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Abstract

The Magellanic Clouds (MCs) are the closest interacting satellite dwarf galaxies of
the Milky Way (MW). The Magellanic system comprises the Large Magellanic Cloud
(LMC) and the Small Magellanic Cloud (SMC), which are connected by the Magellanic
Bridge, a structure composed of gas and stars. The recent proper motion (PM) studies
of the MCs suggest that they are interacting not only with each other but also with
the MW. The interactions experienced by the MCs have also produced a prominent
tail of neutral hydrogen gas, known as the Magellanic Stream, which stretches across
~ 200° of the southern sky. In addition, filamentary leading arms extend ahead of the
Clouds’ motion, arching over the MW disk. Interactions between the MCs trigger star
formation and impact the internal kinematics of both galaxies. Therefore, studying
the stellar populations residing within these galaxies is essential to unraveling their

evolution and interaction history.

Star clusters serve as valuable tracers for unraveling the star formation history of
galaxies. In the MCs, over 4000 clusters have been cataloged. Determining their ages
provides insights into the cluster formation history (CFH) of the MCs. However, a
comprehensive age estimation from the center to the outskirts of the LMC and SMC is
still lacking. Such global age dating is essential for identifying the episodes of enhanced
star/ cluster formation (CF) triggered by the LMC-SMC interactions. Also, modeling
the internal kinematics of the LMC and SMC is crucial for revealing the disk response
of the MCs to their mutual interaction. The goal of this thesis is to trace the CFH and
model the kinematics of the MCs to gain insights into their interaction history. The
analysis in our studies is based entirely on Gaia (Global Astrometric Interferometer for
Astrophysics) Data Release 3 (DR3) data sets.
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In this study, we present a detailed view of CF to trace the evolution and interaction
history of the MCs in the last 3.5 Gyr. We parameterized 1710 and 280 star clusters
in the LMC and the SMC, where 847 and 113 clusters are newly characterized in
the outer LMC and SMC, respectively. We estimated the age-extinction-metallicity-
distance parameters using an automated fitting of the color-magnitude diagram (CMD)
after field star removal, followed by a Markov Chain Monte Carlo (MCMC) technique.
We report a first-time detection of two synchronized CF peaks in the MCs at 1.540.12
Gyr and 800+60 Myr. We recommend that the choice of the metallicity (Z) values
of isochrones for clusters with age < 1 - 2 Gyr are Z pmc = 0.004 - 0.008 and Zgmc
= 0.0016 - 0.004 for the LMC and SMC, respectively. We found evidence for spiral
arms in the LMC, as traced by the cluster count profiles over the last 3.5 Gyr. The
density maps provide evidence of ram-pressure stripping in the North-East of the LMC,
a severe truncation of CF in the South of the LMC, and a radial shrinkage of CF in
the SMC in the last 450 Myr. The last SMC-LMC interaction (~ 150 Myr) resulted
in a substantial CF in the North and Eastern SMC, with a marginal impact on the
LMC. This study brings out the CF episodes in the MCs and their connection to the
LMC-SMC-MW interactions.

The internal kinematics of the LMC disk have been modeled by several studies using
different tracers with varying coverage, resulting in a range of parameters. In this
study, we modeled the LMC disk using 1705 star clusters and field stars, based on a
robust MCMC method. The dependency of model parameters on the age, coverage,
and strength of the clusters are also presented. This is the first comprehensive 2D
kinematic study using star clusters. Red clump (RC) stars and young main-sequence
stars are also modeled for comparison. The clusters and field stars are found to
have distinctly different kinematic centers, disk inclination, position angle of the line
of nodes, and scale radius. We also note a significant radial variation of the disk
parameters. Clusters and young stars are found to have a large residual PM and a
relatively large velocity dispersion when compared to the RC field population, which

could be due to perturbation from the bar and spiral arms. We traced the presence of



large residual PM and non-circular motion among clusters likely to be due to the bar
and detected a decrease in the scale radius as a result of the possible evolution of the
bar. The kinematically deviant clusters point to a spatio-temporal disturbance in the
LMC disk, matching the expected impact parameter and time of the recent collision

between the LMC and the SMC.

Similar to the LMC, we modeled the kinematics of the SMC by analyzing the PM
from nine different stellar populations, which include young main sequence stars (<
2 Gyr), RGB stars, RC stars, red giants with line-of-sight (LOS) velocities, and three
groups of star clusters. We trace the evolution from a non-rotating flattened elliptical
system as mapped by the old population to a rotating highly stretched disk structure
as denoted by the young main sequence stars and clusters (< 400 Myr). We estimated
that the inclination, ¢ (~ 58° to 82°) decreases and the position angle, © (~ 180°
to 240°) increases with age. We estimated an asymptotic velocity of ~ 49 - 89 km
s~! with scale-radius of ~ 6 - 9 kpc for the young main sequence populations with

1 suggesting a rotation-supported disk structure.

velocity dispersion of ~ 11 km s~
Our models estimate a LOS extension of ~ 30 kpc, in agreement with observations.
We identified four regions of the SMC showing anomalies in the residual PM, the East
Anomaly (EA), South East Anomaly (SEA), South Anomaly (SA), and West Anomaly
(WA). The SEA appears like an infalling feature and is identified for the first time.
The tidal imprints observed in the residual PM of the SMC suggest that the recent

interaction with the LMC considerably shapes its evolution.
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The bin width of 0.1 in log(¢) is used to generate the age histograms,
which is ~ thrice the average median error in the log(¢) estimations
of the cluster as mentioned in subsection 3.4.2. The vertical lines
in the histograms (a) and (b) show the margins of the age groups,
which are grouped and shown in the spatial plot (¢). . . ... ...
Spatio-temporal density and radial distribution of clusters in the
LMC. a) The 2D Gaussian KDE is shown for the clusters within
the four age groups (Age group-1, Age group-2, Age group-3, Age
group-4 ). b) Radial cluster count profile for the four age groups
in the four spatial quadrants (local North, South, East, and West)
of the LMC plane. c) Radial cluster count profile for the four age
groups in the local North-East, North-West, South-East, South-
West directions of the LMC plane. . . . . ... ... ... .....
Spatio-temporal density and radial distribution of clusters in the
SMC. a) The 2D Gaussian KDE is shown for the clusters within
the four age groups (Age group-1, Age group-2, Age group-3, Age
group-4 ). b) Radial cluster count profile for the four age groups
in the four spatial quadrants (local North, South, Fast, and West)
in the sky plane of the SMC. ¢) Radial cluster count profile for the
four age groups in the local North-East, North-West, South-East,
South-West directions in the sky plane of the SMC. . . . . .. . ..
The age-reddening estimates from our current study compared with
the literature (as mentioned in Section 3.5.1). The top panels (a
and b) compare the age estimates from our study with Glatt et al.
(2010), Nayak et al. (2016) and Nayak et al. (2018) (reference cat-
alogs) using Spearman’s rank correlation coefficient (ps), in which
we found positive correlations among the log(t) estimates as shown
in the scatter plots. The reddening variation (AE(B — V)) from
our study is also compared with the reference catalogs and shown
in the bottom panels (cand d). . .. ... ... ... ...
The ECF peaks obtained from the clusters we studied in the MCs.
The age histograms of the LMC and the SMC from Fig 3.10a
and 3.10b are normalized (n,/Nr) with their total number, Np
(Ny =1710 (LMC), 280 (SMC)) and overplotted for comparison.
The correlated peaks of CF are marked at ~ 1.48 Gyr (I; and s),
the other significant CF peaks in the LMC at ~ 851 Myr (I), and
in the SMC at ~ 741 Myr (s2), ~ 149 Myr (s3) are also marked.
The median error in log(t) is also shown. . . . . ... ... ... ..
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The corner plot representing the sampled posterior distribution of
nine kinematic parameters for the primary cluster data set is shown
here. The vertical red lines represent the median values, and the
black dashed lines represent the 16th and 84th percentiles. . . . . .
The corner plot representing the sampled posterior distribution of
nine kinematic parameters for the primary field data set is shown
here. The vertical blue lines represent the median values, and the
black dashed lines represent the 16th and 84th percentiles. . . . . .
The observed PM plots for the clusters and field in the LMC sky
plane are shown here. (a) Observed bulk motion of clusters; (b)
Internal rotation PM of clusters; (c¢) Observed bulk motion of field,;
(b) Internal rotation PM of field. . . . .. ... ... ... ...
Spatial distribution of the rotational velocity (V) of the LMC for
the clusters and the three control populations are depicted here. .
The variation of kinematic parameters based on cluster richness is
shown here. Estimated parameters for cluster groups (Cio to Cgp)
and nearby field groups (Fio to Fgo) are shown in red and blue colors
from Panel (a) to (f). (a) Variation in (ay, dp); (b) Variation in ¢;
(c) Variation in ©; (d) Variation in (fw,com, fncom); (€) Variation
in Ry; (f) Variationinvg. . . . . . . .. ..o
The variation of kinematic parameters based on the spatial cover-
age of the LMC is shown here. Estimated parameters for different
spatial coverage from 2° to 7° with a step size of 0.5° from the
center (based on the primary model) of the LMC are shown here.
The corresponding cluster data sets (C,—3 to C,—7) and nearby field
data sets (F,—3 to F,._7)are shown in red and blue colors from Panel
(a) to (f). (a) Variation in (ag, dp); (b) Variation in i; (c) Varia-
tion in ©; (d) Variation in (uw,com, (N .com); (€) Variation in Ry; (f)
Variation in vg. . . . . . . . . .. e
Residual PM of clusters and field population. (a) Spatial plot of
residual PM vectors for the clusters; (b) Spatial distribution of
residual PM vectors for the field population; (¢) The Gaussian KDE
showing the distribution of the |Residual PM|. . . . . . .. ... ..
The parameter space of the estimated (ag, dp) and (fw.com, KN com)
are compared with the reference studies (Table 4.7) are provided in
panels (a) and (b), respectively. The corresponding estimated pa-
rameters for the clusters (CLS), field (FLS), young MS stars (YMS),
and RC stars (RCS) are marked with red dots along with labels.
The reference studies are marked with black dots along with labels.
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The rotation curve of the LMC based on the parameter estimation
for the control sample (Clusters, Nearby field, young MS stars, and
RC stars) are plotted in panels (a) to (d). The magnitude of the
rotational velocity in the LMC plane (V) is shown with black dots
in each panel. The red curve represents the running average over the
observed V,,; with a bin size of 0.25 kpc, and the blue curve shows
the best-fitting model depending on the rotational parameters (v,
Ry, n) estimated for each data set (see Table 4.3). . . . . . . .. ..
Variataion of Ry and V. /0, for the control population (Clusters,
Nearby field, young MS stars, and RC stars). (a) Modeled velocity
profiles showing the variation in Ry across the control sample; (b)
Variation of V. /0., across the control sample, estimated using a
bin size of 0.4 kpc inradii. . . . . . .. ..o
The radial variation of mean |Residual PM]| in the sky plane. An-
nular regions with a bin size of 1° are used. Mean |Residual PM]
of clusters and field population are marked with red and blue dots,
respectively. . . . . ..o
The clusters of larger residual PM are plotted here. (a) Spatial 2D
Gaussian KDE of cluster locations with > 30 of |Residual PM]; (b)
Internal PM vectors of clusters > 30 and < 3¢ in V,; profile of
Figure 4.9(a); (c) Residual PM vectors of clusters with model and
observed internal PM vectors differing by 6, >45° and 6, >90° . .
The variation of 7, ©, and Ry with respect to the cluster age groups
(subsection 4.5.5) are shown here. Red, Blue, and Green markers
are used for clusters, fields, and young MS stars, respectively. (a)
Variation of ¢; (b) Variation of © and (c) Variation of Ry are shown
for 5 age groups. The age groups are valid only for clusters (Section
4.2). The field and the young MS stars are age-wise heterogeneous
but located near the clusters within each age group. . . . . . . . ..

The CMD illustrating the selection of various stellar populations in
the SMC as defined in section 2 is presented here. The populations
are highlighted in corresponding colors: RC stars (pink), RGB stars
(red), YMS3 (yellow), YMS2 (green), and YMS1 (light blue). . . .
The corner plot representing the sampled posterior distribution of
kinematic parameters for the YMSI is shown here. The vertical
red lines represent the median values, and the black dashed lines
represent the 16th and 84th percentiles. . . . . . . . .. .. . .. ..
The corner plot representing the sampled posterior distribution of
kinematic parameters for the Red Giants with v;,s (panel a) and
RGB without v,,s (panel b) are shown here. The vertical red lines
represent the median values, and the black dashed lines represent
the 16th and 84th percentiles. . . . . . . . . . ... ... ... ...

. 118

. 128

132



XV

5.4

5.5

5.6

5.7

5.8

5.9

5.10

5.11

5.12

The observed PM (panels a and d), residual PM vectors (panels
b and e), and distribution of |residual PM| (panels ¢ and f) for
the YMS1&2 are shown here. The EA, SEA, SA, and WA regions
identified in the residual PM map of YMS2 are highlighted. . . . . .
The observed PM (panel a), residual PM vectors (panel b), and
distribution of |residual PM]| (panel c¢) for the YMS3 are shown
here. The SEA, SA, and WA regions identified in the residual PM
map of YMS3 are highlighted. . . . . . . .. ... ... .. ... ..
The observed PM (panel a), residual PM vectors (panel b), and

distribution of |residual PM| (panel c) for the CLSY are shown here.

The observed PM (panels a and d), residual PM vectors (panels b
and e), and distribution of |residual PM| (panels ¢ and f) for the
RGB and RC are shown here. The SA and WA regions identified
in the RGB and RC residual PM maps are highlighted. . . . . . . .
The parameter space of the estimated (tw,com, 4N, com) 1S compared
with the reference studies provided in Table 5.2). The corresponding
estimated parameters for the YMS1, YMS2, and YMS3 are marked
with blue dots. Clusters are marked with green dots. RGB, RC,
and Red Giant red, brown, and magenta dots, respectively. The ref-
erence studies are marked with black dots. Error bars are provided
aswell. . . ..
The rotation velocity (V) profile of the SMC is shown for YMS1
(panel a), YMS2 (panel b), and CLSY (panel ¢) in the SMC plane.
Black dots represent the observed V.., while the red dashed curve
denotes the modeled V,,;. The dispersion (o) of the observed V.,
for YMS1 and YMS2 populations are shown with the green dashed
CUTVE. o v v o v e e e e e e e e
The distribution of YMS1, YMS2, YMS3, RGB, and RC popula-
tions in our study are color-coded and depicted here. (a) popula-
tions in the sky plane perspective (X-Y plane), (b) X-Y-Z perspec-
tive 1: (Ry, Ra) = (90°, 20°), (c) (b) X-Y-Z perspective 2: (Ry, Ry)
= (90°, 120°). R, represents a clockwise rotation about the X-axis
of the sky plane perspective, followed by Rs, which is a subsequent
clockwise rotation about the new Y-axis. . . . . .. .. ... .. ..
The age distribution of clusters (CLSY, CLI, and CLSO) is shown
here according to their LOS distance (D), with each cluster color-
coded based on extinction in the Gaia G band (Ag). Dy = 62.44
kpc is the adopted mean distance to the SMC, with op representing
the standard deviation in D based on the disk model. . . . . . . ..
The morphology of the SMC is shown in the disk plane (primed
coordinates) of the galaxy. Panels from (a) to (f) show RC, RGB,
YMS3, YMS2, CLSY, and YMSI, respectively. The sources in each
population are color-coded with LOS distance (D, in kpc) as well.
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5.13 Comparison of the internal PM components (PMy, PMy) along
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the X direction of the sky plane for YMS2&1 are shown here. Ob-
served PMy and PMy are represented by brown dots, while their
corresponding model predictions are indicated by black dots. The
SEA, EA, SA, and WA binned stars identified for YMS2 (see sub-
section 5.4.1) are marked with magenta, blue, green, and red circles,
respectively. . . . . . . .

The spatial maps of the oldest and youngest cluster groups in our
study are highlighted. Radial radial shrinkage CF is clearly evident
in both MCs. The older clusters are distributed relatively uniformly
across the MCs, whereas the younger clusters are concentrated to-
ward the central and northeastern regions in both Clouds. . . . . .
The disk model obtained for the LMC clusters and SMC YMS2
populations (as provided in Chapters 4 and 5) are shown together
with different perspectives, where the SMC center is chosen as the
center of reference. The rotation conventions for the perspectives
are detailed in section 5.5.3. (a) Sky plane perspective of the LMC
and the SMC population, (b) X-Y-Z perspective showing the LOS
depth of the SMC: (Ry, Rs) = (90°, 40°), (¢) Another X-Y-Z per-
spective of the MCs: (Ry, Ry) = (90°,90°) . . . . . ... ... ...
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Chapter 1

Introduction

1.1 The Magellanic system

Galaxy interactions are among the most interesting phenomena that occur in our
universe. These interactions impact the galaxy’s morphology, dynamics, and star
formation rates during their evolution. Such gravitationally interacting galaxies
often leave evidence such as tidal tails, bridges, enhanced bars, and bursts of star
formation, with some interactions eventually resulting in mergers. Interacting
galaxies are plenty in our universe with most of them located far away. Detailed
studies of such systems are however feasible only for those close to our Galaxy.
Fortunately, our Galactic neighborhood has a pair of interacting galaxies, the Mag-
ellanic Clouds (MCs), which include the Large Magellanic Cloud (LMC) and the
Small Magellanic Cloud (SMC), which serve as a test-bed for galaxy interactions.
These galaxies are visible to the naked eye in the southern hemisphere. Studying

the MCs will deepen our understanding of galaxy interactions in general. Also,
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Leading Arm

Trailing Stream

F1GURE 1.1: The Magellanic system is shown superimposed on a photograph
captured by Colin Legg in Australia. Purple and orange overlays highlight the
HI emission across the system. Prominent features such as the Leading Arm,
the Bridge, and the Trailing Stream are distinctly marked. (credits: Colin Legg,
Lucchini 2024 )

the MCs can be used as a good template to understand similar galaxy systems far

from the Milky Way (MW).

The Magellanic system, depicted in Figure 1.1, includes the LMC and SMC,
prominent features such as the Magellanic Bridge, the Magellanic Stream, and
the Leading Arms (LA). The LMC lies at a distance of ~ 49.5940.09 kpc, while
the SMC is located farther away at ~ 62.444+0.47 kpc (Pietrzynski et al. 2019;
Graczyk et al. 2020).The Magellanic Stream appears as a trail of neutral hydro-
gen extending over more than 100° across the sky (Putman et al. 2003). The
Magellanic Bridge is composed of gas and stars, which appear as an elongated
structure, seemingly connecting the MCs (Gardiner et al. 1994; Muller & Bekki
2007; Jacyszyn-Dobrzeniecka et al. 2020). The LA, devoid of a stellar component

(Putman et al. 1998; Nidever et al. 2008), are characterized by multiple filaments
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and are seen in front of the galaxy pair, arching across the MW’s disk. All three
structures result from repeated interactions between the MCs themselves and their

interactions with the MW.

1.2 Morphology of the Clouds

FIGURE 1.2: The optical images of the LMC (panel a) and the SMC (panel b)
are shown here. (credits: Carlos Fairbairn, José Mtanous)

The LMC exhibits a disk structure along with an asymmetric stellar bar that is
displaced from the isophotal center of the disk and is not evident in the galaxy’s
interstellar medium (van der Marel 2001; Subramaniam & Subramanian 2009;
Besla et al. 2012; Rathore et al. 2025). Zaritsky (2004) suggested that the apparent
levitation of the LMC’s bar could be explained by the viewing perspective of a
three-dimensional, elongated central stellar bulge partially hidden by a thick disk.
The LMC is found to have a flared disk with a non-axisymmetric spiral structure
(van der Marel et al. 2002, hereafter V02; Ripepi et al. 2022), with the presence of
a star-forming complex at the end of the bar (de Vaucouleurs & Freeman 1972a).
The disk of the LMC is warped, and its bar is found to be inclined relative to
the plane of the galaxy (Subramaniam 2003; Choi et al. 2018; Choi et al. 2022,
hereafter C22). The spatial distribution of red clump (RC) stars revealed that

the disk of the LMC has a warp, predominantly in the outer southwestern regions
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(Saroon & Subramanian 2022, hereafter S22). Over time, several studies estimated
the LMC disk’s viewing angles, with the inclination found ranging between ~ 24°
to 40° and the position angle of the line of nodes ranging between ~ 125° and 160°
(van der Marel & Kallivayalil 2014, hereafter V14; Wan et al. 2020, hereafter W20;
Gaia Collaboration et al. 2021, hereafter G21; Niederhofer et al. 2022, hereafter
N22). Studies by Saha et al. (2010) and Carrera et al. (2011) on the outer regions
of the LMC suggest that the galaxy has an extended disk with no evidence of a
halo.

The SMC, in comparison to the LMC, possesses a less pronounced bar. It fea-
tures an eastern extension, known as the Wing, which was initially considered a
separate structure projected in front of the SMC main body toward the northeast
(Gardiner & Hawkins 1991). Traditionally, the SMC has been regarded as a 3D
spheroidal or ellipsoidal system, with its structure primarily shaped by intrinsic
hydrodynamic processes rather than by tidal interactions (Zaritsky et al. 2000).
According to Cioni et al. (2000), younger stars in the SMC display an irregular
structure characterized by tidal features. In contrast, the studies on the older pop-
ulation indicate that they are being distributed in a spherical or ellipsoidal manner
(Subramanian & Subramaniam 2011, hereafter S12; Deb et al. 2015; Rubele et al.
2018, hereafter R18; El Youssoufi et al. 2019, hereafter Y19). Studies by Haschke
et al. (2012), Subramanian & Subramaniam (2015, hereafter S15), and Di Teodoro
et al. (2018, hereafter D18) suggest that the SMC can have a disk morphology as
well. Deb et al. (2019) found that the northeastern region of the SMC bar is
located nearer to us compared to the southwestern part. The estimated line-of-
sight (LOS) depth of the SMC is found to be greater than that of the LMC and
reaches more than ~ 20 kpes (S12; Jacyszyn-Dobrzeniecka et al. 2016, hereafter
J16; Jacyszyn-Dobrzeniecka et al. 2017; Ripepi et al. 2017, hereafter R17; Mu-
raveva et al. 2017).
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1.3 Stellar population in the Clouds

Stellar populations in our Galaxy are classified based on their age and metallicity.
Baade (1944) introduced the classification of Population I and Population II stars
in our Galaxy. Population I stars are younger, metal-rich stars primarily located
in the Galactic disk. These stars are relatively young, with ages ranging from a
few million to a few billion years, and encompass a broad mass spectrum from
low-mass to high-mass stars. The Sun is an example of a Population I star. Since
they form from interstellar material enriched by previous generations of stars,
they have a higher metallicity. Population I stars are spread across the Galactic
disk, especially in regions of active star formation, including open clusters and
star-forming nebulae. In contrast, Population II stars are older and metal-poor,
predominantly found in the Galactic halo, bulge, and globular clusters. Globular
clusters often have ages exceeding 10 billion years, making them important tracers

of the Galaxy’s early star formation.

The above definitions of the populations are valid only for our Galaxy and dif-
fer for the MCs. The MCs host both Population I & II stars, exhibit active
star formation and are largely dominated by intermediate-age stellar populations
(Milone et al. 2009; Subramanian & Subramaniam 2013). The MCs are located at
high galactic latitudes, where the impact of Galactic reddening is relatively small
(Zaritsky et al. 2004; Subramaniam 2005; Skowron et al. 2021), making their stel-
lar populations excellent tracers for studying the properties of the Clouds. These
stellar populations are generally metal-poor, but they exhibit a radial metallicity
gradient, with metallicity decreasing toward the outskirts (Choudhury et al. 2016,
2018). The diverse range of ages of stars present in the MCs helps us understand
the formation of interacting galaxies in general. The different stellar populations

we used in our studies are introduced in the following sections.
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1.3.1 Main sequence stars

Stars form within molecular clouds of gas and dust in the interstellar medium.
Disturbances in these clouds cause them to collapse under gravity, breaking into
dense clumps. As these clumps collapse under gravity, the internal pressure in-
creases, raising the core temperature and leading to the formation of a rotating,
dense region of hot gas called a protostar (Prialnik 2009). The protostar continues
to gather material from the surrounding molecular cloud, growing in mass and
evolving into a pre-main-sequence star as it approaches its final stellar mass. The
evolutionary path of a star from the protostar depends on its mass, with low-
mass and high-mass stars following different evolutionary processes (de Boer &

Seggewiss 2008).

A protostar with a mass ranging from ~ 0.08 M® to 100 M® initiates nuclear
fusion once its core temperature reaches nearly 10 million kelvin. This process
leads to hydrostatic equilibrium, where the outward pressure from heated gas
balances the force of gravity. Once stabilized, the star enters the main sequence
(MS) (Kippenhahn & Weigert 1990). Massive, hot O-type stars burn through
their nuclear fuel quickly and leave the MS in just a few million years. In contrast,
medium-sized stars like the Sun, classified as yellow dwarfs, spend around 10 billion

years on the MS.

1.3.2 Red Giants and Red Clumps

Red giants represent a critical phase in stellar evolution when stars have exhausted
their core hydrogen (Kippenhahn et al. 2013). As nuclear fusion shifts to a shell
around the inert helium core, the star’s envelope expands dramatically while its

surface temperature decreases. This process results in a significant increase in
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FIGURE 1.3: Evolutionary tracks of single stars with masses ranging from 0.5
to 60 Mg, highlighting the various phases of stellar evolution. (Credits: G.A.S,
Rursus)

luminosity and radius, sometimes reaching hundreds of solar radii. The transition
occurs as stars move horizontally across the HR diagram before ascending the red
giant branch. For stars with masses < 2 Mg, the helium core becomes electron-
degenerate, leading to unique evolutionary characteristics (Iben 1991). The giant
branch phase provides crucial insights into stellar aging processes and galactic

chemical evolution.

Red Clump (RC) stars are core helium-burning stars that serve as excellent stan-
dard candles for distance measurements (Girardi 2016). They represent a more
metal-rich population compared to horizontal branch stars, with masses typically

ranging from 1-2.5 M, in the MCs. Their key characteristic is their nearly constant
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luminosity, which remains relatively independent of mass and age for populations
between 2-9 Gyr old (Salaris & Girardi 2002). This property, combined with their
well-defined color and magnitude in the color-magnitude diagram (CMD), partic-
ularly in I-band, make them invaluable for studying galactic structure (Stanek &
Garnavich 1998). However, their use requires careful consideration of population
effects, as their properties can be influenced by variations in metallicity and star

formation history (SFH) across different galactic regions (Girardi & Salaris 2001).

1.4 Star clusters

Star clusters are gravitationally bound groups of stars that form from the same
molecular cloud (Archinal & Hynes 2003). They typically have diameters ranging
from a few parsecs to a few tens of parsecs, which is relatively small compared
to their distances from Earth, often exceeding 100 parsecs. Stars within a cluster
are positioned at nearly the same distance, causing them to experience similar
interstellar absorption and reddening. This enables the accurate determination of
each star’s key properties, such as luminosity and effective temperature. Further-
more, they provide an ideal setting for studying stellar evolution and evaluating
theoretical evolutionary models (Subramaniam et al. 1995; Subramaniam & Sagar
1999; Kalirai & Richer 2010). Star clusters are generally divided into two main
categories: open clusters (OCs) and globular clusters (GCs).

OCs are typically young, loosely bound systems found in the Galactic disk. A se-
ries of studies utilizing Gaia data have significantly advanced our understanding of
OCs and Galactic structure. Cantat-Gaudin et al. (2018) characterized 1229 OCs,
revealing structural trends and improving membership assignment using Gaia DR2

astrometry. Building on this, Cantat-Gaudin et al. (2020) derived ages, distances,
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and extinctions for 1867 clusters by combining Gaia data with APOGEE metallic-
ities, revealing age gradients, Galactic warp signatures, and a lack of old clusters
in the inner disk. Castro-Ginard et al. (2020) discovered 582 new OCs using DB-
SCAN and a CMD-trained neural network, expanding the known population near
the plane and Solar neighborhood. These works demonstrated the synergy of Gaia
and machine learning in OC discovery. Further refinement came from Hunt & Ref-
fert (2021), which used HDBSCAN to identify and classify OCs, detecting 41 new
candidates. Hunt & Reffert (2023) extended this with Gaia DR3 to produce an
all-sky catalog of 7167 clusters, including 2387 new detections and fundamental
parameters. Most recently, Hunt & Reffert (2024) estimated photometric masses
and Jacobi radii for over 6900 clusters, finding that only ~ 79% are gravitationally
bound.

There are several other surveys beyond Gaia which analyzed the Galactic star
clusters. The APOGEE survey provides precise radial velocities and chemical
abundances for cluster members, aiding chemical tagging and internal dynamics
studies (Donor et al. 2020; Myers et al. 2022). Hubble Space Telescope (HST)
observations have yielded high-resolution star cluster catalogs in nearby galaxies
like M83 and NGC 628, helping to constrain cluster age distributions and mass
functions (Silva-Villa et al. 2014; Whitmore et al. 2021, hereafter W21). The
PHANGS-HST project combines optical imaging with CO and HI data to link
cluster properties with their natal environments (W21; Lee et al. 2022). The
study by Pontoppidan et al. (2022) with JWST observations revealed infrared
views of embedded clusters previously obscured in dust. In external galaxies, the
PHANGS-HST survey compares human and machine classification across thou-
sands of star cluster candidates, revealing not only biases in classification methods

but also the importance of training data and morphological priors (W21).

GCs are older, more massive, and reside in the bulge and halo. GCs are used

to trace the early epochs of galaxy formation. Their compact nature, along with
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their metallicities, kinematics, and spatial distributions, provides valuable insights
into the formation and assembly history of their host galaxies. Studies suggest a
dual formation pathway for GCs: some formed in situ in massive early starbursts,
while others were accreted during hierarchical merging events (Kruijssen et al.
2015; Forbes et al. 2018; Massari et al. 2019). Observationally, surveys such as
HST, APOGEE, and Gaia have revealed substructure in the GC system of the
MW, including evidence for the accretion of entire GC systems from dwarf galaxies
like the Sagittarius and Gaia-Enceladus progenitors (Myeong et al. 2019; Vasiliev
2019). Beyond the MW, deep imaging of GC systems in nearby galaxies like
M31, M8&7, and Centaurus A demonstrates similar patterns, reinforcing the idea
that GCs are powerful tracers of the hierarchical nature of galaxy assembly (Peng

et al. 2006; Harris 2010; Usher et al. 2024).

