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ABSTRACT

The Large Magellanic Cloud (LMC) is the closest and most studied example of an irregular galaxy. Among its principal defining
morphological features, its off-centred bar and single spiral arm stand out, defining a whole family of galaxies known as the Magellanic
spirals (Sm). These structures are thought to be triggered by tidal interactions and possibly maintained via gas accretion. However, it
is still unknown whether they are long-lived stable structures. In this work, by combining photometry that reaches down to the oldest
main sequence turn-off in the colour-magnitude diagrams (CMD, up to a distance of ∼4.4 kpc from the LMC centre) from the SMASH
survey and CMD fitting techniques, we find compelling evidence supporting the long-term stability of the LMC spiral arm, dating
the origin of this structure to more than 2 Gyr ago. The evidence suggests that the close encounter between the LMC and the Small
Magellanic Cloud (SMC) that produced the gaseous Magellanic Stream and its Leading Arm also triggered the formation of the LMC’s
spiral arm. Given the mass difference between the Clouds and the notable consequences of this interaction, we can speculate that this
should have been one of their closest encounters. These results set important constraints on the timing of LMC-SMC collisions, as
well as on the physics behind star formation induced by tidal encounters.
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1. Introduction

Magellanic spiral galaxies (Sm) are ubiquitous in the Universe.
Characterised by the presence of an off-centred bar (SBm) and
one single arm, S(B)m galaxies are some of the most structurally

lopsided galaxies ever discovered (de Vaucouleurs & Freeman
1972). How they became so asymmetric, particularly with regard
to the ultimate origin of their spiral arm(s) in contrast to more
massive spiral galaxies, remains unclear. Fortunately, the level
of detail attainable for the Large Magellanic Cloud (LMC), the
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prototype for this class of galaxy and the only example for which
individual stars can be studied, could help us answer these open
questions.

Tidal interactions and minor mergers have long been
invoked to explain asymmetries in galaxies (e.g. Odewahn 1994;
Zaritsky & Rix 1997; Kornreich et al. 2002; Besla et al. 2016;
Choi et al. 2018a,b). Theoretical studies conclude that brief tidal
interactions can transform barred late-type spirals to SBm-like
discs (e.g. Yozin & Bekki 2014), and single-armed structures
have been found in numerical studies of galaxy mergers (e.g.
Berentzen et al. 2003; Pearson et al. 2018). Using N-body simu-
lations, Pardy et al. (2016) found that dwarf-dwarf encounters
mainly affect the disc of SBm galaxies, causing a mismatch
between the centre of the bar and the dynamical centre of the
galaxy. For the particular case of the LMC, Small Magellanic
Cloud, and Milky Way (LMC-SMC-MW) system, Besla et al.
(2012) developed N-body smoothed-particle hydrodynamics
modelling of interactions between the three galaxies that could
simultaneously explain the observed large-scale features (the
gaseous Magellanic Bridge, Stream, and Leading Arm), together
with the LMC’s off-centred bar and single arm. The authors
claim that LMC-SMC interactions are the main driver of the
observed morphology and configuration, with little effect from
the MW. Indeed, the oddity of triple systems such as the LMC-
SMC-MW in both observation (e.g. Liu et al. 2011) and simula-
tion (e.g. Boylan-Kolchin et al. 2010), in contrast with the large
number of S(B)ms in the Universe (Wilcots 2009; Zaritsky et al.
2013), suggests that Sm characteristics can be acquired without
the presence of a nearby MW-like galaxy.

However, the high incidence of S(B)m and lopsided
galaxies in the Local Universe and their presence in
isolation (Wilcots & Prescott 2004; Bournaud et al. 2005;
van Eymeren et al. 2011) suggests that asymmetries have to be
long-lived – if acquired through interaction-related processes –
or that other mechanisms might be at play. Cosmological gas
accretion has been proposed as one of these complementary pro-
cesses (Bournaud et al. 2005). If such accretion is asymmetric,
it can induce lopsided and one-armed discs in the stellar compo-
nent once the gas is converted into stars. Other studies of more
massive systems, point to misalignments between discs and the
galaxy’s dark matter halo, regardless of their origin, as drivers
of asymmetric discs (Levine & Sparke 1998; Noordermeer et al.
2001). Interestingly, several studies invoking different mecha-
nisms predict a wide range of lifetimes for the observed asym-
metries.

