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ABSTRACT
The eastern region of the Small Magellanic Cloud (SMC) is found to have a foreground stellar substructure, which is identified as
a distance bimodality (∼12 kpc apart) in the previous studies using red clump (RC) stars. Interestingly, studies of red giant branch
(RGB) stars in the eastern SMC indicate a bimodal radial velocity (RV) distribution. In this study, we investigate the connection
between these two bimodal distributions to better understand the nature and origin of the foreground stellar substructure in the
eastern SMC. We use the Gaia Early Data Release 3 astrometric data and archival RV data of RGB stars for this study. We find
a bimodal RV distribution of RGB stars (separated by ∼35–45 km s−1) in the eastern and south-western (SW) outer regions.
The observed proper motion values of the lower and higher RV RGB components in the eastern regions are similar to those
of the foreground and main-body RC stars, respectively. This suggests that the two RGB populations in the eastern region are
separated by a similar distance to those of the RC stars, and the RGB stars in the lower RV component are part of the foreground
substructure. Based on the differences in the distance and RV of the two components, we estimate an approximate time of
formation of this substructure as 307 ± 65 Myr ago. This is comparable with the values predicted by simulations for the recent
epoch of tidal interaction between the Magellanic Clouds. Comparison of the observed properties of RGB stars, in the outer SW
region, with N-body simulations shows that the higher RV component in the SW region is at a farther distance than the main
body, indicating the presence of a stellar counter-bridge in the SW region of the SMC.

Key words: proper motions – stars: kinematics and dynamics – galaxies: individual: Small Magellanic Cloud – galaxies:
interactions – Magellanic Clouds.

1 INTRODUCTION

According to the Lambda cold dark matter model, galaxies grow in
mass through the hierarchical assembly of smaller systems (Fall &
Efstathiou 1980; van den Bosch 2002; Agertz, Teyssier & Moore
2011). Thus, interactions and mergers play a significant role in the
evolution of galaxies. One of the nearest examples of an ongoing
hierarchical merging process is the Large Magellanic Cloud (LMC)–
Small Magellanic Cloud (SMC) galaxy pair, interacting mutually
and with the Milky Way. The LMC and the SMC are two gas-rich
interacting dwarf galaxies located at a distance of 50 ± 2 kpc (LMC;
de Grijs, Wicker & Bono 2014) and 62 ± 1 kpc (SMC; de Grijs &
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Bono 2015), respectively. There exists a bridge of gas and stars
connecting these galaxies known as the Magellanic Bridge (MB), a
leading and a trailing stream of gas known as the Leading Arm (LA)
and the Magellanic Stream (MS), respectively. The MB, MS, and LA
are prominent features in H I maps (Putman et al. 2003).

Simulations of the Magellanic System (Besla et al. 2012; Diaz &
Bekki 2012), based on revised proper motion estimates of the
Magellanic Clouds (MCs) (Kallivayalil et al. 2006; Vieira et al.
2010), explain the formation of the observed gaseous features around
the MCs as a result of their mutual interactions. The dominant nature
of these interactions is suggested to be tidal, predicting the presence
of stellar substructures along with the gaseous features around the
MCs. According to these simulations, the MS and the MB were
formed ∼1.5 Gyr and ∼100–300 Myr ago, respectively, mainly from
material stripped from the SMC. However, the MS has also been
suggested to contain material stripped from the LMC (Nidever,

C© 2021 The Author(s)
Published by Oxford University Press on behalf of Royal Astronomical Society

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/508/4/5854/6383000 by M
acquarie U

niversity user on 06 D
ecem

ber 2021

http://orcid.org/0000-0002-5331-6098
http://orcid.org/0000-0002-6797-696X
http://orcid.org/0000-0001-8757-2383
http://orcid.org/0000-0002-7666-1062
http://orcid.org/0000-0002-4341-9819
mailto:diznajames28@gmail.com
mailto:smitha.subramanian@iiap.res.in


RGB stars in SMC’s foreground substructure 5855

Majewski & Butler Burton 2008; Hammer et al. 2015; Richter et al.
2017), and based on the observed low metal abundance of stars in
the MB, Ramachandran, Oskinova & Hamann (2021) suggested that
the time of the initial formation of the MB may date back to several
billion years. Based on the relative motions of the MCs and recent
proper motion measurements of stars within the MB region (Gaia
Collaboration 2016, 2018), the tidal interaction event that formed
the MB is suggested to have happened ∼150 Myr ago (Zivick et al.
2018, 2019; Schmidt et al. 2019). Although tidal interactions must
have played a dominant role, ram-pressure effects due to the Milky
Way’s halo could have also altered the present shape of the gaseous
features of the Magellanic System (Hammer et al. 2015; Salem et al.
2015; Tepper-Garcı́a et al. 2019; Wang et al. 2019).

