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Abstract

We present new measurements of the 2D geometry of the LMC'’s stellar bar with precise astrometric observations
of red clump stars in Gaia DR3. We develop a novel solution to tackle crowding-induced incompleteness in Gaia
data sets with the Gaia BP-RP color excess. Utilizing the color excess information, we derive a 2D completeness
map of the LMC’s disk. We find that incompleteness biases the bar measurements and induces large uncertainties.
With the completeness-corrected 2D red clump map, we precisely measure the LMC bar’s properties using Fourier
decomposition. The bar radius (semimajor axis) iS Ry = 2.13f8j82 kpc, and its position angle is 121926 4 0°21.
The bar’s strength as quantified by the Fourier bi-symmetric amplitude is Sy, = 0.27, indicating that the LMC has
a significant bar perturbation. We find the bar has an axis ratio of 0.54 + 0.03, and is offset with respect to the
center of the outer disk isophote at R~ 5kpc by 0.76 & 0.01 kpc. These LMC bar properties agree with a
hydrodynamic model where the SMC has undergone a recent direct collision with the LMC. We compare the
LMC’s bar properties with other barred galaxies in the local Universe, and discover that the LMC is similar to other
barred galaxies in terms of bar-galaxy scaling relations. We discuss how our completeness correction framework
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can be applied to other systems in the Local Group.

Unified Astronomy Thesaurus concepts: Large Magellanic Cloud (903); Galaxy bars (2364); Astronomical
methods (1043); Hydrodynamical simulations (767); Dwarf galaxies (416)

1. Introduction

The stellar bar of the LMC is one of the most peculiar
features of this massive Milky Way satellite galaxy. Unlike
bars in most gas-rich galaxies of the local volume, the LMC’s
bar is offset from the isophotal center of the disk (G. de
Vaucouleurs & K. C. Freeman 1972; R. P. van der Marel 2001)
and is absent in the LMC’s interstellar medium (ISM;
L. Staveley-Smith et al. 2003). Moreover, the bar is
significantly more dominant in the older stellar populations
(age >1 Gyr) as compared to the younger stellar populations
(age <100 Myr; J. Harris & D. Zaritsky 2009; D. El Youssoufi
et al. 2019; Gaia Collaboration et al. 2021; A. Mazzi et al.
2021). The nature of the LMC’s bar is a topic of debate. Precise
characterization of the geometry and strength of the LMC’s bar
is needed to place the LMC in context with other barred
galaxies in the local Universe and understand the role of bars in
general in the evolution of low-mass galaxies.

Early work questioned whether the LMC’s bar is comparable
to standard galactic bars and actually embedded within the LMC
disk. Using observations from micro-lensing surveys
(A. Gould 1995), H. Zhao & N. W. Evans (2000) suggested
that the bar is an un-virialized structure that is above the plane of
the LMC disk. Using UBVI photometry from the Magellanic
Clouds Photometric Survey (D. Zaritsky et al. 2004), D. Zaritsky
(2004) suggested that the bar is a manifestation of viewing a tri-
axial stellar bulge. Furthermore, based on Cepheid distances,
S. Nikolaev et al. (2004) suggested that the LMC’s bar is
levitating with respect to the disk plane by as much as 0.5 kpc.
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As distance measurements have become more accurate, a
different picture has emerged. Using distances to red clump
stars, it has been found that the bar actually resides in the disk
plane (A. Subramaniam & S. Subramanian 2009). Using state-
of-the-art observations from the Survey of MAgellanic Stellar
History (D. L. Nidever et al. 2017), Y. Choi et al. (2018a)
found that the bar is consistent with being in the disk plane, but
is likely tilted with respect to the disk by as much as ~15°.
R. Haschke et al. (2012) also inferred that the LMC’s bar
resides in a different plane relative to the disk. The observation
that the bar is tilted helps to understand how earlier studies
could conclude that the LMC’s bar was not in the disk plane.

It has been proposed that the LMC bar tilt is caused by a
recent direct collision between the SMC and the LMC, where
the LMC originally possessed a centered, in-plane stellar bar
that was distorted during the collision (G. Besla et al. 2012). If
this is true, then the LMC bar must currently have 2D
geometric properties (like radius, axis ratio) and a bar strength
similar to that expected for a galaxy of this mass scale.

In addition to the nature of the LMC’s stellar bar, the
connection between the bar and surrounding ISM is not well
understood. HI density and velocity maps of the LMC indicate
no signature of a bar (L. Staveley-Smith et al. 2003), which is in
contrast to what is observed for most massive gas-rich barred
galaxies where the bar is evident both in HI and other ISM
tracers (e.g., A. Bosma 1978; K. Fathi et al. 2005; C. Lopez-C-
oba et al. 2022), even when the bar is offset from the disk center
(J. Colin & E. Athanassoula 1989). The absence of the LMC’s
bar in its ISM gives credence to the idea that the LMC bar is not
a standard dynamical bar, making the need to accurately
characterize the LMC bar’s properties even more important.

Various attempts have been made to measure the 2D
geometry of the LMC'’s stellar bar, which is quantified by the
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Table 1
Literature Survey of the Estimates of the LMC Bar’s Geometric Parameters
Bar Parameter Value References
Radius [kpc] 1.5 G. de Vaucouleurs & K. C. Freeman
(1972)*
1.5 H. Zhao & N. W. Evans (2000)
3.0 Y. Choi et al. (2018b)*
2.3 0. Jiménez-Arranz et al. (2024a)
Axis ratio 0.27 G. de Vaucouleurs & K. C. Freeman
(1972)°
0.33 H. Zhao & N. W. Evans (2000)"
0.33-0.57 R. P. van der Marel (2001)
0.46 Y. Choi et al. (2018b)
Position Angle [°] 120 H. Zhao & N. W. Evans (2000)
112-126 R. P. van der Marel (2001)
154.18 Y. Choi et al. (2018b)
Offset® [kpc] 0.4 R. P. van der Marel (2001)
0.87 H. Zhao & N. W. Evans (2000)

Notes. This table is for illustration purposes only, and is by no means meant to
be exhaustive. There is a lack of consistency in the determination of bar
parameters across different works.

? Give their measurements in degrees, which we convert to length units by
using a distance to the LMC of 49.9 kpc (R. de Grijs et al. 2014).

b Give the dimensions of the bar, which we use to determine the axis ratio. We
were not able to find meaningful error estimates of the listed quantities in our
literature survey.

¢ Bar offset is the difference between the center of the bar and the center of the
outer disk (R ~ 5 kpc) isophote.

bar position angle, radius (semimajor axis), ellipticity (axis
ratio), and offset of the bar center with respect to the center of
the stellar disk isophotes. Table 1 provides a survey of
estimates of these properties of the LMC’s bar in the literature.
The Table illustrates that there is little consistency among
different works. For example, the radius of the bar differs
between studies by as much as a factor of 2. Such a high
uncertainty is also an impediment toward understanding the
origin of the peculiar properties of the bar. For example, an
accuracy of at least 0.5 kpc is needed for parameters like the bar
radius to accurately determine the torques on the bar from
external perturbers like the SMC (H. Rathore et al. 2024b, in
preparation).

Precise measurement of the LMC bar’s geometry has been
mainly hindered by the following challenges:

1. Incomplete stellar photometry due to crowding. The
stellar field in the central region of the LMC is highly
crowded, which significantly affects measurements of the
bar structure that are based on resolved stars (e.g.,
Y. Choi et al. 2018a). Crowding manifests as less
complete stellar photometry in the central regions of the
LMC, which leads to a systematic underestimate of the
stellar density field in the bar region. Incomplete stellar
photometry prevents an accurate measurement of the
dynamical strength of the bar, which particularly hinders
the comparison of the LMC to other barred galaxies. To
the best of our knowledge, the LMC bar’s strength has
not been measured before with the LMC'’s stellar density
distribution.