Weak interactions are found to cause short-lived asymme-
tries (∼0.5 Gyr) and trigger star formation in the discs of lop-
sided galaxies (Rudnick et al. 2000). Yozin & Bekki (2014) also
claim that asymmetries driven in LMC-mass galaxies via brief
tidal interactions are short-lived (of the order of a Gyr or less),
although they can shape long-lived structures in lower mass sys-
tems. Slightly more stable asymmetries seem to be induced in
the case of dwarf-dwarf close interactions: Pardy et al. (2016)
find that asymmetries can persist for ∼2 Gyr, until the disc
is re-centred with the bar. Besla et al. (2016) argue that one-
armed structures can persist 1−2 Gyr after the smaller com-
panion has been completely consumed, undergoing reformation
if several close encounters take place. Nevertheless, it seems
that the combination of tidal interaction and mergers with cos-
mological accretion of gas can extend the life of asymmetries
by several Gyr (Bournaud et al. 2005). Levine & Sparke (1998)
and Noordermeer et al. (2001) also showed that once an offset
arises between discs and dynamical centres, they tend to remain
offset.

Within this context, it is clear that the precise dating of
morphological structures in the LMC will provide unprece-
dented constraints to numerical modelling of SBm galaxies.
In this work, we use photometric data from the Survey of the
MAgellanic Stellar History (SMASH, Nidever et al. 2017) and
colour-magnitude diagram (CMD) fitting to characterise the star
formation history (SFH) of the outer-disc region of the LMC,
with special focus on its spiral arm. We find compelling evidence
on the stability of this morphological structure.

2. Determination of the LMC star formation history

A detailed description of our process to study the LMC SFH
using the SMASH data will be provided in a subsequent paper
(Ruiz-Lara et al., in prep.). For completeness, we give a self-
contained but brief explanation here. We analysed a total of
5.5× 107 stars from the main body of the LMC (up to a galac-
tocentric distance of ∼4.4 kpc or 5◦) observed by the SMASH
survey1. SMASH provides high-quality and deep photome-
try of the observed region in an uniform and homogeneous
way2, enabling the study of the SFH of this system as never
before. The analysed sample of stars has been drawn from the
original SMASH dataset after some quality cuts are applied
(−2.5<SHARPDAOPHOT,ALLSTAR < 2.5; photometric errors in g
and i-bands below 0.3 mag). In this process, the catalogues of
overlapping fields are combined and apparent magnitudes trans-
formed to absolute magnitudes (on a star-by-star basis) taking
into account reddening, distance, and LMC inclination effects
(changing the effective distance modulus of different regions due
to the orientation of the LMC disc) following the analysis pre-
sented in Choi et al. (2018a). The particular choice of this geom-
etry has little effect on our results and conclusions.

We split this initial catalogue into 232 individual spatial
bins following a Voronoi tesselation (Cappellari & Copin 2003).
The goal is to divide the whole LMC field into homogeneous,
compact, roundish, and contiguous spatial bins avoiding holes
or overlaps, each containing ∼200 000 stars from the above-
described sample. The photometric completeness and uncer-
tainties in each spatial bin (critical for subsequent steps) have
been derived following standard procedures of artificial-star tests
(ASTs; e.g. Monelli et al. 2010), injecting ∼2× 106 stars per spa-
tial bin covering the range of colours, magnitudes, and sky loca-
tions sampled by the analysed stars. We assign to each of the
spatial bins its corresponding AST table by cross-matching their
HEALPix unique identifiers with those of the AST catalogues.

