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ABSTRACT

We used data from the near-infrared Visible and Infrared Telescope for Astronomy (VISTA) survey of the Magellanic Cloud
system (VMC) to measure proper motions (PMs) of stars within the Small Magellanic Cloud (SMC). The data analysed in this
study comprise 26 VMLC tiles, covering a total contiguous area on the sky of ~40 deg?. Using multi-epoch observations in the
K; band over time baselines between 13 and 38 months, we calculated absolute PMs with respect to ~130000 background
galaxies. We selected a sample of ~2160000 likely SMC member stars to model the centre-of-mass motion of the galaxy.
The results found for three different choices of the SMC centre are in good agreement with recent space-based measurements.
Using the systemic motion of the SMC, we constructed spatially resolved residual PM maps and analysed for the first time the
internal kinematics of the intermediate-age/old and young stellar populations separately. We found outward motions that point
either towards a stretching of the galaxy or stripping of its outer regions. Stellar motions towards the North might be related to
the ‘Counter Bridge’ behind the SMC. The young populations show larger PMs in the region of the SMC Wing, towards the
young Magellanic Bridge. In the older populations, we further detected a coordinated motion of stars away from the SMC in the
direction of the Old Bridge as well as a stream towards the SMC.

Key words: surveys—stars: kinematics and dynamics — galaxies: individual: SMC —Magellanic Clouds — proper motion.

Several features associated with the Magellanic Clouds attest to
their eventful history, pointing towards several past interactions. The
Clouds are accompanied by a prominent stream of neutral and ionized
gas, the Magellanic Stream. It covers more than 200° on the sky and

1 INTRODUCTION

The Large and the Small Magellanic Clouds (LMC and SMC) are
the two most luminous dwarf satellite companions of the Milky Way

(MW). Located at distances of ~50kpc (LMC, de Grijs, Wicker &
Bono 2014) and ~60 kpc (SMC, de Grijs & Bono 2015), they repre-
sent the closest example of an interacting pair of galaxies. Observa-
tions as well as cosmological simulations suggest that the occurrence
rate of an LMC-SMC pair analogue around a MW-like galaxy is only
~1 per cent (see e.g. Robotham et al. 2012; Gonzdlez, Kravtsov
& Gnedin 2013). In that respect, the Magellanic Clouds provide a
unique laboratory to study an interacting pair of galaxies in detail.
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follows the orbit of the Clouds (see e.g. Nidever, Majewski & Butler
Burton 2008; D’Onghia & Fox 2016, and references therein). While
most of the Stream is trailing the LMC and SMC along their orbit,
the so-called Leading Arm is ahead of them. Models suggest that the
Magellanic Stream might have emerged from an early interaction
between the two Clouds ~2 Gyr ago (e.g. Besla et al. 2012; Diaz
& Bekki 2012). Based on the observed kinematics of the Stream’s
gas and the chemical abundances, Nidever et al. (2008) concluded
that the Stream contains gas stripped from the LMC as well as from
the SMC (see also Richter et al. 2013; Hammer et al. 2015). The
exact formation process, however, including the role that the MW
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has played, is not yet fully understood. In particular, the nature of
the Leading Arm is still a matter of debate (see e.g. Tepper-Garcia
etal. 2019; Wang et al. 2019).

Neutral gas and stars connect the SMC with the LMC (Hindman,
Kerr & McGee 1963; Irwin, Kunkel & Demers 1985) along the
Magellanic Bridge. Theoretical and observational studies create the
consistent picture that the Magellanic Bridge may have originated
from a recent close encounter between the LMC and SMC. Dy-
namical models (e.g. Diaz & Bekki 2012; Besla, Hernquist & Loeb
2013; Wang et al. 2019), supported by recent proper motion (PM)
measurements of stars within the Bridge region (Schmidt et al. 2019,
2020; Zivick et al. 2019), date this interaction event to ~150-200 Myr
ago. Lehner et al. (2008) analysed the chemical composition of the
gas within the Bridge and found that it closely resembles that of the
SMC, suggesting an SMC origin. Contrary to the purely gaseous
Magellanic Stream, the Bridge also contains stellar populations of
various ages. Skowron et al. (2014) detected a contiguous distribution
of young main sequence (<1 Gyr old) and intermediate-age (few Gyr
old) red clump stars using data from the fourth phase of the Optical
Gravitational Lensing Experiment (OGLE-IV). Also, very young
(<30 Myr old) star clusters have been found in the western part of
the Bridge, close to SMC (Piatti et al. 2015; Mackey et al. 2017).
Given their young ages, these clusters must have formed within the
Bridge. Observational evidence of stars in the Magellanic Bridge
that were stripped from the SMC was provided by Carrera et al.
(2017) and Subramanian et al. (2017). The former analysed a sample
of evolved Bridge stars in the vicinity of the SMC and found that
these stars have an SMC-like metallicity. Subramanian et al. (2017)
identified a bimodality in the brightness distribution of SMC red
clump stars, mostly evident in the eastern parts of the galaxy. They
interpreted this feature as a population of stars in front of the SMC
that has been tidally stripped towards the Magellanic Bridge (see also
Nidever et al. 2013). Omkumar et al. (2021) were able to trace this
foreground population until ~6° from the centre of the SMC. The
authors also found that its tangential velocity differs from the one of
the SMC main body and suggested that it may have been stripped
from the inner SMC.

The interaction history of the Magellanic Clouds as well as the
tidal forces of the MW have a direct imprint on the low-surface-
brightness stellar periphery of the Clouds. Large-scale deep photo-
metric data, e.g. from Dark Energy Camera (DECam) surveys and
the Gaia mission (Gaia Collaboration 2016), allow the exploration
of substructures in the outskirts of the Magellanic Clouds. The LMC
has been found to possess an extended and disturbed stellar halo
that might be composed of accreted stars or material stripped from
the outer LMC disc (Nidever et al. 2019). The disc of the LMC is
considerably truncated towards the side facing the SMC and several
substructures emanate towards the north and south of the galaxy
(Mackey et al. 2016, 2018). Belokurov & Erkal (2019) found that one
of these streams seems to be connected to the SMC. Their numerical
simulations suggest that the gravitational influence of the MW and
the SMC on the outer disc of the LMC was likely responsible for
the formation of these features. Navarrete et al. (2019) performed a
follow-up spectroscopic study of four stellar stream candidates in the
outer parts of the LMC found by Belokurov & Koposov (2016). This
study confirmed two of the streams and provided kinematic evidence
for stars within the LMC halo that might have been stripped from
the SMC. The outer regions of the SMC have an elongated structure
that is aligned with the motion of the SMC relative to the LMC,
reminiscent of tidal tails (Belokurov et al. 2017; Mackey et al. 2018).

