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ABSTRACT

The Magellanic Cloud system represents a unique laboratory for study of both interacting dwarf galaxies and the ongoing
process of the formation of the Milky Way and its halo. We focus on one aspect of this complex, three-body interaction —
the dynamical perturbation of the Small Magellanic Cloud (SMC) by the Large Magellanic Cloud (LMC), and specifically
potential tidal effects on the SMC'’s eastern side. Using Gaia astrometry and the precise radial velocities (RVs) and multielement
chemical abundances from Apache Point Observatory Galactic Evolution Experiment (APOGEE-2) Data Release 17, we explore
the well-known distance bimodality on the eastern side of the SMC. Through estimated stellar distances, proper motions, and
RVs, we characterize the kinematics of the two populations in the bimodality and compare their properties with those of SMC
populations elsewhere. Moreover, while all regions explored by APOGEE seem to show a single chemical enrichment history,
the metallicity distribution function (MDF), of the ‘far’ stars on the eastern periphery of the SMC is found to resemble that for
the more metal-poor fields of the western periphery, whereas the MDF for the ‘near’ stars on the eastern periphery resembles
that for stars in the SMC Centre. The closer eastern periphery stars also show RVs (corrected for SMC rotation and bulk motion)
that are, on average, approaching us relative to all other SMC populations sampled. We interpret these trends as evidence that
the near stars on the eastern side of the SMC represent material pulled out of the central SMC as part of its tidal interaction with
the LMC.

Key words: surveys—galaxies: dwarf - galaxies: interactions - galaxies: abundances - galaxies: kinematics and dynamics -
Magellanic Clouds.

such investigations, but the scale of this attention is mushrooming

1 INTRODUCTION . . . .
with the advent of large systematic astrometric, photometric, and

It is widely accepted that the Magellanic Clouds (MCs) provide
critical, proximate laboratories for the study of satellite systems,
late infall, minor mergers, dwarf irregular galaxies, and the in-
teraction of such systems with one another. Numerous studies
over the past decades have exploited these unique prototypes for

* E-mail: tacona@virginia.edu

spectroscopic surveys (Cioni et al. 2011; Dark Energy Survey Col-
laboration et al. 2016; Nidever et al. 2017; Drlica-Wagner et al. 2021).
These large observational databases have led to the identification of
numerous, hitherto unknown gaseous (Putman et al. 2003) and stellar
substructures around each the Large Magellanic Cloud (LMC; e.g.
Choi et al. 2018; Belokurov & Erkal 2019; Nidever et al. 2019;
Gaia Collaboration et al. 2021; Cullinane et al. 2022a, b) and the
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Figure 1. Left-hand panel: the RGB stellar density of the LMC and SMC using Gaia DR3 data in a polar projection of celestial coordinates. Overplotted on
the SMC is the APOGEE fields to give a notion of their distance and orientation with respect to the LMC. Right-hand panel: the SMC RGB star density map
shown in SMC-centred celestial coordinates with APOGEE fields representing the East region (red circles), the Centre region (blue circles), and the West region
(green circles), based on the scoring system described in the Appendix. The arrow indicates the direction towards the centre of the LMC. The region occupied

by the distance bimodality is roughly outlined by the dashed line.

Small Magellanic Cloud (SMC; e.g. Noél & Gallart 2007; Pieres
et al. 2017; Belokurov & Erkal 2019; Massana et al. 2020; Gaia
Collaboration et al. 2021). In the case of the diffuse peripheral SMC
features (see Fig. 1), some of that diffuse stellar material may be
associated with the Magellanic Bridge (MB), a feature likely to be
of tidal origin, with stars being pulled out of the SMC (e.g. Putman
et al. 2003; Besla et al. 2012; Nidever et al. 2013; Zivick et al.
2019) during their infall into the Milky Way (Besla et al. 2007;
Kallivayalil et al. 2013). Although a portion of the gas present in
some structures can be also explained by ram pressure from the
Milky Way (Tatton et al. 2021). These gaseous structures are easily
detected in H1 maps and comprise the leading arm (LA) and the
Magellanic Stream (MS). There is another structure of gas and stars
that connect the LMC and SMC called the MB, which also has a
strong H 1 signature (e.g. Putman et al. 2003; Nidever, Majewski &
Butler Burton 2008).

Other observed properties of the SMC itself have also been
interpreted within the context of its tidal disruption. For example,
on the eastern side of the SMC — the side closer to the LMC — the
distribution of red clump (RC) stars has been found to exhibit a
distance bimodality, with the two populations separated by ~10 kpc
(Hatzidimitriou & Hawkins 1989; Nidever et al. 2013; Subramanian
et al. 2017; El Youssoufi et al. 2021; James et al. 2021; Tatton
et al. 2021)." The two RC populations are found to be distinct in
their radial velocity (RV) and proper motion distributions Omkumar

'While Rubele et al. (2015) do not claim to see a bimodality in their SMC
RC sample, they do see the near component and some evidence for a more

et al. (2021). This spatial bimodality and its interpretation are
mimicked by kinematical studies of red giant branch (RGB) stars
in the eastern SMC periphery, where their RVs also reveal a bimodal
distribution, with main peaks separated by ~35-45kms~' (James
et al. 2021), and for which significant differences in the proper
motions are seen with respect to fields on the western side of
the SMC (Zivick et al. 2018; James et al. 2021; Omkumar et al.
2021)

The origin of this bimodal distribution of distances, proper
motions, and RVs have been proposed to be as a result of past
interaction of the LMC with the SMC, where the foreground structure
is postulated to be tracing a tidal extension of the latter galaxy
(Nidever et al. 2013). Based on the simulations of the Magellanic
System (Diaz & Bekki 2012), it has been proposed that the formation
of the stellar substructures along with the gaseous features of the
MCs have a tidal origin from the past interaction of the Clouds,
creating a foreground extension of material torn from the disc of the
SMC.

Most of the above studies of the SMC bimodality were limited
to a radius of < 4°. Furthermore, none of these studies included
an analysis of the chemistry of the foreground and background
populations in the bimodality. However, because of the known
gradients in radial metallicity within the SMC (Dobbie et al. 2014;
Choudhury et al. 2020; Muiioz et al. 2023; Povick et al. 2023),
it should be possible to verify whether the hypothesis that its

distant component based on a vertical RC in the colour—-magnitude diagram
for fields in this location.
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disc is the source of the foreground material in the eastern side
bimodality by comparing the chemistry of the foreground material
with that of stars in other parts of the SMC, including the disc and
farther out.

Here, we undertake just such a study. We exploit data obtained
by the Sloan Digital Sky Survey IV’s (SDSS-IV’s) APOGEE-2
survey (Majewski et al., in preparation), combined with astrometry
from Gaia Data Release 3 (DR3; Gaia Collaboration et al. 2021),
not only to verify the previously reported kinematical differences
in the near and far populations in the eastern side of the SMC,
but to explore their chemical attributes as well. A particular focus
of the Southern hemisphere component of the APOGEE-2 survey
was to obtain significant coverage of the MCs (e.g. Nidever et al.
2020a). APOGEE’s high resolution, near-infrared, multifiber spec-
troscopy yields very accurate (~0.1 kms~!, Nidever et al. 2015b)
RVs for SMC RGB stars as well as unprecedented insights into
the multielement chemistry of stars across the face of the SMC.
These APOGEE data provide new ways to investigate the origins
of the various spatio-kinematical anomalies previously reported for
stars in the ‘bimodality region’ on the eastern side of the SMC,
and over a larger angular extent (to a radius ~ 6°) than previously
explored.

While our use of RGB stars means that distances are less accurate
than in the case of the studies using RC standard candles, we
nevertheless can make reliable assertions about the bimodality.
For example, we find that the Gaia DR3 proper motions show a
different behaviour between the western and eastern sides of the
SMC, with an extra component only present in the latter, a result
consistent with previous studies that used Gaia DR2 (Omkumar et al.
2021). We also demonstrate that the metallicity distribution function
(MDF), [a/Fe]-[Fe/H], and detailed chemical abundance patterns
of the farther eastern SMC stars resemble those same distributions
for complementary stars on the western SMC periphery, while the
MDF, [«a/Fe]-[Fe/H], and chemical distributions of the closer eastern
SMC stars resemble those distributions of the more metal-rich SMC
Centre. Thus, apart from our verification of previously reported
trends in proper motion and radial velocity in the bimodality regions,
the main result of our investigation is that chemical analysis affirms
that while all of the APOGEE stars share an SMC chemistry, the
foreground population of the bimodality is more closely linked to the
inner SMC region than to populations of stars farther out in the SMC
periphery. This suggests a dynamical link between the foreground
eastern side population and the central regions/disc population of the
SMC.