2. Lack of an accurate geometric framework to measure the
bar parameters. The majority of the methods used in the
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literature have used either iso-ellipse fitting on star-count
maps to characterize the bar (e.g., R. P. van der
Marel 2001), or fitting of two-component (bar + disk)
models (e.g., H. Zhao & N. W. Evans 2000; Y. Choi et al.
2018b). However, separating the bar from the rest of the
disk and defining the end of the bar is a significant
challenge in these methods. In addition, some bar
parameters, like the bar radius, are sensitive to the choice
of the prior adopted (e.g., Y. Choi et al. 2018b). These
issues make it hard to compare measurements across
different studies, or with numerical simulations. A
geometric framework is needed that yields accurate
measurements of multiple bar parameters without relying
on prior assumptions of bar/disk mass profile, and can be
extended to different types of stellar tracers as well as
compared with numerical simulations.

In this work, we utilize observations of red clump stars in
Gaia DR3 to quantify the 2D structure of the LMC’s bar,
defined by the position angle, radius, dynamical strength, axis
ratio, and offset. The offset is defined as the separation between
the bar center and the center of the outer disk isophote at
R~ 5kpc. A standard way of accounting for crowding-induced
incompleteness is through artificial star tests (ASTs; e.g.,
K. A. G. Olsen et al. 2003). However, given the large on-sky
extent of the LMC, the ASTs are computationally expensive
and beyond the scope of the present work. Moreover, the raw
Gaia fields are not publicly available at this point, which are
needed to perform the ASTs. We present a novel, computa-
tionally inexpensive way to account for the crowding-induced
incompleteness in the LMC’s central regions by utilizing the
Gaia BP-RP color excess as a tracer of the crowding level. We
present a Fourier decomposition framework, motivated by N-
body simulations (E. Athanassoula & A. Misiriotis 2002), to
measure the bar parameters in a purely geometric way, without
reliance on model fitting. Determination of 3D geometric
parameters of the LMC’s bar, like its tilt, is beyond the scope of
this work.

Finally, we shall compare our measured LMC bar properties
with those of numerical models in which the SMC has undergone
a recent direct collision with the LMC (G. Besla et al. 2012) in
order to assess the validity of such a hypothesis.

We structure our manuscript as follows. In Section 2, we
present the Gaia DR3 observations of red clump stars and
motivate a novel solution to the crowding-induced incomplete-
ness issue. In Section 3, we derive a completeness map of the
LMC, i.e., completeness as a function of location in the LMC’s
disk. In Section 4, we present the framework of Fourier
decomposition for determining the LMC’s bar properties. In
Section 5, we present our measurements of the 2D geometric
parameters of the LMC’s bar. In Section 6, we compare our
measurements to numerical simulations and place the LMC in
context with other barred spiral galaxies. We summarize our
work in Section 7. Throughout this manuscript, we assume a
distance to the LMC of Dipyc=49.9kpc (R. P. van der
Marel 2001; R. de Grijs et al. 2014).

2. Gaia DR3 Data for the LMC and a Novel Solution to
Incompleteness

Gaia has ushered a new era of galaxy dynamics by providing
precise astrometry for stars in the Milky Way and nearby
galaxies like the LMC (e.g., Gaia Collaboration et al. 2021 and
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references therein). These data bring novel opportunities for
precise characterization of the structure and kinematics of the
LMC, including its stellar bar (e.g., P. Zivick et al. 2019;
Y. Choi et al. 2022; S. R. Dhanush et al. 2024; O. Jiménez-
Arranz et al. 2024a).

We utilize red clump stars in Gaia DR3 (Gaia Collabora-
tion 2016; L. Lindegren et al. 2021; Gaia Collaboration et al.
2023) for precise geometric characterization of the LMC’s bar.
The LMC’s bar predominantly consists of older stellar
populations (J. Harris & D. Zaritsky 2009; Gaia Collaboration
et al. 2021; A. Mazzi et al. 2021); thus, red clump stars are
representative of the bar. Moreover, red clump stars occupy a
narrow and a well-defined region in the Hertzsprung—Russel
diagram (V. Castellani et al. 2000), which makes them easy to
select in Gaia color—magnitude diagrams (e.g., Y. Choi et al.
2022). Using red clump stars will also allow us to place our
results in context with several other works that have utilized
this stellar population to study the LMC’s bar and disk (e.g.,
A. Subramaniam & S. Subramanian 2009; Y. Choi et al.
2018a, 2022). Red clump stars have a similar mass (V. Caste-
llani et al. 2000), which makes comparisons with numerical
simulations where star particles have equal masses easier.
Further, red clump stars are standard candles for distance
estimation (L. Girardi 2016), offering the potential for
extending our framework to determine the 3D geometry of
the LMC’s bar in future analyses.

We follow the selection criteria of Y. Choi et al. (2022,
hereafter C22) for selecting red clump stars in the LMC using
the Gaia query interface.”> We describe the exact Gaia query
and selection procedure for the red clump stars in Appendix A.
At this stage, we have a sample of 1,051,494 red clump stars.
We refer to this sample as our parent sample. We utilize the
neural-network-based catalog of O. Jiménez-Arranz et al.
(2023) to evaluate the contamination of Milky Way foreground
stars in our sample of LMC stars. We estimate this
contamination to be <1% in the LMC bar region (R < 3°) for
their NN complete sample.

2.1. Coordinate Systems

In this work, we utilize two coordinate systems to describe
the LMC’s disk. These follow from R. P. van der Marel & M.-
R. L. Cioni (2001), M. Salem et al. (2015), A. D. Mackey et al.
(2016), and Y. Choi et al. (2018b).

For visualizing the LMC’s disk on-sky, we use the LMC
tangent plane coordinate system (n [°], £ [°]). This coordinate
system is obtained by projecting the LMC’s disk plane on the
tangent plane to the celestial sphere at the LMC’s kinematic
center (known as the gnomonic projection).

For analyzing the geometry of the LMC’s bar and for
comparing it with numerical simulations, we use the LMC in-
plane Cartesian coordinate system (x [kpc], y [kpc]). This
coordinate system is obtained by defining an infinitely thin
plane across the LMC’s disk that is inclined to the sky by the
LMC’s observed inclination about its line of nodes and
oriented at the observed position angle of the line of nodes.

We describe how to obtain these coordinates from the (R.A.,
decl.) coordinates in Appendix B.

3 https: //gea.esac.esa.int/archive/
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2.2. Motivating an Incompleteness Correction Procedure
Using the Gaia Color Excess

The Gaia G filter is almost exactly partitioned into the BP
(blue photometer) and RP (red photometer) filters. Ideally, the
fluxes in BP and RP filters should approximately add up to the
flux in the G filter. In reality, there can be a difference between
the total flux in BP 4 RP filters compared to the flux in G. This
difference is quantified by the Gaia color excess C, which is the
ratio of the total BP 4+ RP flux over the G flux. The ratio is
expected to be slightly larger than unity even in ideal observing
conditions since the BP and RP filters taken together cover a
larger wavelength range compared to the G filter.

D. W. Evans et al. (2018) concluded that stars with a value
of C significantly different from unity likely have biased
photometry, and they recommend removing such stars.
However, M. Riello et al. (2021, hereafter R21) found that C
has a significant dependence on the BP-RP color, leading to
results that are difficult to interpret when it is used as a
selection criteria. They derived a corrected color excess C,in
which the global color dependence of C is subtracted out. R21
recommend using those stars whose C’ value is close to 0.

Thus, following C22, we apply the following restriction to
our parent sample:

|C¥ < 3o ¢))

To apply this cut, we construct the distribution of C' (shown in
Figure 1, left panel) and remove stars that reside beyond three
standard deviations relative to the mean. The spatial distribu-
tion of the excluded stars is shown in Figure 1, middle panel.
After this cut, we have a sample of 1,041,822 red clump stars,
which is smaller than the parent sample by ~1%. We refer to
this as the “incomplete sample,” since star counts in the LMC’s
central region are underestimated due to crowding (see
Figure 1, right panel).

We observe from the spatial distribution of the excluded
stars (Figure 1, middle panel) that they primarily trace the
crowded bar region of the LMC, indicating that C is a good
probe of crowding level in the LMC’s disk. Below, we explain
how C can be used to inform crowding-induced incomplete-
ness of our selected red clump stars, based on K. T. Voggel
et al. (2020), A. K. Hughes et al. (2021), and R21.