Ultimately, the study of both open and globular clusters bridges the scales between
individual star formation and galaxy evolution. Clusters provide benchmarks for
stellar evolution, initial mass function (IMF) variations, feedback processes, and
the role of environment in regulating star formation (Krumholz et al. 2019; Kuhn
et al. 2019). Increasingly, the new sky surveys, and machine learning tools is
unlocking the full potential of star clusters as chronological markers of galaxy
evolution. From the local Universe to high redshifts, these stellar systems are

emerging as vital probes of galaxy structure and their evolution.

1.4.1 Star clusters in the MCs

The star clusters in the MCs display a remarkably diverse and nearly continuous
age distribution, spanning from very young stellar associations (< 10 Myr) to old
GCs that are older than 10 billion years. In contrast to the MW, which lacks
a substantial population of intermediate-age clusters (1-10 Gyr), both MCs host

a significant number of such systems, providing a more complete age sequence.



Chapter 1: Introduction 11

FIGURE 1.4: The figure shows optical color-composite images of open and glob-
ular clusters in the MW (top) and the MCs (bottom), demonstrating how stellar
density varies among the different types of clusters. Panel (a): Galactic OC M45
(NASA, ESA, AURA/Caltech, Palomar Observatory), panel (b): Galactic GC
M54 (ESA/Hubble & NASA), panel (c): OC in the LMC, NGC 1854 (NASA),
panel (d): GC in the SMC, NGC 121 (ESA/Hubble)

Bica et al. (2008, hereafter BO8) compiled a comprehensive catalog of star clusters,
associations, and nebulae in the MCs, integrating data from a wide array of sources
including photographic surveys like the ESO Schmidt and UK Schmidt Telescope
Southern Sky Surveys, and CCD-based surveys such as the Magellanic Clouds
Photometric Survey (MCPS), the Digitized Sky Survey (DSS), and Two Micron
All Sky Survey (2MASS). This catalog contains ~ 3700 objects. Expanding on
this work, Sitek et al. (2016, hereafter S16) used Optical Gravitational Lensing
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Experiment (OGLE) IIT photometry to identify and classify clusters in the SMC,
particularly in its densely populated central regions. The effort was extended
by Sitek et al. (2017, hereafter S17) to the LMC using deeper OGLE-IV data.
Together, these two studies contributed 301 newly identified clusters, significantly

enhancing the completeness of the MC cluster census.

The VISCACHA project conducted an in-depth observational study examining
star clusters located in the MCs. The survey captured detailed photometric data
to determine important parameters like age, mass, and structure across a diverse
population of clusters. Dias et al. (2021) studied seven clusters in the SMC out-
skirts, finding associations with the Magellanic Bridge and Counter-Bridge. The
kinematic and spatial evidence from the study revealed strong tidal interaction be-
tween the MCs, affecting the galaxies’ evolution. Dias et al. (2022a) examined the
West halo of the SMC, revealing structural trends correlated with galactocentric
distance and confirming a large LOS depth to the galaxy. Bica et al. (2022) stud-
ied three faint SMC star clusters, which revealed they are significantly younger
(2.6-4.8 Gyr) than previously estimated. The study updated metallicities ([Fe/H]
~ —0.57 to —0.90), highlighting the value of high-quality data in estimation of the
cluster parameters. Rodriguez et al. (2022) analyzed the internal structure of 82
star clusters in the MCs, using the Minimum Spanning Tree to measure how the
stars are spread out inside each cluster. The study showed that older, more evolved
clusters tend to have a more smooth, concentrated shape, while younger clusters
are more clumpy or irregular. Oliveira et al. (2023) analyzed 33 star clusters in the
Magellanic Bridge and SMC Wing to trace the assembly history of these regions.
The study identified two main populations: older clusters (0.5-6.8 Gyr, [Fe/H] <
—0.6) likely stripped from the SMC, and younger clusters (< 200 Myr, [Fe/H| >
—0.5) that formed in situ along the Bridge. This series of studies with the VIS-
CACHA survey built a comprehensive view of cluster evolution, dynamics, and

interaction-driven structure in the Magellanic system.
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Recently, Milone et al. (2023) analyzed 113 star clusters using HST survey of
the MCs. The study revealed extended main-sequence turn-offs (eMSTOs) in
clusters like KMHK 361 and NGC 265, including new evidence of multiple stellar
populations. Also, proper motion (PM) data uncovered kinematic links between
young stars in the SMC and the LMC, highlighting ongoing dynamical interactions
between the two galaxies. Ettorre et al. (2025) reported a high fraction of fast-
rotating stars in several young LMC clusters, contributing to the eMSTOs seen in
CMDs. The presence of both slow and fast-rotating stellar populations indicates
that stellar rotation, mass loss, and age spreads all play roles in shaping cluster

morphology.

Surveys such as SMASH, DECam, Gaia, VMC, and OGLE have enabled detailed
mapping and characterization of star clusters in the MCs. Additionally, machine
learning techniques have enhanced cluster detection and parameter estimation.
These combined efforts are enhancing our understanding of the MCs by revealing
insights into their structural properties, star formation patterns, past interactions,

and overall evolutionary history through the study of star clusters.

1.5 Interaction history of the MCs

It was previously believed that the MCs had interactions both with our Galaxy
and with each other (Westerlund 1997). Early PM measurements of the LMC us-
ing HST data implied that it might be unbound from the MW (Kallivayalil et al.
2006). Subsequent refinements, however, yielded lower velocity values, suggesting
that the LMC is likely on its first infall toward the MW. Following this, Besla et al.
(2007), Besla et al. (2010), and Besla et al. (2012, hereafter B12), introduced a first
infall scenario for the MCs to the MW. Their models provided valuable insights
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into the Clouds’ mutual interaction history, suggesting that a direct collision be-
tween the LMC and SMC occurred within the last 200 Myr. This interaction likely
triggered tidal stripping of material from the SMC, with the resulting Magellanic
Stream primarily attributed to the LMC-SMC encounter, rather than their mo-
tion through the MW’s gravitational potential. Later, Lucchini et al. (2021) and
Lucchini (2024) supported the first passage scenario and suggested the presence

of a Magellanic Corona before the infall of the Clouds into the MW'’s potential.

The model proposed by Diaz & Bekki (2012) explored scenarios in which the MCs
are gravitationally bound and have experienced multiple orbital passages around
the MW. According to this, the MCs became a binary pair only within the last
2 Gyr. It is suggested that they may have initially evolved as separate satellites
of the MW, originating at large separations (as also considered by Bekki & Chiba
2005). Over time, as the MCs moved through the Galactic halo, their trajectories
gradually brought them closer together, eventually leading to the LMC capturing
the SMC and forming a gravitationally bound binary system. This scenario better
accounts for the observed bifurcation of the Magellanic Stream into two distinct
filaments, suggesting that a prolonged interaction within the MW’s halo may be

crucial for the formation of such features.

Figure 1.5 illustrates the orbital trajectories of the MCs as predicted by several
models (Yoshizawa & Noguchi 2003; Diaz & Bekki 2012; B12; Lucchini et al.
2021). These models demonstrate that assumptions regarding the MW’s mass
significantly influence the inferred orbital history of the MCs. Specifically, models
with a lower MW mass suggest that the Clouds are currently on their first ap-
proach, whereas models with a higher MW mass indicate that the Clouds have
undergone multiple orbital passages. Vasiliev (2023) investigated how uncertain-
ties in the MW’s mass influence the orbital evolution of the MCs, opening up
the possibility of multiple-passage scenarios. However, the models suggest the

LMC and the SMC have experienced three or five pericentric passages, which are
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F1GURE 1.5: The figure presents orbital trajectories for the MCs under different
models, showing their separations over time, with the present day set at t=0.
Thick lines represent the distance between the LMC and the MW, while thin
lines indicate the separation between the LMC and SMC. The multiple-passage
scenarios from Yoshizawa & Noguchi (2003) and Diaz & Bekki (2012) are il-
lustrated in red and green, respectively. Meanwhile, the first-passage models
proposed by Besla et al. (2012) and Lucchini et al. (2021) are shown in yel-
low and blue. The shaded gray region represents the estimated virial radius of
the MW, ranging between 192 and 231 kpc (Bland-Hawthorn & Gerhard 2016).
(Credits: Lucchini 2024)

more frequent than their encounters with the MW. Their models indicate that the
LMC and SMC may have undergone three to five close passages with each other,

occurring more frequently than their encounters with the MW.

Both the first-passage and multiple-passage models by B12 and Diaz & Bekki
(2012) reproduce the Magellanic Bridge during the recent encounter between the
LMC and the SMC, which likely occurred between 100 to 300 Myr ago. The
models propose that tidal forces led to the stripping of gas and stars from the
SMC, with some material also being drawn from the LMC. Metallicity studies,
such as Misawa et al. (2009), indicate that the Magellanic Bridge has a chemical
composition closely resembling that of the SMC, suggesting it originated mainly
from SMC material. Nonetheless, these models also predict a metallicity gradient

along the Bridge, increasing in the direction of the LMC, likely due to the presence
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of the LMC gas.

The origin of the LA in the Magellanic system remains poorly understood and is
subject to multiple interpretations. An initial investigation by Nidever et al. (2008)
suggested that the LA might have formed from the SouthEast HI Overdensity
(SEHO) region of the LMC. This region also includes 30 Doradus, known for its
intense star formation activity. Based on positional and velocity measurements,
the study suggested that a significant portion of the LA originates in the LMC.
However, a later study by Yang et al. (2014) proposed that the LA comprises
remnants of ancient tidal dwarf galaxies that preceded the MCs and were directed
toward the MW’s potential as a result of a past merger event near the location of
M31. In contrast, simulations by Lucchini et al. (2020) showed that a pre-existing
halo of warm ionized gas around the LMC, known as the Magellanic Corona, can
account for the present-day location and structure of the LA, even before the LMC

entered the MW’s halo.

Hammer et al. (2015) performed hydrodynamical simulations to reproduce the
crossing and twisted filamentary structure of the Magellanic Stream, as observed in
the Galactic all sky survey (GASS, McClure-Griffiths et al. 2009). The simulations
suggest that the MCs experienced a direct collision at ~ 250 Myr ago, after which
two trailing tails formed and evolved under the influence of ram pressure from the
dense MW halo. The study by Salem et al. (2015) demonstrated that ram pressure
played a significant role during the LMC’s recent pericentric passage, effectively
truncating its gaseous disk. Craig et al. (2021) argued that tidal effect between the
MCs and with the MW alone are insufficient to explain the observed properties of
the Stream, highlighting instead the strong role of ram-pressure stripping by the

MW’s dense circumgalactic medium.
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FI1GURE 1.6: This figure presents a comparison between the global star forma-
tion rates of the SMC, as derived by Massana et al. (2022), and those of the
LMC from Ruiz-Lara et al. (2020). Vertical dashed lines mark the approximate
timing of corresponding star formation peaks at ~ 0.45, 1.1, 2, and 3 Gyr ago in
both galaxies. In the top panel, horizontal bars denote the duration of enhanced
star formation episodes. The shaded regions illustrate the uncertainties in the
SFHs, estimated using the methodologies described in Hidalgo et al. (2011) and
Rusakov et al. (2021). (Credits: Massana et al. 2022)

1.6 Star formation history of the MCs

The SFH of a galaxy describes the variation of its star formation rate as a function
of time over its lifetime. It provides insights into when and how efficiently a galaxy
formed its stars, pointing to the effects of gas accretion, mergers, feedback, and
environmental influences during the course of their evolution. The SFH of the

MCs offer insights into their mutual interactions as well those with the MW.

Several studies have investigated the SFH of the MCs using both star clusters and
field stars as tracers. The global and spatially resolved SFH of the MCs was studied
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by Zaritsky et al. (1997) using the MCPS. Pietrzynski & Udalski (2000) studied the
age distributions of star clusters in the MCs and made comparisons. The studies
have shown a close link between cluster formation (CF) and star formation in
the MCs (Holtzman et al. 1999; Subramaniam 2004). Harris & Zaritsky (2009)
analyzed the SFH of the LMC and observed a strong correlation between field
star formation and CF, with significant peaks occurring at ~ 2 Gyr, 500 Myr, and
100 Myr. In a similar study, Harris & Zaritsky (2004) identified star formation
enhancements in the SMC at ~ 2.5 Gyr, 400 Myr, and 60 Myr.

A significant number of studies have been performed with several of the cataloged
star clusters to obtain their properties. Glatt et al. (2010, hereafter G10) using
the MCPS data estimated peaks of CF at ~ 125 Myr and ~ 800 Myr for the LMC,
and, ~ 160 Myr and ~ 630 Myr for the SMC, respectively. Nayak et al. (2016,
hereafter N16) and Nayak et al. (2018, hereafter N18), utilizing OGLE III data,
identified prominent CF episodes around 125 Myr in the LMC and ~ 130 Myr
in the SMC. To investigate the SFH of the MCs, catalogs of long-period variable
stars (Spano et al. 2011; Soszynski et al. 2011) were employed by Rezaeikh et al.
(2014). Their findings indicated that the early SFHs of the two galaxies diverged
significantly, with major activity in the LMC dating back to ~ 10 Gyr and in
the SMC to ~ 3-5 Gyr ago. More recently, Massana et al. (2022) used SMASH
data to derive the SFHs and found that the MCs have exhibited synchronized and
tidally influenced star formation over the last ~ 3.5 Gyr. This identifies mutual

interactions as the driver of their star formation in the last few Gyr.

1.7 Kinematics of the MCs

Significant efforts have been made to examine the internal kinematics of the LMC,

with early efforts focusing on its HI gas and stellar content. Kim et al. (1998)
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studied HI velocity fields using data from the ATCA and GASS, identifying a
relatively symmetric HI disk characterized by a LOS velocity dispersion of ~ 15
km s~!. They also observed indications of gas outflows, suggesting that material
may be getting stripped from the area surrounding the LMC’s bar. V02 used a
sample of 1041 carbon stars to model the LMC disk, finding that the dynamical
center is offset by ~ 1°.2 from the HI disk center. This study also revised the PM
of the LMC’s center of mass(COM) and used LOS velocities of stars to estimate
the disk thickness, finding a V /o ratio of ~ 3, which is lower than that of the MW.
Indu & Subramaniam (2015) reported velocity patterns indicative of gas outflows
originating from the western part of the LMC disk as well as from the southern
and southwestern regions of the Bridge. These features were interpreted as being

caused by ram-pressure stripping.

More recently, W20 modeled the PM of the LMC using the all-sky data release
of SkyMapper (Data Release 1), examining various stellar populations, includ-
ing carbon stars, RGB stars, and young stars. Their study confirmed that both
young and old populations exhibit disk rotation. However, the disk of the young
population displayed an offset of ~ 0°.7 in the kinematic center relative to the
old population, suggesting it was due to the interaction between the MCs. N22
investigated the central PMs of the LMC using data obtained from the VISTA
Magellanic Clouds (VMC) survey (Cioni et al. 2011). Their analysis revealed that
the disk rotation velocity of the younger population differs from that of the older
population, where the intermediate-age stars follow elongated orbits parallel to

the LMC bar’s major axis.

The observation with ATCA found that the HI gas in the SMC exhibits differential
rotation, where a gradient in velocity fields is noted from the southwest to the
northeast of the galaxy (Stanimirovi¢ et al. 2004). Dobbie et al. (2014) used
3037 RGB stars and found lower LOS velocities towards the Wing, which they

associated with the Magellanic Bridge, and higher velocities at the southwestern
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end of the SMC bar, interpreted as the signature of the Counter-Bridge. The
study suggested that these kinematic features observed in intermediate-age stars

resulted from tidal stripping of the SMC due to its interactions.

Zivick et al. (2018) measured the systemic PM of 43 SMC fields with the HST
Wide Field Camera 3 and suggested that the SMC does not show significant ro-
tation. Also, the study reconstructed the past orbits of the LMC and the SMC,
which indicated a direct collision at ~ 147 Myr. The study by De Leo et al.
(2020, hereafter D20) using red giant stars revealed that the SMC exhibits kine-
matic signatures of tidal disruption, specifically in the form of tangential velocity
anisotropy, which is likely to be the result of tidal interactions with the LMC.
Niederhofer et al. 2021, hereafter N21) used the VMC survey to study the PM
of the old and young stellar population of the SMC, revealing that the SMC is
experiencing outward stretching of its outer regions. The study also found that
younger stars exhibited larger PMs towards the young Magellanic Bridge, while
older stars showed a coordinated motion towards the older bridge of the SMC.

1.8 MCs with Gazta

Gaia is a groundbreaking mission launched by the European Space Agency (ESA)
on December 19, 2013. It is dedicated to advancing astrometry by measuring
celestial positions, distances, and motions with unprecedented precision. More
details about the Gaia instrument and its specifications are presented in Chapter 2
(Section 2.1). This thesis exclusively uses the Gaia data, and below we summarize

the previous studies utilizing the Gaia data to study the MCs.

Using the first data release (DR1) from Gaia, van der Marel & Sahlmann (2016,
hereafter V16) analyzed the proper motions of 29 stars in the LMC and 8 in the
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FIGURE 1.7: The selection of the MCs from Gaia Early Data Release 3 data
is shown, with the LMC on the left (~ 20° sky coverage) and the SMC on the
right (~ 9° sky coverage). (Image credit: ESA/Gaia/DPAC)

SMC. Their results showed a clockwise rotation of the LMC disk, but the accuracy
of these Gaia measurements was lower than those from the HST. Belokurov et al.
(2017) used the photometric catalog from Gaia DRI to analyze star count maps,
identifying a trail of RR Lyrae stars connecting the MCs, though not collocated
with the Magellanic Bridge. The study also revealed density contours indicative of
tidal stripping from the SMC. Using Gaia DR2 data, Zivick et al. (2021, hereafter
721) analyzed the kinematics of red giant stars in the SMC, modeling its rotation
and tidal expansion. The study revealed tidal distortions on the eastern side
extending toward the Magellanic Bridge, along with a high inclination of ~80°

and a line of nodes oriented nearly north-south.
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FIGURE 1.8: The internal PM of the MCs is shown, with panel (a) displaying
the LMC and panel (b) the SMC, after subtracting their center-of-mass PMs.
(Image credit: Gaia Collaboration et al. 2021)

G21 utilized Gaia Early Data Release 3 (EDR3) to investigate the stellar pop-
ulations of the MCs based on age. Their analysis demonstrated that the EDR3
data show a significant enhancement in both PM precision and coverage compared
to the previous DR2. Figure 1.8, panel (a) shows the coverage of the MCs with
EDR3 data. The LMC is seen as a well-defined disk with a prominent central
bar and a dense northern spiral arm, highlighting its asymmetry and internal
structure. In contrast, the SMC exhibits a more irregular and elongated shape,
without a well-defined disk, featuring a central concentration and an eastern stel-
lar extension known as the Wing. The study also identified that the Magellanic
Bridge contains both young (<100 Myr) and intermediate-age (1-2 Gyr) stars,
each exhibiting distinct kinematic signatures. Panel (b) of Figure 1.8 shows the
internal PM of the LMC and SMC, respectively. The LMC shows clear signs of a
rotating disk, with well-measured rotation curves indicating differential rotation
around a central bar. Its velocity field also displays perturbations likely related to
spiral arms and tidal interactions. In contrast, the SMC exhibits more complex
and disturbed kinematics, lacking a coherent rotation pattern. Instead, it shows
irregular motions and velocity gradients consistent with its disrupted morphology

and ongoing tidal interaction with both the LMC and the MW.



Chapter 1: Introduction 23

S22 analyzed the asymmetric warp of the LMC disk using Gaia EDR3 data and
red clump stars, finding that the distortion is more significant in the southwest,
while it appears weaker in the northeast. This asymmetry suggests a U-shaped dis-
tortion in the outer LMC disk, likely resulting from tidal interactions between the
MCs, and with the MW. C22 used Gaia PM of RC stars in the LMC disk, revealing
asymmetric residual motions, particularly in the southern disk. Through compar-
isons with N-body simulations, the study identified that the observed kinematic
asymmetries and vertical heating of the LMC disk are consistent with a recent
direct collision with the SMC, occurring ~ 140-160 million years ago with an esti-
mated impact distance of ~ 5 kpc. These findings strongly support the scenario of
a close, recent encounter between the two galaxies, which has significantly affected

the LMC’s present-day kinematics.

The extensive sky coverage of the MCs with Gaia data provides a significant
advantage for constructing spatial age maps of the galaxies with various stellar
populations including star clusters. Age-dating clusters in the outskirts are cru-
cial for unraveling the interaction history of the MCs. With Gaia DR3, it is now
possible to study clusters located far from the centers of the galaxies, which was
not possible with other surveys. The PM measurements of star clusters also en-
able kinematic modeling of the MCs, which has not been attempted so far. With
Gaia DR3 offering improved accuracy in PM estimates for sources in the MCs,
the kinematic properties of the MCs can be precisely modeled for star clusters.
Furthermore, Gaia DR3 sources in the MCs can be classified based on their evolu-
tionary phase with the CMD. This classification helps modeling of the MCs using
both young and old stellar populations, providing key insights into their structure

and evolution.
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1.9 Motivation and goals of the thesis

The MCs are known to have had multiple interactions in the past that shaped
their structural and dynamic evolution. It is therefore crucial to trace the inter-
action history so that the interactions can be linked to the observed features in
the galaxies. The interaction episodes are known to trigger star formation in the
MCs. Tracing the formation history of star clusters is one of the most effective
ways to locate the episodic star formation events in the MCs triggered by interac-
tions. Numerous studies have examined cataloged star clusters to determine their
properties, including age, metallicity, and reddening (G10; N16; N18). However,
previous studies that analyzed the age distribution were predominantly focused
on the inner regions of the MCs. Clusters located in the outer regions of the LMC
remain largely unexplored due to the need for extensive sky coverage for surveys.
As the outer LMC is more susceptible to the effects of interactions, age-dating of
star clusters in the outer LMC is crucial to tracing them. Additionally, statistical
techniques for removing field stars from star clusters were not properly applied in

many cases, which affect the accuracy of age estimations.

Several studies have performed the kinematic modeling of the LMC (V02; W20;
G21), which resulted in kinematic parameters with values spanning a broad range.
It also became evident that the modeled/ estimated parameters vary with respect
to the age and nature of the stellar population used for the analysis (W20). Even
though the LMC is known to host a rotation-supported disk, the kinematic pa-
rameters of the LMC are also known to vary with respect to the radial coverage
of the study as well (N22). Modeling the internal kinematics of the LMC using
various populations and coverage is therefore necessary to reveal the parameter
range of the LMC disk and to trace the response of the disk to the direct collision
with the SMC, if present.

The kinematic model of the SMC reveals discrepancies in the rotation signature,
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with the old stellar population exhibiting minimal rotation compared to the gas,
which shows significant rotation (D18; Z21). An age-dependent kinematic model
of the SMC is essential for revealing its structural properties and identifying its
unusual internal kinematics. Additionally, looking at the residual velocity maps
of both the LMC and the SMC from modeling is crucial for linking kinematic

features and anomalies to their interaction history.

The first goal of this thesis is to trace the overall cluster formation history (CFH)
of the MCs. This involves estimating the ages of clusters distributed throughout
the MCs, with a focus on increasing coverage toward the outskirts with Gaia
DR3 data. Also, the aim is to develop an improved field star decontamination
(FSD) technique to effectively clean the cluster CMDs, thereby enabling precise
age estimations. The second goal of the thesis is to develop a kinematic model
of both the LMC and the SMC. The Gaia DR3 sources with PM information is
the best among available data sets with accuracy and spatial coverage to perform
the kinematic modeling of the MCs. In addition to age-based cluster groups, our
study also modeled stars in various evolutionary stages, including young MS stars,

red giants, and RC stars.

1.10 Overview of the thesis

The thesis is organized in the following way:

e Chapter 1: This chapter introduces the Magellanic System, covering the
stellar population of the MCs, star clusters, kinematics and interaction his-
tory of the Clouds, through relevant literature study. The motivation and

goals of the thesis are also outlined.
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e Chapter 2: In this chapter, the datasets used in our studies, including the
adopted star cluster catalogs and our approach to handling bulk archival data
are presented. This chapter also details the research methodologies employed
for the data analysis. The data and methods are outlined in Dhanush et al.

(2024a), Dhanush et al. (2024b), and Dhanush et al. (2025).

e Chapter 3: Here, the results obtained from tracing the CFH of the MCs,
including the age distribution of star clusters, the synchronized peaks of CF
between the MCs, and the episodic and radial truncation of CF events to
understand the evolution of both galaxies are presented. The content of this

chapter is based on Dhanush et al. (2024a).

e Chapter 4: Here, the results from analyzing the internal kinematics of the
LMC disk, modeled using star clusters and different stellar populations (both
old and young), to study the disk’s response to its recent interaction with
the SMC are presented. The content of this chapter is based on Dhanush
et al. (2024b).

e Chapter 5: Here, the first baseline kinematic model of the SMC, revealing
the structure and morphology of the galaxy across its old and young stellar
populations is presented. Additionally, we identify anomalous regions of the
SMC affected by recent interactions with its larger companion (LMC). The
content of this chapter is based on Dhanush et al. (2025).

e Chapter 6: This chapter summarizes the key conclusions of the thesis and

outlines potential directions for future research.
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Data and Methodologies

The previous chapter presented an introduction to the MCs and discussed the
motivation for studying them in this thesis. Our first goal is to parameterize the
star clusters in the MCs, followed by kinematic modeling of the MCs with the
cluster and other stellar populations using Gaia DR3 datasets. In this chapter,
we provide an overview of the Gaia space telescope and discuss the methodologies

we developed and adopted to achieve the goals of this thesis.

2.1 Gaia

The Gaia spacecraft is equipped with two optical telescopes, each featuring a 1.45
x 0.5 m? primary mirror, providing a combined light-collecting area of approxi-
mately 0.7 m?. These telescopes observe two distinct sky regions separated by a
fixed angle of 106.5° (as illustrated in Figure 2.1). A shared focal plane accom-
modates 106 charge-coupled devices (CCDs), each containing 4500 x 1966 pixels,

27
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amounting to an impressive total of ~ 938 megapixels, as shown in Figure 2.2.

Rotation axis (6 h) Basic angle

Two SiC primary mirrors A
| monitoring system

1.45 % 0.50 M2 at 1065

SiC toroidal
structure

/ (optical bench)

A . Combined
S\ s “— focal plane
Superposition of (CCDs)

two Fields of View F=35m

FI1GURE 2.1: A schematic representation of the Gaia payload illustrating the two
telescopic mirrors and associated instruments positioned on the optical bench.
(Image Credit: EADS Astrium)

The focal plane of the Gaia spacecraft comprises five primary functional compo-
nents: two CCDs each for the wavefront sensors and basic angle monitors used
in calibration, 14 CCDs for the sky mapper responsible for detecting sources, 62
CCDs forming the astrometric field for high-precision measurements of stellar po-
sitions and motions, 14 CCDs dedicated to blue and red photometry for capturing
spectral energy distributions, and 12 CCDs within the radial velocity spectrometer
to assess stellar Doppler shifts. More details about these components and their

roles are provided in Gaia Collaboration et al. (2016).

Gaia operates with three photometric bands: G spanning 330 to 1050 nanometers,
Gpgp covering 330 to 680 nanometers, and Ggp ranging from 640 to 1050 nanome-
ters. It achieves a spatial resolution close to 0.4 arcseconds. The mission aims to
compile a detailed catalog of roughly one billion stars, equivalent to around 1% of
the MW’s stellar population. This extensive dataset will be nearly complete for

stars with G magnitudes up to 20 mag. Over its five-year operational timeline,
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F1GURE 2.2: Mlustration showing the layout of the Gaia telescope’s focal plane.
(Image credit: ESA)

Gaia observed each target around 70 times, enabling precise measurements of their

positions, distances, velocities, and variations in brightness.

To date, the Gaia mission has produced three significant data releases, each cor-
responding to progressively longer observation periods. The initial release, Gaia
DRI, became available in September 2016 and was based on 14 months of data col-
lection, providing positions and brightness measurements for over 1.1 billion stars,
though PM information was limited. The second release, Gaia DR2, published in
April 2018, expanded the dataset to include positions, parallaxes, and PMs for ~
1.3 billion stars, utilizing 22 months of observations. The third release was split
into two stages: Gaia EDR3, released in December 2020, offered improved posi-
tions, parallaxes, and PMs for more than two billion sources after 34 months of
observations. The full Gaia DR3, made public in June 2022, built upon EDR3 by
adding astrophysical parameters, variability data, and light curves, representing
the most comprehensive dataset from the mission so far (Gaia Collaboration et al.

2023a; Babusiaux et al. 2023).

Gaia, launched in 2013, was initially planned to operate for five years. How-

ever, the spacecraft’s systems and instruments performed exceptionally well, and
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it had enough fuel to continue operating. This allowed the ESA to extend the
mission multiple times. Gaia continued observations until 10 January 2025. After
downlinking all remaining data to Earth, the spacecraft was decommissioned on 27
March 2025. The upcoming Gaia Data Release 4 (Gaia DR4), based on 66 months
of observations, is scheduled for release at the end of 2025. The mission has since
entered a post-operations phase, during which the final Gaia Data Release, DR5,
will be completed and published by the end of 2030.

The production of scientific community level Gaia catalog of sources is produced
by a team of pan-European experts and software developers known as DPAC (Data
Processing and Analysis Consortium). DPAC has been active since 2006, taking
the tedious tasks to develop the data processing algorithms and maintain the I'T
infrastructure for Gaia. Further detailed information about Gaia can be found at
the ESA website. Gaia-released data can be accessed through Gaia ESA Archive,
and CDS-Vizier.

2.2 Research methodologies

In our studies, we performed several methods to analyze the Gaia data to arrive
at our scientific results. These involve defining cluster workspaces and field star
removal techniques to remove field stars from the cluster regions. Also, we use
Markov Chain Monte Carlo (MCMC) optimization algorithms, which we devel-
oped in the C program to do the parameters optimization for clusters, and in the

kinematic modeling of the LMC and SMC. These are discussed below.


https://www.cosmos.esa.int/web/gaia
https://gea.esac.esa.int/archive/
https://vizier.cds.unistra.fr/viz-bin/VizieR?-source=I/350
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2.2.1 Cluster workspaces

The workspace for each star cluster in the sky plane is defined such that it com-
prises a cluster region accompanied by one or more field regions. The workspace
for each cluster depends on the choice of FSD algorithm suitable for its location,
and it is a function of the cluster size and the presence of neighboring clusters.
The method adopted for FSD depends on the availability of field star area around
or near the cluster. Based on the above, we have considered four different types
of field regions for FSD. The different types of cluster workspaces are shown in

Figure 2.3. These are discussed below.