The layout of this contribution is as follows: In Section 2, we
describe in more detail the data sets exploited in our analysis,
which are based on the SDSS-IV Data Release 17 (DR17) and
Gaia DR3 (Gaia Collaboration et al. 2021). This includes a dis-
cussion of how we deal with distances for our RGB star sample
(Section 3.1). We also describe how we break up the APOGEE
fields into three main groups — East, Centre, and West — for our
analyses (Section 2.3). In Section 3, we describe various SMC stellar
properties we have measured, such as distance, radial velocity, total
proper motion and metallicity, and explore whether and how the
character of these three regions differ, and to see whether and how
the eastern bimodality manifests itself in our data. In Section 4,
we explore more closely the SMC'’s eastern side, in particular, to
define the characteristics of the near and far populations found
there. Finally, in Section 5, we summarize our main results and
conclusions.

MNRAS 529, 3858-3876 (2024)

2 DATA

2.1 APOGEE and Gaia catalogues

The Apache Point Observatory Galactic Evolution Experiment
(APOGEE, Majewski et al. 2017), part of the Sloan Digital Sky
Survey (SDSS) in its phases SDSS-III (Eisenstein et al. 2011)
and SDSS-IV (Blanton et al. 2017), is an infrared spectroscopic
survey of stars sampling all Galactic stellar populations, from the
inner bulge, throughout the disc, and in the Milky Way halo.
Originally, APOGEE, as with all previous SDSS projects, operated
only in the Northern hemisphere using the 2.5-m Sloan Telescope
at Apache Point (Gunn et al. 2006). However, after installation
of a second APOGEE spectrograph (Wilson et al. 2019) on the
2.5-m duPont telescope at Las Campanas Observatory (Bowen &
Vaughan 1973), the ‘APOGEE-2" project in SDSS-IV also procured
high-resolution (R ~ 22, 500), H-band spectra in the Southern
hemisphere, including for thousands of stars (predominantly on
the red and asymptotic giant branches) sampling in and around
the LMC and SMC. Indeed, surveying the Clouds was a primary
motivation for extending the APOGEE project to the Southern
hemisphere.

The APOGEE infrared spectra are reduced and analysed to pro-
duce stellar atmospheric parameters (Tes, log g, [M/H], [a/Fe], etc.)
and abundances for multiple chemical elements using the APOGEE
reduction pipeline (Nidever et al. 2015a) and the APOGEE Stellar
Parameters and Chemical Abundance Pipeline (Garcia Pérez et al.
2016). The latter is based on the FERRE? code written by Allende
Prieto et al. (2006), and obtains stellar atmospheric parameters by
finding the best match in a library of synthetic spectra. We use the
specific data products coming from SDSS DR17 (Holtzman et al.,
in preparation). These include metallicities and [«/Fe] derived from
the APOGEE spectra using a grid of MARCS stellar atmospheres
(Gustafsson et al. 2008; Jonsson et al. 2020), and an H-band line list
updated from Smith et al. (2021), which itselfis updated (Shetrone
et al. 2015) to include lines for the s-process elements Ce and Nd
(Hasselquist et al. 2016; Cunha et al. 2017). The grid of synthetic
spectra (Zamora et al. 2015) is generated using the Synspec code
(Hubeny & Lanz 2011), which enables non-local thermodynamic
equilibrium calculations for the elements Na, Mg, Ca, and K from
Osorio et al. (2020).

The APOGEE reduction pipeline used for DR17 includes a new
code for measuring heliocentric RVs (V}jio) called Doppler (Nide-
ver 2021).% This is particularly relevant here, because the Doppler
algorithm was fine-tuned specifically to improve the derivation of
RVs for faint sources having many visits, as is the case for the SMC
stars, by forward-modelling all of the visit spectra simultaneously
with a consistent spectral model.

Targeting for SDSS-III/APOGEE is described in Zasowski et al.
(2013), while that for SDSS-IV/APOGEE-2 survey is described in
Zasowski et al. (2017), Beaton et al. (2021), and Santana et al.
(2021). Here, we make use of data from the specific collection of
stars that were targeted as part of the APOGEE-2 MC key project.
The selection of APOGEE MC fields and specific stars in those fields
for this key project are described in more detail in Nidever et al.

Zhttps://github.com/callendeprieto/ferre
3https://github.com/dnidever/doppler
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(2020b).* The location and angular span of the specific APOGEE-2
SMC fields analysed here are shown in Fig. 1,

while data for the fields is given in Table 1, which includes for each
field, respectively, the name of the field, central position, the field
‘group’ (‘West’, ‘Centre’, ‘East’ —see Section 2.3), the radial distance
from the SMC Centre, the number of red giant stars included in our
analysis, the mean RV and dispersion for each field, and the mean
metallicity, [Fe/H]. The collection of fields includes one sampling
of the SMC Centre (‘SMC3’) as well as others distributed out to its
nominal tidal radius in multiple directions.

We combine the APOGEE-2 catalogue of SMC stars with in-
formation from Gaia DR3. The latter provides proper motions and
trigonometric parallaxes for each APOGEE SMC star. While the
parallaxes are not useful for deriving distances for MC stars directly
(Section 3.1), they can be used to identify foreground stars (e.g.
nearby dwarf stars misidentified as distant giant stars). On the other
hand, the proper motions are useful indicators of the stellar transverse
motions and, therefore, play a critical role in our analysis. For
selecting MC members and to avoid Milky Way contamination, we
use a combination of ASPCAP stellar parameters and RVs along with
proper motions from Gaia DR3. From the APOGEE-2 catalogue, we
selected stars with 7. <5200 K and log g < 3.4 and remove stars
with RVs greater than 220kms~! and lower than 80kms~!'. We
also only consider stars with APOGEE spectra having S/N > 40. In
terms of the Gaia parameters, we followed the same proper motion
selection criteria as in Nidever et al. (2020b). In the end, the total
number of RGB stars that are adopted as members of the SMC is
1069.

2.2 Estimating distances

Distances are challenging to derive for stars at the distances of the
MCs, which are beyond the range of simple trigonometric parallaxes
for single stars using Gaia data. Several efforts have been made to
exploit the stellar atmospheric parameters derived from APOGEE
spectra to estimate distances. We investigated three of the resulting
distance catalogues: astroNN (Leung & Bovy 2019), StarHorse
(Queiroz et al. 2020), and NMSU (Holtzman et al., in preparation). In
the end, we chose to use NMSU distances because StarHorse showed
a peculiar systematic distance error in a significant fraction of the
APOGEE SMC stars while astroNN gave an unrealistic median dis-
tance of 40 kpc for the APOGEE SMC stars. Nevertheless, in all three
catalogues that were tested, distances seemed to be underestimated.
To compensate for this, we re-calibrated the distances using literature
distances for globular clusters (GCs) and MW dwarf galaxies to yield
a mean distance closer to the more recent systemic SMC distance of
~60kpc (de Grijs & Bono 2015). The equation used for correcting
the distance modulus is

DMcorr = —13854+ 1.1034 x DMNMSU- (1)

However, for some of our analyses where we wish to have more
precise relative distances of stars than offered by even the NMSU
distances, we can use a proxy for distances based on stellar proper
motions. The rationale for this ‘proper motion distance’ (D,,) is
that the systemic space motion of the SMC system is much larger
than the internal variations of parts within it; thus, variations in
observed proper motion for stars in the SMC will be dominated by
the variation in distance. Moreover, the Gaia proper motions are

4We do not include SMC Field 9 in our analysis due to the low number (~3)
of RGB stars measured in that APOGEE field.
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much better measured than any SMC star distances gauged in other
ways. Therefore, we define D, as

D/I. = Utan/(4-74 ,bL), (2)

where p is the total Gaia proper motion (in masyr~!) of the star,
Uran 18 the systemic SMC tangential velocity (adopted here as 398 km
s7h), and D,, is in kpc. Using this metric, the centre of the SMC, with
amean u = 1.40 mas yr—!, is 60 kpc. We find that D,, as a distance
proxy provides more consistent relative distances with less scatter
given that much of the transverse motion of the SMC stars comes
from the shared bulk motion of the SMC.> (In this way, D, works
much like the traditional ‘reduced proper motion” methodology that
has a long history as a tool in Galactic stellar population studies —
e.g. Luyten 1922.)