The flux measurement process for the G filter is different
from the BP and RP filters. The flux in the G filter is obtained
using profile fitting to an image with a resolution of 0”4,
whereas the fluxes in BP and RP filters are obtained with an
effective aperture of size 3.5 x 2.1 arcsec® (D. W. Evans et al.
2018). In crowded fields, fluxes within the BP and RP apertures
can be contaminated by nearby sources. This contamination
will in general be stochastic, and different for each star in the
crowded field. Thus, the scatter in C” at a given location in the
LMC’s disk probes the extent of crowding in that location.

We interpret the standard deviation of the distribution of C’
(o) for stars at a given location in the LMC’s disk as an error
in color due to crowding. K. A. G. Olsen et al. (2003, hereafter
003) devised a relation between the error in color due to
crowding and the resulting completeness fraction of stars. This
enables us to derive a completeness map of red clump stars in
the LMC from o c*.
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Figure 1. Left panel: the probability density distribution of the corrected Gaia BP-RP color excess (C) for the sample of LMC red clump stars obtained by applying
the selection criteria of C22 as shown in Appendix A. The region enclosed by the dashed line, dashed—dotted line, and the solid line represent one, two, and three
standard deviations from the mean C’, respectively. Middle panel: the spatial distribution of stars residing beyond the 3¢ distribution as shown in the left panel, which
we remove from our sample. These excluded stars constitute around 1% of the initial count and trace the crowded bar region of the LMC’s disk. This indicates that C'
can be used as a representative of crowding-induced incompleteness in the LMC. Right panel: the spatial distribution of the sample of red clump stars that we obtain
after applying the selection criteria based on C'. The star counts are significantly underestimated in the central region, which is an effect of crowding. We refer to this
as the “incomplete sample.”
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Figure 2. Left panel: the spatial distribution of the spread in the corrected Gaia color excess (o ¢+), which traces crowded regions in the LMC’s disk. Middle panel: the
radial profile of the spatial distribution of o*. The profile approaches a constant value in the outer disk, which indicates an intrinsic scatter to C (cric‘”‘i) presumably due
to instrumental and astrophysical effects independent of crowding. We find this constant value to be 0.04 (depicted by the black dashed line) by fitting the radial profile
data with a tangent-hyperbolic function. Right panel: the spatial distribution of og,?‘”d, which we obtain by subtracting the intrinsic scatter in C' from the total scatter in

-145

quadrature. ag,?‘”d directly probes crowding in the LMC’s disk.

3. Deriving a Completeness Map for the LMC

In the left panel of Figure 2, we show the spatial distribution
of o ¢+, in bins of (A& x An) = (0702 x 0°02). We observe that
oo+ traces crowded regions in the LMC’s disk. However, C'
may have an intrinsic scatter (oi%) that is related to
instrumental and astrophysical® effects, but not to stellar
crowding itself. We measure aicni by analyzing the spatial
distribution of C in the outskirts of the LMC’s disk, where
crowding does not significantly affect the stellar photometry. In
the middle panel of Figure 2, we show the radial profile of the
spatial distribution of o+ and find that indeed the profile
flattens out to a constant value at larger radii. To determine this
constant value, we fit the radial profile with a tangent-
hyperbolic model:

oc*(R) = Xy — Eltanh(ﬂ). (2)

OR

We use the python package scipy.optimize.curvefit to
perform this fit. This package performs the fit in a least-
squares sense. We get the following values for the model
parameters of Equation (2):

4 For example, for completely isolated sources, the combined BP+RP flux
compared to the G flux may be slightly different from source to source because
of differences in their spectral energy distributions (SEDs).

20 = 014, E[ = 010, R() = 119, OR = 2.62.
For calculating o"C‘E, we take the limit of (2) at large radii:

o = lim ocx(R) = S — X1 = 0.04. 3)
R—o0

We subtract the intrinsic scatter in C* from the overall scatter
in quadrature to obtain a statistical quantity that probes
crowding, which we call %94, We find that the dependence
of o on other quantities like color and magnitude is less than
its intrinsic scatter, and thus is not expected to significantly
affect the completeness calibration. Hence, we consider just the
spatial dependence.

gt = [o2, — (o). @)

We show the spatial distribution of UCC‘;)Wd in the right panel
of Figure 2.

Next, we convert the 2D map of ag,?Wd to the 2D map of
completeness. For this, we refer to the calibration of O03, and
fit the following curve (Equation (5)) to a representative sample
of their Figure 14 data points, which show the relation between
the completeness fraction and the error in color inference of
stars due to crowding:

acrgwd — O
f=fl1 - tann| 22|, (5)

Oy
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Figure 3. The completeness map of the LMC’s disk derived from the spread in
the Gaia BP-RP color excess. The map shows the median completeness in
spatial bins of (A& x An) = (0702 x 0°02). A completeness of 1 indicates
100% of the stars are being counted in that spatial bin, while a completeness of
0 indicates most of the stars are not being counted.
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where f'is the completeness fraction, and (fy, og, o) are the fit
parameters of Equation (5). Using the python package scipy.
optimize.curvefit, we obtain the following values for the fit
parameters:

fy =050, 0p = 0.13, 0, = 0.07.

003 have verified the above formulation with AST
simulations applied to NGC 1835—a globular cluster in the
LMC, which is an example of a highly crowded source
scenario like the LMC’s bar. They consider a large range of
telescope spatial resolution (~2dex) in their simulations,
ranging from seeing-limited observations from the ground,
diffraction-limited observations from the Hubble Space Tele-
scope, and simulated observations from Adaptive Optics
corrected Extremely Large Telescopes, and find their formula-
tion to be robust.

Figure 3 shows the completeness map of the LMC’s disk
using Equation (5). A completeness fraction of 1 in a spatial bin
indicates 100% of the red clump stars residing in that bin are
being counted, while a completeness close to 0 indicates most
of the red clump stars are not being counted. We show the
spatial distribution of the counts of the red clump stars
weighted by the inverse of completeness in Figure 4. This is,
therefore, the completeness-corrected LMC star-count map. We
find that after the completeness correction, the central region,
including the bar, becomes much more pronounced compared
to the incomplete LMC disk (right panel of Figure 1).

We find that even after the completeness correction, there
exist a few patches in the LMC’s disk where the star counts
drop locally. We attribute these patches to regions where the
dust extinction is high. Our framework will miss red clump
stars that reside toward the high-end tail of the reddening
distribution, even after the completeness correction, since they
are omitted from our simple red clump selection box. We
currently do not have a prescription to correct the counts for
this effect. However, our completeness correction fully
accounts for the selected red clump stars, so we do not expect
the missed, highly extincted red clump stars to significantly
affect our bar analysis.

From the completeness map, we generate a completeness
catalog, wherein we assign a completeness value to each star
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Figure 4. Completeness-corrected LMC disk obtained by weighting the
incomplete disk in Figure 1 (right panel) by the inverse of the completeness

map (Figure 3). Central region becomes much more prominent after the
completeness correction.
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Figure 5. Red clump number density profile for the incomplete (red dashed)
and the completeness-corrected (black solid) LMC disks. The number density
in the central regions is significantly underestimated in the incomplete disk,
which is corrected for in the completeness corrected disk. The dashed—dotted
gray line represents the best-fit exponential profile to the completeness-
corrected data. The agreement of the data with the exponential profile in the
inner disk (R < 5°) further corroborates our completeness-correction frame-
work, where no prior information on the density profile is utilized.

residing in a given &-n bin of the completeness map. We treat
the inverse of the completeness as a factor that needs to be
multiplied to the star counts in a given spatial bin to obtain the
“true” (completeness corrected) count. In Figure 5, we show
the radial number density profile for red clump stars in the
incomplete and completeness-corrected LMC disks. We have
centered both profiles on the completeness-corrected center of
mass (described in Section 4.2).

We find that the number density profile for the incomplete
sample decreases as we go toward the inner regions, which is a
crowding artifact.

However, in the completeness-corrected case, the profile is
closer to an exponential disk, in accordance with expectations
(e.g., R. P. van der Marel 2001; Y. Choi et al. 2018b; N. Fra-
nkel et al. 2024). To illustrate this, in Figure 5 we over-plot the
best-fit exponential profile to the completeness-corrected
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number densities:
N(R) = Nyers (6)

where N(R) is the number density of red clump stars at a radius
R, Ny = N(R =0), and R; is the scale radius of the profile. We
find Ng=1.13 x 10° degree_2 and R; = 1.45kpc. The agree-
ment between the best-fit exponential profile and the data in the
inner regions of the LMC (R < 5°) further corroborates our
completeness-correction framework, where no prior informa-
tion on the shape of the density profile is utilized. The profiles
for the two samples agree in the outer regions, where
completeness is close to unity.

