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ABSTRACT

We present the first detailed chemical analysis from APOGEE-2S observations of stars in six regions of recently discovered substruc-
tures in the outskirts of the Magellanic Clouds extending to 20° from the Large Magellanic Cloud (LMC) center. We also present, for
the first time, the metallicity and a-abundance radial gradients of the LMC and the Small Magellanic Cloud (SMC) out to 11° and 6°,
respectively. Our chemical tagging includes 13 species including light, a-, and Fe-peak elements. We find that the abundances of all
of these chemical elements in stars populating two regions in the northern periphery, along the northern “stream-like” feature, show
good agreement with the chemical patterns of the LMC, and thus likely have an LMC origin. For substructures located in the southern
periphery of the LMC we find more complex chemical and kinematical signatures, indicative of a mix of LMC-like and SMC-like
populations. The southern region closest to the LMC shows better agreement with the LMC, whereas that closest to the SMC shows a
much better agreement with the SMC chemical pattern. When combining this information with 3D kinematical information for these
stars, we conclude that the southern region closest to the LMC likely has an LMC origin, whereas that closest to the SMC has an SMC
origin and the other two southern regions have a mix of LMC and SMC origins. Our results add to the evidence that the southern
substructures of the LMC periphery are the product of close interactions between the LMC and SMC, and thus likely hold important

clues that can constrain models of their detailed dynamical histories.
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1. Introduction

According to the standard cosmological paradigm of cosmolog-
ical structure formation, halos grow in mass hierarchically via
the accretion and merger of smaller halos (e.g., White & Rees
1978). Galaxies form inside the more massive halos, where the
gas can collapse and form stars. The self-similarity of the ACDM
paradigm implies that accretion and mergers are expected to also
take place in dwarf galaxies (e.g., Diemand et al. 2007), which is
the most common type of galaxies in the Universe. However, this
prediction is poorly constrained by observations, mostly because
dwarf galaxies are intrinsically faint.

The Large and Small Magellanic Clouds (LMC and SMC)
are our closest pair of interacting dwarf galaxies, at dis-
tances of ~50 and 64 kpc, respectively (Pietrzynski et al. 2019;
Graczyk et al. 2020). They are thus unique and important sys-
tems for investigating in great detail not only their formation,

but also their interaction history and evolution, and can be used
to put constraints on dwarf galaxy formation models. Conse-
quently, they have been the main target of several dedicated sur-
veys (see below).

It is now known that the stellar populations of the Mag-
ellanic Clouds (MCs) extend much farther than previously
thought (e.g., Nidever et al. 2011; Belokurov & Koposov 2016),
and that they underwent close interactions that likely produced
both the gaseous Magellanic Bridge (Hindman etal. 1963;
Harris 2007) and a likely large amount of as-yet-undetected
stellar debris (Besla et al. 2012; Lucchini et al. 2021, but see
Gaia Collaboration 2021a for the detection of stars in the Mag-
ellanic Bridge). In addition, very precise proper motion (PM)
measurements confirmed that the MCs are on their first infall
toward the Milky Way (MW; Kallivayalil et al. 2013; Besla et al.
2007). This scenario was supported by several observations, but
in particular by the recent observational evidence of a local
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MW dynamical wake, which was predicted to trail the orbit
of the LMC, and a large-scale MW overdensity, also predicted
to exist across a large area of the northern Galactic hemi-
sphere (Gémez et al. 2016; Garavito-Camargo et al. 2019, 2021;
Conroy et al. 2021; Erkal etal. 2021; Petersen & Pefiarrubia
2021).

To understand the hierarchical assembly involving such
dwarf galaxies, it is important to study their periphery, which is
most affected by tidal interactions and where the fossil record
of interaction and past accretion events is most long-lived.
Over the last decades large surveys providing both homoge-
neous, wide-field photometry as well as deep individual fields
(e.g., DES: Bechtol et al. 2015, SMASH: Nidever et al. 2017,
MagL.iteS: Drlica-Wagner et al. 2016, MagES: Cullinane et al.
2020, DELVE: Drlica-Wagner et al. 2021) have been dedicated
to imaging the outskirts of the MCs. These observations have
revealed the highly disturbed LMC/SMC disks and other faint
stellar structures in unprecedented detail, including a northern
“stream-like” feature (Mackey et al. 2016, 2018), ring-like struc-
tures (Choi et al. 2018a,b), and a diffuse extended stellar compo-
nent (Nidever et al. 2019).

In addition to dedicated MC surveys, thanks to the Gaia
space telescope (Gaia Collaboration 2016), we can now also
obtain a homogeneous view (although not as deep) of the MC
outskirts by selecting relevant stars using proper motion crite-
ria. Belokurov & Erkal (2019) used red giant branch (RGB) stars
from Gaia DR2 and discovered remarkable extended streams of
stars in the periphery of the MCs that highlight the complex-
ity of this interacting system. These features could only recently
be detected so sharply due to the contiguous uniform cover-
age of Gaia, which is crucial in order to observe stellar streams
that possess very low surface brightness (~32 mag arcsec™2) and
cover a large extent on the sky (~10 s of degrees). While the dis-
covery of these structures around the LMC provides important
insights into the MC system, their exact origin remains unclear.
It is possible that both a tidally disturbed disk and a classi-
cal accreted halo contribute to the diffuse substructures in the
periphery of the MCs.

To help disentangle the nature of these features, we need
both stellar kinematical and chemical abundance information of
the substructures. The kinematics of these substructures were
recently investigated in Cheng et al. (2022, hereafter C22), from
new Apache Point Observatory Galactic Evolution Experiment-
2S (APOGEE-2S, Majewski et al. 2017, and in prep.) observa-
tions of six fields around the MC periphery. The fields were
placed on top of the overdensities of stars that have been
detected, reaching out to 20° to the north and 15° to the south
from the LMC center. C22 performed a detailed kinematical
study by combining the APOGEE-2S radial velocities and the
proper motions provided by Gaia DR3 data (Gaia Collaboration
2021b) and found that stars in the southern region have extreme
space velocities that are distinct from the LMC disk, and not a
simple extension of it. On the other hand, the stars in the north-
ern substructure are consistent with being part of the LMC disk
(see also Cullinane et al. 2022, who explored the kinematics of
the northern arc in the LMC periphery). It was also found in C22
that the combination of LMC and SMC debris produced from
their interaction is a plausible explanation for the extreme veloc-
ities in the southern periphery of the LMC, although it is not
possible to rule out other origins.

To further constrain the origin of these overdense regions,
information about their chemical abundances is needed, which
is also available from the APOGEE-2S observations. Chemical
abundances of the Magellanic system contain relevant informa-
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Fig. 1. Distribution of the six fields in the substructures as well as LMC

and SMC fields observed by APOGEE-2 in Magellanic Stream coordi-
nates (LMs, BMS)-

tion about star formation and evolution, and the stars’ interaction
with the interstellar medium (ISM). The detailed chemical char-
acterization of a number of elements available from APOGEE-
2S will allow us to better understand the relation between the
six regions and the LMC, SMC, and the MW. In addition, we
can investigate different starbursts produced in the Magellanic
system and how the ISM polluters, such as asymptotic giant
branch (AGB) stars and supernovae, among others, influenced
the chemical fingerprint currently observed in the Magellanic
system and in their periphery. Moreover, we will be able to offer
more detailed information about the age—metallicity relation in
the LMC (Piatti & Geisler 2013; Carrera et al. 2008).

In this paper we follow up and complement the work done
in C22 by presenting a detailed analysis of the chemical abun-
dance patterns of the six fields in the MC periphery. We compare
our findings with the abundances of the LMC and SMC stud-
ied by Nidever et al. (2020) and with the abundances of other
MW dwarf galaxies (Hasselquistetal. 2021) in a consistent
and homogeneous way, by using the APOGEE DR17 database
(Abdurro’uf et al. 2022) for all the sources analyzed. Our aim is
to further constrain the origin of the overdensity regions around
the MC periphery and investigate any possible association of the
stars in the LMC periphery to those in either the LMC or the
SMC.

The outline of this paper is as follows. In Sect. 2 we describe
the APOGEE-2S observations and the selection of the sample
of stars that we analyze in this work, as well as the sample of
MW stars used for comparison. Section 3 presents our general
results in terms of the metallicity and @-abundance radial profiles
and metallicity distribution function. In Sect. 4 we discuss in
detail the abundances for a variety of elements and separately
interpret the results for each of the six regions analyzed. Finally,
we summarize and conclude our work in Sect. 5.

2. Data

Our study is focused on the chemical analysis of six APOGEE
fields placed on substructures identified by Belokurov & Erkal
(2019) in the outskirts of the LMC and SMC (see Fig. 1).
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Table 1. Regions, number of stars, coordinates, / magnitude, number of visits, and angular distance from the LMC center for the six substructures

analyzed in this article.