Traditionally, the Magellanic Clouds had been thought to have
been bound to our Galaxy for several Gyr. However, this picture
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has now changed with the advent of precise measurements of stellar
PMs using the astrometric capabilities of state-of-the-art ground- and
space-based telescopes. Using the Hubble Space Telescope (HST),
Kallivayalil et al. (2006a, 2013) and Kallivayalil, van der Marel &
Alcock (2006b) measured stellar PMs within the LMC and SMC,
showing that the two galaxies are actually moving faster on their
orbits around the MW than previously thought. This means that
the Clouds are likely on their first passage of the MW (e.g. Patel,
Besla & Sohn 2017). Measurements of the internal PM field of
the LMC reveals an ordered clockwise rotation of the galaxy in
the plane of the sky (van der Marel & Kallivayalil 2014; van der
Marel & Sahlmann 2016; Gaia Collaboration 2018b), in agreement
with radial velocities of LMC stars (see e.g. Olsen et al. 2011). The
morphological and the kinematic structure of the SMC, however,
is more complex. This galaxy is about an order of magnitude less
massive than the LMC (Stanimirovi¢, Staveley-Smith & Jones 2004;
van der Marel & Kallivayalil 2014) and has been severely affected
by the tidal forces of both the LMC and the MW (e.g. Mackey et al.
2018; Massana et al. 2020). Additional ram pressure effects during
the interaction of the SMC with the LMC might have played an
important role in shaping the SMC (Tatton et al. 2020) and might be
responsible for the disturbed profile of the young stellar population
(Massana et al. 2020). Neutral hydrogen gas within the SMC’s main
body has a prominent triangularly shaped distribution with an eastern
extension, the SMC Wing, located towards the Magellanic Bridge.
Young stars (<300 Myr old) mainly follow the HI gas structure,
while the old stellar population (=5 Gyr old) is distributed in a
more regular spheroid (Rubele et al. 2015, 2018; El Youssoufi
et al. 2019b). Additionally, pulsating variable stars (young Cepheids
and old RR Lyrae stars) trace an elongated structure of the SMC
that extends more than 20kpc along the line of sight (Jacyszyn-
Dobrzeniecka et al. 2016, 2017; Ripepi et al. 2017).

Radio observations of the HI gas within the SMC reveal a
pronounced radial velocity gradient along the north-east—south-west
direction indicating that the gas within the galaxy resides within a
rotating disc (Stanimirovi¢ et al. 2004; Di Teodoro et al. 2019). The
stellar component of the SMC, however, does not follow this simple
velocity pattern, but moves in a more complex manner. Young OBA-
type stars and intermediate-age (a few Gyr old) red giant branch
(RGB) stars show a line-of-sight velocity gradient that seems to be
perpendicular to that measured for the H1 gas (Evans & Howarth
2008; Dobbie et al. 2014). Recently, Zivick, Kallivayalil & van der
Marel (2020) detected a moderate rotation signal in the PMs of red
giant stars using data from the second data release (DR2) of the Gaia
space mission. In the plane of the sky, stars also follow a non-uniform
velocity structure which might indicate a stretching or tidal stripping
of the SMC (e.g. van der Marel & Sahlmann 2016; Niederhofer et al.
2018b; Zivick et al. 2018; De Leo et al. 2020). Oey et al. (2018) used
Gaia DR2 data to study the PMs of young O-type stars within the
SMC Wing region. They found that these stars exhibit an ordered
motion towards the Magellanic Bridge with a velocity significantly
higher than that of the main body of the SMC. The results of their
study support the picture of a recent and direct collision between the
two Clouds.

The near-infrared Visible and Infrared Telescope for Astronomy
(VISTA) survey of the Magellanic Cloud system (VMC; Cioni et al.
2011) is designed to study in detail multiple aspects of the interacting
pair of galaxies and their associated features. For dynamical studies
of resolved stellar populations within the Magellanic Clouds, the
VMC survey represents the best ground-based multi-epoch survey to
date, given its spatial resolution, coverage, and photometric depth.
Its infrared colours and magnitudes further allow the selection of
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Figure 1. Positions and tile numbers of all 27 VMC tiles that cover the
SMC. Tiles analysed in this study are coloured blue. We excluded from this
work tile SMC 5_2 (right of centre, coloured orange) that is dominated by
the Galactic globular cluster 47 Tuc. The background image shows the stellar
density from Gaia DR2 (Gaia Collaboration 2018a).

different stellar populations and a separation of background galaxies
from stellar sources. In a pilot study, Cioni et al. (2014) measured the
motions of stars within the LMC by combining VMC observations
with data from the Two Micron All Sky Survey (2MASS). Cioni
et al. (2016) calculated the PMs of different stellar populations in
the outskirts of the SMC and within the Galactic globular cluster
47 Tucanae (47 Tuc). Subsequently, Niederhofer et al. (2018a)
presented updated results for 47 Tuc, introducing an improved
technique to measure stellar PMs. This technique was then applied
to the central parts of the SMC by Niederhofer et al. (2018b), who
discovered a non-uniform velocity pattern. Finally, Schmidt et al.
(2020) determined the PMs of stars within the Magellanic Bridge,
showing a flow of stars in the direction of the LMC.

In this study, we apply the methods developed by Niederhofer et al.
(2018a) to all VMC observations of the SMC, excluding the region
dominated by the cluster 47 Tuc (see Fig. 1 for the SMC footprint of
the VMC survey). The data cover a contiguous area of ~40 deg? and
include the main body of the SMC, the Wing and the north-western
outskirts of the SMC. We determine the centre-of-mass motion of
the galaxy and also analyse the spatially resolved internal kinematics
of different stellar populations.

The paper is organized as follows: in Section 2, we describe the
observations, the photometry, and the compilation of the data cata-
logues. We present the calculations of the stellar PMs in Section 3. In
Section 4, we explain our methods to infer the SMC’s centre-of-mass
motion and present the results. Spatially resolved PM maps of the
SMC are shown in Section 5. In Section 6, we analyse the motion of
Cepheids in the SMC. We draw final conclusions and offer further
prospects in Section 7.

2 OBSERVATIONS AND PHOTOMETRY

The VMC survey is a deep and homogeneous near-infrared survey
of the Magellanic Cloud system (Cioni et al. 2011), using the 4.1 m
VISTA telescope at Cerro Paranal (Sutherland et al. 2015). The
survey started acquiring data in 2009 and finished observations in
October 2018, covering a total area on the sky of 170 deg?. The data of
the survey were taken using the VISTA infrared camera (VIRCAM;
Dalton et al. 2006; Emerson, McPherson & Sutherland 2006) in
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the three near-infrared filters YJK; (central wavelengths: 1.02, 1.25,
and 2.15 pm, respectively). VIRCAM is equipped with 16 individual
detectors arranged in a 4 x 4 array. Each detector is composed of
2048 x 2048 pixels with a mean pixel size of 07339 (~0.1 pc at the
distance of the SMC). To cover the large gaps between the VIRCAM
detectors and observe a contiguous area on the sky, the survey strategy
involves six single exposures (pawprints) of the same region, each
shifted by a specific offset (95 per cent and 47.5 per cent of the chip
size in x- and y-directions, respectively). The combination of these
six pawprints forms a VMC tile. The pawprint offset pattern is such
that most sources within a tile are observed at least twice, except
for two narrow strips at the top and bottom of each tile which only
have one observation. The final tile covers a total area of 1.77 deg?,
whereas the tile region with at least two exposures covers 1.50 deg?.

The data analysed in this work encompass 26 tiles. We excluded
from the study tile SMC 5_2 that is largely dominated by the Galactic
globular cluster 47 Tuc. To minimize the effects of differential
atmospheric refraction in different filter pass-bands, we only use
observations in K; for the PM calculations. All tiles have 12 epochs
of observations in K, whereas one epoch is split into two shallow
exposures that are not necessarily taken during the same night. The
exposure times are 375 s per pawprint for the 11 deep observations
and 187.5 s per pawprint for the two shallow ones. The observations
of a given tile are spread over a mean time baseline of 2 yr. More
details of the individual tiles are given in Table 1.

