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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 lopsided galaxies ever discovered (de Vaucouleurs & Freeman

1972). How they became so asymmetric, particularly with regard
Magellanic spiral galaxies (Sm) are ubiquitous in the Universe. to the ultimate origin of their spiral arm(s) in contrast to more
Characterised by the presence of an off-centred bar (SBm) and massive spiral galaxies, remains unclear. Fortunately, the level
one single arm, S(B)m galaxies are some of the most structurally  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.
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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 ~4.4kpc or 5°) observed by the SMASH
survey!. SMASH provides high-quality and deep photome-
try of the observed region in an uniform and homogeneous
way?, 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 ~200000 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 x 10° 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 x 10® 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

! 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 etal. 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).
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Fig. 1. Stellar spatial distribution and observed colour-magnitude diagrams corresponding to two visually selected regions representative of the
northwest (blue) and southeast (red) regions of the LMC. Left: LMC-reconstructed stellar density image from SMASH data showing the number
density of stars brighter than M; = —1. North is up, east is left. Middle: northwest region, roughly corresponding with the arm. Right: southeast
region. We note the clear differences in the bright, blue main sequence (approximately delimited by the red ellipse), indicating the presence of
a prominent young stellar population in the arm region (~3.5% of the 8 million stars sampled against the only ~0.7% of 7.3 million stars in the

south region).

photometric uncertainties that are characteristic of each of the
232 individual spatial bins.

Finally, SFHs, defined as the star formation rate (SFR) and
chemical enrichment as a function of cosmic time, are com-
puted by CMD fitting in each spatial bin using THESTORM
(Bernard et al. 2015, 2018). THESTORM finds the best selection
among synthetic stars (divided into simple stellar populations of
given ages and metallicities) to mimick the observed distribution
of stars in specific regions of the CMD (“bundles”; Monelli et al.
2010; Rusakov et al. 2020). We encourage the reader to review
Ruiz-Lara et al. (2018) for an evaluation of the robustness of
THESTORM regarding the treatment of binaries or bundle strategy.

An important factor in obtaining reliable SFHs is that the
whole main sequence, down to the oldest main sequence turn-off
(around M; = 3.0 for the LMC), is well-represented in the CMD
fitting process. For this reason, and also to take into account spa-
tial variations of the crowding levels within the LMC, the faintest
magnitude of stars included in the fit was varied accordingly.
This value is set to M;=4.5 if the 20% completeness level is
fainter than M; =4.5, otherwise the 20% completeness magni-
tude is used. For the current study, spatial bins that are highly
affected by crowding (50% completeness magnitude brighter
than M; =3, mainly concentrated in the bar region) are masked
out. For the reconstruction of the 2D stellar content of the LMC,
we assigned to each HEALPix pixel within the LMC the SFH
corresponding to its spatial bin. More detailed information on
the process of SFH determination can be found in Monelli et al.
(2010), Ruiz-Lara et al. (2018) or Rusakov et al. (2020); see also
Hidalgo et al. (2011) for a computation of uncertainties; and
Ruiz-Lara et al. (in prep.), for the particular case of SMASH
data.

3. Results

The northwestern region of the LMC disc sparkles with
the presence of Ha emission (e.g. Reid & Parker 2013),
recent star formation (e.g. Harris & Zaritsky 2009), classi-
cal cepheids (Moretti et al. 2014), and young, massive stars
(El Youssoufi et al. 2019). In contrast, the rest of the LMC
disc is largely devoid of evidence supporting the presence of
stars as young as those found in the north. This north—south

difference exists even beyond the high surface brightness
regions: Besla et al. (2016), using deep optical images, resolved
the stellar substructures (stellar arcs and multiple spiral arms)
discovered by de Vaucouleurs & Freeman (1972, outside the
area covered in this work) and confirmed that there is no counter-
part to these structures in the south (see also Mackey et al. 2018).
This dichotomy is apparent in the SMASH dataset as well (see
Fig. 2 in Choi et al. 2018Db).

The middle and right-hand panels of Fig. 1 show the char-
acteristic CMD of stars in the spiral arm (north, blue) and those
representative of an approximately symmetric area south of the
bar (south, red), respectively (visually selected). Whereas a clear
and prominent young main sequence is evident in the northern
region, it is virtually absent from the southern region. It is clear
that the LMC spiral arm presents contrasting properties with the
rest of the LMC disc. In the following, and through the anal-
ysis of the SFH of the two selected regions, we seek observa-
tional evidence regarding the stability of this spiral structure, its
longevity, and the possible mechanisms behind its formation and
survival.

