of Table 3.1.

"https://gea.esac.esa.int/archive/
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The PSF photometry catalog of the SMC in IR band (Rubele et al. 2018) as
part of the VMC, from the European Southern Observatory (ESO) archive * is
cross-matched with the detected FUV sources within a search radius of 1” to ob-
tain 72790 UVIT-VMC cross-matched sources (VMC_PSF _Source_ID is listed in
6th column of Table 3.1). We note that ~70900 FUV sources have both optical
(Gaia) and IR (VMC) data, while ~1450 FUV sources do not have either Gaia
or VMC cross-matches. For Gaia and VMC data, a uniform search radius of 1”
was adopted for cross-matching, based on the positional uncertainty and spatial
resolution of the UVIT data (~1.2-1.5"). Given the significantly higher astro-
metric precision of Gaia and VMC, the matching radius is primarily governed
by the UVIT positional uncertainties. This radius represents a balance between
minimizing false associations and maximizing the recovery of true counterparts,

particularly in the crowded regions of the SMC.

We performed a cross-match of the FUV catalog (see Table 3.1) with the SIMBAD
database using a search radius of 1”. This analysis revealed that 9133 stars were
matched with the SIMBAD database, and we note that ~30% of cross-matched
sources are eclipsing binaries, and another ~30% are classified as ”star” (no spec-
tral classification). We also found some UVIT-SIMBAD stars are classified as
supergiants (~200), white dwarfs (~200), Be stars (~650), and high mass X-ray
binaries (~100). We also cross-matched our catalog with the catalog of 5324 mas-
sive stars in the SMC by Bonanos et al. (2010), using a search radius of 1”7 (UVIT
observed fields cover only 65% of the catalog), and 2388 stars were identified.
The majority of these cross-matched stars are of OB type (O-type: ~132, B-type:
~2000). We cross-matched the UVIT catalog with major spectroscopic surveys of
massive stars in the SMC. We find 96 sources in common with the VLT-FLAMES
survey (Evans et al. 2006) and 32 sources with the RIOTS4 catalog (Lamb et al.
2016). For the BLOeM dataset, Patrick et al. (2025) report 754 sources in common
with the UVIT catalog.

thttps://archive.eso.org/cms.html
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3.2.4 Most Probable FUV sources of the SMC

TABLE 3.2: Number of probable FUV member sources of the SMC and the MW
obtained using different classification methods. *Jiménez-Arranz et al. (2023)

Method SMC MW SMC (RUWE < 1.4) MW (RUWE < 1.4)
30 clipping to (ua cosd), (us), (Plx) 69,389 4,006 61,624 2,141
NN complete* 70,319 3,076 63,444 321
Optimal NN* 68,621 4,774 62,980 785
Truncated-Optimal NN* 68,540 4,855 62,901 864

To find the most probable FUV sources in the SMC, we considered only those
FUV sources that have Gaia counterparts. The spherical coordinates of the SMC
are projected onto the XY-plane using the zenithal equidistant projection method,
where we followed the X and Y conversion as defined in van der Marel & Cioni
(2001, hereafter M2001). For this, we considered the optical center of the SMC at
aspc = 00152m125.5 and dgvc = —72° 49 43”7 (J2000; V1972). Here, we followed
two criteria for selecting the most probable SMC sources: (1) We implemented a 30
cut-off around the mean value of the parallax (Plx = 0.014 mas) and proper motion
(PM) in both RA and Declination (Dec) (p, cosd = 0.74 mas yr !, us = —1.25 mas
yr~1) for the detected FUV sources. The resulting number of the most probable
FUV sources of the SMC is 69389. Still, there is a possibility that these FUV
sources may be contaminated with the background galaxies; (2) We cross-matched
the FUV sources with the Gaia probability catalog of the SMC sources provided
by Jiménez-Arranz et al. (2023). They obtained three samples of the SMC based
on probability (P.y) and G mag cut-off. We followed the same cut-offs to obtain
three samples of the most probable SMC stars: (i) NN complete (P., = 0.01):
70,319 FUV sources, (ii) NN optimal (P., = 0.31): 68,621 FUV sources and
(iii) NN truncated-optimal sample (P.,; = 0.31 and G < 19.5 mag): 68,540 FUV
sources (see Table 3.2). The spatial distribution of the SMC and MW sources,
obtained from different methods, are shown in Figure 3.3. We note that the MW
FUV stars show a similar spatial distribution as the SMC.
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FiGURE 3.3: The spatial distribution of probable FUV stars of the SMC and
the MW obtained from different methods without RUWE constraints.
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FIGURE 3.4: The spatial distribution of probable FUV stars of the SMC and
the MW obtained from different methods with a RUWE < 1.4.
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There is a possibility that Gaia sources are non-single or problematic for astro-
metric solutions (Lindegren et al. 2018). To identify and remove such UVIT-Gaia
sources (see Table 3.1), we applied a constraint on the renormalized unit weight
error (RUWE), which quantifies the goodness of fit of the astrometric solution.
Values near 1.0 indicate a well-behaved single-star solution, while values above 1.4
typically suggest binarity or astrometric issues. We therefore selected sources with
RUWE < 1.4 (Lindegren et al. 2018). Then, we followed again all the above two
criteria for selecting the most probable SMC stars (see Table 3.2). In Figure 3.4,
we note that the MW stars obtained using only the first criteria (30 cut-off to the

Land ps: —1.25 mas yr—!) show a

means of Plx: 0.013 mas, flaeoss: 0.74 mas yr~
spatial distribution like the SMC even after RUWE constraint. But the MW stars
obtained based on probability and/or G mag cutoff (Jiménez-Arranz et al. 2023)
show more or less uniform distribution, which is the expected spatial distribution
of the foreground stars. The numbers of most probable stars obtained after the
RUWE constraint in NN complete (63444), optimal NN (62980), and truncated-
optimal NN (62901) samples are similar. Hereafter, we consider truncated-optimal
NN samples (i.e., Gaia cross-matched FUV stars with probability > 31%, G < 19.5
mag, and RUWE < 1.4, and listed as probable SMC members (PSMs) in the 8th

column of Table 3.1) for further analysis.

3.3 Color-Magnitude Diagrams

A CMD is a useful tool to trace the evolutionary paths of different stellar popu-
lations. Our goal is to identify various stellar populations within the SMC based
on their location in the FUV-optical CMD. As the FUV is in AB magnitude, we
converted G mag from the Vega magnitude system to the AB magnitude system®

to create the FUV—optical CMD, as shown in Figure 3.5(a). To identify various

Shttps://gea.esac.esa.int/archive/documentation/GDR2/Data_processing/chap_
cubpho/sec_cubpho_calibr/ssec_cubpho_calibr_extern.html
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FIGURE 3.5: (a) FUV-optical CMD of the SMC sources. The main sequence
branch is shown within a red polygon. The error bars (median value) for FUV
magnitude and FUV-optical color are shown in black. (b) Polygons on the
optical CMD of the SMC sources representing different populations of the SMC

(G2021, see right panel of their Fig. 2).
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populations, we plotted the Gaia optical CMD (G vs. Ggp — Grp) for the 62901
probable SMC FUV members (see section 3.2.4) as shown in Figure 3.5(b) and
identified different populations as described by G2021. Here, we considered only
the young populations (Young 1 (Y1), Young 2 (Y2), Young 3 (Y3), Blue Loop
(BL)) as they are detected in large numbers (see Figure 3.5(b)), as listed in Ta-
ble 3.3. As the detected number of RGB, AGB, RC, and RR-Lyrae (RRL) are
significantly low, we did not consider them for further analysis. Figure 3.6(a) and
(b) show the position of the Y1, Y2, Y3, and BL stars on the FUV-optical CMDs
of the SMC. We note that Y1, Y2, and Y3 have distinct locations on the main
sequence branch with an increasing FUV mag (Figure 3.6(a)), whereas BL stars
majorly fall on the redder part of the FUV—-optical CMD, with some located on
the main sequence branch (Figure 3.6(b)).

The young populations defined from Gaia optical CMD (Figure 3.5(b)) are also
plotted in the IR CMDs (Kg vs. J-K;) as shown in Figure 3.7(a) and (b), after
restricting sources with a maximum photometric error of 0.2 mag in the two IR
filters. We compared the positions of the populations in the IR CMD with a similar
study by D1.2019, (see Figure 1 in their paper). Our analysis revealed that the BL
stars align with the positions of supergiant and giant stars, while the Y1, Y2, and
Y3 populations are mainly located on the main sequence and subgiant branches.
Therefore, we conclude that the detected SMC FUYV stars primarily belong to the

main sequence and supergiant/giant stars.

TABLE 3.3: Description and star count of four young populations in our catalog.

Population Description™ N

Young 1 Very young main sequence (ages < 50 Myr) 4924
Young 2 Young main sequence (50 < age < 400 Myr) 40484
Young 3 Intermediate-age main sequence population (mixed ages reaching up to 1-2 Gyr) 11885
BL Blue loop (including classical Cepheids) 3584

Note. *The descriptions of the populations are taken from G2021.
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FIGURE 3.8: Surface density distribution (KDE; kernel width = 0.1 deg) of the
SMC. The color bar represents the density in the unit of deg=2. The black ellipse
and circle represent the inner SMC Wing and shell-like structure, respectively.

3.4 Spatial distribution

The morphological features of the young population in the SMC are examined
using the spatial distribution of the FUV stars. It is important to note that the
SMC fields exhibit a range of completeness with the FUV magnitude, based on
their exposure times and crowding from Figure 3.2(b). Except two, all fields show
their peak FUV magnitude around 19 mag before declining ( Figure 3.2(a)) where
completeness is more than ~90%. This suggests that the impact of incompleteness
in the morphology based on the FUV stellar density is negligible. The surface
stellar density of the SMC is shown in Figure 3.8, based on a KDE with a kernel
width of 0.1 deg, which is sufficient to identify the dense regions. The distribution

as seen in Figure 3.8 is irregular, with an asymmetric young bar i.e. the stellar
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density along the bar is not the same, DL2019, (see their Figure 6) and an eastern
extension, the inner SMC Wing at ( —2.75 < Aa < —1.25, —1 < Ad < —0.25) deg.
The young bar has a relatively higher density segregated into three distinct regions
in the inner SMC. When there is a continuity between the SW high-density region
to the central high-density region, we note a discontinuity in density at ~(—0.5,
0.5) deg in the NE direction. This stellar density in the young bar is broken
(i.e. density is not distributed continuously throughout the SMC bar) and bends
towards the east direction. A shell-like structure (previously detected a clump
of stars; Maragoudaki et al. 2001) is detected at (— 0.75, 0.25) deg in the east
direction towards the SMC Wing.

In order to trace the morphology, the KDE map of the stellar surface density of
Y1, Y2, Y3, and BL stars are shown in Figure 3.9. These show 4 distinct dense
regions; visually identified and marked as east, NE, center, and SW on the basis of
direction, as shown in Figure 3.9. The relative density in each region varies with
population and the Y2 population is found to closely resemble the overall density
map as shown in Figure 3.8. The maximum range in stellar surface density is
seen for the Y1, whereas the other 3 populations have a reduced but similar range
of stellar density values. The densest region of the Y1 population is in the NE
of the bar (Figure 3.9(a)), whereas the densest BL population is found in the
SW (Figure 3.9(d)) of the bar. The broken bar and the shell-like features are
predominantly seen in Y2 population(see Figure 3.9(b)). The densest regions of
Y3 are found in the NE as well as at the central part of the bar (see Figure 3.9(c)).

3.5 Kinematics

As the SMC is disturbed due to interactions, the imprint of interactions could

be traceable in the motion of the young stars through a kinematic analysis. We
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FIGURE 3.9: Surface density distribution (KDE; kernel width = 0.1 deg) of
Y1, Y2, Y3, and BL populations in (a), (b), (c), and (d), respectively. The
color bar represents the density in units of deg™2. Dashed polygons mark four
distinct dense regions named east, NE, center, and SW. The labeling in panel
(a) is consistent across all panels.

performed a 2-D kinematic analysis of 4 populations as well as the 5 regions using

their PM values, and the results are presented here.

The PM distribution of all four populations and the fitted Gaussian curves are
shown in Figure 3.10. The fit parameters, such as the peak and standard deviation
values, along with their corresponding errors from the covariance matrix, are listed
in Table 3.4. All the PM distributions had to be fitted with two Gaussian profiles.
The Gaussian profiles fitted to Y1 and BL have slightly differing peaks and widths,
whereas those fitted to the Y2 and Y3 populations have significantly differing
widths. The width of the Y2 and Y3 populations suggest that there is a cool

component corresponding to a PM distribution with reduced dispersion and a hot
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component corresponding to a PM distribution with a relatively large dispersion.
Interestingly, the two sub-populations of BL. and Y1 exhibit relatively less widths,
when compared to both the widths of Y2 and Y3 profiles. Next, we set out to
check if both components of the transverse motion (PM) are contributing to the

above-observed differences.

We transformed (pqcosd, pis) into the Cartesian plane (p,, ft,) using the con-
version equation as defined by G2021, (Equation 2). After this transformation,
we conducted further analysis on the kinematics using the obtained PM values
on the X-Y plane, with p, and p, representing PMRA and PMDec, respectively.
Then, we created vector point diagrams (VPDs) for four populations as shown in
Figure 3.11. VPDs of Y1 and BL stars (Figure 3.11) show a spread in PMRA,
whereas the PMDec distributions do not. The distributions of Y2 and Y3 pop-
ulations have broad profiles in both PMRA and PMDec distributions. Double
Gaussians are well-fitted for the PMRA distributions of Y1 and BL, while the
single Gaussian curves are well-fitted for the rest. The peak and standard devia-
tion values of these Gaussian fits, along with their corresponding errors obtained
from the covariance matrix, are listed in Table 3.4 (4th to 6th column). The peak
PMRA and PMDec values of all the populations are similar to each other. The
PMRA distribution widths of the Y1 and BL populations are dissimilar with the
broad distribution showing about thrice the width of the narrow one. We note
an increasing width of the PMRA and PMDec distribution from Y2 to Y3, which
are even larger than the width of the PMRA distribution of Y1 population and
BL stars. We checked the spatial distribution of PMRA for these four populations
as shown in Figure 3.12. We observed a noticeable PMRA gradient, increasing
towards the east and NE direction for the Y1 population, in contrast to Y2 and
Y3. The spatial distribution of PMRA for the BL stars also indicates a similar,
though less pronounced, gradient compared to Y1 population. We note a distinct
pocket of relatively high PMRA in the eastern part of the SMC in the case of the

Y1 population, near the shell-like structure and the inner SMC wing.
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FIGURE 3.10: PM distribution of four young populations. Gaussian 1 (G1),
Gaussian 2 (G2), and their sum (G1 + G2) curves are shown in blue, magenta,
and red, respectively.

We have found two sub-populations in BL. and Y1 based on PMRA distribution
(see Figure 3.11). It is quite interesting to examine whether the sub-populations
are located all over the observed SMC or confined to a specific region. To do so, we
plotted their VPDs separately for four dense regions and the inner Wing region,
as depicted in Figure 3.13. We clearly see that there are two peaks of PMRA
distribution of BL in the east and NE parts of the SMC, although BL stars are
more concentrated in the SW part. In the case of the Y1 population, two possible
peaks of PMRA distribution are in the east and NE direction. We note a higher
PMRA value in the inner Wing region for both Y1 and BL populations. We
conclude that the two sub-populations with differing PMRA distribution found

for 1 and BL are mainly located in the east, i.e., the shell-like structure and inner
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tively, in (a) and (d). Gray points represent the SMC FUV stars.

TABLE 3.4: Peak and standard deviation values (in units of mas yr—!) of Gaus-
sian curve fits on PM, PMRA, and PMDec distributions, along with fit errors,
for different young populations.

) Gaussian 1 (PM) Gaussian 2 (PM) Gaussian 1 (PMRA) Gaussian 2 (PMRA) Gaussian (PMDec)
Fopulation Peak Std Peak Std Peak Std Peal Std Peal Std
Y1 1.43140.002  0.060£0.002  1.483£0.003 0.115+0.002 0.662+£0.001 0.05140.002 0.701£0.002 0.14240.002 —1.288+0.001 0.0760.001
Y2 1.46040.002  0.14840.004 1.50840.012 0.308£0.019 0.693+0.004 0.190+0.004 —1.28140.003  0.152£0.003
Y3 1.47540.002  0.23040.005 1.52540.011 0.504=+0.021 0.723+0.006 0.31840.006 - - —1.26640.006  0.268+0.006
BL 1.42040.001  0.07240.001  1.48540.003 0.155£0.002 0.670£0.003 0.06340.006 0.69740.008 0.166+0.013 —1.26140.002 0.0764-0.002

SMC wing. In summary, the analysis points to kinematic differences in PMRA
for the young population in the east and NE, without any noticeable difference in

PMDec.
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FIGURE 3.12: Spatial distribution of PMRA of four young populations.

3.6 Discussion

TABLE 3.5: Peak and standard deviation values of Gaussian curve fits on PMRA
distributions, along with fit errors, for different BL populations.

Gaussian 1 Gaussian 2 Gaussian 3

BL Population
Peak [mas yr=!]  Std [mas yr~!] Peak [mas yr~!] Std [mas yr~!] Peak [mas yr—!] Std [mas yr—!]

Age <150 Myr 0.588+0.013 0.053+0.008 0.688+0.004 0.045+0.002 0.736+0.008 0.148+0.004
Age > 150 Myr 0.688+0.023 0.283£0.036 0.647£0.010 0.120£0.018 - -

The interactions of the SMC with the LMC play a vital role in shaping the mor-
phology of the SMC. In this study, we created an FUV catalog of the SMC obtained
from UVIT observations and examined the spatial distribution and kinematics. We
found an irregular and clumpy surface density distribution of the young popula-
tion of the SMC, which is consistent with the previous studies (e.g. Zaritsky et al.
2000; Cioni et al. 2000), (DL2019).
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FIGURE 3.13: VPDs of four dense and inner Wing regions of Young 1 and
BL stars. Distributions of PMRA and PMDec are shown at the top and right,
respectively.
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FIGURE 3.14: Spatial distribution of the SMC FUV stars brighter than 15
magnitude corresponding to a photometric mass > 8Mg.

Patrick et al. (2022) studied the binary systems that contain red supergiant (RSG)
stars of the SMC based on FUV data of 88 red supergiants from UVIT. We found
a cross-match of 61 FUV sources from our catalog (Table 3.1) with their RSGs
(see their appendix, Table A2), and the FUV magnitudes of these cross-matched
sources are within the error. The RSGs, which are not cross-matched, are either
found to be faint or associated with larger errors in FUV magnitude (the cutoff

error in FUV magnitude in this study is <0.2 mag).

Maragoudaki et al. (2001) investigated the spatial distribution of different popula-
tions of the SMC. They found that the young population exhibited an asymmetric
distribution, unlike the old population. They attributed this irregularity to the re-
cent interaction between the LMC and the SMC at ~0.2 — 0.4 Gyr ago. Gonidakis
et al. (2009) mapped the spatial distribution of four age groups of the SMC stel-
lar populations and provided the isopleth contour maps using 2MASS data. The

spatial distribution of their B and A-type stars are similar to the distribution of
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FIGURE 3.15: (a) BL stars on the optical CMD. Blue and orange polygons
denote the BL stars with age < 150 Myr and > 150 Myr, respectively. (b)
Gaussian curve fits the PM distribution. (c) and (d) VPDs with PMRA and
PMDec distribution at the top and right, respectively. (e) and (f) present the
spatial distribution of PMRA of two BL sub-populations (age <150 Myr and >
150 Myr)
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the Y2 population. In a study by Belcheva et al. (2011), iso-density contour maps
were used to analyze the morphology of different populations of the MCs. Their
spatial distribution for the young stars (see their Figure 4) of the SMC is similar
to our result. We also note a shell-like structure at ~(—0.8, 0.25) deg towards the
SMC Wing (Figure 3.8) that is already mentioned by Maragoudaki et al. (2001).