For all 26 tiles, we downloaded all individual pawprint images
for every epoch from the VISTA Science Archive' (VSA; Cross
et al. 2012). All images have been processed by the Cambridge
Astronomy Survey Unit (CASU) through the VISTA Data Flow
System (VDEFES) pipeline v1.5 (Irwin et al. 2004; Gonzalez-Fernandez
etal. 2018, see also the CASU webpage?). We performed point spread
function (PSF) photometry on each of the individual pawprint images
using an updated version of the routine presented by Rubele et al.
(2015) based on IRAF v2.16/DAOPHOT? tasks. Since in this work
we want to measure very small motions of stars (~0.01 pix yr~'),
our emphasis is on a precise determination of the stellar positions.
We found that the following choice of parameters for the fitting
of the PSF model provides the most reliable measurements of the
stellar centroids: We allow the code to select freely from all available
models within DAOPHOT. Also, the PSF model is composed of
the analytic function and one look-up table, and we restrict it to
be constant across each detector (see Rubele et al. 2015; Gonzalez-
Fernandez et al. 2018). The PSF model is allowed to vary between
the detectors within the pawprints, though. The photometry was then
performed using the ALLSTAR task (Stetson 1987). For the absolute
photometric calibration to the VISTA system, we used the magnitude
zero-points stored in the headers of the respective FITS files (see
Gonzilez-Fernandez et al. 2018, for details of the calibration).

We also used deep multiband tile catalogues as references for
the cross-matching of the individual catalogues at different epochs
and for the selection of background galaxies (see Section 3.1). The
catalogues are created following the methods outlined by Rubele
et al. (2015). Briefly, the individual pawprints from all epochs were

Thttp://horus.roe.ac.uk/vsa
Zhttp://casu.ast.cam.ac.uk/surveys-projects/vista/data-processing/version-lo
g

3IRAF is distributed by the National Optical Astronomy Observatory that
is operated by the Association of Universities for Research in Astronomy
(AURA) under a cooperative agreement with the US National Science
Foundation.
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Table 1. Overview of the VMC tiles used for this study. The numbers of epochs include both the deep and shallow

observations (see text).

Tile Central coordinates Position angle Number Time baseline
RAj2000 (h:m:s) Decyaooo (2" () of epochs (months)
SMC 22 00:21:43.920 —75:12:04.320 —6.7623 13 35.6
SMC 2.3 00:44:35.904 —75:18:13.320 —1.2924 13 37.3
SMC 2.4 01:07:33.864 —75:15:59.760 +4.2022 12 359
SMC 2.5 01:30:12.624 —75:05:27.600 +9.6169 11 37.9
SMC 3.1 00:02:39.912 —73:53:31.920 —11.3123 13 22.3
SMC 32 00:23:35.544 —74:06:57.240 —6.3137 13 37.6
SMC 3.3 00:44:55.896 —74:12:42.120 —1.2120 13 13.1
SMC 3.4 01:06:21.120 —74:10:38.640 +3.9099 12 35.2
SMC 3.5 01:27:30.816 —74:00:49.320 +8.9671 13 14.3
SMC 3.6 01:48:06.120 —73:43:28.200 +13.8809 12 33.8
SMC 4.1 00:05:33.864 —72:49:12.000 —10.6178 11 339
SMC 42 00:25:14.088 —73:01:47.640 —5.9198 13 20.1
SMC 4.3 00:45:14.688 —73:07:11.280 —1.1369 13 23.0
SMC 4.4 01:05:19.272 —73:05:15.360 +3.6627 12 21.5
SMC 4.5 01:25:11.016 —72:56:02.040 +8.4087 13 26.9
SMC 4.6 01:44:34.512 —72:39:44.640 +13.0368 13 339
SMC 53 00:44:49.032 —72:01:36.120 —1.2392 13 22.4
SMC5.4 01:04:26.112 —71:59:51.000 +3.4514 13 239
SMC 55 01:23:04.944 —71:51:47.880 +7.6718 13 339
SMC 5.6 01:41:28.800 —71:35:47.040 +12.3004 13 353
SMC 62 00:27:39.960 —70:51:12.600 —5.3423 13 329
SMC 6.3 00:45:48.768 —70:56:08.160 —1.0016 13 26.5
SMC 6.4 01:03:49.944 —70:53:34.440 +3.1075 13 329
SMC 6.5 01:21:22.488 —70:46:10.920 +7.5039 13 253
SMC 73 00:46:04.728 —69:50:38.040 —0.9389 12 34.0
SMC 7.4 01:03:00.480 —69:48:58.320 +3.1144 13 32.8

combined to a single deep tile image. Since the observing conditions
vary between epochs, the individual images will have slightly
different PSFs. Prior to combination, the individual pawprints were
therefore convolved with a kernel to produce images that all have a
homogeneous reference PSF. We then performed PSF photometry on
the resulting tile image, similar to the procedure outlined above and
we cross-matched the catalogues in the three filters using a matching
radius of 1 arcsec.

3 PROPER MOTION CALCULATIONS

We determine the PMs following the methods developed by Cioni
et al. (2016) and refined by Niederhofer et al. (2018a). To minimize
systematic effects when combining different pawprint observations
for a given epoch, we calculate PMs separately for each detector and
pawprint, resulting in 96 (16 detectors x 6 pawprints) catalogues
per epoch and tile. In the following, we briefly outline the individual
steps of the PM calculations.

First, we selected from the deep multiband catalogue only those
sources that have detections in both the J and K bands and assigned
them a unique identifier. We then cross-matched the deep catalogue
with all single-epoch K; catalogues, selecting the nearest neighbour
within a matching radius of 075. This procedure removes spurious
detections and allows us to identify and trace the individual sources
in every epoch.

3.1 Identification of background galaxies

Our absolute PM measurements of stars are anchored to background
galaxies as reference objects. Given their large distances, they are
considered to be non-moving, i.e. their PM is zero. Since a large
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number of detectors in different tiles across the SMC footprint do
not contain a confirmed quasar, we cannot use them as reference
objects. The majority of the background galaxies have a core-like
central emission (see fig. 3 in Bell et al. 2019) whose position can
be well measured. Galaxies with diffuse shapes that are not well
fit and therefore have large photometric uncertainties are discarded
from further analysis. The background galaxies were extracted from
our PSF photometric catalogues (see Section 2). The photometry
and astrometry of the galaxies and stars are therefore measured the
same way. Positional uncertainties of the galaxies as a function of K
magnitude for two representative tiles are presented in Appendix B.
For the identification of objects that are most likely background
galaxies, we use a combination of selection criteria based on the
colours, magnitudes, and morphologies of the sources (see also Bell
et al. 2019, for identification of background galaxies using VMC
data). We apply these selections to the detected sources and split the
single-epoch catalogues into two different sets, one containing only
stars and the other one including only galaxies. We first select objects
in the colour-magnitude diagram (CMD) with J — K; > 1.0 mag.
To avoid contamination by saturated stars as well as red evolved
stars, we additionally restrict our initial sample to K; magnitudes
fainter than 15.0 mag. As an example, the top panel of Fig. 2 shows
our colour and magnitude selection in the CMD of tile SMC 4_4.
Our initial sample still contains stellar sources, e.g. Galactic red K-
and M-type dwarfs. Therefore, we need to further refine this sample
by employing additional selection criteria. The deep multiband tile
catalogue also provides an associated stellar probability for each
source. This probability is calculated based on the source’s position
in the colour—colour diagram, the local completeness (resulting from
artificial star tests) and the sharpness index from the DAOPHOT
photometry routine. This index relates the width of the measured
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Figure 2. Top: K, versus J — K; CMD of all sources detected within tile
SMC 4 4, colour-coded by their probability of being a star. The black-dashed
lines show our initial selection of galaxies in colour—magnitude space (J — K
> 1.0mag and K > 15.0 mag). The black bars on the left-hand side represent
the mean photometric uncertainties as a function of Ky magnitude. Bottom:
K-band sharpness index versus K;-band magnitude for the same objects as
in the top panel. The horizontal black-dashed line indicates the cut applied to
the K, sharpness index (>0.3) to select the sample of galaxies.