A synthetic population containing 1.5× 108 stars was then
created with uniform distributions in age and metallicity (from
0.03 to 14 Gyr and Z from 0.0001 to 0.025) based on the solar-
scaled BaSTI stellar evolution models (Pietrinferni et al. 2004).
We use a Kroupa initial mass function (Kroupa 2001) and a
binary fraction of 50% with a minimum mass ratio of 0.1. Obser-
vational uncertainties and crowding effects are simulated in this
synthetic population using DisPar (see Rusakov et al. 2020, and
Ruiz-Lara et al., in prep. for more information) and the previ-
ously described AST tables. This enabled us to create a separate
“dispersed” synthetic CMD that accounts for the crowding and

1 SMASH DR2 (Nidever et al., in prep.) is available through the
Data Lab hosted by the NSF’s National Optical-Infrared Astronomy
Research Laboratory.
2 The SMASH data reduction is extensively described in Nidever et al.
(2017) and makes use, among other packages, of the PHOTRED
(Nidever et al. 2011, https://github.com/dnidever/PHOTRED)
software package which performs multi-exposure forced-PSF photom-
etry using the DAOPHOT suite of programs (Stetson 1987, 1994).

L3, page 2 of 6









A&A 639, L3 (2020)

Liu, L., Gerke, B. F., Wechsler, R. H., Behroozi, P. S., & Busha, M. T. 2011, ApJ,
733, 62

Mackey, D., Koposov, S., Da Costa, G., et al. 2018, ApJ, 858, L21
Martínez-Delgado, D., Katherina Vivas, A., Grebel, E. K., et al. 2019, A&A,

631, A98
Mathewson, D. S., Cleary, M. N., & Murray, J. D. 1974, ApJ, 190, 291
Meschin, I., Gallart, C., Aparicio, A., et al. 2014, MNRAS, 438, 1067
Monelli, M., Hidalgo, S. L., Stetson, P. B., et al. 2010, ApJ, 720, 1225
Monteagudo, L., Gallart, C., Monelli, M., Bernard, E. J., & Stetson, P. B. 2018,

MNRAS, 473, L16
Moretti, M. I., Clementini, G., Muraveva, T., et al. 2014, MNRAS, 437, 2702
Nidever, D. L., Majewski, S. R., & Butler Burton, W. 2008, ApJ, 679, 432
Nidever, D. L., Majewski, S. R., Muñoz, R. R., et al. 2011, ApJ, 733, L10
Nidever, D. L., Olsen, K., Walker, A. R., et al. 2017, AJ, 154, 199
Noël, N. E. D., Conn, B. C., Carrera, R., et al. 2013, ApJ, 768, 109
Noël, N. E. D., Conn, B. C., Read, J. I., et al. 2015, MNRAS, 452, 4222
Noordermeer, E., Sparke, L. S., & Levine, S. E. 2001, MNRAS, 328, 1064
Odewahn, S. C. 1994, AJ, 107, 1320
Pardy, S. A., D’Onghia, E., Athanassoula, E., Wilcots, E. M., & Sheth, K. 2016,

ApJ, 827, 149
Patel, E., Kallivayalil, N., Garavito-Camargo, N., et al. 2020, ApJ, 893, 121
Pearson, S., Privon, G. C., Besla, G., et al. 2018, MNRAS, 480, 3069

Pietrinferni, A., Cassisi, S., Salaris, M., & Castelli, F. 2004, ApJ, 612, 168
Reid, W. A., & Parker, Q. A. 2013, MNRAS, 436, 604
Rudnick, G., Rix, H.-W., & Kennicutt, R. C., Jr. 2000, ApJ, 538, 569
Ruiz-Lara, T., Gallart, C., Beasley, M., et al. 2018, A&A, 617, A18
Rusakov, V., Monelli, M., Gallart, C., et al. 2020, ArXiv e-prints

[arXiv:2002.09714]
Salem, M., Besla, G., Bryan, G., et al. 2015, ApJ, 815, 77
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