2.3 Definition of SMC regions

A primary goal of this paper is to investigate the properties of the two
populations in the distance bimodality (Hatzidimitriou & Hawkins
1989; Nidever et al. 2013) in the SMC periphery on its side that
faces the LMC (East). To determine whether the properties of the
stellar populations in this apparently tidally perturbed region are,
in fact, different or more complex than other regions as a result of
the perturbation, it is important to define the APOGEE fields that
represent this Eastern region as well as those that define appropriate
control regions, which should be fields at a similar radius from the
SMC Centre, but in unperturbed regions of the SMC periphery. In
addition, because it is possible that the perturbation may involve stars
pulled out from the centre of the SMC, another useful comparison
sample is stars from the central parts of the SMC.

We attempted to assign APOGEE fields to the most important
SMC regions for our purposes (i.e. the region already known to be
unusual by its distance bimodality) in a logical way. We attempted to
do so in an impartial, quantitative way using shared characteristics.
Because we want to explore chemistry in particular, we want to
avoid that as a criterion. Therefore, a scoring system (described
in the Appendix) based on joint kinematics (i.e. RVs and proper
motions) and distance was used to guide our definition of the fields
most uniformly representing the side of the SMC that also shows the
distance bimodality, hereafter referred to as the ‘East fields’. From
our scoring analysis, the Eastern group is represented by fields SMC
6-8, and 11, which not only share similar distance and kinematical
properties (see Appendix), but also happen to be those closest to the
LMC and oriented towards the MB (although this proximity to the
LMC was not used as part of the scoring system). The remaining
SMC periphery fields at the same angular separation from the SMC
Centre but at other positions away from the LMC - fields SMC 1,
2, 10, and 12, called the ‘West fields’ — then constitute a control
sample for the East group. Finally, the remaining fields — fields SMC
3-5 — are close to one another and situated around the centre of the
SMC and sample predominantly its inner population. We can readily
discriminate the fields that belong in the East region from these
three ‘Centre fields’ based on the strongly differentiated distance
and kinematical properties between them (see Table Al). We note
that had we simply sorted fields based on spatial position on the sky,

5A similar methodology has been employed for these same SMC fields in
Povick et al. (2023), but on a field by field basis.
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Table 1. Information about the SMC APOGEE Fields.

Name RA Dec. Region RSMC NRGB (RV) (O'Rv) ([FC/HJ) <0'[Fe/H]>
(h:m:s) ©:":" (kms~!)  kms!)
SMC1 00:20:16 —77:13:22 West 33 160.0 22.0 —1.10 0.23
SMC2 00:41:58 —67:45:25 West 88 127.7 18.7 —1.28 0.28
SMC10 01:03:49 —69:10:04 West 92 135.2 222 —1.18 0.24
SMC12 23:57:50 —73:02:16 West 24 143.5 16.1 —1.15 0.22
SMC3 00:45:00 —73:13:44 Centre 183 145.1 23.5 —0.90 0.18
SMC4 01:07:56 —75:35:34 Centre 164 168.8 22.6 —1.14 0.24
SMCS5 01:20:41 —73:04:48 Centre 118 155.7 24.1 —0.99 0.17
SMC6 01:38:29 —71:09:10 East 171 138.2 21.2 —1.08 0.26
SMC7 02:07:23 —73:24:28 East 39 150.2 14.0 —1.21 0.34
SMC8 01:38:41 —77:11:13 East 29 156.3 23.7 —1.14 0.31
SMCI11 01:33:41 —74:48:21 East 128 159.2 21.5 —1.09 0.23

0.05

0.04

Density

0.02

0.01

20 30 40 50 60 70 80 90
Distance (kpc)

Figure 2. The density distribution of stellar distances in the East, Centre,
and West regions using NMSU distance estimates.

we would have naturally come to the same basic organization into
three groups.®

In the following sections, we use the above division of APOGEE
SMC fields to understand similarities and differences of character-
istics (kinematics and chemistry) of stars in the East fields, and the
two apparent populations along this line of sight, compared to those
of stars in the Centre and West groupings.

3 PROPERTIES OF THE APOGEE SMC STARS

Before proceeding to a detailed exploration of the previously reported
bimodality on the eastern side of the SMC, in this section we first
revisit the question of whether, how, and where the APOGEE fields
across the SMC show distinct properties from one another, with an
eye towards how the bimodality might show up in the properties of
stars sampled by APOGEE on the SMC’s eastern side.

3.1 Distances

Fig. 2 shows the distance distribution of the three SMC regions,
initially adopting the distance estimates from the NMSU APOGEE

®Field SMC4, while perhaps intermediary in position between the Centre and
East regions, has individual stellar targets that are heavily waited towards the
SMC Centre (see Fig. 9), and so is more logically a centre field.

MNRAS 529, 3858-3876 (2024)

distance catalogue. As discussed in Section 1, previous studies using
RC stars found that there is a larger line-of-sight depth on the eastern
side of the SMC, particularly in the MB region, which shows a
bimodal distance distribution (Nidever et al. 2013; Subramanian
et al. 2017; El Youssoufi et al. 2021; James et al. 2021; Tatton
et al. 2021). Our data, based on the NMSU distances for RGB
stars, show the Centre and West regions of the SMC to have clear
peaks at ~57 and ~62 kpc, respectively, which closely straddle the
~60kpc systemic distance of the SMC (de Grijs & Bono 2015).
Meanwhile, the East region shows a similar peak at ~54 kpc along
with potentially a second one at ~45 kpc, although given that distance
estimates for the RGB stars carry high uncertainties, we refrain
from identifying our Eastern region distance distribution as truly
‘bimodal’, at least for now. Nevertheless, our distance distribution
seems consistent both with the presence of a distance bimodality
(albeit poorly distinguished with our distances) previously observed
on the SMC’s eastern side as well as an overall shift in the mean
distances of the RGB stars on the eastern side, as previously found
by Groenewegen et al. (2019) using SMC red giants.

The significantly different distance distributions of the East region
from the other regions is also born out by the proper motion
proxy for distance that we defined in Section 2.2. Fig. 3 shows
the D,, distribution for the East region to be heavily skewed to closer
distances, with a peak at ~45kpc, whereas the Centre and West
regions clearly resemble one another in being heavily populated
around a peak at ~60 kpc.

In conclusion, while we do not see a strong bimodality in our
distance data, the following analysis of our much more precise
kinematical and chemical properties of SMC stars make evident
that the broadened distance distribution we do observe on the eastern
side of the SMC likely results from the superposition along the
line-of-sight of two groups of stars with different chemodynamical
properties.

3.2 Radial velocities

To investigate the kinematics of the three main SMC regions, we
first use the heliocentric RVs provided by the APOGEE spectral
reduction pipeline, which have uncertainties of around ~100ms~".
Fig. 4(a) shows the radial velocity distribution of stars in the three
primary SMC regions under study. This RV distribution is similar in
character to that found by James et al. (2021), but it is challenging
to compare directly to their results because our data cover a smaller
total area, spread out in a more sparse fashion, and reach farther
away from the centre of the SMC. In our data, the East region
clearly shows an RV distribution with one peak centred at about
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Figure 3. The proper motion distance density distribution of the three
primary regions of the SMC. The Eastern region shows a large population
of stars with values smaller than ~52kpc (the vertical line) and peaked
at ~45kpc that is not prevalent in the West or Centre regions, and which
skews the overall distribution of the East group closer. The Centre and West
distributions peak at ~60 kpc.

140kms~! and asymmetric tails, with the high-RV tail extending
longer to higher RVs than the low-RV tail extends to lower velocities.
The raw RV distribution of the West region looks similar to that of
the East region. In contrast, the Centre fields, while perhaps showing
a similar low-RV distribution as the East region, including a small
‘peak’ at about 140 km s~!, also seem to have superimposed a slightly
more dominant, high-RV population with a peak at about 170 kms~!.
(A small representation by stars in this higher RV population seen
in the Centre fields may account for the high-RV tail of the RV
distribution in the East region.) The broad, perhaps ‘double-peaked’
RV distribution of the Centre region suggests a bimodality in this
parameter for the Centre fields.

However, the directly measured RV distribution is difficult to
interpret because it is modulated by SMC rotation as well as the bulk
motion of the SMC and the varying projection of that motion on to
RVs over the large angular extent of the SMC. Fig. 4(b) shows the RV
distribution after accounting for the bulk SMC Centre of mass (COM)
motion, while Fig. 4(c) shows the RV distribution corrected for SMC
rotation and bulk motion using the model by (Zivick, Kallivayalil &
van der Marel 2021). This model, summarized in their table 2,
determined best-fitting parameters describing the dynamical centre,
COM motion, inclination, line of nodes position angle, rotational
velocity, and tidal expansion rate using a combination of Gaia DR2
proper motion measurements of SMC red giants and the line-of-
sight velocity measurement of the SMC COM from De Leo et al.
(2020); the SMC distance used in their analysis was that measured by
Jacyszyn-Dobrzeniecka et al. (2020) from RR Lyrae stars. For this
work, we computed the terms describing the contribution of the COM
bulk motion and the internal rotation in the line-of-sight direction at
the positions of our stars using the formalism developed by van der
Marel et al. (2002), and subtracted these terms from our measured
RVs. In this corrected frame of reference, the velocity distribution
in the Centre and the West are almost identical to each other, while
the one in the East is rather different, showing a clear peak at around
—35kms~!, afeature not present in the other regions. A large fraction
of the stars in the East are moving toward us, likely pulled out of the
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SMC in the last tidal interaction with the LMC about 150-200 Myr
(Zivick et al. 2018). This kinematical difference with the rest of the
stars in the SMC may explain the origin of the bimodal distance
distribution previously identified in this region (Section 4.2).