PSF of a source to the width of the model PSF. Unresolved (stellar)
sources have a sharpness index of zero, whereas resolved (extended)
objects have non-zero, positive values. The bottom panel of Fig. 2
shows the sharpness index in the K, band (Sharpg, ) as a function
of the K; magnitudes, for the same sources as in the top panel. As
can readily be seen from this figure, objects with low probabilities of
being a star have a sharpness index much larger than zero. In addition
to the selection in colour—magnitude space, we classify a source as a
background galaxy if its stellar probability is lower than 34 per cent
and its sharpness index in both the J and K bands is larger than
0.3 (as indicated by the horizontal dashed line in the bottom panel
of Fig. 2). We finally restrict our sample of galaxies to only well-
measured objects with photometric uncertainties <0.1 mag in K.
Our selection resulted in a mean number of background galaxies of
~20000 per tile. Tile SMC 5_6 has the largest number of galaxies
(30550) and tile SMC 4_3 has the smallest (8760) owing to the high
density of stars within this tile.

3.2 The common frame of reference

Observations at various epochs are generally not taken under the
exact same observing conditions (e.g. varying airmass, seeing) and
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also the telescope pointings might slightly vary between the epochs.
This can result in non-negligible offsets and/or rotations between the
different observations. Therefore, we first need to transform the x-
and y-detector positions of the stars and galaxies in all catalogues to
a common frame of reference. For each tile, we selected the epoch
with the best seeing conditions as our reference epoch. The typical
seeing for these reference epochs varies between 0773 and 0?86.
The transformation was performed in two separate steps. First, we
used the previously selected background galaxies, which represent
a non-moving frame, for an initial rough transformation, mainly
to correct for large offsets (several pixels) between the individual
observations. Subsequently, we performed a refined transformation
using probable member stars of the SMC as our reference objects.
This is in contrast to our previous PM study of the central regions of
the SMC (Niederhofer et al. 2018b) where we used all detected stars
for the refined transformation, also including stars that do not belong
to the SMC but are MW foreground stars. Although the SMC stars are
much more numerous in the inner parts of the SMC, the MW stars had
an appreciable effect on the transformation solution. In the direction
of the SMC, the Galactic foreground stars move preferentially in the
RA direction, which resulted in a large systematic error in the RA
component of the SMC’s median PM (see Section 4.3).

In this study, we want to minimize the contribution from MW
foreground contamination to the final transformation solution. By
means of a cross-match between our deep PSF catalogues from
the VMC survey and the Gaia DR2 catalogue,® we selected stars
that are likely members of the SMC for the transformation. Gaia
Collaboration (2018a) used the Gaia DR2 data to study the PMs of
Galactic globular clusters and dwarf galaxies, including the SMC.
They classified probable SMC member stars, based on their Gaia
PM and parallax measurements. We used their selection of SMC
stars and identified these stars in all VMC epochs, using the cross-
matched catalogue. Given the highly variable density of SMC stars
across the VMC footprint (see Fig. 1), the numbers of matched SMC
members greatly vary across the individual VMC tiles. The tiles that
cover the highest density region of the SMC (SMC 4.3,4.4,5_3, and
5-4) contain more than 100000 likely SMC member stars, whereas
tiles covering the outskirts of the galaxy (e.g. SMC 3_1, 3.6, 4_1,
4.6,5.6,6.2,73, and 7_4) only contain ~4000-9000 SMC stars.

To map and transform the detector x- and y-positions of the sources
within all catalogues to the coordinate system of the reference epoch,
we used the IRAF tasks xyxymatch, geomap, and geoxytran.
For both, the initial galaxy- and refined star-based transformations,
we chose a general fit geometry, including a shift and scaling in both
x- and y-directions and a rotation. We decided to only use linear terms
in the transformation. As we showed in Niederhofer et al. (2018a),
quadratic terms will introduce additional scatter in the final PMs.
The transformations were performed separately for each detector
chip within each pawprint.

The rms residuals of the transformation were always less than
0.20 pixels for 15 of the tiles and only on a few occasions exceeded
that value for the remaining tiles. We removed from further analysis
one epoch from tiles SMC 2.4, 3_4,3_6,4_4, and 7_3, and two epochs
from tiles SMC 2_5 and 4_1 (see Table 1). The catalogues from these
epochs show systematically larger residuals (up to 0.04 pixels larger),
owing to non-ideal observing conditions that reduced the quality of
the images. Our new approach with a refined transformation that
considers only the likely SMC members reduced the rms residuals

4The catalogues have been cross-matched by G. Matijevic using his own
software tools.
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by a factor of about 2. Within tiles in the central parts of the SMC,
the residuals were less than 0.06-0.08 pixels, owing to the large
number of stars. Tiles in the SMC outskirts have rms residuals of up
to 0.10-0.12 pixels. We emphasize, that within each tile the different
detector/epoch catalogues show a broad range of rms residuals in
the x- and y-directions (which are generally correlated), whereas the
values quoted above are the maxima of these distributions.

After the refined star-based transformation, the stars are at rest,
whereas the galaxies move. Any stellar motion in this frame (apart
from measurement errors) is caused by residual motions with respect
to the bulk motion of the stars. Variations in the stellar bulk motion
will not have a significant impact on the final results, since the
transformations are done on a detector basis and we do not expect
large chances in the bulk motion across a detector (detector size
~11/5 x 1115).

3.3 Calculation of the proper motions

With the VMC catalogues that now contain the stellar positions
projected on the coordinate system of the reference epoch (obtained
using likely member stars of the SMC), we performed the calculation
of the stellar PMs of all sources within the VMC deep multiband
catalogues. First, we selected only sources that were detected in
all epochs to maximize the number of position measurements. To
measure the PMs of each source, we fitted a linear least-squares
regression model independently to the x- and y-positions as a function
of the mean Julian date of the observation. The resulting slope yields
the PMs of the sources (dx/dt and dy/d¢) in pix day~". The conversion
of the PMs tomas yr~!' was done using the world coordinate system
(WCS) information from the FITS headers of the detector images at
the reference epochs (since all observations have been transformed
to that coordinate system). The conversions from detector x- and
y-positions to on-sky coordinates £ and 7 are given by

£ = CD,,(x — CRPIX1) + CD, 5(y — CRPIX2), (1)

1 = CDy(x — CRPIX1) + CD,,(y — CRPIX2), 2)

where the four CD matrix elements account for the pixel scale (in
arcsec pix ') as well as the rotation of the detector field in the sky. The
CRPIX1 and CRPIX2 values are the sky coordinates of the central
detector pixel. The PMs dx/df and dy/dt can then be expressed in
units of arcsec day~! (d&/dt and dn/df) using the time derivatives of
equations (1) and (2):

dé dx dy
— =CDy1— +CD;,—, 3
ar L + 127 3)
dn dx dy
— =CDy1— +CDyr—. 4
ar 214 + 224 4

Here, d&/dr directly corresponds to p,cos(8), the PM in the RA
direction, corrected for the effect of the position in Dec., and dn/dt
is equivalent to s, the PM in the Dec. direction. For simplicity, we
follow the convention from previous PM studies of the Magellanic
Clouds (e.g. Kallivayalil et al. 2006a, b, 2013; Zivick et al. 2018) and
will denote the PMs throughout the remainder of this paper uy and
/Ly, with the conversion: iy = —,c0s(8) and un = ps. Finally, we
converted the PMs into the commonly used unit mas yr~.