O. Jiménez-Arranz et al. (20244a, hereafter JA24) use Gaia
selection functions (A. Castro-Ginard et al. 2023; T. Cantat-
-Gaudin et al. 2023) to estimate an average completeness > 50%
in the LMC bar region for stars with 19 < G < 19.5. Based on
our color excess framework, we obtain a median completeness
of 64% for the red clump stars (18.6 < G < 19.3) within 295 of
the LMC’s center, which is consistent with the prediction
of JA24 for our red clump magnitude range. This higher
completeness compared to JA24 is expected because our
analysis uses brighter stars.

Note that we compute only the completeness with respect to
the magnitude and color range corresponding to our red clump
selection box. Our framework does not correct for other stellar
populations (e.g., main sequence) outside our selection box.

4. Fourier Decomposition of the LMC’s Disk

In this Section, we describe the framework to extract the
LMC bar properties from the completeness-corrected observa-
tions and simulations. Fourier decomposition allows us to
systematically quantify the bar in the disk, and has been widely
used in galaxy dynamics literature to study bar properties (e.g.,
E. Athanassoula & A. Misiriotis 2002; S. Ansar & M. Das
2023; L. Beraldo e Silva et al. 2023; M. Lucey et al. 2023;
V. Cuomo et al. 2024).

First, we consider the surface density of the disk (R, 6) in
polar coordinates (R, ¢). We take a Fourier transform in the
azimuthal coordinate as follows:

27
a,(R) = lf S(R. O)cos(mb)dh, m=0,1,2,.. (7)
m™J0

where the integer m quantifies the spatial frequency harmonic,
and,

1 27
5,,,(R):—f S(R, O)sin(m0)dd, m=1,2,3,.. (8)
™ J0

The normalized Fourier amplitude is given by:

Vo, + B,

Ay =———7— m=1,2,3,.. 9
A, ©)
where Ay = /a3 + (3. The Fourier phase is given by:
P, = iatrctan (ﬁ) m=1,2,3,.. (10)
m Q

In Gaia data sets and in N-body simulations, we have the
positions of individual stars and star particles, respectively, so
we bin the disk in radial annuli and discretize the azimuthal
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Fourier transform (Equations (7) and (8)):

2 iMiw; cos(ma,)

m 11
a - an
5 _ SiMwisin(ng) 1)
N
[ A2 2
Am =N am+6m’ (13)
=M,

where M; is the mass of each star/star particle in a radial bin
and N=>_i is the total number of stars/star particles in the
radial bin. w; is a weight associated with each star, which is
calculated as the inverse of the completeness fraction at the
location of the star. For simulations, we will set this weight to
1. We shall assume that each red clump star has the same mass.
This is a reasonable assumption since red clump stars have a
narrow distribution of masses (V. Castellani et al. 2000).

4.1. Measuring Bar Parameters

Fourier coefficients («,, and f,) corresponding to a
frequency harmonic m have a periodicity of 2,7” The bar is
the dominant bisymmetric structure in the inner disk of a
galaxy. Thus, for characterizing the bar, we use the m =2
spatial frequency harmonic.

The Fourier amplitude A, characterizes the strength of the
bar, which is the contribution of the bar to the gravitational
potential of the disk (R. Guo et al. 2019). In general, A,(R) will
rise as we move outward from the disk center, attain a peak,
and then drop sharply around or after the end of the bar. In the
literature, galaxies with a peak A, <0.20 are considered
unbarred or weakly barred, whereas galaxies with a peak
A, >0.20 are considered barred (e.g., S. Ansar &
M. Das 2023).

The Fourier phase ®, characterizes the phase angle of the
bisymmetric component, which corresponds to the position
angle of the bar. $,(R) will be nearly constant in the bar region,
and will start deviating around or after the end of the bar.

The radius at which A,(R) drops significantly, or where
®,(R) significantly deviates from a constant, can be used to
identify the end of the bar and thereby define the bar radius.
Three metrics have been commonly used in the literature to
determine the bar radius:

1. The radius at which A, drops to 0.15 after attaining a
peak. We take this definition from M. Lucey et al. (2023),
and hereafter refer to it as the L23 metric.

2. The radius at which A, drops to 50% of its maximum
value. We take this definition from E. Athanassoula &
A. Misiriotis (2002), and hereafter refer to it as the AM1
method.

3. The radius at which |®,| deviates by more than 10° from
a constant. Taken from E. Athanassoula & A. Misiriotis
(2002). Hereafter referred to as the AM2 method.

The threshold values for identifying the end of the bar in the
metrics above do not have a rigorous mathematical justifica-
tion, but are commonly used in the literature. The three metrics
are not expected to give identical measures of the bar radius;
however, typically they agree within a kiloparsec (e.g.,
E. Athanassoula & A. Misiriotis 2002; S. Ghosh & P. Di
Matteo 2024). The metric based on the bar phase (AM?2) is in
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Table 2
Various Center of Masses for the LMC’s Disk

COM Type References Value (R.A., Decl.) Separation
(deg) (deg)

Stellar Dynamical (Completeness Corrected) This Work (80.27, —69.65) 0

Stellar Dynamical (Incomplete) This work (78.89, —70.04) 0.62

Stellar Kinematic (80.44, —69.27) 0.38

Photometric R. P. van der Marel (2001) (81.28, —69.78) 0.37

H 1 Kinematic S. Kim et al. (1998) (79.35, —69.03) 0.7

Note: In this work, we determine a stellar dynamical center of mass by applying the iterative shrinking sphere algorithm to the spatial distribution of red clump counts
in Gaia DR3. We report the center of mass for both completeness-corrected and incomplete samples. The center of mass for the completeness-corrected sample is
depicted in boldface. We observe that incompleteness significantly affects the center of mass inference. We also report the values of the stellar kinematic center of
mass, the photometric center of mass, and the H I kinematic center of mass from the literature. In the last column of the table, we find the on-sky separation between
the center of mass calculated in this work and the other center of masses reported. We find that the H I kinematic center is separated from the stellar dynamical center

by almost a degree.

general preferred over the other metrics since it clearly
indicates if there is a significant contribution from other
bisymmetric structures like a two-armed spiral in the Fourier
profile of the inner disk (V. Cuomo et al. 2024; S. Ghosh &
P. Di Matteo 2024). When comparing the bar radius across
different observations or simulations, it is important to use a
consistent metric.

4.2. Centering the LMC’s Disk

The Fourier coefficients are sensitive to the choice of the
center of mass. A shift in centering will cause a shift in the
Fourier phase, as a consequence of the Fourier shift theorem.
Thus, it is important to identify the correct center of mass for
the distribution of stars. For this, we use an iterative shrinking
sphere method following C. Power et al. (2003). We first cover
the 2D projection of the disk with a sphere of radius 10° and
compute the center of mass of the particles inside that sphere.
Then, we shrink the sphere by 30% and compute the center of
mass of the particles that remain inside the shrunken sphere.
We repeat this shrinking process until the center of mass of the
particles that remain inside the sphere converges (does not
differ by more than 0.01 kpc).

This method is particularly robust when there are several
asymmetric features in the outer parts of the disk that can
otherwise potentially bias the center of mass if inferred from a
simple mass weighted average. Moreover, it has been inferred
using simulations that this method converges to the center of
mass obtained by weighting the position of each star with the
gravitational potential at that position (C. Power et al. 2003).
Thus, the center inferred from this method is also the stellar
dynamical center of mass. This method has been frequently
applied in simulations (e.g., N. Garavito-Camargo et al. 2019).
With the completeness-correction framework, we can apply
this method to star-count maps in observations to correctly
center the Fourier profiles.

After the completeness correction, we obtain the following
stellar dynamical center of mass of the LMC’s disk based on
red clump stars:

(R.A., Decl.) = (80°27, —69° 65).