1. Group-1: These are isolated clusters with sufficient area available around
them to define five concentric annular field regions of equal area. A graphical
depiction of the workspace for isolated clusters is shown in Figure 2.3a. The
field annuli are of external radii v/n + 1 x . from the cluster center, where

n is the number of annuli.

2. Group-2: In several isolated clusters, the outer annular field regions were
found to overlap with a nearby cluster. We define Group-2 as partially
isolated clusters, where the workspace of a cluster has up to four concentric

annular field regions of equal area around the cluster.

3. Group-3: There were clusters where we could not take the annular field
region around them, as even the first annular field region would overlap with
a nearby cluster region. In such cases, as shown in Figure 2.3b, we have
taken one circular comparison field near the cluster. Thus, the workspace

comprises the cluster region and a nearby field region of the same area.

4. Group-4: A significant number of clusters have one overlapping neighbor in
the LOS. Figure 2.3c shows the workspace for an overlapping pair of clusters

as an example. The difference in their workspace from isolated clusters is
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F1GURE 2.3: Different types of cluster workspaces (as defined in subsection
2.2.1) for implementing FSD. a) Model workspace of the isolated cluster in the
LOS, Group-1 and Group-2 clusters. The cluster region is shown with black
stars. The nearby field regions are shown with grey stars, separated by concentric
annular circles (dashed red circles). Group-1 clusters use all 5 field regions, and
Group-2 clusters use 1 to a max of 4 field regions depending on their availability.
b) Model workspace for a partially isolated cluster in the LOS, Group-3 clusters
(black stars: cluster region, grey stars: nearby field region). ¢) Model workspace
for an overlapping pair of clusters in the LOS, Group-4 clusters (black stars:
cluster region, red stars: overlapping neighbor cluster region, grey stars: nearby
field region).
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in the selection of cluster region and the field region. For clusters with
one neighbor, the neighboring cluster boundaries were ensured not to reside
within a cut-off radius of 0.1r, from its center. The choice of the cut-off radius
was based on trials and it ensured enough stars from the centrally dense
regions of overlapping clusters while performing the parameter estimation.
For these clusters, we removed the overlapping region with the neighboring

cluster and used a nearby circular field region.

2.2.2 Field Star Decontamination

In our study, we used a modified version of FSD algorithm used by several authors
(Pandey et al. 2007; Choudhury et al. 2015; N16) to clean the CMDs of the
cluster region. We created (G,Gpp — Grp) CMDs for the cluster region and the
field region(s), for all the groups mentioned above. The CMD of a cluster region
will have a combination of cluster and field stars, whereas the CMD of its field
region(s) will have only the field stars. An algorithm was applied to the cluster
CMDs to compare and remove field stars. To eliminate field stars from the cluster
region, each star in the cluster CMD was matched with its nearest counterpart
in the surrounding field CMD(s) and removed accordingly. This process involved
searching for the closest field star within adaptive bins centered on each cluster
star, starting with bin sizes of [AG, A(Gpp — Ggrp)] = 0.02, 0.01] and increasing
up to 0.5, 0.25] as needed. Those with counterparts in the field CMD(s) are
considered as field stars in the cluster region and are removed from the CMD.
Stars that remained in the cluster CMD after this statistical cleaning are most

likely to be the cluster members and the CMD with such stars can be considered

as a cleaned CMD(s).

In the case of Group-1 clusters, the algorithm takes advantage of the multiple field

regions. For clusters in this group, we created 5 cleaned CMDs corresponding to
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using either all annular fields or with a reduced number of annuli up to a minimum
of one. For example, 5-FSD CMD is defined as a cleaned CMD where a star from
the cluster CMD did not find a counterpart in any one of the five annular field
CMDs. Similarly, we created 4-FSD CMDs to 1-FSD CMD as explained above,
using a correspondingly less number of field CMDs for a given cluster CMD. The
same logic was implemented for Group-2 clusters with n<5 (where n, the number
of associated field regions available for a given cluster) annular field regions to
produce n-FSD CMDs for the same cluster, where n can take a maximum value of
4 and a minimum of value of 1. For Groups-1 & 2, we retained multiple cleaned
CMDs for the same cluster at the end of this iteration. We note that the cleaned
CMDs are affected by (1) less number of stars in the case of poor clusters and (2)
variation in field star density. Both these result in the loss of features in the CMD
and erroneous fits. Therefore, the CMD most suited for the cluster is decided after

the parameter estimation with all the cleaned CMDs.

Now for the Group-3 clusters where a nearby circular field region by the side of
the cluster is identified, we ensured that the field region does not overlap with any
other neighboring cluster. In the case of Groups-3 & 4, only one cleaned CMD is
created at the end of this iteration. We note that some parts of the field regions
of different star clusters may be common across the Groups, particularly for those

located nearby.

2.2.3 Markov Chain Monte Carlo with C

MCMC is a class of algorithms used to sample from complex probability distribu-
tions by constructing a Markov chain whose equilibrium distribution approximates
the target distribution. As the chain progresses through more steps, the sample

distribution closely matches the desired probability distribution. MCMC methods
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are beneficial for studying high-dimensional or complicated distributions that are

difficult to analyze analytically.

In our study, we estimate four parameters while parameterizing each cluster, and
in the kinematic modeling with the sources in the MCs, we estimate up to nine
kinematic parameters. To achieve this, we use the MCMC optimization to find
the models that best fit our datasets. We used the serial stretch move algorithm
developed by Goodman & Weare (2010) to perform the MCMC sampling. The
stretch move algorithm is primarily utilized in two ways: one in serial processing
and the other in parallel processing. The usage of serial or parallel depends on the

specific optimization problem.

Our study performs parameter optimization of 1990 star clusters in the MCs.
Similarly, the kinematic modeling of the MCs makes use of ~ 60 data sets. This
motivated us to develop the serial stretch move algorithm with a C program and
assign each data set to each core available on the CPU. We find that the perfor-
mance of our code is significantly better than the Python module, emcee, which
works based on the same stretch move algorithm. A benchmark is provided in
Figure 2.4, comparing our C code with emcee using several server-based and com-
mercial CPUs. The benchmark time is provided for the kinematic modeling of the
LMC (as detailed in section 4.3.1). The first advantage is the single-core perfor-
mance of our code, which is on average significantly faster in commercial CPUs,
even if they are several generations old. The second advantage is the possibility of
distributing the different data sets serially at a time to the available cores, which

speeds up the process compared to Python emcee.

For our workload, we used the commercial CPU, Intel i9-13900K with 24 cores,
which helped to estimate cluster parameters for 24 clusters or run 24 kinematic
modeling datasets distributed serially at a time. The serial implementation of

MCMC is purely based on the type of workload, and in our study, it has more
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advantages as described above.

NOVA (Single node) ~22 m (all core) ~7 m (all core) ~ 12 mins (single core)
(32¢/ 64T)
FORNAX ~ 39 m (all core) ~ 9 m (all core) ~ 11 mins (single core)
(16€/ 32T)
i5-5200U ~ 11 h (all core) ~ 1hr 48 m (all core) ~ 14 m 50 s (single core)
(2¢/ 4T1)
Ryzen 7 4800H ~1 h (all core) ~15 m (all core) ~ 8 m 05 s (single core)
(8¢/16T)
i9-13900K ~ 18 m (all core) ~4 m 30 s (all core) ~ 4 m 50s (single core)

(24C/ 32T : 8P+16 E)

FIGURE 2.4: Benchmark of the MCMC sampler for the kinematic modeling of
the LMC with star clusters as data sets. The first column shows the CPUs we
tested, and the subsequent columns report the runtime for performing 2000-step
iterations with 200 walkers, using different implementations of the stretch move
algorithm: parallel with emcee and serial with C.

2.3 Theoretical models

In our studies, we used theoretical stellar isochrones to estimate the parameters
of star clusters. Further, we adopted an analytical framework to model the PM of

the LMC and the SMC. These are discussed below.

2.3.1 Isochrones

An isochrone represents the set of stars that are assumed to have formed simul-
taneously, with the same metallicity, but with varying initial masses on the H-R
diagram or CMD. Since star clusters contain stars in different evolutionary stages

and with different masses, their observed distribution on CMDs is most effectively
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represented using theoretical isochrones. These isochrones are used to derive key
parameters of star clusters, such as age, reddening/extinction, distance, and metal-

licity, by comparing the theoretical models to the observed CMDs.
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FIGURE 2.5: The isochrones with different ages and metallicities are shown
here. Panel (a) with Z = 0.006, Ages: 100 Myr (Blue), 1 Gyr (Red); Panel (b)
with age of 1 Gyr, Z: 0.001 (Blue), 0.001 (Red)

In our analysis, we used PARSEC isochrones (Bressan et al. 2012) to model the
cluster parameters, using the initial mass functions from Salpeter (1955) to gen-
erate the isochrones. We used the Gaia EDR3 photometric system available with
the PARSEC, which is described in detail in Riello et al. (2021). Figure 2.5 shows
a few model isochrones we used in the study. Panel (a) shows two isochrones at
ages 100 Myr (Blue track) and 1 Gyr (Red track) at constant metal fraction, Z
= 0.006. Panel (b) shows two isochrones at Z = 0.001 (Blue track) and Z = 0.01
(Red track) at a constant age of 1 Gyr. In our study, we considered stellar evo-
lutionary phases from the MS to the RGB in the isochrone models, assuming the
stars in each star cluster of the MCs (ages < 4 Gyr) stay within the limit of these

evolutionary phases.
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2.3.2 Kinematic model of the MCs

We performed the disk kinematic model of the LMC and the SMC using the ana-
lytical equations outlined by V02. These equations define the directional vectors
of local PM in the West and North (uw, py) in the sky plane using a series of 12
independent model parameters. The parameters selected for modeling the LMC
encompass the inclination of the disk (7), the position angle of the line of nodes
measured from West (#), dynamic centers (ayp, dp), the amplitude of the tangential
velocity of the galaxy’s center of mass (v;), the tangential angle made by v, (6;),
and three rotational parameters. In the case of the SMC, we fixed the kinematic
centers and used two rotational parameters to model the kinematics. The rota-
tional parameters are discussed later in this section. For the SMC, we modeled
a dataset containing LOS velocity information, which enabled us to determine
the systemic velocity (vsys) of its COM. The modeling aims to identify the most
suitable values for these kinematic parameters. It is crucial to highlight that our
datasets primarily contain PM data, which restricts our modeling to the transla-
tional velocity of the sources in the plane tangent to the sky plane, due to the
absence of LOS velocity components. The analytical equations, which express py

and py as functions of the described kinematic parameters, are provided below.

Figure 2.6 shows the schematic diagrams representing the velocity and coordinate
systems which we use to model the uy and puy. Panel (a) illustrates the perspec-
tive of an observer viewing an arbitrary source in the galaxy, located at a distance
D, which has an angular separation (p) from the kinematic center of the galaxy,
situated at a mean distance of Dy. The velocity of this source with equatorial
coordinates, («, ) on the sky plane, is primarily composed of three components.
It consists of the LOS velocity (v;) and the tangential plane velocity components

(va, v3) at the source location.

Panel (b) shows the source with (a, §) and kinematic center («y, dy) at position
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FIGURE 2.6: Depiction of the frames of reference for modeling the galaxy kine-
matics. Panel (a) shows the perspective of observer and an arbitrary source in
the galaxy; panel (b) shows the sky plane perspective with PMs marked for the
source; panel (c) shows the galaxy plane obtained after the clockwise rotation
in ¢ and 6.

angle, ¢. The rotation angle between the (vy, v3) frame on the sky is I'. We see
the galaxy image as projected onto the sky plane. The PM we observe are the
projected velocity components of vy and v3 on the curved spherical surface. So
we apply a coordinate transformation that incorporates the inclination (i) and the
position angle of the line of nodes (#) of the galaxy to the sky plane, as shown in
panel (c). This transformation will allow us to express uy and gy in terms of vy

and vs3. It is given by,
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Hw cosicos p —sinisinpsin(¢p — @) [ —sinl' —cosI'| [wvg
= D . . (2.1)
LN 0 COS? cos'  —sinl U3
where,

cos ' = [sin d cos §g cos(a — i) — cos  sin G|/ sin p

sin " = [cos dg sin(a — )]/ sin p

The velocity field model of a source in the galaxy can be primarily decomposed
into three components: the COM velocity due to the spatial motions, the velocity
associated with the precision and nutation (pn) due to the temporal variations of i
and 6, and the internal motion (int) of the sources in the disk plane of the galaxy.

Hence, (v1, va, v3) can be decomposed as,

U1 U1 (%1 U1
Vo | = | V2 + | v2 + | v2 (2-2)
v v v v

3 3 COM 3 pn 3 int

The COM velocity can be expressed in terms of three parameters: vy, v, and
0;. In our modeling, we assume that there is no precession and nutation of the
galaxy, so we neglect the second term in equation 2.2. Further, using spherical

trigonometry, the first and last terms in the equation can be written as,
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In equation 2.4, R’ represents the radial distance in the galaxy plane, and V(R’)
represents the rotational velocity in the galaxy plane. The galaxy’s rotation is
parameterized differently, following the approaches of N22 and D18, based on
their respective studies of the LMC and SMC. The adopted parametric forms for
V(R’) are provided below.

V(R) = voll + (%)n]—lm, for LMC (2.5)
/

2 R
V(R) = —y arctan(R—f), for SMC (2.6)



Chapter 2: Data and Methodologies 42

In equation 2.5 for the LMC, vy represents the amplitude of the saturated ro-
tational velocity in the disk plane of the galaxy, Ry represent the galaxy’s scale
radius, and 7 optimizes the turning point of rotation curve to saturation, aiding in
tuning with sharper or gradual transition to vy. In equation 2.6 for the SMC, vy
represents the asymptotic velocity from the rotational velocity in the disk plane
of the galaxy, and R; represents the galaxy’s scale radius. The best fitting kine-
matics parameters for the galaxy are estimated based on the MCMC algorithm

described in section 2.2.3, and detailed in Chapters 4 and 5.



Chapter 3

Tracing the cluster formation

history of the Magellanic Clouds

3.1 Introduction

In this chapter, we focused on determining cluster parameters located in the outer
regions of both MCs. Earlier study by G10 reported age estimates for 1193 clusters
in the LMC and 324 in the SMC. Additionally, N16 and N18 provided age deter-
minations for 1072 LMC clusters and 179 SMC clusters. Similarly, other studies
have also contributed to age estimations of star clusters in the MCs(Chiosi et al.
2006; Palma et al. 2016; Piatti et al. 2018). However, these clusters are located
towards the center of the MCs. The age estimations of the clusters distributed
globally in the main body of the MCs are very important to trace the effect of their
mutual interactions. This study is an attempt to produce a wide spatio-temporal

CFH in the MCs.

43
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This study has four main objectives: (1) to expand the catalog of well-characterized
clusters in the MCs, with particular emphasis on the outskirts of the LMC; (2)
To create an automated approach for determining cluster properties, such as age,
extinction, metallicity, and distance from their CMDs; 3) To trace the Episodic
Cluster Formation (ECF) history and obtain the signatures of interaction his-
tory between the MCs or with the MW; 4) To trace the density structures traced
by clusters (such as bar/ spiral arm) as well as signatures of trigger/ shrinkage/

truncation of CF in the outer parts of the MCs.

This chapter is organized as follows. Section 3.2 outlines the data set and the
steps taken for data reduction in this work. Section 3.3 details the automated
techniques employed for estimating cluster parameters. In Section 3.4, we present
our estimated age-extinction-metallicity-distance values for the clusters we char-
acterized, along with the spatial age maps, ECF history, and radial cluster density
profiles. The discussions based on our results are presented in Section 3.5, followed
by Section 3.6, which covers the summary of our work. The results presented in

this chapter are available in Dhanush et al. (2024a).

3.2 Data

This study used the data from the Gaia DR3 survey in G, Ggp and Grp pass-
bands. We considered 4041 star clusters taken from B08, S16 and S17 catalogs for
this study, among which 3330 and 711 clusters belong to LMC and SMC, respec-
tively. The central coordinates of the clusters, specified in Right Ascension (o)
and Declination (§), along with their radii (r.), are taken from these catalogs. This
study is focused on analyzing a large sample of star clusters that span a broad
range of ages. As manual estimation of parameters is tiresome and liable to sub-

jectivity, the entire process of cluster parameterization was automated. Before the
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automated parameterization was performed, we first selected clusters suitable for
this study based on their position in the sky and the presence of neighboring/over-
lapping clusters in the LOS. The bulk handling of the Gaia archival data in our
analyses was performed with the Gaia Asynchronous query services available in

the astroquery (Ginsburg et al. 2019) python package.

The next stage involves cleaning star cluster data sets from field star contami-
nation, where we used an FSD algorithm, which was obtained by modifying and
improving the technique used by N16 (as detailed in the section 2.2.2). The fol-

lowing subsections detail the data reduction techniques we adopted in our study.

3.2.1 Classifications of clusters based on spatial overlap

The estimation of cluster membership is performed using the statistical subtraction
of field stars using one or more nearby field regions for comparison. First and
foremost, we need to ensure that the chosen field region is not a part of another
cluster, as there may be a number of clusters located nearby. Therefore, each
cluster is checked to identify star clusters that overlap in their spatial extend

along the LOS.

We identified neighboring star clusters based on the angular separation between
their centers. As a result, we classified star clusters as isolated and overlapping
based on their spatial distribution in the LOS. The classification of star clusters as
per the scheme is shown in Figure 3.1. Towards the central regions, many of the
clusters appear to overlap in the LOS, as expected. The outer clusters are mostly
isolated as they are well separated from each other. Figure 3.1a shows the isolated
and spatially overlapping star clusters in the LOS. Out of 4041 cluster candidates,
we have found 3019 isolated star clusters. The rest, 1022 clusters, were flagged as

overlapping star clusters in the LOS. Also, each cluster is categorized based on the
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FI1GURE 3.1: Spatial classification of star clusters in the MCs based on the LOS.
a) The isolated clusters in the LOS (black dot) and overlapping clusters in the
LOS (red dot) of the MCs in the sky plane. The number of clusters in each group
is shown in the legend. b) The classification is based on the number (ranging
from 2 to 8) of overlapping clusters in the LOS of the MCs color-coded as shown
in the legend.

number of neighboring clusters overlapping into the cluster region. Figure 3.1b
shows the classification based on the number of overlapping clusters ranging from
2 to 8. We note a large population of more than 4 overlapping clusters in the bar

region of the LMC and a few such systems in the central SMC. The two-cluster
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overlap appears to have a wider spread but is confined to the inner regions.

The clusters classified based on spatial overlap need to be cleaned from the LOS
field star contamination in the cluster regions. To perform the cleaning, we need
to select the cluster workspaces for each clusters. We followed the procedure to
select the workspaces in different groups, as detailed in section 2.2.1. We classified
2294 clusters in Group-1, 501 clusters in Group-2, 224 clusters in Group-3, and 772
clusters in Group-4. A total of 250 clusters were excluded from our classification
due to their location in crowded regions of the galaxies, where they appear as
overlapping clusters. Further, we applied certain selection criteria to select the

Gaia sources within the 3791 workspaces. These are discussed below.

3.2.2 Selection criteria of Gaia sources in the workspace

The Gaia selection criteria for the sources in each cluster workspace are enumer-

ated below.

1. Selected sources brighter than 20.5 mag in G.
2. Removed the NULL value sources in Ggp and Ggp.
3. Selected sources with RUWE (Re-normalized Unit Weight Error) < 1.4

4. Selected sources with < 20 of PM and parallax from the mean PM and
parallax of all sources. Applied to cluster regions and each available field

region in the workspace.

The G-band photometric uncertainties are up to ~ 1 mmag for G<17 and 6 mmag
for G= 20. Meanwhile, the Ggp and Grp> 20 mag have uncertainties greater than

50 mmag. For the reason, we considered sources brighter than 20.5 mag in our
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study, as we performed the parameter estimation accounting for the error in the
magnitude and color of the sources. The Gaia data have NULL values for sources
not satisfying the photometry selection criteria as mentioned in Riello et al. (2021),
we removed such data points from each cluster workspace as well. The RUWE
value < 1.4 is suggested by Gaia studies for the most probable singular sources in

their catalog (Lindegren et al. 2018; Gaia Collaboration et al. 2023b).

The PM and parallax cut-off of < 20 we adopted helps in removing the highly
deviant PM sources, most likely foreground MW contaminants from the dataset.
The criteria were applied to cluster region and available field regions depending
on the type of cluster workspace as mentioned in subsection 2.2.1. We note that
the Gaia parallax is not a good distance estimator for sources located more than
a few kpc, since the value lies very close to the parallax zero-point value (G21;
Lindegren et al. 2021). But parallax is important to remove nearby MW sources

that fall in the LOS of MC or MC cluster workspaces.

After applying the stated selection criteria as mentioned above, the workspaces
and their associated data sets were fetched onto the local machine utilizing the
Gaia Asynchronous query. The rest of the field star removal from the MCs was
carried out with the FSD algorithm (as detailed in section 2.2.2). The cleaned
clusters are ready for parameter estimation, these are discussed in the following

section.

3.3 Estimation of cluster parameters.

At the end stage of FSD we obtained the cleaned cluster CMDs, which are now

satisfactory to perform parameter estimation. We automated this stage by setting
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up prior age and extinction estimates for the clusters, followed by a set of selec-
tion criteria for the best-fitted CMDs with prior knowledge, and finally estimated
the four cluster parameters with the MCMC sampling technique. The detailed

procedures are provided below.

3.3.1 Setting up prior age and extinction estimates for the

clusters

We used the cleaned CMDs to estimate the maximum likelihood of age by compar-
ing them with theoretical isochrones. We used the PARSEC stellar evolutionary
tracks (section 2.3.1) to generate the theoretical isochrones for our study. As per
the previous studies, prior values of Zp ¢ = 0.008 and Zgyc = 0.004 were adopted
as the LMC (N16 sample) and the SMC (N18 sample) metal fractions, respec-
tively. The distance modulus (DM) to the center of the LMC was taken as 18.47
mag (Pietrzynski et al. 2019). The DM value for a given cluster in the LMC was
modified by accounting for an inclination of ¢+ = 23°.26 and a position angle of
the line of nodes, ® = 160°.43 (S22). In the case of the SMC, a value of 18.97
mag was assumed for all the clusters. Though there is a large depth in the SMC
(Subramanian & Subramaniam 2009), this quantity cannot be incorporated as a
function of any known parameters. Also, a few clusters in the bridge region were

given attributes similar to the SMC.

As per the prior assumptions, we estimated the maximum likelihood of age, log(t)
and extinction, Ag for the star clusters. We used an age range of 1 Myr to 10
Gyr (log(t) = 6 to 10, respectively), with a spacing of Alog(t) = 0.05 for fitting
the isochrone models to the cleaned CMDs. For the interstellar extinction, we
adopted a range of Ag = 0 to 0.836 mag (corresponding to a range of Ay =0 to 1
mag), with a step size of AAg = 0.01 mag. The isochrone fitting to the observed

CMD was an iterative process in the parameter space available for each cluster
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CMD. First, all the theoretical isochrones of different log(t) and A values were
pushed to the DM of the LMC and the SMC. Then we implemented a least square
fitting method to the observed data points of the cluster CMD and the model
isochrone points. The global minima of the least square deviations from about 80
models ([log(t)]/Alog(t), constant Ag = 0.45) were found initially. Later, from the
estimated initial fit parameters (log(t);, Ag,), we considered a reduced parameter
space of log(t) range [log(t); — 0.6 to log(t); + 0.6] and Ag range [0 to 0.836 mag]
to redo the least square fitting, we used this iteration to close the gap between
the most likely model and the observed data. One more iteration was performed
by removing the scattered field stars in the cleaned CMDs. We adopted a 1.50
clip from the mean least square deviations to remove scattered data points. By
doing so, convergence to a unique model with reduced error was achieved, with

the best-fitting isochrone closely representing the features of the observed CMD.

The ordinary x? minimization does not yield the best-fitting isochrone for the
cluster CMD, as multiple combinations of parameters can give the minimum Y?
values while fitting models to data (D’Antona et al. 2018; Souza et al. 2020).
So, we defined an error-weighted modified y? value to the fit for the clusters to
define our selection criteria. The Gaia G magnitudes have errors of the order of
~ 1072 mag, corresponding to significantly less error in observed fluxes, resulting
in high y? values. As the error propagation in color (Ggp — Grp) term is larger
compared to the magnitude for a given star in the CMD, the error weighting was
considered only on the color term, while estimating the y? value of the best fitting
isochrone model. We used three modified x? options where the observed flux errors
(corresponding to Gpp, Grp magnitudes) of the stars were at least 2%, 4%, or
10% of the observed fluxes (F;,). After testing the fits with a smaller sample of
clusters, we fixed the observed error in flux to be at least 4% and estimated the

modified x? values. For a CMD with data points of observed color (¢i,0) and model
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color (¢;m), the modified chi-square (x7) is given by,

N
1 (Cio — Cim)?
2 2 : 1,0 7,
i=1 i
where

Sio :O'CiV(O'fi 2 004]01), 0.04V (O'fl S 004f1),

Hence, we identified the best-fitting isochrones and the corresponding X? values
for all the cleaned CMDs. The age and extinction parameters corresponding to
the best-fitting isochrone were estimated for all cleaned CMDs. In the case of
Groups-3 & 4, only one cleaned CMD was created and therefore only one set of
parameters was estimated per cluster. Two sample clusters and isochrone-fitted

CMDs are shown in Figures 3.2 and 3.3.

In the case of Groups-1 & 2, where multiple annular field regions are used for FSD,
the isochrone fitting along with the parameter estimation was performed on all the
cleaned CMDs of a cluster. We found that star clusters in Groups-1 & 2 showed
variation in the number of retained members in CMDs, depending on the number of
annuli used in FSD. Depending on the spatial crowding in nearby field regions, the
number of annular regions used for FSD was found to have a considerable effect
on the cleaning process, even in the case of dense clusters and particularly for
those in the central regions. In the case of isolated poor star clusters, a significant
number of cluster members were not retained in the cleaned CMD if all five annular
field regions were used. The above observations suggested that the choice of best
cleaned CMD for a cluster should be made by considering, (1) the variation in the
estimated parameters as a function of the number of annular field regions used in
FSD, (2) over-subtraction of possible cluster members in the CMDs as a function
of the number of annular fields used in FSD, (3) x} value of the fit, and (4) visual

goodness of isochrone fit to the cleaned CMD. We describe the adopted criteria to
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FIGURE 3.2: NGC458, a) Cluster CMD with initial selection criteria (PM,
parallax, and G magnitude cut-offs). b) Cleaned CMDs (1-FSD, 3-FSD, and
5-FSD) with the parameters (log(t), Ag, and x?) estimated at DM = 18.977 are
provided in each stages of FSD. In higher stages of FSD, the number of retained
cluster members decreases because of the field star subtraction.
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estimated at DM = 18.53 are provided. The cluster region after FSD shows a
significant decrease in field stars.

3.3.2 Selection criteria for the cleaned cluster CMDs.

In the case of Groups-1 & 2 clusters, the cluster parameters and the Xff values differ
for the n-FSD cleaned CMDs (n = 1 to 5) of the same cluster. In order to identify
and retain the best isochrone-fitted cleaned CMD for a cluster, we implemented

the following selection criteria in three steps:

(1) We applied a cut-off of X% < 15, based on a visual check of the fitted CMDs

of a smaller sample of clusters to remove bad fits.

(2) We compared 3-FSD and 5-FSD CMDs for the same cluster and retained
those clusters with age separation within |Alog(¢)| < 0.1 (absolute difference
between 3-FSD and 5-FSD log(t)), so that the number of field annuli used
in the FSD did not influence the estimated age.
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(3) We used a |[Ax}| < 1 (difference between 3-FSD and 5-FSD x3) to retain
clusters that did not show a significant difference in the estimated parame-
ters, such that the number of field annuli used in the FSD did not influence
the quality of fit. Since the over-subtraction of cluster members generally
happens more in the 5-FSD CMDs than in the 3-FSD CMDs, we selected
the 3-FSD CMDs as the best-fit CMDs and the corresponding parameters

for these clusters.

The plots comparing the log(t) and the Xfc in the steps mentioned above for the

various FSDs are shown in Figure 3.4.

In the case of clusters with |AX;| > 1, as per the criterion in step (3), but satisfying
the criterion in step (2), we compared Xfc values from 3-FSD and 5-FSD fits, then
retained that with the lesser value of Xfc and the corresponding parameters. This
case suggests the possibility of over-subtraction of members in the 5-FSD. Clusters
with |Alog(t)] > 0.1 after step (2) suggest that the estimated parameters are
impacted by the choice of FSD, which results from the number of annular regions
used. Therefore, as a next step to reduce deviation in the estimated parameters,
we compared the fits of the 4-FSD and 2-FSD CMDs as in the above-indicated
step (2), followed by the same steps as for the 5-FSD and 3-FSD CMDs. Clusters
with |Alog(¢)| > 0.1 in this step were then taken to the next step of 2-FSD and
1-FSD comparison. All clusters reaching this stage will have either parameter from

the 2-FSD or 1-FSD fits.

The above series of procedures is expected to reduce any impact of the methods
of FSD used in the estimation of the cluster parameters. We used two quantities,
the deviation in age as well as the difference in Xff, as control parameters to finally
choose the number of annuli used in the FSD, instead of arbitrarily deciding the
number of annuli for FSD. We believe that this helps to reduce erroneous parameter

estimation due to variable field star density, over-subtraction of members in poor
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FIGURE 3.5: The above cluster locations (shown in black) are those we left
out from parameterization. It includes 643 isolated clusters and 439 partially
overlapping clusters in LOS. They are either poor clusters or residing in crowded
regions of the galaxies, resulting in a cleaned CMD that cannot be parameterized.

clusters, and statistical fluctuation in field stars located in the dense regions of
the MCs. In the case of Groups-3 & 4 clusters with only one CMD after FSD,
we applied Xfc < 20 to filter in. Since the clusters in these two groups have only
one field star region for FSD and are likely to introduce scatter in the CMDs, a
slightly higher cut-off of x7 is justified.