The final catalogues of objects for which PMs have been deter-
mined consist of ~3280000 stars and ~138 800 galaxies. These
catalogues contain sources from all individual detectors within all
pawprint observations. Since the six pawprint pointings are shifted
relative to each other such that most of the contiguous tile area is
observed at least twice, individual sources will have multiple entries
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Figure 3. K versus J — K stellar density (Hess) diagram of all sources for
which PMs have been measured. The adopted bin size is ~0.01 mag in J —
K, and ~0.02 mag in K. Also indicated as the black polygons are regions
containing different stellar populations. These regions have been defined by
Nikolaev & Weinberg (2000) and Cioni et al. (2016) and were later modified
by El Youssoufi et al. (2019a,b), who added regions M and N and also
extended regions A and L.

in the PM catalogues. Most of the sources have been observed at
least twice resulting in about 1625 000 and 73 800 unique sources in
the star and galaxy catalogues, respectively. Fig. 3 shows a stellar
density (Hess) diagram in K versus J — K colour—-magnitude space
of all stellar sources for which PMs have been measured. Also shown
in this figure are regions (as defined by Nikolaev & Weinberg 2000,
Cioni et al. 2016, and El Youssoufi et al. 2019a,b) that are occupied by
various stellar populations. We will use these regions in the analysis
of the SMC PM (see Sections 4 and 5).

After the star-based transformation to the common frame of
reference, described in Section 3.2, the stars are at rest, whereas
the positions of the galaxies change as a function of time. We use
the median of this reflex motion of the galaxies within each tile to
correct the stellar PMs and to put them on an absolute scale. For
the correction, we only selected galaxies whose rms scatter around
the best-fitting linear regression model in x- and y-directions is less
than three times the median value. This ensures that only well fitted
galaxies are used.

‘We note that the astrometry of VISTA pawprints shows a system-
atic pattern of the order of 10-20 mas resulting from residual WCS
errors.’ This effect limits the precision of the PM measurements of
single objects, meaning that, for a given object, the PM uncertainty
is larger than the actual value itself. However, as we have already
shown in previous works (e.g Niederhofer et al. 2018a,b) and will
also demonstrate below (see Section 4.3), our overall results are
consistent with recent studies, suggesting that there is no significant
systematic offset in the astrometry.

As a consistency check, we compared the PMs from VMC data
to the ones from Gaia DR2. Fig. 4 shows the differences in pw
and puyn as a function of K, magnitude of all stars in the VMC-
Gaia cross-matched catalogue for which we calculated the PMs. We
noted a considerable offset between the two data sets in both PM
components. That offset is more significant at magnitudes brighter

5See http://casu.ast.cam.ac.uk/surveys-projects/vista/technical/astrometric-
properties.
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Figure 5. Same as Fig. 4, but now for likely SMC member stars.

than K; ~13 mag. There, the median discrepancy can be as large as
0.4masyr~! in puw and 0.3 masyr~! in py. At fainter magnitudes
the median difference in both components decreases to less than
0.1 mas yr~! for most magnitudes. The median offset for stars fainter
than 13 mag in K, is 0.06 mas yr~' in z1w and —0.04 mas yr~' in uy.
This discrepancy that is more evident at brighter magnitudes and
along the western direction can be explained by MW foreground
stars. The alignment of the various epochs to a common frame of
reference is not fully perfect. The relative PM distribution of SMC
stars is not centred at zero but there is an offset of 0.026 mas yr~!
in west direction and 0.009 masyr~! in north direction. Two main
factors influence the quality of the alignment and are responsible for
this offset in the transformation: On the the one hand, there are still
MW foreground stars left in our sample of likely SMC members that
we use as reference objects for the transformation. Those in region
F (Fig. 3) are predominately MW stars, but there are also faint MW
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stars in regions H and I that are not removed with the Gaia parallax
and PM criteria, see Rubele et al. (2018) for details. On the other
hand, since we are using ground-based data, the astrometry is affected
by time-dependent distortions at the focal plane. The residual offset
in the alignment will introduce larger systematic uncertainties in the
measured motions of Galactic foreground stars, which dominate the
upper regions in the CMD (see Figs 3 and C1). In order to verify
this, we selected only likely SMC members from the cross-matched
catalogue and further restricted this sample to regions within the
CMD that are dominated by SMC stellar populations (see Fig. 6
and Section 4.2). The median offset between Gaia and VMC PMs
within this sample of stars is —0.02 mas yr~! in the western direction
and less than 0.01 masyr~' in the northern direction (see Fig. 5),
confirming an extensive consistency between the two data sets.

4 THE CENTRE-OF-MASS MOTION OF THE
SMC

4.1 The model

For the determination of the centre-of-mass motion of the SMC, we
employ a simple model where the galaxy is assumed to move in three
dimensions as a rigid body without rotation. The model also takes
into account projection effects that are caused by the fact that the
three-dimensional velocity vectors of different parts of the SMC are
seen from slightly different viewing angles.

We set-up our model as follows: We define a fixed orthogonal
right-handed coordinate system that is centred at the Sun’s location
with the three unit vectors 7, f, and k. This coordinate frame is
oriented such that the vectors 7 and j are within the plane of § = 0°,
whereas 7 points towards (e, §) = (0", 0°) and J towards (a, §) = (6",
0°). The third vector, k, points towards the north celestial pole. In an
equatorial coordinate system, the three-dimensional position of any
celestial object can be expressed using the two angles « and &, as
well as the distance D to the object. Using these three coordinates,
the position vector r of an object in the {7, f, k} coordinate frame
can be written as

r = D(cos(§) cos(a) T 4 cos(d) sin(a) J + sin(§) ). 5)

Based on equation (5), we can define a new coordinate frame,
{é, i, [}, which is centred on r, the position of the celestial object. The
basis vectors é, 71, and ) point in the direction of increasing « (east),
increasing § (north) and along the line of sight, respectively. We can
calculate these basis vectors by partially differentiating equation (5)
with respect to «, §, and D, respectively, and normalizing the results:

ar
6 = ‘;‘;‘ = —sin(a)  + cos(®) J,
e
or
A= 2 = —sin(8) cos(e) I — sin(8) sin(er) j + cos(8) k,
28
or
= | Go7 = cos(8) cos(e) 7 + cos(d) sin(@) j +sin@) k. (6)
aD

Using these definitions, we can write r = DI for the position of an
object. It is also clear that the orientation in space of the {é, 71, i
triad depends on the location (&, §) and therefore the basis vectors
of moving objects change as a function of time.
Now, let us calculate the velocity v of a given star in the {é, A, [}
coordinate frame:
dr dD , di
= [+ D

= — = —. 7
v dr dr * dr @
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Taking the time derivative of [ and comparing it with equation (6),
we find

dl - ds | N (a)da . ®
— = — A+ cos(§)— é.

dr - dr dar ¢

With our definitions of the PMs from Section 3.3 (uw =
—da/dt cos(8) and un = dé/dr) and the line-of-sight velocity Vies
= dD/dt, equation (7) can be written as

v =Vis [+ D punit — D py é. ©)

The three components of the velocity vector as we observe them
from the Earth, i.e. the two PM components and the radial velocity,
are aligned with the three basis vectors in the {é, 71, I} frame. (Note
that, for simplicity, we do not explicitly include here the conversion
factor from mas yr~! to km s~ in the equations for the velocity, but
we consider it in the actual calculations.)