Region  Ngars Field RA Dec H Nvisis  Angular distance
(h:m:s) ") (mag) )
N1 7 261-27-C  06:21:43 -53:34:00 13.36-14.08 9 17.26
N2 13 264-33-C  05:30:29 —-55:42:00 12.88-13.88 9 14.00
H1 7 291-25-C  07:24:17 -=79:03:00 12.70-13.72 10 11.70
H2 27 293-37-C  03:23:46 -77:11:00 12.65-13.88 9 11.30
o1 10 299-28-C  05:35:19 —-86:14:00 12.50-13.20 10 16.51
02 5 301-33-C  01:48:10 —84:08:00 11.89-13.89 11 17.87

APOGEE (Majewski et al. 2017) was originally part of Sloan
Digital Sky Survey III (SDSS-III, Eisensteinetal. 2011)
as a high resolution near-infrared spectroscopic survey of
Galactic stars accessible from the Sloan 2.5m Telescope
(Gunn et al. 2006), but the survey was expanded as APOGEE-2
(Majewski et al., in prep.) in SDSS-IV (Blanton et al. 2017)
to include measurements made with the du Pont 2.5m tele-
scope (Bowen & Vaughan 1973) in the southern hemisphere,
partly motivated by the desire to probe the MCs. Targeting for
the APOGEE surveys, including for the MC program described
here, is described in Zasowski et al. (2013, 2017), Beaton et al.
(2021), and Santana et al. (2021). We analyzed the chemical
abundances measured from spectra that were obtained from the
second high resolution, near-IR, APOGEE spectrograph built for
APOGEE-2 (Wilson et al. 2019).

Our observations were obtained through the Chilean
National Telescope Allocation Committee (CNTAC) program
CN2019A-30 (PI: A. Monachesi). Table 1 lists the location of
the six APOGEE fields, named following the C22 labels, which
cover a diameter of 2° each, as well as their field name accord-
ing to APOGEE-2S and total visits and H magnitude depth.
These fields reach out to 20° from the LMC center, which extend
the MC program from the APOGEE survey by about 10°. Each
APOGEE plate has 300 fibers, and therefore ~260 science tar-
gets and ~40 calibration targets were observed per field. At the
location of our fields (see Table 1), the LMC surface brightness
is ~30 mag arcsec™2, and thus only a few stars on each plate are
from the MC system; the vast majority of stars are MW field
star contaminants (or “filler” targets; see the APOGEE-2 target-
ing references cited earlier), which we need to remove from our
sample.

The data were reduced with the standard APOGEE reduc-
tion pipeline (Nidever et al. 2015), which has been updated
for improved calculation of radial velocities, especially for
fainter stars similar to those we analyze here. The chemi-
cal abundances used here were obtained from the APOGEE
Stellar Parameters and Chemical Abundance Pipeline (ASP-
CAP, Garcia Pérez et al. 2016), as given in SDSS Data Release
17 (DR17, Abdurro’uf et al. 2022). ASPCAP is based on
the FERRE2 code of Allende Pricto et al. (2006) and uses a
grid of MARCS stellar atmospheres (Gustafsson et al. 2008;
Jonsson et al. 2020) with an H-band line list from Smith et al.
(2021), an update of the previous version by Shetrone et al.
(2015). These atmospheres and the line list are combined to cre-
ate a grid of synthetic spectra (Zamora et al. 2015) using the
Synspec code (Hubeny & Lanz 2011). Some elements, in par-
ticular Ca and Mg used here, required the use of non-local ther-
modynamic equilibrium (LTE) calculations (Osorio et al. 2020).
Once created, the library of synthetic spectra were used to find

the best match to each observed spectra to determine stellar
parameters and chemical abundances.

The APOGEE spectra provide not only chemical abun-
dances, but also precision (to a few hundred ms™') heliocentric
radial velocities. These, together with the proper motions pro-
vided by Gaia, can be used to obtain the internal 3D velocities
of the stars with respect to the LMC or SMC reference frame.
This is relevant to understanding the origin of the stars in the
substructures.

Cheng et al. (2022) calculated the 3D velocities of the
APOGEE stars in the six substructures, and in the central
LMC region, with respect to the LMC, using the model pre-
sented in Olsen et al. (in prep.; see also Choi et al. 2022 for a
description of this model). In brief, the model follows the for-
malism by van der Marel et al. (2002, hereafter vdM02), which
describes the relationship between the proper-motion vector and
the orthogonal velocity components in the plane of the sky
(as defined in Eq. (1) of vdM02). The kinematical model was
obtained after fitting 12 parameters jointly with the heliocentric
velocities and Gaia proper motions of ~15000 AGB and RGB
stars. The best-fit parameters of the model are found in Table 1
of Choi et al. (2022). Then, using the orientation of the LMC
disk obtained from the model and the transformations of the
3D motions to a cylindrical coordinate system (from the equa-
tions presented in vdMO02), C22 derived V, and Vy, the radial and
rotational motions projected onto the LMC disk plane, and the
vertical velocity V., the motion perpendicular to the disk plane
(where a positive V, is toward the Sun) of all the stars in the
substructures.

We repeated this derivation for the substructure stars with
respect to the SMC instead of the LMC. To do this, we used
the formalism and kinematic model for the SMC presented in
Zivick et al. (2021, hereafter Z21), which follows a process sim-
ilar to the C22 adaption of the vdM02 formalism. However, there
are two key differences between the LMC and SMC in the for-
malism. First, the model of the LMC assumes a thin disk for
all stars present, which allows the calculation of the distance
of individual stars in the frame of the LMC (a requirement for
deriving internal velocities). In the case of the SMC, to calculate
the internal velocities, we explored three distance assumptions:
50kpc, 60 kpc, and 70 kpc for the stars. For simplicity, we chose
to calculate the velocities as if all substructure stars are found at
60kpc, roughly consistent with the distance to the SMC center
as determined by RR Lyrae stars (Jacyszyn-Dobrzeniecka et al.
2017). The second difference is that the LMC model assumes
a state of equilibrium, which is not the case for the SMC. As
shown in Z21, an additional velocity component is required
to describe the relative motions of SMC stars, namely the
tidal expansion component due to the ongoing tidal disruption
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occurring in the SMC due to interactions with the LMC. Using
the assumed distance of 60kpc and the Z21 formalism and
best-fit kinematic model parameters, we derived the internal
velocities, V,, Vy, V,, with respect to the SMC for all stars in
the substructures and in the central SMC region. In this work we
use the 3D velocity information jointly with the chemical abun-
dances of the stars in the substructures to understand their origin.

2.1. Selection of MC stars

With the primary goal of studying the chemical abundances of
the stars in the MC substructures, which are more challenging
to measure than radial velocities and bulk metallicities, we first
take the sample of MC stars from the selection made by C22, as
briefly described below. The sample used by C22 was selected
using parameters delivered by Gaia EDR3 and presented in
APOGEE DR17. The specific selection criteria are stars with
G < 17.5 within 30° of the center of the Magellanic Stream
coordinate system (Nidever et al. 2008) and stars that have sim-
ilar proper motions to the LMC. This PM selection is shown in
Fig. 2 where the stars in our final list in each substructure are
color-coded. We can see in that figure that some of the stars in
these substructures exhibit a slightly larger proper motion than
that of the LMC and/or SMC. Since these stars are located in the
outskirts of the MCs, this might be due to differences in veloci-
ties and distances from the main bodies. Nevertheless, the posi-
tion of the stars in proper motion are also in agreement with the
selection range made by Cullinane et al. (2022) and can be asso-
ciated with the MC system.

Additional selection criteria were used by C22 in stellar
parameters to constrain the sample to stars along the RGB of the
LMC. The specific selection was Ty < 5400K, log g < 4.0, in
addition to the magnitude cut mentioned above. To avoid fore-
ground stars from the MW, stars with parallax 7 > 0.2 mas or
Galactic latitude || < 5° were removed. Only stars within the
proper motion space of the MCs were considered (see Fig. 2), as
well as stars with 100 < Vietio < 350kms™!, which is the typ-
ical heliocentric velocity range for MC stars (see Nidever et al.
2020). Our final sample was very restricted in both Tt and logg
(see Fig. 3).