The surface density of the SMC, as well as that of all four young populations,
depict a broken young bar which shows a discontinuity in density at ~(—0.5, 0.5)
deg (see Figure 3.8 & 3.9). The presence of the broken bar has previously been
reported by DL2019, (see their Figure 6) and they mention the bending of the
bar by about ~30 deg to the east. In the density distribution of the BL stars, we
note a denser region towards the SW of the bar, which is also found in the density
distribution of the supergiant and giant stars by DL2019. Cioni et al. (2000) also
found an asymmetric distribution of the younger populations (main sequence and

supergiant stars) with protuberance.

In this study, we find that the eastern region and the northeastern regions are
mainly populated by Y1, Y2, and Y3. The central region predominantly has the
Y2 and Y3 populations, whereas the SW has BL stars, Y2 and Y3. These can be
used to trace the recent star formation history of these regions (age < 400 Myr)

and study stars of various mass, age, and evolutionary phases.

This catalog has stars up to a mass of ~30 to 45 M, (photometric mass obtained
from a 1 Myr Padova-PARSEC isochrone (Bressan et al. 2012) using a distance
modulus of m—M = 18.96, (G2015) and a metallicity of Z = 0.002 dex (Lemasle
et al. 2017)) corresponding to an FUV magnitude of ~13.2. Here, we have used
the extinction law from Cardelli et al. (1989); Gordon et al. (2024), Ry value of
3.13 (Gordon et al. 2024) and a range of color excess values; E(B — V) = 0.05
(mean value; Haschke et al. 2011) and 0.1 (a higher value around OB stars; Gordon

et al. 2024). As massive stars (M > 8 M) are likely progenitors of supernovae, we
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show the spatial distribution of stars brighter than 15 mag in FUV corresponding
to a mass of ~8 My as shown in Figure 3.14. The spatial distribution of these
massive stars (~2200) is similar to the distribution of Ha of the SMC (Gaustad
et al. 2001; McClure-Griffiths et al. 2018). These are the sites of high-mass star
formation in the inner SMC. These FUV bright stars, as well as their location,
will be of interest to various ongoing studies such as binary at low metallicity by
Shenar et al. (2024b), B-type supergiants by Parsons et al. (2024) and many other

studies of massive stars.

The PMRA and PMDec values estimated for the young populations are well-
matched with the previous studies (Costa et al. 2009; van der Marel & Sahlmann
2016; Zivick et al. 2018; Niederhofer et al. 2021). From the PMRA distribution, we
found that Y1 and BL stars have two types of sub-populations, which are mainly
located in the east and NE direction of the SMC (see Figure 3.11, 3.13). However,
the width of the PM distribution of both populations are relatively low, indicating
that these sub-populations are relatively undisturbed (as seen in Figure 3.10 and
Table 3.4). We also note an increase in PMRA (not found in PMDec) for BL and
Y1 populations in the eastern SMC. A similar pattern in the PM of young stars in
the SMC was reported by Niederhofer et al. (2021). However, our findings confirm
that this stretching in PM is predominantly due to the motion of young stars in
the RA direction. Additionally, De Leo et al. (2020), in their analysis (see Figure
10), also observed increased PMRA values for RGB stars in the eastern region of
the SMC. Murray et al. (2019) identified a similar gradient in the residual PM of
143 massive stars, whose radial velocities are aligned with HI gas peaks. A recent
study by Almeida et al. (2024) found a similar pattern in the radial velocity and
proper motion of RGB stars. The study suggests that stars located on the eastern
side of the SMC are part of material pulled out from the central SMC due to its
tidal interaction with the LMC. However, these higher PMRA values are found
within the 2 deg of the SMC, and hence unlikely to be connected to the foreground
population found by Omkumar et al. (2021) and James et al. (2021) (using RC
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and RGB tracers, respectively) in the east of the SMC beyond 2 deg from the
SMC center. Overall, our result, the PMRA gradient observed in the Y1 and
BL populations, indicates that stars younger than 250 Myr are being stretched
towards the LMC, likely as a consequence of the recent LMC-SMC interaction.

In order to check whether we can trace the impact of the recent LMC-SMC interac-
tion at 150-300 Myr ago (Irwin et al. 1985; Besla et al. 2012; Choi et al. 2022) in the
motion of the young population, we overlaid a 150 Myr Padova-PARSEC isochrone
(Bressan et al. 2012) considering a distance modulus of m—M = 18.96 (G2015)
on the Gaia optical CMD as shown in Figure 3.15(a), to separate populations
born before and after the interaction. We can see that BL stars have both types
of populations: (1) before interaction (age <150 Myr) and (2) during/after the in-
teraction (age > 150 Myr). From the Gaussian curve fit to the PM distribution of
these two populations of BL stars as shown in Figure 3.15(b), we determined the
peak and sigma values as follows: for the BL population with age <150 Myr, (u1,
1) = (1.42040.002, 0.070+0.003) and (2, 09) = (1.5044:0.024, 0.14240.011) and
for the BL population with age > 150 Myr, (i, o) = (1.436+0.010, 0.189+0.010).
BL stars with age <150 Myr show a peaked narrow distribution that has con-
tributions from two populations with different transverse motions. The broader
distribution of the above two appears to be similar to that of BL population with
age >150 Myr. Since the number of stars of the older BL. population is not statis-
tically significant, we will not discuss this population further but provide its VPD
as shown in Figure 3.15(d). Peak and standard deviation of PMDec distribution
for the two BL populations with age <150 Myr and > 150 Myr are (—1.260£0.002,
0.067£0.002) and (—1.25240.006, 0.157+0.006), respectively. The Gaussian curve
fits for PMRA distribution to these are listed in Table 3.5. We note from PMRA
distribution as shown in Figure 3.15(c) that BL stars younger than 150 Myr
have three sub-populations with slightly different peaks and widths in PMRA
(Table 3.5). We checked the spatial distribution of PMRA of the BL stars (age
<150 Myr and >150 Myr) as shown in Figure 3.15(e) & (f). We found that there
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is a gradient in PMRA for the BL stars with age <150 Myr, unlike the older BL
stars. The gradient in PMRA is in the direction from SW to NE and east. We
already found that the Y1 population that is also formed after the recent inter-
action shows a very similar kinematic signature. We conclude that the younger
sub-population of BL stars and the Y1 population bear the kinematic signature
of the recent LMC-SMC interaction. This signature is in the PMRA distribution
and we do not detect any perturbation in the PMDec distribution. This is an

important pointer that can constrain the models of LMC-SMC interaction.

Four regions of the SMC (bar) were observed by the UITY (Cornett et al. 1997).
We have cross-matched the UVIT catalog with the UIT catalog (FUV: 1620 A) of
the SMC with search radii of 2” and 1”(spatial resolution of UIT is 3”) and found
~1700 and ~550 common sources, respectively. Figure 3.16 shows the relation
between the UVIT (AB magnitude) and UIT (Vega magnitude), and their fluxes
are found to be well matched in a study by Subramaniam et al. (2016b). Cross-
matching the common sources with the SIMBAD database revealed that many
of these sources are eclipsing binaries, emission line stars etc., and are marked in
Figure 3.16. Differences in the magnitudes between the two catalogs arise mainly
from the magnitude system, along with variations in filter wavelengths and widths,
the spatial resolution of UVIT and UIT, and the variable nature of some sources.
In addition, we cross-matched the UVIT catalog with the Swift/UVOT catalog
(Ludwig et al. 2026) and identified ~52,253 sources in common. Comparing the
UVIT FUV magnitudes with the UVOT UVW2 (192.8 nm) magnitudes in the AB
system, we find a small offset of ~0.2 mag, which is likely to be due to a difference
in the effective area for this filter between the two systems and lies within the

photometric uncertainties, indicating good agreement between the two datasets.

The SMC FUV sources are younger than 400 Myr (H24a). Various studies have

indicated that massive stars are often found in binary or higher multiple systems

10f the four UIT fields, three overlap with UVIT fields, while one lies in a gap within the
UVIT observed area.



Chapter 3: FUV study of the SMC Discussion

13 A
14 - @) §
__ 151
(@)
©
E 16 -
>
2 | R=2 arcsec
I:I 17 R=1 arcsec
% O EmlLine*
18 1 vV EcIBin
/A Be* _Candidate
197 > HighMassXBin
[0 Be*
20 | 1 I 1 1 1 1 1
16 15 14 13 12 11 10

UIT_FUV [mag]

FIGURE 3.16: UVIT and UIT FUV magnitudes of common sources (for search
radii of 2” and 1”). Different markers represent UVIT-UIT-SIMBAD stars clas-
sified as emission-line stars, eclipsing binaries, Be star candidates, high-mass
X-ray binaries, and Be stars.

(Mason et al. 1998; Garcia & Mermilliod 2001; Sana et al. 2014; Moe & Di Stefano
2017). It is estimated that approximately 70% of close binary systems (Sana et al.
2012; Kobulnicky et al. 2014) are likely to interact, impacting stellar evolution,
apart from leading to the end stages of a massive star, such as a supernova explo-
sion (Podsiadlowski et al. 1992; de Mink et al. 2013; De Marco & Izzard 2017).
They also have the potential to form double compact object binaries (Marchant
et al. 2017). In our future work, we plan to identify binaries through multi-band
photometry and characterize them, apart from estimating the properties of sin-
gle stars. The catalog presented in this work will be a very useful resource to
study the FUV properties of various exotic populations such as the high-mass
X-ray binaries, Wolf-Rayet stars, O/B emission line stars, Be-X ray binaries, etc.
This photometric catalog will also be quite a useful resource to plan photomet-

ric/spectroscopic observations of future space-based observatories, such as UVEX
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(Ultraviolet Explorer; Kulkarni et al. 2021) and INSIST (INdian Spectroscopic

and Imaging Space Telescope; Subramaniam 2022; Sriram et al. 2023).

3.7 Summary and Conclusions

In this study, we present a FUV catalog of the SMC obtained using the UVIT/
AstroSat, based on observations of 39 pointings of UVIT in the filter F172M.
The catalog contains ~76800 sources along with their IDs in Gaia and VMC. This
catalog will be an excellent resource for various studies of young and massive stellar
populations in the SMC. We also provide the data completeness as a function of

magnitude for the observed regions.

Applying different classification methods to get the most probable SMC stars,
we found that RUWE constraint is required for better MW decontamination. We
adopt the Truncated-Optimal NN of Jiménez-Arranz et al. (2023) and RUWE<1.4
cutoff to identify the probable SMC population consisting of 62901 stars. The
spatial as well as kinematical properties of this population, as found in this study,

are summarized below:

e FUYV stars in the catalog are mainly main sequence, giant, and subgiant stars

as found from the CMDs (Gaia optical, FUV-optical, and VMC IR CMDs).

e There are about ~2200 stars that are brighter than 15 mag in FUV, corre-
sponding to a photometric mass of M> 8Mg. The catalog is therefore an

important resource to study massive stars in low metallicity environments.

e Stellar surface density distribution is found to be clumpy. The distribution

traces three morphological features such as the inner SMC Wing, a broken
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bar, and a shell-like structure. We also find a high concentration of FUV
stars in the SW of the bar.

e The morphology as a function of stellar population is studied through KDE
plots. From the KDE plots of Y1, Y2, Y3, and BL stars, we find that the
morphology varies with population. The density distribution of Y2 has a
close resemblance to the overall density while Y1 and BL stars are concen-
trated at the NE and SW of the bar, respectively. The densest regions of Y3

are located in the northeast and at the central part of the bar.

e The kinematic properties of the above population suggest that all popu-
lations show two kinematically distinct sub-populations. The Y2 and Y3
show a kinematically cool, less dispersed (with a narrower width in the PM
distribution) and a hot, highly dispersed (with a broad PM distribution)
sub-populations, whereas the Y1 and BL stars show kinematically distinct

two cool populations.

e The VPDs suggest that the kinematically distinct sub-populations of Y1 and
BL stars differ in PMRA, but have similar PMDec distribution. The spatial
distribution of PMRA of Y1 and BL stars show a gradient with increasing
towards the eastern SMC, mainly located in the shell-like structure (east)

and the NE part of the bar.

e The kinematic analysis of this study points to a specific disturbance for stars
younger than ~150 Myr in the PMRA, with no significant disturbance in
the PMDec. This can place strong constraints on the details of the recent

LMC-SMC interaction.

e The probable SMC members (~62900) with FUV magnitudes will be very
useful to the study of massive young stars in the low metallicity and kine-

matically perturbed environment of the SMC.
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Turbulence Regulated
Hierarchical Star Formation in

the SMC”*

“Do not look at stars as bright spots only. Try to take in the vastness

of the universe.” — Maria Mitchell

4.1 Introduction

Star formation across different scales in galaxies reveals a remarkable structural
pattern. Rather than forming solely in isolated environments, stars often emerge
in a wide range of configurations—from bound clusters and loose associations to
extensive complexes that span kiloparsec scales. Particularly, young stars (ages

<100 Myr) tend to trace spatial distributions that mirror the fractal structures

*This chapter is based on the work published in The Astrophysical Journal, 989, 216 (2025),
Hota et al., 10.3847/1538-4357 /adec84
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of the ISM (e.g., Gouliermis et al. 2015), (S2018),(Miller et al. 2022, hereafter
M2022). Both observations and numerical simulations consistently support the
idea that the morphology of young stellar populations reflects the underlying tur-
bulent gas from which they form (Elmegreen & Falgarone 1996; Elmegreen &
Elmegreen 2001; Vazquez-Semadeni et al. 2017).

In the SMC, early studies identified tens of stellar associations with typical sizes
around 70-90 pc (e.g., Hodge 1985; Battinelli 1991), comparable to those in the
LMC but smaller than those in larger spiral galaxies like the MW or M31. Subse-
quent studies employing statistical tools, such as the two-point correlation function
and minimum spanning trees, have revealed that younger populations in the SMC
(<10-30 Myr) show significant substructure, which gradually becomes smoother
with age (Gieles et al. 2008). This age-dependent erasure of structure is consistent
with hierarchical star formation regulated by dynamical evolution and turbulence-
driven fragmentation of the ISM (Bonatto & Bica 2010), (S2018; M2022). These
works collectively support a picture where supersonic turbulence plays a domi-
nant role in shaping the star-forming structures across scales, leading to mass and
size distributions that follow power laws, indicating scale-free processes. More
recently, Miller et al. (2024) developed a novel automated technique for detecting
and characterizing semi-resolved star clusters, where the PSF is smaller than the
cluster size but larger than typical stellar separations. This method is well-suited
for studying resolved structures in nearby galaxies. Applying it to a 1.77 deg? area

in the LMC, they identified 682 cluster candidates.

In this chapter, we analyze the hierarchical distribution of young massive stellar
populations in the SMC using the FUV catalog developed as discussed in Chap-
ter 3. To identify overdensities associated with young stars, we apply a contour-
based surface density map analysis developed by Gouliermis et al. (2015, 2017),
which allows us to trace structures across a range of significance levels. Through-

out this study, we refer to all identified groupings, whether clusters, associations,
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or larger complexes, collectively as young stellar structures, without distinguish-
ing between their subtypes. The primary goal is to characterize the clustering
properties, spatial distribution, and structural hierarchy of young massive stars
in the SMC and explore how these relate to large-scale star formation processes.
The chosen sample for this work and methods of detecting young stellar structures
are detailed in section 4.2. section 4.3 focuses on the properties of the identified
structures, including their sizes, perimeters, areas, stellar content, and surface
densities. In section 4.4, we interpret the results in the context of hierarchical star
formation and compare them with findings from other galaxies and the caveats of

this study. Concluding remarks are provided in section 4.5.

4.2 Sample and Methodology

4.2.1 Sample

In our study, we use the UV point-source catalog of the SMC compiled in the
previous Chapter (see Table 3.1), obtained from 39 fields across the SMC observed
by the UVIT (Tandon et al. 2017a) onboard AstroSat. We have considered only
the ~62,900 most probable SMC FUV stars (see the final column of Table 3.1)
with Gaia DR3 counterparts that meet the following criteria: (i) RUWE < 1.4
(Lindegren et al. 2018), (ii) a classification probability greater than 31%, which
indicates the likelihood that a source is a member of the SMC, and (iii) G < 19.5
mag (criteria (ii) and (iii) were obtained from Jiménez-Arranz et al. 2023). These
criteria were adopted to exclude foreground stars. Detailed information regarding

foreground decontamination can be found in section 3.2.4.

Since our method for identifying young structures depends on their surface density,

a high completeness level of our sample of FUV stars is essential. In Chapter 3,
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FIGURE 4.1: FUV-optical color-magnitude Hess diagram of the most proba-
ble FUV stars (~62,900) in the SMC. The color bar represents the number of
stars in each color-magnitude bin. The white dashed line represents our FUV
magnitude cut-off at 17.5 mag.

we performed an FUV completeness check of the catalog by conducting ASTs. We
achieved a recovery rate of approximately 90% for stars with FUV magnitudes up
to 18 mag, increasing to 100% completeness at 16 mag (refer to Figure 3.2). In
this work, we selected FUV stars brighter than 17.5 mag, a limit at which the
completeness exceeds 90%, resulting in a sample of about N ~ 20, 800 stars. We
verified the results using different magnitude cut-offs from 16.0 to 18.0 mag, in
steps of 0.5 mag: see section 4.4. The mass range extends from 5 to 40 Mg,
corresponding to FUV magnitudes between 18 and 13.3 mag, as derived from

isochrone-based photometric mass estimates.

Figure 4.1 shows the FUV—optical CMD for about 62,900 SMC FUV stars. The
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FUV and G magnitudes have been corrected for extinction using an average color
excess of F(B—V') = 0.05 mag (Haschke et al. 2011; Skowron et al. 2021), adopting
the extinction laws of Cardelli et al. (1989) and O’Donnell (1994), and Ry = 3.1
(Girardi et al. 2008; Gordon et al. 2024). The Padova group’s PARSEC isochrones
(v2.0; Bressan et al. 2012) for ages of 1, 50, 100, and 150 Myr, assuming a distance
modulus of m — M = 18.96 mag (G2015) and a metallicity of Z = 0.002 (Lemasle
et al. 2017) are overlaid on the FUV-optical CMD. We note that FUV stars
brighter than 18 mag are younger than 150 Myr, and these stars are primarily O-
and B-type main sequence stars, as well as giants. Therefore, the stars selected
for this study with FUV magnitudes brighter than 17.5 mag are younger than 150
Myr.

4.2.2 Surface density distribution
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FIGURE 4.2: Surface density map (KDE) of the SMC. The color bar represents
the number of stars pc~2. The bar, shell, and inner wing of the SMC are marked

with black arrows. XY are the projected coordinates, with the optical center at
asnme = 00052M125.5, dgvc = —72°49'43" (J2000; V1972).
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The SMC’s spherical coordinates were projected onto the XY plane using the
zenithal equidistant projection method, adopting the X and Y conversions given
by M2001. The optical center of the SMC was taken at agyc = 00152™125.5 and
dsme = —72°49'43" (J2000; V1972). To analyze the surface density distribution
of our selected sample (FUV magnitudes < 17.5 mag), we employed KDE. This
method entails creating a two-dimensional binned map of the selected sample by
smoothing the positions of stars with a Gaussian kernel. The kernel width was
selected according to the spatial scale of interest. While a narrow kernel highlights
finer structures at the expense of increased noise, a broader kernel suppresses noise
but smooths out details. We experimented with kernel widths ranging from 5 to
15 pc and found that 10 pc offers an optimal balance between noise reduction and
structural preservation. Further justification for adopting a kernel width of 10 pc
is provided in section 4.4.4. The same kernel size has been used in previous studies
of the MCs (Sun et al. 2017a,b), (52018; M2022). In the KDE map, there is a gap
at (a,0) = (14°, —72.5°) where UVIT data are unavailable (H24b).