Stellar substructures formed during the formation of the MB
and MS are expected to contain stars older than ∼300 Myr and
∼1.5 Gyr, respectively. Although several studies (Nidever et al. 2011;
Bagheri, Cioni & Napiwotzki 2013; Noël et al. 2013, 2015; Skowron
et al. 2014; Belokurov et al. 2017; Jacyszyn-Dobrzeniecka et al.
2017, 2020; Massana et al. 2020) found intermediate-age/old (age
>2 Gyr) stars around the MB region, the interpretations of their origin
differed. While Noël et al. (2013, 2015) and Carrera et al. (2017)
supported a tidal origin for these intermediate-age stars, Jacyszyn-
Dobrzeniecka et al. (2017) and Wagner-Kaiser & Sarajedini (2017)
suggested that they were part of the overlapping stellar haloes of the
MCs. No conclusive evidence of a stellar counterpart (consisting of
stars older than 1.5 Gyr) to the MS has been found so far. However,
the MB and LA host stellar populations of a few Myr (Demers &
Battinelli 1998; Harris 2007; Chen et al. 2014; Skowron et al.
2014; Nidever et al. 2019; Price-Whelan et al. 2019 and references
therein), which might have formed from the gas stripped during the
interactions of the MCs.

Nidever et al. (2013) identified a foreground population (∼10–
12 kpc in front of the SMC main body) of red clump (RC) stars (which
are standard candles) in four distinct 0.36 deg2 fields at a radius of
4◦ from the SMC centre to the east (in the direction of the MB and
the LMC). Subramanian et al. (2017) and Tatton et al. (2020) studied
this feature using a subset and a complete set of near-infrared data
of RC stars, obtained from the VISTA (Visible and Infrared Survey
Telescope for Astronomy) survey of the MCs (VMC; Cioni et al.
2011), respectively. VMC data being continuous and homogeneous
allowed both these studies to trace this foreground RC feature over
2.5–4◦ from the SMC centre to the east. All these studies suggested
that this foreground RC population could be the result of interactions
between the MCs. Nidever et al. (2013) and Subramanian et al.
(2017) suggested a tidal origin for this feature, a tidally stripped
stellar population from the SMC during the interaction between the
MCs around 300 Myr ago, which in turn might have caused the
formation of the MB. However, Tatton et al. (2020) added that as
some of these substructures are traced only by RC stars and not by
RR Lyrae stars, tidal effects cannot fully explain this RC feature and
ram-pressure effects might also be involved. Nidever et al. (2013),
Subramanian et al. (2017), and Tatton et al. (2020) could not probe
this feature beyond 4◦ from the SMC centre, due to the limited spatial
coverage of the data.

Omkumar et al. (2021) analysed this dual RC feature using Gaia
Data Release 2 (DR2; Gaia Collaboration 2018) data of an ∼314 deg2

region centred on the SMC, which cover the entire SMC and a
significant portion of the MB. They found that the Gaia DR2 data
trace this foreground RC feature from ∼2.5◦ to 5–6◦ from the optical
centre of the SMC in the eastern regions towards the MB and that
it does not fully overlap with the MB in the plane of the sky.
However, El Youssoufi et al. (2021) detected this feature out to

a 10◦ distance from the SMC centre, in the direction of the MB.
They used the near infrared (NIR) data from VISTA Hemisphere
Survey (VHS; McMahon et al. 2017). Omkumar et al. (2021) found
that the proper motion values of the bright (foreground) RC were
found to be significantly larger than those of the faint (main-body)
RC, which is expected if the bright RC is at a closer distance. The
authors found that the foreground stellar population is kinematically
distinct from the stellar population of the main body with ∼35 km s−1

slower tangential velocity and moving to the north-west relative to
the main body. They found that although the observed properties of
this foreground RC feature are not completely consistent with those
predicted by the simulations of Diaz & Bekki (2012), a comparison
indicated that the foreground stellar substructure is most likely a
tidally stripped counterpart of the gaseous MB and might have
formed from the inner disc (dominated by stars) of the SMC.