For this study we used an additional constraint, not used
in C22, related to the signal-to-noise ratio (S/N) of the sam-
ple, which is critical to the chemical analysis. Thus, we use
in this work a subsample of the C22 sample of stars. Since
our sample is very small, and contains few MC-selected stars,
we needed a S/N cut that is high enough to perform a chemi-
cal analysis, but at the same time not too restrictive, such that
we retained as many stars as possible. Nidever et al. (2020)
compared the results obtained for metallicity ([Fe/H]) and a-
elements ([Ca/Fe], [Si/Fe], [Mg/Fe]) when using a sample of
stars with low S/N (~40) and with a sample of stars with higher
S/N > 70. They found that the sample with low S/N was good
enough to analyze the chemical patterns of the LMC and SMC,
at least for the elements mentioned. Following their approach,
we performed a quality check of our data for the elements we use
in this work, taking into account a minimum S/N of 35. In Fig. 4
we compare APOGEE-2 DR17 data for LMC stars selected as
members by Nidever et al. (2020) and for all the elements ana-
lyzed in this study. In this figure we compare each chemical ele-
ment vs. metallicity for the LMC stars with a S/N greater than
70 (gray in Fig. 4) and for the stars with an S/N between 35
and 75 (red dots in Fig. 4). We divided the metallicity range into
four main regions and plotted the results for each of the 13 ele-
ments analyzed. In each of these four regions we calculated the
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Fig. 2. Gaia EDR3 proper motions for stars in the six regions analyzed,
as well as LMC and SMC stars (top) and Gaia EDR3 proper motion in
Magellanic Stream coordinates (Lys, Bys; bottom).

median and standard deviation of each group (large filled circle
with error bars). We find that for the a- and light elements the
medians are in very good agreement when taking into account
the dispersion, especially considering that this scatter is greater
for the group with more metal-poor stars and with lower S/N. In
the case of Fe-peak elements, this difference is more noticeable,
and therefore we decided to use only stars with S/N greater than
60 in our analysis of these elements. These results show that a
S/N cut of 35 is good enough for our data. It is worth mention-
ing that while the minimum S/N of our data is 35, the maximum
is 192, and 44% of the selected stars listed in Table 2 have an
excellent S/N greater than 70.

Our final sample contains 69 stars, in contrast to the 84 stars
used in the Cheng et al. (2022) analysis. The number of selected
stars in each region is listed in Table 1.

2.2. Milky Way foreground stars

We selected a sample of foreground MW stars, which we use
throughout our analysis as a comparison sample. This sample
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Fig. 3. log g vs. Ty distribution from APOGEE-2 data release (DR17)
for the six regions listed in Table 2. The solid gray line represents a
Dartmouth RGB isochrone with a metallicity of —1.0dex and age of
11 Gyr (Dotter et al. 2008).

also contains stars from APOGEE DR17, but from two datasets.
First we took all stars at distances greater than 10° up to 18°
from the center of the LMC (which includes our six regions in
the LMC/SMC outskirts), but that did not meet the selection cri-
teria as members of the LMC, the SMC, or the six substruc-
tures analyzed here. These stars have observed radial velocity
and proper motions consistent with being MW stars. We also
included the sample of halo MW stars from Hayes et al. (2018).
These stars were selected by Hayes et al. (2018) as halo popula-
tion members using ASPC parameters using the selection criteria
described therein.

3. Results
3.1. Metallicity distribution functions and radial profiles

In Fig. 5 we show the metallicity probability distribution func-
tion using kernel density estimation (KDE) for the LMC, the
SMC, and the six periphery regions analyzed in this study. For
the LMC we subdivide the function into two parts: the inner
region (Rpmc < 6°) and the outer region (6° < Ryyve < 11°).
There is a small offset in the peak of the outer LMC metal-
licity compared with that for the inner LMC. This is expected,
due to the radial metallicity gradient in the LMC, behavior that
has been studied by several authors (Cioni 2009; Feast et al.
2010; Choudhury et al. 2021). The outer region is about 0.1 dex
more metal poor than the inner region; this may be because the
outer stars are older, as some photometric studies have found in
this area of the LMC (Piatti & Geisler 2013; Gatto et al. 2020;
Nidever et al. 2019). The peak in metallicity of the SMC is
about —1.1dex. The observed 0.5dex difference between the
two galaxies is in agreement with that found by other studies
that determine the metallicity of both MCs (see, e.g., Noél et al.
2009; Meschin et al. 2014). Figure 5 also shows that the fore-
ground MW halo stars (Sect. 2.2) have a higher metallicity than
stars in the Magellanic system, including those in the six sub-
structure regions, with a peak at about —0.1 dex, but a wide range
of metallicity values. Finally, we find that five of our substructure
regions show a peak in metallicity at about —1.0 dex, in agree-
ment with the SMC metallicity peak. However, region O2, with
a peak at about —1.3, shows a metallicity distribution function
(MDF) that is significantly different; we analyze this difference
in more detail in the next section.

It is of particular interest to understand whether the stars
in the six peripheral regions originated in the LMC or SMC.
One way to gain insight into this question is to see whether
the mean chemical abundances of the stars in these fields are
more consistent with following radial abundance trends from the
LMC vs. the SMC. Figure 6 presents the radial metallicity and
a-abundance ([(Mg+Si+Ca)/Fe]) profiles as a function of the
distance from the center of the LMC and SMC, respectively,
using the LMC and SMC central data points as well as those
in the six outskirt regions. We note that this is the first time the
metallicity and a-abundance profiles of the MCs have been pre-
sented out to these distances, ~20 deg from the LMC center.

In this study we decided to use [(Mg+Si+Ca)/Fe] as the
alpha-abundance instead of the [@/M] value determined by ASP-
CAP. The reason for this is twofold. On the one hand, we com-
pare our a-abundance with the results found in Nidever et al.
(2020), who used ([(Mg+Si+Ca)/Fe]) as a-abundance. On the
other hand, Mészdros et al. (2013) found a correlation between
[e/M] and [M/H] in ten globular clusters in APOGEE DRI10,
which still exists in DR16, according to Nidever et al. (2020).
This correlation is mainly due to the second generation of
stars being dominated by strong Al lines. Nidever et al. (2020)
showed that the correlation is removed by using abundances rel-
ative to Fe instead of M.

We find that the LMC metallicity decreases with angular
radius (see Fig. 6) from O out to ~11 deg from the LMC center,
with a slope of —0.03 dex deg™! taking into account the median
value of each region from the main LMC body (filled gray sym-
bols with error bars in Fig. 6). This behavior is supported by sev-
eral studies that show that the older and more metal-poor pop-
ulations of the LMC are mostly in its outskirts (Piatti & Geisler
2013; Carrera et al. 2011; Gatto et al. 2020). Our results are also
consistent with those reported by Majewski et al. (2009), who
observed a similar metallicity gradient in the LMC, but using a
smaller sample size. Regarding the six outer regions of interest
here, in general we observe that they closely match the expected
metallicity gradient of the LMC, especially regions N1, N2,
and O1, even though these regions go beyond the farthest LMC
main-body APOGEE stars (see the dashed line in Fig. 6, which
shows the extrapolation of the metallicity gradient for the LMC).
Region H1 deviates most from the LMC metallicity profile, yet
its larger error bars also overlap the extrapolation of the LMC
main body.

The a-abundance profile, which we define here as given by
the radial gradient of [(Mg+Si+Ca)/Fe], increases slightly for
the LMC from 0.02 up to 0.1 dex values at larger radii, taking
into account the median value of each region. This is consistent
with older (and a-rich) populations dominating the outer LMC.
Once again, the regions N1, N2, and O1 exhibit a good match to
this trend. On the other hand the discrepancy of region O2, and
possibly H1 (which has large error bars that include agreement
with the extrapolation), is notable. Because the chemical evolu-
tion of the a-element abundance is strongly influenced by the
star formation history (SFH) of a galaxy, this discrepancy might
suggest that O2 had a different chemical evolution from that of
the LMC.

Figure 6 also shows the same radial metallicity and a-
abundance profiles for the SMC (right column). We observe
that the SMC metallicity decreases sharply, with a slope of
—0.04 dex deg™". In this case we do not observe a good match
between the extrapolated radial metallicity trend and the metal-
licities of stars in the regions in the outskirts, which are signif-
icantly more metal rich than the extrapolated trend. However,
we do not expect the metallicity trend to follow at such large
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the median and dispersion of the stars at different representative metallicities. The filled large red and gray circles with error bars respectively

represent these values.

Table 2. Basic parameters for the six substructures described in the text.

Region  Nsars (S/N)  S/Nmin  S/Nmax  (RVw)  o(RVy) ([Fe/H]) o ([Fe/H])
(kms™)  (kms™) (dex)
N1 7 68 37 113 316.2 13.5 -1.03 0.19
N2 13 80 48 129 293.9 10.4 -1.01 0.22
H1 7 75 38 156 261.1 19.5 -1.25 0.34
H2 27 66 35 147 168.6 26.5 -1.00 0.22
0O1 10 65 39 121 198.0 19.2 -1.03 0.26
02 5 153 35 192 168.6 9.0 -1.14 0.22

SMC-centric distances since a galaxy like the SMC is not
expected to have stars out to such large radial distances (about
35° or ~44 kpc from the SMC center; see right panel Fig. 6),
considering that its tidal radius is expected to be only ~5.0 kpc
(~4.5 deg; Massana et al. 2020). We note that Nidever et al.
(2011) found an old intermediate-age population at a distance of
about 10° from the SMC center that are likely extra-tidal stars,
but that could also be a bound stellar halo. Massana et al. (2020)
also uncovered a tidally disrupted stellar feature that reaches
as far out as 12° from the SMC center. If the stars of interest
here at very large radii were stripped SMC stars, they would be
expected to have metallicities more like those of the SMC at ~6°.
Only the median metallicities of the stars in H1 and O2 are close
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to being consistent with that hypothesis. We also note that the
inner negative metallicity gradient displayed by the SMC shows
signs of stopping, and even of reversing sign in the outer regions,
at around 4°, near the limit of the APOGEE data (Parisi et al.
2022).