Though the entire process was automated from FSD to isochrone fitting, a vi-
sual inspection of the final fitted CMDs was required to check for any spurious
fits. Hence we inspected all the cluster CMDs after the completion of parame-
ter estimation and manually rejected a few improperly cleaned/ fitted CMDs (26

clusters).

We note that we did not consider poor clusters with less than 8 stars in the
cleaned CMDs, apart from the overlapping clusters, as mentioned earlier. The
typical number of our cluster members, retained after FSD, averages to 40. We
also did not retain clusters for which we were not able to get good fits (as decided

by visual inspection) and/or with X? > 20. A map of the 1082 non-characterized
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clusters is shown in Figure 3.5.

The distribution of Xfc for the finally selected CMDs of the retained 1990 clusters
is shown in Figure 3.6. The peak of the distribution with more than 300 clusters
is at ~ x} = 1.25, and about 1000 clusters (~ 50%) have x3 value within 1o of
the distribution. We conclude that these final fits are therefore satisfactory, based

on the Xfc values and visual inspection.

We estimated satisfactory parameters of 1990 clusters, of which 1710 are in the
LMC and 280 are in the SMC. Out of the estimated parameters of clusters, 1651
clusters belong to Group-1, 169 clusters belong to Group-2, 117 clusters belong
to Group-3, and 53 clusters belong to Group-4. We characterized 960 clusters
(~ 48.2%) for the first time in comparison to the existing star cluster catalogs of
the MCs (Pietrzynski & Udalski 2000, 1999; Chiosi et al. 2006; G10; Palma et al.
2016; N16; N18). Among these, 847 clusters (~ 49.5% of 1710) are in the LMC
and 113 (~ 40.3% of 280) in the SMC. The following section deals with the MCMC
sampling to arrive at the final estimates of age, extinction, DM, and metallicity

of clusters from their prior assumptions.

3.3.3 MCMC sampling to estimate age, extinction, DM,

and metallicity

The estimated age-extinction-metallicity-distance values associated with clusters
are sensitive to the choice and combination of model parameter values. Also, in the
previous section, age and extinction were estimated for a fixed value of metallicity
and distance. So we used MCMC sampling method to arrive at the final estimates

of all of the above four parameters.
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FIGURE 3.6: The Xfc distribution for the selected 1990 clusters, with a cut-off
of X? < 20 to retain the best isochrone-fitted cleaned CMD.

In order to perform an MCMC sampling, we defined a range for the parameters,
within which the sampling is performed. As 960 clusters (~ 48% of 1990) are
characterized for the first time, there are no other estimations available to constrain
the parameter range. Hence the uniform priors were adopted for the extinction
(Ag) and metallicity during the MCMC sampling. As the SMC is known to be
more metal-poor than the LMC, we adopted a Z range of [0.0006 to 0.005] for
the SMC, and [0.0015 to 0.01] for the LMC. The assumed Z range is consistent
with the prior Zpvc = 0.008 and Zgyc = 0.004 that we adopted (subsection 3.3.1)
for the SMC and LMC, respectively. We implemented bilinear interpolation using
fine grid spacings in both parameters: an age step size of 0.02 in log(age) and a
metallicity step size of 0.0002 in Z. This approach ensures precise generation of
synthetic isochrones for each random age and metallicity value sampled during the

MCMC iterations. The extinction (Ag) was allowed to vary from 0 to 0.836 and
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the DM to vary within 0.25 mag from the prior assumption. In the case of age, the
sampling was confined within the 15% change from the maximum likelihood age
estimated from the prior information. The goal was to get the expected change in

Ag, 7, and DM from their prior assumptions and to obtain a robust age estimation.

The sampling likelihood function (LF) is defined to be the average X? associated
with each CMD data point (magnitude, color, magnitude error, color error: m; ,,
Cioy S, S¢; ) and nearest isochrone model data points (model magnitude, model
color: M m, ¢im ). The sm;, sc; represent the scaled error values after taking the
flux errors to be at least 4% of the observed flux values (as explained in subsection

3.3.1). And the LF is given in the following equation,

N
-1 (mio_mi m)2 (Cio _Cim)2
LF =— : —— 4 : 3.2

N ZZI { sm;2 sc;2 (3:2)
The cleaned CMDs have the presence of randomly scattered field stars (as men-
tioned in subsection 2.2.2). For the reason, within the color-magnitude space for
a given cluster, we considered stars within 1o deviation with respect to the prior

estimates (log(t), Ag, Z, DM) for that cluster.

The sampling uses a Bayesian approach with an ensemble of multiple walkers (20
walkers) with a stretch moves to explore the parameter space (section 2.2.3). In
addition, the standard Metropolis-Hastings algorithm is also used for the pro-
posal moves with a tuned acceptance ratio of 0.225 to 0.35 during the iteration
phase. The iterations were performed with the mixture of different moves till the

convergence was achieved in the posterior distribution of samples.

The sampled posterior distributions of a sample cluster (NGC458) is shown in
Figure 3.7. The MCMC sampling mainly explores the parameter space in Ag,
DM, and Z to find the range under which our age estimates have confidence.

Also, MCMC sampling solves the expected values for Az, DM, and Z with its
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eter for the isochrone fitting. The cleaned CMD of NGC458 is fitted with the
isochrone generated using the best-fit parameters.

uncertainties, which cannot be easily obtained using the ordinary y? minimization.

3.4 Results

This is the first comprehensive study of star clusters in the MCs using the Gaia

DR3 data, where the parameters are estimated using an MCMC sampling from
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the assumed priors. The clusters are parameterized after removing the field stars
from the cluster CMD. Considering the uniform data coverage of the Gaia data,
the exclusion of overlapping clusters in the LOS, and the implementation of the
FSD by eliminating foreground stars and kinematically deviant sources, this study
provides reliable parameters to explore the star cluster properties of the MCs. As
mentioned in subsection 3.3.2, we estimated parameters for 1990 star clusters.
This study identifies and characterizes 960 new clusters, the majority of which are
situated in the outer parts of the MCs. In particular, the new clusters parametrized
in the outskirts of the LMC significantly enhance our understanding of the galaxy,

specifically beyond a distance of 4 kpc from its center.

To compare and understand the region-wise difference among clusters in various
locations, the cluster coordinates need to be transformed from the skyplane to the
galaxy plane. For the LMC, the cluster positions on the sky are projected onto
the plane of the LMC disk using the transformation equations provided by van
der Marel (2001). However, due to the complex morphology and unclear structure
of the SMC, the cluster positions are retained in the Cartesian projection on the
sky, centered on the SMC. The adopted central coordinates for both the LMC and
SMC are taken from de Vaucouleurs & Freeman (1972b). The upcoming sections
present the extinction and metallicity distributions, CFH, and the spatio-temporal

map of clsuter distribution.

3.4.1 Extinction and metallicity maps

The extinction and the metallicity parameters for 1990 star clusters are presented
here. The extinction histograms for the LMC and the SMC are shown in Figures
3.8a and 3.8c, with the mean extinction estimated as p. = 0.40+0.005 mag and
0.38+0.006 mag respectively. We adopted the constant Ry of 3.41 (Gordon et al.
2003) for the LMC and 2.72 (O’Donnell 1994) for the SMC in our reddening
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FIGURE 3.8: Spatial map and distribution of extinction (Ag) from the 1990
star clusters in the MCs. The bin width of 0.25x median error of cluster Ag
estimations (50 percentile) is used here to generate the histograms. The three
groups are color-coded based on the mean (u.) and standard deviation (o) of
Agq distribution as mentioned in subsection 3.4.1.

estimations. The mean reddening values in E(B—V) are estimated as 0.14+0.001
mag and 0.16 + 0.003 mag for the LMC and the SMC, respectively. The spatial
extinction maps of the LMC and the SMC clusters are shown in Figures 3.8b
and 3.8d respectively, where three groups (Ag < fte — O¢, fte — 0 <AG<fle + O,
Ag > e+ 0.) are shown with blue, green and red colors, respectively. The central
regions of the LMC and the SMC appear to have higher extinction than the outer

regions. In the case of the LMC, a significant amount of clusters can be seen
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FIGURE 3.9: Spatial map and metallicity (Z) distribution of 1990 star clusters
in the MCs. The bin width of 0.25 times the median error (50 percentile) in
7 estimations are used here to generate the histograms. The three groups are
color-coded based on the mean (u,) and standard deviation (o) of Z distribution
as mentioned in subsection 3.4.1.

towards the northern part, with higher extinction than in the South. The ring
of clusters on the outskirts of the LMC has lower extinction than the rest. As
this study has covered more clusters in the outer LMC, where the extinction/

reddening is low, the average values for the LMC also tend to be on the lower side.

The metal fraction (Z) is also estimated using the uniform priors about the prior
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knowledge (Z = 0.008 for the LMC and Z = 0.004 for the SMC) as mentioned
in subsection 3.3.3. The distributions of the estimated Z are shown in Figures
3.9a and 3.9¢ for the LMC and the SMC clusters, respectively. We estimated
a mean metal fraction, u, = 0.006 £+ 0.00002 for the clusters in the LMC, and
1, = 0.0027 £ 0.00002 for the clusters in the SMC. The spatial maps of Z for the
LMC and the SMC clusters are shown in Figures 3.9b and 3.9d respectively, where
three groups (Z< p, — 0., p, — 0, <Z< p, +0,, Z> p, + o,) are shown with blue,
green and red colors, respectively. In the LMC, the spatial plot shows a relatively
larger number of metal-rich clusters (shown in red) towards the North and North-
East of the galaxy, whereas the southern LMC has more of the metal-poor clusters
(shown in blue). In the case of the SMC, the spatial plot shows metal enrichment
towards the central regions compared to the outer regions. Based on this study,
we recommend that the choice of Z value for isochrones to fit the CMDs of clusters
with age < 1 - 2 Gyr is 0.004 to 0.008 for the LMC and 0.0016 to 0.004 for the
SMC.

The PARSEC models also give the [M/H] values corresponding to the Z values
of the isochrones. Based on this, we calculated the mean [M/H| values to be
—0.40£0.001 dex and —0.76 + 0.003 dex for the LMC and the SMC, respectively.
We note that the mean |[M/H] estimated here is for the case of clusters younger

than 1-2 Gyr age.

The DM for each star cluster was constrained during MCMC sampling, allowing
for a variation of 0.25 mag from the prior values. We note that the posterior
values of DM did not show any significant deviation from their prior values. Since
the young clusters mostly do not have the RGB population in the cleaned CMDs,
the degeneracy of the DM, Ag, and log(t) is present in our estimates. But as
mentioned in subsection 3.3.3, the parameter estimation is weighed to find the

best age of the cluster and the expected variation of other cluster parameters.
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3.4.2 Estimated age distribution and Episodic Cluster For-
mation in the MCs

The age distributions for the LMC and the SMC star clusters are shown in Figures
3.10a and 3.10b. In general, CF can be continuous or discontinuous in galaxies.
When the CF is discontinuous, the CFH is likely to show peaks of CF episodes.
In this study, we aim to detect these ECF and correlate the time scales with
any external event in the galaxy. The spatial age map of the star clusters in
the MCs is shown in Figure 3.10c on the sky plane, and they are segregated into
four age groups in ranges of log(t), Age group-1: [> 9.10, < 9.55], Age group-2:
[> 8.65, < 9.10], Age group-3: [> 8.0, < 8.65], Age group-4: [> 6.55, < 8.0]. The
grouping is made to track the age span from old to young clusters in the MCs,

and they were visually selected based on the presence of prominent peaks in the

ECF of the MCs.

In the LMC, the peaks of ECF are obtained at log(t) = 9.17 £+ 0.036, 8.93 £ 0.036
corresponding to linear ages of 1.48"1 Gyr and 85177 Myr respectively. In the
SMC, the peaks of ECF are obtained at log(¢) = 9.17 + 0.036, 8.87 + 0.036 and
8.17 £ 0.036 corresponding to linear ages of 1.48"" Gyr, 741*" Myr and 149
Myr respectively. The first ECF peak coincides in both the Clouds, suggesting
that both the galaxies experienced a burst of CF at ~ 1.5 Gyr. The second ECF
peak in the LMC is found at ~ 851 Myr, whereas it is found at ~ 741 Myr in
the SMC. Though there is a difference of 110 Myr between the second ECF in the
LMC and the SMC, this is within 1o error of the estimation. Therefore, we may

consider this to be a synchronized CF peak at ~ 800 Myr in the MCs.

The four age groups (as shown in Figure 3.10c) help us to locate star clusters in
the MCs based on their age. The first synchronized ECF peak of the MCs lies
within the Age group-1. These clusters (shown in black) are widely distributed in

both the MCs, having a large radial extent. Many can be seen in the outer regions,
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FIGURE 3.10: small Age distribution and spatial map of star clusters in the
MCs. The bin width of 0.1 in log(¢) is used to generate the age histograms,
which is ~ thrice the average median error in the log(t) estimations of the
cluster as mentioned in subsection 3.4.2. The vertical lines in the histograms (a)
and (b) show the margins of the age groups, which are grouped and shown in
the spatial plot (c).
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particularly in the LMC. Age group-2 consists of clusters (shown in red) showing a
wider spatial distribution similar to the Age group-1, but with more clusters found
towards the central regions of both the MCs. The Age group-2 includes the second
synchronized ECF peak in the Clouds. Also, we notice a dip in ECF at ~ 1.26
Gyr between the first and second ECF peaks in both galaxies. There is evidence
for an immediate bounce back in CF that resulted in the second synchronized CF,
as seen by a significant peak in the LMC, but with a moderate peak in the SMC,
though with a difference of 110 Myr. These peaks can be considered synchronized
as it is within the margin of error. A decline in CF is detected after the 851 Myr
peak in the LMC. In the Age group-3 (shown in green), the CF starts to shrink
significantly towards the central regions of both the MCs. The CF shows a slow
decline between 600 - 100 Myr in the case of the LMC, noting a small rise and fall
in between. In the case of the SMC, the CF is found to increase for ages younger
than 300 Myr, which peaks at ~ 149" Myr. Age group-4 (shown in blue) shows
a significant shift of clusters to the North-East regions, away from the center of
the LMC. Also, in this period, the Magellanic Bridge structure appears as a trail
of young clusters from the South-East (SE) region of the SMC. Overall, we note

a decline in the number of clusters formed in this age group.

A distinct radial shrinkage of CF is noticed in the MCs over the last 1 Gyr. Also,
the propagation of CF is evident within the age groups. In the next section, we

present the directional change in cluster distribution as a function of age within

the MCs.

3.4.3 Spatio-temporal density map of star clusters

To trace the spatio-temporal density map of clusters, we produced a 2D-Gaussian
kernel density estimation (KDE) within each age group. The cluster coordinates

are taken with the conventions as mentioned in Section 4.4. Scott’s rule was used
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to determine the optimum bandwidth for the KDE maps among the four age
groups of MCs.

Figure 3.11 shows the spatial density distribution of the LMC clusters in the upper
panel and their radial distribution in the middle and lower panels. The left-most
map in the upper panel suggests a relatively large density of clusters in the eastern
region of the LMC within the Age group-1. The density pattern spans from the
South to the North, covering the East. The bar pattern is feebly visible, along
with a patch of density enhancement in the West. The second map from the left,
in the same panel, shows the density distribution of Age group-2, which shows that
the cluster density peak shifts toward the North and North-West (NW) regions.
We see a bar-like distribution in this age group, which was barely noticeable in
the previous age group. We also notice a significant decrease in cluster density in
the southern LMC. We notice that the patch of density enhancement in the West
found in the Age group-1 extends to form an arc-like pattern in the NW in this
age group. The overall radial extent of clusters in the LMC disk is more or less

similar for Age groups-1 and 2.

In the case of the Age group-3 (as shown in the second map from the right, top
panel), the density of clusters shifts dominantly towards the central and North-
East (NE) regions, whereas most of the clusters in the South are located within
~ 3 kpc, which is quite inward when compared to the Age group-2. We also
note that, in the bar region, the cluster density shifts from the West to the East
between the Age groups-2 and 3, such that the younger clusters are more in the
eastern part of the bar. The western arm-like pattern still persists to a reduced
extent. Further, in the Age group-4 (right-most map of the top panel), the South
of the LMC shows the least number of clusters. The highest cluster density is
found in the NE part, which started to appear in the Age group-3. In summary,
we trace the cluster density in the LMC shifting from various quadrants, such as

from the East to NW, then to NE, within the age range studied here. The bar of
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the LMC is clearly visible only in the Age groups-2 and 3 as a significant density

enhancement.

The middle panel of Figure 3.11 shows the radial distribution of cluster counts
in the four quadrants (local North, South, East, and West directions from left to
right respectively). We note a wave-like pattern in the cluster count profiles rather
than a monotonic decrease from the center to the outer regions. The peaks suggest
local density enhancements and are likely tracing the spiral arms in the LMC. The
profile shows double peaks in the South and East, whereas the North and West
show one prominent peak. In the northern quadrant, the outer density peak at ~
4 - 6 kpc grows in the Age group-2, moves inward in the Age group-3 (~ 4 kpc),
and further inward in the Age group-4 (~ 3kpc). We note a radial shrinkage of
clusters from ~ 8 kpc to ~ 5 kpc in the northern quadrant. In the case of the
southern quadrant, we note two peaks in the Age group-1, with a larger strength
for the outer one at ~ 6 kpc. In the Age group-2, the outer peak decreases and
shrinks in the Age group-3, whereas the inner peak grows significantly. In the Age
group-4, the outer peak disappears, and even the inner peak decreases. We notice
a large reduction in the outer clusters in the Age groups-3 and 4, with a total

shrinkage from ~ 7 kpc to ~ 3 kpc in the southern quadrant.

In the eastern quadrant, the outer peak at ~ 5 kpc grows from the Age group-1
to 2. There appears to be a gradual inward shifting of this peak from ~ 5 kpc
to ~ 2 kpc from the Age group-1 to 3. We notice a shrinkage of clusters from ~
7 kpc to ~ 4 kpc. In the case of the western quadrant, the single peak is found
to stay more or less at the same radial distance from the center. Also, we detect
only a marginal shrinkage (from ~ 6 kpc to ~ 4 kpc). This is in sharp contrast
to the rest of the quadrants. The processes responsible for the inward shifting of

younger clusters may be ineffective in this quadrant.

As the LMC is known to move in the NE direction, the KDE plots for the NE,
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FI1GURE 3.11: Spatio-temporal density and radial distribution of clusters in the
LMC. a) The 2D Gaussian KDE is shown for the clusters within the four age
groups (Age group-1, Age group-2, Age group-3, Age group-4 ). b) Radial cluster
count profile for the four age groups in the four spatial quadrants (local North,
South, East, and West) of the LMC plane. ¢) Radial cluster count profile for the
four age groups in the local North-East, North-West, South-East, South-West
directions of the LMC plane.
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NW, South-East (SE), and South-West (SW) quadrants are shown in the bottom
panel of 3.11c, to check the effect of the LMC’s movement in the MW’s halo. We
notice a wavy pattern in all four quadrants in all age groups, likely to represent the
spiral arms present in the LMC. The NE quadrant shows a peak at ~ 5 kpc in Age
group-1, which becomes prominent in the Age group-2. The peak stays more or
less the same for the Age groups-2 and 1, but progressively moves inward to at ~
3 kpc. The radial extends also shrinks from ~ 8 to ~ 6kpc (with a sharp decline
at ~ 4 kpc) between the Age groups-2 and 4 in the last 450 Myr. In the NW
quadrant, there is one single peak that more-or-less remains at the same radial
distance in all age groups. We also do not notice any significant radial shrinkage

of clusters in this quadrant, except from ~ 6 - 5 kpc in the last 100 Myr.

In the SE quadrant, the profiles of Age groups-1 and 2 are more or less similar,
with two peaks (an outer peak at ~ 5 - 6 kpc and an inner peak at ~ 2-3 kpc).
We notice a distinct increase in the number of clusters in the inner peak for the
Age group-3 (the peak at ~ 3 kpc), along with an almost disappearance of the
outer peak. In the Age group-4, the inner peak also shrinks and appears as a
broad profile up to ~ 4 kpc. The radial extend of this quadrant shrinks from ~
7 - 4 kpc, between the Age groups-2 and 4 in the last 450 Myr. In the case of
the SW quadrant, we notice that there is less number of clusters populated in this
quadrant with a wavy profile. The Age groups-1 and 2 appear similar with an
outer peak at ~ 6 kpc and an inner peak at ~ 4 kpc. In the Age group-3, the
outer peak reduces significantly to the extent that it almost disappears, whereas
the inner peak is found to move inward to a radial distance of ~ 3 kpc. The radial
extend shrinks from ~ 7 - 4 kpc between the Age groups-2 and 4 (last 450 Myr).
In the case of the Age group-4, the inner peak reduces in strength but stays at the
same radial distance. We note that except for the NW quadrant, all the other 3
quadrants have experienced considerable radial shrinkage, mostly in the last 450

Myr.
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FIGURE 3.12: Spatio-temporal density and radial distribution of clusters in the
SMC. a) The 2D Gaussian KDE is shown for the clusters within the four age
groups (Age group-1, Age group-2, Age group-3, Age group-4 ). b) Radial cluster
count profile for the four age groups in the four spatial quadrants (local North,
South, East, and West) in the sky plane of the SMC. ¢) Radial cluster count

profile for the four age groups in the local North-East, North-West, South-East,
South-West directions in the sky plane of the SMC.
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The cluster density is traced in the SMC sky plane as shown in Figure 3.12a. In
the Age group-1 (shown in the leftmost panel), the cluster density is largest in the
South and SW direction at ~ 2 kpc from the SMC center. In the Age group-2
(second panel from the left), the cluster density shifts towards the central and SW
regions at ~ 2 kpc. Also, a scatter of old clusters can be noticed at ~ 2 kpc to ~
5 kpc from the SMC center in the NE and SE regions in the Age groups-1 and 2.
The density of clusters further shifts to the NE direction along with an increase in
the central region, as evident from the Age group-3 (second panel from the right).
In the Age group-4 (right-most panel), we notice a significant density in the NE
region close to the center and a tail of clusters in the SE direction towards the
LMC, which is the wing. We found that the cluster density in the SMC shifted
from SW to NE and SE within the age groups studied here.

The radial cluster count profiles in the four quadrants of the SMC are traced in the
middle panel (local North, South, East, West) and lower panel (local NE, NW, SE,
SW) of Figure 3.12. In the northern quadrant, we notice a significant enhancement
in the Age group-3 (100 - 450 Myr), whereas the count profiles of other age groups
are more or less similar with less number of clusters. In the southern quadrant,
we see a distinct peak in the Age group-1 and 2 at ~ 2 kpc. This peak moves
towards the center within the Age group-3, followed by a reduction in the cluster
counts in the Age group-4. In the eastern quadrant, once again, we note a large
enhancement in the Age group-3 (100 - 450 Myr), which is in fact the largest
among all quadrants. This quadrant shows a wavy count profile with a similar
radial distribution of clusters in the Age groups-1, 2, and 4. The Age group-4
clusters show an extended distribution populating the outer SMC. In the western
quadrant, we note an increasing strength of the peak from the Age group-1 to 2,
such that the highest peak in the Age group-2 (450 Myr - 1.26 Gyr) is found in
this quadrant. The peak reduces progressively in the Age groups-3 and 4. Except
in the eastern quadrant, all other quadrants show shrinkage of CF during the age

groups considered here.
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The NE quadrant shows the biggest peak in the Age group-3 (100-450 Myr), with
similar profiles for the other age groups. The NW quadrant has the least number of
clusters in all age groups. The SE quadrant shows a growing inner peak through
the Age groups-1, 2, and 3. In the Age group-4, the entire profile changes to
produce a peak at ~ 5 kpc, populating the SMC wing and the extension to the
MB. We also note the presence of the Age group-2 clusters in the SMC wing region.
The SW quadrant shows the largest enhancement in the peak for the Age group-2
(450 Myr - 1.26 Gyr), which progressively reduces in the Age groups-3 and 4.

The NE quadrant has a significantly larger number of clusters than the NW across
all age groups, suggesting a very low CF in the NW over the last 3.5 Gyr. The
dominant peak in Age group-2 found in the South and SW quadrants suggests an
enhancement in CF during 450 Myr - 1.26 Gyr. The South and SW regions of the
SMC show an inward radial shrinkage of clusters from ~ 6 kpc to ~ 2 kpc in the
last 450 Myr. On the other hand, the dominant peaks in Age group-3 found in
the East and NE quadrants suggest an enhancement in CF during 100 - 450 Myr.
The East and SE regions show the peak of CF at ~ 5 kpc in Age group-4, which is
suggestive of the formation of the wing and the extension to the Magellanic Bridge

from the SMC in the last 100 Myr.

3.5 Discussion

In this study, we have considered clusters with one overlapping neighbor but ex-
cluded those with more than one overlapping neighbor in the LOS. Also, this study
could not consider poor clusters (particularly in crowded regions), as they have
scattered/ poor CMDs after the FSD. We could not characterize about 1000 clus-

ters due to the above reasons. As shown in Figure 3.5, these clusters are found
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to be located more in the central regions with much less number in the outer re-
gions. Many of them could also be just random density enhancements and not
real clusters, as indicated by the poor number of cluster members. For example,
N16, N18, and Choudhury et al. (2015) have found several such clusters. These
clusters are unlikely to significantly alter the overall results derived in this study,
particularly for the outer regions of the MCs. The central regions of both Clouds
have more such excluded clusters. We expect the real clusters to be not so large in
number and therefore may impact the CF statistics only to a small extent. Deeper
photometric data are needed to study these poor clusters to increase the number

of characterized clusters and to get a complete picture of CFH.

The data selection and the FSD algorithm are designed to effectively eliminate
the MW source contamination. To check for any leftover contamination, we cross-
matched the cleaned cluster sources from our study with the recent MC-MW
source membership probability catalog by Jiménez-Arranz et al. (2023a, hereafter
J23a) and Jiménez-Arranz et al. (2023b, hereafter J23b). The authors recommend
two probability cut-off (P.y) values for MW source contamination in the MCs
(in Section 2.3.3 of J23b). They suggest P., = 0.01 for completeness in the
LMC sample (that is, no LMC objects are missed at the price of an increased
MW contamination), and P, = 0.52 for the optimal sample with completeness
and purity. While the aim of J23b is to make a master catalog of LMC sources
with almost zero contamination of MW, our aim is to identify the star clusters
located in the central region of MCs as well as in the outskirts and estimate their
parameters to understand CFH. As we cannot afford to miss out on LMC stars, we
adopted the P, = 0.01 criteria to check the leftover MW source contamination.
The cross-match showed that only a very small fraction, ~ 1 - 2% of the final
members are MW contaminants and mostly co-located with the cluster sequence
in the CMD. We also re-estimated the cluster parameters for a sample of clusters
after removing them. The estimated parameters do not change as our optimized

parameter estimation technique is not affected by the removal of a very small
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number of sources.

We estimated the cluster parameters using an automated method, where the best
fits are identified based on the Xfc value and MCMC sampling, followed by a visual
inspection. The end product is the estimation of 4 parameters (age, extinction,
distance, and metallicity) and their errors for 1990 clusters. Among these, we
newly parameterized 960 clusters. The age estimation is robust within the ex-
pected range of the other three parameters that are constrained in the MCMC
sampling. We also note a satisfactory comparison of ages and reddening from this
study with those in the literature. In this section, we compare our cluster param-
eter estimates with the previous literature studies. Further, we discuss the results
presented in Section 3.4 and highlight a few interesting details on the cluster ages

and distribution in the MCs. These are discussed below.

3.5.1 Comparison of cluster parameters with the previous

estimations

The estimated age-reddening values were compared with two major studies (G10;
N16 and N18). We cross-matched 576 clusters from G10 and 585 clusters from N16
and N18. We used Spearman’s rank correlation coefficient, ps to compare the age
estimations (as in Figures 3.13a and 3.13b). We estimated a positive correlation
coefficient of p, = 0.69,0.52, suggesting that the age estimations of this study are
comparable for the common clusters. The reddening estimations were compared
with the above two studies, using histograms of reddening variations, AE (B —V),
as shown in Figures 3.13c and 3.13d with constant Ry values as mentioned in
subsection 3.4.1. The distribution of AE(B — V) is found to have a 1o width of
0.06 mag, with the peak near 0.05 mag with respect to G10. This difference is
statistically insignificant as it is of the order of the error in the current estimation.

The distribution of AE(B — V) is found to be ~ 0.0 mag with respect to N16 and
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F1GURE 3.13: The age-reddening estimates from our current study compared

with the literature (as mentioned in Section 3.5.1).

The top panels (a and

b) compare the age estimates from our study with Glatt et al. (2010), Nayak
et al. (2016) and Nayak et al. (2018) (reference catalogs) using Spearman’s rank
correlation coefficient (ps), in which we found positive correlations among the
log(t) estimates as shown in the scatter plots. The reddening variation (AE(B—
V)) from our study is also compared with the reference catalogs and shown in

the bottom panels (c and d).

N18. The age and reddening comparisons with G10, N16, and N18 are shown in

Figure 3.13. These suggest that the age-reddening values more or less match the

previous estimates. Hence the estimated parameters are similar to the previous

studies and are reliable for inferring the cluster properties of the MCs.



Chapter 3: Tracing the cluster formation history of the Magellanic Clouds 78

There are not many estimations of [M/H], unlike the estimations of [Fe/H]. R18
estimated an [M/H] of ~ 0.65 dex (Z ~ 0.0032) for the SMC stellar population
extending up to ~ 1 Gyr, which is very similar to our estimate. We also note that

the range in Z or [M/H] is similar in both studies for ages less than log(t) < 9.1.

3.5.2 Synchronized CF peaks and SFH of the MCs

To confirm the ages of synchronized CF episodes in the MCs, we generated nor-
malized age distributions for clusters in both MCs, as presented in Figure 3.14.
The age binning was set at § log(¢) = 0.10. The first and most prominent synchro-
nized peak, at approximately 1.48 Gyr (l; and s;), was observed in both Clouds.
Additionally, a second synchronized peak was identified at ~ 851 Myr (l3) in the
LMC and ~ 741 Myr (s3) in the SMC, with l; and s, showing only a small dif-
ference of ~ 110 Myr, well within the margin of error. This is the first time such
synchronized peaks in CF are found for the Clouds at 1.5 Gyr and 800 Myr. This
is possible due to the spatial coverage of Gaia data. Notably, a CF peak at ~ 149
million years (s3) was observed as a significant peak in the SMC, while no corre-
sponding peak was seen in the LMC. The wavy pattern in the profile for the SMC
is due to the smaller number of clusters available to estimate the age distribution.