From the KDE map of the selected sample (age <150 Myr; Figure 4.2), we note the
broken bar, which extends in the northeast—southwest direction across the SMC
(H24b; Sewilo et al. 2013), (DL2019), a shell-like structure (Maragoudaki et al.
2001, H24b), and the inner SMC Wing (Zaritsky et al. 2000; Cioni et al. 2000;
Sewilo et al. 2013; Oliveira et al. 2023). The overall surface density distribution of
the selected SMC sample is irregular and clumpy (e.g., Zaritsky et al. 2000; Cioni
et al. 2000; Sewilo et al. 2013, H24b, H24a), (DL2019). The median, mean, and
standard deviation of the KDE surface density are 0.00008 stars pc=2, 0.002 stars
pc2, and 0.005 stars pc~2, respectively. These values are consistent with those
found by 52018 and M2022 for the SMC and LMC, respectively, using VMC data.
Our identification and analysis of young structures is based on this surface density

map.
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4.2.3 Detection of young stellar structures and their pa-
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FIGURE 4.3: Detected young stellar structures colored by their significance
levels.

To identify young stellar structures (hereafter YS structures) in the SMC’s surface
density map (Figure 4.2), we applied a contour map-based technique (Gouliermis
et al. 2015, 2017). This technique uses estimates of surface overdensities across a
range of significance levels (n times the standard deviation of the surface density
from the KDE map, o, where n is an integer) to detect YS structures. In our work,
a range of significance levels, from 1o + the median value of the KDE density to
100 + the median value of the KDE density, in equal steps of 1o (where o = 0.005
stars pc™2?) was used to obtain the isodensity contours in the KDE map. Note

that the median value of the KDE map is significantly smaller than the standard
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deviation in all less populous regions. At each significance level, any isodensity
contour enclosing an overdensity is classified as a candidate young stellar structure,
with the contours delineating their projected boundaries. Using this method, we

detected approximately 370 YS structures of all kinds.

In the next step, we estimated the physical parameters of the detected YS struc-
tures. The radius of a stellar structure (R) was determined by the radius attained
by a circular area equivalent to the projected boundary. The total number of stars
within a structure was estimated by the number of stars of the selected sample
(N) within the boundary. The surface density of a structure was estimated by
computing the ratio of the number of stars within its boundary to the area of the
structure, using > = WLRQ.

There is a possibility that some of the structures identified may be spurious de-
tections. To address this potential concern, we applied two additional criteria
adopted from previous studies (S2018; M2022): (1) a genuine structure must con-
tain a minimum number of stars (Np,), and (2) structures at the 1o and 20
significance levels must enclose the contours of structures at higher significance
levels (30 to 100). The choice of Ny, is arbitrary; a higher value helps to reject
most unreliable structures but may also remove genuine ones, whereas a lower
value may result in more unreliable detections. Therefore, we adopted N, = 5,
following previous studies (Bastian et al. 2007, 2009; Gouliermis et al. 2017; Sun
et al. 2018; Miller et al. 2022), to reduce contamination by spurious structures
while retaining physically meaningful groupings. We also tested the robustness of
our results for Np,;, = 3 and 4, as discussed in Section 4.4.1 Following application
of these two criteria, we retained a total of 236 YS structures: see Figure 4.3. This
shows the non-uniform and hierarchical pattern of the detected YS structures in
the SMC, which is similar to those in many star-forming regions and entire galax-
ies (Gouliermis et al. 2010, 2015; Gusev 2014; Sun et al. 2017b,a), (S2018; M2022).
We emphasized the hierarchical pattern of the detected structures. Table 4.1 lists
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the details of individual structures across a range of significance levels; Table 4.2

summarizes the demographic data for the detected YS structures as a function of

significance level.

TABLE 4.1: Details of the detected young stellar structures.

ID Level (o) X (deg) Y (deg) RA (deg; J2000) Dec (deg; J2000) N R (pc) X (stars pc—2)
1 1 —2.345 —0.591 21.35 —173.26 31 17.06 0.034
2 1 —2.277 —0.520 21.09 —173.20 93 29.67 0.034
3 1 —1.643 —0.580 18.92 —73.33 152 34.64 0.040
4 1 —0.336 0.228 14.31 —72.59 15424 366.07 0.037

Note. This table includes the identification number (ID),

significance level (o), central projected

coordinates (X and Y in degrees), celestial coordinates (RA and Dec in degrees; J2000), the number

of stars (N) in each structure, radius (R in parsecs), and the surface density (X in stars pc~2). Only

the first four records are shown here as an example. Projected XY coordinates of the SMC are defined

with respect to the galaxy’s optical center at agnc = 00P52m125.5, dsnve = —72°49/43" (J2000,
V1972). The full table is available in MRT format at H25.

TABLE 4.2: Demographics of the detected young stellar structures at each
significance level.

Level  Ngir (No. structures)  Rpin (pc)  (R) (p¢)  Rmedian (P¢)  Rmax (P€)  Nsum (No. stars) (X) (stars pc—?)
1 5 17.06 93.17 29.67 366.07 15734 0.035
2 19 8.33 35.14 19.00 175.37 10607 0.056
3 59 3.55 13.71 8.19 98.97 7275 0.083
4 60 2.46 11.52 8.49 47.96 4138 0.109
5 47 3.07 8.76 6.14 37.86 2258 0.140
6 24 2.34 8.23 7.59 31.51 1170 0.180
7 11 2.27 7.72 5.95 26.88 626 0.222
8 5 3.63 9.82 8.13 23.68 447 0.224
9 4 3.14 9.03 6.01 20.95 342 0.259
10 2 5.62 12.13 12.13 18.64 267 0.269

Note. This table presents the significance level (column 1), number of structures (Ngtr), minimum

size (Rmin ), average size ((R)), median size (Rpedian ), maximum size (Rmax ), number of stars (Nsum ),

and the average surface density ((X)) of the detected YS structures at each significance level (columns

1 to 8).
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FIGURE 4.4: Perimeter vs. area of the detected young stellar structures. The
black dashed line represents the area cut-off, Asg &~ 1.3 x 103 pc2, which corre-
sponds to a size of R = 20 pc. For areas beyond this cut-off radius, the data is
fitted with a single power-law function as indicated by the red solid line.

4.3 Results

4.3.1 Perimeter—Area relation

From the contour plot (Figure 4.3), we note that the boundaries of the detected
Y'S structures are irregular. These irregularities in the morphology of the detected
structures can be quantified by a perimeter—area relation. Figure 4.4 shows the
perimeter (P) versus area (A) of the projected boundaries of the detected YS
structures. Circular structures follow the perimeter—area relationship, P oc A%3.
We consider the area threshold Asy at R = 20 pc to be greater than the resolution
of the KDE map (Figure 4.2), so that resolution effects become negligible. For an
area < the area at R = 20 pc (A ~ 1.3 x 103 pc2), the detected structures follow
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the circular perimeter—area relation shown by the yellow solid line in Figure 4.4.
The data points above this cut-off (> Ay) follow the perimeter—area relation with
a power-law slope of @ = 0.73 4+ 0.02 (the power-law slope was found by means
of least-squares fitting) shown as the red solid line, while the area threshold, Ay,
is represented by the dashed black line. The perimeter-area dimension, D,, can
be estimated using P oc A”»/? defined by Falgarone et al. (1991) for molecular
clouds. For the observed YS structures, the perimeter—area dimension is D, =
2 X a = 1.46 £ 0.04. This value is considerably higher than the perimeter-area
dimension of a circular (smooth) structure, which therefore quantitatively reflects

the irregular shapes of the detected YS structures with R > 20 pc.

4.3.2 Number—Size relation
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FIGURE 4.5: Number—size relation of the detected young stellar structures. The

dashed line indicates the spatial resolution of the KDE (see Figure 4.2). The
solid red line represents the best single power-law fit.
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FIGURE 4.6: Power-law fits to the relationship between the numbers and sizes
of the detected YS structures at different significance levels. Since the number
of data points at significance levels > 7o is small, we combined all data points
for significance levels 8-10c.

Figure 4.5 shows the variation of the numbers of stars within the structures (V)
as a function of the size of the detected YS structures. We estimate the best-
fitting slope, using a least-squares fit, of £ = 1.64 4+ 0.03. While UV observations
are biased in favor of detecting young, massive stars, and the stellar initial mass
function (IMF) is not fully sampled at this wavelength range, the number—size
relation can still serve as a reliable proxy for the mass—size relation. This is because
the mass—size relation of structures estimated using massive stars is expected
to exhibit a similar slope to the mass—size relation derived for the total stellar

population within the structures.
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The mass—size relation for masses that are hierarchically clustered follows the rela-
tionship M oc RP? as given by Mandelbrot (1983). Here we want to mention that
the 2D fractal dimension, Dy, is not the same as the perimeter—area dimension,
D,,, and it does not explicitly depend on R, but rather reflects the scaling behavior
of the spatial distribution of stellar structures across a range of sizes. Values of
Dy < 2 reflect a clumpy, self-similar distribution, while values approaching 2 cor-
respond to a more uniform spatial distribution. The projected fractal dimension
of the detected YS structures in this work is Dy = k = 1.64 £ 0.03. We have es-
timated the 2D fractal dimension by calculating the slopes of least-squares fits to
structures at different significance levels: see Figure 4.6. In this figure, we display
only the power-law fits. Because the number of points is limited to five or fewer,
we used a single power law to describe the number—size relation for all structures
with significance levels > 7o (i.e. 80 to 100). Note that the slopes of the best fits,
and consequently the fractal dimensions of the structures, vary from Dy = 1.6 to
2.0 across significance levels. Feitzinger & Galinski (1987) showed that uniform
artificial distributions, such as rhombic and quadratic patterns, exhibit fractal
dimensions close to 2. In contrast, star-forming regions typically display lower
fractal dimensions, ranging from 1.4 to 1.9. This implies that stellar structures
with a fractal dimension near 2 have a uniform surface density, while those with
lower fractal dimensions are marked by irregular, patchy distributions. The de-
rived Dy values, computed at various significance levels and for the entire sample,

suggest that the structures exhibit non-uniform, clumpy distributions.

4.3.3 Size distribution

Figure 4.7 shows the distribution of the size of the detected YS structures. We
note that the peak, mean, and median of the size distribution are at 5.6 pc, 14.6
pc, and 8.2 pc, respectively. As noted in section 4.2.2, structures with sizes smaller

than 10 pc are not resolved, and statistical noise is evident in the size distribution,
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FIGURE 4.7: Distributions of size for the identified young stellar structures.
The blue dashed lines indicate the range of data points used for power-law
fitting, with the slope of the fit denoted by «.

particularly for larger sizes. Therefore, to fit a single power law, we selected the
range from 10 pc to 100 pc in the size distribution of the detected YS structures.
We performed a fit to the data within the range 10-100 pc, as shown by the red
solid line in Figure 4.7, and estimated the best-fitting slope, a(R) = —1.31£0.16.

Substructures within a hierarchical system follow a cumulative size distribution,

N(> R) c R, (4.1)
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where Dy is the 2D fractal dimension (Mandelbrot 1983; Sun et al. 2017b,a),
(S2018; M2022). Since Equation 4.1 represents a single power law, it is mathe-

matically equivalent to a differential size distribution,

Ll oc R7P2.

4.2
dlog R (42)

Equation 4.2 has the same functional form as the size distribution of the identified
YS structures (Figure 4.7) within the size range of 10-100 pc. Consequently, these
structures align with a 2D fractal dimension of Dy = —a(R) = 1.31£0.16, similar
within 20 to the Dy value derived from the number—size relation (i.e. 1.64 £ 0.03,
as discussed in section 4.3.2). We note that there are three structures with sizes
of 100 < R < 400 pc. We found their linear scales to be comparable to that
of the main body of the SMC, consistent with S2018. This suggests that the
spatial extent of the larger structures composed of young massive stars (5-40 M)
identified in our study is similar to that of large-scale structures traced by low-
mass young stellar populations (S2018). Structures located in the inner region
of the SMC are less affected by external galactic processes—such as tidal forces
and interactions with neighboring galaxies—compared with those in the outermost
regions (De Leo et al. 2020; Dias et al. 2022). Hence, the larger, outer structures are
more affected by such global processes, which likely contributes to their deviation

from the power-law size distribution.

4.3.4 Number distributions

Figure 4.8 shows the number distribution of the detected YS structures. Here,
we confirm that the number distribution is incomplete for smaller values (i.e.
smaller numbers of stars). Based on Figure 4.5, we note that for N > 30, the
sizes correspond to R > 10 pc, i.e. there is a negligible effect of incompleteness

in detecting YS structures for N 2 30. For N > 1000, we note the increased
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FIGURE 4.8: Distributions of numbers for the identified young stellar structures.
The blue dashed lines indicate the range of data points used for power-law
fitting, with the slope of the fit denoted by «.

statistical noise in the number distribution. That is the reason why we have
fitted only a single power law in the range encompassing 30-1000 in the number
distribution of the detected structures. If masses are arranged in a hierarchical
pattern, their mass distribution will follow a single power law with a slope of —1
(Elmegreen & Falgarone 1996), (S2018; M2022). Similarly to section 4.3.2, the
slope of the number distribution can serve as a reliable proxy for the slope of the
mass distribution. From the best fits, we found a power-law slope of a(N) =
—0.8 & 0.1, which is close to the expected theoretical value. Five structures have
N > 1000; they are not well-represented by the same power-law slope. Note that

the two structures with the highest and second-highest N values have projected
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FIGURE 4.9: The surface density distribution, where the black histogram in-
cludes all data points, and the red histogram represents the distribution after
applying constraints.

boundaries comparable in extent with that of the main body of the SMC, while
the remaining three structures have sizes of nearly 100 pc. These two high-N
structures are, therefore, more likely associated with galactic-scale processes rather
than with sub-galactic hierarchical star formation (De Leo et al. 2020; Dias et al.

2022).

4.3.5 Surface density distributions

Figure 4.9 shows the distribution of the surface density of all detected YS struc-
tures, represented by the black histogram. Note that there are two structures
with very low surface densities (below 0.03 stars pc~2), which introduce statistical
noise into the distribution. For this analysis, therefore, these two structures, along

with those having a size of R < 10 pc, have been excluded. The distribution of
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the surface density for the remaining structures is shown as the red histogram in
Figure 4.9. The structures considered follow a log-normal distribution in surface
density, as shown by the solid black curve. The mean and standard deviation of
the logarithm of the surface density are p(log3) = —2.50 £ 0.04 (stars pc—?) and
o(log¥) = 0.42 4 0.03 (stars pc2).

4.4 Discussion

4.4.1 Impact of different constraints on the results

In this study, we compare the outcomes under varying conditions, such as for
different magnitude cut-offs (which affect data completeness), populations charac-
terized by different ages, and different number cut-offs for structure detection, with
the results obtained for the sample with an FUV magnitude cut-off of 17.5 and
Npin. Figure 4.10 shows the slopes of the power-law relations obtained via least-
squares fitting of the number distribution, size distributions, the perimeter—area
and the number-size relationships, as detailed in sections 4.3.1, 4.3.2, 4.3.3, 4.3.4
and 4.3.5 under varying conditions. It also includes literature values for the LMC
(M2022) and the SMC (S2018), as discussed in section 4.4.3. The dashed lines
indicate the slopes derived for the sample in this study, using an FUV magnitude

cut-off of 17.5 and a minimum count of Ny, = 5.

We first examined the impact of incompleteness by applying different magnitude
cut-offs, ranging from 16 to 18 mag in steps of 0.5 mag, while retaining a con-
stant number cut-off (N, = 5) for identifying YS structures. Here each FUV
magnitude cut-off corresponds to a cumulative age threshold, with brighter limits
selecting progressively younger populations. These cut-offs were primarily used

to assess the effects of photometric incompleteness on the structure identification
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FIGURE 4.10: Comparison of the derived power-law slopes from the number—
size, perimeter—area, and number—size relationships under varying constraints of
kernel width (KW), Npin, magnitude cut-off, and different stellar populations.
The x-axis represents the derived power-law slopes, while the labels ‘LMC’ and
‘SMC’ along the Y axis correspond to values from the literature; see M2022
and S2018, respectively. The red markers and red dashed lines both represent
the slopes obtained for the adopted sample (FUV magnitude cut-off of 17.5 and
Nmin = 5), shown for visual reference.

process. As shown in Figure 4.10, the slopes derived from the perimeter—area rela-
tions remain consistent within the uncertainties, and the slopes obtained from the
size distributions, number distributions, and number—size relations all fall within
the 20 range of the slopes for the entire sample. These findings indicate that
within a data completeness range of 90-100%, the hierarchical nature of the YS

structures remains unaffected.
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To eliminate spurious detections of YS structures, we established a minimum cut-
off for the number of stars, denoted by Nyi,. A structure is considered genuine
if it contains at least N, stars. We set Ny, = 5. To explore the effects of a
lower Ny, value, which could introduce more noise, we also examined results with
cut-offs of N, = 3 and 4, while keeping a magnitude cut-off of 17.5 mag. Our
results, shown in Figure 4.10, demonstrate that the slopes of various relations and
distributions remain consistent, indicating that N.;, = 3 is acceptable, since the

effect of noise on the final results is negligible.

To examine how the fractal nature of young populations evolves with age, we
analyzed two young stellar populations (Young 1 and Blue Loop; BL) spanning
different age groups, identified from the G vs. (Ggp — Grp) CMDs of G2021 and
Chapter 3 (Figure 3.5(b)). Here, we did not consider the Young 2 and Young 3
populations, given that the majority of those stars are fainter than 17.5 mag. We
note that the BL, younger than 200 Myr and Young 1 (age < 50 Myr) populations
include some stars with FUV magnitudes fainter than 18 mag; however, we have
presented results for them without accounting for incompleteness effects. The
derived slopes from the perimeter—area relation and number distribution fall within
the uncertainties of our earlier results, as shown in Figure 4.10. Additionally,
the fractal dimensions of the hierarchical structures derived from the number—size
relation and the size distribution remain within the 20 range. The Young 1 and BL
stars show irregular morphologies and fractal characteristics. This indicates that
the fractal nature of star formation remains present in the SMC for populations

with mean ages as old as 200 Myr.
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4.4.2 Similarities between the ISM and Young stellar struc-

tures

The YS structures and the ISM exhibit many notable similarities. The gas ex-
hibits a hierarchical, self-similar morphology spanning a wide range of scales, from
0.1 pc to 1 kpe (Elmegreen & Scalo 2004; Bergin & Tafalla 2007; Sanchez & Al-
faro 2008). The largest gas structures are comparable in size with the parent
galaxy itself (Elmegreen 2000). In our case, the sizes of the YS structures range
from a few parsecs to several hundred parsecs (see section 4.3.3 and Figure 4.5).
The gas substructures exhibit irregular morphologies. The projected boundaries
of these structures have been studied extensively using perimeter—area relations,
including by Beech (1987); Falgarone et al. (1991); Vogelaar & Wakker (1994);
Lee et al. (2016). The perimeter—area dimension (D,) typically falls between 1.3
and 1.6 (Dickman et al. 1990; Hetem & Lepine 1993; Roman-Duval et al. 2010),
and the value derived here, D, = 1.46 & 0.04 (see section 4.3.1), also lies within
this range.The D, values obtained under different conditions, as discussed in sec-

tion 4.4.1, also fall within the range found in the literature.