With the established geometric framework, we can analyse the
imprint of the SMC’s centre-of-mass motion on the PM field within
the galaxy. Let us assume that the centre of mass of the SMC has the
coordinates «, and §, and is located at a distance D, from the ob-
server. Furthermore, we suppose it moves with a velocity v,, with the
systemic radial velocity Vi and the PM components jin, o and ptw,o.
The velocity at the position of the centre of mass is thus given by

dr A . N
Vo = d: = Vsys lo + Do MN,o o — Do Hw,o0 €o- (10)

The projected velocity components of v, that can be observed at an
arbitrary location within the SMC with the coordinates « and § are
given by the dot product of v, with the basis vectors {e, 7i, [} at («, §):

v i v, -7l v, - e
=V, - . = s = — .
los o MUN Do Hw Do

an

To infer the centre-of-mass PM of the SMC (un, o, 4N, o), W€ can
compare our measured PMs at various positions within the SMC
(un. is w, ;) with the model PMs that result from the projection of
v, at these positions:

v, - A v, - &

i
, modi = ———. 12
Do MN,mod, i Do ( )

MN,mod,i =

We will infer the parameters of our model (i.e. the centre-of-mass
PM of the SMC) using a Bayesian approach. We construct the log-
likelihood function, InL, of the data given the model parameters as
follows:

n L ) 2
InL = —0.5 <Z In(27oy,;) + w

i=1 Ow,i

2
ON,i

2
+111(27TO'I?”) + (MN,[ - /’LN,mod,i) > ) (13)

In this function, ow,; and oy ; denote the uncertainties in the
PM measurements at coordinates («;, §;) convolved with the SMC
velocity dispersion, o, in the plane of the sky. We assume that the
velocity dispersion is isotropic in all three dimensions.

4.2 Results

Before we determine the bulk motion of the SMC in the plane of
the sky, using the model developed in the previous section, we first
clean our PM catalogues and remove stars that are most likely not
associated with the SMC. Given the large uncertainties of the PMs
of individual sources in our catalogue, we cannot select likely SMC
members based on their VMC PMs. Instead, we perform a selection
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Figure 6. As Fig. 3 but with probable foreground stars removed (see
Section 4.2). Indicated as the black polygons are regions dominated by SMC
stellar populations.

based on our VMC-Gaia cross-match catalogue as well as on cuts in
VMC colours and magnitudes. From the cross-match catalogue, we
extracted those sources that have not been flagged as probable SMC
stars by Gaia Collaboration (2018b) and removed them from our
PM catalogue. We chose this approach over directly selecting SMC
members in the cross-match table, since the Gaia photometry is not
as complete as the VMC observations in the most crowded parts of
the SMC. In this way, more sources within these regions are kept. We
also applied several cuts in the VMC K versus J — K; CMD to further
minimize the contribution from foreground MW contaminants. We
constrained our sample to CMD regions that are dominated by SMC
populations (see Hess diagram in Fig. 6). In particular, these regions
are regions A and B (young main-sequence stars), E (lower RGB
stars), G (supergiants), [ and N (red supergiants), J (red clump stars),
K (upper RGB stars), and M (asymptotic giant branch stars). In a
final step, we selected only well-measured stars with photometric
uncertainties o (K;) < 0.05mag. The resulting catalogue of likely
SMC members contains ~2160 000 stars.

To minimize the effects of outliers and to be less affected by the
large scatter of the individual PM measurements, we spatially binned
our data and modelled the SMC bulk motion using this binned data
set. Across the area covered by the SMC tiles, we generated a regular
grid with 100 x 100 equal-area grid cells. For each cell, we calculated
the median and error in the mean for the PM components of all stars
within it. The positions (¢;, §;) are the mean RA and Dec. coordinates
for all stars within each cell. We then selected all bins containing a
minimum number of 50 stars, in total ~5000. To ensure that our
final result is not dependent on the chosen grid of bins, we repeated
the above steps for different binnings shifting the edges of the bins
in increments of 0.2 times the bin width in the North and West
directions, resulting in a total of 25 differently binned catalogues.

We used these binned PM catalogues as the input for the centre-of-
mass determination. As defined above, these tables contain for each
bin the median PMs (i4w, i, i, i), the associated uncertainties (0, ;»
0,y ;) and the mean positions («;, §;). In the modelling, we treated
the line-of-sight velocity Vi, of the SMC, the distance D, and the
SMC centre (co, 8,) as fixed parameters. Specifically, we used Vi =
145.6 km s~! (Harris & Zaritsky 2006) and D, = 62.1 kpc (Graczyk
et al. 2014). For the centre of the SMC, we examined three different
locations that are commonly used in the literature: the dynamical
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Figure 7. VMC stellar density map of the SMC illustrating the locations
of different SMC features discussed in this work. The three different SMC
centres that we adopted are marked with an orange square (H1 centre), a blue
circle (optical centre), and a green triangle (Cepheid centre), respectively.
The directions towards the young Magellanic Bridge and the Old Bridge are
indicated with the black arrows. The main body of the SMC and the SMC
Wing are highlighted with the white and black ellipses, respectively. Also
marked are the Galactic globular clusters 47 Tuc (NGC 104) and NGC 362.
The vertical white stripe at  ~ O"50™ and § ~71.5°~72.5° is due to a narrow
gap in the VMC observations between two adjacent VMC tiles.

centre of the HI gas («, = 16.26°, §, = —72.42°; Stanimirovié et al.
2004), the optical centre (o, = 13.05°, 8, = —72.83°; de Vaucouleurs
& Freeman 1972), and the centre of the Cepheid distribution (o, =
12.54°,8,=—73.11°; Ripepi et al. 2017). The positions of these three
centres are indicated in Fig. 7. The other parameters of the model
(1w, 0» N, o and the velocity dispersion o) are free parameters that
we want to infer. We chose flat priors for those parameters with —2.0
< w, o [mas yr"] < 0.0, =2.5 < un, o [mas yr‘l] <0.0,and 0.0 <
o [km s™'] < 200.0. For the sampling of the log-posterior probability
distribution, which is given by the sum of InL and the log-prior,
we use the Markov Chain Monte Carlo (MCMC) sampler emcee
(Foreman-Mackey et al. 2013). We set-up an ensemble of 500 walkers
to explore the parameter space and run the MCMC for 1000 steps, of
which the first 300 steps are considered the ‘burn-in’ phase. For the
resulting parameters and the associated uncertainties, we chose to use
the 50th, 16th, and 84th percentiles of the sample in the marginalized
distributions, as recommended by Foreman-Mackey et al. (2013). We
ran the MCMC sampling procedure to infer the SMC’s bulk motion
on the 25 differently binned PM catalogues for the three adopted
SMC centre positions. The 25 individual results for a given centre are
very similar to each other with a standard deviation of 0.002 mas yr~!
in both PM components, indicating that the binning does not have a
significant impact on the final outcome. We determined as the final
values the simple mean of the 25 individual values.

In Fig. 8 we show, in the form of corner plots (Foreman-Mackey
2016), the marginalized posterior distributions of the SMC’s PMs
in the west and north directions, as well as the velocity dispersions
for the H1, optical, and Cepheid SMC centres. For the centre-of-
mass PMs of the SMC, we find the following values: (ptw w11, AN H1)
= (—0.800 = 0.008, —1.195 + 0.008) mas yr*1 for the HI centre,
(KW, opticals AN, optical) = (—0.743 £ 0.008, —1.233 =% 0.008) mas yr—!
for the optical centre and (ftw, cepheid> UN, Cepheid) = (—0.734 £ 0.008,
—1.237 4 0.008) mas yr~! for the Cepheid centre. We can see that
the position of the assumed centre significantly affects the result
of the SMC’s bulk motion. The difference is largest between the
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Figure 8. Corner plots showing the marginalized posterior distributions of
the SMC centre-of-mass PMs in the west and north directions (uw,, and
UN, o) as well as the velocity dispersions (o). The values of the 16th, 50th,
and 84th percentiles are indicated in each panel. The three panels show, from
top to bottom, the results obtained adopting the dynamical HT centre, the
optical centre, and the Cepheid centre, respectively.
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Table 2. PM measurements of the SMC from the literature.