A detailed comparison is provided below.

The first peak of synchronized CF is more or less in agreement with the peak of
SFH at 2 Gyr obtained by Rubele et al. (2012), in the LMC. This peak of CF
is likely to be due to the LMC-SMC interaction. The LMC’s ring-like clusters in
the outskirts are related to the possible LMC-SMC interaction (Choi et al. 2018)
with the ages spanning within the Age groups-1 and 2 in our classification. The
simulations by Salem et al. (2015) suggested that the outermost parts of the LMC
were affected by the ram pressure stripping at ~ 1 Gyr ago. However, we found a

global enhancement in CF in the MCs at ~ 800 Myr, so the ram-pressure stripping
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FiGURE 3.14: The ECF peaks obtained from the clusters we studied in the
MCs. The age histograms of the LMC and the SMC from Fig 3.10a and 3.10b
are normalized (ny/Nr) with their total number, Ny (N7 =1710 (LMC), 280
(SMC)) and overplotted for comparison. The correlated peaks of CF are marked
at ~ 1.48 Gyr (I; and s7), the other significant CF peaks in the LMC at ~ 851
Myr (I2), and in the SMC at ~ 741 Myr (s2), ~ 149 Myr (s3) are also marked.
The median error in log(t) is also shown.

is likely to have started after this peak. However the second synchronized CF peak
noticed in the LMC and the SMC is unlikely to be due to a common event, as no
such mutual events are found/ expected at this period. This may be the response
of the gaseous disk to the perturbation followed by a stochastic self-propagating
star formation (Gerola & Seiden 1978). The recent study by Mazzi et al. (2021)
also found two peaks in the star formation rate of the LMC, the first one between
1.6 - 4 Gyr and the second one between 0.63 - 1 Gyr. The two peaks of CF found

for the LMC in this study are also consistent with our estimations.

The third peak of CF (s3) in the SMC sets the upper limit of the recent interaction
at ~ 300 Myr and the lower limit at ~ 150 Myr, in agreement with previous
studies. A smaller peak of CF is noted in the SMC at ~ 400 Myr, which is also
noted in SFH by several authors. There are no significantly large peaks of CF in
the LMC in the last 600 Myr. We note a marginal enhancement in the cluster
numbers between 170 - 400 Myr (Figure 3.10a) in the LMC. The recent pericentric
passage of the SMC about the LMC was reported at ~ 150 Myr ago (Cullinane
et al. 2022), and it is similar to the peak we obtained in our study for the SMC.
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The CF of the SMC obtained in this study is likely to help constrain the recent
interaction history, whereas the LMC (in particular, the outer LMC) does not

show any significant impact in CF due to the recent interaction.

The comparison of our CF peak estimates with those of G10 for both the SMC and
LMC reveals a close alignment, with differences of ~ 100 Myr. Furthermore, the
CF peaks identified in studies conducted by N16 and N18 also show consistency
with our results. However, our study did not reproduce the younger CF peak of
125 MYr, which was previously reported in both the G10 and N16 studies. This
may be because of the missing clusters in the inner LMC, that are not considered
in this study due to crowding and insignificant number of cluster members after
the FSD. Also, any disparities in CF peak values could potentially be attributed
to changes in the metal fraction values used to estimate the ages of star clusters

in previous studies.

Recent study of SFH of the MCs by Massana et al. (2022) suggested that the
LMC-SMC had several synchronized star formations in the last ~ 3.5 Gyr. They
detected five star formation peaks in the SMC at ~ 3, ~ 2, ~ 1.1, ~ 0.45 Gyr ago,
and an ongoing one. These time scales are in more or less good agreement with
the ECF peaks at ~1.5 Gyr (in both the MCs), ~ 800 Myr (in both the MCs),
and ~ 149 (SMC) Myr that are found in this study.

3.5.3 Age-wise cluster density profiles and its implications

In our CF density profiles, the LMC exhibits a declining trend in star cluster
distribution, particularly in its southern and SW regions. The decrease of star
formation in the southern region for ages younger than 2 Gyr and recent active
SFH in the North was reported previously by Ruiz-Lara et al. (2020) and Indu &

Subramaniam (2011). These are in good agreement with the results obtained in



Chapter 3: Tracing the cluster formation history of the Magellanic Clouds 81

this study. The outside-in quenching of star formation in the northern part of the
LMC was found by Meschin et al. (2014), over a similar radial distance of 3.5 - 6.2
kpc, in the last 1 Gyr, which they conclude as due to either consumption of gas or
ram-pressure stripping. This is in excellent agreement with the radial shrinkage

found in this study.

The truncation of CF in the outer LMC is dominant for ages younger than Age
group-2 clusters, which is at ~ 500 Myr. The truncation could be due to a com-
bination of various effects, such as consumption of gas due to star formation, ram
pressure stripping, radial migration of the remnant gas due to loss of angular mo-
mentum and tidal stripping. We note that the most severe truncation is in the

southern LMC, whereas the motion of the LMC is in the NE direction.

The map of star formation rate in the LMC as shown in Figure 5 of Mazzi et al.
(2021) is in good agreement with the KDE maps presented in our study. The
spatial extent as well as the variation in star formation rates are well correlated
for the corresponding age groups. Their maps also show a significant decline in

the NE regions in the last 500 Myr, likely to be due to the ram-pressure effect.

It is curious to note that the western LMC is the least affected and hardly shows
any shrinkage. On the other hand, the extent of the disk in the oldest group is
much smaller in the West when compared to the other regions. We also note that
this study has comparable East-West coverage with respect to Ruiz-Lara et al.
(2020), whereas the North-South coverage is much larger. We note that the outer
LMC plays a major role in its global CF for ages older than 1 Gyr. In contrast, the
inner LMC plays a major role in deciphering the recent star formation, particularly
for ages < 500 Myr. Therefore, it is important to include the outer LMC while
estimating the global SFH of the LMC.

The motion of the LMC implies that any headwind from the MW’s circumgalactic
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medium would compress or impact the NE part of the LMC disk. In this quadrant,
HI profile truncates at ~ 6.2 kpc (Putman et al. 2003), in contrast to a much
extended stellar profile (van der Marel 2001), ruling out a tidal truncation of HI
(as tides would truncate both gas and stars, Salem et al. 2015). Therefore, this
truncation of HI in the NE quadrant is indeed evidence of ram-pressure stripping
(Salem et al. 2015). The shifting of younger stars to the North and NE was noticed
by Indu & Subramaniam (2011), and they suggested that the recent star formation
is impacted by the motion of the LMC in the MW'’s halo. The radial cluster counts
in the North and NE presented in this study (Figures 3.11b and 3.11c) are in good
agreement with the above. The radial shift of the CF peak in the last 450 Myr is

probably suggestive of the gas compression in the NE due to the LMC’s motion.

Several authors have reported spiral arms in the North of the LMC (de Vaucouleurs
& Freeman 1972a; Mackey et al. 2016), and the origin of spiral structure is associ-
ated with the interaction between the MCs (B12; Besla et al. 2016; Yozin & Bekki
2014). The LMC bar shows up as a density enhancement in the Age group-2, and
there are more clusters in the East of the bar in the Age group-3 compared to the
Age group-2. The SFH of the regions closer to the LMC bar region (South-East
Arm, North-West Arm, Blue Arm, North-West Void) are previously studied by
Harris & Zaritsky (2009).

We also note that the wavy pattern in the cluster count profile persists across the
age groups and in all the quadrants, suggesting of long-lasting spiral pattern. This
finding aligns well with the results from the field star analysis by Ruiz-Lara et al.
(2020), who reported indications of long-lasting stability in the spiral arms of the
LMC, tracing their formation back to over 2 Gyr ago. However, we add that the
location of the spiral arms is found to move inwards for younger ages over the
last 1 Gyr. The cluster count profiles have demonstrated their ability to trace the

probable spiral arms as a function of age in the LMC.
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In the case of the SMC, the CF peak shifted from the SW for Age group-1 to NE
for Age group-4. We note that the SMC has far less number of clusters and the
results may not be as strong as the LMC due to poor statistics. The study by
J16 with the age map of classical cepheids has found the NE part of the SMC to
be younger compared to the SW, which is in agreement with our study. Also, the
density map (Figure 3.12a) for the Age group-3 for SMC, the features identified
by Y19 (in their Figure 7 for the SMC) can be noticed, such as the central bar,
the NE and SW extensions (except the wing, that is seen only in the Age group-
4). Our study traces the KDE of younger clusters extending from SW to NE for
ages younger than 1 Gyr, and it is similar to the KDE map traced by Sun et al.
(2018). The CF in the SMC is dominated in the South and West during 450 Myr
- 3.5 Gyr, and in the North and East during the last 450 Myr. Overall, a general
shrinkage of CF is noticed in the SMC. The SMC wing as well as the extension to
the Magellanic Bridge are traced by clusters younger than 100 Myr. If the wing
and Magellanic Bridge are formed during the last interaction at 150 Myr, then
these clusters might be formed in-situ from the HI gas pulled out of the SMC

during the last interaction.

The catalog of 1990 clusters containing the cluster name, coordinates, and the
estimated parameters (age, extinction, metallicity, and DM) along with the 16"
and 84" percentiles (lower and upper uncertainty bounds) is made available as an

online catalog (Online link: catalog in MRT Format ).

3.6 Summary

We summarize the results of this study below:

1. We characterized 1990 clusters (1710 in the LMC and 280 in the SMC)


https://oup.silverchair-cdn.com/oup/backfile/Content_public/Journal/mnras/528/2/10.1093_mnras_stae096/1/stae096_supplemental_file.zip?Expires=1745743907&Signature=2i43UriF31rDmlmNHcoZ5l6VVV6rOgmOWFXxrlGJNxJDJjfg89ocNiNmv7Y-HSZ3aTfYtoYKXc55TjpoNhNyj67hKqdQkea18~p55OdS2NxFZ7AmXnGXZQ51np2~02NCdHwurshwISOfBPewhImYOe8UTagh6bnD6Np1iIjDYTHJOoiS5afpHCooG~W9Rpb7ZxDeJ7fWaPXBUtn5~tEX37nILbdEXAWg5-gwfVtkvAx7WbLCeR2aeNde~oDWFLbVZ4bqFybz53w1vZwNLL6FplweUGYv1pInJOo24-BAsfUQwCHvOp3PESgrSEj4yB4639hV7~nsNDWi~rlNOKAlCA__&Key-Pair-Id=APKAIE5G5CRDK6RD3PGA
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using the Gaia DR3 data, where 847 clusters in the LMC and 113 clusters in
the SMC are parameterized for the first time (when compared to 7 existing
catalogs). The age-extinction-metallicity-DM parameters estimated here are
based on an automated fitting of the CMDs after the removal of field stars,
which act as prior values. We implemented an MCMC sampling technique
to derive the final parameters along with the errors. The MCMC sampling
mainly explores the parameter space in Ag, DM, and Z to find the range

under which our age estimates have confidence.

2. The LMC has several clusters that overlap in the LOS. We categorized clus-
ters into isolated, singly overlapping and triple overlapping, etc. This study
considers a majority of single clusters (~ 83%) as well as those with only
one overlapping cluster in the LOS. We note that more than 2 overlapping

clusters are mostly in the inner regions of the MCs.

3. This study could not characterize 1082 clusters that presented either a scat-
tered CMD after FSD or a CMD with less than 8 members after FSD. These
clusters are located mostly in the inner regions of the MCs. We note that
many of them are likely to be very poor clusters or random density enhance-
ments. The average number of member stars retained after F'SD is 40, for

the 1990 clusters that are characterized.

4. The mean extinction Ag is estimated to be 0.4+0.005 mag and 0.38+0.006
mag for the LMC and the SMC, respectively. We note that the LMC sample

has more outer clusters with relatively less extinction.

5. We estimated a mean metal fraction, p, = 0.0060 & 0.00002 for the clusters
in the LMC, and p, = 0.0027 £ 0.00002 for the clusters in the SMC. The
corresponding mean |[M/H| values are estimated as —0.40 = 0.001 dex and
—0.76 £ 0.003 dex for the LMC and the SMC, respectively. We recommend
that the choice of Z value for isochrones to fit the CMDs of clusters with age
< 1-2 Gyris 0.004 to 0.008 for the LMC and 0.0016 to 0.004 for the SMC.
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6.

10.

11.

For the first time, this study estimated two synchronized peaks in CF in the
MCs. The first one is at ~ 1.5 Gyr, likely to be due to their first mutual
interaction. The second synchronized CF peak at ~ 740-850 Myr is likely to
be of internal origin in the galaxies, as there is no known interaction during

this period.

The cluster count profiles in all the quadrants of the LMC show a wavy
pattern with peaks, instead of a monotonic decrease from the center to the
outer regions over the age range explored in this study (up to 3.5 Gyr). This
is suggestive of the presence of spiral arms as noted by several studies in the
literature. In this study, we trace an inward shifting of these peaks (possible

spiral arms) to the inner LMC for younger ages.

The cluster count profiles show that there is a significant radial shrinkage in
the cluster distribution in the LMC in the last 450 Myr. The KDE maps as
well as the cluster count profiles provide evidence for ram-pressure stripping

in the NE quadrant due to the movement of the LMC in the MW’s halo.

Radial shrinkage of the LMC disk and truncation of outer CF is noted,
typically from outer at ~ 8 kpc to inner at ~ 4 kpc. We find a significant
shrinkage in CF in the South, NE, and SE in the last 450 Myr. The West

and NW quadrants, on the other hand, show no significant shrinkage.

We note a severe truncation of CF in the southern LMC in the last 450
Myr, likely to be due to the combined effect of multiple factors, such as
consumption of gas due to star formation, ram pressure stripping, radial
migration of the remnant gas due to loss of angular momentum and tidal

stripping, etc.

The recent interaction at ~ 150 Myr has impacted the SMC with a CF peak,
whereas no such peak is found in the LMC. We note an enhanced CF in the
central, NE of the SMC and the northern LMC during this period.
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12.

13.

The CF in the SMC appears to be enhanced in the South and West during
450 Myr - 3.5 Gyr, whereas the CF gets enhanced in the North and East in
the last 450 Myr. The shrinkage of CF in the SMC is noted from ~ 6 kpc to
~ 3 kpc in the NE, NW, and SW of the SMC, mostly in the last 450 Myr.

This study therefore brings out a very detailed view of the CF in the LMC
and SMC in the last 3.5 Gyr. The outer LMC clusters have provided a
unique mapping of the CFH. This study provides some important insight
into the CF episodes and their link with the LMC-SMC-MW interactions.



Chapter 4

Disk response of the LMC to the
recent LMC-SMC collision

4.1 Introduction

There have been several studies aimed at the kinematic modeling of the LMC
(V02; W20; G21) resulting in an estimation of a range in structural parameters,
as the modeled/ estimated parameters are known to vary with respect to the age
and nature of the stellar population traced (W20). Even though the LMC is known
to host a rotation-supported disk, the kinematic parameters of the LMC are also
known to vary with respect to the radial coverage of the study as well (N22). The
stellar motion in the outskirts of the SMC indicates a probable direct collision
between the SMC and the LMC at ~ 100 to 250 Myr ago (Z18). Modeling the
internal kinematics of the LMC is therefore necessary to reveal the response of its

disk to the direct collision with the SMC.

87
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In Chapter 3, we detailed the parameterization of 1710 star clusters in the LMC,
which we performed after the field stars were decontaminated from the cluster
regions. The PM of the cluster estimated using the median PM value of the
members therefore presents a golden data set to explore the LMC disk kinematics.
As the ages of these clusters are already estimated, the data set will allow us to
explore the dependency of kinematic properties on the age of the cluster. Our
previous study also identified a nearby field region for all the 1710 clusters, and
this population can be used as a control/ comparison population. This study

therefore explores the LMC disk kinematics using these unique data sets.

This study aimed to model the LMC disk and estimate the kinematic parameters
using a robust MCMC method, to explore the model dependency on various factors
such as age, and to check how the modeling depends on the spatial coverage of the
population as well as the richness of clusters. The kinematic parameters of the
LMC disk are derived for the first time using star clusters in this study. We also
quantify the residual PM after fitting the model and trace the kinematic outliers

among clusters.

The chapter is arranged as follows. In Section 4.2, we describe the data sets used
for our modeling. In Section 4.3, we present the model of the LMC along with
the assumptions underlying our analysis. In Section 4.4, we present the estimated
kinematic parameters of our data sets, followed by the estimation of the residual
PM. The discussions based on our results are presented in Section 4.5, followed
by Section 4.6, which summarizes our work. The results presented in this chapter

are available in Dhanush et al. (2024b).
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4.2 Data

The initial selection of data sets includes the 1710 cluster regions and nearby field
regions from the Gaia DR3 data. First, we calculated the median of the PM and
its standard error for stars within each cluster and their associated field region in
both the RA and DEC directions. Then, we applied a PM cutoff of < (median
PM+30) based on the PM distribution of field regions. We used it for clusters
and field regions both to eliminate a few outliers in the galaxy that show relatively
large PM. We retained 1705 clusters after this selection. The primary modeling
was performed using the clusters and their associated field regions following this
selection process. We further performed kinematic modeling with data sets based
on the control population, cluster richness, cluster age, and spatial coverage of the

LMC. The details of these data sets are enumerated below.

1. The control population for the model is obtained from the CMDs of field
regions associated with each cluster. The choice of control population was
made to understand the kinematic nature of the cluster and field population.
We chose the young MS stars within the window of G < 19.5 mag and (G gp-
Ggrp) < 0.5, then RC stars based on the selection criteria from CMD of
the LMC sources as mentioned in S22. Several field regions associated with
clusters do not have significant young MS stars in the CMD. We put a cut-off
of young MS stars >5 to further select the samples for the control population.
We are left with 1484 candidates in the four categories for modeling, the
clusters, nearby field regions, young MS stars, and RC stars. Out of this
final selection, we note that the ~ 75% of the field regions considered have

young MS stars and RC stars with a strength of 20 and 50 stars, respectively.

2. We note that the average number of members in each cluster in our study is
~ 40. To investigate potential biases in the data sets, we conducted modeling

of groups based on the cluster members’ strength across a range from 10 to
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60 members, with intervals of 10. The field regions associated with these
richness groups were also modeled to compare with the nature of clusters.
We created 12 models for the cluster groups and field groups based on cluster

richness.

3. To understand the age dependency of the kinematic parameters, we per-
formed modeling with respect to clusters spanning from older to younger
age groups. We used age groups in ranges of log(t), Age group-1: [> 9.10, <
9.55], Age group-2: [> 8.65, < 9.10], Age group-3: [> 8.0, < 8.65], and Age
group-4: [> 6.55,< 8.0] (as mentioned in Chapter 3, section 3.4.2). The
associated nearby field regions were also modeled with respect to each age
group. It is to be noted that the age-wise grouping is only valid for the clus-
ters, and the associated field regions are age-wise heterogeneous but analyzed

for comparison.

4. We investigated the variations in kinematic parameters concerning the spa-
tial extent of the LMC. Employing circular regions, we analyzed clusters and
associated field regions, ranging from 2° to 7° in increments of 0.5° from the
kinematic center on the sky plane. We used the kinematic center that we
calculated from the primary model encompassing clusters and field stars for

the radially separated groups.

Table 4.1 summarizes the data sets that are modeled. The subsequent section

covers the implementation of the kinematic model using the above data sets.

4.3 Kinematic model of the LMC

We performed the kinematic disk model of the LMC corresponding to the observed

median PM for the data sets referenced in Section 4.2. We followed the analytical
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TABLE 4.1: The data sets used in the kinematic model of the LMC are sum-
marized here. The length (Lg) and the number (Ny) of data sets are provided
as well. Clusters and associated field regions are labeled based on the cluster
richness in the 3" row, such as Cjg representing clusters with 10 or more stars,
and so on. A total of 48 data sets are used in our study to perform the kinematic

modeling.
Data set Ly Ny
Clusters, Nearby field regions 1705 2

(Primary sample)

Clusters, Nearby field regions, 1484 4
Young MS stars, RC stars

(Control sample)

Cio,...60, F10,..60 1581, 973, 643, 12
(groups based on cluster richness) 455, 334, 257
Cluster age groups, 316, 579, 551, 260 8

Nearby field regions

Clusters, Nearby field regions 372, 560, 551, 768, 22
(groups based on spatial coverage, 958, 1104, 1263, 1401,

radii: 2° to 7°, step size: 0.5°) 1604, 1667, 1688

framework detailed in section 2.3.2 for modeling the kinematics of the LMC. The
parameters od for our model include the inclination of the LMC disk (i), the
position angle of the line of nodes measured from West (), dynamic centers (o,
do), the amplitude of the tangential velocity of the LMC’s center of mass (v;),
the tangential angle made by v; (6;), scale radius (Ry), optimization factor (),
and the amplitude of the rotational velocity (vp). Our modeling process is aimed

at determining the most fitting values for these nine kinematic parameters. It’s
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important to note that our modeling was confined to the LMC’s sky plane due to

the absence of LOS velocity components in our data sets.

We assumed that there is no precession and nutation of the LMC disk within the
spatial coverage of the galaxy (less than 7°) considered in this study (V02; N22).
We assumed the RA and DEC of the field regions associated with each cluster
to have the same spatial coordinates as the cluster centers. Also, we assumed a
fixed distance of 49.59 kpc (P20) to the LMC center, Dy and a LOS velocity of
the COM, vy, as 262.2 km s=! (V02). The following subsection deals with the
method and estimation of the best-fitting kinematic parameters for the data sets

summarized in Table 4.1.

4.3.1 Modeling procedure

We found the best-fitting 48 models and the associated kinematic parameters for
48 data sets referenced in Table 4.1. We performed the fitting of the parameters
using the MCMC serial stretch move sampling algorithm as explained in section
2.2.3. A similar MCMC approach is used in the studies by W20, C22 and N22. The
observed PM for the sources in data sets are along the RA and DEC directions, but
the model formulation is for the PM in the West and North directions. For that,
we took the negative of the source median PM in the RA direction. Now the model
PM (Mw.n, Mn,,) and the observed PM (My,, My,) can be used to construct
the log-likelihood function (In £), which can be used with the associated West and

North direction standard errors of observed data sets (ow,,0n,) to sample the
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best fitting parameter with MCMC. The equation for In £ is given by,

2

n 2
Inf=-05 Z In (2%0124,7071») + (MW’O’;_ Hivmsi)
=1 W,o0,i

2
+1In (2m0%,,) + (01 = Hvims) (4.1)

2
UN,o,i

The priors for the model were uniformly chosen, except for the rotation velocity

amplitude, vy, for which we used a Gaussian prior of 76 km s~!

(van der Marel
& Kallivayalil 2013; G21; N22). When working with modeling datasets based on
cluster age groups, we note that the spatial distribution of clusters in the sky
plane is not homogeneous. This results in the non-convergence of 7 in its posterior
sampling distributions while performing the MCMC with a uniform prior. To avoid
this, we employed Gaussian weighting on n specifically for these age-based datasets,

using the corresponding value of the parameter estimated from the primary model

encompassing all cluster and field regions.

We executed 2000 steps of MCMC iteration involving 200 walkers evolving sequen-
tially at each step. From the sampled posterior values for the nine parameters,
we focused on the final 50%, calculating their median alongside the 16" and 84"
percentile errors for estimation. In the following section, we present the compre-

hensive results obtained from the above modeling procedures.

4.4 Results

This is the first 2D kinematic model of the LMC employing clusters and neighbor-
ing field regions with Gaia DR3 data. The data coverage of the LMC considered
in this study is within ~ 7° from the LMC center. The primary modeling is per-

formed with 1705 clusters and nearby field regions, estimating nine best-fitting
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FIGURE 4.1: The corner plot representing the sampled posterior distribution
of nine kinematic parameters for the primary cluster data set is shown here.
The vertical red lines represent the median values, and the black dashed lines
represent the 16th and 84th percentiles.

model parameters defining the kinematic properties of the LMC. Figures 4.1 and
4.2 show the sampled posterior distribution of the parameters for clusters and
nearby field regions, respectively. We also performed the parameter estimation for

the rest of the data sets mentioned in Table 4.1.

In the following subsections, we provide the estimated kinematic parameters ob-

tained for all the modeled data sets. Additionally, we present the residual PM
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vertical blue lines represent the median values, and the black dashed lines rep-
resent the 16th and 84th percentiles.

derived from comparing the model and observed data.
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TABLE 4.2: The kinematic best-fitting parameters obtained for the LMC from
the primary model of clusters and nearby field regions are tabulated below.

Data i (€] o 0o Uy 0, Ry Ui Vo

(deg) (deg) (deg) (deg)  (kms™')  (deg)  (kpe) (km s™)

Clusters 31.39%07 122.22+1% 81.69%012 -69.5970% 444.5179% 167.89707 1.58%11 1.82%01¢ 83.971%,

—0.74 —1.51 —0.12 —0.03 —0.51 —0.21 —0.11 —0.15

Nearby field 30.817)% 128.02+7 80.5770r -69.34%00 442.7+03% 169.4670 15 2.437001 2.36707; 84.157 )4

—0.4 —0.81 —0.07 —0.02 —0.34 —0.13 —0.04 —1.09

4.4.1 Cluster and Field kinematics

Table 4.2 provides the estimated kinematic parameters for the primary model
involving clusters and field stars. The position angle of the line of nodes is con-
ventionally measured from the North of the galaxy, whereas the modeling we per-
formed involved measuring from the West. Therefore, we define the position angle
of the line of nodes measured from North (PA) as ©, which is (#-90°) throughout
the sections. The COM PM values in the West and the North directions (pw,com
and fn.com) can be obtained using the estimated tangential velocity vector esti-
mated in our models (using v; and #; and Equation 10 in V02). The orthographic
projections of the sky coordinate and PM vectors are performed using equations
1, 2, and 3, as mentioned in G21. Figure 4.3 shows the bulk motion and rotation
of the LMC obtained with clusters and field by subtracting the COM PM values
estimated from the model. Below we compare the notable kinematic properties of

clusters and field regions obtained from the modeling.

® [ com and [iy com Were estimated as 1.84940.003 mas yr~! and 0.397+0.007
mas yr~! for the clusters. Similarly, for the field regions, the values are
1.851 £ 0.002 mas yr—* and 0.344 4 0.004 mas yr—!. These values suggest no

significant difference between the observed COM PM between cluster and

field.
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e We note an offset of 2848 arcmin between the dynamic centers (o, dg) of

the cluster and field.

o Estimated © values of 122°.227# for clusters and 128°.02*%7 for field regions
point to an offset of 5°.84+1°.7 between them, while the inclination, ¢, remains

almost similar.

e The modeled rotational parameters, Ry and 7y appear to be larger for field

regions compared to clusters, while the vy remains almost similar.

Two major notable differences in the kinematic properties obtained are, (1) for the
value of Ry, where clusters have a relatively low value when compared to the field
population, and (2) a significant offset in the dynamic centers of cluster and field
population. In the next sub-section, we look into the control population we used in

our model to understand the kinematic nature of the cluster and field population.

4.4.2 Comparison with control population

Table 4.3 provides the estimated kinematic parameters for the control population
as mentioned in Section 4.2. Below we compare the cluster and field with the

young MS stars and RC stars to understand their kinematic nature.

® [iw.com and [incom appear to be similar in all the data sets of the control

population without any significant difference.

e The value of aq for the field and RC population are the same within errors,
whereas the value of dp shows a difference. The «g for clusters shows a
significant offset in comparison to other populations. In general, the younger

population tends to show a southern and eastward dynamic center.
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TABLE 4.3: The kinematic best-fitting parameters obtained for the LMC based
on the control sample (clusters, field population, young MS stars, RC stars) are
tabulated below.

Data 1 (S o do R 0, Ry n v

(deg) (deg) (deg) (deg)  (kms™')  (deg)  (kpe) (km s™)

Clusters 31.1179% 120.2771% 81.71701% -69.6700: 445.01%5% 167.86%02 1.63%01 1.88%077 83.95%%

—0.81 1.64 —0.13 —0.03 —0.59 —0.22 —0.11 —0.15

Nearby field 30.83%04 127.7+0%1 80.5910% _60.35002 442031047 169 431014 245100 2 35+014 g4 5612l

—0.41 —0.08 —0.02 —0.14 —0.04 —0.13 —1.16

Young MS ~ 33.2610% 115.45+0% 80.99+0% -69.6410% 446.6504 169.5+013 1.20+0%8 1501 g0 g2+Las

—0.99 —0.08 —0.02 —0.42 —0.14 —0.09 —1.18

Red Clump  31.1704 135.84+091 80.68%011 -69.21%0% 441.6704 169.01702, 2.9900 324+02 g] 39+121

—0.44 —0.89 —0.11 —0.03 —0.46 —0.24

e LEstimated values of © = 115°.45%% and 7 — 33°.26%)2 for the young MS
population appear distinct from other data sets in the control population.

RC population has the largest value of © (135°.84).

e We note a significant shift in Ry, |ARy| ~ 1.7 kpc between young MS and
RC population. A corresponding change of 7 is observed as well. We also
estimate a larger value for vy = 90.9271% km s™! for the young MS population

in comparison with the other data sets.

As observed in the previous comparison (subsection 4.4.1), the value of © appears
to be changing across the control population. Notably, the clusters and young
MS population show a relatively small value in comparison to the field and RC
population. Specifically, the Ry for the cluster and young MS population falls
within the range of 2 kpc, while the field and RC population have values exceeding
2 kpc.

The model parameters estimated for the cluster and the control samples are used
to obtain the values of rotational velocity (V,,) of the LMC. Figure 4.4 shows
the spatial distribution of V,,, among the clusters, field stars, Young stars, and

RC population. Though the overall appearance of the plots is similar, we note



Chapter 4: Disk response of the LMC to the recent LMC-SMC' collision 100
8 8
6 6 s
4 4 , ; K
W 100
.I.'.
2 2 s S o
g g i 9?""&" ",ft.
S o 2o : a4 I
- - CHEE
-2 -2
- 80
—4 —4
-6 -6
-8 -8 _
8 6 4 2 0 -2 -4 -6 -8 8 6 4 2 0 -2 -4 -6 -8 Tm
X (Deg) X (Deg) 60 €
(a) Clusters : Vyo (km s71) (b) Nearby field : V,o¢ (km s1) %
5
8 8
6 N b 6
g e s
4 g ,’Y"-‘.‘ ke ; 4 i 40
2 > o~y . _ 2 Y
e % RN ARE £
8o ; :,;é?\'-{“-’«. S o
> u,f‘\ o4 5% >
_ ¢ s o _
2 : .: 2 20
., >

X (Deg)
(c) Young MS stars : V o (km s71)

6

4 2 0 -2 -4 -6 -8
X (Deg)

(d) RC stars : Vo (km s71)

FIGURE 4.4: Spatial distribution of the rotational velocity (V,o) of the LMC
for the clusters and the three control populations are depicted here.

that clusters (panel a) and the young MS stars (panel ¢) appear to have similar

spatial distributions of V,.,;, whereas the field (panel b) and the RC stars (panel

d) appear to have similar V,,; distribution. We also note that the elongated bar

feature is more prominent in the V., maps of clusters and young MS stars.