Turbulence significantly affects the hierarchical substructures within the ISM, act-
ing as a key driver for the fragmentation of the ISM into increasingly smaller
substructures and the formation of stars (Elmegreen & Scalo 2004; Pingel et al.
2018). Turbulence forms across a wide range of spatial scales and cascades down
to the smallest scales, as evidenced by the fractal nature of the ISM (Elmegreen
et al. 2001). On larger scales, turbulence is likely initiated by the accretion of cir-
cumgalactic material and gravitational instabilities (Krumholz & Burkhart 2016),
whereas on smaller scales, energy is likely injected by stellar feedback mechanisms
such as outflows and supernova explosions (Padoan et al. 2016). The Hi1 gas in
both MCs exhibits a fractal structure on galactic scales (Stanimirovic et al. 1999;

Kim et al. 2003; Nestingen-Palm et al. 2017). Stanimirovi¢ & Lazarian (2001)
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analyzed HI data from the Australia Telescope Compact Array and the Parkes
Telescope/Murriyang, examining the spectrum of intensity fluctuations in relation
to the velocity slice thickness. Their results were consistent with the theoreti-
cal predictions of turbulence in the SMC by Lazarian & Pogosyan (2000). Thus,
the pronounced density fluctuations of H1 in the SMC result from active turbu-
lence. Stanimirovic et al. (1999, 2000) estimated projected fractal dimensions of
Dy = 1.4-1.5 for the gas and dust in the SMC. These values are consistent with
the fractal dimensions of our detected YS structures: Dy = 1.64 £ 0.03 from the
number—size relation and Dy = 1.314+0.16 from the size distribution (see Figure 4.5
and Figure 4.7). This study, therefore, supports a scenario of hierarchical star for-
mation within a turbulent ISM, where the properties of the ISM are imprinted onto
the youngest stellar structures across the scale. The striking similarities between
the ISM and these stellar structures further indicate that dynamical evolutionary
effects between the two are likely minimal. Hierarchical structures result from
both top-down (fragmentation of molecular clouds) and bottom-up (energy injec-
tion from stellar winds and supernovae) mechanisms (M2022). Smaller structures
reflect the fractal nature of molecular clouds, while larger ones align with the

large-scale ISM shaped by supersonic turbulence.

The impact of turbulence aligns with the observed surface density distribution.
Studies of molecular clouds reveal that those exhibiting a log-normal surface den-
sity distribution are primarily governed by supersonic turbulence (Padoan & Nord-
lund 2002; Elmegreen 2011; Gouliermis et al. 2017). Log-normal distributions have
been identified in the column and volume densities of molecular clouds (Lombardi
et al. 2010; Konstandin et al. 2012) as well as in simulations of turbulent gas
(Klessen 2000; Federrath et al. 2010; Konstandin et al. 2012). Since star forma-
tion follows the gas distribution, Y'S structures are expected to exhibit a log-normal
surface density distribution, consistent with our results discussed in section 4.3.5
and shown in Figure 4.10. In contrast, molecular clouds with a surface density dis-

tribution that exhibits a power-law tail are more strongly affected by self-gravity
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(Klessen 2000; Federrath et al. 2010). However, note that the lack of a power-law
tail in our size distribution may be caused by the limitations of our study, specifi-
cally by the minimum spatial resolution of our KDE map of 10 pc. This resolution
limit might prevent us from detecting the effects of self-gravity, given that we are

unable to resolve the smallest and densest structures (52018; M2022).

4.4.3 Hierarchy in galaxies

Our analysis has shown that hierarchical substructures among young stellar pop-
ulations in the SMC are preserved up to ages of ~200 Myr (section 4.4.1), thus
clearly extending the previously reported upper limit of ~75 Myr by Gieles et al.
(2008). This suggests a more prolonged dispersal timescale of stellar structures
in the SMC than previously inferred. In our study, the size distribution yields a
fractal dimension of Dy = 1.31 +0.16. This is consistent with the values reported
for young clusters in the MCs by Bonatto & Bica (2010). Gouliermis et al. (2014)
derived a fractal dimension of Dy = 1.2-1.4 for NGC 346, a local star-forming
region within the SMC, based on simulations, which is broadly consistent with

our global estimate for the entire SMC.

52018 applied a contour-based method to investigate the fractal nature of Y'S struc-
tures in the SMC using VMC data. They selected bright main sequence stars, 98%
of which are younger than 200 Myr, and identified 556 structures—approximately
twice the number detected in our analysis. This discrepancy primarily reflects
the larger SMC area covered in their VMC-based study. Nevertheless, the slopes
of the perimeter—area relation and the number distribution are consistent within
the uncertainties, and the derived fractal dimension (Ds) lies within 1.50 of our
measurement, as shown in Figure 4.10. The main distinction is that our sample

consists exclusively of massive stars, whereas their selection likely included bright
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red giants that are not necessarily young or massive. While the FUV is particu-
larly effective for isolating the youngest stellar populations, the NIR encompasses
a broader age range (though this does not affect the comparison presented here).
Despite differences in the stellar populations traced by UV and IR data, the results

remain consistent in terms of age.

The fractal dimensions derived in our study, as well as those of S2018 for the
SMC, are smaller than the value of Dy = 1.8 reported by Bastian et al. (2009)
for the LMC. The latter authors used fractured minimum spanning trees, the )
parameter, and two-point correlation functions, methods known to involve con-
siderable uncertainties (Cartwright & Whitworth 2004). In contrast, our results
are consistent within the prevailing uncertainties with the fractal dimensions of
the LMC Bar (Dy = 1.5+ 0.1) and 30 Doradus (D3 = 1.6 £ 0.3) obtained using
similar contour-based techniques (Sun et al. 2017a,b). When we compare our find-
ings with those obtained for the entire LMC by M2022, we observe that the YS
structures in the LMC exhibit comparable power-law relations and distributions
to those identified in the SMC (see Figure 4.10). Overall, the comparison of frac-
tal dimensions and parameter distributions indicates that, despite differences in
galactic environments—such as metallicity and the spatial extent of the surveyed
regions (e.g., 30 Dor, LMC Bar, entire LMC and SMC)—YS structures in both
the LMC and SMC consistently display a hierarchical spatial pattern.

Tobias & Santiago (2020) estimated the three-dimensional fractal dimension (D5 =
Dy + 1) for three Milky Way star-forming regions using the box-counting method.
They found D3 values of 2.468 for M16 (D, = 1.468), 2.126 for the Orion Nebula
(Dy = 1.126), and 2.435 for RCW 38 (D, = 1.435). These values are consistent
with the uncertainties in our derived Dy measurements. Additionally, our D, value
aligns well with that of open clusters younger than 100 Myr in the Milky Way (Qin
et al. 2025). This suggests that galaxies of different ordered masses, such as the

Milky Way, LMC, and SMC, exhibit hierarchical star formation characterized by
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a similar fractal dimension.

Menon et al. (2021) investigated the hierarchical spatial distribution of young
star clusters in 12 nearby galaxies using data from the LEGUS survey (Calzetti
et al. 2015), reporting a wide range of fractal dimensions (D2) from 0.5 to 1.9, re-
flecting substantial galaxy-to-galaxy variation in cluster hierarchy. More recently,
Shashank et al. (2025) analyzed hierarchical star formation in four nearby galax-
ies with UVIT observations, finding Dy values ranging from 1.05 to 1.50. The
D, values obtained in our study fall within this observed range, supporting the
consistency of our results. Using deep UV data from the Hubble GULP survey
(Sabbi et al. 2026), Meena et al. (2025) studied the hierarchical distribution of
young stellar structures in dwarf starburst galaxy NGC 4449. They found that
clustering strength decreases with age, with the power-law slope of the two-point
correlation function declining from « ~ 0.65 for stars < 5 Myr to a ~ 0.4 for stars
older than 50 Myr, likely driven by internal stellar motions. These findings are
consistent with the hierarchical evolution of stellar structures and complement our

analysis of the SMC.

In this study, the sizes of the YS structures in the SMC range from a few parsecs
to several hundred parsecs. Similar size ranges have been observed in six nearby
(3-15 Mpc) star-forming galaxies (50-150 pc; Grasha et al. 2017), IC 2574 (15-285
pc; Mondal et al. 2019), NGC 7793 (12-70 pc; Mondal et al. 2021b), the Wolf-
Lundmark—Melotte galaxy (7-30 pc; Mondal et al. 2021a), and the LMC (10-700
pc; Miller et al. 2022).

By comparing findings from the MW, LMC, SMC, and other galaxies discussed
in this section, we assess whether the hierarchical properties of star formation
are influenced by factors such as metallicity or environmental conditions (e.g.,

starburst activity, galaxy interactions). The results suggest that there is no clear



Chapter 4: Hierarchical Star Formation Discussion

dependence on any of these parameters. This indicates that, irrespective of large-
scale galactic dynamics or small-scale microphysical processes, the clustering of
star formation across scales from stellar clusters to entire galaxies appears to be

governed universally by turbulence-driven hierarchical star formation.

4.4.4 Caveats
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FIGURE 4.11: Same as Figure 3.1. Overplotted are 150 Myr Padova PARSEC
isochrones with varying distance moduli.

The SMC has a line-of-sight depth of ~10 kpc (see section 1.2.1), corresponding
to Ampyyv ~ 0.4 mag. To evaluate its impact, we examined the UV-optical
CMD using different distance moduli. We find that stars brighter than 17.5 mag
are younger than 150 Myr (see Figure 4.11), and the effect of depth is minimal.

Similarly, as shown in Figure 4.10, varying the limiting magnitude between 18.0
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FIGURE 4.12: Left and right panels: young stellar structures detected at dif-
ferent significance levels for kernel widths of 5 pc and 15 pc, respectively.

and 17.0 mag (a shift of 0.5 mag) produces no significant differences. Hence, both

depth and extinction effects are negligible for our sample.

As discussed in section 4.2.2, we tested a range of kernel widths to assess their
influence on the detection of YS structures. The final kernel width was chosen
to balance noise suppression with the retention of genuine structures. Figure 4.12
illustrates the outcomes for kernel widths of 5 pc and 15 pc. At 5 pc, spurious
detections are more likely, whereas at 15 pc many genuine structures are missed;

thus, a kernel width of 10 pc represents a suitable compromise.

In Figure 4.10, we further compare results for kernel widths of 5 pc and 15 pc.
The perimeter—area relation remains consistent, and the Dy values from the mass—
size relation lie within 20 of our adopted value. The main differences occur in the
number and size distributions: for 15 pc, the slope of the number distribution is
significantly lower due to the omission of small, dense structures, while for 5 pc the
slope of the size distribution (Dy) is steeper, reflecting the inclusion of numerous
small structures. These comparisons confirm that a kernel width of 10 pc provides

an optimal balance between minimizing noise and preserving genuine structures.

Overall, while both the SMC line-of-sight depth and the choice of kernel width
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affect the detection of YS structures, our results remain robust and are not signif-

icantly impacted by these factors.

4.5 Summary and Conclusions

We present the first FUV study of hierarchical star formation in the SMC to date.

Our results and conclusions can be summarized as follows:

e We have detected 236 Y'S structures composed of FUV stars with magnitudes
brighter than 17.5 mag and a completeness level greater than 90%.

e We have calculated the key parameters of the detected YS structures, such
as their sizes, areas, perimeters, surface densities, and the number of stars

within a given structure.
e The sizes of the structures vary from a few parsecs to a few hundred pc.

e From the perimeter—area relation, the estimated perimeter—area dimension

is D, = 1.46 £ 0.04.

e The 2D fractal dimensions obtained from the number—size relation and the
size distributions are Dy = 1.64 4+ 0.03 and Dy = 1.31 £ 0.16, respectively.

These two values are equivalent within their 20 errors.

e From the best fit to the number distribution between 30 and 1000, we es-
timated a slope of —0.8 £ 0.1, which is close to the theoretically expected

value of —1.

e The surface density distribution of the detected young structures follows a

log-normal distribution.
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e We have tested our results under various conditions, including the imposition
of a magnitude cut-off, a number cut-off, and age limits, and found that all
results remain consistent within the 20 range of the values obtained for the

sample.

e We trace the fractal nature of star formation in populations up to an age of

200 Myr.

Our results for the stellar distributions and fractal dimensions D, and D, are
consistent with those observed in the SMC, the LMC, the MW and other galaxies,
highlighting strong similarities in both the fractal dimensions and the surface
density distributions of stellar structures. These characteristics mirror those seen
in the ISM based on both observations and numerical simulations, suggesting that
the stellar structures we identified have inherited their fractal nature from the ISM.
This supports the idea that supersonic turbulence plays a key role in shaping the
hierarchical architecture of these structures. Our results align with the broader
theory of turbulence-driven hierarchical star formation observed within different

galactic environments.






Chapter 5

Recent star formation history and
kinematics of the SMC Shell

region”

“The universe 1is like a safe to which there is a combination, but the

combination is locked up in the safe.” — Peter de Vries

5.1 Introduction

The SMC Shell region is located in the northeastern outskirts of the SMC and
shows signatures of recent star formation. V1972 found that this region is the
part of the outer arm B . Brueck & Marsoglu (1978), using photographic plates in
the B and V bands, found three young (~60 Myr old) star clusters, suggesting that

this arm may be formed due to a recent burst of star formation. Albers et al. (1987)

*This chapter is based on the work published in the Monthly Notices of the Royal Astronomical
Society, 532, 322-335 (2024), Hota et al., 10.1093 /mnras/stae1438
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also identified the SMC Shell region associated with the faint outer arm in the NE
part of the SMC, using a plate-scanning mechanism on the photographic plates.
Using the MCPS data, Zaritsky et al. (2000) found that the SMC Shell region is
dominated by upper main sequence stars aged about 200 Myr. MD2019 combined
the deep optical data of the SMASH (N2017; N2021) and the proper motion (PM)
data from the Gaia DR2 (Gaia Collaboration et al. 2018a) to probe the SMC Shell
region. Using clusters and classical Cepheids, they estimated that this region has
stars with age < 150 Myr. They concluded that the origin of the SMC Shell region
is most likely due to the hydrodynamic interaction of the SMC with the LMC or
the MW but discarded the possibility of a tidal origin. Piatti (2022) studied 20 star
clusters of the SMC Shell region using the SMASH data. According to his work,
four of the studied objects could not be confirmed as genuine clusters, while the rest
were identified as either young (~30-200 Myr) or intermediate-age (~1.7-2.8 Gyr)
systems. His analysis revealed that the intermediate-age clusters, along with some
of the young ones, are situated within the SMC main body, whereas the remaining
young clusters are located at a distance of roughly 13 kpc farther out. An age-
dependent trend was also detected, showing that clusters farther from the SMC
tend to be younger, relatively more metal-rich, less massive, and subject to slightly
higher reddening compared to the older clusters. These results imply that the
Shell-like overdensity may correspond to a tidal structure or an additional stellar
structure in the SMC, likely shaped by the interactions with either the LMC or
the MW. SW2024 reported that the northeastern Shell of the SMC predominantly
consists of stars younger than 500 Myr, with notable peaks in star formation
occurring roughly 250 Myr and 450 Myr ago. These younger populations largely
define the Shell’s morphology. Their analysis revealed a temporal correspondence
between the star formation history of this Shell and that of the LMC’s northern
arm, which we link to the past 500 Myr of interactions among the SMC, LMC, and
MW. The findings emphasize the combined effects of ram pressure stripping and

the MW’s circumgalactic medium in shaping the northeastern Shell’s structure.
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In this Chapter, we explore the distribution, kinematics and star formation history
of young massive stars in the outskirts of the SMC and how it is similar or dissimilar
to the main body/inner SMC. In this work, we have used 11 UV images from the
UVIT (Tandon et al. 2017a, ; details in Chapter 2). In addition, we have also
used the optical and PM data from Gaia Early Data Release 3, EDR3 (G2021),
which are the same with respect to the data in Gaia DR3 (Gaia Collaboration
et al. 2022), (G2023). We have used a UV-optical stellar map of the SMC Shell
region to decipher its recent star formation history, kinematics and probe the
details of two structures found in this region. In section 5.2, we describe the
observations and data used in this analysis. Section 5.3 and section 5.4 describe the
age estimation and spatial distribution of the FUV stellar population, respectively.
Section 5.5 presents the kinematics of the young population. The distribution of
age and median PM are given in section 5.6 and section 5.7, respectively whereas
section 5.8 deals with the properties of two morphological structures found within
the SMC Shell region. In section 5.9, we discuss our results, and we summarize

and conclude our work in section 5.10.

5.2 FUYV catalog

In this work, we have obtained FUV images in the F148W (14814250 A) filter for
eleven fields of the SMC Shell region. Observation details are given in Table 2.1.
Data reduction and photometry were performed as mentioned in Chapter 2. The
PSF-fit error as a function of the estimated magnitudes in the F148W filter for
all the FUV detected sources is shown in Figure 5.1. For a maximum error of 0.2
mag, we detect sources up to 22 mag, and these are considered for further analysis.
We combined all the observed fields to create a catalog of ~16000 FUV sources
in the SMC Shell region after taking care of data duplication of the overlapping

fields based on signal-to-noise criteria. We note that stars brighter than 15 mag in
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FiGUurE 5.1: The PSF-fit error as a function of the FUV magnitude for the
observed sources of the SMC Shell region. The line plot is the median error of
the F148W filter.

FUV (~20 stars) might be affected by uncorrected saturation and therefore might
be slightly brighter than the estimated magnitude.

The detected FUV sources were cross-matched with the Gaia EDR3 data (G2021)
within a separation of 1”7, and we considered only stars with RUWE < 1.4 (Lin-
degren et al. 2018). A 3o cut-off is applied to the mean value of the parallax (
parallax = 0.011 mas) and the PM in the RA and the Declination (Dec) (uncosd
= 0.90 mas yr~!, us = —1.21 mas yr') of the detected FUV stars to obtain the
most probable members in the SMC Shell region. The final FUV catalog of the
SMC Shell region has ~14400 stars, along with the optical photometry and the
PM values from Gaia EDR3 (Table 5.1).
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TABLE 5.1: UV catalog of the SMC Shell region. The Gaia EDR3 source_id,
spatial coordinates, and magnitude in the F148W filter, along with the fit error
in magnitude, are listed in columns 1 to 5, respectively. The full table is available
as online material (H24a).

Gaia EDR3 Source.id  RA [deg] Dec [deg] FUV |[mag] error [mag]
4690731730417825920 18.12019792 —70.85794556 19.581 0.081
4690734754072739456  17.84952625 —70.83735222 16.880 0.018
4690734891513810432  17.97096000 —70.83903333 17.787 0.027
4690795742608440192  15.29432708 —71.23031833 21.119 0.106
4690794716120011904 15.36130083 —71.25074083 21.446 0.117

5.3 Color Magnitude Diagram

We used all the stars in the catalog of the SMC Shell region (Table 5.1) to construct
the CMD. We used FUV and optical photometric data to create the FUV-optical
CMD, i.e. F148W vs (F148W-G) as shown in Figure 5.2(a) and the optical CMD,
i.e. G vs Ggp—Ggrp (Figure 5.2(b)). In Figure 5.2(a), we present a KDE applied
to the color-magnitude surface. The bandwidth used for this KDE was set to
0.05 mag. This diagram is aimed at helping in identifying the densely populated
evolutionary features. We used the Padova-PARSEC isochrones (Bressan et al.
2012) with an age step size of 5 Myr to overlay on the CMDs. We adopt the
distance, reddening, and metallicity values previously used by MD2019, which are:
a distance modulus of 18.96 mag (G2015), a metallicity of Z = 0.002 (Lemasle et al.
2017) and a mean color excess of E(B — V) = 0.05 mag (Haschke et al. 2011).
When we overlaid the isochrones in the FUV—-optical CMD, we had to reduce the
color excess value to 0.03 mag, which is within the error margin of the literature
reddening value, to best visually overlay the isochrones onto the data. On the
other hand, we adopted the same extinction value as in the literature for the
optical CMD. The difference in reddening (0.02 mag) between those adopted in
the FUV-optical and the optical CMDs is very small. In the optical CMD, the
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blue loop stars and the sub-giant stars overlap, resulting in an ambiguous age
estimation from the main sequence turnoff. But in the FUV-optical CMD, the
large color-magnitude range introduces a sufficient separation between the blue
loop and the sub-giant stars. Therefore, the FUV—-optical CMD is better suited
for estimating the age range of young stars. From Figure 5.2(a) and Figure 5.2(b),
the sub-giant branch is clearly seen in the FUV-optical CMD within a red polygon
with coordinates at (F148W—G, F148W) = [(—0.5, 13.9), (3, 13.9), (7.1, 22.3),
(3.3, 22.3), (—0.5, 13.9)] mag when compared to the optical CMD (at G =~ [14,
17] mag and Gpp—Ggrp =~ [0, 1.5] mag. To guide the reader with the stellar
evolutionary phases detected in the CMD, we have overlaid a few isochrones to
demonstrate the extended turn-off and the sub-giant branch in the FUV magnitude
axis. The overlaid isochrones suggest that most of the star formation is likely to
have happened between 60-300 Myr ago and a probable recent event at ~7 Myr.
We note that the brightest stars in the CMD may be brighter due to uncorrected

saturation, but the younger age estimations are unlikely to be affected by this.