Regarding the a-abundance profile, as in the case of the
LMC, we note an increase in the a-content with distance from
the center of the SMC. In this case there is a good match for
H2, O1, and H1 to the extrapolated trend. It is important to note
that the observed radius of the SMC is about 11kpc from the
center (Nidever et al. 2011); therefore, the comparison with the
most extreme regions such as N1 and N2 does not make physical
sense unless these regions were very strongly stripped.
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3.2. Chemical abundance patterns

Figures 7-9 show 14 different elemental abundances as a func-
tion of metallicity for the stars in the substructures, colored as
in the previous figures, and for the main body of the LMC (gray
dots) and SMC (magenta dots). Table 3 lists the mean and stan-
dard deviation of the 14 APOGEE chemical abundances ana-

lyzed for each of the six substructure fields. In each panel in
Figs. 7-9, the solid black and magenta lines show the best poly-
nomial fit for the LMC and SMC, respectively. In what follows
we analyze the chemical abundances per region and compare
them with the LMC, SMC, and MW chemical abundances. We
note that the determination of the [V/Fe] abundances through
the ASPCAP pipeline may lack precision and could be subject to
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biases in some cases, as evidenced by Hayes et al. (2023). There-
fore, analyses that include this element should be approached

with caution.

We included the [(C+N)/Fe] abundance in Fig. 8.
This abundance in the LMC tends to decrease
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in the

range —2.2 <[Fe/H] <-1.2, as observed and also reported by
Hasselquist et al. (2021), and then starts to increase. A similar
pattern is observed in the case of the SMC. In the next subsec-
tion we analyze this abundance alongside the light elements for
each substructure.
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3.2.1. Regions N1 and N2

Region N1 is one of the farthest of our six MC APOGEE regions
from the center of the LMC (see Fig. 6). It is located on one of
the arm-like features discovered by Mackey et al. (2016) in the
north of the LMC (see Fig. 1).

The chemical abundance patterns of the APOGEE stars in
this region are (out of the six) the most like those of the LMC.
N1 exhibits the smallest metallicity spread (o-([Fe/H] = 0.19 dex)
of all six regions (see Table 2). Moreover, Fig. 6 shows that the
median [Fe/H] of the APOGEE stars in N1 ([Fe/H] = —1.03) fol-
lows the extrapolated trend of the LMC metallicity profile (rep-
resented by the straight line), taking into account the scatter of
the data for this region. This finding in metallicity is in agree-
ment with Majewski et al. (2009) who found a median metal-
licity for the outer LMC population at radii of 15-20° from the
LMC center of [Fe/H] ~—1.0, although with a large spread in
metallicity. The median N1 metallicity of —1.03 dex matches the
predicted value from the Majewski et al. metallicity gradient in
the LMC periphery at the radius of N1. Moreover, the N1 metal-
licity matches the [Fe/H] ~ —1.0 value derived from isochrone
fitting of deep SMASH photometry in the LMC periphery by
Nidever et al. (2019). The association of N1 with the LMC is
also suggested by the probability density functions (see Fig. 5),
where N1 shows a shift in the metallicity distribution toward
lower values than the outer LMC population shown there (from
6 to 11°), again in agreement with the LMC metallicity gradient.

The median value of [a/Fe] for N1, represented as the largest
color circles with error bars in Fig. 6, also shows a good match
to the radial LMC extrapolated trendline (dashed black line) in
Fig. 6. We find that the N1 @-element abundances (Mg, Ca, and
Si) as a function of metallicity (Fig. 7) show good agreement
with the LMC and SMC trends, and are not consistent with the
MW abundances trend. We measured the mean orthogonal dis-
tance of the stars in N1 to the best fit to the trendlines for the
LMC (black line) and SMC (magenta line) and they show sim-
ilar values (see Tables 4 and 5). In our analysis of the orthogo-
nal distance, we adopt a convention where distances above the
curve are considered positive, while distances below are consid-
ered negative. This convention helps differentiate and analyze
which of these stars, relative to the curve, represents the best fit.
In particular, for the a-abundance [(Mg+Si+Ca)/Fe], the mean
value for the orthogonal distance to the LMC trend is —0.097 dex
and —0.089 dex for the SMC. In Fig. 7 we only observe a slight
deviation of the median value for [Si/Fe] in N1, in comparison
with the other regions in our analysis.

This conclusion regarding the abundance patterns of N1 also
generally holds for other light and iron-peak elements, for which
we show the LMC and SMC trends for our data in Figs. 8 and 9,
respectively. More specifically, the trends for light elements as a
function of metallicity show the stars in N1 to have a good match
with the overall trends for the LMC, for the case (C+N), C, and N
(Fig. 8). For Al and O we observe offsets with similar values (see
Tables 4 and 5) from the LMC and SMC fits. However, the sepa-
ration from the MW trend is clear, indicating a better match with
the MCs. The case of C, O, and Al are especially useful because
for these abundance ratios there is a clear difference between the
trends of the LMC and SMC and that of the MW. In contrast,
the trend of [N/Fe] as a function of metallicity shows an overlap
between the LMC, SMC, and MW within the metallicity range
of interest in this work (i.e., [Fe/H] < —0.6), which includes all
the six outskirt regions analyzed in this work. For C, O, and Al
the abundance ratio for N1 is lower by ~0.35 dex with respect to
the MW, and is much closer to the trend for the LMC and SMC.

Finally, for the Fe-peak elements (Fig. 9), we again observe
a similarity of the N1 abundance relations to those found in
the LMC and SMC trends. However, based on the mean of the
orthogonal distances of the stars to the best fit for LMC and
SMC, the agreement appears to be slightly better with the LMC
(see Tables 4 and 5).

In the particular cases of V, Co, and Ni, there is a clear dif-
ference in their trend for LMC and SMC with respect to the MW
trend, and so they are particularly useful elements for discrimi-
nating MC substructures from MW contaminants. This is in con-
trast to the abundance ratios involving Mn and Cr, where there
is an overlap in the abundance values as a function of metallicity
among all the galaxies shown. The abundance ratios for N1 are
found to be consistent with the LMC and SMC trends for all of
these iron-peak elements, taking into account the scatter of the
data, especially for the case of Ni and Co, where there is a sig-
nificant difference between MCs trends in comparison with the
MW.

Because of the general similarity of the SMC and LMC abun-
dances over the metallicities of interest, any similarity of the N1
field to the LMC trendlines implicitly suggests a similarity also
to the SMC trendlines. However, the position and distance of the
N1 field from the SMC (see Figs. 1 and 6) as well as the radial
velocity (RV) observed for the APOGEE stars in this region (see
next section) together are simply incompatible with those of the
SMC.

The analysis for N2 is almost identical to that for N1, as
expected due to the proximity of these two fields. Both are part
of the same northern LMC arm and share similar proper motions
(see Table 2 and Fig. 1). Furthermore, N2 has a mean metal-
licity similar to that of N1, ([Fe/H])=—-1.01 (see Table 2 and
Fig. 5), and shows a good agreement with the LMC in the radial
metallicity and a-gradients presented in Fig. 6. In our analysis
presented in Figs. 7-9, N2 shows excellent agreement with the
LMC for the light, @-, and Fe-peak elements. Finally, the analy-
sis of cerium (Ce) for N1 and N2 reveals a strong concordance
with the LMC and SMC, characterized by minimal dispersion
around the trend-lines for the MCs.

3.2.2. Regions H1 and H2

Region HI1 is one of the closest to the center of the LMC,
at a galactocentric distance of about ~11.5° (see Fig. 6), and
lies in the southeast LMC periphery (see Fig. 1). The proper
motions of its MC-related stars show good agreement with the
LMC. C22 concluded that their kinematics are associated with
the LMC outer disk. In addition, this region is the most metal
poor ([Fe/H]=-1.25) and shows the largest spread in metal-
licity among the six regions (o ([Fe/H] =0.34 dex), as listed in
Table 2. This is also reflected in the LMC radial metallicity pro-
file (see Fig. 6), where H1 has a median metallicity that is the
most separated from the trend represented by the straight line.
However, the large error bars fall within the extrapolation of the
LMC gradient at H1’s distance. For the radial a-abundance pro-
file in Fig. 6, we find that the H1 median value is slightly above
the LMC trend represented by the straight light, but again, as in
the metallicity profile, it is in agreement within the error bars.
We note that the H1 median metallicity and a-abundance would
not match the extrapolated values for SMC trends, considering
that stars at those distances (about ~20° from the SMC’s cen-
ter) should be extra-tidal stars if they were of SMC origin, and
their abundances should match those at about ~6° from the SMC
center.
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Table 3. Mean and standard deviation of 14 APOGEE chemical abundances for the six substructure fields.