This suggests that the kinematic model of the LMC depends on the age of the

population. In the subsequent subsection, we look into the kinematic model of

the LMC with data sets of different ages, using the cluster age groups and nearby

field regions as mentioned in Section 4.2.
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TABLE 4.4: The kinematic best-fitting parameters obtained for the LMC based
on the cluster age groups and nearby field regions are tabulated below. As
mentioned in Section 4.2, the associated field population for each cluster age
group is age-wise heterogeneous.

Data

i

(deg)

)

(deg)

Qo

(deg)

do

(deg)

Ut

(km s71)

O

(deg)

Ry

(kpc)

Vo

(km s71)

31.56+12

31.11+0.78

—0.79

145.254&.93

—3.01

137.44+167

80.84+(J.158

—0.38

80.681018

_69 19+0.l3

—0.14

-69.19700

440,57+

439.831070

169.02+U.63

—0.63

1691403

3_14+0A18

—0.22

2.841008

561717

|~ +0.97
0.44* 4

78.63+l.4

—-1.33

77.21+112

Fag—2

28.3311%

30.79+U.72

—0.72

133.87+331

130.17+l.(i1

—1.63

81.64702

80.7+0.15

—0.15

-69.6+007

—0.07

~69.25+0-04

—0.04

445.16+117

442.59+().62

—0.63

168.04+010

169.18+U.27

-0.27

2.17°0%,

2_52+0A07

—0.08

2.52104

—0.36

2.87+U.29

—0.25

80.63%22

1.51

81.03+1..‘5

—1.28

Cag-s3

Fag-s3

35.36%17

1.31

29.8907

111.11+2%

—2.04

123.5%4

—1.46

81 .59+0.21

—0.21

80.36012

+0.05
-69.6" 00

-69.341008

445.24:0.9

0.9

44301703

168.31 40

169.84+02

1'34+0,17

—0.16

2.28t0.06

0.07

2‘06+li.34

—0.27

2‘344»0,18

—0.16

81.31+171

1.49

81.88+1 47

Cag-4

FAG—4

33347150

30.38+100

118.3972%

125544173

81 .29+0.26

—0.26

80.6+02

-69.68+0

-69.57+0%

—0.06

4444415

445.6"17

168.33+018

169.5°0%

—0.36

19801

2.5401

—0.11

360705

3.1+0.4

—0.35

79.671

—1.56

81.96+1%

4.4.3 Age dependent kinematics of the LMC

The age-dependent variation of the kinematic parameters of the LMC was es-

timated using the data sets mentioned in Section 4.2. Table 4.4 provides the

estimated kinematic parameters for the cluster and nearby field data sets based

on the cluster age groups. Below, we compare their kinematic properties.

e As noted in the previous subsections, the COM PM shows minimal varia-

tions across different age groups. Even slight variations in the parameter v;

estimated as in Table 4.4 for different age groups do not result in substantial

shifts in ptw com and fin com.-

e The clusters ranging in age from ~ 100 Myr to 1.25 Gyr show a small offset

in the (v, do) to the South-East with respect to the older clusters, as evident
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from Cyg_2 and Cye_3. Meanwhile, the nearby field population in these age

groups shows variation only in the South.

e O attains its minimum value of 111°.1172% for the Cag_3, with field also

showing a similar trend. Notably, the i (35°.36"}2) for C4¢_3 is the largest
when compared to other age groups. In the case of the field regions, we do

not detect any significant shift in ¢, but a smaller shift in © is noted.

e In the cluster data sets, the minimum value of Ry is estimated to be 1.34(

kpc for the Cag_3, while its maximum value occurs at 3.1472 kpc for the
Cag_1. Similarly, in the field data sets, there is a comparable pattern with
the minimum and maximum values of 2.28701% kpc and 2.84 "¢ kpc for F 4¢3

and F4q_1, respectively. 1 also shows a similar trend in the age-based data

sets.

e The values of vy remain relatively consistent across all datasets, and any

observed changes are not significant, as they are within the margin of errors.

As noted in the above comparison, there is a noticeable deviation of kinematic
parameters for the cluster age groups, in contrast to the datasets of the field region
associated with each age group. The comparison presented in this section has
shown that the dependence of kinematic parameters on the age of the population
is indeed present, and the variations are statistically significant. In the following
subsections, we further investigate the dependence of estimated parameters on the

cluster richness as mentioned in Section 4.2.

4.4.4 Influence of cluster richness on the kinematic model

Table 4.5 shows the estimated kinematic parameters for the data sets based on

cluster richness, as outlined in Section 4.2. The cluster data sets and the nearby
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TABLE 4.5: The kinematic best-fitting parameters obtained for the LMC based
on the cluster richness and their nearby field regions are tabulated below.

Data i (C) o do g 0; Ry n Vo

(deg) (deg) (deg) (deg)  (kms™')  (deg)  (kpc) (km s71)

Cip  3L78%7 122.19+145 8174013 69,6100 444 87+0% 167.87+02 1.59+011 1854017 8399+

—1.52 —0.13 —0.03 —0.54 —0.22 —0.11 —0.15

Fio  30.78%04 127.85082 80.50%007 _60 35002 449 82+035 ]G0 434014 2 41+001 D 34+011 84 ]5+17

—0.79 —0.08 0.02 —0.35 0.14 —0.04 —0.13

Cyo 3176708 119.48%17 81.85+014 60,6200 444 81103 167.50102 1.47+012 1 .8]1+015 82 g9+l

—1.73 —0.14 —0.03 —0.61 —0.12 —0.16 —1.33

Fao  30.18704 127.05+0%% 80.5970% _69.34+002 442 55+04 16943016 2 4]+00 9 554018 g9 9oiL1s

—0.97 —0.09 —0.02 0.16 —0.05 —0.16 115

Cso  31.62709 119.72+10 82067014 -69.63:0% 445.060% 167.23102 1.3101 1.69+01 82 59+1%

—1.94 —0.14 —0.04 —0.24 —0.13 —0.16 —1.39

F30 29864:822 127.06+1.13 80724:8} _69.33+0.03 442.4+0.4ﬁ 169.19+0.19 2.42+0.05 2.58+0.15) 81-9+l.27

—1.13 —0.03 —0.46 —0.18 —0.05 —0.18 —1.24

040 31044:}8; 118.5+2.09 82.2+0.16 -69.61+0'04 445074:8;6 166.97+0'28 1.34+o.1/1 1.68+0'19 82.O4+1'47

—2.12 —0.17 —0.04 —0.28 —0.15 —0.17 —1.42

Fyo  28.817%0% 126.27+3 80.82*01 -69.33%00% 442.28%07  169.04%2 2.35700¢ 2.52%02 80.96*)%

—1.37 —0.11 —0.03 —0.06 —0.19 —1.26

Cso 3105711 116.34°22 8236017 -69.65'00 4455807 166.76*02 1.15017 1.59+01 8] 20+132

—0.04 —0.74 —0.29 —0.17 —1.47

Fso  28.9470% 126.19°13, 8106701 -60.370% 442.56°0% 168.667021 2.18700 2.370% 80.2571%

—0.72 —1.53 —0.12 —0.03 —0.53 —0.2 —0.07 —0.18 —1.31

Coo  29.75715 116.94726 8251015 _69.69+00% 44505107 166.49+020 (.95+016 1 43+019 80 (6+1%

—0.17 —0.04 —0.75 —0.15 —0.16 —1.58

Feo  28.13%077 127.28+7% 81.34%012 -69.42+00% 44291038 168.167022 2.077008 2.127912 80.47* 4

—1.77 —0.12 —0.04 —0.56 —0.22 —0.08 —0.17 —1.46

field regions are modeled based on cluster richness, which helped in checking for

any kinematic changes in the model based on poor and rich clusters.

Figure 4.5 shows the variation of the kinematic parameters corresponding to differ-
ent cluster and field groups based on cluster richness. We note an offset of dynamic
centers from poor to rich clusters in the increasing RA directions for both clusters
and field populations. Meanwhile, the shift of COM PM for poor to rich clus-
ters is seen increasing in North and West directions. Similarly, estimates for @,
©, Ry, and vy show a decrease from C/F10 to C/F60 groups (as seen in Table
4.5). However, a notable deviation becomes apparent in the kinematic parameters

when considering entire cluster groups compared to field groups. This once again
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FIGURE 4.5: The variation of kinematic parameters based on cluster richness is
shown here. Estimated parameters for cluster groups (Cig to Cgo) and nearby
field groups (F1g to Fgp) are shown in red and blue colors from Panel (a) to (f).
(a) Variation in («p, dp); (b) Variation in i; (¢) Variation in ©; (d) Variation in
(W,com» BN,com); (€) Variation in Ry; (f) Variation in vy.

indicates that the kinematic model for clusters and the field population indeed
manifests distinct kinematic properties. We also note that the cluster richness
groups do not have similar spatial coverage. Overall, we do detect variation in the
COM PM, dynamic center, ¢, and Ry, which may partially be due to the spatial

coverage, and the variation in © is statistically insignificant.

4.4.5 Impact of the LMC’s spatial coverage on kinematic

properties

Table 4.6 shows the estimated kinematic parameters for the data sets based on

the spatial coverage of the LMC. The circular regions of radii increase from 2° to
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FIGURE 4.6: The variation of kinematic parameters based on the spatial cov-
erage of the LMC is shown here. Estimated parameters for different spatial
coverage from 2° to 7° with a step size of 0.5° from the center (based on the
primary model) of the LMC are shown here. The corresponding cluster data
sets (Cy—2 to C,—7) and nearby field data sets (F,—2 to F,—7)are shown in red
and blue colors from Panel (a) to (f). (a) Variation in («, dp); (b) Variation in
i; (c) Variation in ©; (d) Variation in (ttw,com, UN,com); (€) Variation in Ro; (f)
Variation in vg.

7° with a step size of 0.5° from the kinematic center (from the primary model, see

Table 4.2) of the LMC were used to perform the modeling.

Figure 4.6 shows the radial variation of the kinematic parameters in the case of
clusters and nearby field regions. Within the radii considered in this study, there
is a notable offset in the amplitude of PM, of the order of ~ 0.06 mas yr—! in
(Uw.com, Mn.com) between the inner and outer cluster/field regions. Similarly, we
note a positional offset of ~ 0.4° for clusters and ~ 0.6° for the field between the
estimated values of oy and dy. The value of ¢ steeply decreases from the inner

to outer radii, from ~ 50° to ~ 32° in the case of clusters, and ~ 43° to ~ 31°

in the case of field population. Meanwhile, the value of © increases from inner
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TABLE 4.6: The kinematic best-fitting parameters obtained for the LMC based
on the spatial coverage of the LMC with clusters and nearby field regions are
tabulated below.

Data i (C) g 0o vy 0; Ry n Vg
(deg) (deg) (deg)  (deg) (kms™!)  (deg)  (kpc) (km s71)
Cr20) 49.9371%° 104.797151 82.45%05  -69.89%0° 457.771% 166.760% 1.41701 3.38%)% 75.8471 %
Frpo 42.89707 110.07*}%0 81.58*)1% -69.86700; 455.6270% 167.66%5 1.4970%00 1.57701 77.5717
Cros) 44.387112 106.01715° 82.47030 -69.78+00; 452.18"0%¢ 166.59%0% 1.38%01 2.69707% 76.94%17
Fops 37.970% 115.03%05 81.124073 -69.79700 453.23700; 168.55%5 1.877007 1.93701 80.621%
Crzo 39.517150 109.7+H%%  82.16%012 -69.71%0 448.62+)7 167.02+077 1.32701 2.19%)% 77.6775
Foso 33.93%0% 119.9170% 80.74101 -69.63700; 448.94701 169.2'017 2.0470%0 2.03701; 81.537%
Crzs) 37.35%00s 113.34714 81.98%01 -69.71%00 447.661)7 167.43%0% 1.32701, 2.09%)2 78.5%%
Fozs 32.3570% 122.78%0% 80.59100 -69.5100; 445.93701 169.45%017 2.1570%0 2.13701 81.67*1%
Crag 35.03%55, 115.7H%% 81.87*01 -69.697)0 446.66%)% 167.6170% 1.357)1, 1.95%0% 79.767)
Fro 30.64705 125.48%0% 80.39100; -69.38700; 443.67701 169.82%)1 2.3770%0 2.29701 83.741 1
Cras) 333355 118.37550 81.63155 -69.6175 444.86755 167.991058 1.5510, 1.9470,7 82.721 5
Fras 3043708 126.4170% 80.4475(%% -69.35700; 442.91+)3% 169.737)1, 2.43%0% 2.29701, 84.77+3
Cipso 32.34705 119.75712% 81.617015 -69.6700; 444.6670¢* 168.04'0% 1.6%01 1.97015 83.6771%
Fopo 30.3970%2 127.44%0% 80.50% _69.340% 4426505 169.61*01 2.4500 2974013 g5 3+
Ciss) 31.68705 120.957120 81.647012 -69.61700; 444.870%0 168.07035; 1.58%01 1.86*)1 83.557 %
Fos5 30.58%04 127.76%0%, 80.54%)0 -69.35%00; 442.79%0% 169.52*)1 2.457001 2.28%01% 85.28*1%
Cieg 31.357070 121.697127 81.667015 -69.617005 444.7970% 167.95%07 1.58701 1.847)17 83.68*}3:
Freo 30.66%05 127.96707° 80.57H)( -69.34700; 442.68%03 169.47+1 2.447001 2.3%01; 84.877%
Cies) 31.617070 121.877121 81.65%012 -69.6%00 444.59*0% 167.96%05 1.57701 1.87*)1f 83.357}3,
Foes 30.7270% 127.99%07 80.57+00 -69.3470% 442.66*0% 169.4701 2.44700% 23401 84 45+114
Ciro 31.547078 12231714 81.69%012 -69.6%00% 444.55'0% 167.89707 1.58701 1.84%01% 83.911%
Foro 30.79%0% 128.04707 80.57H)07 -69.34700; 442.710% 169.46%01 2.43*001 2.367)1s 84.18*1 1!
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to outer radii, from ~ 108° to ~ 122° in the case of clusters, and ~ 110° to ~
128° in the case of field population. The rotational parameters, Ry and v, after
5° show convergence to the values estimated as in the primary model (see Table
4.2). Therefore, the estimated parameters show a significant radial dependence

for both clusters and field populations.

4.4.6 Residual PM of the LMC: Cluster vs Field

The residual PM value for the clusters and nearby field populations is found by
subtracting the net modeled PM from the net observed PM values. The residual
PM vectors for clusters and field regions are plotted in the X-Y plane as shown in
Figure 4.7, panels (a) and (b), respectively. Clusters show larger residual PM in
the spatial plot when compared with the field population. The spatial residual plot
for clusters shows relatively large residuals in the bar region and in the northern
LMC, whereas such large residuals are not found in the corresponding plot for the
field population. The residual PM amplitudes (|Residual PM]) of both the clusters
and the nearby field are used to generate the probability distribution plot as in
Figure 4.7, panel (c¢) depicting the distribution of their values. We obtained a Root
Mean Square (RMS) value of 0.146+0.002 mas yr—! for clusters and 0.0694-0.001
mas yr—! for the nearby field population. The RMS distribution of clusters shows

a broader profile, while the field shows a narrower one.

4.5 Discussion

In this study, we performed the kinematic modeling of the LMC using 1705 star
clusters and nearby field regions for the first time. We also created an extensive

additional 46 models using two control samples (young MS stars and RC stars),
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FIGURE 4.7: Residual PM of clusters and field population. (a) Spatial plot
of residual PM vectors for the clusters; (b) Spatial distribution of residual PM
vectors for the field population; (c¢) The Gaussian KDE showing the distribution
of the |Residual PM].

different cluster age groups and nearby fields, cluster richness groups, and samples
with varying spatial coverage of the LMC. The clusters were cleaned using field
star contamination and found less than 2% of MW source contamination in each
cluster while cross-matching with the MW/ LMC source catalog by J23b. The
median value of the PM is used for the study for both clusters and fields and
hence is unlikely to be affected by the foreground MW contamination.

In the following subsections, we discuss the important results we obtained from
the modeling. We compare the estimated kinematic parameters with the previous
studies, analyze the rotation curve of the LMC for the control samples, trace the
spatial variation of residual PM across the LMC, analyze the kinematic outliers
from the model, and comment on the kinematic variation in parameters based on

cluster age.
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FIGURE 4.8: The parameter space of the estimated (oo, o) and (pw,com.
KN,com) are compared with the reference studies (Table 4.7) are provided in
panels (a) and (b), respectively. The corresponding estimated parameters for
the clusters (CLS), field (FLS), young MS stars (YMS), and RC stars (RCS) are
marked with red dots along with labels. The reference studies are marked with
black dots along with labels.

4.5.1 Comparison of kinematic properties with previous stud-

ies

The estimated kinematic parameters of the LMC are compared with those from
previous studies, mainly in which either the authors estimated the kinematic cen-
ters and COM PM values or adopted them. First we compare the estimations of
(a0, 00)s (Uwicoms N com)s T, and © from studies by N22, C22, G21, W20, and V14.
The parameters estimated are tabulated in Table 4.7 along with estimations from

this study for comparison.

Figure 4.8 shows the distribution of (ag, d) and (fw.com, KN com) €stimations from
the literature studies as mentioned above, along with the estimations from this
study. We can notice a significant variation in the values of (ag, dy) from various
studies. Our estimations (shown in red) are located well within the range of other

estimations, except the o for the cluster population. Most clusters (~ 75%) used
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TABLE 4.7: Comparison of the estimated kinematic parameters with previous
studies. The first two rows list the estimations from this study.

ap 0o HW,com [N com i C] Reference
(deg) (deg) (deg) (deg) (deg) (deg)
81.69°%12  _69.50+00 C1.849°0%5 (307 0% 3139407 19292415 Clusters
80.575007  _60.34%0% ~1.851+002 0.344 4091 30.81%0% 19802497 Field
79.95%02 —69.31012 —1.867+0% 0.314+004 33.542 129.8"19 N22 @
81.07 —69.41 —1.862°002 (3831002 9g7ili  ]9g (120 N22b
80.443 —69.272 —1.859 0.375 23.396702%  138.856135% c22¢
81.07 —69.41 —1.847 0.371 33.28 130.97 G214
81.28 —69.78 —1.858 0.385 34.08 129.92 G21°©

80.90 +£0.29 —68.744+0.12 —1.878 +£0.007 0.2934+0.018 25.6+1.1 1356+3.3 W20/

81.23£0.04 —69.00+£0.02 —1.824£0.001 0.355+0.002 26.1£0.1 134.1+0.4 W209

80.98 £0.07 —69.69 £0.02 —1.860 £0.002 0.359 £0.004 29.4£0.4 152.0+1.0 W20 "

78.76 £0.52 —69.19+£0.25 —1.9104+0.020 0.2294+0.047 39.6 £4.5 1474+10.0 V14°®

79.88£0.83 —69.59£0.25 —1.895+£0.024 0.287£0.054 34070 139.1£41 V147

80.05£0.34 —69.30+0.12 —1.891 £0.018 0.328 £0.025 26.2£5.9 154.5£2.1 Vi4*

(N22 ¢ : Estimated using VMC data; N22 ° : Estimated with fixed (g, dp) based on
G21, using VMC data; C22 ¢ : Estimated with fixed (g, dg) and COM PM, using RC
population with Gaia EDR3; G21 ¢ : Estimated with Gaia EDR3; G21 ¢ : Estimated
with fixed (ag, dg), using Gaia EDR3; W20 / : Estimated using carbon stars, with
SkyMapper DR1; W20 9 : Estimated using RGB stars, with SkyMapper DR1; W20
. Estimated using Young stars, with SkyMapper DR1; V14 ¢ : Estimated with the
third epoch of Hubble Space Telescope (HST) data, using PM; V147 : Estimated
with the third epoch of HST data, using PM + vyog of old stars; V14 ¥ : Estimated

with the third epoch of HST data, using PM + vyog of young stars.)
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for the modeling in this study are of ages younger than 1 Gyr (D24). Due to this,
the estimated values of (ag, dy) for clusters are closer to the estimation by W20
using the young stellar population. Meanwhile, the estimation from the young MS
population is much closer to the W20 estimations. The field population and RC
population are closely in agreement with the recent studies by G21, V14, N22,
and C22. The offset of (ag, do) in the older and younger stellar population was
previously noted by W20.

The piw com and pin com values for the clusters and field population also align with
the recent studies by N22, C22, G21, and W20 in a similar manner. Notably, the
clusters show a relatively larger PM in the North direction when compared to the
field. However, the kinematic centers and COM PM are distinct for the clusters

and field population.

The values of ¢ and © estimated in this study are compared with the previous
studies (see Table 4.7) and are more or less in agreement. However, the kinematic
parameters such as ¢ and © are known to vary with respect to the coverage of
the LMC (N22). The variations, as seen from the table, also contribute to the
coverage. In this study, for the first time, we studied the variation of kinematic
parameters as a function of the spatial coverage of the LMC using star clusters,
as described in the subsection 4.4.5. The inner regions of the LMC show a larger
inclination with respect to outer regions, which is already noted in the study by

S22 using RC population.

The following section discusses the rotational parameters (vg, Ry) and rotation

curves of the LMC for various populations.



Chapter 4: Disk response of the LMC to the recent LMC-SMC' collision 112

4.5.2 Rotation of the LMC

The rotation curves for the clusters, nearby fields, young MS stars, and RC stars
from the control sample (as mentioned in subsection 4.4.2) in the LMC plane,
after deprojection are shown in Figure 4.9 (a. Clusters, b. Nearby field, c. young
MS stars, d. RC stars). The running average for the data points is made with
a bin resolution of 0.25 kpc, and shown in red. The fitted model is shown with
the blue curve. The rotational velocity amplitude (vy) does not show a significant
variation across the clusters and field population. The estimated vy for clusters,
fields, and RC stars are consistent with the estimates by W20. The young MS
stars in our study show a slightly larger vy (~ 91 km s™!) when compared to the
RC stars. However, it is consistent with the observed vy(~ 90 km s™!) for the

younger population studied by N22.

In the cluster age-dependent kinematic model (subsection 4.4.3), the variation of
Ry for cluster age groups is provided. The age group Cag_3 (log(age) = 8.0 -
8.65) and young MS stars from the control population show reduced values of Ry
at 1.347017 kpc and 1.2970%% kpc, respectively. This is suggestive of a steeper rise
of the rotational velocity when compared to the older population. The decreased
Ry for these age groups may imply a redistribution of mass, leading to a higher
mass density in the central regions. Also, in the youngest group Cag_4 (log(age)
= 6.55 - 8.0), the cluster density in the galaxy shifts towards the North-East
regions (D24). In Cag_4, there is a shift in the value of Ry to a slightly higher
value of 1.98%) 7 kpc. The field population near clusters is dominated by the older

population, hence the Ry value remains high.

Panel (a) of Figure 4.10 shows all the four model velocity profiles fitted to the
control population provided in Figure 4.9. The vy for the control population is
almost identical (~ 81 to 84 kms™!), whereas the value for the young MS stars

remains slightly higher (~ 91 kms™!). It is clear from this figure that the clusters
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and young MS stars show a steeper rise of the V,.; suggesting an increased mass
density in the inner regions. A similar trend of small R in the case of the younger
population and larger Ry in the case of the older population is noted in the study
by W20. The variation in the value of Ry with respect to population may be due
to the effect of the evolution of the bar and its activity with time, resulting in the

redistribution of mass in the inner regions.

Notably, the dispersion of the rotation velocity profile resides at ~ 23 km s~! and
~ 11 km s™! up to 6 kpc in the case of clusters and field population, respectively.
In the case of the young MS population, there is a larger o,, of ~ 22 km s~ ! up
to 2 kpc, then a slight decline and further rises after 4 kpc. Meanwhile, the RC

! within 1 kpc and slowly declines and levels

population has a 0, of ~ 20 km s~
off at ~ 12 km s! afterward. The larger dispersion values in the central 2 kpc

might be due to the non-circular motions due to the bar.

Panel (b) of Figure 4.10 shows the radial variation of the V., /0., ratio for the
four control population. As all of the population have similar V,.,; (except slightly
higher value for the young MS stars), the higher values observed for the field stars
suggest a relatively low o,,;. The RC population has a similar profile, though with
a slightly lower ratio (suggesting a relatively large 0, ). The young MS stars have
a more or less similar profile till ~ 3 kpc, and we note a lower value of the ratio
beyond this radius (suggesting a relatively large o,,;). The cluster has a shallow
profile and lowest value for the ratio, suggestive of the highest value of o, at all
radii. Overall, the low value of o,, the field population points to the minimal
disk heating for this population. However, the ratios suggest that young clusters
and young stars have relatively large velocity dispersion, which is suggestive of
relatively recent perturbation(s) in the LMC disk. This may point to the heating
of the gas in the disk (resulting in the formation of stars with similar kinematics).
The heating may be due to internal perturbations, such as the bar and spiral arms,

or external perturbation, which is the interaction with the SMC.
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FI1GURE 4.9: The rotation curve of the LMC based on the parameter estimation
for the control sample (Clusters, Nearby field, young MS stars, and RC stars) are
plotted in panels (a) to (d). The magnitude of the rotational velocity in the LMC
plane (V,4) is shown with black dots in each panel. The red curve represents
the running average over the observed V,.,; with a bin size of 0.25 kpc, and the
blue curve shows the best-fitting model depending on the rotational parameters
(vo, Ro, n) estimated for each data set (see Table 4.3).

The rotational velocity maps shown in Figure 4.4 closely match with the velocity

maps from G21. Additionally, the variation in slope between evolved and younger

populations observed in Figure 4.10a is consistent with G21. However, there is a

discrepancy in the rotation velocity dispersion profiles when compared to G21.
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FIGURE 4.10: Variataion of Ry and V;..t /0ot for the control population (Clus-
ters, Nearby field, young MS stars, and RC stars). (a) Modeled velocity profiles
showing the variation in Ry across the control sample; (b) Variation of Vo /0rot
across the control sample, estimated using a bin size of 0.4 kpc in radii.

4.5.3 Spatial variation of residual PM: Clusters and Field

In order to trace regions with large variations in the residual PM, the mean
|Residual PM]| is traced for different radii (1 to 6° with a bin size of 1° using
annular regions) as shown in Figure 4.11. We observe a similar trend in radial
variation of mean |Residual PM| for both the clusters and field population, though
the values are significantly different. For inner radii less than 2°, the mean residual
PM of the LMC is larger for both populations, likely to be due to the presence of
the bar. Beyond 2°, we note a decline in mean residual PM, and it increases after
4°. This could be due to the presence of spiral arms in the galaxy, where dense
star formation is noted. However, there is a clear signature of larger residual PM

for clusters when compared to the field population.

The residual PM RMS profiles in Figure 4.7 can be compared with the study by
(C22 based on the numerical simulations by B12 with a population older than 1

Gyr. Figure 8 in C22 has provided the predicted logRMS|resiqual P7m| as a function
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FIGURE 4.11: The radial variation of mean |Residual PM]| in the sky plane.
Annular regions with a bin size of 1° are used. Mean |Residual PM]| of clusters
and field population are marked with red and blue dots, respectively.

of the impact parameter (P in kpc) and impact timing (T in Myr) of the recent
LMC-SMC interaction. We adopted the value of T as 149 Myr, based on the
significant CF peak in the SMC as observed in Figure 3.10 to estimate the likely
value of P. We note the assumed value of T is also in good agreement with the
estimate by Z18, who suggests a recent direct collision between the LMC and
the SMC at 147 Myr ago. The field logRMSResidual pv| of —1.611 and —1.219
from the primary model and control sample support the Future 40 and Future 60
models provided in C22. We estimate that the impact parameter, P, must reside
at less than 3 kpc, and most likely match with the impact parameter of 2 kpc as
per B12 simulations. However, the RC stars in the control sample show a larger
residual (0.08 mas yr—!) compared to the estimates of C22 (0.058 mas yr—'). We
note that our model involves treating the COM PM and kinematic centers as free
parameters, unlike C22. Hence a direct comparison of our results with C22 may

be unrealistic.

The clusters and young stars show larger disk heating, with logRMSRresiqual M| Of

-0.853 and -0.957. This suggests that the young population is more perturbed,
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unlike the RC stars and other field stars. Also, the clusters, irrespective of age,
show larger residual PM. The kinematic deviant clusters are analyzed in the next

section.

4.5.4 Kinematically deviant clusters: Tracing the regions of

larger residual PM

The residual PM distribution of clusters, as shown in Figure 4.7a suggests that
some clusters have a large residual PM. We traced clusters with significantly large
residuals (>30 of |Residual PM|) and identified the region with the highest density
of such clusters, as illustrated in Figure 4.12(a) with the 2D Gaussian KDE. We
find a significant density of clusters in the North-West at ~ 1-2° with large residual
PM. The bar region extending from North-West to South-East of the LMC shows

relatively large residuals in PM.

We note several outlier clusters in the observed v, profile (Figure 4.9) of the
LMC. The clusters falling outside the 30 margin from the running average of the
v,ot profile are treated as outliers. Their locations are traced, and their internal

PM is plotted in Figure 4.12b.

The residual PM vectors are plotted in Figure 4.12¢ for clusters with the relative
angular difference (6,) between the observed and modeled internal motion greater
than 45° and 90°. The red vectors indicate clusters with 6, > 90°, suggestive of
counter-rotation. These are dominantly seen in the North-West of the galaxy. The

deviant clusters also trace the non-circular motion of the bar.