5.4 Surface density map

We have determined zenithal equidistant projection of the SMC Shell region where
we followed the X and Y conversion as defined in M2001 with the SMC optical
center at agyc = 00252m125.5 and dgyc =—72°49'43" (J2000; V1972). To under-
stand the spatial distribution of FUV stars in the SMC Shell region, we used KDE,
where convolution of stellar distribution with a Gaussian kernel was performed.
Using a kernel size of 10 pc, we could identify morphological structures. The same
kernel size was considered in previous studies on the MCs by Sun et al. (2017b),
S2018; M2022. We have visually identified two structures within this region; one
is an arm-like structure, and another is an arc-like structure, shown in Figure 5.3.

These two structures were noticed previously by MD2019 using main sequence
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FIGURE 5.3: The surface density plot of the SMC Shell region. The color bar
represents the number of stars pc~2. Blue arrows indicate the arm-like and arc-
like structures. The six black points are the center of the bins located on the
arm-like structure which are shown within the blue polygon in Figure 5.4(b).

stars brighter than 21 mag in the g band (right panel of their Figure 3 and Fig-
ure 4) obtained from the SMASH data. The details of these two structures are

explained in section 5.8.

We performed a spatial binning with the bin size of 0.1 deg along the X and Y
directions and estimated the number of stars per bin. Here, we considered only bins
that fully fall within the FUV coverage (118 such bins). The spatial distribution
of FUV stars is shown in Figure 5.4(a). In Figure 5.4(a), we identified the densest
bin with center at (X, Y) = (—1.45, 1.45) deg where a young cluster HW64 of age
~30 Myr (Piatti 2022) is located. We identified the positions of clusters within
the SMC Shell region, which had been previously examined by Piatti (2022).

We observed that these clusters lack a significant population of FUV stars, and
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FIGURE 5.4: (a) The spatial distribution of FUV stars of the SMC Shell region.
The color bar shows the number of stars in each bin (area of bin = 0.01 deg?).
The black arc represents a segment of a circle with a radius of 2.2 deg centered
at the SMC optical center. The white dot represents the location of star cluster
HW64. (b) The radial variation of the number density of FUV stars from the
SMC center. The points in the blue polygon in Figure 5.4(b) and marked as
stars in Figure 5.4(a) are located on the arm-like structure shown in Figure 5.3.
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the FUV-optical CMDs do not offer substantial insights for further investigation.
Consequently, we opted not to explore these detected clusters in our study. We
note that the spatial distribution of young stars is not uniform, and there is a

gradient that decreases radially outward (Figure 5.4(a)).

We calculated the FUV stellar surface density of bins with area of 0.01 deg? and
their radial distance from the SMC center (Figure 5.4(b)). We note a nearly flat
FUV stellar surface density between 1.6 to 2.2 deg, where the density range is found
to be between a few thousand to a few tens of thousands of stars deg™ and the
same does not occur for all the position angles. This large spread in number density
at a given radial distance reflects the inhomogeneous and clumpy distribution of
young stellar populations, arising from localized star formation. The variation
with position angle further highlights the asymmetric and hierarchical nature of
star formation in the SMC. The density starts to decline, from ~2.2 deg and falls
below 1000 stars beyond ~2.4 deg. The radius corresponding to 2.2 deg is shown in
Figure 5.4(a) as a black curve. This suggests that the area within this radius covers
nearly all the higher density regions within the limitation of spatially incomplete
observations in the NE of the SMC (X > —1 deg) and hence could be considered
as an extent of the inner SMC within the limited observed part of the NE SMC.
Regions beyond this radius could be considered as the outer SMC because they
have a declining stellar density. The six outermost points showing a higher stellar
density more than 100 FUV stars deg=? are identified in the arm-like structure
and shown in Figure 5.3 and Figure 5.4(a). The arc-like structure appears to
start within the inner SMC and extends to the outer SMC, whereas the arm-like

structure seems entirely co-located in the outer SMC (Figure 5.4(a)).
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FIGURE 5.5: (a) Selection of different populations using the FUV—optical CMD:
FUV bright (red dashed polygon), FUV faint (red dash-dotted polygon), and
sub-giant (red solid polygon) stars. (b) the Gaussian fit of the histogram of the
PM with residuals, (c) the distribution of measurement error in PM, and (d)
the VPD of the three different populations.

5.5 Kinematics of different age groups

As the outer regions are affected more by tidal effects due to the recent interaction
between the MCs, it will be interesting to probe the kinematics of stars born before
and after the interactions in this part of the SMC. To differentiate the kinematics
of FUV stars formed before and after the recent LMC-SMC interaction, we defined
three age groups from the FUV-optical CMD as shown in Figure 5.5(a). Stars
with FUV magnitudes brighter than 17.4 mag and younger than 150 Myr in the
main sequence of the CMD are defined as the FUV bright population, and stars
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TABLE 5.2: For each of the three FUV populations listed in column 1, mean
and standard deviation values of the PM distribution with their fit error (from
the covariance matrix) are listed in columns 2 and 3, respectively. The median
values of PM and the median value of error in PM are listed in columns 4 and
5, respectively.

. mean o median A median
Defined population s g fime Himedia

(mas yr~ ') (masyr!') (masyr~') (masyr)

FUV faint stars 1.50840.006 0.241+0.006 1.508 0.315
FUV bright stars 1.468+0.003 0.10140.003 1.471 0.097
Sub-giant stars 1.492+0.003 0.07040.003 1.490 0.065

with the FUV magnitude between 19 to 21 mag in the main sequence are defined
as the FUV faint population, as the majority of this population are stars older
than 300 Myr. The third group is the sub-giant stars, aged between 150 to 300
Myr and fainter than 18 mag.

First, we applied a 30 cut-off to the PM of these populations to remove out-
liers, then we created the PM distributions (Figure 5.5(b)), which we fitted with
Gaussian and estimated the values of mean and standard deviation of the PM
distribution, along with median values of PM and median values of error in PM of
each group as shown in Table 5.2. The error in PM of each star of these three pop-
ulations is estimated by using Ap,cosd and Aps from Gaia, and the distributions

of these errors are shown in Figure 5.5(c).

We converted the standard deviation in PM to velocity dispersion using the fol-

lowing formula.

V =4.7uD (5.1)

where V is the transverse velocity in km s™ and D is the distance in parsec (pc).

We obtained the velocity dispersion of the FUV bright and the sub-giant stars as
29.6740.88 km s~! and 20.7620.88 km s~!, respectively. The velocity dispersion
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of the FUV faint stars is 70.824:1.76 km s~!, which is very large compared to the
velocity dispersion of the other two groups. Figure 5.5(d) is a VPD of the three
groups. This plot illustrates that the FUV bright and sub-giant stars appear
compact when compared to the FUV faint stars. We note that the median value
of error in PM, 0.315 mas yr~! is relatively higher than the standard deviation of

0.241 mas yr—!

of PM distribution for this population. Therefore, the relatively
large velocity dispersion estimated for the age group > 300 Myr is likely to be due
to the large measurement error in PM. However, the FUV bright and sub-giant
stars have similar peak and standard deviation values in PM, along with a small
difference in velocity dispersion. This leads us to conclude that the stars younger
than 150 Myr (FUV bright stars) and stars with age between 150-300 Myr (sub-
giants) are kinematically similar. As the kinematic dispersion is used as a probe
to check for interaction induced by tidal heating of the older stellar population

in the outer SMC, a consistent dispersion points to an undetectable tidal heating

within the data accuracy.

5.6 Age distribution

In order to assess the age and kinematics of FUV stars comprehensively, we ob-
tained the age range and median PM for each individual spatial bin within the
SMC Shell region. We considered the same binning as mentioned in section 5.4
for the age map, but we excluded bins (regions) containing less than 15 FUV stars
to get a reliable estimate of the age range. For each of the 126 individual bins, we
created FUV-optical CMDs. These CMDs bear the signatures of the episodes of
star formation experienced by the region in the form of evolutionary features in
the CMD. As these CMDs cannot be considered as originating from a simple star
population, we cannot use quantitative isochrone fitting methods to estimate ages.

Therefore, we utilize the presence of (1) sub-giants and (2) turn-off features in the
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CMDs to identify the dominant population, and Padova-PARSEC isochrones are
visually overlaid on them to derive their ages. We did not come across any re-
quirement to alter the assumed values of extinction and distance (section 5.3), as

the overlaid isochrones matched the stellar patterns in the CMD well.

In most of the regions, we were able to detect up to three episodes of star formation
based on the features in the CMD (for example, Figure 5.9(b) and section 5.8.1).
These suggest that in general, the SMC Shell region experienced star formation
in episodes. We combined the identified ages of star formation in the individual
regions to understand the overall picture of star forming episodes in the SMC Shell

region.

As the ages are estimated by a visual overlay of isochrones on the CMD features,
we overlaid isochrones with a range in age to identify how much deviation can be
detected visually for the age range considered in this study. We found that it is
generally not possible to differentiate isochrones with age within the 10% range
(see, Figure 5.11 in section 5.9.1). A similar method for estimating the error in

age when the fitting was done visually was used by Piatti (2014).

The age distribution, as shown in Figure 5.6, indicates a few peaks in star for-
mation, pointing to the episodic star formation experienced by the region. We
used a bin size corresponding to 1-sigma error (20 Myr) at 200 Myr. We note a
peak between 40-80 Myr and another between 240-280 Myr. The peak noticed
at ~170 Myr may not be significant and may only suggest a ramping down of
star formation between 150-200 Myr. There is a dip between 100-160 Myr, prior
to a peak at ~60 Myr, indicating a recent burst. The peak at ~390 Myr is not
regarded as a significant star formation peak as stars with age ~390 Myr have a
large photometric error. In summary, two noticeable star formation episodes can
be traced between 40-300 Myr. The episode of star formation at 240-280 Myr is
likely due to the last LMC-SMC interactions (Mathewson 1985; Besla et al. 2012;
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FIGURE 5.6: The histogram of the star formation events of the SMC Shell
region. The vertical error bars represent Poissonian errors, while the horizontal
error bars at 50 Myr, 150 Myr, 250 Myr, and 350 Myr indicate approximately
~ 10% errors in the estimated ages.

Choi et al. 2022).

To check for evidence of propagating star formation, we compared the spatial
distribution of bins with age groups of < 125 Myr, 125-225 Myr, 225-325 Myr,
and 325-400 Myr as shown in the Figure 5.7. There is no noticeable pattern to
suggest any propagation of star formation within the SMC Shell region in the
considered age range. If we check the youngest group (age < 125 Myr), we notice
that the recent star formation happened in the SMC Shell region except region
towards at X ~ [—1.75, —1.25] deg, Y =~ [1.50, 2.25] deg including the arm-like
feature and in the NE, where observations are spatially incomplete. Figure 5.7

suggests that the arm-like structure is formed in the age range 125-400 Myr.

Instead, the arc-like structure appears to be present in all four age ranges.
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FIGURE 5.7: Spatial distribution of the age of the major star forming events
of individual regions, estimated from the FUV-optical CMDs using the same
parameters as mentioned in section 5.3. All stars detected in the FUV are shown
as gray-colored dots.

5.7 Proper motion distribution

To probe the kinematics of the SMC Shell region, we created the VPD (Fig-
ure 5.8(a)), where the median PM vectors of each bin are shown. Most of the
vectors are aligned and co-located, with some scatter. The position angle (PA) of
the median PM vector (angle of median PM to p, cosd) is found to be between
—65 deg to —45 deg for the majority of the bins (Figure 5.8(b)). For the spatial
distribution of PM, we transformed (uqcosd, ps) into the Cartesian plane using the
conversion equation as defined by G2021, (Eq 2) and estimated the median value

of the PM of each bin. Figure 5.8(c) shows the spatial distribution of the median
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PM after a 30 cutoff (three bins were eliminated), which suggests that there is
no significant gradient in the median PM within the SMC Shell region. Further,
the velocity dispersion of each bin was obtained following the formula shown in
Eq 5.1. The spatial map of the velocity dispersion (Figure 5.8(d)) reveals a range
in velocity dispersion within the SMC Shell region. Figure 5.8(e) represents the
spatial distribution of the residual PM vector, which is calculated by subtracting
the systemic PM (Gaia Collaboration et al. 2018b) from the median value of PM of
each bin (without considering internal rotation). This plot illustrates that within
the SMC Shell region, the western and outer regions are relatively more disturbed
than the inner and eastern regions.

In order to check for any radial gradient in the PM value, Figure 5.8(f) shows the
median value of the PM of each bin as a function of the radial distance. The error
bar for each value indicates the standard error. This plot shows that most of the
bins have a similar median value of PM, which coincides with the PM value of the
SMC main body (Gaia Collaboration et al. 2018b). Significant scatter is noticed
for bins located at a radial distance more than 2.4 deg from the SMC center. We
also note that bins that show large variations in the median value of PM do not
necessarily have a large PM error. The deviation in the median PM, as shown in
Figure 5.8(f), is found to increase after 2.4 deg, whereas the inner regions between
1.6 deg to 2.4 deg are found to have a similar PM. The inner regions are, therefore,
likely to be kinematically stable, with the median PM similar to the SMC main
body. This supports the finding at section 5.4 that the NE extent of the inner
SMC is likely at ~2.2 deg.

5.8 Morphological structures

In this study, we identified visually two morphological structures from the distri-

bution of FUV stars in the SMC Shell region (Figure 5.3). One is an arm-like
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FIGURE 5.8: (a) A plot of the median PM vector of each bin in the SMC Shell
region in the p, cosd and us plane, (b) a histogram of the angle between the
median PM vector and the p, cosd, (c) the color map of the median PM of each
bin in X-Y plane, (d) the color map of the velocity dispersion of each bin in X-Y
plane, (e) a plot of the residual PM vector in the X-Y plane, and (f) a plot of
the radial variation of the median PM of each bin with an error bar (standard
error) where the color bar represents the median value of error in PM within
each bin.
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structure, and the other is an arc-like structure. To compare the kinematics of
these two structures with their nearby region, we define nearby control regions.
The polygons for the structures make sure that the feature (arm and arc-like) falls
within, and the polygons for the control sample ensure that they are sufficiently
close to the structure without contamination and have a similar number of stars.

In the following, we discuss these structures in detail.

5.8.1 Arm-like Structure

In Figure 5.9(a), we show the arm-like structure enclosed within a black solid poly-
gon and define a control sample made of stars within the black dashed polygon. To
estimate the age range of stars within the arm-like structure, we have plotted the
FUV-optical CMD and overlaid the Padova-PARSEC isochrones (Figure 5.9(b))
using the same parameters as mentioned in section 5.3. The isochrones are visu-
ally checked to match the evolutionary pattern of stars seen in the CMD. There
are only a few stars with age ~35 Myr. Thus, the arm-like structure does not
have much of a contribution from stars younger than 200 Myr. This structure,
therefore, shows the enhanced star formation between 220 Myr to 400 Myr ago,
either continuous or episodic star formation. There may have been older stars, but
here, we do not attempt to estimate older ages due to large photometric errors for

stars fainter than 20 mag in FUV.

The PM distribution is fitted with a Gaussian curve to find the peak and stan-
dard deviation of the arm-like structure and the control sample (Figure 5.9(c) and
5.9(d)). We found that the values of peak and standard deviation of PM, (< u >,
o) of the arm-like structure and the control sample are (< g >, 0)urmwide=
(1.59540.024, 0.34340.017) mas yr= ', (< u >, 0)armnarrow = (1.398+0.007,
0.10640.010) mas yr~!, and (< p >, 0)es = (1.50140.019, 0.22540.019) mas

yr~! respectively. The narrow and wide PM components of the arm-like structure
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FIGURE 5.9: Characterization of arm-like structure: (a) Stars inside the black
solid polygon are considered as belonging to the arm-like structure, and stars
within the black dashed polygon are taken as a control sample for kinematic
comparison, and the black dot represents the location of star cluster HW64 for
a reference. (b) FUV-optical CMD of stars within the arm-like structure. (c)
and (d) show Gaussian fits to the PM histogram of the arm-like structure and
control sample, respectively. (e) and (f) present the spatial distribution and
histogram of the residual PM of the arm-like structure, respectively.
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suggest a two-component population, with the narrow component constituting
28% of the sample. The peak PM values of the narrow and wide components are
different, and the difference is statistically significant, suggesting the presence of a
population within the arm-like structure with reduced dispersion in PM. However,
the peak value of the control sample PM distribution is similar to the peak of the
wide component of the arm-like structure. This indicates that 72% of the arm-like
structure and the control sample population are kinematically indistinguishable.
To estimate the residual PM, we subtracted the median value of PM of the arm-
like structure from the PM of each star. Here, the internal rotation is not taken
into account. The spatial distribution of residual PM (Figure 5.9(e)) shows that
most stars have residual PM close to zero. Figure 5.9(f) shows the residual to
peak near zero PM. We infer that the arm-like structure is an over density formed
between 220-400 Myr ago with kinematics similar to the underlying part of the
SMC.

5.8.2 Arc-like structure

MD2019 detected this separated small arc. In Figure 5.10(a), we have considered
the arc-like structure within the black solid polygon and the nearby region within
the black dashed polygon as a control sample to study the kinematics. To estimate
the age, the FUV-optical CMD (Figure 5.10(b)) is overlaid with the Padova-
PARSEC isochrones taking the same parameters as mentioned in section 5.3. We
detect a small number of stars with age ~45 Myr. From Figure 5.10(b), the arc-
like structure appears to have a significant contribution from stars aged between
130 to 350 Myr, and the contribution from the FUV stars younger than 130 Myr
is very small. This region also shows episodes of star formation like the arm-like
structure (Figure 5.9(b)). This region may be formed in several episodes of the

star formation, including the last LMC-SMC interaction.
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the residual proper motion magnitude. (f) Histogram of the residual proper
motion for the arc-like structure.
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Using the PM values of the FUV stars of the arc-like structure and its control
sample, the PM distributions were created and fitted with a Gaussian curve to
find the peak and standard deviation of PM of these two regions (Figure 5.10(c)
and 5.10(d)). We found that the peak and the standard deviation values of PM
of arc-like structure and its control sample are (< i >, 0)arenarrow= (1.48710.005,
0.09740.006) mas yr—! (fraction = 0.37), (< it >, 0)arcwide= (1.477+0.025, 0.38040.035)
mas yr1; and (< g >, 0)esnarrow= (1.44640.009, 0.2034-0.014) mas yr~* (fraction
= 0.56), (< g >, 0)eswide= (1.64440.070, 0.475+0.054) mas yr—!. The narrow
and wide components of the arc region have similar values of PM with respect to
that of the narrow component of the control sample. We note that the control
sample has a broad component with significantly different PM values. It appears
that there is a stellar population with broad distribution of PM in this region,
that is not found in the control region of the arm-like feature, though these are

located nearby.