Regions
Element N1 N2 H1 H2 01 02
Mean o Mean o Mean o Mean o Mean o Mean loa

[(C+N)/Fe] -0.17 0.06 -0.17 0.12  0.00 026 -0.14 021 -0.19 0.08 -0.16 0.05
[C/Fe] -0.49 0.09 -0.54 0.07 -0.35 036 -0.45 031 -0.54 0.09 -0.46 0.15
[N/Fe] 0.15 0.14 0.20 0.30 0.36 023 0.22 030 0.17 0.16 0.13 0.06
[O/Fe] 0.13 0.06 0.08 0.10 0.16 0.10 0.06 0.11 0.12 0.08 -0.01 0.08
[Al/Fe] -0.32 0.09 -0.37 0.10 -0.30 0.10 -0.37 0.12 -0.44 0.11 -0.38(2) 0.13
[Mg/Fe] 0.05 0.05 0.02 0.10 0.12 0.06 0.13 0.17 0.04 0.11  -0.02 0.07
[Si/Fe] 0.14 0.08 0.06 0.09 0.13 0.12 0.07 0.07 0.03 0.07 -0.01 0.10
[Ca/Fe] 0.16 0.06 0.04 0.06 0.06 0.09 0.03 0.17 0.11 0.10 0.07 0.08
[@/Fe]® 0.12 0.05 0.04 0.06 0.10 0.08 0.02 0.10 0.06 0.06 0.00 0.10
[V/Fe] -0.36(4) 0.39 0.70(6) 0.28 0.14(3) 0.11 -0.56(10) 0.27 -0.67(3) 0.18 -0.54(3) 041
[Cr/Fe] -0.354) 0.37 0.25(7) 0.12 0.27(3) 021 -0.16(10) 0.29 -0.08(3) 0.18 -0.07(1) 0.00
[Mn/Fe] -0.314) 0.12 -0.22(7) 0.06 0.14(1) 0.00 -0.26(10) 0.11 -0.27(3) 0.04 -0.252) 0.03
[Fe/H] -1.03 0.19 -1.01 022 -1.25 034 -1.00 022 -1.03 026 -1.14 0.22
[Co/Fe] -0.153) 0.11 -0.18(7) 0.11 0.16(3) 022 -0.17(10) 0.13 -0.12(3) 0.11 -0.104) 0.06
[Ni/Fe] -0.144) 0.05 -0.14(7) 0.04 -0.043) 0.05 -0.12(10) 0.08 -0.08(3) 0.03 0.004) 0.05
[Ce/Fe] -0.06(4) 0.06 -0.08(4) 0.03 -0.04(1) 0.00 -0.04(5) 0.14 -0.10(1) 0.00 -0.14(1) 0.00

Notes. V[a/Fe]:[(Mg+Si+Ca)/Fe].

Table 4. Mean of the minimum orthogonal distance for stars in each of the substructures to the best fit of the LMC (solid black line in Figs. 7-9).

Element N1 N2 H1 H2 01 02
[C/Fe] 0.023 -0.037 0.206 0.046 -0.035 0.051
[N/Fe] 0.018 0.079 0.153 0.079 0.031 0.010
[O/Fe] 0.075 0.017 0.082 -0.001 0.052 -0.064
[Mg/Fe] 0.025 -0.011 0.082 0.025 0.004 —0.058
[Al/Fe] 0.109 0.047 0.103 0.047 -0.023 0.092
[Si/Fe] 0.108 0.033 0.073 -0.030 0.000 -0.056
[Ca/Fe] 0.097 -0.020 0.009 -0.030 0.054 -0.025
[V/Fe] 0.198 -0.075 0.092 0.091 0.194 0.015
[Cr/Fe] -0.120 -0.089 -0.035 -0.046 -0.058 0.098
[Mn/Fe] -0.070 0.024 -0.086 —0.045 -0.052 0.024
[Co/Fe] —-0.003  0.013 0.170 -0.093 -0.047 0.130
[Ni/Fe] -0.056 0.008 -0.008 0.013 -0.008 0.069
[Ce/Fe] 0.260 0.385 0.328 0.258 0415 -0.028
[(Mg+Si+Ca)/Fe] -0.097 -0.103 0.035 0.005 -0.085 -0.031

Table 5. Mean of the minimum orthogonal distance for each substructures to the best fit of the SMC (solid magenta line in Figs. 7-9).

Element N1 N2 H1 H2 01 02
[C/Fe] 0.009 —-0.0051 0.195 0.037 -0.045 0.034
[N/Fe] —0.008 0.047 0.158 0.051 0.002 0.005
[O/Fe] 0.082 0.021 0.100 0.006 0.060 —0.0048
[Mg/Fe] 0.054 0.0022 0.128 0.059 0.045 -0.026
[Al/Fe] 0.107 0.044 0.146 0.052 -0.018 0.112
[Si/Fe] 0.120 0.046 0.100 -0.015 0.017 -0.036
[Ca/Fe] 0.090 -0.023 0.006 -0.034 0.052 -0.037
[V/Fe] 0.121 -0.123  -0.030 0.043 0.142 -0.043
[Cr/Fe] -0.100 -0.0119 -0.051 -0.060 -0.089 0.061
[Mn/Fe] -0.077 0.016 -0.100 -0.052 -0.061 0.015
[Co/Fe] 0.001 0.019 0.1465 -0.051 -0.035 0.091
[Ni/Fe] -0.048 0.016 0.004 0.021 0.003 0.077
[Ce/Fe] 0.255 0.359 0.332 0.231 0.366 -0.011
[(Mg+Si+Ca)/Fe] -0.089 -0.093 0.048 0.024 -0.066 -0.021
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In the case of the a-elements O, Mg, Si, and
[(Mg+Si+Ca)/Fe], we find the H1 mean value to be higher than
that of the LMC abundance distribution trend, but the trend is
just within the error bar for H1 (Figs. 7 and 8). We note that the
individual stars have a wide [Fe/H] range in H1, and we can
observe that one or two stars (depending on the elements) out
of the seven stars in H1 are right on or below the LMC trend
for these elements. Ca is the a-element that shows the best
agreement with the LMC (see Figs. 7 and 14).

Withrespectto the light elements (C+N), C, and N (see Fig. 8),
the median values for the H1 stars are higher than that for the
LMC trend, and a similar behavior is seen for the Fe-peak ele-
ments where for the H1 stars the V, Cr, Mn, and Co abundance
ratios are higher not only in comparison to the other regions, but
even when contrasted with the MW (see Fig. 9). For cerium (Ce)
we observe a slightly elevated value for H1 (only one star) in com-
parison to the trend lines of the MCs. We note, however, that in
some cases the number of stars with measurements of these ele-
ments and with S/N > 60 is only between one and three stars.

Region H2 is the closest of the six regions of interest to the
centers of both the LMC and the SMC, at ~11° from each galaxy
(see Fig. 6) and ithas the highest number of member stars of the six
regions (27 stars). The vector point diagram of the proper motions
(Fig. 2) shows that most of the H2 stars are between the distri-
butions of LMC and SMC stars. Thus, its member stars, due to
their distance to the SMC and LMC centers (at about 11° from
each) and their PM could be related to either galaxy. However,
Nidever et al. (2011) determined a projected galactocentric dis-
tance of 10kpc (10°) as the limit for SMC membership. There-
fore, if it belongs to the SMC, H2 could be an extreme outlying
SMC field or it could contain extra-tidal stars from the perturbed
SMC.

The mean metallicity of H2 is [Fe/H] = —1.0, which, at the
position of H2 on the sky, is consistent with the radial metallic-
ity gradients of the LMC and a slightly with the SMC, taking into
account the dispersion of H2. (see Fig. 6). However, the proba-
bility density function for H2 in Fig. 5 shows a slightly better
fit with the SMC profile than with the LMC profile. In the case
of the light elements (Fig. 8), we observe a good match with the
LMC and SMC trends for most of the H2 stars. However, a few
stars show a significant discrepancy, especially for (C+N), C,
and N, which show about 0.6 dex difference from the LMC and
SMC trends (see Fig. 8). For the a-elements (Fig. 7) there are
significant spreads for [Mg/Fe] and [Ca/Fe], the largest spreads
among all six of the regions (Table 3).

On the other hand, the H2 abundance ratios for Fe-peak ele-
ments (Fig. 9) show good agreement with those for both the
LMC and SMC (for the stars with measurements), especially
for the elements where there is a clear difference between the
MW and MCs, that is for V, Co, and Ni. For Mn and Cr, as we
noted previously (Sect. 3.2.1), there is a strong overlap among
the MW, LMC, and SMC distributions. For Ni we observe a few
stars with extreme values, low and high in comparison with the
LMC trend. We also observe two stars in H2, specifically for Cr
and V, that exhibit very low abundances. However, these abun-
dances are still in agreement with those found in the LMC and
SMC (see Fig. 9). The analysis of cerium (Ce) for H2 also shows
a good compatibility with the MCs, although we only have five
stars in this field for this element.