In Table 2, we report our stellar dynamical center of mass
estimate for the LMC for both incomplete and completeness-
corrected samples, along with other center of mass values
reported in the literature. In Figure 6, we show the location of

This work, incomplete

Stellar Kinematic

Photometric

HI Kinematic

This work, completeness corrected

*Toxp

ni°]

—2 -4

0
g1°]
Figure 6. Various estimates for the center of mass of the LMC’s disk. We
depict the stellar dynamical center of mass for the completeness-corrected and
incomplete samples using the blue star and blue triangle, respectively. The
magenta “K” depicts the LMC stellar kinematic center found by C22; the
brown “P” shows the LMC photometric center found by R. P. van der Marel
(2001); and the red “H” represents the H I kinematic center found by S. Kim
et al. (1998). We find that incompleteness significantly affects the determina-
tion of the stellar dynamical center of mass. The dotted black line depicts the
position angle of the LMC’s bar calculated using Fourier decomposition. The
remarkable agreement between the inferred phase angle and the visual
expectation based on the location of the bar (shown by the black ellipse)
confirms the reliability of the Fourier decomposition technique. In these
coordinates, north is toward the top, and east is toward the left.

the various center of masses. We find that incompleteness
significantly affects the inference of the stellar dynamical
center of mass.

5. The Geometry of the LMC’s Bar

In this Section, we apply the techniques discussed in
Section 4 to measure the LMC bar’s properties from our
complete red clump star catalog. We shall analyze the bar
properties in the LMC in-plane Cartesian coordinate system, to
obtain parameters in physical units.
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Figure 7. Radial profile of the m = 2 Fourier amplitude A, (left panel) and the Fourier phase ®, (right panel) for the completeness-corrected (blue, solid lines) and the
incomplete (orange, dashed lines) samples of red clump stars in the LMC disk. The shaded regions denote the 3o spread of the bootstrapped realizations. Left panel:
the increase in the Fourier amplitude with radius in the inner disk, the attainment of a peak, and the subsequent decrease in amplitude are concrete signatures of the bar.
Incompleteness significantly underestimates the bar amplitude. Right panel: the phase angle remains roughly constant along the bar, and deviates near the end of the
bar. We mask R < 0.5 kpc since the radial annuli used for binning lies completely inside the bar, making the m = 2 phase ambiguous. The bar radius obtained from the
AMI, AM2, and L23 metrics is denoted by the black dashed line, black solid line, and the black dashed—dotted line, respectively. The AM2 metric, which is based on
the m = 2 phase, is our favored measure of the bar radius, as explained in the text.

5.1. Bar Position Angle

The bar position angle is the m =2 phase of the Fourier
series (Equation (10)), measured using the appropriate
convention.” We construct an aperture on the disk centered at
the dynamical center of mass determined in Section 4.2, and
compute the phase by performing a Fourier decomposition of
stars within that aperture. We calculate the phase as a function
of the aperture size, and find that it remains constant for
apertures larger than ~1 kpc, indicating the dominance of the
bar. We take the average of the inferred phase between 2
and 4 kpc.

To obtain an error estimate on the bar phase, we generate
bootstrapped realizations of the data by resampling the
positions of the stars 1000 times, and calculate the phase for
each realization. We find that the distribution of phases in the
bootstrapped realizations is approximately Gaussian. We use
the standard deviation of the bootstrapped phases as our error
metric. We report the position angle of the LMC’s bar to be:

PApa = 121°26 4+ 0°21.

We illustrate this position angle in Figure 6. The position
angle obtained from Fourier decomposition aligns very well
with the visual expectation, affirming the reliability of our
method. Our measured bar position angle implies that the
LMC’s bar is misaligned with the line of nodes of the disk
(~150° Y. Choi et al. 2018a) by around 30°, which is
consistent with JA24.

We repeat the above analysis for the incomplete sample of
red clump stars, and find a position angle of 106749 + 0?34,
which is very different from the value obtained with the
completeness-corrected sample. This reiterates that the

5 We use the convention of R. P. van der Marel (2001) where the bar position
angle is measured from the north to the east in a counterclockwise sense. In our
tangent plane coordinate system (Figure 6), north is toward the top (positive 7-
axis), and east is toward the left. So the position angle is measured from top
to left.

completeness correction is a necessary step for studying the
bar geometry.

5.2. Bar Strength and Radius

We compute the bisymmetric Fourier amplitude A,
(Equation (13)) as a function of radial distance. First, we align
the bar with the x-axis of the coordinate system (a phase of 0°)
by rotating the disk according to the position angle measured in
Section 5.1. Then, we bin the LMC'’s disk in radial annuli of
width 0.1 kpc, and compute A, in each annulus.

The radial profile of A, and the bisymmetric phase ®, for the
completeness-corrected and incomplete samples is shown in
Figure 7. The shaded band represents the 30 spread of 1000
bootstrapped realizations.

For the completeness-corrected sample, we find that A,
increases with radius, attains a peak, and then decreases, in
accordance with expectations (Section 4.1). This is a concrete
signature of the bar (E. Athanassoula & A. Misiriotis 2002).
The phase angle remains constant in the bar region up to about
~1.75 kpc, and then starts deviating around the end of the bar.

For the incomplete sample, the presence of a bar from the A,
profiles is not clear. The bar amplitude is significantly
underestimated. The profiles for the two samples agree in the
outer regions of the disk where completeness is close to unity.

From the completeness-corrected sample, we find the peak
A,, which quantifies the bar strength (Sy,,,) of:

Spar = 0.27 + 0.01

where the error is 1o of the bootstrapped realizations. This is
above the threshold of 0.20 used to ascertain the presence of a
bar (Section 4.1), which indicates that the LMC’s disk has a
significant bar perturbation. For the incomplete sample, we find
a peak bar strength of Sy, = 0.18 £ 0.01, which indicates that it
is hard to ascertain the presence of a bar with incompleteness.

We use three metrics to determine the bar radius as outlined
in Section 4.1. Obtaining an error estimate on the bar radius is
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Table 3

Our Measurements for the LMC Bar’s Geometric Parameters

Radius
Dataset (kpe) Position Angle Strength Axis Ratio Offset

AM1 AM2 AM3 (deg) (kpc)

Gaia DR3 Complete 2587008 213535 25250 121.26 + 021 0.27 +0.01 0.54 +0.03 0.76 + 0.01
Gaia DR3 Incomplete 1.87798! 208417 1527988 106.49 + 0.34 0.18 £ 0.01 0.68 £ 0.10 0.86 & 0.17
Besla+2012 Simulation 2.447008 2.1810:0¢ 2175088 157.19 £ 0.20 0.25 £ 0.01 0.54 £ 0.01 1.50 & 0.05

Note. We report the values for the completeness-corrected red clump disk, the incomplete red clump disk, as well as the disk in B12 simulation where the SMC has
undergone a recent direct collision with the LMC. Incompleteness not only biases the measurement of the bar properties, but also induces significantly larger
uncertainties. We notice a general agreement between the simulations and observations for most of the bar parameters, which suggests consistency with a scenario
where the SMC has undergone a recent direct collision with the LMC. We indicate our preferred measurements for the LMC’s bar in boldface.

nontrivial and cannot be done with bootstrapping alone. We
find that the inferred bar radius for each bootstrapped
realization is very similar, and does not capture the error. This
is because the sampling of the stars in the Fourier profile is not
the dominant source of uncertainty in bar radius. In all three
metrics we use to determine the radius, the inferred value is
based on the radius where the Fourier amplitude or phase
achieves a particular absolute or relative value. Thus, it is the
radial binning prescription that is expected to dominate the
uncertainty in the bar radius. To get an estimate of this
uncertainty, we generate the Fourier profiles in a variety of
different bins ranging from 0.05-0.35 kpc and determine the
radius for each profile. Then, we compute the resulting
distribution of the inferred bar radius. For the completeness-
corrected sample, we find the bar radius corresponding to the
three different metrics:

Roaram1 = 2.58700¢ kpe
Rbar,AMZ = 2-13i?)?)i kpc

Ryar123 = 2.52%001 kpe.

The errors depict the 16th—84th percentiles spread of the
distribution of the bar radius.

We prefer the AM2 metric, which is based on the m =2
phase, as it is the popular choice in the literature (Section 4.1).
We have shown the bar radius inferred from the other two
metrics for the purpose of completeness.