A foreground stellar substructure formed due to the tidal interac-
tions of the MCs is expected to have all types of stars older than the
epoch of interaction, which presumably formed this substructure.
So, if the foreground RC feature is formed due to tidal effects
operating during the formation of the MB, ∼100–300 Myr ago, then
we expect SMC stars older than 300 Myr to have a line-of-sight
distance distribution similar to what is observed for RC stars. In a
study of RR Lyrae stars (older than 10 Gyr) in the SMC using VMC
data, Muraveva et al. (2018) did not find a clear distance bimodality in
the 2.5–4◦ eastern regions (especially in the north-eastern regions) as
observed in the RC distribution. However, as suggested by Omkumar
et al. (2021), if the foreground RC population is tidally stripped from
the disc of the SMC and the RR Lyrae stars are located in the less
disturbed spheroidal component, then the observed difference in the
line-of-sight distance distribution of RC stars and RR Lyrae stars in
the SMC can be explained.

Another numerous and homogeneously distributed intermediate-
age/old stellar tracer in a galaxy is red giant branch (RGB) stars.
The dominant population of the RGB stars in the SMC has an age of
∼5 Gyr (Rubele et al. 2018; El Youssoufi 2019). As RGB stars are not
standard candles, it is not trivial to obtain their line-of-sight distance
distribution. However, the tip of the RGB is a well-known standard
candle and is used to estimate the distance to nearby galaxies.
Groenewegen et al. (2019) estimated the distance to different regions
of the SMC in the VMC footprint and the results indicated a shorter
distance in the eastern regions. A spectroscopic study of RGB stars
in the central 4◦ region of the SMC by Dobbie et al. (2014) identified
a bimodality in their radial velocity distribution in the eastern SMC,
the regions where the RC distance bimodality is observed. They
suggested that the bimodal radial velocity distribution could be due
to the tidal interaction between the MCs. It will be interesting to
infer the distances to these RGB stars with bimodal radial velocity
distribution and compare with the distance of the foreground RC
feature. Due to the difficulty in estimating the distances to these
RGB stars, another way is to check the proper motion values of the
RGB stars in the two components of the radial velocity distribution
and compare them with the observed proper motion values of the
foreground and main-body RC stars by Omkumar et al. (2021). If
the RGB stars in the two radial velocity components are located at two
different distances along the line of sight (similar to the foreground
and the main-body RC stars), then their relative proper motion value
is expected to match that of the relative proper motion between the
foreground and main-body RC stars. In this context, we combine
the radial velocity data from Dobbie et al. (2014) and De Leo et al.
(2020) with the proper motion data from the Early Data Release 3
(EDR3) of Gaia to obtain 3D kinematic information of RGB stars in
the central 4.5◦ radial region of the SMC and to understand the effect
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Figure 1. Cartesian plot showing the distribution of RGB sources (blue)
analysed in this study. The red circle encompasses the 2.5◦ and 3◦ radial
region around the SMC from its optical centre (de Vaucouleurs & Freeman
1972) and the divisions of sectors are marked with the black lines.

of tidal interaction on another intermediate-age stellar tracer in the
SMC.

The structure of this paper is as follows. Data used in the study
are described in Section 2. The analysis and results are presented in
Section 3. Section 4 provides a summary.

2 DATA

We use the radial velocity data of 4172 RGB stars in the SMC
provided by Dobbie et al. (2014) and 1861 RGB stars by De Leo
et al. (2020). The two data sets are consistent with each other and the
typical difference in the measurements of common stars (175 stars)
in the two data sets is ∼1 km s−1. The sample is distributed in an
area of ∼37.5 deg2 of the central SMC. The optical spectra of these
RGB stars were obtained with the multiobject optical spectrograph
2dF/AAOmega instrument on the 3.9 m Anglo-Australian Telescope
at Siding Spring Observatory, Australia. The proper motion data
were taken from Gaia EDR3 (Gaia Collaboration 2020). Out of 5859
sources (after removing duplicate sources) with radial velocity data,
we could extract the proper motion values for 5750 sources (which are
matched within 1 arcsec). Stars with no proper motion measurements
in the RA, μα , and Dec, μδ , directions are removed from our further
analysis. Moreover, we applied a cut to the proper motion values
based on the expected range in their values (−3 mas yr−1 ≤ μα ≤
+3 mas yr−1 and −3 mas yr−1 ≤ μδ ≤ +3 mas yr−1) predicted by
simulations (Diaz & Bekki 2012) for the SMC main-body and stellar
tidal features around the SMC. This cut reduces the number of stars
for further analysis to 5664.