Hw N Reference

(mas yr~") (mas yr~")

—0.800 £ 0.027  —1.195 £ 0.012 This work (using the HI centre)
—0.743 £ 0.027 —1.233 £0.012 This work (using the optical centre)
—0.734 £0.027  —1.237 £0.012 This work (using the Cepheid centre)
—1.16 £0.18 —1.17+0.18 Kallivayalil et al. (2006b)
—0.98 +0.30 —1.01 +£0.29 Vieira et al. (2010)
—0.93+0.14 —1.254+0.11 Costa et al. (2011)

—0.772 £ 0.063  —1.117 £ 0.061 Kallivayalil et al. (2013)
—0.874 £0.066  —1.229 £0.047  van der Marel & Sahlmann (2016)
—1.16 £0.18 —0.81 +£0.18 Cioni et al. (2016)

—0.797 £ 0.030  —1.220 £ 0.030 Gaia Collaboration (2018b)
—0.82 +£0.10 —1.214+0.03 Zivick et al. (2018)
—1.087+£0.192  —1.187 £ 0.008 Niederhofer et al. (2018b)
—0.721 £0.024  —1.222 +£0.018 De Leo et al. (2020)

H1 centre and the Cepheid centre (~0.08 masyr—!) owing to their
large spatial offset (1.3°; see Fig. 7). The difference between the
optical and Cepheid centres, which are located close together, is
only marginal (~0.01 masyr~!) and the results are consistent with
each other, within the uncertainties.

In addition to the above quoted uncertainties, which account for the
statistical error, we also need to consider systematic uncertainties.
After the star-based transformation of the individual epochs to a
common reference frame, the stars are expected to be at rest, i.e. their
median PM should be zero. We estimated the systematic uncertainties
from the median deviation from zero for our sample of SMC stars
and found an offset of 0.026masyr~' in the West direction and
0.009 mas yr~! in the north direction. Our results with the associated
combined uncertainties are summarized in Table 2. We emphasize
that, although we used data from the Gaia DR2 catalogue for the
selection of likely SMC member stars, our PMs are solely based on
VISTA astrometry and provide an independent measurement.

4.3 Comparison with the literature

In this section, we compare the results from this study with other mea-
surements from the literature. The various literature measurements,
together with the results presented in this work, are summarized
in Table 2 and visualized in Fig. 9. Our PM values all have a
smaller component in the western direction than previous ground-
based (e.g. Vieira et al. 2010; Costa et al. 2011) and early two-
epoch HST measurements (Kallivayalil et al. 2006b), but they are
consistent within the uncertainties in the northern direction with the
results from Costa et al. (2011) and Kallivayalil et al. (2013). Adding
an additional epoch of HST observations, Kallivayalil et al. (2013)
determined an updated systemic motion of the SMC, assuming the
dynamical HT centre. Their updated value is consistent with our
results in the western direction but has a smaller motion in the
northern direction. van der Marel & Sahlmann (2016) used data from
the Tycho-Gaia Astrometric Solution catalogue (Michalik, Lindegren
& Hobbs 2015; Lindegren et al. 2016) to study the internal motions
within the Magellanic Clouds. The value they found for the centre-
of-mass motion of the SMC, assuming the HI centre, is larger than
our results in the western direction but agrees with what we found in
the northern direction.

In two previous studies (Cioni et al. 2016; Niederhofer et al.
2018b), we also measured the PMs of SMC stars using the VMC
data. Cioni et al. (2016) found a median value of (w0, UN, o)
= (=1.16 £ 0.18, —0.81 % 0.18)masyr~' for SMC stars that
is not compatible with the results from this work. That study,
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Figure 9. Comparison of the SMC’s centre-of-mass PMs for three different
choices of the SMC centre presented in this study with values from the
literature. The results for the different centres are denoted by the light green
ellipses with dashed (HT centre) solid (optical centre) and dotted (Cepheid
centre) contours. The black crosses show the individual measurements,
whereas the 1o uncertainties are indicated by the coloured ellipses. The
abbreviations in the legend are the following: K06: Kallivayalil et al. (2006b);
V10: Vieira et al. (2010); C11: Costa et al. (2011); vdM16: van der Marel &
Sahlmann (2016); C16: Cioni et al. (2016); Z18: Zivick et al. (2018); G18:
Gaia Collaboration (2018b); N18: Niederhofer et al. (2018b); DL20: De Leo
et al. (2020).

however, was based on measurements of stars within a single VMC
tile in the outskirts of the SMC (tile SMC 5_2). Subsequently,
Niederhofer et al. (2018b) analysed the PMs of SMC stars within
four VMC tiles that cover the central parts of the SMC (tiles SMC
43,44, 53, and 5.4) and found a median PM of (uw, o, UN, o)
= (—1.087 %+ 0.192, —1.187 & 0.008) masyr~'. In the northern
direction, this is in agreement within the uncertainties with the result
in this study, for the dynamical H1 centre of the SMC. While the
systematic uncertainties in the northern direction are comparable,
the Niederhofer et al. (2018b) systematic uncertainties in the western
direction are considerably larger (0.192 mas yr~'). The main reason
for this and also for the discrepancy of the PM measurements in the
western direction is that, in the 2018 study, MW foreground stars
were not excluded from the transformation of the individual epochs
to a reference frame.

After the Gaia DR2 catalogue was made public, new measure-
ments of the SMC’s centre-of-mass motion, using the new Gaia data
or a combination of Gaia DR2 and HST data, were published. Gaia
Collaboration (2018b) modelled the SMC’s bulk motion using Gaia
DR2 data, whereas Zivick et al. (2018) combined Gaia DR2 with HST
observations. Both studies used the dynamical H I centre. Our results,
for the same SMC centre, are consistent with the findings of Zivick
et al. (2018) and are just outside the 1o limit of the measurements by
Gaia Collaboration (2018b). Recently, De Leo et al. (2020) studied
in detail the kinematics within the SMC using spectroscopic data
as well as PM data from Gaia DR2. The value they found for the
SMC bulk motion using the position of the optical SMC centre is
consistent within 2o with our result, adopting the same centre.

5 PROPER MOTION MAPS OF THE SMC

Our PM catalogues from the VMC observations comprise stars that
cover a contiguous area of ~40deg? on the sky that allows us to
construct spatially resolved stellar PM maps of the SMC. To do so,
we divided the total area covered by the 26 analysed tiles into a
regular 15 x 15 grid (corresponding to a bin size of ~521 x 521 pc
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at the distance of the SMC) and calculated the median PM of the stars
within each bin. To be less affected by unreliable values resulting
from averaging over too few stars, we considered only bins containing
at least 300 stars. The top panel of Fig. 10 shows the resulting PM
map of all stars, excluding stars classified as non-SMC members
based on the selection criteria from Gaia Collaboration (2018b; see
Section 4.2). The arrows represent the direction and absolute value
of the median PM within each grid cell. Additionally, the arrows are
colour-coded by their position angle (from north to east) to highlight
directional changes among the motions within the bins. The PM
map shows an overall smooth structure, indicating that there are
no significant systematic offsets between individual tiles. The high-
velocity vectors in the outskirts of the SMC, especially towards the
west of the galaxy, and also, to a lesser extent, towards the east can
be attributed to MW foreground stars that are still present within this
selection of stars. For the modelling of the centre-of-mass PM (see
Section 4.2), we further restricted our catalogue by selecting only
stars located within nine CMD regions that are dominated by SMC
stars, namely regions A, B, E, G, I, N, J, K, and M (see Fig. 6). The
PM map resulting from this sample of stars is shown in the bottom
panel of Fig. 10. We can clearly see that the contribution of MW
stars is considerably reduced in the outer SMC tiles, indicating that
the present PM signatures emanate mostly from SMC stars. The map
hints at a non-uniform velocity field across the galaxy. Stars within
the densest parts of the SMC (0"30™ < o < 1"00™ and —74°<
3 < —72°) have a smaller PM component along the RA direction
compared with stars in the surrounding regions. In the eastern parts of
the SMC, towards the direction of the SMC Wing and the Magellanic
Bridge, there are regions that show PM vectors that are larger than
those within the main body of the SMC.