The North-West region with the largest residual PM is located between a radial
distance of 1-2°. The same location also shows the presence of counter-rotating

clusters. This region has PM deviation both in angle (panel ¢) and in value (panel
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FIGURE 4.12: The clusters of larger residual PM are plotted here. (a) Spatial 2D
Gaussian KDE of cluster locations with > 3¢ of |Residual PM|; (b) Internal PM
vectors of clusters > 30 and < 30 in V, 4 profile of Figure 4.9(a); (¢) Residual
PM vectors of clusters with model and observed internal PM vectors differing
by 6, >45° and 6, >90°

a), pointing to the region experiencing an event of perturbation. As this region
is located at an impact distance similar to that estimated by C22 and in this
study, we speculate that this may be the area that experienced the largest impact
due to the recent LMC-SMC collision. We also note that there could also be other
reasons, such as perturbations that could occur at the ends of the bar, but a similar
disturbance is not seen at the eastern end of the bar. Hence bar perturbation may

not be the reason for this disturbance.

4.5.5 Kinematic variation of parameters in the younger clus-

ters

The kinematic model of the LMC for different age groups is studied as in subsec-
tion 4.4.3. We note the kinematic parameters of the LMC, mainly the i, ©, and
Ry, show variation in the younger age group C4g_3 (100-440 Myr). To further in-
vestigate the change in kinematic parameters, we split the C'4_3 into two groups
(one from 100 to 200 Myr and the other from 200 to 440 Myr) and performed the

kinematic modeling. The variation of i, ©, and Ry are shown in Figure 4.13.
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The age group from 100 to 200 Myr shows the largest inclination (~ 39°) compared
to other age groups. Meanwhile, we note the smallest © value (~ 105°) in this
age range when compared to other age ranges. The cluster density shifted towards
central regions of the LMC in the age group Csc_3 and towards North-East in
Cag—4 (D24). We note this effect in the variation of Ry to the inner radii of the
galaxy, as shown in Figure 4.13c. The value of R, reaches 1.1 kpc for clusters of age
between 100 to 200 Myr. A similar effect is seen in the nearby young population,
where the value reaches 0.5 kpc. Meanwhile, the field population shows smaller
1 and lesser variation in Ry compared to other age groups. The kinematic model
of cluster groups based on richness also shows this trend of variation in Ry. The
younger and richer clusters with more than 60 members are located more toward
the central regions of the galaxy as well. We note Ry smaller than 1 kpc at this
cluster group. In summary, we note that the 7, ©, and R, values for clusters and
young MS stars in the age range 100-200 Myr are distinct from the other groups.

A possible reason for this deviation is discussed in subsection 4.5.7.

4.5.6 Kinematic signatures of the LMC bar

The spatial PM plots of clusters and field population, as shown in Figure 4.3,
do not bring out the bar feature explicitly. The residual PM plots, as shown in
Figure 4.7, on the other hand, show the bar feature, though more prominent in
the case of clusters. The radial gradient of the residual PM (Figure 4.11, panel
a) shows a large gradient in the bar region, pointing to residuals resulting from
kinematics related to the bar. The residual PM plots shown in Figure 4.12 (panels
a and ¢) show the possible presence of non-circular motions in the bar region. A
significant reduction in the value of R, for clusters and young MS stars with respect
to RC stars (see Figure 4.10a) is probably related to the mass distribution within
the inner 2 kpc, where the bar is present. The fact that the younger population

reaches the maximum value of V,.,; in a shorter radius when compared to the older
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population points to a redistribution of mass, most likely due to the evolution of

the bar.

In summary, this study has traced three kinematic signatures of the LMC bar,
relatively large residual PM in the inner 2° radius for both clusters and field
population, the presence of non-circular motion among star clusters, and a decrease
of Ry as a result of the possible evolution of the bar. Recently, J23b also found
that the dynamics of the inner disk are dominated by the bar.

4.5.7 Effect of the recent LM C-SMC interaction on the LMC
disk

The panels (a) and (c) of Figure 4.12, show that though there are kinematically
deviant clusters spread through the LMC disk, there is a specific location where the
deviation is maximum. Panel (c) indicates that the same location also shows the
presence of cluster motion in all directions, suggesting a possible specific external
disturbance. It is therefore important to identify the source of the disturbance

identified in this study.

It is possible that this disturbance is caused by the LMC-SMC collision at ~ 150
Myr ago as the radial distance of this region from the center also matches the
value of the impact factor of the LMC-SMC collision as derived by C22. The
age-dating of the disturbance, as shown in Figure 4.13 suggests a significant shift
in inclination i, PA, and Ry for clusters in the age range 100-200 Myr. The
kinematic parameters of clusters younger than this period are more similar to
the overall disk properties. This is an indication that the clusters formed during
this period have significantly different kinematic parameters. We speculate that
this is the first evidence of direct collision in the LMC disk and the spatial and

temporal kinematic disturbance, matching with the predicted time and location
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FIGURE 4.13: The variation of ¢, ©, and Ry with respect to the cluster age
groups (subsection 4.5.5) are shown here. Red, Blue, and Green markers are
used for clusters, fields, and young MS stars, respectively. (a) Variation of i;
(b) Variation of © and (c) Variation of Ry are shown for 5 age groups. The age
groups are valid only for clusters (Section 4.2). The field and the young MS
stars are age-wise heterogeneous but located near the clusters within each age

group.

of the LMC-SMC collision. We also speculate that the interaction mainly affected
the gas, and the clusters and stars born from the disturbed gas bear the signature

of the perturbation.

4.6 Summary

We summarise the results and conclusions from this comprehensive study of the

LMC disk kinematics using Gaia DR3 data.

1. We performed the kinematic model of the LMC that corresponds to the
observed median PM using 1705 star clusters and field regions. This is a
comprehensive study with a total of 48 data sets analyzed to create 48 models

to study the dependence of the kinematic model on various parameters.
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2. The model PM for the tracers in the data sets is formulated based on the
equations outlined by V02. The model parameters estimated include inclina-
tion of the LMC disk (7), the position angle of the line of nodes (0), dynamic
centers (ayg, dg), the amplitude of the tangential velocity of the LMC’s center
of mass (v;), the tangential angle made by v; (6;), scale radius (Ry), opti-
mization factor (n), and the amplitude of the rotational velocity (vg). We
assumed a fixed distance to the LMC center and a line-of-sight velocity of
the COM, v,,,. The fitting of the parameters was performed by an MCMC
technique, and model parameters were estimated for all datasets listed in

Table 4.1.

3. This is the first 2D kinematic model of the LMC employing clusters and
neighboring field regions with Gaia DR3 data. The data coverage of the
LMC considered in this study is within ~ 7° from the LMC center. The
parameters estimated in this study show good agreement with estimations

in the literature when the comparison is made between similar populations.

4. There is no significant difference between the observed COM PM between
cluster and field. We note an offset of 2848 arcmin between the dynamic
centers (v, dp) of the cluster and field. Estimated © values of 122°.2271%

—1.51

for clusters and 128°.02%97 for field regions point to an offset of 5°.8+1.7
between them, while the inclination, ¢, remains almost similar. The mod-
eled rotational parameters, Ry and 7, appear to be larger for field regions

compared to clusters, while the vy remains almost similar.

5. We also estimated the kinematic model parameters for two control popula-
tions, RC stars and young MS stars. We find that the younger population
tends to show a southern and eastward dynamic center and a relatively
smaller value of Ry. We also note a varying value of © across the control

population.
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10.

11.

This study establishes that the kinematic model of the LMC disk varies with
the age of the cluster population used for the estimation, in contrast to the

surrounding field population.

The estimated parameters show a significant radial dependence for both
cluster and field population. The value of i steeply decreases from the inner
to outer radii, from ~ 50° to ~ 32° for clusters, and ~ 43° to ~ 31° for
field population. The value of © increases from inner to outer radii, from ~
108° to ~ 122° for clusters, and ~ 110° to ~ 128° for field population. The
rotational parameters, Ry and vy after 5° show convergence to the values

estimated from the full sample.

Clusters show larger PM residuals when compared with the field population.
The RMS distribution of the residual PM for clusters shows a broader profile,

while the corresponding distribution for the field shows a narrower one.

The rotational velocity amplitude (vg) for clusters, fields, and RC stars (~
81 to 84 km s™!) are consistent with the estimates by W20. The young MS
stars in our study show a slightly larger vy (~ 91 km s™!) when compared

to the RC stars, as also noted by N22.

The modeled rotational parameters, Ry and 7 appear to be larger for field
population when compared to clusters, while the vy remains almost similar.
We note a significant shift in Ry of ~ 1.7 kpc between young MS and RC
population. The variation in the value of Ry with respect to population may
be due to the redistribution of mass in the inner regions, and it may be due

to the evolution of the bar and its activity over time.

The dispersion of the rotation velocity is found to be ~ 23 km s~! for clusters,
and is likely to have contributions from the bar and spiral arms. The value
of ~ 11 km s~! for field population is relatively low and suggests insignif-
icant stellar disk heating. Young MS stars show a relatively large velocity

dispersion, similar to clusters.
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12.

13.

14.

The residual PM for the cluster and the field decreases from the center up
to 3°, then increases beyond 4°. The increased value in the inner 2° region
is likely to be the effect of the bar. We also detect evidence for non-circular

motion in the bar region among the clusters.

Location of kinematically deviant clusters show an increased density in the
North-West side. We also trace the presence of a number of counter-rotating

clusters, mainly in the same region.

We detect a specific kinematic perturbation between 2-3° from the center in
the North-West direction. We also note a significant shift in the ¢, ©, and
Ry of clusters in the age range of 100-200 Myr. This spatial and temporal
disturbance matches with the impact factor and the time of the LMC-SMC

collision as estimated by C22 and this study.
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Investigating the morphology and
kinematics of the SMC

5.1 Introduction

In this chapter, we inspect the 2D kinematic structure of the SMC using a disk
model. Previous studies indicate that the distribution of younger and older popula-
tions within the SMC differs significantly (D18; Z21; N21). Thus, the morphology
and kinematics of the SMC vary depending on the specific tracer population used
in the study. Previous kinematic models did not adequately address the estimated
LOS depth of the SMC. To comprehend the substantial LOS depth, morphology,
and structure of the SMC, it is essential to model the kinematics of the galaxy as
a function of different populations (both young and old). In this study, we address
these aspects by presenting a 2D model of the SMC that incorporates various
populations, both young and old, utilizing data from Gaia DR3. Additionally, we
develop a 3D model of the SMC using Red Giants that have LOS velocity (vis)

information as well.

125
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In this study, we aim to achieve the following: (1) to develop a base kinematic disk
model of the SMC that aligns with the observed kinematics of both young and old
stars in the galaxy; (2) to detect the signatures of rotation in the SMC, based on the
age of the stellar population; (3) to estimate the kinematic disk parameters, which
aid in revealing the orientation, galaxy plane morphology, and LOS features of the
SMC; (4) to investigate the tidal interaction/influence on the SMC by the LMC,
based on the kinematic response of both young and old population. Addressing
these points will offer insights into the structural and kinematic evolution of the

SMC within the Magellanic system.

The chapter is arranged as follows. In Section 5.2, we describe the datasets used
for our modeling. In Section 5.3, we describe the procedures of our kinematic
model. In Section 5.4, we present the estimated kinematic parameters of our
datasets, followed by the estimation of the residual PM. The discussions based on
our results are presented in Section 5.5, followed by Section 5.6, which summarizes
our work. The results presented in this chapter are available in Dhanush et al.

(2025).

5.2 Data

To model the young and old population of the SMC, we used the cleaned SMC
Gaia DR3 catalog provided in the study by J23a, which is produced based on a
robust neural network classifier. We retained the sources with Probability, P >
0.31 for optimal selection of the SMC sources, as recommended by the authors. We
selected the SMC sources within a box of 7°.5 centered on the SMC. We adopted
the optical center of the SMC (o = 13°.05 and §y = -72°.83, de Vaucouleurs &
Freeman 1972a) in our modeling. We then classified the SMC sources into sub-

samples as Young MS 1 (YMS1, ages < 50 Myr), Young MS 2 (YMS2, 50 < age <



Chapter 5: Investigating the morphology and kinematics of the SMC 127

400), Young MS 3 (YMS3, mixed ages reaching up 1-2 Gyr), and RGB, based on
the polygon selections in the CMD of the SMC as provided in Section 2.3.2 of G21.
We also selected the RC population from the CMD based on the selection criterion
mentioned in S22. The selected sub-samples are highlighted and displayed on the
CMD, as shown in Figure 5.1. Since these datasets lack LOS velocity information,
we cross-matched the J23a catalog with the Red Giants catalog by Dobbie et al.
(2014, hereafter D14) and found 3545 stars, which have LOS velocity information

as well.

Additionally, we incorporated the dataset of 280 parameterized star clusters in
the SMC from our previous study, as described in Chapter 3. The SMC cluster
sample used in this work spans ages from ~ 12 Myr to 3.4 Gyr. These clusters
were divided into three age groups: (1) Young clusters (CLSY - ages < 400 Myr,
143 clusters), (2) Intermediate age clusters (CLSI - 400 Myr < ages < 1 Gyr, 65
clusters), and (3) Old clusters (CLSO - ages > 1 Gyr, 72 clusters).

The sources shown in Figure 5.1 are orthographically projected with the SMC
center, using the equations outlined in G21. We used a bin size of 0°.25 to bin the
sources and calculated the median PM and their corresponding standard errors for
each bin. We retained bins with more than 5 stars, which resulted in 140 YMSI,
372 YMS2, 1093 YMS3, 1288 RGB, and 1731 RC bins as the final datasets for
the modeling. The bin size and minimum number of stars per bin are determined
through multiple trials with different bin sizes and star counts. The optimal com-
bination is selected based on the visual clarity of features observed in the vector
point diagram of bulk PM and residual PM (see Section 5.4). The radial coverage
of Red Giants from D14 is mostly within ~ 3° of the SMC, so we model them as
individual sources rather than binning the data. For clusters, we calculated the

median PM and the associated standard error of stars within each cluster.
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F1GURE 5.1: The CMD illustrating the selection of various stellar populations
in the SMC as defined in section 2 is presented here. The populations are
highlighted in corresponding colors: RC stars (pink), RGB stars (red), YMS3
(vellow), YMS2 (green), and YMS1 (light blue).

The datasets mentioned above are used for modeling the SMC. The modeling

procedures are described in the following section.

5.3 Kinematic model of the SMC

The analytical approach of the modeling is similar to that of the LMC (as in
Chapter 4). The parameters selected for our model encompass the inclination of
the SMC disk (i), the position angle of the line of nodes measured from West
(0), the amplitude of the tangential velocity of the SMC’s center of mass (v;), the
tangential angle made by v, (6;), scale radius (Ry), the asymptotic velocity (vy),

and the systemic velocity (vsys). Our modeling process is aimed at determining
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the best-fitting values for these kinematic parameters. It should be noted that the
disk we expect to trace is the projected distribution of the ellipsoidal SMC along

its semi-major and semi-minor axes.

The following subsection describes the modeling procedure employed to estimate

the best-fitting kinematic parameters for the datasets discussed in Section 5.2.

5.3.1 Modeling procedure

The best-fitting kinematic parameters of the SMC were estimated using the MCMC
serial stretch move sampling algorithm as detailed in section 2.2.3. The implemen-
tation of MCMC is similar to the approach used for the kinematic model of the
LMC (Chapter 4, section 4.3.1). The model PM (uw,m, ptnm) and the observed
PM (w0, ftn,0) are used to construct the log-likelihood function (In £), which can
be used with the associated West and North direction standard errors of observed
datasets (ow,,0n,) to sample the best fitting parameter with MCMC. For Red
Giants with observed LOS velocities (v;0s,) and associated errors (0y4s,), We in-
clude the model LOS velocity (Vi) in the In £ as well. The equation for In £ is
given by,

n 2
Inf =-05 Z In (2#0124,7071.) + (o 5 HW.m.i)

i=1 OW,0,i
(MN,O,@' - ,uN,m,i>2

+In (27ra]2\,0 Z) + 5
o UN,o,i

2
+ In (27T0_l208707i> + (Ulos,o,z 5 Ulos,m,l) (51)

los,0,i

It is to be noted that the last two terms in equation 5.1 are excluded for the eight
datasets that lack v;,, information. Additionally, we consider two primary variants

of the model: one that includes the rotation component of the observed PMs and
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one that does not. Both variants are tested across each dataset to determine which
best represents the different stellar populations of the SMC. The final model for
each population is chosen based on the variant (with or without rotation) that
shows convergence in the posterior distribution of the sampled parameters. For
datasets lacking vjos,, the vy, is fixed at 145.6 km s=' (V02), but it is treated
as a free parameter otherwise. The kinematic center is fixed at ag = 13°.05 and
09 = -72°.83, which is the optical center adopted to select the coverage of the
SMC in this study (Section 5.2). The priors for the i, 6, v;, and v; were uniformly
chosen, while Ry was assigned a Gaussian prior centered at 1.1 kpc (D18), with

an extended 3¢ range to effectively explore the parameter space.

We executed 2000 steps of MCMC iteration involving 200 walkers evolving se-
quentially at each step. From the sampled posterior values for the parameters,
we focused on the final 50%, calculating their median alongside the 16! and 84"
percentile errors for parameter estimation. In the following section, we present the

results obtained from the above modeling procedures.

5.4 Results

In this study, we present a 2D kinematic model of the SMC by analyzing various
SMC populations using Gaia DR3 data. These populations include YMS1, YMS2,
YMS3, RC, RGB, CLSY, CLSI, and CLSO. The study covers a radius within ~
7°.5 from the SMC center. Additionally, we develop a 3D disk model of the
SMC using Red Giants and their LOS velocities estimated by D14. The modeling
indicates that rotation in the SMC is present in the YMS1, YMS2, CLSY, and
CLSI. In contrast, CLSO, YMS3, RGB, RC, and Red Giants with v, in the SMC,
show no evidence of significant rotation. Figure 5.2 shows the sampled posterior

distribution of the kinematic parameters for the YMS1. Figure 5.3 presents a
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FI1GURE 5.2: The corner plot representing the sampled posterior distribution
of kinematic parameters for the YMS1 is shown here. The vertical red lines
represent the median values, and the black dashed lines represent the 16th and
84th percentiles.

comparison of the sampled posterior distributions of the kinematic parameters for
the RGB population without v;,,s and the Red Giants with v;,s. The best-fitting
kinematic parameters for all the datasets considered in this study are tabulated

in Table 5.1.

In the following subsections, we detail the results from our models, correspond-

ing to different SMC populations. We highlight some notable features in each
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F1GURE 5.3: The corner plot representing the sampled posterior distribution of
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and the black dashed lines represent the 16th and 84th percentiles.

TABLE 5.1: The estimated kinematic parameters for nine populations in our
study are provided here. The position angle of the line of nodes is measured
from the north (6 = 6 —90°).

Data

i (C) Vg 0, vy Ry Vsys
(deg) (deg)  (kms™')  (deg)  (kms7!)  (kpc)  (kms7!)
YMS1 81.9410%  185.79*37  420.987207  242.5110%  88.611)47  8.841% fixed
YMS?2 77.68%0%0  188.92+M19 43421701 240970 49.32+105 5 8EHE  fived
YMS3 71.3471%  200.2975%  447.527%  241.2019% - - fixed
CLSY 79.937078  180.46754  422.8071%  241.2679%  66.5911%  7.12140 fixed
CLSI 74.801118  182.14724  420.80°7%  241.2870%  49.7313%  6.331)% fixed
CLSO 63.3072%  240.4471%  419.58")%  240.651)2 - - fixed
RGB 5841419 207.662%  425.84+16  240.48+022 - - fixed
RC 58.201 % 202.00%3%2  421.91723  241.18+% - - fixed
Red Giants (D14) 66.0179%  190.879°7  420.8870%  240.7370% - - 146.70+10
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FIGURE 5.4: The observed PM (panels a and d), residual PM vectors (panels b
and e), and distribution of |residual PM| (panels ¢ and f) for the YMS1&2 are
shown here. The EA, SEA, SA, and WA regions identified in the residual PM

map of YMS?2 are highlighted.

population and also present the residual PM map and its distribution.

5.4.1 YMS1 and YMS2

The observed bulk PM of the YMS1 and YMS2 in the skyplane are shown in

Figure 5.4, panels (a) and (d), respectively. We found these populations support

rotation components in their bulk PM. However, we estimated a larger vy and

Ry for YMS1 (~ 89 km s~ and 9 kpec, respectively) compared to the YMS2

population (~ 49 km s™' and 6 kpc, respectively). Meanwhile, the estimated

COM PM values in the west and north directions (ptw,com, fncom) for YMST (-

0.657+0.008, -1.2624+0.007) and YMS2 (-0.71240.010, -1.2834+0.010) do not show

any significant deviation. The estimated ¢ shows an offset of 4°.264+1°.13, while
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the position angle of the line of nodes, measured from north © (6 — 90°) does not

show any significant variation.

Panels (b) and (e) in the Figure 5.4 depict the residual PM (Observed PM - Model
PM) for YMS1 and YMS2, respectively. We visually detected four anomalies in
the residual PM map of YMS2 by identifying large deviations in the amplitude and
direction of the residual vectors. These include the East Anomaly (EA), which
is significant beyond ~ 2° with residual PM directed towards east and northeast;
the South East Anomaly (SEA), located in the southeast and extending beyond
~ 4° where residual PM is directed towards south with indication for counter
rotation; the South Anomaly (SA), found in the southern region beyond ~ 1°
where residual PM is directed towards the southeast; and the more prominent
West Anomaly (WA), which extends from the central regions of the SMC to the
southwest, with residual PM directed westward. YMS1 exhibits significantly less
pronounced SEA, WA and SA, though the EA is still evident.

The magnitude of the residual PM distributions (|residual PM|) for YMS1 and
YMS2 are presented in panels (c) and (f), respectively. The RMS values are
estimated as 0.07240.003 mas yr—! for YMS1 and 0.0974-0.003 mas yr—! for YMS2,

respectively.

5.4.2 YMS3

Figure 5.5, panel (a) shows the observed bulk PM of YMS3. The spatial distri-
bution of stars in YMS3 is more spatially spread than YMS1 and YMS2. This
population does not exhibit significant rotation in their bulk PM, as the model
variant that includes rotation fails to achieve convergence in the MCMC sam-
pler. We estimated a slightly larger (fiw.com, fn.com) for YMS3 (-0.72840.016,
-1.325+0.018) when compared to YMS1&2, notably in the south direction. Also,
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FIGURE 5.5: The observed PM (panel a), residual PM vectors (panel b), and
distribution of |residual PM| (panel c¢) for the YMS3 are shown here. The SEA,
SA, and WA regions identified in the residual PM map of YMS3 are highlighted.

the estimated i (~ 71°) for YMS3 is lower, and © (~ 200°) is slightly larger when

compared to YMS1&2.

Panel (b) shows the spatial residual PM for YMS3. The SEA, SA, and WA are
present in YMS3. However, the WA in YMS3 shows the northwest-directed motion
of residuals, unlike the west-directed motion observed in YMS2. Additionally, the
SA in YMS3 extends ~ 6° further south than in YMS2. Also, the northern and
southern outskirts of YMS3 exhibit higher residual PM magnitudes compared to
YMS2. As a result, YMS3 shows a broader |residual PM| distribution in panel

(c), with an RMS value of 0.22440.004 mas yr—*.

5.4.3 Clusters

The clusters belonging to CLSY and CLSI show rotation signatures. We estimated
vy and Ry to be ~ 67 km s™! and ~ 7 kpc, respectively, for CLSY, and ~ 50 km
s71 and ~ 6 kpc, respectively, for CLSI. This is consistent with the estimated kine-
matics of the YMS1 and YMS2. We also note the absence of significant rotation in
the case of older clusters (CLSO with ages > 1 Gyr), similar to the kinematics of

YMS3. The COM PM does not show any significant deviation among the cluster
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FIGURE 5.6: The observed PM (panel a), residual PM vectors (panel b), and
distribution of |residual PM| (panel c) for the CLSY are shown here.

groups as well as with respect to YMS1 and YMS2 populations. However, the
estimated ¢ decreases from ~ 80° for CLSY (young) to ~ 63° for CLSO (old),
meanwhile © increases from ~ 180° to ~ 240°, similar to the trend seen in the

young MS population.

Figure 5.6, panel (a) shows the observed bulk PM for the clusters belonging to the
CLSY group. The clusters in our study are predominantly located in the eastern
region of the SMC. Panels (b) and (c¢) show the spatial map and distribution of
the magnitude of residual PM for CLSY. We note the residual PM vectors overall
display a relatively more random orientation, along with several clusters showing
a larger magnitude of residuals. The distribution of |residual PM| for CLSY gives
an RMS value of 0.12940.007 mas yr—!, which is less compared to YMS3, but
more than that was found for YMS1&2. Due to the sparseness, we do not detect
the EA, SEA, SA, and WA in the cluster distribution. Also, we do not show the
residual PM maps for CLSI and CLSO due to their sparse distribution in our

sample.
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FIGURE 5.7: The observed PM (panels a and d), residual PM vectors (panels b
and e), and distribution of |residual PM| (panels ¢ and f) for the RGB and RC

are shown here. The SA and WA regions identified in the RGB and RC residual
PM maps are highlighted.

5.4.4 RGB and RC

Figure 5.7 presents the spatial map of the observed bulk PM for RGB and RC
populations in panels (a) and (d), respectively. The spatial coverage of RGB and
RC are similar, although RC extends slightly more towards the outskirts of the
SMC. They do not support rotational components in their bulk PM. The estimated
COM PM values for RGB and RC are comparable and do not exhibit significant
deviations when compared to other populations, except for YMS3. However, the

estimated 7 is smaller, ~ 58° while the © is estimated to be larger than 200°.

Panels (b) and (e) in Figure 5.7 depict the spatial maps of residual PM vectors for
the RGB and RC, respectively. The EA identified in YMS2 is observed beyond ~
3° and is slightly shifted northeast for both RGB and RC. Additionally, the SA

anomaly extends beyond ~ 4° to the south. However, the WA is more prominently
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evident for RGB than for RC. In the outskirts of the SMC, residual PMs are

notably pronounced in the RC, especially in the northern and southern regions.

The distributions of |residual PM| for RGB and RC are shown in panels (c¢) and
(f), respectively. The RC displays a higher RMS value of 0.1424-0.002 mas yr—,
compared to 0.095£0.001 mas yr—! for RGB.

5.4.5 Red Giants with LOS velocities

The estimated parameters for Red Giants with radial velocities (v;,s) do not sig-
nificantly deviate from the model parameters estimated for the RGB and RC
populations without v;,s. The i (~ 66°) and ©( ~ 191°) of the Red Giants are
slightly deviant from the 2D model values for the RGB and RC, though these are
still notably different from those of the younger MS population. Despite these
differences, we do not observe any significant offset in the COM PM for Red Gi-
ants relative to the other populations. We estimated a systemic velocity (vy,s) of
146.70701 for the Red Giants, which is closer to the assumed value of 145.6 km
s~ used in the 2D modeling of other datasets. Since the radial coverage of Red

Giants with v;,s is smaller (~ 3°) and we modeled individual stars rather than

binning them, we do not discuss the residual PM maps.

The various populations in the SMC exhibit distinct kinematic properties, which
aid in understanding the kinematic structure of the SMC based on age. In the

following section, we discuss the intriguing details that emerge from our modeling.
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5.5 Discussion

In this study, we have carried out kinematic modeling of the SMC by analyzing
nine different stellar populations, including YMS1, YMS2, YMS3, CLSY, CLSI,
CLSO, RGB, RC, and Red Giants.

In the following subsections, we discuss the key results from our modeling. We
compare the estimated kinematic parameters with those from previous studies,
analyze the morphology of the galaxy, examine anomalies in the galaxy’s internal

motion, and explore the tidal evolution of the SMC.

5.5.1 kinematic parameters

The estimated values of (Uw.com, fin.com) Of the SMC from our study are compared
with those from previous studies by Costa et al. (2011, hereafter C11), K13, van der
Marel & Sahlmann (2016, hereafter V16), Z18, G18, D20, and N21 in Table 5.2
and illustrated in Figure 5.8. The COM PM values for clusters (CLSY, CLSI,
CLSO), RGB, RC, and Red Giants (with v;,s) do not show significant offsets with
respect to the recent estimates (D20 and N21). However, YMS1, YMS2, and
YMS3 progressively exhibit offsets in the parameter space, with YMS3 displaying
the largest offset.

We note that the YMS3 population has ages between 1-2 Gyr, whereas YMS1&2
are younger than 400 Myr. Also, the YMS3 shows a significantly high COM PM
directed southward (see Table 5.2 and Figure 5.8). The largest southward shift
seen in the YMS3 could be linked to the encounter between the LMC and the SMC
about 1.5 Gyr ago, an interaction peak identified in our previous study (Chapter

2, section 3.4.2). This may be a sign that these stars probably retain the kinematic
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TABLE 5.2: Comparison of the estimated COM PM with previous studies. The
first nine rows list the estimations from this study.

HW,com N, com Reference

(mas yr—1) (mas yr—')

-0.657+0.008 -1.262+0.007 YMS1

-0.7124+0.010  -1.283+0.010 YMS2

-0.72840.017 -1.325+0.018 YMS3

-0.7044+0.004 -1.2524+0.005 CLSY

-0.687+£0.005 -1.247+0.008 CLSI

-0.683+£0.008 -1.236£0.006 CLSO

-0.695+0.006 -1.2524+0.005 RGB

-0.687+0.008 -1.249+0.008 RC

-0.68740.008 -1.2494+0.008 Red Giants

-0.743£0.027  -1.233+0.012 N21

-0.721£0.024  -1.222+0.018 D20

-0.82£0.10 -1.21+£0.03 718

-0.797£0.030 -1.220+0.030 G18

-0.874£0.066 -1.2294+0.047 V16

-0.772+0.063 -1.117+0.061 K13

-0.93£0.14 -1.25+£0.11  Cl11
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disturbance to the gas from which they are born, as a result of the interaction.
The CLSO (ages > 1 Gyr) does not show this trend since the clusters are smaller

in number in this group.

The estimated value of ¢ for most of the old to young population in our study
ranges from ~ 58° to 82°, meanwhile © ranges from ~ 185° to 202°. This range
aligns with the findings of Z21 using Gaia DR2 data, which reported a value of i
between 50° and 80° and a © of ~ 180°. S15 estimated (i, ©) of ~ (64°, 155°) using
cepheids. Meanwhile, D18 estimated these values to be ~ (51°, 66°), using HI gas.
The sparse distribution of CLSO, along with the central concentration of clusters
in our sample results in a larger © value (~ 240°). However, Our estimations
tentatively suggest a decreasing value of ¢ and an increasing value of © with the

increase in age of the tracer population.