2.1 Division of subregions

Fig. 1 shows the spatial distribution of the RGB stars analysed in
this study. The Cartesian plot (zenithal equidistant projection) is
obtained by converting the RA and Dec of the RGB sources into
X and Y, respectively, using the equations provided by van der
Marel & Cioni (2001) and considering the optical centre of the

SMC αS = 00h52m12.s5 and δS = −72◦49
′
43

′′
(de Vaucouleurs &

Freeman 1972) as the origin. Initially the sources were divided into
four sectors, namely north-east (NE; Y > 0 and X < 0), north-west
(NW; Y > 0 and X > 0), south-east (SE; Y < 0 and X < 0), and
south-west (SW; Y < 0 and X > 0). Previous studies using the
RC stars (Subramanian et al. 2017; Omkumar et al. 2021) traced the
foreground RC feature beyond 2.◦5 in the eastern regions of the SMC.
Therefore, each sector is further subdivided into inner (R ≤ 2.◦5) and
outer (R > 2.◦5) subregions. The red circles in Fig. 1 mark the 2.◦5 and
3◦ radial regions centred on the optical centre of the SMC, and the
sector-wise division is shown using the black lines across the spatial
distribution of the RGB sources.

3 ANALYSIS AND RESULTS

In this study, we analyse the radial velocities and proper motions of
the selected RGB stars. We compare the results from the RGB stars
with the proper motion values of the RC stars. We also compare our
results with simulations of the SMC (Diaz & Bekki 2012).

3.1 Radial velocity distribution of RGB stars

The radial velocity distributions of each of the subregions are
obtained. The majority of the stars have radial velocity values
between 100 and 200 km s−1. The average uncertainty in the radial
velocities is less than 5 km s−1. The number of stars in different
subregions (described in Section 2.1) ranges from 148 to 1451.
Based on the number of stars in different subregions and the radial
velocity range, we selected an optimal bin size of 10 km s−1 [to have
number of bins ≤ (number of stars in each subregion)0.5] to obtain
the radial velocity distribution of stars in subregions. Fig. 2 shows the
radial velocity distribution of subregions and the panels are arranged
according to the spatial distribution of the RGB stars (Fig. 1) on
the sky. The outer regions (R > 2.◦5) are relatively less populated
compared with the inner regions. The outer NE (R > 2.◦5) and SE
(R > 2.◦5) sectors show clear bimodality (top left-hand and bottom
left-hand panels of Fig. 2). The observed radial velocity distributions
are fitted with Gaussian functions to find the peak velocities. The
observed distributions are initially fitted using a single Gaussian
function. An additional Gaussian is added if the reduced χ2 of the fit
improves by 30 per cent or more, compared to the reduced χ2 value
of a single Gaussian fit and the full width at half maximum (FWHM)
of the second Gaussian component is larger than the bin size of the
distribution. We use the PYTHON program CURVE-FIT for the fitting
procedure. The subregions with their best-fitting profiles are shown
in Fig. 3. The best-fitting parameters along with their errors and χ2

values are provided in Table 1.
The observed radial velocity distribution of RGB stars in all

inner regions and the NW outer region are well fitted with a single
Gaussian component (Fig. 3). We can see that the observed radial
distributions of the outer NE and SE regions require two Gaussian
components. The individual Gaussian components, the lower and
higher velocity components (blue and green, respectively), and the
combined fit (red) are shown. This suggests a dual population of
RGB stars in the NE and SE with R > 2.◦5. Although there are two
components, they overlap significantly. The difference between the
peaks of the two components is less than the sum of the widths of the
two distributions. Since the components are not well separated, it is
difficult to identify/select the probable members of each component.
Hence, we selected the inner and outer subregions in the NE and SE
using the R ≤ 3◦ and R > 3◦ criterion, respectively. The radial velocity
distributions showed clear bimodality in the outer subregions. The
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Figure 2. Radial velocity distributions of northern and southern subregions are shown in the first and second rows, respectively. The first two panels in both
rows represent eastern (outer: R > 2.◦5; inner: R ≤ 2.◦5) subregions and the next two correspond to the western (inner: R ≤ 2.◦5; outer: R > 2.◦5) subregions,
respectively.