We repeat the above analysis for the incomplete sample, and
list the resulting measurements of the bar radius in Table 3.
Incompleteness not only biases the bar radius, but leads to
significantly higher uncertainties.

We do not expect the bar offset to significantly affect our
analysis, since we have ensured accurate centering on the bar,
as described in Section 4.2. In addition to the offset, it is well
known that the LMC’s bar is also lopsided (more mass being
present on one end of the bar relative to the other). The
lopsidedness is likely due to a spiral arm attached to the
western end of the bar (R. P. van der Marel 2001; A. M. Jacy-
szyn-Dobrzeniecka et al. 2016). Bar Lopsidedness manifests as
odd-m terms of the Fourier series (S. A. Pardy et al. 2016;
E. L. Lokas 2021). In the completeness-corrected sample, we
find a significant A; component in the bar region after centering
on the bar, confirming its lopsided nature. Since the odd-m
terms of the Fourier series (Equations (11) and (12)) are
orthogonal to the even-m terms, we do not expect the bar
lopsidedness to significantly affect our measurements of bar
strength and radius from the m =2 term. Indeed, the m =2

term has been successfully used to measure bar properties in
interacting /distorted barred galaxy simulations, which show
asymmetries such as offset and lopsidedness, after accurate
centering (e.g., M. Gerin et al. 1990; 1. Berentzen et al. 2003).

5.3. Bar Axis Ratio and Offset

The bar axis ratio quantifies the thickness of the bar. It is
defined as the ratio of the semiminor to the semimajor axis of

the bar (é

We ﬁrstbglign the bar with the x-axis of the coordinate
system using the position angle derived in Section 5.1. We then
use the python package photutils to fit elliptical iso-contours to
the spatial distribution of red clump stars in the LMC’s disk.
This package performs the fit in an iterative manner following
R. I Jedrzejewski (1987). We define the bar ellipse as the fitted
iso-ellipse whose semimajor axis equals the bar radius as
inferred from the AM2 method in Section 5.2. We define the
axis ratio of the bar as the axis ratio of this bar ellipse. We
compute the error in the axis ratio by varying the semimajor
axis of the bar ellipse within the error bounds of the bar radius.

For the completeness-corrected sample, we find an axis ratio
of

a

(é) = 0.54 + 0.03.
bar

To quantify the offset of the bar with respect to the outer
disk, we compute the separation between the center of the bar
ellipse and the center of the iso-ellipse of the outer LMC disk.
We define the outer disk ellipse as the iso-ellipse whose
semimajor axis coincides with the radius where the number
density profile of the disk (Figure 5) drops by a factor of 100
relative to the central value. For the completeness-corrected red
clump disk, this outer disk radius is 4.92 kpc. We find the bar
offset for the completeness corrected sample to be:

A b = 0.76 £ 0.01 kpc,

where the error is computed by varying the bar ellipse within
the bounds of the inferred bar radius.

We show the outer disk ellipse, the bar ellipse, and their
respective centers for the completeness-corrected sample in the
left panel of Figure 8. We repeat the analysis of the axis ratio
and offset for the incomplete sample and report our measure-
ments in Table 3.

We compile all of the measurements of this Section, for both
the completeness-corrected and incomplete samples in Table 3.
We compare our measurements of the bar parameters with a
subset of literature values reported in Table 1 in Section 6.1 and
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Figure 8. Illustration of the offset bar of the LMC. The left panel shows the Gaia DR3 red clump disk in the LMC in-plane Cartesian coordinates, corrected for
completeness. The right panel shows the LMC disk in the B12 simulation, where the SMC has undergone a recent direct collision with the LMC. The solid ellipse is
the iso-contour corresponding to the bar, and the dashed ellipse is the iso-contour corresponding to the outer disk. The star denotes the center of the iso-ellipse of the
bar, and the filled circle denotes the center of the iso-ellipse of the outer disk. The two centers do not coincide, which indicates an offset bar. The offset is seen in the

simulated disk as well; however, it is larger relative to the observations.

with a numerical simulation of the LMC-SMC-MW interac-
tion history in Section 6.2. In Section 6.3, we shall place our
measurements in context with the population of barred galaxies
in the local Universe.

As mentioned in Section 1, the LMC’s bar is likely in a
different plane relative to the overall LMC disk (S. Subraman-
ian & A. Subramaniam 2013; Y. Choi et al. 2018a). A different
inclination of the bar region with respect to the outer disk can
cause a projection effect in our estimate of the bar length and
the bar offset. However, we expect this effect to be small, since
the average tilt of the LMC’s bar plane relative to the disk plane
is around 10°, which corresponds to a projection bias factor of
cos(10°) = 0.98, which is very close to unity. Thus, the
expected projection bias is within our errors for the bar
measurements. In addition, the LMC’s inner regions might
have a different position angle relative to the LMC’s outer
regions (Y. Choi et al. 2018a; S. R. Dhanush et al. 2024).
However, the Fourier decomposition technique adopted in this
work averages over the azimuthal coordinate. Thus, the global
position angle at which we choose to orient our coordinate
system will not significantly affect our results as long as we
ensure that the position angle is constant in the bar region.

6. Discussion

We have successfully corrected the observed LMC’s stellar
disk for completeness and derived the geometric parameters of
its bar using the framework of Fourier decomposition. Next, we
compare our measured bar parameters with a subset of previous
measurements in the literature, as reported in Table 1.

6.1. Comparison of Our Measured Bar Parameters with the
Literature

We find that the LMC bar radius measurement for the

completeness-corrected sample (2.13733 kpe) is close to the

10

measurement of JA24 (2.3 kpc). JA24 used the dynamical
model by W. Dehnen et al. (2023) based on the stellar
continuity equation, which yields both the bar pattern speed as
well as the bar radius. This dynamical model identifies the bar
as a collection of stars with a roughly constant bisymmetric
phase, which is similar to our approach in principle. We could
not find error estimates in JA24; thus, it is difficult to compare
their measurement with ours in a statistical sense. However,
given the similarities between our methods, it is reasonable that
the two measurements are within 0.5 kpc. Also, JA24 estimated
the amplitude of the m =2 component of the velocity field in
the LMC’s central region. The peak radius of the velocity
m =2 amplitude (Figure 7 of JA24) is consistent with the peak
radius of the stellar density m = 2 amplitude (Figure 7) within
0.5 kpc. Our bar radius measurement is also consistent with
N. Kacharov et al. (2024), who inferred a radius of 2.2 kpc with
Schwarzschild Orbit Modeling (M. Schwarzschild 1979) of the
LMC’s inner regions.

Our bar radius measurement is significantly different from
the measurement of Y. Choi et al. (2018b, hereafter C18b;
3 kpc). C18b used a combined bar + disk model to make their
measurements. The mass profile of their bar component is
modeled using a modified Ferrer profile (E. Laurikainen et al.
2007; C. Y. Peng et al. 2010), and its boxy/disky nature is
quantified using the generalized ellipse of E. Athanassoula
et al. (1990). Their disk component is modeled with an
exponential profile. C18b mentioned that this model tends to
choose the upper end of the prior for the bar radius. Thus, we
anticipate that it would be challenging to obtain the true bar
radius from this model because of the bias introduced by the
prior. H. Zhao & N. W. Evans (2000) also utilized a combined
bar + disk model, but they modeled the bar with an exclusively
boxy mass profile. We anticipate their method has challenges
similar to that faced by the C18b model, where a boxy prior
assumption biases the model to more compact stellar
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distributions yielding a smaller bar radius (1.5kpc). The
measurement of G. de Vaucouleurs & K. C. Freeman (1972;
1.5kpc) is also lower than our measurement. However, their
work is based on fitting isophotes to images of the LMC, and
light can be a biased tracer of stellar mass (as we have shown).

We find the LMC bar’s position angle measurement (121926
+0°%21) to be consistent with previous estimates like those of
H. Zhao & N. W. Evans (2000) and R. P. van der Marel (2001;
see Table 1). However, our position angle is significantly
different from C18b (154°18). We attribute this difference to
another subtlety of the combined bar + disk model. They
mentioned that when the radius of the bar reaches the
maximum value allowed by the prior, the model tries to fit
the surrounding stars by becoming boxier. Because of this, we
anticipate that the model is including a part of the disk stars in
the bar, which biases the inferred position angle of the bar.