Two components of the arc-like structure have similar peak values of the PM
with a different standard deviation. This leads to the conclusion that the arc-like
structure may contain two sub-populations. However, the narrow component of the
control sample shows a motion similar to that of the arc-like structure, indicating
that the arc-like structure is not kinematically distinguishable from its control
sample. To measure the residual PM of the arc-like structure, we subtracted the
median PM of the arc-like structure from the PM of individual stars within this
structure. Here also, the internal rotation is not taken into account. The spatial
distribution of residual PM (Figure 5.10(e)) shows that most of the stars have the

same PM as their median, as the residual is almost zero (see Figure 5.10(f)).

We noted from the FUV-optical CMD (Figure 5.10(b)) that, though the arc-like
structure has stars with age ranging from 45 to 350 Myr, most of the stars have
ages in the range 130-350 Myr. If the arc is formed from holes created due to

material driven away by OB stars or supernovae, the age range of stars formed
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from the scooped-up material in the shell of such an arc will not be so large
(Efremov 2002). On the other hand, it may be possible that different parts of the
arc underwent collapse over a period of time. However, Figure 5.7 suggests that
there is no localized age-specific star formation in the arc-like structure. Therefore,

this structure is probably a random over density.

5.9 Discussion

This work presents a comprehensive study of the young population residing in the
SMC Shell region using FUV observations obtained from the UVIT and optical
data from Gaia. This study presents the FUV-optical catalog (Table 5.1) and
FUV-optical CMD (Figure 5.2(a)) of the SMC Shell region. From the KDE map
(Figure 5.3) of the SMC Shell region, we identify the arm-like and the arc-like
structures, which have previously been detected within the SMC Shell region by
MD2019.

The density map (Figure 5.3 and Figure 5.4(a)) represents a clumpy distribution of
the young stellar population, unlike the older population in the SMC Shell region
(Zaritsky et al. 2000; Noél et al. 2007). The FUV number density reduces radially
outward (Figure 4, MD2019). Noél et al. (2009) found a similar surface density
of the young population of the SMC Wing. Figure 5.4(b) suggests that we are
able to trace the extent of the inner SMC in the NE direction at ~2.2 deg. Also,
Figure 5.4(a) reveals that the arm-like structure lies outside of the R = 2.2 deg
radius, whereas the arc-like structure starts inside the R = 2.2 deg radius and
extends beyond. We suggest that the arm-like and arc-like structures could be
equivalent to the faint extended UV features found in external galaxies (Thilker

et al. 2007).
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Our study indicates that the kinematics of the young stars in the NE SMC is similar
to the SMC main body. The median PM spatial map (Figure 5.8(c)) suggests that
the NE part of the SMC is likely to be undisturbed (with the limits of this study;
see section 5.9.1) and, therefore, unlikely to have experienced significant tidal
perturbation in comparison to the wing region, which is extensively disturbed
(Niederhofer et al. 2021). A relatively large scatter in median PM is visible in
Figure 5.8(f) after 2.4 deg, which implies that the NE extent of the inner SMC is
close to the photometric inner edge of ~2.2 deg and the disk beyond it is tidally
disturbed. De Leo et al. (2020) found the tidal radius of the SMC to be at ~2 kpc,
while analyzing the spectra of ~3000 SMC RGB stars. Dias et al. (2022) studied
the star clusters of the SMC West Halo and found the signature of tidal disruption
beyond ~2 kpc. Our result is therefore in good agreement with the above findings.
The estimate of a radial distance of ~2.2 deg as the stable kinematic extent of the
SMC in the NE region will be an important input to the LMC-SMC interaction
models. More studies of the outer SMC at larger radii than studied here will shed

light on the outer SMC properties.

We derive that the FUV bright (< 150 Myr) and sub-giant stars (150-300 Myr)
display comparable kinematics. The transverse velocity dispersions obtained from
our work for the above ages are similar to the radial velocity dispersion estimated
by El Youssoufi et al. (2023) for the main body of the SMC. These indicate that
the kinematics of the young stars in the SMC Shell region are not altered by the
latest LMC-SMC interaction.

The recent work by SW2024 on the SMC Shell region revealed that it experienced
increased star formation within the last few billion years. Our results (Figure 5.2
and Figure 5.6) are in agreement with SW2024, which highlights a significant
episode of recent star formation approximately at 250 and 450 Myr ago. Piatti
(2022) detected a peak of young cluster formation in the NE SMC Shell region at

30-200 Myr, where we detected a peak of star formation in the same age range. By
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considering nine young star clusters MD2019 estimated the age of the SMC Shell
region as ~150 Myr, a value within our estimated age range of star formation.
The detected episode of star formation at 240-280 Myr is probably linked to the
last LMC-SMC interaction (Mathewson 1985; Besla et al. 2012; Choi et al. 2022)
happened at 150-300 Myr.

The spatial age map of the SMC Shell reveals that star formation in this region
occurred episodically, lacking any distinct pattern of propagation in star forma-
tion, with the younger stars being formed slightly inward. The study conducted
by Joshi et al. (2016) using classical Cepheids aligns with our findings, as both
studies identify that the majority of star formation happened at ~200-300 Myr.
The arm-like feature is likely formed between 220-400 Myr, whereas the arc-like
feature is formed between 130-350 Myr. The arc-like structure is probably younger
than the arm-like structure. SW2024 highlighted that the formation of the SMC’s
northeastern shell is driven by the combined effects of ram pressure stripping and
interactions with the MW’s circumgalactic medium. The study by MD2019 re-
ported that the formation of the SMC Shell region could be attributed to factors
other than tidal effects. As this region does not show any evidence of tidal distur-
bance, we also rule out the tidal origin of the arm-like and arc-like features. The
arm-like feature is likely to be an over density created due to multiple star forma-
tion events. We rule out any connection to the formation of the arc-like structure
with star formation around shells/holes created by massive stars or supernovae.

The youngest episode of star formation, which is relatively more confined to the
inner regions, is likely to be triggered by a mechanism other than the interaction
with the LMC. Indu & Subramaniam (2011) found a shift of the younger popu-
lation in the 40-200 Myr towards the NE of the SMC. They also noted that the
direction of the line connecting the LMC to the MW is the same as that connecting
the SMC to the MW. Compression of the HI gas and star formation as found in
the NE of the LMC (Salem et al. 2015) due to the passage of the LMC in the MW
halo, is a process that may also be happening in the NE of the SMC owing to the
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motion of the LMC-SMC system in the halo of the MW. Zivick et al. (2018) sug-
gested that the recent pericentric passage of the MCs around the MW happened
around 50 Myr ago. We suggest that the youngest episode of star formation in
the SMC Shell region at 40-80 Myr is probably due to the pericentric passage of
the SMC around the MW.

5.9.1 List of Caveats

e In this study, the region around the Galactic globular cluster NGC 362 is
excluded as this region is contaminated with the MW stars. We also point
out that the UVIT has not observed the SMC Shell at larger radii, which
limits our analysis of the NE extent of the inner SMC (the kinematic edge
and photometric edge).

e The SMC Shell region shows continuous star formation, and to estimate
the age range of star formation, we have visually overlaid isochrones on the
FUV-optical CMDs. Even though the quoted age values may be subjective
due to the visual overlay of isochrones, one can still notice deviation if the
shift in the age of the isochrone is beyond 10% error of the estimated age as

shown in Figure 5.11.

e We limit our upper age estimation at 400 Myr as stars older than that have
an FUV magnitude fainter than 20 mag, which is associated with the larger

photometric error (Figure 5.1 and Figure 5.2(a)).

e Another limitation of this study is the adoption of a uniform distance modu-
lus and reddening for all the FUV sources. We assume a constant reddening
value, which is representative of the total extinction towards the SMC. As
our analysis primarily focuses on the outer regions of the SMC, where inter-
nal extinction is expected to be minimal, this approximation is reasonable.

While small-scale spatial variations in reddening may still be present, their
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ture (Figure 5.9(b)) displaying ~10% error range for ages 220 Myr and 310 Myr,

respectively.
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impact on the observed magnitudes and colours is likely to be negligible and

does not affect the global trends presented in this work.

5.10 Summary and Conclusions

In this study, we present a FUV map and analysis of the SMC Shell region in
the NE outskirts of the SMC. A summary of the results and conclusion are given

below:

e We present the first FUV map of the northeastern SMC, based on the images
from the UVIT /AstroSat. The UV catalog from this study is combined with
the Gaia EDR3 data set to produce an FUV—optical catalog with kinematic
data. We present the photometric as well as kinematic study of young stars

in this region.

e The ages estimated from the FUV-optical and optical CMDs reveal that this
region is populated with a few stars as young as 7 Myr. We find that the
majority of star formation happened between 60-300 Myr ago.

e The KDE spatial distribution of the FUV stars traces two distinct structures
that were previously suggested: an arm-like structure and an arc-like struc-
ture. The distribution of the FUV stars shows an outward radial gradient
within the SMC Shell region, and we suggest the extent of the inner SMC to
be at a radial distance of ~2.2 deg. The arm-like structure is located outside
this boundary, while the arc-like structure extends from the inner SMC to

the outer regions.

e The PM, as well as the velocity dispersion of young FUV stars (computed
from the PM dispersion), are found to be similar to that of the SMC main
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body. Therefore, we do not find any evidence of tidal perturbation or dis-

ruption in this part of the SMC.

e The arm-like and the arc-like features do not show differences in kinemat-
ics with respect to the surrounding regions. The arm-like and the arc-like
structures are probably stellar over densities, which were formed at a similar

period in time.

e In the SMC Shell region, we do not detect any propagation in star formation.
Most parts of the SMC Shell experienced two episodes of star formation,
ranging between 40 and 400 Myr ago. The episode at ~260 Myr is probably
linked to the recent interaction between the MCs, whereas the youngest
episode at ~60 Myr could be due to the pericentric passage of the SMC
around the MW.
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Characterizing Young Massive

Stars in the SMC Shell region

“To confine our attention to terrestrial matters would be to limit the

human spirit.” — Stephen Hawking

6.1 Introduction

Massive stars are believed to have been key contributors of ionizing radiation and
mechanical feedback in galaxies during the early universe, thereby influencing cos-
mic re-ionization and early galaxy formation (Hopkins et al. 2014). Although
direct observations of individual stars in the early universe are currently not fea-
sible, one can consider nearby metal-poor galaxies as their analogs. The recent
studies of the starburst region 30 Doradus in the nearby LMC (Z = 0.5 Zg; Rus-
sell & Dopita 1990; Hunter et al. 2009; Choudhury et al. 2021; Hocdé et al. 2023)

have revealed an overabundance of very massive stars (Schneider et al. 2018).
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Therefore, extending the study of massive stars to the SMC (Z = 0.2 Zg; Dobbie
et al. 2014b; Choudhury et al. 2018; Hocdé et al. 2023) is crucial for advancing
our understanding of massive star evolution in metal-poor environments. Bonanos
et al. (2010) compiled a catalog of 5,324 massive stars in the SMC and showed
metallicity-driven differences in IR colors compared to the LMC. Later studies re-
vealed a dearth of young, bright massive stars, likely still embedded in natal clouds
(Schootemeijer et al. 2021), and stronger chemical evolution in evolved O-type gi-
ants and supergiants (Bouret et al. 2021). Photometric surveys have expanded
the census, identifying ~2200 massive stars with UV-optical CMDs (H24b) and
7,426 with Gaia DR3 data (Nakano et al. 2025). Massive stars with masses of 5-40
Mg, younger than 150 Myr, follow a hierarchical distribution shaped by ISM tur-
bulence (H25). Additional discoveries include candidate slowly pulsating B-type
binaries (Cakirli et al. 2023).

Understanding the properties and evolution of massive stars, whether isolated
or in binary/multiple systems, is crucial, particularly in low-metallicity environ-
ments, as these are the progenitors of supernovae, neutron stars, and black holes.
While spectroscopic studies provide detailed insights into stellar characteristics,
they are often limited by observational constraints. To address this, we focus on
the SMC Shell region, where multi-filter UV data are publicly available, and study
massive stars with photometric stellar masses >2M, (D23) and (H24a). Previ-
ous studies have shown that this region experienced two star formation episodes
(at ~60 Myr and ~260 Myr) with no significant tidal imprint as found in the
proper motion values (H24a), while others reported a line-of-sight depth of ~7
kpc and synchronicity between the Shell’s star formation and the LMC’s north-
ern arm, linking it to the SMC-LMC-MW interaction history (SW2024). In this
work, we employ multi-band photometry (UV-optical-IR) combined with fitting
the observed SED with the theoretical models to investigate the intermediate mas-
sive stellar population in the Shell region (discussed in Chapter 5). In this pilot
study, we explore the physical properties of a UV-selected stellar sample, which is
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FIGURE 6.1: Gray points indicate Gaia DR3 sources (G2023) located within 3°
of the SMC center, shown as the background. The UVIT-observed SMC Shell
region from H24a is shown in blue, while black points mark the sample (1348
stars), including data from H24a and D23. “x” mark is the optical center of
the SMC at agne = 00152™125.5, dsye = —72°49'43" (J2000; V1972).

dominated by intermediate-mass stars with a smaller contribution from massive
stars in Chapter 5. The Chapter is organized as follows: section 6.2 describes the
data and sample selection, section 6.3 outlines the SEDs and fitting methodol-
ogy, section 6.4 presents the results, section 6.5 discusses their implications, and

section 6.6 summarizes our conclusions.
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6.2 Data and Sample

6.2.1 UV data

Since UV wavelengths trace massive stars effectively, as discussed in previous
Chapters, we selected a region in the SMC Shell where multi-filter UV data in the
FUV and NUV bands are available. This being a pilot study, the multiple-filter
UV data ensures good UV-wavelength coverage in the SED, leading to robust fit-
ting of the SED using models. Figure 6.1 shows the UVIT-observed SMC Shell
region in blue (H24a), overlaid on Gaia DR3 sources, gray points (G2023) serving
as the background and black points are the stars in the sample (will discuss in sec-
tion 6.2.2). We obtained the UV data, both FUV and NUV, of the selected region
from the catalogs compiled by H24a and D23. Both catalogs were created using the
images obtained from the UVIT (Tandon et al. 2017a). We cross-matched H24a
and D23 catalogs, and ~5300 stars are found to be in common. However, not
all common UV-detected stars have flux measurements in all eight UVIT filters:
four in the FUV (F148W, F154W, F169M, F172M) and four in the NUV (N245M,
N263M, N279N, N219M) bands. The characteristics of the UVIT filters are de-
scribed in detail by Tandon et al. (2020). Therefore, we only considered those
stars which have UV fluxes in all four FUV and four NUV filters and applied a
UV magnitude cut-off of 20 mag to exclude fainter sources with high photometric

uncertainties.

6.2.2 Optical and near Infrared data

We combined UV data from UVIT with optical and NIR data to characterize

the detected stars. For optical counterparts, we cross-matched the sources with
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FIGURE 6.2: Extinction-corrected Gaia optical CMD showing sources in the
SMC Shell region (blue points) and the selected sample (black points).

Gaia DR3 (G2023, G, Ggp, Ggp) and the SMASH (N2017; N2021, u, g, r, ).
We used the VMC (C2011, Y, J, and Kj) for NIR data. All cross-matching
was performed using a searching radius of 1”. We examined the cross-matching
results for duplicate associations and found no cases of multiple matches to a single
source. After cross-matching across all datasets, our final sample consists of 1348
stars (black points in Figure 6.1 with flux measurements in all eighteen filters
spanning the UV, optical, and NIR wavelengths. From the extinction-corrected
Gaia optical CMDs (Figure 6.2) of both the SMC Shell region and our sample,
we find that most sample stars are bright main sequence stars in the G-band,

with a few located in the bright giant region. Extinction correction was applied
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FIGURE 6.3: SMC membership probability distribution of the sample. The
dashed line marks the probability threshold (0.31) for the NN-optimal sample,
as defined by Jiménez-Arranz et al. (2023).

following the reddening law of Cardelli et al. (1989); O’Donnell (1994), considering
Ry = 3.1 (Girardi et al. 2008; Gordon et al. 2024) and a mean color excess of
E(B —V)=0.05 (Haschke et al. 2011; Skowron et al. 2021).

6.2.3 Milky Way decontamination

H24a (see Chapter 5) performed MW foreground decontamination of the SMC
Shell region by applying a 3o cut-off to parallax, p,cosd, and ps from Gaia EDR3
(Gaia Collaboration et al. 2021b). So our sample has already been MW decon-
taminated. However, a recent catalog of probable SMC stars by Jiménez-Arranz

et al. (2023) employed a neural network-based classification approach, assigning



Chapter 6: Young Massive Stars in the Shell 151

membership probabilities based on astrometric and photometric properties. Based
on their probability thresholds, two samples can be defined: (i) the NN-complete
sample (Pcut = 0.01), which includes nearly all potential SMC members but may
include MW contaminants, and (ii) the NN-optimal sample (Pcut = 0.31), repre-
senting a cleaner subset with higher membership confidence. We cross-matched
our sample with this catalog. As shown in Figure 6.3, all the stars have probabil-
ities greater than 0.01, placing them within the NN-complete sample. Moreover,
except for six stars, all other stars have probabilities higher than the 0.31 thresh-
old and fall within the NN-optimal (high-probability) sample. This indicates that
our sample stars are probable SMC stars. Therefore, we consider all 1348 stars

for the analysis.

6.3 Spectral Energy Distribution

In this study, we fitted theoretical SED models to the observed SEDs to estimate
the physical parameters of the sample stars, such as effective temperature (Teg),
luminosity (L), and radius (R). For this purpose, we used the VOSA (Bayo et al.
2008). The details of single and double component SED fittings using VOSA are

provided in section 2.4 of Chapter 2.

Since the multiplicity status (single or binary) of the stars in our sample was ini-
tially unknown, we performed single-component SED fitting for all 1348 stars. We
adopted a uniform distance of D = 62,440 pc for all sources, following G2020.
The SMC exhibits a substantial depth, estimated to be about 7 kpc in the Shell
(SW2024). Because luminosity depends directly on distance, to quantify the vari-
ation in luminosity arising from this depth, we adopted an input distance of
D = 62,440+ 3,500 pc for the SED fitting. The extinction correction was applied

using the law from Cardelli et al. (1989), assuming an Ry value of 3.1 (Gordon
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The corresponding lower panels represent the fractional residuals between the

observed and model fluxes.
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et al. 2024) and a mean color of E(B — V) = 0.05 (mean value; Haschke et al.
2011). We used the Castelli & Kurucz (Kr model; 2003) model a full parameter
range with Teg ranging from 3,500 to 50,000 K, log g from 0 to 5 dex, and a metal-
licity of [Fe/H] = —1, which is close to the metallicity of the SMC (Choudhury
et al. 2018).

After performing single-component SED fitting for all 1348 stars, we found that
1256 stars yielded satisfactory fits, both visually and quantitatively, with vgf,
values below 10. An example of a well-fitted single-component SED is shown in
Figure 6.4(a), corresponding to a star with an effective temperature of Teg = 14,000
K, where the model closely matches the observed fluxes across all bands. According
to VOSA, SED fits with vgf;, values less than 15 are considered reliable. This
criterion has also been adopted in several previous studies (Rebassa-Mansergas
et al. 2019, 2021), where vgf;, < 15 was used to identify well-fitted SEDs. The
remaining stars, which either had vgf, > 10 or did not fit well visually, were
considered for double SED fitting. Among the 1256 well-fitted stars, we identified
14 stars with UV excess greater than 50%. These stars were also considered for

double-component SED fitting.