At first glance, the raw RV distribution (Fig. 4a) of the West
region looks very similar to that of the East region, suggesting
that somehow they may share the same kinematics. However, after
correction for bulk motion and SMC rotation (Fig. 4c), we find
the East fields to have a quite distinct RV distribution from both
the West and the Centre fields. Fig. 5 shows the D, distance
versus raw RV trends for the three regions in our study, and with
stars colour-coded by their [Fe/H]. This figure was inspired by the
work of Hatzidimitriou, Cannon & Hawkins (1993), who found a
trend of distance with the RVs for SMC regions closest to the
LMC. However, as can be seen in Fig. 5, such trends are seen
in all three of the East, Centre, and West regions, although the
trend is shallower and offset in distance for the West fields. Fig. 5
shows how the East and Centre field distributions differ from the
West fields in having a group of stars receding from the SMC
towards us.

3.3 Proper motions of SMC stars

The Gaia proper motions of the APOGEE SMC stars offer an
additional, two-dimensional, kinematical signature to inform our
analysis.

Fig. 6 shows the detailed proper motion vector point diagram in
an SMC-centric coordinate system, and with the points colour-coded
by stellar NMSU distances. Dramatic differences in the 2D stellar
motions are obvious in this representation. Two major concentrations
of stars having significantly different distances and proper motions
are seen in the Eastern region, with the stars in the lower right
‘lobe’ of the distribution mostly at a distance of about 40-50 kpc
and the stars in the upper left proper motion lobe mainly at 55—
70kpc. A similar phenomenon can be seen in the Centre region, but
with fewer of the closer stars in the lower right ‘lobe’ represented.
On the other hand, this bimodal population distribution is virtually
absent in the West region, which shows primarily a more uniform
distribution of higher distance stars in the upper left proper motion
lobe.

The origin of the bimodal population distributions of distance and
proper motion seen in the Eastern and Centre regions may reflect
the greater proximity of these regions to the LMC and the presence
on this side of SMC stars strongly affected by the interaction of the
SMC and LMC (see below).

3.4 Metallicity and «-abundances

Having clearly established that the APOGEE SMC targets show
clear proper motion variation from the galaxy’s eastern to its western
sides — likely reflecting the presence of a bimodal population
distribution in distance on the East side — it is important to establish
whether the same is observed in the chemical properties of these
stars.

Fig. 7 shows the APOGEE ASPCAP [«a/Fe]-[Fe/H] abundance
distribution of the SMC RGB stars for each of the three primary
regions of study. The overall pattern seen in the three panels is similar
to that previously shown in Nidever et al. (2020b), where there is an
overall increase in [«a/Fe] as [Fe/H] decreases, all of the way to
[Fe/H]< —2dex. The metal-rich end of the overall SMC [Fe/H]
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Figure 4. The radial velocity distribution of the three primary SMC regions. Panel (a) shows the density distribution of the RVs as measured directly by
APOGEE. Panel (b) presents the same RVs, accounting for SMC Centre of mass (COM) movement and in that reference frame. Panel (b) shows clearly that
stars in the Centre and West regions share a similar velocity distribution, whereas a large portion of the stars in the East region are moving away from the SMC
(and toward us). Panel (c) presents the RVs corrected for both the SMC COM movement and rotation (ROT). Panel (c) looks very similar to panel (b) except for

an even closer match of the Centre and West distributions.

Table 2. P-values for two-sample K-S test results.

Element East Near East Near East Near East Near East Near
versus Versus versus Versus Versus
East Far Centre ‘West Centre West
[a/Fe] 1.00 x 1074 401 x 1072 6.24 x 107° 247 x 1073 220 x 107!
[C/Fe] 5.26 x 10~ 1.56 x 1071 7.41 x 10713 3.09 x 1078 331 x 107!
[N/Fe] 372 x 1074 2.59 x 107! 2.02 x 1073 3.57 x 107 4.59 x 107!
[O/Fe] 5.01 x 1076 7.06 x 1073 9.74 x 1077 6.90 x 107® 3.11 x 107!
[Al/Fe] 3.51 x 1073 1.82 x 1072 3.40 x 1072 1.64 x 1073 2.61 x 107!
[Mg/Fe] 2.05 x 107* 273 x 107! 1.94 x 1076 3.5 %107 7.42 x 1072
[Ni/Fe] 420 x 1074 1.13 x 107! 3.34 x 107° 1.66 x 1073 1.17 x 1071
[Si/Fe] 8.38 x 1073 2.56 x 107 470 x 1076 1.62 x 1073 1.69 x 107!
[Ca/Fe] 3.16 x 1073 1.87 x 107! 408 x 107° 2.63 x 1073 1.68 x 1071
[Mn/Fe] 4,06 x 1074 1.36 x 1072 7.89 x 107¢ 524 x 1072 228 x 107!
[Ti/Fe] 9.27 x 1076 6.87 x 1072 2.56 x 1070 2.40 x 1076 2.51 x 107!
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Figure 5. The trend of D,, with raw heliocentric radial velocity for our three primary regions. The points are colour-coded by their metallicity. The coloured
lines are linear fits to the trends for the East (red) and West (green) fields. The dashed line is the trend found on the eastern side of the SMC by Hatzidimitriou,

Cannon & Hawkins (1993), which matches our own results extremely well.

distribution reaches [Fe/H]~—0.5dex, as also found by Nidever
etal.’

"While the abundances presented in Nidever et al. (2020b) were already
reliable, the measurements of [Fe/H] and [«/Fe] presented here are expected
to be even more reliable, since they are based on more accumulated S/N in
the APOGEE spectra.

MNRAS 529, 3858-3876 (2024)

In more detail, however, it can be seen that the general trend
shown in the Fig. 7 panels is somewhat complex, featuring an
inflection region where the overall trend levels out to [a/Fe] ~+0.05
intherange —1.5 < [Fe/H] < —1.0. Although it can be inferred, this
feature is not as clear in the Centre region due to the fewer metal-
poor stars represented in this overall more metal-rich part of the SMC.
The West region shows more scatter in the a-element abundances but
exhibits a metal-poor tail similar to the East region, which suggests
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Figure 6. Proper motion vector point diagrams of the three regions, based on Gaia DR3 data and with points colour-coded by their NMSU distance. It is
noteworthy how the centre of the proper motion distribution shifts from the centre to the upper left as we progress from the East to Centre and then West regions.
The colour-coding shows that these distributions are actually comprised of stars at two rather distinct distances, with the stars in the lower right proper motion
‘lobe’ seen predominantly in the East region (but with a smaller representation in the Centre region) being some 10-20 kpc closer than the stars in the upper left

proper motion ‘lobe’.
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Figure 7. The distribution of [a/Fe]-[Fe/H] for the three primary SMC regions, with points colour-coded by stellar distance. The average uncertainties in the
chemical abundances are represented in the lower left corner of each panel. It is evident that the West region lacks the metal-rich, low-[«/Fe] population evident

in the East and Centre regions.

that there are smaller selection bias differences between the East and
West regions.

If this is the case, then the most relevant and striking part of
the distribution showing variation between the three panels (and
particularly between the East and West regions) in Fig. 7 is at the
metal-rich end of the distributions. Here, reminiscent to what is
seen in the proper motion distributions shown in Fig. 6, an ‘extra’
metal-rich population is observed in the East and Centre regions
that is virtually absent in the West region. As shown by the colour-
coding in the figure, the extra population appearing in the East and
Centre regions is the same 40-50-kpc population inhabiting the lower
right lobe seen in Fig. 6. Fig. 7 shows that this extra population is
also relatively metal-rich and has subsolar [«a/Fe]. Indeed, it is the
presence of this extra metal-rich population that is responsible for the
downward turn of the inflection seen in the overall trend for [Fe/H]
2 —1.0 in the East and Centre regions.