3.2.3. Regions O1 and O2

Of the six fields, O1 and O2 are sampling substructures located
in the farthest southern portion of the LMC. We have ten selected
stars in O1 and five in O2. The metallicity distribution functions

of the two regions (see Fig. 5), also analyzed in C22', show that
02 is slightly more metal poor than the SMC mean, but signifi-
cantly more metal poor than the LMC mean, with a difference of
about 0.6 dex in their mean values. This suggests a better match
with the SMC than with the LMC. A similar behavior is observed
in O1, with a MDF between the outer LMC and SMC values.

Our analysis of the radial metallicity profile for the LMC
(Fig. 6) shows a relatively good match in the case of Ol, but a
difference with the LMC gradient for the case of O2. A similar
behavior is observed in the radial @-abundance profile (Fig. 6).
02 stars show a large difference in a-abundance in comparison
with the LMC trend, where extrapolation to O1 and O2 distances
is shown as a dashed line in Fig. 6. When we place the results
of these fields in the radial metallicity profile (see Fig. 6) from
the SMC center, we find that region O2 shows the best match
with the SMC metallicity radial trend among the six regions.
In contrast, the median of region O1 shows a large difference.
However, the extrapolated values of SMC a-abundance from its
radial trend at the positions of O1 and O2 show a better match
for Ol and a larger difference for O2.

We can investigate further the origin of these fields by look-
ing at their chemical abundance patterns. It is interesting to note
that region O1, in general, shows a good match in chemical pat-
terns in comparison with both the LMC and SMC. In the partic-
ular case of the a-elements (see Fig. 7), we observe good agree-
ment as well, but especially with the SMC (see also Sect. 4, and
Figs. 13 and 14).

The case of O2 is more difficult to analyze, mainly due to
the small number of stars, only five. Nevertheless, we observe
an increase in the a-elements starting from the most metal-poor
star in O2, at [Fe/H] = —1.4 dex; the clearest example is for Mg
and Ca. For the Fe-peak elements we observe good agreements
with the LMC and SMC taking into account the few members for
this substructure. We note for Ni the most significant difference,
but again in agreement with the LMC and SMC. This behavior
for Ni is similar to that in region H1, with similar mean value
and scatter (see Table 3).

Finally, the analysis of cerium (Ce) for O1 and O2 reveals
a good agreement with the LMC and SMC. However, it is
important to note that there is only one star for this element in
each region O1 and O2.

3.3. Kinematical analysis

Figure 10 displays the heliocentric radial velocities (RVs) as a
function of metallicity for all the stars in the substructures, and
for LMC and SMC stars. From this figure, N1 and N2 share simi-
lar radial velocities ((RVy) ~ 300 km s, see also Table 2), both
of which are incompatible with those of the SMC. This is also the
case for the stars in H1. In contrast, the bulk of H2 members have
metallicities and RVs in agreement with those of SMC stars. The
median radial velocity of H2 ((RVy) = 168.6kms™!) is the low-
est median value among our fields (see Table 2), although with
large scatter of o ([RVy]) =26.5 km s~!. However, as stated in the
previous section, H2 is beyond the limit for SMC membership,
which is determined at 10° (Nidever et al. 2011). Therefore, if it
belongs to the SMC, H2 could be an extreme outlying SMC field
or it could contain extra-tidal stars from the perturbed SMC. Ol
and O2 members present RVs and metallicities close to the SMC
values, but between the two MCs, as can be seen in Fig. 10.

! There is a slight difference between our MDF and that of C22, due to
the smaller sample presented here. Our selection includes an additional
criterion related to the S/N, which is required to analyze the chemical
abundances.
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Fig. 10. Radial velocity vs. metallicity of the stars in the six APOGEE
MC periphery regions compared with LMC and SMC stars, with all data
from APOGEE-2 DR17.

In addition to the RVs, thanks to the PMs delivered by
Gaia, we can obtain 3D kinematical information of the stars in
the substructures by applying the models described in Sect. 2.
Figures 11 and 12 show the 3D velocities as a function of metal-
licity with respect to the LMC and SMC, respectively. The mean
3D velocity values for the six regions are summarized in Table 6.

The C22 analysis of regions N1 and N2 using kine-
matics and MDFs implies that the APOGEE-targeted stars
there have a strong relationship with the outer LMC disk
(see also Cullinane et al. 2020); the LMC has mean space
velocity values of (V,)=4.43kms™, (V,)=61.28kms™', and
(V,)=9.70kms™" (see Fig. 11). When comparing N1 and N2
with the 3D LMC velocity distribution, we found that N1 and N2
show relatively good agreement for Vi, with a mean for N1 and
N2 of ~52.3kms™! and ~74.8 kms™', and especially for V., with
amean for N1 and N2 of ~47.2km s~ and ~33.8 kms~!, respec-
tively. Additionally, these regions have relatively low velocity
dispersions for the azimuthal and vertical velocity components
of their stars with respect to the LMC (dark blue symbols,
with o(V4)=11.00kms™" and o(V;)=16.78kms™"). On the
other hand, when comparing N1 and N2 with the 3D SMC
velocity distribution (see Fig. 12), the SMC has mean space
velocity values of (V,)=-10.0kms™", (V;)=8.5kms™', and
(V,y=-152kms™!, and we find a more significant offset to
these values for each velocity component in these regions. For
V, the meanis ~111.0km sV and ~113.4kms™" for N1 and N2,
respectively; for Vj the mean is ~65.3 km s™' and ~78.1kms™".
Finally, for V. the mean is ~—28.2kms™' and ~-53.0kms™",
respectively. This indicates that N1 and N2 are kinematically
more similar to the LMC than to the SMC.

When comparing the 3D velocity distribution of the LMC
and SMC (Figs. 11 and 12) with H1 and H2, we also find a
generally better agreement of these regions with the LMC. We
observe the most significant difference in the case of H1 and
H2 when comparing the 3D SMC velocity distribution for the
case of V,smc: a mean for H1 and H2 of ~275.9km s7! and
~157.0kms™!, respectively. Nevertheless, H2 appears to also
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Fig. 11. Vertical velocity (V imc), radial velocity (V,imc), and
azimuthal velocity (V4 1mc) vs. metallicity of stars in the six targeted
substructure regions, and including stars targeted by APOGEE in the
central LMC. The velocities were calculated by Cheng et al. (2022)
with respect to the assumed LMC disk plane, as described in Sect. 2.

be consistent with the SMC when looking at the Vi and V_ smc
velocities.

The O1 and O2 regions are the most complex regions,
from a kinematical point of view. The 3D motion of their
stars show the most significant discrepancy with both the
LMC and SMC (see Figs. 11 and 12). For Ol the mean
velocities from the 3D SMC model are V,gmc =293.0km s7,
Vssmc = —248.8kms™", and V,smc =—-74.50kms™", while the
mean velocities for the same components from the 3D LMC
model are V,pymc =—-82.31km s7h Vsimc = 178.22km s~ and
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Fig. 12. Vertical velocity (V smc), radial velocity (V,smc), and
azimuthal velocity (Vs smc) vs. metallicity of the stars in the six targeted
MC substructures along with stars targeted by APOGEE-2 in the cen-
tral SMC. The velocities were calculated with respect to the assumed
SMC disk plane, as described in Sect. 2, using an assumed distance of
60 kpc and using the formalism and best-fit model parameters presented
in Zivick et al. (2021).

V.imc =-92.8km s7!. Similarly, for O2 the mean veloci-
ties from the 3D SMC model are V,gyvc=220.78km s,
Vg.smc = —254.8 km s, and V.smc =—104.6 km s!, while the
mean velocities for the same components from the 3D LMC
model are V,mc =-126.67kms™", Vyimc=121.9kms™, and
V.imc =—121.1km s~! (see Table 6). In C22 we found that these
regions show a clear difference in their in-plane velocities, as
obtained in C22 from the proper motion of the stars using the

same kinematical model described in Sect. 2, with respect to
those of the LMC disk stars, with a difference of more than
100kms™'. This is also observed in the radial velocity (V,),
azimuthal velocity (V,), and vertical velocity (V), obtained as
described in Sect. 2 (see Fig. 11). By comparing our results with
numerical simulations of the MC interactions, we concluded in
C22 that the stars in Ol and O2 are not simply an extension
of the LMC disk, but most likely a combination of LMC and
SMC tidally disrupted stars, although we could not rule out other
possible origins. We present in this work a 3D kinematical SMC
model. Even though there is discrepancy between the O1 and
02 values and those of the SMC from the 3D model shown in
Fig. 12, it is worth noting that the SMC model (albeit with a tidal
expansion) is an analytic model that does not completely capture
the actual disruption and disturbances that the SMC is undergo-
ing. Thus, this might explain why the 3D kinematical values for
Ol and O2 differ from those of the SMC model. Additionally,
Fig. 7 in C22 shows the results of two N-body simulations that
model the past dynamical evolution and interaction between the
MC:s performed by Besla et al. (2012). The kinematics of the O1
and O2 stars that we find here in Fig. 12 may be accounted for
as SMC tidal debris, according to Fig. 7 in C22.