Figure 2 compares the SFHs of these two opposed regions.
These SFHs are computed by averaging the SFHs for the
HEALPix pixels within the defining regions with suitable
normalisation® (left panel of Fig. 1). The similarities of both
SFHs at early times until ~2.3 Gyr ago is astonishing, suggest-
ing an efficient mixing of the old stellar populations or a homo-
geneity of the LMC SFH at early times. Both regions display
an important old population (older than 11.5 Gyr), followed by a
residual (non-negligible) star formation until ~3 Gyr ago, when
the SFR increased significantly. In the last ~2.3 Gyr, the north-
ern region (arm) kept forming stars at a high rate, whereas the
southern region progressively decreased its star formation until
it reached its current low level. We also find clear secondary
bursts at 2, 1, 0.5, and 0.1 Gyr ago in the arm region with hints
in the southern region as well. These secondary bursts coincide
with those found by Harris & Zaritsky (2009), with the excep-
tion of the enhancement at 1 Gyr (detected also in Meschin et al.
2014; Monteagudo et al. 2018). The higher age resolution of our

3 The normalisation is given by the number of stars brighter than
M; =0.7 in each HEALPix.
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Fig. 2. Average star formation histories characteristic of the northwest
(blue, arm) and southeast (red) regions of the LMC disc. A magnified
inset highlights the youngest burst. Shaded regions represent uncertain-
ties in the SFH recovery computed as described in Hidalgo et al. (2011).

current study allows us to date the re-ignition of star forma-
tion roughly 3 Gyr ago with better precision than previous stud-
ies (Harris & Zaritsky 2009; Weisz et al. 2013), coinciding with
the values found in the bar and inner disc (Monteagudo et al.
2018), as well as in the outer LMC disc (Meschin et al. 2014).
Additionally, earlier phases of subdued star formation have
occurred in both regions ~5 and 8 Gyr ago (in overall agreement
with Meschin et al. 2014; Monteagudo et al. 2018).

The combination of large spatial coverage and deep photom-
etry allowed us to derive a SFH with unprecedented high age
and spatial resolution in the LMC. As hinted by Fig. 2, the dis-
tribution of old stars in the LMC lacks clear spatial patterns that
could be associated with any LMC morphological component (in
agreement with the uniform distribution of RR Lyrae stars pre-
sented in Soszynski et al. 2009). However, this changes in the
last ~2 Gyr. Figure 3 shows stellar mass fraction maps of stars
younger than 2.3 Gyr, divided into age bins defined on the basis
of the SFH shown in Fig. 2. Whereas stars in the 1.9-2.3 Gyr
age range still show no strong spatial coherence, it is for stars
younger than 1.55 Gyr (even 2.1 Gyr) that the whole LMC spi-
ral structure — including the southeastern patch near the end of
the bar — clearly stands out. This structure not only appears to
be stable and displays a clear spatial coherence during the last
~2 Gyr, it also shows spatial evolution (see El Youssoufi et al.
2019). Stars in the 0.6—-0.9 Gyr age range accumulate in the
northwestern extreme of the arm, whereas stars ranging from
0.2 to 0.6 Gyr old are distributed along the entire arm and the
eastern end where the youngest stars are concentrated (the Con-
stellation III region, Harris & Zaritsky 2009).

4. Discussion and conclusions

Morphological asymmetries such as this single-armed structure
have been widely attributed to tidal interactions, dwarf-dwarf
mergers, and cosmological gas accretion (e.g. Odewahn 1994;
Zaritsky & Rix 1997; Kornreich et al. 2002; Bournaud et al.
2005; Besla et al. 2012; Yozin & Bekki 2014; Pardy et al. 2016).
Although we cannot rule out some contribution from the latter,
the similar enrichment histories that we find in our SFH deter-
mination from SMASH data between the northern and southern
regions, and especially the lack of any excess of metal-poor stars
in the LMC spiral arm, argue against the infall of pristine gas as
a primary driver of this structure. In addition, the fact that the
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LMC appears to be on its first infall into the MW (Besla et al.
2007, Patel et al. 2020) allows us to rule out interactions with
the MW as the origin of the spiral structure. Simulations sug-
gest that the earliest the MW could have affected the LMC was
via ram pressure stripping (interaction with the circumgalactic
medium) ~1Gyr ago, which would have mainly affected the
outermost LMC (Salem et al. 2015). The results reported in this
work clearly suggest that the LMC spiral structure has been in
place for at least 2 Gyr, well before the LMC started feeling the
effects of the MW. It is possible that the LMC-SMC interactions
triggered the formation of the LMC spiral structure.