We performed double-component SED fitting for 106 stars using the model grids
from Castelli & Kurucz (2003) for both stellar components (Kr-Kr model), adopt-
ing the same values of distance, metallicity, and extinction as used in the single-
component fitting and a full parameter range with Teg ranging from 3,500 to 50,000
K and log g from 0 to 5 dex. An example of a successful double-component SED
fit is shown in Figure 6.4(b), where the binary system consists of a hot component
with Teg = 19,000 K and a cooler companion with T.g = 4,500 K. The condition
that the source should be detected in all 8 filters is imposed to get reliable fits
of the SED and, therefore, to obtain reliable parameters for the double systems.
We note that 85 stars yielded satisfactory fits, based on both visual inspection

and quantitative evaluation, specifically with vgf}, values below 10. The remaining
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21 stars, which did not satisfy these criteria, were excluded from further analysis.
The conservative limits applied for detection and SED fits will impact the detected
double/binary fraction (BF) in the whole sample.

We assessed the reliability of the double fits following the approach of Jadhav
(2025). Each double component was modelled as a blackbody, with uncertainties
derived from the observed photometry. Priors on temperature and luminosity were
adopted from the SED fitting results. The SED parameters were then recovered
analytically over 100 random realizations to obtain their distributions. The dif-
ferences between the prior and recovered parameters were found to be minimal
across all double fits, indicating that, if the systems are indeed doubles, their SED

parameters can be considered reliable.

SED fitting based on broadband photometry is subject to degeneracies between
effective temperature, extinction, and luminosity, which cannot be fully resolved
without spectroscopic diagnostics such as the Balmer jump; moreover, unresolved
binary systems—particularly those composed of similar spectral-type stars—can
exhibit nearly indistinguishable SEDs, making it difficult to differentiate them

from single stars.

6.4 Results

The physical properties (Tog, R, L) of stars in both single and binary systems,
along with their positions on the Hertzsprung—Russell (HR) diagram, are presented

in the following sections.
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FIGURE 6.5: HR diagram of the single-star sample, showing stellar luminosity
versus effective temperature. The overlaid curves include a 30 Myr Padova-
PARSEC isochrone, and MIST stellar evolutionary tracks (v1.2) for stellar
masses of 3, 4, 5, and 8 Mg with a metallicity of Z = 0.002. The color bar
indicates the stellar radius, increasing from left to right. Error bars indicate
the median uncertainty in Teg (x-axis) and the luminosity spread arising from
depth effects (y-axis).

TABLE 6.1: Stellar parameters derived from single SED fitting. Columns list
the object name, coordinates (RA, Dec), effective temperature (Teg), luminosity
(L), radius (R), and good fit parameters such as vegf and vgf,. The first five
lines of the table are shown here; the full version is available in MRT format at
drive.

Gaia DR3ID RA [deg] DEC [deg] Tug [K] L [Lg] R [Ra] vgf  vgfy
4690561271762049920 17.38501 -71.56226 13000+312 569+64 4.67+0.04 4.81 0.63
4690561306121806592  17.43257 -71.56050 12500+125 594+£68 5.14£0.04 3.47 0.48
4690550895121146496 17.61774 -71.55801 130004312 347£39 3.69£0.03 6.51 0.81
4690550998200337024  17.52473  -71.55514  17000+£500 413+46 2.26£0.02 15.05 1.66
4690561306139945216  17.43771 -71.55480 14000+500 488+54 3.58+0.03 15.91 2.21



https://drive.google.com/drive/folders/1I8RAzUTi9TYjpv36Qf5uIvxbvDp3jThO?usp=sharing
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6.4.1 Single Stars

By fitting single-component model to the observed SEDs, we identified 1242 stars
that can be represented as single stars. Derived stellar parameters as well as the
goodness of fit are provided in Table 6.1. These stars predominantly occupy the
main sequence and the subgiant branch regions on the HR diagram as shown in
Figure 6.5. Based on the location in the HR diagram, 1,213 are found to be main
sequence and subgiant stars, including one late O-type star at (Teq, log(L/Lg)))
= (29 kK and ~4.22) with the majority being B-type and early A-type stars. The

remaining 29 are giant stars of A- and F-spectral types.

To interpret their evolutionary stages, we overlaid an isochrone (PARSEC) from
the Padova group (v2; Bressan et al. 2012) corresponding to an age of 30 Myr,
assuming a metallicity of Z = 0.002 (Lemasle et al. 2017). In addition, we have
also overlaid MIST stellar evolutionary tracks (version 1.2; Paxton et al. 2010;
Dotter 2016; Choi et al. 2016) for stellar masses of 3, 4, 5, and 8 M, adopting the
same metallicity. These evolutionary tracks help in the interpretation of individual
stellar positions on the HR diagram and provide context for the mass-dependent
evolutionary paths of the sample. The color bar in Figure 6.5 denotes stellar
radius, increasing from left to right. It can be inferred from the figure that the
majority of stars are older than 30 Myr with photometric masses in the range of
~3-8 My. The brightest star in our HR diagram, positioned at (Teg, log(L/Lg))
= (29 kK, ~4.216), corresponds to a photometric mass estimate of ~11 Mg,
placing it at the upper end of our mass distribution. In Figure 6.5, the error bars
along the x-axis represent the median uncertainties in Teg, estimated within the
bins of log(Tws) = [3.9,4,4.1,4.2,4.3,4.5]. Since the number of stars in the range
,og(Tes) = 4.3-4.5 is small, this interval is treated as a single bin. The error bars
along the y-axis indicate the median spread in luminosity due to depth effects,

computed within bins of log(L) from 2 to 4.5 in steps of 0.5.
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Based on the Teg distribution shown in Figure 6.6(a), we find a peak in Teg
between 13,000 and 15,000 K. The main sequence and subgiant stars exhibit Teg
values ranging from 10,000 K to 30,000 K, whereas the giant stars occupy a cooler
range between 9,000 K and 15,000 K. Notably, a very bright post-main sequence
star is present on the HR diagram at approximately (Teg, log(L/Lg)) = (19 kK,
~ 4.155), with a radius of ~11 Rg. The radius distribution (Figure 6.6(b)) peaks
between approximately 2 and 4 Rs. Main sequence stars and subgiants typically
have radii ranging from 2 to 10 Ry, while giant stars span a larger range, from 10
to 26 Rg. The luminosity distribution (Figure 6.6(c)) shows a peak of log(L/Lg)
= 2.3 and 2.6. Giant stars are significantly more luminous, with luminosities of
log(L/Ls) = 3 and 4, whereas main sequence and subgiant stars display a broader

range of luminosity from log(L/Lg) = 2 to 4 .

6.4.2 Double/Binary Stars

We identified 85 stars that are well represented as a combination of two stellar
models and Figure 6.7 presents their positions on the HR diagram. To interpret the
evolutionary stages of these double components, we overlaid a Padova-PARSEC
isochrone (v2.0 ; Bressan et al. 2012) of 30 Myr, and a metallicity of Z = 0.002
(Lemasle et al. 2017). In addition, we included MIST stellar evolutionary tracks
(version 1.2, Paxton et al. 2010; Dotter 2016; Choi et al. 2016) for stellar masses
of 2, 3, 4, 5, and 8 My and a model of stripped stars by Gotberg et al. (2018),
considering the same metallicity, where the color bar indicates the mass of the
stripped helium star in the model. The distribution of double components relative
to these theoretical tracks suggests that the majority of systems are older than 30

Myr. All stars in these double systems have photometric masses exceeding 2 M.

For the double systems characterized in this study, the effective temperature (Teg)

distributions show two distinct peaks for the cooler components, one in the range
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of 5-7 kK (F and G- spectral type) and another between 80001 kK (A and early
B- spectral type). In contrast, the hotter components display a single dominant
peak in their Tey distribution at 18,000-22,000 K, as illustrated in Figure 6.8(a).
The hotter components typically have T.g values ranging approximately from 9
kK to 50 kK, while the cooler components fall within the 4 kK to 15 kK range.
The radius distribution shows a strong concentration around 1-4 R, as shown
in Figure 6.8(b). Hot components exhibit radii from 1 to 16 Ry, whereas their
cooler counterparts span 2-70 Ry . In terms of luminosity, the distributions exhibit
marked peaks: cooler stars peak near log(L/Lg)~1.3-2.3, while hotter ones peak
at log(L/Lg)= 2.3-3.3 (Figure 6.8(c)). Hotter components reach luminosities up
to log(L/Lg)~5.

We identify nine subgiant-giant double systems, represented as orange colored
squares (hot components) and circles (cool components) in Figure 6.7. Their
detailed stellar parameters are provided in Table 6.2. These double systems span
a luminosity range of log(L/Ly)= 2.52-3.3. The effective temperatures of the
cool and hot components lie in the ranges 4,750-5,750 K and 10,000-14,000 K,
respectively. Based on their radii, the hot components are found to have sizes of

~3-10 Rg, whereas the cool components exhibit significantly larger radii, between

30-70 Re.

Notably, one double system (ID: 4690616114210976896) stands out as one of the
component is found to be extremely hot and luminous, located at (Teg, log(L/Lg))
= (50 kK, ~3.87), while its other component appears to be a lower-mass subgiant
star with (Teg, log(L/Lg)) ~ (10.25 kK, ~ 2.406). The hot and luminous compo-
nent of the double system is also located on the bluer side of the main sequence
branch and near the predicted location of stripped stars in the HR diagram, making
it a candidate for a hot, compact helium star—possibly a product of binary mass
transfer or envelope stripping. We note that out of 85, 18 double systems (shown

as blue squares for hotter and blue circles for cooler companions in Figure 6.7)
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have hotter companions are likely to be stripped stars (including the hottest and
bluest one, mentioned in the previous line), as these are located near the stripped
star model (shown in gray gradient circles). As stripping requires interaction in a
binary system, these 18 double systems are likely to be binary systems, and their
details are provided in Table 6.3, with the hotter components likely to be stripped

stars.

A recent study on the young open cluster NGC 663 by Nedhath et al. (2025)
reported that 19 out of 23 Be stars in the cluster exhibited significant UV excess
and were characterized as sdOB-+Be binary systems. For comparison, we overlaid
the HR diagram positions of 16 sdOB+Be binary systems of NGC 663 shown
in black squares (hot) and black circles (cool) in Figure 6.7. We find that both
the hot and cool components of 18 binary systems in our sample occupy similar
temperature and luminosity ranges as those identified in the NGC 663 study,
supporting their binary nature. From the model of stripped stars by Gotberg
et al. (2018), we note that the mass of the hot companions ranges from 0.5 to
3 My. Such objects play a role in binary evolution and may be precursors to
type Ib/c supernovae, or even gravitational wave progenitors (Gotberg et al. 2018;
Karamehmetoglu et al. 2023; Hovis-Afflerbach et al. 2025). Spectroscopic follow-up
would be essential to confirm their nature and further constrain their evolutionary

states.

In Figure Figure 6.7, we have shown 20 double systems, where magenta squares
indicate the hotter component, and circles represent the cooler component. The
hotter stars are located close to the main sequence with masses of about >3 M,
while the cooler companions are found to be slightly away from the main sequence
with approximate masses near 2 M. The hotter components of these systems
are found to be similar to the low luminous stripped stars found in this study
(stars shown in blue squares), though slightly cooler. Similarly, the cooler com-

ponents of these systems are similar to the cooler components of the stripped
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systems (stars shown in blue circles), though slightly less luminous. It is possi-
ble that there is an evolutionary link between these 20 double systems and the
18 double systems. Therefore, we designate these as 20 candidate binary sys-
tems. The detailed stellar parameters of these systems will be presented in the
MRT table, following the same tabular format as used in Table 6.2 and Table 6.3 at
https://drive.google.com/drive/folders/1I8RAzUTi9TYjpv36Qf5ulvxbvDp3jThO?

usp=sharing.

As a next step, we have shown 38 double systems, where the hot components
(shown as cyan squares) are predominantly located along the main sequence branch,
with a smaller fraction positioned near the location of giant stars. The correspond-
ing cool components (cyan circles) lie primarily in the relatively cooler part of the
location for giants. Such configurations may represent a genuine binary system
composed of a hot and a cool star, or, a single star surrounded by a circumstellar
disk or a combination due to chance projection due to the depth of the SMC. The
details of these systems are discussed later. The comprehensive stellar parameters
of these systems will be listed in the MRT table, adopting the same tabular struc-
ture as Table 6.2 and Table 6.3 at https://drive.google.com/drive/folders/1I8RAz
UTi9TYjpv36Qf5ulvxbvDp3jThO?usp=sharing.

From the spatial distribution of single and double stars shown in Figure 6.8(d), we

observe that both populations are more or less evenly spread across the sampled

region of the SMC Shell, with no prominent clustering or localized enhancement.

6.5 Discussion

In this section, we first discuss sources that are in common with previous studies

and compare their derived properties. We cross-matched our single-star sample


https://drive.google.com/drive/folders/1I8RAzUTi9TYjpv36Qf5uIvxbvDp3jThO?usp=sharing
https://drive.google.com/drive/folders/1I8RAzUTi9TYjpv36Qf5uIvxbvDp3jThO?usp=sharing
https://drive.google.com/drive/folders/1I8RAzUTi9TYjpv36Qf5uIvxbvDp3jThO?usp=sharing
https://drive.google.com/drive/folders/1I8RAzUTi9TYjpv36Qf5uIvxbvDp3jThO?usp=sharing
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FIGURE 6.7: HR diagram of the double/binary systems, showing stellar lu-
minosity versus effective temperature. Squares and circles denote the hot and
cool components, respectively. Stripped binaries, giant—giant pairs, and candi-
date binaries are shown in blue, orange, and magenta, while systems that may
represent either binaries or stars with disks are indicated in cyan. Overplotted
are evolutionary references: a PARSEC (Padova v2) isochrone of 30 Myr with
metallicity Z = 0.002, MIST stellar evolutionary tracks (v1.2) for stellar masses
of 2, 3, 4, 5, and 8 Mg, and stripped-star models from Gotberg et al. (2018), all
at the same metallicity. The color bar indicates the stripped star’s mass. Black
markers represent the stripped binary systems in the young star cluster NGC
663, as reported by Nedhath et al. (2025).

with the OGLE-IV eclipsing binary catalog from Glowacki et al. (2024), identify-
ing 23 common stars. A further cross-match with SIMBAD revealed additional
classifications: two emission-line stars, three pulsating variables, four probable
white dwarf candidates, and one object listed simply as a “star”, all of which are

shown in Figure 6.9(a). SIMBAD also provided eight more eclipsing binaries not
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FIGURE 6.8: (a), (b), and (c) show the distribution of the stellar effective
temperature (Teg), radius (R), and luminosity (L), respectively, for both the
components of the double systems. (d) Spatial distribution of the single and
double systems.

included in the OGLE-IV catalog. The emission-line stars appear as luminous ob-
jects with effective temperatures of 18,000-19,000 K, while the four white dwarf
candidates occupy positions consistent with low-luminosity main sequence stars.
The object labeled as a generic star is likely a late B-type star based on its HR
diagram location. Of the three pulsating variables, one is notably hotter and more
luminous than the others. The eclipsing binaries lie along the main sequence with
effective temperatures of 12,000-15,000 K and luminosities of about log(L /L)~
2.3 to 3. We note that the majority of these eclipsing systems are non-contact
binaries with periods shorter than 5 days, while a smaller fraction have periods
between 5 and 10 days, and only two systems exhibit longer periods of 40-50 days
(Pawlak et al. 2013, 2016; Gaia Collaboration 2022). A total of 31 stars classified
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FIGURE 6.9: HRDs of the cross-matched single and binary systems are shown
in panels (a) and (b), respectively. The black curve represents the 30 Myr
Padova—PARSEC isochrone. Different marker shapes indicate various system
types. (a) Gray points represent all single stars. (b) Stripped-star models with
metallicity Z = 0.002 from Gotberg et al. (2018) are shown as a grayscale
colormap, where the color bar denotes the stripped-star mass. Colored markers
follow the same scheme as in Figure 6.7. Gray squares and circles mark the
hot and cool components of Algol-type eclipsing binaries from Giuricin et al.
(1983).
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TABLE 6.2: Stellar parameters derived from double-SED fitting of 9 subgiant-
giant binary systems. Columns list the object name, coordinates (RA, Dec),
binary component identifier, effective temperature (Teg), luminosity (L), radius
(R), vgf and vefy, fitting parameters.

Gaia DR3ID RA [deg] DEC [deg] Component  Teg [K] L [Lg) R [Rg] vef  vglhy

4690566326946556928 17.11296  -71.45074 Hot 11250+125  337£39 4.7+£0.04 11.85 1.98
Cool 4750£125 2028+229 66.51+0.5

4690567323379709312  17.48822  -71.43315 Hot 10000+£125 64577 8.21+£0.06 26.73 1.62
Cool 5500125  1427+£170 40.43+£0.3

4690657655117367808  17.86518  -71.41048 Cool 5750+£125 786+91  27.56+£0.21 24.17 2.49
Hot 10750£125  465+54 5.951+0.04

4690614705461743488 17.04936  -71.35181 Hot 12750£125  352+41 3.66£0.03 30.51 2.84
Cool 47504125  1297+£147  53.18+0.4

4690663152675448320 17.71166  -71.27854 Hot 14000£500  670£78  4.19£0.03 44.79 3.13
Cool 5000+125 11724133  45.97+0.35

4690620065581050240 17.24513  -71.24103 Hot 10500£125  327+£38  5.41+£0.04 836 1.30
Cool 4750+125 732483 40.15£0.3

4690563853045370112  17.73955  -71.42756 Hot 15000£500 1163£134 4.914+0.04 2495 1.34
Cool 4500+125  1341£152  60.89£0.46

4690564883837503744  17.73314  -71.39664 Hot 14000+£500  425£49 3.37£0.03  20.72 1.99
Cool 5750125 1046+£118 32.66+0.25

4690631576093401344  16.95455  -71.20382 Cool 5000£125 1321£150 48.58+0.37 9.79 0.97
Hot 12000+125  817£94 6.4940.05

as eclipsing binaries in OGLE-IV or SIMBAD were not recognized as binaries in
our analysis. This reflects the complementary nature of variability surveys and
SED fitting techniques. Our method is most sensitive to systems with comparably
bright components or strong multi-band flux contributions, but can miss binaries
with faint companions or nearly equal-temperature stars that mimic single-star
SEDs (Torres et al. 2011; Prsa & Zwitter 2009; El-Badry & Rix 2021). These fac-
tors suggest that the 31 eclipsing binaries classified as single in our study are likely
to be systems where the SED is dominated by the primary component and/or with

similar multi-band flux contribution.

We cross-matched the double systems found in this study with SIMBAD and
OGLE-IV catalogs (Figure 6.9(b)). This yielded three eclipsing binaries (two
from OGLE-IV and one from SIMBAD), along with one ellipsoidal variable and
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TABLE 6.3: Stellar parameters derived from double-SED fitting of 18 stripped
star binary systems. Columns list the object name, coordinates (RA, Dec),
binary component effective temperature (Tig), luminosity (L), radius (R), vgf
and vgfy, fitting parameters.