best-fitting profile of the distribution of stars in the NE and SE outer
subregions is a combination of two Gaussian functions, which are
well separated (Fig. 4). The inner subregions are well fitted with a
single Gaussian. The best-fitting parameters for R ≤ 3◦ and R >

3◦ in the NE and SE are also shown in Table 1. The lower radial
velocity component in the NE outer subregion is found to have a
larger number of stars than the higher radial velocity component and
the trend is opposite in the SE outer subregion. But note that the
spectroscopic data used in our study could be incomplete and any
comparison of the relative amplitudes of different components may
not help to provide any reliable scientific insights. We performed
the entire analysis with bin sizes of 5 and 15 km s−1 for the radial
velocity distributions of all the subregions and found that a change in
the bin size does not affect our final results. For further analysis and
estimation of proper motions, we use the values based on the R = 3◦

cut for the NE and SE regions. Fig. 3 also shows two well-separated
velocity components in the SW R > 2.◦5 outer region indicating the
presence of a dual RGB population in the outer SW subregion as
well.

The peak value of the higher velocity component of the NE (R
> 3◦) and SE (R > 3◦) outer subregions is more similar/closer
to the peak value of the single component in the respective inner
regions. This suggests that the higher velocity component represents
the radial velocity distribution of most of the stars in the SMC and
hence could be the velocity distribution of stars in the main body
of the SMC. The lower velocity component in the outer subregions
might be the radial velocity distribution of the tidally affected stellar
population. The differences in radial velocities between the two
components are ∼35 and ∼45 km s−1 in the outer NE region (R
> 3◦) and the outer SE (R > 3◦) subregions, respectively. However,
in the SW (R > 2.◦5) outer subregion, the peak of the lower velocity
component is similar to the peak of the single component in the
inner SW subregion. This indicates the stars in the higher velocity
component in the SW outer subregion could be associated with a
substructure. The velocity difference between the two components in
the outer SW region (R > 2.◦5) is ∼34 km s−1. To better understand
the connection between the different velocity components and the
substructures, we compare their proper motion values with those of
the RC stars.

3.2 Comparison of the proper motion values of the RGB and
RC stars

To select the RGB stars corresponding to the single/double velocity
components and analyse their proper motion properties in different
subregions, we apply the following selection criterion. The stars
that have velocities within the range peak velocity −σ and peak
velocity +σ are selected and considered for further analysis. The
peak velocity and the σ are the best-fitting values given in Table 1. In
the outer NE, outer SE, and outer SW subregions, where dual RGB
populations are found in the radial velocity distribution, the RGB
stars in the lower and higher velocity components are separated
using the respective peak velocity and σ values of the respective
components. For these selected RGB stars in the different subregions,
we estimated the median proper motion values in the RA and Dec
directions. Before estimating the median values, we excluded stars
having larger uncertainties (>0.1 mas yr−1, which is two times the
typical error associated with the proper motion values) in the proper
motions. The median μα and μδ along with their standard errors for
the inner and outer regions are tabulated in Table 2.

From Table 2, we can see that the proper motion values of the
lower velocity component, especially in the NE outer and SE outer
regions, are larger than the proper motion values of the higher
velocity component. The obtained values of the two proper motion
components of the lower and higher radial velocity components
of RGB stars in the eastern subregions and their differences are
comparable with the proper motion values of the foreground and
main-body population of the RC stars in the 2.◦5–4.◦5 radial range
and their differences as given by Omkumar et al. (2021) (see their
tables 3 and 4 and fig. 10) using Gaia DR2.

It will be interesting to make a comparison of the proper motions
of the two radial velocity components of RGB stars with those of the
two RC populations (foreground and main body) using the improved
proper motion estimates from Gaia EDR3. Hence, we obtained the
5.◦0 data of the SMC centred on the optical centre of the SMC by
applying the same quality cuts used in Omkumar et al. (2021) from
Gaia EDR3. We selected sources that are distributed in the same
regions of the sky as in the studies of Dobbie et al. (2014) and De
Leo et al. (2020) and merged them. The Gaia magnitudes (G, GBP,
GRP) of the sources are corrected for interstellar extinction using the
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