4. Discussion

Our chemical findings in the regions N1 and N2 (see Sect. 3.2.1)
indicate a slightly better agreement with the chemical patterns
of the LMC. These findings are reinforced by the proper motion
and radial velocity observed in these regions (see Figs. 2 and
10), and with the 3D motions (Figs. 11 and 12), which show
a better compatibility with the LMC. This is in line with the
complementary work by C22, who find no kinematical differ-
ence between these regions and the outer LMC. They are also in
agreement with the work by Cullinane et al. (2020, 2022), who
studied several regions in the northeast outskirts of the LMC,
and analyzed the metallicity and kinematics along the northern
arm. They found a strong relationship between the properties in
the northern arm and in the outer LMC, and suggest that over
the last Gyr the interaction between the LMC and MW produced
the northern arm, especially considering the azimuthal velocity
with positive out-of-plane values, which we also found in C22
and show here in Fig. 11. It is noteworthy that they found, in the
northern arm, that the metallicity decreases from [Fe/H] =-0.9
at 11kpc to [Fe/H]=-1.2dex at 22 kpc. This is in agreement
with our findings for the LMC and for the northern substructures
N1 and N2 (see Fig. 6).

For regions H1 and H2 discussed in Sect. 3.2.2, we find that
HI1 shows higher abundance values with respect to the LMC
and SMC chemical pattern trendlines presented in Figs. 8 and 9.
However, region H1 shows a slightly better agreement with the
LMC in a-elements (Fig. 7). This is supported by the proper
motion and radial velocities observed in H1 (see Figs. 2 and 10),
and by the 3D derived velocities, which show a better match with
the LMC. We caution that H1 has a small sample size, with only
seven stars in total and fewer for the Fe-peak elements.

The sample of H2 stars has chemical abundance patterns
related to both the LMC and SMC, and it is the region with the
largest chemical abundance dispersion (see Table 3) for most of
the elements, in comparison with other regions, specifically for
C, N, O, Al, Mg, Ca, V, Cr, Co, and Ni. We also note a clear
difference of the stars in H2 with respect to MW halo stars. In
C22, we found a strong kinematical relation between stars in H2
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Table 6. Measured 3D space velocities from the models relative to the LMC and SMC for our six regions.

Region (Viime) (Vome)  (Vaime) (Visme)  (Vasme)  (Vosmc)
(kms™)  (kms™)  (kms™) (kms) (kms!) (kms™)
LMC 4.4 61.3 9.7
SMC -10.0 8.5 -15.2
N1 -69.9 52.3 47.2 111.0 65.3 -28.2
N2 -394 74.8 33.8 113.0 78.1 -53.0
H1 2.0 90.6 -16.3 2759 -142.8 -46.4
H2 13.4 534 42.4 157.0 -21.2 -0.2
o1 -82.3 178.2 -92.8 293.0 -248.8 -74.5
02 -126.7 121.9 121.1 220.8 -254.8 —-104.6
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Fig. 13. Comparison of distributions of [Mg/Fe] (top panels) and [Si/Fe] (bottom panels) vs. [Fe/H] for our targeted MC substructure regions
against those for large Milky Way satellites also using APOGEE data: the LMC, SMC, Sagittarius dSph, Fornax dSph, and the GSE. The left
panels show individual stars for each substructure and the right panels show the mean and standard deviation for each substructure region. The
overplotted lines show the chemical evolution track for each dwarf galaxy as determined by Hasselquist et al. (2021).
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Fig. 14. Same as Fig. 13, but for [Mg+Si+Ca/Fe] vs. [Fe/H]. Also included are the trendlines derived by Nidever et al. (2020) for the MW, LMC,
SMC, Fornax (Fnx), Sagittarius (Sgr), and Sculptor (Scl).
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Fig. 15. Minimum orthogonal distance of each star from the six regions to the best fit for Mg-, Si-, and a-abundance vs. metallicity for each galaxy
in Figs. 13 and 14 (MW, LMC, SMC, Fnx, Sgr, Scl, and GSE). The best fit was determined by Hasselquist et al. (2021) for Mg and Si, and by
Nidever et al. (2020) for alpha-abundances. Each star from each region is represented by a filled circle and the mean for each region is represented
by a filled star symbol (see Table 8).

with the LMC disk. However, we also find a good resemblance
to the SMC from the 3D velocities when comparing them with
the model with respect to the SMC motion (see Figs. 11 and 12).
We also note that the RVs (Fig. 10) and proper motions (Fig. 2)
could be related to either galaxy (LMC or SMC), actually with a

larger number of H2 members, in very good agreement with the
SMC RVs.

Regarding O1 and O2, we found that O1 has a better agree-
ment in chemical abundance patterns with the SMC than with
the LMC; O2 also appears to have similar chemical trends to the
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Table 7. Mean and standard deviation of the minimum orthogonal distance for each substructure and each object (MW, LMC, SMC, Fnx, Sgr, Scl,
and GSE) represented in Fig. 15 for Mg and Si according to the trendline performed by Hasselquist et al. (2021, see Fig. 13).

Objects
Regions LMC SMC GSE Ser Fnx
Mean o Mean o Mean o Mean o Mean o
[Si/Fe]
N1 0.129 0.075 0.132 0.076 0.013 0.082 0.147 0.083 0.256 0.076
N2 0.053 0.071 0.056 0.075 -0.054  0.060 0.080 0.059 0.178 0.075
H1 0.087 0.013 0.100 0.115 -0.033 0.127 0.091 0.136 0.219 0.117
H2 -0.009  0.096 —0.004 0.095 -0.116  0.096 0.018 0.098 0.118 0.095
01 0.020 0.065 0.026 0.064 -0.086  0.070 0.047 0.074 0.147 0.064
02 -0.031 0.098 -0.025 0.096 —0.158 0.115 -0.026 0.117 0.102 0.093
[Mg/Fe]
N1 0.039 0.066 0.041 0.064 -0.076  0.089 0.059 0.091 0.166 0.061
N2 0.009 0.084 0.013 0.092 -0.096  0.081 0.038 0.078 0.135 0.091
H1 0.085 0.061 0.099 0.050 -0.034  0.069 0.090 0.081 0.217 0.051
H2 0.045 0.140 0.049 0.141 -0.061 0.144 0.074 0.144 0.172 0.140
01 0.026 0.078 0.033 0.087 -0.079 0.067 0.053 0.060 0.153 0.083
02 -0.056 0.079 —0.049 0.070 -0.182  0.091 -0.051 0.094 0.077 0.068

Table 8. Mean and standard deviation of the minimum orthogonal distance for each substructures and each object (MW, LMC, SMC, Fnx, Sgr,
Scl) represented in Figs. 14 and 15 for a-elements according to the trendline performed by Nidever et al. (2020).

Objects
Regions MW LMC SMC Fnx Sgr Scl
Mean o Mean o Mean loa Mean loa Mean loa Mean o

N1 -0.132 0.050 0.064 0.045 0.107 0.046 0.294 0.064 0.096 0.071 0.222 0.114
N2 —-0.205 0.055 -0.014 0.06 0.026 0.061 0.234 0.042 0.026 0.055 0.119 0.182
H1 -0.152 0.076 0.036 0.078 0.078 0.070 0.209 0.150 0.035 0.113 0.128 0.173
H2 -0.219 0.101 -0.027 0.103 0.017 0.102 0.213 0.096 0.019 0.095 0.170 0.107
01 -0.183 0.048 0.005 0.049 0.047 0.048 0.228 0.050 0.043 0.017 0.183 0.079
02 —-0.257 0.066 -0.054 0.070 -0.007 0.060 0.156 0.100 -0.047 0.089 0.064 0.131

SMC, though there is a slight shift in the @-abundance vs. metal-
licity toward lower metallicity values for O1. This may suggest
that the stars in the O2 region belong to another substructure with
a slightly different star formation onset time. We note, however,
that the analysis in O2 was done with only five stars and their
a-abundance values lie within the spread of the SMC values
around the a-abundance vs. metallicity trend (see Fig. 7).

To gain more insight into the origins of the stars in the
regions analyzed here, we show in Figs. 13 and 14 the chemical
evolution tracks of Mg, Si, and [(Mg+Si+Ca)/Fe] presented by
Hasselquist et al. (2021) and Nidever et al. (2020) for several
galactic systems: the MW, LMC, SMC, Gaia Enceladus (GSE),
Sagittarius (Sgr), Fornax (Fnx), and Sculptor (Scl), in addi-
tion to our data. These studies also used APOGEE ASPCAP
abundances so are very comparable to our study. Each evolu-
tionary track describes the chemical evolution for the different
systems presented by each author. The code used to perform
the chemical evolution track by Hasselquist et al. (2021) and
Nidever et al. (2020) was flexCE (Andrews et al. 2017), which
includes as parameters to perform the evolution tracks the ini-
tial gas mass, inflow rate, time dependence, and star formation
efficiency. Additionally, Fig. 15 presents the orthogonal distance
of each star, color-coded according to the corresponding region,
to the trendline of each system. The mean and standard deviation
of this orthogonal distance are presented in Tables 7 and 8. This
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orthogonal distance helps us to analyze the agreement of each
star, and thus each region, to each of the systems presented in
these figures.