We find the LMC bar’s axis ratio measurement (0.54 4 0.03)
to be larger than the estimates of G. de Vaucouleurs &
K. C. Freeman (1972), H. Zhao & N. W. Evans (2000),
Y. Choi et al. (2018b), and on the higher side of the range
described by R. P. van der Marel (2001; 0.33-0.57). This
indicates that the LMC bar might be thicker than previously
thought.

We find the LMC bar’s offset (0.76 £ 0.01 kpc) to be larger
compared to the estimate of R. P. van der Marel (2001; 0.4
kpc), but closer to the estimate of H. Zhao & N. W. Evans
(2000; 0.87kpc). Accurately measuring the bar offset is
important for the dynamical modeling of the LMC’s bar in
presence of the SMC’s interactions (see Section 6.2).

Now, we are in a position to obtain insights into the
evolutionary history of the LMC through its bar properties, in
the context of its interactions with the SMC and the Milky Way
(MW). We also compare the LMC bar’s properties with bars in
other galaxies to place the LMC in context with the population
of barred galaxies in the local Universe.

6.2. Comparison with a Hydrodynamic Model of a Recent
LMC-SMC Collision

To obtain insights on the evolutionary history of the LMC
through its measured bar properties, we compare our measure-
ments with the hydrodynamic model of G. Besla et al. (2012,
hereafter B12). B12 modeled the interaction history of the
LMC and SMC over the past 6-7 Gyr, including an MW infall
for the past 1 Gyr. B12 presented two models—Model 1 and
Model 2. In Model 1, the SMC and LMC remain far from each
other, with the closest passage being >20 kpc. In Model 2, the
SMC undergoes a direct collision with the LMC’s disk (impact
parameter ~2 kpc) around 100 Myr ago. Model 2 reproduces
the observed structure and kinematics of the LMC significantly
better compared to Model 1 (G. Besla et al. 2016; Y. Choi et al.
2018a; P. Zivick et al. 2019; Y. Choi et al. 2022), thus favoring
a direct collision scenario. Moreover, the bar in Model 1 is not
consistent with observations. It does not show any offset with
respect to the disk and does have a prominent signature in gas.
Hence, we compare our measurements to B12 Model 2. Below,
we provide a brief summary of the B12 simulation setup.

The initial live dark matter halos of the LMC and SMC are
modeled with Hernquist profiles, having a mass of 1.8 x
10" M, and 2.1 x 10'® M., respectively, and a resolution of
1.8 x 10° M., and 2.1 x 10° M., respectively. Their initial
stellar disks are modeled with exponential profiles having a
stellar mass of 2.5 x 10° M, and 2.6 x 10® M, respectively,
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with a resolution per particle of 2500 M. and 2600 M.,
respectively. Their initial gas disks are modeled with
exponential profiles having a gas mass of 1.1 x 10° M, and
7.9 x 10® M., respectively, with a resolution per particle of
3667 M, and 2633 M., respectively.

The LMC and SMC are allowed to interact with each other
on an eccentric and decaying orbit. They were introduced in a
static Milky Way-like potential over the past 1 Gyr. The
“present day” in the simulations was determined by matching
the LMC’s position and velocity to observed values. The bar is
clearly visible in the LMC as a gaseous structure prior to the
collision with the SMC, which occurred around 100 Myr before
the “present day.”

We perform a Fourier decomposition on the stellar particles
in the LMC B12 Model-2 present-day snapshot, and determine
the simulated stellar bar’s parameters. We use the same
procedure for the simulation as was done for observations, the
only difference being that the simulated LMC disk does not
require a completeness correction. The radial profile of the
bisymmetric Fourier amplitude (A,) for the simulations and
the completeness-corrected observations is shown in Figure 9.
The simulations and data match qualitatively (the width of the
shaded region is the 30 bootstrapped error) and quantitatively
(Table 3).

We calculate the bar offset in the B12 simulation using the
same procedure as was done for observations. We find the outer
disk radius for the simulation to be 7.41 kpc. We find a bar
offset in the B12 simulation as well (Figure 8, right panel),
which is a hallmark of close galaxy interactions (G. Besla et al.
2016; S. A. Pardy et al. 2016). However, the offset in the B12
simulation is larger compared to the observations, which likely
means that the timing of the SMC’s close passage in the
simulation with respect to the present-day snapshot is not
correct. This is in agreement with the results of C22, who
compared the level of disk heating of the observed LMC with
the B12 simulations. Thus, accurate timing of the SMC’s
interactions with the LMC is a limitation of existing
simulations of the Clouds, which we plan to resolve in the
future with updated simulations.

We report the bar parameters in the B12 simulation in
Table 3. We find general agreement between the bar parameters
in the B12 simulation and the completeness-corrected observa-
tions. This suggests that the B12 simulation is a reasonable
representation of the LMC bar, which is consistent with the
hypothesis of a recent direct collision between the SMC and
the LMC.

Note that the simulations of the LMC-SMC-MW interaction
history used to compare against our observations (B12, Model-
2) do not reproduce some key observables of the LMC-SMC
system, like the SMC’s present-day Galactocentric position and
velocity and the LMC’s disk inclination. However, our goal is
primarily to show that the observed LMC bar structure is
consistent with a scenario where the SMC has undergone a
recent collision with the LMC. The simulations are well suited
to study this scenario in general. New simulations that are
better matched to observations are needed for the purpose of an
in-depth comparative study, which is work in progress. Future
work also involves comparison of the observed bar properties
with a library of simulated LMC-like disks under a variety of
interaction scenarios for LMC- and SMC-like galaxies (e.g.,
O. Jiménez-Arranz et al. 2024b; KRATOS simulations).
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6.3. Placing the LMC in Context with Other Barred Galaxies

As described in Section 1, the LMC’s bar is a very strange
bar compared to bars in other galaxies. In this work, having
measured several bar parameters precisely, we are in a position
to directly compare the LMC bar’s properties to bars in other
galaxies. To the best of our knowledge, such a comparison has
not been done before for the LMC.

V. Cuomo et al. (2020, 2022, 2024) measured the bar
properties of a sample of 104 galaxies in the nearby Universe
primarily comprising observations from the SDSS-MaNGA
Integral Field Unit (IFU) survey (K. Bundy et al. 2015) and the
CALIFA IFU survey (S. F. Sanchez et al. 2012). Their sample
(hereafter referred to as the Cuomo+ sample) comprises a wide
range of luminosities and morphological types. V. Cuomo et al.
(2020) studied scaling relations of the bar radius (Ry,;) with the
bar strength (Sy,) and with the galaxy R-band absolute
magnitude (M,). The R-band absolute magnitude can be used
as a representative of the galaxy mass.

12

Longer bars generally tend to be stronger (P. Erwin 2005;
R. Guo et al. 2019). This trend is a consequence of the
evolution of the bar. With time, bars exchange angular
momentum with other components of the galaxy like the dark
matter halo, and grow in radius and strength as they trap more
stars in this process (V. P. Debattista & J. A. Sellwood 1998;
E. Athanassoula et al. 2013). K. Sheth et al. (2008) attributed
the trend of the bar radius with luminosity/mass to a
downsizing process, where massive galaxies tend to form bars
earlier in time, and the bars are longer at present day as a result
of secular evolution through the exchange of angular
momentum. However, this hypothesis has been partially
debated in the context of observational selection -effects
(P. Erwin 2018, 2019).

We place our measurements of the LMC in these scaling
relations in Figure 10. We compute the R-band absolute
magnitude of the LMC from the R-band apparent magnitude
(G. de Vaucouleurs 1960) and the assumed distance of
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49.9 kpc. We find that the LMC resides within both the Ry,,—M,
and Ry,—Shar relations.

Thus, from the viewpoint of the bar-galaxy connection, the
LMC is similar to other galaxies of a similar mass. The LMC
also has a bar axis ratio within the observed range for star-
forming galaxies (P. Martin 1995). Yet, its bar shows strange
properties like an offset, tilt and absence in the ISM. In a
forthcoming paper (H. Rathore et al. 2024b, in preparation), we
will show that these strange properties can be accounted for by
the SMC'’s interactions with the LMC.