These differences in the chemical properties seen across the
APOGEE SMC fields are further illustrated in Figs 8 and 9. Fig. 8
shows the generic MDF for the three primary SMC regions. Similar
MDFs are shown by the East and Centre regions, with both showing
the same peak at ~—1.0 dex, although the Centre region is more
asymmetrically skewed to the metal-rich end while the East region
is more asymmetrically skewed to the metal-poor end, at least in
terms of showing a bit stronger representation of [Fe/H] < —1.3
stars. The West region also shows a peak at [Fe/H] ~—1.0 dex, but
with a distinctly narrower distribution around that peak compared

2.5 —— East
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2.0
215
@
c
[
[a}
1.0
0.5
0.0

-2.25-2.00-1.75-1.50-1.25-1.00 -0.75 -0.50
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Figure 8. MDFs, made using a kernel density estimator, for the three primary
SMC regions. The Western region seems to be more metal-poor than the other
ones by 0.1 dex.

to those seen in the East and Centre regions and with a greater
fraction of metal-poor stars represented; these two features makes
the overall MDF and mean metallicity of the West region lower
overall, and to have the appearance of having two populations — one
with a tight metallicity distribution centred on [Fe/H]=—1.1 and a
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Figure 9. Maps of the APOGEE targets, broken into three metallicity groups (‘low’, ‘mid’, and ‘high metallicity’). Here, the red circles represent the East
fields, blue circles are the Centre fields, and green circles are the West fields. The West fields show a greater number of low- and mid-metallicity stars, but few
stars of high metallicity. The mid- and high-metallicity stars are more centrally concentrated.

second with a broad metallicity dispersion centred at [Fe/H]~—1.5.
Nevertheless, a key feature of the West fields is that they lack the
metal-rich component seen clearly in the East and Centre fields. This
is made even more clear in Fig. 11, discussed below.

The overall shift to lower mean metallicity in the West compared
to East and Centre fields is also reflected in the spatial distribution
of individual stars in different metallicity bins, as shown in Fig. 9.
This figure also gives the distinct impression that the metal-rich
APOGEE SMC targets are more tightly concentrated to the SMC
Centre, whereas more metal-poor stars are more broadly dispersed
across the SMC, though tending to have a higher representation in
peripheral fields. However, it also shows that the most metal-rich stars
by and large cover the Centre and East regions, but are not represented
in the West region. The observed overall metallicity distribution of
the APOGEE SMC stars is made more clear by Fig. 11 and comports
to the metallicity distributions and gradients previously reported by
Carrera et al. (2008).

3.5 Joint distribution of kinematics, metallicity, and distance

In the preceding sections, we have explored more or less separately
the distances, kinematics, and chemistry of the APOGEE SMC
stars. Here, we look at these properties more holistically. Fig. 10
summarizes the joint distribution of proper motion distance, NMSU
distance, and metallicity across the three primary SMC regions
of study, with the points colour-coded by the latter property. The
observed linear trend of proper motion distance with distance is what
one expects for a system of stars sharing a common bulk motion.
However, the extent of that trend is clearly varying across the three
primary regions. As shown previously in Fig. 6, D, spans a wide
range in the East region, from ~40 to ~70kpc, while the Centre
region has D, as low as ~44 kpc. Stars with D,, < 52kpc constitute
the majority (61 per cent) in the East region, but only about a quarter
(22 per cent) of those in the Centre. In contrast, the West has very
few stars with D, values below 52kpc, and almost no stars with a
distance <45 kpc. Fig. 5 also demonstrates (again, see Section 3.4
and Figs 7 and 8) that the D,, < 52kpc population in the East
region is chemically distinct (i.e. of higher metallicity) from any
APOGEE stars observed in the West region. The only other place
where such higher metallicity stars are nominally found is in the core
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of the SMC, as is evident by the concentration of such stars in the
centre panel of Fig. 5 at the nominal SMC distance (~60 kpc). This
chemical imprint demonstrates that the difference between the East
and West distance trends is not simply a reflection of the orientation
of a non-spherical SMC to the line of sight. Rather, it strongly
suggests that a population of metal-rich stars has been drawn out
of the central SMC roughly in the direction of the Sun on the eastern
side of the SMC, most likely due to disruption by the LMC-SMC
interaction.

This suggestion is further illustrated by Fig. 11, which shows the
inferred NMSU distances of the APOGEE SMC stars shown as a
function of SMC-centric coordinates (Lgyc, Bsmc), and with the
points colour-coded as a function of the various kinematical and
chemical properties in hand. In this coordinate system, the three
primary groups of fields we defined (East, Centre, and West) more or
less sort into a sequence with minimal overlap® and in a progression
of fields closest to farthest from the LMC (left to right). This
figure makes evident the asymmetry of properties across the SMC
and that these asymmetries are strongly correlated with the distance
of a star from the LMC. In particular, the eastern side of the SMC
shows a larger dispersion in all properties surveyed here compared
to the western side of the SMC. This larger dispersion of properties
on the eastern side echoes what is also seen in the proper motions
(e.g. see fig. 7 of Zivick et al. 2018). The presence of closer stars on
the eastern side of the SMC is evident, as are the trends shown earlier
that these stars are more metal-rich and have lower D,,. In contrast,
these variations in properties with position are not so obvious when
plotted in the orthogonal direction (right panels of Fig. 11). Fig. 11
further illustrates how the East—West asymmetry appears to begin
with and include the central SMC. Because the core of the SMC is
where the most metal-rich SMC stars are concentrated and likely to
have formed, the ‘foreground’ population on the eastern side of the
SMC may well have originated by the dispersal of SMC core stars
towards the Sun. We further investigate this hypothesis in the next
section.

8The very central SMC3 field does still overlap the West fields SMC1 and
SMCI0 in this coordinate system.
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Figure 10. The joint distribution of proper motion distance, metallicity, and distance for the three primary regions. The East and Centre regions show the
presence of a large concentration of closer, more metal-rich, low D, that are not present in the West. The dividing line at D, = 52kpc is used for further

analysis of the East region in Section 4.

4 A CLOSER LOOK AT THE EAST REGION

In the previous section, we observed how the APOGEE SMC sample
shows a clear asymmetry between its Eastern and Western sides,
with the East regions clearly showing evidence of a spread of stars
extending to lower D,,, lower radial velocity, and higher metallicity.
In this section, we explore the East region in more detail, to isolate
more carefully the properties of the apparent ‘foreground’ population
appearing there.

4.1 Distance division of populations in the East region

Based on the analysis of the various properties throughout Section 3,
it seems evident that D, is the variable where there is the clearest
distinction between the East and West regions (e.g. compare Fig. 2
to Fig. 3). We speculate that D, provides a better means for isolating
the foreground population than the inferred NMSU distance itself
because of the greater uncertainties in the latter compared to the
uncertainties in the proper motions, which turn out to be a better
proxy for the relative distances of stars sharing a similar bulk motion.
We also find that a division at D,, = 52 kpc provides a good criterion
for dividing the East region, and isolating the ‘foreground’ population
(Figs 3); therefore, we adopt this division of the East region stars for
the analyses presented throughout Section 4.

As a consistency check on this methodology to subdivide the
East populations, Fig. 12 shows the NMSU distances of the East
sub-populations divided by the D,, = 52kpc criterion. It is evident
that, as expected, the sub-population with lower D,, values (the ‘Near
East’ stars) are systematically closer than the one with higher D,, (the
‘Far East’ stars). In fact, the Far East sub-population shows a similar
NMSU distance distribution to the Centre and West regions, which
are more clustered around the SMC systemic distance of roughly
60 kpc.

4.2 Radial velocity distributions in the East region

Fig. 13 shows the radial velocity distributions of the two East sub-
populations along with those of the Centre and West regions; panel
(a) shows these RV distributions as measured by APOGEE, while
panel (b) shows the distributions accounting for the model of bulk
SMC motion and rotation described in Section 3.2. Fig. 13(a) turns
out to be difficult to interpret for the same reasons it was difficult
to interpret Fig. 4(a). The uncorrected RVs for the Near East group

show a similar distribution to those of the West region while the far
East far group RVs closely resemble the Centre region RVs.

On the other hand, correction of the RV distributions for SMC
rotation and COM movement brings striking clarity to the situation
(Fig. 13b and c), with the Near East sub-population showing a very
clear RV peak around —30km s~ and few stars with positive RVs
— an overall distribution that suggests a general flow of stars away
from the SMC system. Meanwhile, the RVs of the far East group
show a more balanced RV distribution, with a mean of —2kms™’,
and a general character much more similar to those of the Centre and
West regions (which themselves, after correction for SMC rotation
and systemic motion, show RV distributions that are quite similar to
one another). The shared RV distribution of the Centre, West, and far
East populations might be interpreted as the general RV distribution
of the main body of the SMC.