The N1 region shows a good agreement with the evolu-
tion track of Mg and [(Mg+Si+Ca)/Fe] for the LMC and SMC
(Figs. 13 and 14). If we take into account the mean orthogonal
distance to the evolution tracks amongst all of the systems ana-
lyzed and presented in Tables 7 and 8, N1 shows the best agree-
ment with the LMC for the a-elements, and N2 presents a similar
behavior.

Comparing the chemical evolution tracks with H1, we find
a reasonably good agreement of this region with both the
LMC and SMC. However, in Tables 7 and 8, we show that
HI1 is closer to the LMC model for the case of Mg, Si,
and Alpha ([(Mg+Si+Ca)/Fe]). For H2, the minimum distance
agrees with the LMC and SMC with a slight difference between
them.

The O1 region shows similar behavior to the other regions.
The minimum orthogonal distance is to the LMC model in the
case of Mg, Si, and a-abundance. However, we note that the
most metal-poor star in region O1 (at [Fe/H] ~ —1.7), is also the
most Mg-rich and the most Si-rich among the Ol stars, in
complete agreement with the chemical evolution track
of the SMC presented by Nideveretal. (2020) and
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Table 9. Summary information for the six regions.

Region MDF Radial gradients Kinematics Chemistry Origin
L S L S L S L S
N1 Vv Vv Vv X v X v v LMC
N2 v v v X v X v v LMC
H1 v v Vv X v X vV v LMC
H2 Vv v Vv v v ~ v v+ SMC+LMC
o1 X v v X X ~ v v+ SMC+LMC
02 X v X v X ~ vV v+ SMC

Notes. The checks (yes) and crosses (no) indicate whether the stars are compatible with the LMC (L) and/or the SMC (S) in this particular attribute.
The plus sign next to a check (v/+) indicates better agreement; a tilde (~) indicates marginal compatibility.

Hasselquist et al. (2021). The bump in the SMC chemical
evolution track with a peak in metallicity at [Fe/H]=-0.9
is an indication of the highest star formation rate and
that this major SMC burst happened ~4 Gyr earlier than
the burst in the LMC, according to the Hasselquist
et al. chemical track models. This bursting was dominated
by type II supernova (SNII), and therefore we observe an
enhancement in material associated with SNII. After the peak
at [Fe/H] =-0.9, we observe a depletion in these materials due
to the low contribution from SNII and the onset of SNIa, and
this behavior is observed in the most metal-poor star in Ol
for Mg and Si. Although one star in Ca shows a significant
discrepancy, this star is the most Ca-rich with a metallicity of
about [Fe/H]=-0.9 dex, but this star generally exhibits good
agreement with both MCs in the other @-elements.

The O2 region exhibits the most peculiar behavior com-
pared to both models. We found that O2 showed the minimum
distance in the case of Si with SMC and almost identical to that
of the Sgr model, but with a larger standard deviation in this case.
For Mg, we observe a similar behavior, and for the a-model we
observe that the minimum distance is with Sgr, but again, with
only a slight difference and larger standard deviation than that of
the SMC model chemical track. For O2, the increase seen in Mg
and Ca starting from the most metal-poor star at [Fe/H]=-1.4
is again an indication of the enrichment in a-elements produced
mainly by SNII. After that we observe one star at [Fe/H] = —1.1,
which is the most a-rich star in O2 and at which we see the
increased trend in a-abundance ending (see Figs. 13 and 14).
At higher metallicities, there is only one star in O2, the most
metal-rich one, that shows a lower @-abundance. This could be
an indication of enrichment by SNII in the range of metallicity
between [Fe/H] = —1.4 and —1.1 at which point the contribution
from SNII starts to decrease. This trend is slightly shifted from
the a-abundance vs. metallicity trend found in the SMC (see
Fig. 20 in Nidever et al. 2020; Hasselquist et al. 2021) and even
more shifted than that in the LMC, such that the contribution of
SNIa starts at progressively lower metallicities of [Fe/H] = —0.4,
-0.9, —-1.1 in the LMC, SMC, and 02, respectively
(Fig. 7).

Table 9 summarizes the potential origins of our regions
based on combining the results of four different diagnostics:
MDF, radial gradients, 3D kinematic modeling, and chemical
abundance patterns. It is evident that all of the regions have
reasonable connections to both the SMC and LMC, but in par-
ticular half of the regions are clearly of LMC origin, namely
N1, N2, and HI1. These are the two northern regions, along
the northern stream-like feature, and the southern region clos-
est to the LMC. Regions H2 and O1 show compatibility with

both the LMC and SMC, and thus are likely of tidal origin
from both galaxies. The O2 field, located in the southern region
closest to the SMC, is less compatible with the LMC, not
only from the radial gradients, MDF, and the 3D kinematic
model, but also from the chemical abundance pattern analyzed.
We conclude that this region contains SMC tidally perturbed
stars.

5. Summary and conclusions

In this paper we studied the chemistry of six regions located in
substructures in the periphery of the Magellanic Clouds, with
the main goal of trying to understand the origin of their stars.
These regions were previously analyzed in a companion paper
from a 3D kinematical point of view (C22), but only from an
LMC kinematical reference frame. Our analysis now focuses on
the detailed chemical patterns exhibited by different elements in
comparison with both of the Magellanic Clouds, and we also
add a 3D kinematical model based on the SMC reference frame.
We used data from the near-IR APOGEE-2 spectrograph, which
allowed us to collect the chemical abundances of 13 different
elements, including light, a-, and Fe-peak, with a signal-to-noise
ratio from 35 to 192 for a total of 69 red giants in these regions.
These data correspond to a subsample of the data presented in the
C22 study, where only the high S/N stars are now considered.

Our detailed chemical pattern analysis in conjunction with
3D kinematical information suggests the following:

— NI and N2, the two regions along the northern LMC stream-
like feature, with 7 and 13 members, respectively, show the
strongest relationship with the LMC. We find a good agree-
ment between the chemical patterns of N1 and N2 and those
of the LMC for light, @-, and Fe-peak elements which con-
firm from a chemical point of view that N1 and N2 stars are
thus perturbed outer LMC disk stars.

HI1 and H2, with 7 and 27 members, respectively, belong to
the southern periphery of the LMC. We find that H1 is the
most metal poor of the six regions, albeit with a large scat-
ter. Overall, we found that the mean abundances of a-, light,
and Fe-peak elements exhibit a significant difference, being
enhanced compared to the trend observed in the MCs. From
the kinematical point of view, we note that H1 shows good
agreement with the LMC. On the other hand, H2 shows 3D
motions associated with both LMC and SMC. We conclude
that H2 is likely populated with stars from both the LMC and
SMC.

Ol and O2 have ten and five star members, respectively.
Their chemical patterns of a-, light, and Fe-peak elements
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are in broad agreement with both MCs; however, they are

more consistent with the SMC chemical evolution track than

with the LMC. This is also the case when comparing the

MDFs and the radial metallicity profiles. These two regions

are more complex regions, in terms of kinematical behav-

ior, showing clear differences in their 3D modeled velocities
from both the LMC and SMC reference frames. However,

numerical models show that the kinematics of O1 and O2

may be accounted for as SMC tidal debris. This, together

with the better chemical pattern agreement with the SMC,

leads us to conclude that the stars in these regions, particu-

larly in O2, are of SMC origin.
Additionally, in this work we presented for the first time a metal-
licity and an alpha-abundance radial profile for the LMC and
SMC galaxies, extending to distances of up to 20° and 10°,
respectively. The slopes of the metallicity gradients are —0.03
and —0.04 dex deg™', respectively. We also find positive alpha-
abundance gradients in both galaxies, with slopes of 0.04 and
0.01 dex deg™!, respectively (see Fig. 6).

Our findings indicate that regions N1 and N2 are clearly
LMC stars, confirming the kinematical analysis by C22, that
were removed from the outer disk possibly due to the interac-
tions of the LMC with the MW in its first pericenter passage
(see also Cullinane et al. 2022). The southern region H1 is also
likely of LMC origin, and H2 is a mix of LMC and SMC stars,
with a preference for the region H2 being dominated by SMC
stars. It is also probable that H1 has some MW halo stars con-
taminating our sample. The regions O1 and O2 are populated by
a mix of LMC and SMC stars that were likely tidally disrupted
due to the interaction of both MCs. The O2 region, in particular,
shows a chemical abundance pattern that is very similar to that
of the SMC, and velocities that are more similar to SMC debris,
and thus we conclude that these stars are of SMC origin. Finally,
this study highlights the importance of having chemical abun-
dances in addition to kinematics to help confirm the nature of
the stars in the outskirts of the LMC and provide evidence that
can be used to better constrain the interaction history of the MCs
as well as to improve our knowledge of their orbital history.
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