6.4. Other Applications of the Completeness-correction
Framework

The completeness-correction framework that we have
developed in this work can be applied to other systems where
measurements rely on star counts and crowding is a significant
issue—for example, the SMC’s central region (e.g.,
C. P. M. Bell et al. 2020), Milky Way globular clusters (e.g.,
T. Cantat-Gaudin et al. 2023; 1. Platais et al. 2024), and the
Milky Way’s central regions (e.g., M. Dixon et al. 2023). Such
a framework is particularly necessary when other methods,
such as artificial star tests, are computationally expensive or
impractical for large data sets.

In the local Universe, several examples of LMC-like galaxies
have been found. These galaxies are characterized by off-
centered bars and one-armed spirals, and have a mass similar to
the LMC (G. de Vaucouleurs & K. C. Freeman 1972; L. Liu
et al. 2011; Y.-Y. Mao et al. 2024). We posit that these LMC-
like galaxies have had a similar evolutionary history as the
LMC. Specifically, interactions with an SMC analog that is
either in the process of merging, or has already merged, are
responsible for the strange bar properties. Indeed, LMC-SMC
pairs are not uncommon from a cosmological point of view
(e.g., G. Besla et al. 2018; K. Chamberlain et al. 2024). We will
explore this hypothesis in detail in forthcoming papers.

7. Conclusions

The stellar bar of the LMC has several strange properties.
The bar is offset from the disk center, tilted with respect to the
disk plane, and has no signature in the ISM. Precise
characterization of the LMC bar’s geometry (bar radius, axis
ratio, and position angle) and strength are necessary for
discerning the origin of its strange properties and placing the
LMC in context with other barred galaxies.

We utilize observations of the LMC’s red clump stars in
Gaia DR3. Red clump stars constitute an old stellar population;
thus, they are an ideal tracer for the LMC’s bar. They occupy a
well-defined region in the Hertzsprung—Russel diagram, which
makes them easy to select in observational data sets. Moreover,
they have a narrow distribution of mass, which facilitates
comparison with numerical simulations having star particles of
equal masses.

A major challenge to measuring the LMC’s bar properties is
crowding in the LMC’s central regions. We propose a novel
solution to correct for crowding-induced incompleteness in
stellar photometry by using the Gaia BP-RP color excess.
Using the color excess, we derive a completeness map for the
LMC’s disk and find that completeness in the LMC’s central
region is underestimated by at least an order of magnitude
in Gaia.
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We use the method of Fourier decomposition combined with
iso-ellipse fitting to precisely measure the LMC’s bar. We find
that incompleteness significantly increases the uncertainty in
the inferred bar properties, which can potentially be the source
of discrepancy between measurements in the literature.

Through our completeness correction, we find the LMC’s
bar radius is Ry, = 2.1370:%3 kpc, and the bar position angle is
121926 £0°21. The LMC’s bar has an axis ratio of
0.54 +0.03, meaning it is thicker than previous estimates.
The LMC bar center is also offset with respect to the disk
center by 0.76 4 0.01 kpc; this is an important parameter for
comparison to dynamical models of an LMC-SMC collision.

For the first time, we find the LMC bar’s strength using the
stellar density field, as quantified by the Fourier bisymmetric
amplitude, to be Sy, = 0.27. This value is significantly above
the threshold (S,,,=0.20) used to define barred galaxies,
meaning the LMC is a traditional barred galaxy.

Through this work, we have presented a reliable geometric
framework that can accurately determine multiple bar para-
meters, without relying on assumptions of the mass profile of
the bar and disk. We find a general agreement between the bar
parameters measured from our framework and literature
measurements that are based on similar methods (e.g., O. Jim-
énez-Arranz et al. 2024a).

We compare the observed bar properties with the G. Besla
et al. (2012) Model-2 hydrodynamic model where the SMC has
undergone a recent direct collision with the LMC. We find
consistency between observations and the model, supporting
the theory that the LMC was originally a symmetric, barred
spiral galaxy that was then perturbed by the SMC through a
collision. We further place the LMC in context of other barred
galaxies in the local Universe for the first time by studying
scaling relations between bar and galaxy properties. We find
that the LMC is similar to other galaxies from the viewpoint of
bar-galaxy connection. We argue that the strange properties of
the LMC’s bar are primarily a result of the SMC’s interactions.
We highlight other systems where our completeness-correction
framework as well as the Fourier decomposition technique can
be utilized to precisely measure morphology in the Local
Group.
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Appendix A
Gaia Data Selection

Here, we outline our selection procedure for the LMC’s red
clump stars in Gaia DR3 (main text: Section 2). We use the
following criteria:

1. 50° < a < 110° and —80° < 6 < -55°
2.w<0land > <5

3. (f, 5 — 1.8593)% + (u; — 0.3747)? < 1.52

4. astrometric_excess_noise <0.2

5. phot_bp_mean_mag—phot_rp_mean_mag >0.5
6. phot_g_mean_mag >18.4

7. p<10°

where w is the parallax in mas; p.4 and us are the proper
motions in R.A. (o, o = avcos§) and decl. () in mas yrfl,
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Figure 11. The color—magnitude diagram of a sample of LMC’s stars identified
in Gaia DR3. The white box shows our selection area for red clump stars.
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respectively; p is the galactic radius from the LMC kinematic
center (ayp, 8y) = (80°443, —699272) as determined in C22. We
use the following query in the Gaia query interface:

“SELECT source_id, ra, dec, phot_g_mean_flux, phot_g_
mean_flux_error, phot_g_mean_flux_over_error FROM gaia_
dr3.gaia_source WHERE ra > =50 AND ra < =110 AND
dec > = —80 AND dec <= — 55 AND parallax <0.1 AND
parallax_over_error <5 AND “t’=Q3C_RADIAL_QUERY
(pmra, pmdec, 1.8593, 0.3747, 1.5) AND astrometric_excess_
noise <0.2 AND phot_bp_mean_mag — phot_rp_mean_mag
>0.5 AND phot_g_mean_mag >18.4 AND “t’=Q3C_RA-
DIAL_QUERY (ra, dec, 80.443, —69.272, 10)”

We show the color-magnitude diagram of the sample
obtained using the above query in Figure 11. We select red
clump stars from the color-magnitude diagram using the
selection criteria of C22 (denoted by the white box in
Figure 11):

(G, BP — RP) = (1.0, 18.6), (1.3, 18.6),
(1.3, 19.3), (1.0, 19.3)

Appendix B
Coordinate Systems

Here we outline the conversions between various coordinate
systems used in this work to describe the LMC’s disk (main
text: Section 2.1).

The LMC tangent plane coordinates can be obtained from
the equatorial R.A. (o)—decl. (6) coordinates by the following
transformation:

_ cos(6)sin(a — ay)
B sin(8p)sin(d) + cos(dp)cos(d)cos(a — )

(BI)

~ cos(dp)sin(d) — sin(6p)cos(d)cos(ar — ayg) (B2)
sin(8g)sin(8) + cos(8g)cos(8)cos(a — ag)
We set the center (o, 6p) = (80443, —69°272) as the LMC
kinematic center obtained in C22.
The LMC in-plane Cartesian coordinates can be obtained by
the following transformation:

x = Dsin(p)cos(¢ — 6) (B3)
y = D[sin(p)sin(¢ — @)cos(i) + cos(p)sin(i)] — Dy sin(i)

(B4)
z = D[sin(p)sin(¢ — 6)sin(i) — cos(p)cos(i)] + Dgcos(i)
(BS)
where,
D_ Dgcos(i) (B6)

cos(i)cos(p) — sin(i)sin(p)sin(¢p — 0)
Dy =499 kpc is the distance to the LMC center (R. de Grijs
et al. 2014). (i, #) = (25° 86, 149° 23) are the inclination and
line-of-nodes position angle, respectively (Y. Choi et al.
2018a). (p, ¢) are referred to as the LMC angular coordinates,
which are calculated as follows:

cos(p) = sin(8)sin(6g) + cos(d)cos(dp)cos(a — ag)  (B7)

cos(8)sin(dg)cos(ax — ag) — sin(d)cos(dp)

tan(¢) = (BS)

cos(d)sin(a — )
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