The distinctly different RV character of the two East sub-
populations, and that far East population shows ‘normal’ RVs while
the Near East RV distribution is so asymmetrically skewed to motions
away from the SMC (and towards us), are initial clues as to the origin
of the SMC East distance bimodality. To gain further insights into
the origin of these foreground, Near East stars, we next look at the
metallicities and abundances provided by APOGEE.

4.3 Metallicity and «-abundances in the East region

The MDFs for the two East sub-populations provide additional
insights into their origins, albeit somewhat more subtly so. Fig. 14
compares these MDFs to those of the Centre and West regions. While
the four MDFs broadly resemble one another, closer inspection
reveals some differences. First, the Near East MDF is shifted to
higher overall metallicities than the Far East MDF, as evidenced by
the location of the MDF peaks, but even more so by the asymmetries
of the wings of the distributions, with the Far East sub-population
showing a skew towards more metal-poor stars and the Near East sub-
population showing a skew towards more metal-rich stars. Moreover,
the peak metallicity and metal-poor skew of the Far East sub-
population resembles that of the West region, while the MDF —
including the peak metallicity and metal-rich skew — of the Near East
sub-population very closely resembles that of the Centre region. It is
known that, on average, the periphery of the SMC is more metal-poor
than the centre of the dwarf galaxy (Dobbie et al. 2014; Choudhury
et al. 2020; Muiioz et al. 2023; Povick et al. 2023, Povick et al.,
submitted), so it is perhaps not surprising to see the West and Far
East groups reflecting this; but that the Near East population seems
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Figure 11. Distribution of D, as a function of SMC-centric coordinates. From top to bottom rows, the points are colour-coded by [Fe/H], RV, and NMSU
distance, successively. The eastern side of the SMC clearly shows an abundant population of approaching, more metal-rich stars on its near side. The bottom

row of panels shows that the NMSU and D, distances are correlated.

to have an MDF very much like that of the centre region is a key
feature revealed by our data with potentially strong implications for
the origin of the Near East stars.

Further insights are gained by looking at the detailed chemical
abundance pattern distributions. Fig. 15 shows the [«a/Fe]-[Fe/H]
distributions of the two East sub-populations along with those of
the Centre and West regions. We fit a bicubic spline function
to each group separately to determine its chemical abundance
trendline. These are shown as purple (Far East), orange (Near
East), blue (Centre), and green (West) lines in the four panels
of Fig. 15. The Centre trendline (blue) is shown on all panels
to facilitate comparison of the distributions for the different SMC
populations.

Broadly speaking, the [a/Fe]-[Fe/H] trendlines for the different
populations are remarkably similar, suggesting that all popula-
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tions have participated in the same overall chemical enrichment
history. However, as already shown by the MDFs in Fig. 14,
the different populations seem to reflect different parts of that
enrichment history. This is made further evident by the [Fe/H]
limits of each trendline shown in Fig. 15, which correspond to
the lowest and highest metallicity star in each population, as
well as the numbers of stars falling along different parts of each
trendline.

In more detail, the Near East sub-population (top left panel of
Fig. 15) exhibits an w-abundance distribution quite similar to the
Centre region (bottom left panel). The two trendlines are very similar,
with the only discernible variation concurring at the metal-poor end,
where the trendline fits are poorly constrained by the low numbers
of stars. While the Centre population is slightly more metal-rich than
the Near East population and shows a more prominent turnover, both
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Figure 12. NMSU distance distribution in the East region, after separation
of the two groups using total proper motion criteria (i.e. D, — see Fig. 3).
It is clear that the two groups do not share the same peak distance, which
supports the notion that there are two populations of RGB stars at different
mean proper motion and estimated distance.

populations are heavily skewed to higher metallicities with relatively
few metal-poor stars.’

In contrast to what is seen in the left panels of Fig. 15, the [a/Fe]—
[Fe/H] distribution of the Far East sub-population (top right panel)
much more resembles that of the West region (right bottom panel).
While there is more scatter in the [«/Fe] values for the stars in
the West region, nevertheless, the West and Far East population
trendlines are very similar in shape and [Fe/H] extent, and the overall
[Fe/H] spreads in the stars of these two populations are very similar
(as already shown in Fig. 14). The most striking difference between
the Centre/Near East versus the West/Far East [«a/Fe]-[Fe/H] dis-
tributions is the lack of metal-rich stars (e.g. [Fe/H] > —1.0) in the
latter populations (as already shown particularly well in Fig. 14).

9The fact that the Centre population appears to show more metal-poor stars in
Fig. 15 is because there are more overall stars sampled in the Centre region.
This visual impression is of course diminished in the normalized histograms
shown in Fig. 14.

SMC distance bimodality ~ 3869

Overall, it is natural to find more metal-rich stars in the central
SMC because, as is the case in most galaxies, star formation
and chemical evolution proceeded further there. The lack of such
populations in the outskirts of the SMC is also not surprising since
these regions do not currently have much ongoing star formation
or gas. The unexpected result is that the Near East sub-population
should exhibit such metal-rich and younger populations. These are
out of place in the periphery, and given their striking chemical
resemblance to the stars in the Centre region, it seems natural to
presume these stars originated more centrally in the SMC.

Interestingly, the above observations pertaining to similarities and
differences between the [«/Fe]-[Fe/H] distributions of the four pop-
ulations are only repeated, and therefore reinforced, by comparisons
in other chemical spaces. Figs 16 and 17 show similar projections
in many other dimensions of APOGEE’s multielemental abundance
space in an effort to discern any potential signatures or even hints of
differences in the chemical evolution of the two sub-populations of
the East region of the SMC. As with the [«/Fe]-[Fe/H] comparisons,
the most striking differences between the populations in all of these
chemical spaces come in the MDF variations already noted. More
significantly, there are no obvious differences in the trendlines of
these different chemical spaces across the four subpopulations of
the SMC. With the numerous chemical species brought to bear, the
lack of any trendline differences only strengthens the conclusion
that both East sub-populations share the same enrichment histories
between them and with the stars of the Centre and West regions. If
there are any differences in the chemical enrichment of the different
regions caused by the tidal interaction between the SMC and the
LMC, it is still in its early phases and cannot yet be detected. This
is not surprising as the latest close interaction between these dwarf
galaxies happened only ~200 Myr ago (Besla et al. 2012; Zivick
et al. 2018).

To further support our hypothesis that the stars in the East Near
population are more closely related to the stars in the center of the
SMC than the stars in the East Far and West groups, we compared the
chemical abundance distributions between these populations using a
Kolomogorov-Smirnov test applied to the distributions of [«/Fe] and
others individual element ratios (e.g., [C/Fe], [N/Fe], [O/Fe], ...)
of these populations. The results of these comparisons, quantified
by the P-value and shown in (Table 2), give some indications of the
closeness of the different subpopulations of the SMC to each other.
The closer the P-value is to zero, the greater the likelihood that the two
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Figure 13. Radial velocity distributions of the SMC sample, with the East region separated into two near and far subgroups. Panel (a) shows the raw velocities
of the regions as measured by APOGEE. Panel (c) shows the radial velocity distribution after the correction for bulk SMC motion and rotation described in
Section 3.2; this correction puts the RVs in the reference frame of the SMC bulk motion. A clear difference in the RV distributions between the near and far East
sub-populations is evident. The far East shares an RV distribution more similar to that of the Centre and the West regions, while the East Near sub-population
shows a very prominent peak of RVs at around —30km s~! not strongly evident in the other regions.
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Figure 14. MDFs of the two East region sub-populations along with those
of the Centre and Western regions. While the distributions for the four
populations resemble each other generally, slight differences can be seen
in the peak values as well as in the strengths of the low- and high-metallicity
tails. In particular, the Near East sub-population shows an MDF skewed
towards higher metallicities just like that for the Centre region, whereas the
Far East sub-population shows an MDF with more metal-poor stars and that
more closely resembles the MDF of the West region.
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compared samples are drawn from different parent distributions. As
seen in Table 2, the typical P-values for the element ratio comparisons
between the East Near and Center populations are much larger
than for the East Near compared to any of the other populations,
which suggests a more likely association between the East Near
and Center populations. At the same time, the P-values for the East
Far compared to the Center population are rather smaller than for
the East Far compared to the West population; the latter comparison
gives larger P-values suggesting closer association of the East Far and
West populations. We hypothesize further about these associations in
Section 5.