Gaia DR3 RA [deg] DEC [deg] Component  Tug [K] L [Lg) R [Rg) vgf  vgfy,
4690561546640027520 17.35959  -71.54599 Cool 8250+£125 55 +6 3.59+0.03 2391 4.64
Hot 23000£500 229 27 0.96+0.01
4690562925322914688  17.57385  -71.51793 Cool 11000£125 221 £25 3.96+0.03 42.75 2.39
Hot 26000£500 1310 +£151  1.71+£0.01
4690568491600388992  17.42029 -71.37551 Cool 8750125 101 +£12 4.24+£0.03 73.02 3.29
Hot 37000£500 1726 £197 1 +0.01
4690661842707993088  17.78499  -71.32918 Cool 11500+£125 138 £16 2.914+0.02 21.62 1.32
Hot 25000£500 612 £71 1.29+0.01
4690616114210976896 17.48419  -71.31043 Hot 50000£500 7498 £845 1.154+0.01 80.71 3.23
Cool 10250+125 255 £29 4.95+0.04
4690619030483415680 16.97133  -71.28030 Hot 26000£500 747 £86 1.31+£0.01 12.53 0.85
Cool 9250125 88 +10 3.62+0.03
4690616457808340096  17.44227  -71.27976 Hot 32000£500 2080 £237 1.464+0.01 43.36 1.74
Cool 8500125 118 +£13 4.94+0.04
4690551414820128000 17.82350  -71.50887 Cool 10750£125 362 £41 5.38+0.04 49.98 2.01
Hot 32000£500 4764 £542  2.24+0.02
4690563024129871872  17.60317  -71.49622 Cool 10250+125 108 £13 3.244+0.02 1829 1.31
Hot 26000£500 520 £60 1.09£0.01
4690567495177634176 17.42234  -71.41060 Cool 14000£500 318 £37 3 £0.02 13.22 0.86
Hot 23000£500 75 £9 0.54+£0.004
4690567903213093120 17.70460 -71.37247 Cool 97504125 137 +£16 3.96+0.03 36.18 3.06
Hot 26000£500 321 £38  0.83+0.01
4690568525960116480 17.48265 -71.36184 Hot 26000£500 1361 +£156 1.76£0.01 45.35 1.89
Cool 11250+125 325 £37  4.62+0.03
4690568697768450304 17.39422  -71.35772 Cool 100004£125 245 £28 5.16+0.04 36.02 1.44
Hot 34000500 3855 +£438  1.77+0.01
4690619069148475392 16.88405 -71.28496 Hot 26000£500 689 £79 1.25+0.01 46.18 2.59

Cool 9500+125 81 +9 3.23£0.02

4690611922322952704 16.75898  -71.37162 Cool 10000+125 140 £16  3.84+0.03 47.06 2.92
Hot 26000£500 715 £83 1.25£0.01
4690619412745838720 17.00641  -71.26144 Cool 10250+125 188 £21  4.28+0.03 4587 1.84
Hot 35000£500 2748 £313  1.41+0.01
4690632160208733184  16.79635  -71.19230 Cool 11500+125 475 £54  5.26£0.04 86.75 3.59
Hot 320004£500 3731 £426  1.92+0.01
4690632297642107904  16.84528  -71.17474 Hot 26000£500 309 £36  0.85+0.01 12.21 1.32

Cool 9750+125 68 +8 2.85+0.02
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one long-period variable. Both the ellipsoidal and long-period variables are lo-
cated on subgiant—giant binary systems (orange markers). Two systems include
classical Cepheids as the cooler components, paired with hotter subgiant compan-
ions. These Cepheids fall within the instability strip, consistent with the region
shown in Figure 2 of Groenewegen (2025). In addition, we identify one pulsating
binary system consisting of a main sequence-giant pair, where the hotter compo-
nent is both luminous (log(L/Ly) ~ 3.75) and hot (Teff ~ 20,000 K). Another
system is simply listed as a “star” in SIMBAD. Three binaries are associated with
emission-line stars. All of them lie on the main sequence and show similar effec-
tive temperatures and luminosities to the single emission-line stars identified from
SIMBAD. Their cooler companions have Teg ~ 5,000 K. We identify 38 systems
(cyan markers) in our sample of double systems where the hot component is highly
luminous and the cool component appears faint. The nature of these systems is
not fully constrained. One possibility is that they are single emission-line stars,
similar to those we identified through SIMBAD cross-matching: in such cases, the
stellar surface produces the hot component while a circumstellar disk contributes
the apparent cool excess. Alternatively, they may be Algol-type binaries. To test
this, we compared their locations in the HR diagram with the hot and cool compo-
nents of known Algol systems from Giuricin et al. (1983) (gray squares and circles
in Figure 6.9(b), respectively). We find that both components of these 38 systems
lie in similar loci to Algol binaries. Notably, two eclipsing binaries in our sample
also fall within this region. Their short orbital periods (j5 days) and non-contact
configurations strongly support an Algol-type interpretation (Pawlak et al. 2013,
2016; Gaia Collaboration 2022).

Drout et al. (2023) proposed theoretical predictions for stripped binary systems
in the MCs by modelling a grid of hot, core-helium-burning stripped stars paired
with main sequence companions. Their work showed that stripped stars should
appear blueward of the ZAMS in UV-optical CMDs when the companion is either

a low-mass main sequence star (M <8 M) or a compact object. Consistent
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with these predictions, we find that the hot companions in our identified stripped
binaries are located on the blue side of the ZAMS, while their cool companions
have masses < 4 My. Ludwig et al. (2026) used 2,420 Swift-UVOT images of
the LMC and SMC to construct a catalog of 734,869 sources in three UV filters,
reaching to a depth of ~20 Vega mag. They identified candidate stripped systems
by selecting sources that lie blueward of the ZAMS in multiple UV-optical CMDs,
after correcting for distance and extinction, and then applying quality cuts to
ensure that the SEDs were consistent with stripped-star binaries while excluding
spurious sources affected by poor photometry or systematics. From this procedure,
they reported 298 candidate stripped stars in the SMC. In comparison, this study
has identified 18 stripped binary systems. While this number is smaller, our
detections are complementary to their study, as our sample probes the outskirts
of the SMC, whereas their study covers the SMC main body. This suggests that
stripped systems are present not only in the dense central regions but also in the

less crowded outer parts of the SMC.

One limitation of our SED-fitting analysis is the assumption of a uniform distance
for all stars. Given the intrinsic depth of the SMC, this simplification can in-
troduce uncertainties in the derived stellar parameters, particularly luminosities.
To quantify this effect, we propagated the depth as a distance uncertainty and
examined its impact on the inferred luminosities. While this leads to moderate
variations, the positions of the stars in the HR diagram remain consistent, suggest-
ing that the stellar classifications are robust to distance uncertainties within the
SMC’s depth. A second caveat arises by considering the same extinction value for
all stars, despite the spatial variations in extinction across the SMC (Gordon et al.
2024). However, since our sample is taken from a relatively compact region in the
outer SMC, where extinction gradients are expected to be modest, the influence

of spatially varying extinction on the derived parameters is likely to be minimal.

Recent studies have begun to constrain the BF of massive stars in the SMC across
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different evolutionary phases. Speckle imaging of massive young stellar objects
(YSOs: M 28 M) indicates a wide BF of < 5% (Kalari et al. 2024), signifi-
cantly lower than the ~15-60% wide BF reported in the MW, suggesting a role
for metallicity and environment in shaping binary formation and survival. For
more evolved populations, Dai et al. (2025) estimated a BF of 32.2 + 1% for red
supergiants in the SMC, while spectroscopic monitoring of 262 blue supergiants
(BSG; B0-B3, I-1I) revealed an observed fraction of 34 + 3%, consistent with an
intrinsic fraction of 40 + 4% (Britavskiy et al. 2025). The latter study also re-
ported a decline in binary incidence for BSGs cooler than Teg ~ 18kK, consistent
with a transition toward post-main sequence evolution, and found no evidence for

metallicity dependence compared to Galactic and LMC populations.

In our sample of 1,348 stars, we identified 85 double systems and 1,242 single stars,
yielding an upper limit of BF of ~6.3% (if all systems are considered as binaries) for
stars with masses between 2-8 My in an outer region of the SMC. This relatively
low fraction likely reflects a combination of factors. First, our SED-fitting method
is primarily sensitive to binaries with companions of comparable brightness with
significantly differing in surface temperature, and may miss systems with faint
or nearly identical-temperature secondaries. Indeed, upon cross-matching with
OGLE-IV and SIMBAD, we identified 31 additional systems classified as eclipsing
binaries that were not flagged as binaries in our analysis. Second, our strict sample
selection—requiring flux measurements across 18 UV-to-NIR filters—may prefer-
entially exclude stars with incomplete photometry, may introduce bias against
certain binary configurations. Together, these effects contribute to the lower BF

we measure compared to other studies.

We note that the advantage of this study is the coverage of data points in the UV
region, thereby providing a better characterisation of SED for intermediate mass
and high mass stars. This study also preferentially characterizes UV bright stars.
Also, the coverage in the UV region has helped to detect and characterize the
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stripped binaries present in the region with good confidence. The characteristics
of the stripped star binaries presented here can place important constraints on the
formation and evolution of such systems. Upcoming LSST (Ivezi¢ et al. 2019) and
4AMOST (de Jong et al. 2019) data will provide the necessary variability, spectral,
as well as orbital information to further probe their formation pathways. In the
future, we shall extend this method to characterize UV stars across the SMC using

the UV catalog of H24b.

6.6 Summary and Conclusions

In this study, we looked over a sample of 1348 UV bright stars located in the
SMC’s northeastern outskirts, the Shell, using UVIT (FUV and NUV bands),
SMASH, Gaia, and VMC photometric data. Through SED fitting using VOSA,
we derived key stellar parameters including effective temperature, luminosity, and

radius. The main findings are summarized below:

o We identified 1,242 stars that are well described by single-component SEDs.
These are predominantly B- and A-type main sequence and subgiant stars
with masses of 3-8 M and effective temperatures of 10,000-30,000 K, along
with a small number of giants spanning T.g ~9,000-15,000 K and radii of
1026 Re.

e We identified 85 systems requiring two-component SED fits, which can be
broadly classified into four categories: (1) stripped-star binaries, (2) sub-
giant—giant systems, (3) candidate binary systems with a possible evolution-
ary link to the stripped systems, and (4) systems that may represent either
non-contact binaries or single stars with circumstellar disks or foreground

stars.
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e We found 18 stripped-star binaries, which contribute to our understanding
of post-interaction binaries and their role as potential progenitors of exotic
systems, such as type Ib/c supernovae or compact object binaries. Further

spectroscopic studies are necessary to characterize them.

e Among the 85 double systems, 38 could be Algol-type eclipsing binaries,
as suggested by their location in the HR diagram. Alternatively, they may
represent stars with circumstellar disks, where the identified cool component
corresponds to the circumstellar disk. A further possibility is that some of

these systems arise from chance projections due to the depth of the SMC.

e In our sample, we identified 9 systems composed of subgiant—giant pairs,

which are possible binary systems.

e 20 candidate binary systems were identified, which have hot companions
similar to the low luminous stripped stars, but slightly cooler and hot com-
panions similar to the low luminous cooler companions of the stripped stars.

These require further studies to confirm their nature.

e The spatial distribution of both single and binary/double systems is broadly

uniform across the Shell region, ruling out any clustered distribution.

e Cross-matching with OGLE-IV and SIMBAD catalogs revealed 31 eclipsing
binaries that were not flagged as binaries in our SED analysis. These cases
highlight an inherent limitation of photometric SED fitting, which may fail
to resolve binaries where one component dominates the flux or where both

stars have nearly identical temperatures.

e We estimated the binary/double fraction for stars with masses in the range
of ~2-8 Mg to be ~6.3%. This relatively low fraction may be partly at-
tributable to our strict sample selection criteria, as well as intrinsic limita-
tions of the SED-fitting method, which can fail to distinguish binary com-

ponents when the stars have similar effective temperatures. This study has
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preferentially characterized UV bright and luminous stars and has helped to

identify and characterize stripped star systems in this region.

This work underscores the utility of UV—-optical-IR SED fitting in probing the
physical properties and multiplicity of young intermediate and high mass stars in
nearby low-metallicity environments. The combination of UVIT with deep optical
and IR surveys offers a robust framework for identifying and characterizing both
single and binary /double stellar populations. Future high-resolution spectroscopic
follow-up of our candidate binaries can validate their nature, refine BF's, and offer
insights into the impact of the environment on massive binary evolution in dwarf

galaxies.
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Summary, Conclusions and

Future Work

“Astronomy compels the soul to look upward, and leads us from this

world to another.” — Plato

7.1 Summary and Conclusions

This thesis has presented a comprehensive investigation of the SMC’s young mas-
sive stars, examining their spatial distribution, kinematics, age-dating, and physi-
cal characteristics in the broader context of the galaxy’s dynamical evolution. This
is achieved using a multi-wavelength dataset that is constructed utilizing the su-
perior spatial resolution of UVIT, in combination with complementary optical and
NIR data from surveys such as Gaia, SMASH, and VMC. The primary motivation
was to understand the imprints of the recent LMC-SMC interactions as traced

by the massive stars as they form in the dynamically perturbed, low-metallicity
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environment of the galaxy. Conclusions from this study, based on the morphol-
ogy, kinematics, age-dating, and characterization of single and double systems are

presented below.

Construction of the first large-scale FUV catalog of the SMC

We produced a catalog of ~76,800 FUV stars in the main body and the Wing,
cross-matched with Gaia and VMC catalogs. After careful foreground removal,
~62,900 stars were identified as probable members of the SMC through robust
classification methods. This dataset provides a critical foundation for studying
massive stars in metal-poor environments, as it includes 2,200 stars brighter than
15 mag in FUV, corresponding to a photometric mass of M > 8 M. This is a
very valuable resource to study various types of massive stars in the SMC and

their UV properties. This will serve as the input data to the future missions such

as UVEX, INSIST etc.

Morphology and kinematics of the SMC

The FUV catalog traces the major stellar structures of the SMC, including the
Wing, Bar, and shell. The morphology revealed clumpy stellar distributions, while
the kinematic analysis showed evidence of sub-populations with distinct motions,
particularly in stars younger than ~150 Myr. The results indicate that the latest
encounter with the LMC has left imprints on the SMC’s young massive stars. The
kinematic details found in the young massive stars provide important constraints

for the LMC-SMC interaction models.

Hierarchical star formation and fractal nature

Our study uncovered 236 young stellar structures with age <150 Myr and photo-
metric mass of 5 to 40 M. Their sizes cover a broad range, from just a few parsecs
to hundreds of parsecs. Their properties—sizes, surface densities, and number dis-
tributions—were shown to follow scaling relations characteristic of hierarchical

star formation. The derived fractal and perimeter-area dimensions (Dy ~ 1.3-1.6,
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D, ~ 1.46) are consistent with those observed in other galaxies and with theo-
retical expectations from turbulence-driven star formation. These results provide
compelling evidence that young massive stellar structures in the SMC inherit their
fractal imprint from the turbulent ISM, with the hierarchical pattern persisting

up to ages of ~200 Myr in the SMC.

Mapping the northeastern Shell region

The first FUV map of the northeastern outskirts of the SMC, the SMC Shell,
traced two extended features—an arm-like and an arc-like structure. Despite their
prominence in stellar density maps, both features have similar kinematic proper-
ties with the control sample, suggesting that they are overdensities rather than
tidally stripped or dynamically distinct substructures. The region has experienced
multiple episodes of star formation over the last 400 Myr, including one around
~260 Myr, likely linked to the Clouds’ last close encounter, and another around
~60 Myr, possibly triggered by the SMC’s motion around the MW. The proper
motions and velocity dispersions of young FUV stars of the Shell are similar to
those of the main body, indicating no significant signs of tidal perturbation or
disruption in this region. These findings establish that the Shell region, though
located in the north-eastern outskirts, has been influenced by the recent interac-
tions, resulting only in star formation with local densities. This provides important

constraints to the LMC-SMC interaction models.

Physical properties and binarity of UV-bright stars

Through SED fitting of 1,348 stars of the sample region within the SMC Shell, we
derived effective temperatures, luminosities, and radii. We identified 1242 single
stars, mostly B- and A-type main sequence stars, along with a small population
of giants, and 85 systems requiring two-component fits, including stripped-star
binaries, subgiant—giant pairs, and candidate binary systems. Eighteen stripped-
star binaries were recognized as potential progenitors of exotic systems such as

type Ib/c supernovae. 38 double systems are found to be non-contact binaries or
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stars with circumstellar disks or foreground stars. The binary fraction was esti-
mated at ~6.3%, lower than expected, likely due to methodological and selection
biases. These results highlight the effectiveness of UV-optical-IR SED fitting in
identifying massive stellar populations and stripped binaries in low-metallicity en-
vironments, while also emphasizing the need for spectroscopic follow-up to refine
binary properties and advance our understanding of massive star evolution in the

SMC.

7.1.1 Utilization and Prospects of Thesis

The results of this thesis open multiple avenues for future research:

e Community resource: The FUV catalog (with better spatial resolution) of
~76,800 sources, including ~62,900 probable members, is a rich dataset for
the community to study young and massive stars in the SMC. It can serve
as a reference for young stellar population analyses, massive star catalogs,

and preparations for future missions.

e Massive star evolution at low metallicity: The identified sample of stripped-
star binaries and candidate massive binaries provides excellent targets for
spectroscopic follow-up with ground-based telescopes to constrain evolution-

ary pathways toward supernovae and compact binaries.

e Kinematics and galaxy interactions: The evidence of perturbed proper mo-
tions among the youngest stars can be used in simulation, placing strong
constraints on the dynamics of the recent LMC—-SMC encounter and its role

in shaping the SMC.
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e Future UV missions: Upcoming UV space missions (e.g., ULTRASAT, IN-
SIST, UVEX) can build upon the UVIT catalog to explore time variability,

binarity, and massive star feedback at higher sensitivity and resolution.

e Synergy with JWST and Roman: While this thesis already combines UVIT,
Gaia/SMASH, and VMC to cover the UV-optical-NIR regimes, the mid-
infrared capabilities of JWST and Roman will extend this baseline, enabling
full UV-to-mid-IR SEDs of young stars. This will provide tighter constraints
on stellar ages, masses, and circumstellar environments, particularly for sys-
tems with dust or IR excesses that remain unconstrained in the current

dataset.

7.2 Future Work

In future, we plan to extend this thesis work along several directions.

e In Chapter 6, strict sample selection criteria were applied, requiring stars to
have flux measurements in all eight UVIT filters. While this ensured a robust
dataset, it significantly reduced the sample size and may have contributed
to the relatively low binary fraction derived. An immediate next step will
be to relax these criteria, thereby adding new stars to the sample, and to

examine the stellar properties and multiplicity fractions.

e In Chapter 3, our cross-match with the SIMBAD database revealed several
intriguing classes of objects, including emission-line stars, eclipsing binaries,
Classical Cepheids, and high-mass X-ray binaries. Building on the methods
of Chapter 6, we aim to investigate the physical properties and evolutionary
status of these sources in greater detail. We also plan to obtain spectroscopic

follow-up of these sources along with light-curve analyses of the identified
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FIGURE 7.1: The UVIT-observed fields of the LMC are marked by white cir-
cles, overlaid on a GALEX background image. This background is a two-color
composite, with blue indicating FUV data and red representing NUV data, in-
corporating both GR6 and GR7 releases (Bianchi et al. 2017).

variables, which will provide more direct constraints on binarity, stellar pa-

rameters, and evolutionary pathways.

e Looking ahead, we intend to extend the scope of this thesis to the LMC,
where 32 UVIT fields have already been observed (Figure 7.1). As a first
step, we will construct a FUV catalog of the observed regions (analogous to
Chapter 3) and characterize the young massive stellar populations therein.
We further aim to conduct kinematic studies of selected subregions in the
LMC and compare them with those of the SMC, thereby probing how differ-
ences in interaction histories with the Milky Way and with each other shape

the evolution of massive stars and their host environments.
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