For decades, evidence has existed supporting a LMC-
SMC common evolution for several billion years (e.g.
Mathewson et al. 1974; Weisz et al. 2013). In fact, mutual inter-
actions between the Clouds have long been invoked to explain
large scale structures such as the Magellanic Bridge, Stream,
and Leading Arm, as well as its off-centred bar and single
spiral arm (e.g. Beslaetal. 2007, 2012; Diaz & Bekki 2012;
Noél et al. 2013, 2015). In this line, an analysis of the kine-
matic information of the HT gas, Nidever et al. (2008) traced
back part of the Leading Arm and Stream to a LMC origin, dat-
ing it to be ~1.74 Gyr old. On the other hand, Fox et al. (2018)
analysed spectroscopic data from four AGN sight-lines pass-
ing through the Leading Arm to provide compelling evidence
that a good fraction of the Leading Arm has its origin in the
SMC, dating it back ~2 Gyr ago. In either case, these works
suggest that the Leading Arm was generated at the same time
as the Stream, following a LMC-SMC close encounter some
1.5 to 2.5 Gyr ago (Fox et al. 2018). Indeed, independent sim-
ulations from Besla et al. (2012) suggest pericentric passages
between the Clouds ~2.7 and 1.1 Gyr ago as well as a direct
collision ~100-300Myr ago (see also Zivick etal. 2018 or
Martinez-Delgado et al. 2019), partly responsible for the LMC
peculiar morphology as well as the Bridge (e.g. Irwin et al.
1985). Some recent studies also suggest that LMC-SMC inter-
actions are behind newly-discovered stellar structures such as
the ring-like stellar overdensity and the outer warp in the LMC
(Choi et al. 2018a,b). The timing of the proposed encounters
generally coincide with star formation enhancements reported
in this analysis (see Fig. 2).

It is intriguing to see that all recent encounters appear to
have triggered star formation in the same spatial region, that
is, the spiral arm (currently in the northwest, see Fig. 3). In
fact, the HT distribution in the LMC appears globally dis-
placed towards this direction, offset with respect to the LMC
bar (Staveley-Smith et al. 2003). Our results would suggest that
this lopsidedness of the gas may have been maintained for
the last 2—3 Gyr, with later interactions inducing stochastic
self-propagating star formation (Gerola et al. 1980) where HI
resides. As asymmetries induced by tidal encounters seem to last
several Gyr (Levine & Sparke 1998; Noordermeer et al. 2001;
Berentzen et al. 2003; Besla et al. 2016; Pardy et al. 2016), this
would explain the notable spatial coherence in the spiral arm
stellar populations for the last ~2 Gyr and further support a
link between this structure and LMC-SMC interactions dating
back ~2-3 Gyr. Theoretical predictions focused on the SFH
of the Clouds are needed to confirm this scenario and put the
LMC spiral structure within the framework of the dynami-
cal spirals present in more massive systems (Lin & Shu 1964;
Julian & Toomre 1966).

In this work, we present an updated analysis of the SFH over
a large area of the outer disc of the LMC with an unparalleled
combination of spatial coverage and time resolution. For this
purpose, we combine the deep SMASH photometric data with
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the powerful approach of CMD fitting to study SFHs in galax-
ies. We find that the spiral arm exhibits a distinctly young pop-
ulation (younger than ~2 Gyr). This spatial coherence provides
indisputable evidence that this structure has been in place for at
least the last ~2 Gyr, surviving dynamical arguments such as dif-
ferential rotation. The dating of the spiral arm, together with the
orbital history of the Clouds — in the first infall towards the MW —
strongly advocate for LMC-SMC interactions during the last
3 Gyr as the origin of this stable structure. These results provide
key constraints for all future models of the Magellanic System,
which should also explain the recent SFH exhibited by the north-
ern spiral arm.
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