5 SUMMARY AND DISCUSSION

We have analysed the characteristics of over 1000 stars selected
to be RGB members of the SMC on the basis of APOGEE-2S
spectroscopic stellar atmospheric parameters and RVs combined
with Gaia DR3 proper motions and parallaxes. These stars lie in
eleven APOGEE-2S fields distributed across the face of the SMC
and extending to as far as 6° from the SMC Centre. We have
divided these fields into West, Centre, and East regions based on
broadly shared spatial and dynamical characteristics of the stars in
these fields (Appendix 1); the East region covers the area of the
SMC where a line-of-sight distance bimodality has been previously
reported (Nidever et al. 2013). A primary goal of our analysis is to
ascertain the origin of this distance bimodality.
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Figure 15. The [a/Fe]-[Fe/H] distributions for the four populations of interest; the two East sub-populations (upper panels), the Centre region (lower left
panel), and the West region (lower right panel). For each population, we show a trendline determined via a bicubic spline. The horizontal extent of each trendline
is determined by the lowest and highest metallicity star in each population. To highlight the subtle differences between populations — most especially in the
metallicity ranges and MDF — the trendline for the Centre region is included in all four panels.
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Figure 16. Chemical abundance distributions of [Mg/Fe], [Al/Fe], [O/Fe], [N/Fe], and [C/Fe] for the four regions of interest.

Because distances for RGB stars are currently not very precise,
we supplemented our analyses by use of a ‘proper motion distance’
(D,,), obtained by assuming a bulk transverse velocity for the SMC
of 398kms~!, a value chosen to yield a mean distance for the
SMC Centre of 60kpc. We found that, while consistent with the
spectroscopically based NMSU distances, the D, provide more
coherent relative distances (i.e. a distribution with less scatter).
With the observation of a larger line-of-sight depth there, we have
further subdivided the East region into Near and Far sub-populations
at D, = 52kpc. This choice was motivated by the asymmetric
appearance of the East population distribution in Fig. 3. Further
investigation of the properties of the two sub-populations created by
such a subdivision revealed that it also yielded good chemical and
kinematical separation of the two sub-populations. Nevertheless, it
should be kept in mind that this division into Near and Far East

populations is not meant to be definitive for any particular star, but
is merely a tool for broadly exploring the bulk properties of the
foreground and background populations.

Analysis of the four main SMC populations (West, Centre, Near
East, and Far East) thus defined has revealed the following clues as
to the origin of the East region distance bimodality:

(i) While we do not have distances of the precision to observe
the known distance bimodality with our data, using proper motions
as a proxy for relative distance allows us to observe an asymmetric
distance spread in the East region that also yields a mean distance
for stars there that is about 10kpc closer than for the mean of the
Centre and West regions (Fig. 3).

(ii) The RVs corrected for the SMC’s projected bulk motion and
rotation show a strong imbalance towards stars flowing away from
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Figure 17. Same as Fig. 16 but showing the chemical abundance distributions of [Ti/Fe], [Mn/Fe], [Ca/Fe], [Si/Fe], and [Ni/Fe] for the four regions of interest.

the SMC (and towards us) for the East region compared to the Centre
and West regions (Fig. 4). The Near East population is dominated by
these approaching stars flowing out of the SMC (Fig. 13).

(iii) A smaller sampling of these more nearby and approaching
stars is also found to a lesser degree in the Centre region (Figs 5 and
11).

(iv) These closer and approaching stars seen in the Near East
population and to a lesser degree in the Centre region also show
significant differences in relative proper motion compared to the Far
East, farther Centre, and West populations (Fig. 6). In the SMC (L,
B) coordinate system, stars in the Far East, more distant Centre, and
West populations show proper motions almost entirely with psmc, 5
> —1.4, whereas the closer, approaching stars in the Near East and
closer Centre regions generally have sy, p < —1.4.

MNRAS 529, 3858-3876 (2024)

(v) The MDF of the stars in the Near East population closely
resembles that of the Centre population in terms of peak metallicity
and in having more metal-rich stars and fewer metal-poor stars
(Fig. 14). On the other hand, the Far East MDF resembles that of
the West region in terms of peak metallicity and in having a more
substantial tail to lower metallicities as well as a lack of metal-rich
stars.

(vi) Despite the above metallicity differences, all of the popula-
tions and sub-populations investigated seem to share the same overall
chemical enrichment history, as seen in all element ratio spaces
investigated (Figs 15-17).

The collected observations suggest a scenario whereby the Far East
stars represent the nominal SMC periphery population, just like the
West region stars. On the other hand, the spatially and dynamically
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distinct Near East stars share a similar chemistry to the stars in the
Centre population, and this ‘Near East’ population seems to also be
represented to a lesser degree in the foreground of the SMC Centre.
We propose a scenario that accounts for all of the above observations
wherein the Near East stars represent material flowing out of the SMC
Centre, and this extension of stars currently sits in the foreground
of both the Centre and the East fields. This is most evident in the
distance distribution, as seen in Figs 3 and 12, as well as in the RV
distribution seen in Figs 4 and 13. The joint distribution of distance,
RV, and pu, also strengthens our hypothesis, as can be appreciated
by the data presented in Figs 5, 10, and 11. Such a stellar outflow
is a natural product of tidal disruption, of the type expected by the
interaction of the SMC with the LMC. That these foreground stars are
likely extratidal is borne out by the fact that the current tidal radius
of the SMC is estimated to be 3.4-5.1kpc,'® which is much smaller
than the observed spread of stellar distances in the East region and
smaller than the separation of the peak estimated distance for the
Near East stars compared to the Far East stars (Fig. 12).

We submit that what we identify here as the ‘Near East’ population
corresponds to ‘the eastern stellar structure’ identified by Nidever
et al. (2013). The fact that the latter authors put the distance of this
population at 55kpc may at first seem inconsistent with the D, <
52 kpc criterion we adopt to define the Near East population, but
this apparent inconsistency simply reflects the fact that our available
RGB distances are not as reliable as RC distances [as stated in point
(i) above] and that D,, was developed as a proxy for relative distances
(see Fig. 3); indeed, the mean NMSU distances for these RGB stars
are more consistent with the Nidever et al. mean RC distance to ‘the
eastern stellar structure’ (Fig. 11).

We can draw several further implications from the findings
summarized in points (ii)—(iv) above. Our data provide new and
strong kinematical constraints on LMC-SMC interaction models by
providing the RVs of the stars in the foreground tidal extension
(Fig. 13). The modal velocity of the stars flowing from the SMC
appears to be about —30 km s~ relative to the SMC Centre, although
higher velocities are also seen (Fig. 13b). Taken together with the
proper motions, these RV data will allow more refined 6D phase-
space models of the SMC to be developed. It has already been shown
(Zivick et al. 2019) that the SMC has a complex distribution of proper
motions that cannot be explained by simple rotation models. Indeed,
Zivick et al. (2019) needed to include a tidal expansion in their model
to account for this complexity. The strong RV asymmetry observed
in the SMC [Fig. 13; point (ii)] due to ‘the eastern stellar structure’
may well account for this tidal expansion term. More importantly,
future SMC models will need to include a foreground tidal arm
with substantial stellar mass and density. For example, in the East
field, the number of stars in the Near population (~226) outnumbers
those in the Far population (~139) by a factor of ~1.6; thus, the
foreground population, at roughly 62 per cent of the stellar surface
density, dominates the East periphery of the SMC.

Our new analysis adds to the emerging picture of the overall
SMC structure by, first, definitively confirming — via multielement
chemical abundances (Figs 15-17) — that the foreground population
of the Nidever et al. (2013) ‘bimodality’ on the East side of the

10This tidal radius is estimated using an SMC mass of 3—10 x 10° Mg
(Gardiner & Noguchi 1996; Bekki & Stanimirovi¢ 2009) a current Milky
Way—-SMC separation of 57 kpc (Filipovic et al. 1996), and a Milky Way
mass to that distance of ~4.6 x 10'2 Mg, (Irrgang et al. 2013).

SMC distance bimodality 3873

SMC is in fact coming from the SMC [point (v)].!' Moreover, while
the distances of our RGB stars are not as reliable as those for RC
stars, we provide further information on the 3D configuration of the
foreground SMC tidal extension in that we show that it appears to
lie in the foreground of the SMC both across its eastern side as well
as across much of the centre (Fig. 11). Furthermore, the impression
given by Fig. 11 is that this population may actually emerge from
the central SMC and get progressively nearer (i.e. farther from the
SMC) as it extends eastward towards the LMC. A connection to
the central SMC is strengthened by the more metal-rich MDF of
the stars in the Near East population, which strongly matches that
of the central SMC, as seen in Fig. 15. Given that conventional
models of tidal disruption generally show that tidal stripping tends
to act most strongly on the least bound stars on the periphery of
a satellite, it is perhaps counterintuitive that outflows of material
might come from the centre of the SMC. However, this may merely
attest to the strength and small impact parameter of the recent LMC—
SMC interaction. Indeed, some models suggest this was a dramatic
collision, with an impact parameter as small as 5 kpc or less (Besla
et al. 2012; Besla, Hernquist & Loeb 2013; Zivick et al. 2018; Choi
et al. 2022) — surely close enough to disrupt dramatically the central
part of the SMC.