The bin sizes for binning the Gaia data were set at 0°.25 to visually identify
the features seen in the PM and residual PM maps (Section 5.2). Modifying
the bin sizes, either by increasing or decreasing, as well as altering the minimum
requirement of 5 stars per bin for estimating the median PM, does not substantially
affect the parameter estimates in this study. We modified the bin sizes and the
minimum number of stars per bin but found that the parameter estimates do not
change significantly across all the populations. Therefore, the estimated COM PM
and viewing angles (i and ©) for the SMC in our study are reliable and consistent

with the findings of previous studies.

5.5.2 Internal rotation of the SMC

The younger populations show evidence of internal rotation in the SMC. The value
of vy we estimated in this study are ~ 89 and 49 km s~ for YMS1 and YMS2,

respectively. However, in our study, we estimated a larger Ry of ~ 9 and 6 kpc for
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dots. Clusters are marked with green dots. RGB, RC, and Red Giant red,
brown, and magenta dots, respectively. The reference studies are marked with
black dots. Error bars are provided as well.

YMS1 and YMS2, respectively, compared to the estimates by D18 (Ry ~ 1.1 kpc).
A comparable trend is observed in the case of CLSY and CLSI. We were not able
to fit the rotation component for the YMS3, CLSO, RGB, and RC, but we noted

1

a partial convergence of vy below 8 km s, which is not reliable as the error in the

estimations is of the order of 10 km s~ (noted in YMS1&2). This suggests that
the rotation in the old population is significantly less, and can be assumed to have
no rotation. This is consistent with the study by Z21, which found a moderate or

1

slow rotation of ~ 10 km s™" in the central regions of the SMC using Red Giant
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FIGURE 5.9: The rotation velocity (V) profile of the SMC is shown for YMS1
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stars.

Figure 5.9, panels (a) and (b) show the rotation velocity profile for the YMSI,
YMS2, and CLSY respectively. The rotation velocity within the SMC plane (Vo)
is presented as a function of the galactocentric distance (R, in kpc). We also
estimated an average rotational dispersion (0,4) of ~ 9 km s™! and 11 km s~ for
YMS1 and YMS2, respectively. This was done using a binning interval of 2 kpc
along the disk radius. In CLSY, the absence of enough clusters beyond the radius
of 11 kpc prevents the estimation of ¢,,,. The smaller values of o,,; suggest a disk
morphology for the younger population (YMS1&2). The extension of R to ~ 20
kpc or more indicates that the disk structure of the SMC is notably more stretched
along the galaxy plane for the younger populations compared to its appearance in

the sky plane.

For the cluster groups CLSY and CLSI, we found evidence of rotation consistent
with the YMS1&2 populations. However, the cluster samples in the wing region
of the SMC are sparse in our study, leading to variations in ¢ and © between the

young clusters (CLSY and CLSI) and the young MS populations (YMS1&2).
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FIGURE 5.10: The distribution of YMS1, YMS2, YMS3, RGB, and RC popula-
tions in our study are color-coded and depicted here. (a) populations in the sky
plane perspective (X-Y plane), (b) X-Y-Z perspective 1: (Ry, Ra) = (90°, 20°),
(c) (b) X-Y-Z perspective 2: (Ry, R2) = (90°, 120°). Ry represents a clockwise
rotation about the X-axis of the sky plane perspective, followed by Ry, which is
a subsequent clockwise rotation about the new Y-axis.

In the next section, we present the in-plane morphology of the SMC based on our

model.

5.5.3 Morphology of the SMC

Figure 5.10 shows the 3D perspective of the SMC for different populations (YMS],
YMS2, YMS3, RGB, and RC) based on the disk models we obtained in our study.
The distances in X-Y-Z (in kpc) are estimated based on the fixed center (g =
13°.05; §g = -72°.83) and the mean distance (Dy = 62.44 kpc) to the galaxy center.
Panel (a) shows the density distributions of different populations as observed in
the sky plane, where the negative X and Y directions are the East and South
directions, respectively. Panel (b) shows the X-Y-Z perspective of the SMC, which
is attained by the clockwise rotation of 90° about the X axis (Y=0), Ry = 90° and
followed by another clockwise rotation of 20° about the new Y axis, Ry = 90°. This
keeps much of the population on the edge-on perspective, which also reflects their
varying values of ¢ for the disk. The RC and RGB disk has an offset of more than
19° with the YMS1&2. Panel (c) shows an alternative X-Y-Z perspective of the
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FIGURE 5.11: The age distribution of clusters (CLSY, CLI, and CLSO) is shown
here according to their LOS distance (D), with each cluster color-coded based
on extinction in the Gaia G band (Ag). Do = 62.44 kpc is the adopted mean
distance to the SMC, with op representing the standard deviation in D based
on the disk model.

SMC for R; = 90° and R, = 120°, obtained after performing the rotations from
the sky plane perspective from panel (a). The selection of R; and Ry is arbitrary
and it only serves to visualize the disk’s inclination and the spatial distribution of

different populations on the galaxy plane.

The triangular density distribution of the young population (YMS1&2) in the sky
plane appears similar to that of the observed density distribution of HI in the SMC
(Stanimirovié et al. 2004). The distribution of the older population (RGB and RC)
in our study appears elliptical in the sky plane (Figure 5.10, panel a). Also, the
previous studies suggest that the old population of the SMC is distributed in a
spheroidal or ellipsoidal shape (Harris & Zaritsky 2004; R18; Y19). Our model
indicates a highly inclined morphology for the SMC across all populations. We
find that YMS1 and YMS2 are rotation-supported, while for the old population,
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we likely traced a projected geometry of ellipsoidal distribution along the semi-
major and semi-minor axes. Notably, D14 estimated a LOS dispersion of ~ 26 km
s~1 for the Red Giants we used in our study. This implies that the SMC probably
has a flattened ellipsoidal distribution, where the younger populations (YMS1 and
YMS2) have rotation-supported disk structures.

Panels (b) and (c) in Figure 5.10 reveal the LOS depth of the SMC based on
the disk morphology obtained in this study for both young and old populations.
Figure 5.11 shows the estimated LOS distance (D, in kpc) of clusters (CLSY,
CLSI, and CLSO) in our study plotted against their age (in Gyr). The data is
color-coded according to extinction in the Gaia G band (Ag), where the ages and
Ag are taken from our first study (Chapter 3). We compare this plot with a similar
plot by Piatti (2021, P21) using clusters in the outer northeast of the SMC. We
note a trail of young clusters (< 200 Myr) in Figure 5.11 along the decreasing
LOS distance (East of the SMC), which was noted in P21 as well. These clusters
are also oriented along the wing region of the SMC, suggesting they were formed
after the recent SMC-LMC interaction. The estimation of cluster ages in our
previous study (Chapter 3) did not take disk morphology into account. Hence,
we re-estimated the ages of clusters using the current LOS distances obtained
using the disk model of clusters. However, we observed minor differences in the
estimates that fall within the margins of error for age estimation. The LOS depth
for clusters, determined from the estimated inclination relative to the center, is ~

20 kpc to the east and ~ 12 kpc to the west.

Our model suggests that the LOS depth for the RC and RGB populations extends
~ 11 kpc to both the east and west of the SMC. In contrast, the LOS extension of
the young populations (YMS1, YMS2, YMS3) in the west surpasses 15 kpc, with
the eastern side of YMS1 extending to ~ 20 kpc. The studies by J16 and R17
previously reported the younger population of the SMC to have LOS elongation of

~ 20 kpc. In essence, our models trace that both the younger and older populations
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FIGURE 5.12: The morphology of the SMC is shown in the disk plane (primed
coordinates) of the galaxy. Panels from (a) to (f) show RC, RGB, YMS3, YMS2,
CLSY, and YMSI, respectively. The sources in each population are color-coded
with LOS distance (D, in kpc) as well.

have a larger LOS depth, consistent with the previous observations.

To better visualize the disk plane of the SMC, we present the RC, RGB, YMS3,
YMS2, CLSY, and YMS1 within their best-fitted disk plane of the galaxy (X'-Y’
axes), as shown in Figure 5.12. Each population’s disk plane is rotated counter-
clockwise by their corresponding ¢ and about the PA of the line of node axis. Also,
each source is color-coded based on the LOS distance (D, in kpc) as well. This
perspective aligns the disk plane with the standard East, West, North, and South
directions of the sky plane, facilitating a comparison of the disk plane and its ap-
pearance in the sky. Starting with the RC and RGB populations, we observe that
the SMC extends up to ~ 10 kpc from its center. The YMS3 population, which
is 1-2 Gyr old, is more spread out, but elongated compared to the RC and RGB,
reaching over ~ 17 kpc from the SMC center. In contrast, the YMS1, YMS2, and
CLSY, which are less than 400 Myr old, exhibit an even larger stretch in their disk
distribution. These populations are significantly more elongated along the X’ axis

compared to the Y’ axis, extending up to ~ 20 kpc from the center, with YMSI1
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and CLSY spanning more than 22 kpc. However, we estimated a small dispersion
of ~ 10 km s~! in the rotation profiles for the YMS1 & 2 (Figure 5.9, panels a and
b). This suggests that the young SMC likely has a disk structure that is not very
thick. Additionally, the appearance of the RC and RGB indicates a more compact

ellipsoidal structure compared to the young populations.

In the following section, we will investigate the anomalies identified in the residual

PM maps in conjunction with the SMC’s morphology.

5.5.4 Anomalies in the kinematics and tidal evolution of the

SMC

The anomalies we identified in the residual PM map of YMS2 (Section 5.4) are
evident in both the young and the old populations. The SEA, which represents a
stellar population in counter rotation is noticed for the first time in the SMC, and
it is prominent across the YMS1, YMS2, and YMS3. The appearance of counter-
rotation in the residual could arise due to the slower rotation of the population with
respect to the model (This is explored further in detail later). The EA indicates
the motion of groups of stars away from the SMC and directed to the LMC along
the young bridge of the SMC. We note the clusters in the east wing are mostly of
ages less than 200 Myr, they also have residual PM aligned towards the younger
bridge. However, the SA shows the residual PM vectors of the stellar population
aligning to the south in the SMC outskirts, probably connecting to the old bridge.

The eastward movement of stars in the younger population toward the younger
bridge was previously noted in the study by N21 and aligns with our findings.
Figure 16 of G21 illustrates comparable movements of both old and young pop-
ulations toward the older and younger bridges, respectively, which is consistent

with our findings. The residual PM features located beyond ~ 5° to ~ 8° for RGB
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FIGURE 5.13: Comparison of the internal PM components (PMx, PMy ) along
the X direction of the sky plane for YMS2&1 are shown here. Observed PM x and
PMy are represented by brown dots, while their corresponding model predictions
are indicated by black dots. The SEA, EA, SA, and WA binned stars identified
for YMS2 (see subsection 5.4.1) are marked with magenta, blue, green, and red
circles, respectively.

and RC (as shown in Figure 5.7, panels b and e) show similarities to the trends

observed by Cullinane et al. (2023) for the offset population of RGB stars in the

SMC outskirts, as depicted in their Figure 4.

The WA is observed in the central regions and extends mostly westward in the

SMC, which is evident in both young and old populations (YMS2, YMS3, RGB,

and RC). The west-directed motion of these populations is consistent with the
studies by Niederhofer et al. (2018) and Dias et al. (2022b). The motion is directed
to the west halo of the SMC, a tidal feature suggested by Dias et al. (2016). The

west halo is later associated with the counter bridge of the SMC (Tatton et al.

2021), which loops behind the SMC from southwest to northeast of the galaxy.
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The anomalies observed point out that the galaxy is showing tangential anisotropy
in PM across all the populations. We further analyze the observed internal PM x
and PMy along the X direction for YMS2&1, aiming to assess their respective
contributions to these four anomalies. In Figure 5.13, panels (a) and (c) illustrate
the variation in the X component of the internal PM (PMx) for YMS2 and YMS1
along the X direction in the sky plane. Meanwhile, panels (b) and (d) depict the
variation in the Y component of the internal PM (PMy) for YMS2 and YMS1
along the same X direction in the sky plane. The color-coding for anomalies in
both YMS1 and YMS2 across each panel is based on the EA; SEA, SA, and WA
regions identified in YMS2. This facilitates a region-to-region comparison between

YMS2 and YMSI.

The SEA is found to have larger values of (PMx) indicative of an inward motion,
and lower values for (PMy ) indicative of slower rotation, particularly for regions
at X ~ 4° and beyond as seen in panels (a) and (b). Furthermore, the SEA region
in YMS1, as shown in panels (c) and (d), noticeably has a reduced number of bins
compared to YMS2. This suggests that the disk’s rotation is attaining stability
in the youngest population (YMS1). The SEA prominently emerges from the
YMS3 population (ages ~ 1 to 2 Gyr) and is not so evident in RGB and RC. This
suggests that the SEA is predominantly detected in the populations with ~ 50
Myr to 2 Gyr age range. Our models indicate that the SMC’s rotation starts with
the YMS2 population, suggesting that the SEA may be pointing to a gas in-fall
from the outskirts into the southeastern region of the SMC, where stars formed
from this gas retaining the in-falling gas kinematics. We therefore classify the SEA

to be an infalling feature, rather than a counter-rotating feature.

The EA reveals larger negative values in PMy, and it is evident in both YMS2
and YMS1. The inner bins in the east between ~ 2° and 4° of YMS2 show large
negative observed PMyx values, suggesting the eastward directed motion. This

implies that stars in these bins are being pulled eastward towards the LMC. In
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the YMS1 population, the bins of stars in the central regions between 1° and 3°
exhibit similar eastward motion, along with larger negative values for PM . This
points to the tidal signature in the RA direction likely resulting from the SMC
interacting with the LMC.

The SA reveals the flow of stars towards the south of the SMC, which is prominent
in the YMS2 population, and only marginally present in the YMS1. The outward
motion of binned stars to the south is also observed in the YMS3, RGB, and RC

populations, suggesting that this is likely associated with the old bridge of the
SMC.

The WA appears prominently in YMS2 but not in YMS1. The more positive
values of PMyx observed for WA when compared to the model, are suggestive
of a westward motion. There is a marginally higher value for these populations
in the PMy when compared to the model suggesting a northward motion. A
predominantly westward motion of stars present in YMS2 is missing in YMS1. If
the gas in these regions is also affected by this motion, then the gas can escape
the SMC through the western halo. This could explain the contribution of gas to
the Magellanic stream which in turn could explain the absence of stars in YMS1
for values of X < -1° (panel ¢). Notably, all the anomalies (SEA, EA, SA, and
WA) show greater anisotropy in PMx than in PMy, which is a result of the line
of interaction with the LMC. Additionally, the variation of PMx and PMy along

the Y direction shows similar anomalies.

The morphology of the young SMC, as seen in the SMC plane, appears to be
extensively stretched in the east-west direction. This stretching is starting to
appear in the YMS3 population and is full-blown in the distribution of YMS2
population. The contrasting distribution of the RC/ RGB (panel a/b) to the
YMS2 (panel d) in Figure 5.12 highlights the skewed stellar distribution. The

morphological change is suggestive of a stretched distribution of the gas that is
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formed in the younger populations. We explore the possible connection of this
feature with the tidal effects of the LMC-SMC interaction. The eastward motion
is likely to be associated with the recent interactions between the LMC and the
SMC, as evidenced by the eastward stretch across all populations. Similarly, the
westward motion is evident across all populations, but less pronounced in the
YMS1. These two interaction signatures, which are acting along the same line,
but in opposite directions in the SMC’s internal PM suggest that its elongation is a
result of the significant tidal stretching, particularly from the recent interaction, as
it is most pronounced in YMS2. Moreover, the increased inclination of the younger
population has resulted in smaller LOS distances in the eastern part, along with
a significant reduction in the extent of the SMC in the north-south direction. All
these point to a significant tidal influence from its larger companion. The fact
that all anomalies exhibit more deviation in the X-direction of the PM is also
suggestive of extensive tidal signatures across the SMC. The tangential anisotropy
on the PM of the SMC has previously been observed in the RA direction of the
galaxy, which is associated with the tidal disruption of the dwarf galaxy due to
the gravitational influence of the LMC (Klimentowski et al. 2007; D18; Hota et al.
2024). Similarly, several studies have reported tidal stripping or stretching of the
SMC (Piatti 2021b; N21; El Youssoufi et al. 2023), which aligns with the picture
of the SMC emerging from our models. The counter-rotating signature that is
identified in this study for the first time is unlikely to be a tidal signature, but a
hydrodynamic one probably from the gas-infall in the course of the morphological

evolution of the SMC.

This study provides baseline models estimated from the median motion as traced
by the majority of stellar populations across the SMC. The anomalies detected
in the residual PM of the different stellar populations are likely to be the major
outliers as they are shown by the bulk of the population. This study therefore
does not detect kinematic and structural outliers that exist in smaller fractions of

the population across the SMC. Therefore, we note that the base models derived
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here will be very helpful in detecting kinematic and structural outlier (minority)
populations that exist in the SMC. The unique PM pattern identified in this study
can aid numerical simulations to pinpoint the details of the interaction between
the MCs. However, the anomalies seen in the residual PM maps of this study
need further investigation, such as a 3D model including radial velocity for all

populations to fully comprehend the dynamic evolution of the SMC.

5.6 Summary

We summarize the results and conclusions derived from the disk model of the SMC

using Gaia DR3 data.

e We performed the kinematic model of the SMC using nine different popu-
lations to investigate the galaxy’s morphology. Eight populations were used
to derive a 2D model using PM from Gaia DR3 and one was used to derive
a 3D model using PM (Gaia DR3) and radial velocities. The data coverage
of the SMC considered in this study is within ~ 7°.5 from the galaxy center.

e The best-fitting kinematic parameters of the SMC were estimated using an
MCMC method. The parameters estimated in this study, such as the in-
clination of the SMC disk (i), the position angle (PA) of the line of nodes
measured from West (), the amplitude of the tangential velocity of the
SMC’s COM (v;), the tangential angle made by v; (6;), scale radius (Ry),
the asymptotic velocity (vy), and the systemic velocity (vsys) show good
agreement with estimations in the literature when comparisons are made

between similar populations.
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e The COM PM for the entire population exhibits minimal variation, except in
YMS3, where the southward motion is larger than other populations. This
may be a signature of the LMC-SMC interaction ~ 1-2 Gyr ago.

e We estimated the ¢ to range from ~ 58° to 82°, and © range from ~ 180°
to 240° among the young and old population of the SMC. We observe that

1 decreases with age, while © increases.

e We estimated a vy of ~ 89 km s™! for YMS1 and 49 km s™! for YMS2,
with corresponding Ry of ~ 9 kpc and 6 kpc. A similar trend is observed
for CLSY and CLSI. This suggests that both YMS1 and YMS2 show a
rotation-supported disk structure for ages less than 400 Myr. In contrast,
the older populations (YMS3, RGB, RC, CLSO, and Red Giants) do not

exhibit significant rotation and are likely pressure-supported.

e The young MS population (YMS1 and YMS2) shows an elongated structure
in the galaxy plane, with a rotational velocity dispersion of ~ 11 km s7*,

suggesting a flattened rotating structure for the SMC.

e Our models reveal a larger LOS extension for the SMC reaching up to ~ 30

kpc across the different stellar populations (old and young).

e We identified several anomalies on the residual PM of YMS2, which are the
East Anomaly (EA), South East Anomaly (SEA), South Anomaly (SA), and
West Anomaly (WA). The SEA identified for the first time is suggestive of
an infalling population possibly having a hydrodynamic origin. The SA is
likely associated with the old bridge, the EA and WA appear to be of tidal

origin.

e This study also brings out the morphological change in the SMC over its
evolution. The extensive east-west stretch seen in the young population is
likely to be due to the skewed distribution of gas in the SMC resulting from

the recent interactions.
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e This preferential stretching in the X-direction is also noted in the young
stars. The internal rotation of the young population along the X-direction
(PMx) of the SMC exhibits greater tangential anisotropy than in the Y-
direction, suggesting that the galaxy is being tidally stretched due to the
influence of the LMC.






Chapter 6

Conclusions & Future Work

In this thesis, we analyzed star clusters and various stellar populations within the
MCs utilizing data from Gaia DR3. Our study involved determining parameters
for 1710 clusters in the LMC and 280 clusters in the SMC to map the CFH of
these galaxies. Additionally, we modeled the kinematics of the MCs using proper
motion for the stellar population in the galaxies. We used star clusters to model
the kinematics for the first time. This chapter summarizes the main findings
and conclusions of the thesis and outlines several promising directions for future

research.

6.1 Evidence for the interaction history of the MCs

from cluster age-dating

We parametrized 847 new LMC and 113 new SMC clusters, where the newly

parameterized clusters in the LMC are in the outskirts. The age distribution of

the clusters obtained in our study in the LMC and SMC traced the peaks of CF
157
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from ~ 4 Myr to 3.5 Gyr. The correlated CF peaks are noted in LMC and SMC
at ~ 1.5 Gyr, and we believe it is associated with one of the past encounters of the
LMC and the SMC. We notice a dip at ~ 1.25 Gyr in CF between the first and
second CF peaks in both galaxies. Afterward, there is a bounce back in CF in both
galaxies, with a significant peak in both the galaxies at ~ 800 Myr, associated with
another interaction between the dwarfs or global instability of their disks. Further,
we detect a peak at ~ 150 Myr in the SMC, which is found consistent with the
recent LMC-SMC direct collision.

The spatial age map of the star clusters in the MCs was segregated into four
age groups in ranges of log(t), Age group-1: [> 9.10,< 9.55], Age group-2: [>
8.65,< 9.10], Age group-3: [> 8.0,< 8.65], Age group-4: [> 6.55,< 8.0]. The
grouping tracked the age span from old to young clusters in the MCs. Notably, we
found the shrinkage of CF of younger clusters towards the central regions of the
galaxies. The spatial KDE of the clusters based on age revealed intriguing details
about the MCs. In the oldest age group (~ 1.25 Gyr - 3.5 Gyr) of the LMC, the
southern arm of the galaxy is prominently evident, extending towards the central
region and further north. In the later age range of ~ 446 Myr to 1.25 Gyr, the
cluster density becomes more pronounced in the northern regions, revealing the
prominent northern arm of the galaxy. However, the younger age groups (ages <
446 Myr) show radial shrinkage towards the center, and the youngest age group
shows active CF towards the central northeast regions. In the younger age groups,
the southwest region lacks CF, likely due to ram pressure stripping of the LMC
during its current pericentric passage around the MW. In the SMC, a similar
shift in cluster density is observed. The tidal interaction between the LMC and
SMC is evident as the young bridge or wing of the SMC appears in the youngest
age group (ages < 100 Myr ), with clusters forming a trail extending toward the

eastern region of the SMC.
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6.2 Investigating the disk response of the LMC to
its interaction with the SMC

We estimated the kinematic parameters for the clusters, field stars, young stars,
and RC stars in the LMC. The kinematic properties of the clusters in our sample
showed a similar trend as the young stars. The clusters in our sample are mostly
young, where 75% of clusters are with ages less than 1 Gyr. The field stars showed
kinematics similar to that of the old population, the RC stars. We identified that
the clusters have large disk heating compared to the old population. We compared
the RMS profiles of the clusters and field population in our study with the models
from the simulation of B12, and found the recent LMC-SMC direct collision impact
parameter to be within 1 to 5 kpc from the center of the LMC disk.

We modeled the rotation curve for the clusters, field, young stars, and RC popu-
lation in the LMC. The notable change is in the scale radius (Ry), where younger
populations have smaller values compared to older populations, signifying the re-
distribution of mass within the galaxy during its evolution. Also, we found a
disturbance of the LMC disk in the central southwest regions, likely associated
with the recent LMC-SMC collision. Several clusters at the site of larger resid-
uals show counterclockwise rotation as well. The inclination of the clusters aged
between 100 to 200 Myr and their nearby young stars show distinct and larger
values compared to other nearby age groups. The radial variation of the kine-
matic parameters of the LMC also reveals that the inner disk of the LMC is more
inclined towards us than the outer regions. The dynamic centers of the young and
old population also show a significant offset in our models, suggesting the tidal
interaction/ collision with the SMC affected the LMC, and it is evident in our
kinematics of the LMC.
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6.3 Exploring the kinematic and morphological evo-

lution of the SMC

In our study, the kinematic model of the SMC revealed rotation signatures for
the population younger than 400 Myr, and the older population did not show any
significant rotation. The estimated inclination for the younger population shows
larger values (~ 81°) and the position angle of the line of node is aligned almost
north-south for all the population. The modeled RC and RGB disk has an offset
of more than 19° with the YMS1&2. We also estimated the large LOS extension
of the SMC disk, even the stretching of the disk in its plane, which is associated
with the tidal interaction with the SMC.

We identified several anomalies in the SMC disk across all modeled populations.
In the residual PM map of the young population (50 Myr < ages < 400 Myr),
we visually detected four distinct anomalies based on significant deviations in the
amplitude and direction of the residual vectors. These include the East Anomaly
(EA), South East Anomaly (SEA), South Anomaly (SA), and West Anomaly
(WA). The SEA has been identified for the first time, likely linked to a hydrody-
namic origin, possibly from gas infall contributing to the formation of the SMC’s
disk structure. The EA is observed across all populations, with the motion of
stars from the eastern region toward the SMC’s eastern side being associated with
the tidal interaction with the LMC. The SA is linked to the SMC’s old bridge
structure. The WA is observed in both young and old populations, associated
with the western halo and the counter-bridge of the SMC. Tangential anisotropy
in the rotation velocity is most notable along the RA direction, highlighting the
tidal influence of the LMC on the SMC. Our models indicate that while the SMC
is undergoing tidal disruption by the LMC, its younger stellar populations are si-

multaneously attempting to establish a stable, rotation-supported disk structure.
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FI1GURE 6.1: The spatial maps of the oldest and youngest cluster groups in our
study are highlighted. Radial radial shrinkage CF is clearly evident in both MCs.
The older clusters are distributed relatively uniformly across the MCs, whereas
the younger clusters are concentrated toward the central and northeastern re-

gions in both Clouds.

6.4 Thesis Conclusions

Our thesis explores the history of interaction and the evolutionary details of MCs.

The age distribution of clusters in the MCs from our study highlights the trig-

gers of star formation during their mutual interactions. The development of spiral

arms, the central bar region, and recent star formation in the northeastern part

of the LMC appear to have occurred during different epochs of the Clouds’ in-

teraction. Figure 6.1 shows the spatial age map of the oldest and the youngest

group of clusters parametrized in our study. The truncation of CF at youngest

ages indicates that the LMC, being more massive than the SMC, has been signif-

icantly influenced by ram pressure stripping. This process has expelled gas from

the LMC’s southwestern regions, leading to a concentration of star formation in

the central and northeastern regions over the recent epochs, consistent with its

closer approach and motion toward the MW.

Figure 6.2 illustrates different perspectives of the modeled disk for the LMC star
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FIGURE 6.2: The disk model obtained for the LMC clusters and SMC YMS2
populations (as provided in Chapters 4 and 5) are shown together with different
perspectives, where the SMC center is chosen as the center of reference. The
rotation conventions for the perspectives are detailed in section 5.5.3. (a) Sky
plane perspective of the LMC and the SMC population, (b) X-Y-Z perspective
showing the LOS depth of the SMC: (R1, R2) = (90°, 40°), (c¢) Another X-Y-Z
perspective of the MCs: (R, Rg) = (90°, 90°)
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clusters (spanning ~ 10 Myr to 3.5 Gyr) and the younger stellar population of the
SMC (ranging from ~ 50 to 400 Myr), as revealed by our analysis. The skewedness
in the spatial distribution of young population in the SMC is already demonstrated
in morphology map shown Figure 5.12, hence only the young population is shown
in Fig 6.2 to show how it is positioned with respect to the LMC. The sky plane
(panel a) and LOS perspectives (panels b, ¢) are provided to highlight the elon-
gated disk of the SMC. The kinematic analysis of both galaxies indicates that the
collision between the MCs had a more significant effect on the SMC than on the
LMC. The SMC exhibits pronounced evidence of tidal forces, with its disk being
elongated and influenced by the LMC. The probable site of this recent interaction
is ~ 2 kpc from the SMC’s center, corresponding to a peak in CF around 150 Myr
ago. This tidal encounter disrupted the gas in both galaxies, leading to its removal
from their main bodies and subsequent ejection into the Magellanic Stream. This
is evident from the WA we note for stars in the SMC, and the lack of CF at LMC
in the southwest for ages < 200 Myr. The baseline kinematic model of the SMC,
developed for the first time in our study, will serve as a critical tool for N-body
simulations of the Clouds. Furthermore, the details uncovered about the dwarf-
dwarf-host galaxy interactions within the nearby Magellanic system can be used

as a template for studying similar processes in extragalactic systems.

6.5 Future Studies

Several future projects we plan to pursue are briefly described below.

e In addition to Gaia, we have the SMASH, which is a deep optical sky survey.
This survey utilizes the DECam to map 480 square degrees of the sky in ugriz
bands at ~ 24 magnitude. The main objective of SMASH is to detect faint,

extended stellar populations associated with the halos and tidal remnants of
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the MCs. Our study involves using an automated method to parameterize
the cluster in the MCs. The same methods developed in this study can be

used to parameterize the clusters with SMASH as well.

e We plan to study the overlapping clusters in the LOS, as classified in our
study (Chapter 3). The ages and metallicities of the clusters will reveal
whether they formed together or independently. These overlapping groups
of clusters are located in the dense regions of the MCs, making them challeng-
ing to study. To parameterize the overlapping clusters, we plan to develop
machine learning algorithms and convolutional neural network classifiers to

determine the members corresponding to each cluster.

e The gravitational interaction between the MCs causes disturbances in the
LMC’s bar, and the characteristics of the bar are expected to change de-
pending on the ages of the stellar populations present. The spatially resolved
rotational velocity profiles traced by the young and old populations, as de-
rived from our kinematic model of the LMC (Chapter 4), reveal distinct bar
morphologies. This suggests that the LMC bar is influenced by the mutual
interaction between the MCs. To investigate this further, we plan to apply
Fourier decomposition to the rotational velocity map in the galaxy plane of
the LMC, to characterize the bar length and strength, and to identify any

asymmetries induced by the interaction.

e We plan to conduct N-body simulations based on the disk configurations
of the LMC and SMC derived from the kinematic models presented in this
thesis. These simulations will allow us to investigate the future evolution of
the Clouds and their infall into the MW’s halo. Additionally, hydrodynamic
simulations will be incorporated to account for the effects of ram pressure

stripping and the gas/ material contribution to the Magellanic Stream.
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