The presence of a strong tidal feature to one side of the SMC has
no doubt influenced attempts to interpret or fit its 3D structure using
conventional galaxy models. A variety of standard candle tracers —
for example, Cepheid, RC, and RR Lyrae stars — have shown strong
evidence for closer distances to the East that suggest the SMC to be
highly elongated with a high inclination angle and/or suggestions of
a barred morphology (Caldwell & Coulson 1986; Laney & Stobie
1986; Caldwell & Meuder 1992; Haschke, Grebel & Duffau 2012;
Nidever et al. 2013; Jacyszyn-Dobrzeniecka et al. 2017). How much
of that elongation is due to tidal stretching or debris versus the
intrinsic, bound shape of the unperturbed progenitor system remains
to be resolved.

This proposed scenario builds on a rich heritage of efforts to
explain long-recognized structural peculiarities around the SMC,
and, particularly, on its eastern side. For example, Shapley (1940)
pointed out that in deep photographic images taken as far back as
1909 ‘a large elliptical extension, or wing, of the Small Cloud of
Magellan’ is visible and extending towards the LMC to at least 65
from the centre of the SMC. Comparing the location of our fields
(Fig. 1) to traditional density maps of this ‘SMC Wing’ (see e.g.
fig. 3 of Westerlund & Glaspey 1971 or fig. 5 of Albers et al. 1987)
shows that several of our East fields (SMC7 and SMCI11) overlap this
originally identified surface brightness feature. This stellar extension
was recognized as ‘very clearly a tidal structure pointed at the LMC’
at least as far back as Caldwell & Meuder (1992). However, it is
worth pointing out that this traditional SMC Wing was observed
using blue, presumably young stars.

This long-known young stellar structure has since been associated
with the HI MB (e.g. Hindman et al. 1961; Putman et al. 1998;
Muller et al. 2003), a feature widely considered to be tidally stripped

1By the way, comparison of the upper left panel of Fig. 15 to the [a/Fe]—
[Fe/H] distribution for the LMC shown in fig. 14 of Nidever et al. (2020a)
shows that the foreground stars are not from the LMC, which shows a different
trendline in this chemical space at the metal-poor end and a strong skew of its
MDF to a higher metallicity, reaching some 0.4 dex more metal-rich than seen
in the SMC foreground population. In addition, Nidever et al. (2013) showed
that the density of the ‘eastern stellar structure’ increases as the radius to the
SMC decreases, which is inconsistent with an LMC origin.
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gas from the SMC due to a close encounter with the LMC some
200 Myr ago (e.g. Gardiner & Noguchi 1996; Muller & Bekki 2007;
Diaz & Bekki 2012). Though stars that have been identified with
this tidally stripped gas are predominantly young (<200 Myr),
intermediate-old aged (~1-12 Gyr) stellar populations exist there
too (Hatzidimitriou & Hawkins 1989; Nidever et al. 2013). The
latter have been shown to be extended along the line of site based on
reliable standard candles, like RC stars (Hatzidimitriou & Hawkins
1989; Gardiner & Hawkins 1991), which were used to show the clear
bimodality on the eastern side of the SMC, with one concentration of
stars — ‘the eastern stellar structure’ —having a mean distance as close
as ~55 kpc from the Sun (Nidever et al. 2013). Even more recently,
Dias et al. (2022) have identified a group of four ‘old Bridge clusters’
on the eastern side of the SMC and about 10 kpc in the foreground
that seem to be moving in the direction from the SMC towards
the LMC (see their fig. 5) and which these authors attribute to the
formation of a tidal bridge from the SMC during its recent interaction
with the LMC. Taken together, the collected data are strengthening
the picture that a tidal arm of both stripped stars and gas extends
from the front side of the SMC and towards the LMC, consistent
with models producing tidally stripped material from a recent LMC—
SMC interaction, as proposed in Olsen et al. (2011), where SMC
stars are thought to be falling into the LMC. Other evidence of this
tidally stripped material were found by the photometric studies of
Noél et al. (2013, 2015), where intermediate and old stars in the
inter-Cloud region (along the MB) are ascribed to material stripped
from the SMC, a hypothesis strengthened by additional spectroscopic
proof in Carrera et al. (2017), via the chemistry and kinematics of
these stars.

This paper has explored tantalizing evidence for a large-scale
gravitational perturbation of the SMC that is manifested as tidal
debris pulled out primarily from the centre of the SMC and lying
in the foreground of our view of the centre to the eastern side
of the SMC. This proposition can be tested by a variety of future
observations and measurements. For example, it would suggest that
the foreground stars on the eastern side of the SMC should be found
to be younger on average than the more distant stars, given that
the mean age of stars in the centre of the SMC is younger than in
its periphery (Harris & Zaritsky 2004; Rubele et al. 2018; Massana
et al. 2022). Moreover, the APOGEE coverage of the SMC, while
broad, is still admittedly spotty (Fig. 1). More contiguous and precise
three-dimensional mapping of the SMC should allow the true shape
of the putative tidal arm of debris to be discerned. Fortunately, an
extension of the APOGEE survey of the MCs will be undertaken in
SDSS-V (Almeida et al. 2023) as part of the Magellanic Genesis
Survey (MGS), a project that will sample tens of thousands of
bright stars across the face of the SMC using both the APOGEE-
South infrared and BOSS optical spectrographs. In addition, the
4MOST ‘One Thousand and One Magellanic Fields’ (1001MC;
Cioni et al. 2019) survey will collect spectroscopic data on half a
million stars across the MCs. With MGS and 1001MC, it should be
possible to assess the size, shape, and extent of foreground SMC tidal
structure.
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APPENDIX A: SORTING APOGEE SMC STARS
INTO GROUPS

The goal of this paper is to explore stars in the periphery of the
SMC, with a focus on understanding sub-populations therein, and,
in particular, understanding the relations of those sub-populations
with each other and the populations in the main body of the SMC.
To the end of identifying distinct sub-populations, particularly those
that represent the region of the bimodality identified in the SMC
periphery, we sought to look for sensible groupings based on shared
spatial and kinematical characteristics. To that end, we looked at the
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Table Al. Details of the scoring system used to group fields into main SMC
regions.

Field Number Distance index Vi index 1 index Score

4 165 —0.26 —0.55 —0.15 —0.96
1 34 —0.29 —0.18 —0.35 —0.82
2 89 —0.64 0.78 —0.80 —0.66
5 118 —0.12 —0.10 —-0.29 —0.51
12 24 —0.25 0.42 —0.67 —-0.5

10 93 —0.42 0.44 —0.42 —-04

3 183 0.21 0.19 —-0.72 —-0.32
11 129 0.24 —0.16 0.35 0.43
8 29 0.31 —-0.17 0.53 0.66
7 39 0.38 —0.03 0.49 0.84
6 171 0.17 0.46 043 1.06

distributions of stellar heliocentric distance, radial velocity (Vhelio),
and total proper motion (u) across the entire APOGEE SMC sample,
and divided each of these distributions near the median in each
property. The actual values used in each case are 55kpc, 150km s~!,
and 1.55 milliarcsec yr~'.

Then, for each APOGEE field, we counted the number of stars
falling below or above the dividing value in each property (distance,
Vhelios 1), assigning stars a score of —1 or +1, respectively, for each

property. Then, the scores for each property are summed together for
each field and the result normalized by the number of stars in each
field, to define a total score for each field.

These scores, shown in rank order in Table A1, show very clearly
that fields SMC 6-8 and 11 — the only ones with positive scores — are
distinct. These ‘East fields’ just so happen to be the four lying closest
to the LMC. This scoring system also demonstrates that the next two
fields closest to the LMC, fields SMC4 and 5, contain APOGEE
targets with very different spatio-kinematical properties than those
in the ‘East’ fields. Given their smaller angular separation to the SMC
Centre (Fig. 1), these two fields, along with field SMC3 (which also
has a negative total score), naturally form a ‘Centre’ field group. The
remaining four fields, SMC 1, 2, 10, and 12, have similar angular
separations from the SMC Centre as the East group, and therefore
represent an SMC periphery control sample; because of their col-
lective location, we refer to these as the ‘West’ fields. The result of
this analysis is that we have sorted the stars in our SMC sample into
three similarly sized groups by their shared distance and kinematical
properties, but these groups also happen to divide logically on the sky
(Fig. 1).
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