To better visualize the internal kinematics of the SMC, we created
maps of residual PMs. We calculated the residual motion of each
star by subtracting from its absolute motion the contribution of the
SMC'’s systemic velocity at the position of the star according to
equation (11). The maps resulting from the three different choices
of the adopted SMC centre are compatible with each other, meaning
the same significant dynamical signatures are present regardless of
the assumed galaxy centre. Therefore, we choose to take the residual
maps adopting the optical centre as representative. Fig. 11 shows
the residual PMs of the same sample of stars as in the bottom panel
of Fig. 10. Several distinct dynamical patterns can clearly be seen.
Stars within the densest region of the SMC’s main body, West of
a ~ 0"50™, show a coherent motion towards the western direction,
whereas stars in adjacent regions, East of « ~ 0"50™, have smaller
motions predominantly towards the East. Such a dynamical feature
has also been reported in previous studies (e.g. van der Marel &
Sahlmann 2016; Niederhofer et al. 2018b; Zivick et al. 2018). This
shows that the inner parts of the SMC move differently from the
outer parts, which indicates that the galaxy is being stretched.

North of the densest region (0"30™ < o < 1"00™ and § > —72.5°)
stars move predominately towards the north, indicating a stream of
stars moving away from the galaxy in the north-west direction. N-
body simulations by Diaz & Bekki (2012) predict that the most recent
encounter between the LMC and SMC has led to the formation of
a tidal feature that originates behind the main body of the SMC.
This additional tidal arm is referred to as the ‘Counter Bridge’. The
model suggests that the Counter Bridge follows an arc-like structure
towards the north-east (see fig. 8 in Diaz & Bekki 2012), whereas
the stars within it have PMs in the north-west direction. The motion
we see in our residual map might therefore be associated with the
Counter Bridge.

Another prominent dynamical feature in the residual maps is the
flow of stars that emanates from the south of the SMC at o ~ 1"00™,
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8 ~ —74°00™ and extends to the south-eastern edge of the VMC
footprint. The location of this feature and the direction of the stream-
ing motion coincide with a bridge of old stars between the LMC and
SMC (see Fig. 7). A bridge feature composed of old RR Lyrae stars
has been proposed by Belokurov et al. (2017) who studied the stellar
density in the outer regions of the Magellanic Clouds using data from
the first Gaia data release (DR 1; Gaia Collaboration 2016). Between
the two galaxies, the authors detected an overdensity of old RR Lyrae
stars that seems to connect the LMC and the SMC southwards of
the nominal young and gaseous Magellanic Bridge. This feature,
however, has been questioned by Jacyszyn-Dobrzeniecka et al.
(2020) who demonstrated that the RR Lyrae bridge is a spurious
detection caused by the scanning law of Gaia DR1. However, the
existence of a second bridge composed of old stars is predicted by
recent hydrodynamical simulations (Wang et al. 2019). Additional
supporting evidence for an Old Bridge between the two Clouds is
provided by recent studies mapping the low-stellar density periphery
of the galaxies. Using deep DECam photometric data, Mackey et al.
(2018) discovered two stellar substructures that are composed of old
stars, located south of the LMC. One of these substructures is found
to be co-spatial with the RR Lyrae bridge. They also noticed that the
elongation of the SMC outskirts is aligned with this bridge. A second
bridge-like feature south of the young Magellanic Bridge has also
recently been detected in stellar density maps based on data from the
VISTA Hemisphere Survey (El Youssoufi et al., in preparation). Our
PM maps clearly show coherent motions of stars away from the SMC
in the direction of the Old Bridge, providing kinematic evidence for
the existence of this second bridge which can be attributed to tidally
stripped stars.

Using data from Gaia DR2, Belokurov & Erkal (2019) discovered
an additional narrow stream of red giant stars that wraps about
90° around the LMC and seems to be connected to the SMC. This
stream is offset from the position of the Old Bridge. Simulations
of the LMC run by the authors suggest that this stream is a tidal
feature that has been stripped from the disc of the LMC under the
influence of the SMC. Fig. 11 shows a coordinated flow of stars to the
south-west of the SMC (o < 0"45™, § < —74°00™) that is directed
towards the galaxy. This streaming motion can be explained as the
kinematic signature of the tidal feature discovered by Belokurov &
Erkal (2019).

The VMC data allow us to explore the dynamical struc-
tures of intermediate-age/old and young stars separately. For the
intermediate-age and old stellar populations, we selected stars in the
K; versus J — K; CMD along the RGB (CMD regions E and K) and
the asymptotic giant branch (region M), as well as within the red
clump (region J). For the young stars, we chose the young main-
sequence stars (regions A and B), supergiants (region G), and red
supergiants (region N). We decided to not include supergiant stars
within region I since a considerable number of older RGB stars are
scattered into this region. For the creation of the map of the young
population, we used a coarser grid of 10 x 10 bins, given the low
stellar density of this population. The resulting residual maps for
the intermediate-age/old and young SMC populations are presented
in Fig. 12. Note that the map showing the intermediate-age and old
populations is virtually identical to that shown in Fig. 11, implying
that the latter is dominated by the motions of older stars.

The young stars in the map shown in the bottom panel of Fig. 12
are mainly distributed within the triangularly shaped main body of
the SMC and the SMC Wing region. In the outer regions of the
galaxy, the stellar density is too low to achieve reliable results, even
with the larger bin sizes. In the young population, we can also see
a coherent motion towards the west within the densest regions and
its western vicinity. This pattern clearly follows the regions of high
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Figure 10. Stellar PM map of VMC tiles covering the SMC. The arrows represent the directions and absolute values of the median stellar PMs within each
bin containing at least 300 stars. The arrows are colour-coded according to their position angle (from north to east). For reference, an arrow with an equivalent
length of 2 mas yr~! is shown at the top right. The background grey-scale image shows the stellar density of detected VMC sources. Top: PM map of all VMC
stars for which PMs have been determined, excluding non-SMC member stars based on selection criteria from Gaia Collaboration (2018b). Bottom: Same as
the top panel, but now further restricting the stellar sample to CMD regions dominated by SMC stars (see text).
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Figure 11. Residual PM map of the stars shown in the bottom panel of Fig. 10. To calculate the residual PMs, the respective contribution of the centre-of-mass
motion at each stellar position has been subtracted from the stars’ absolute motion. We assumed the SMC bulk motion resulting from the optical centre. For
reference, a black vector with an equivalent length of 1 mas yr~! is shown at the top right of the figure. The background grey-scale image is the same as that in

the bottom panel of Fig. 10.

stellar density and can be traced to its north-eastern edge at o ~
1"00™, § ~ —72°00™. East of a ~ 1"00™, stars show a coordinated
motion away from the main body of the SMC, in the eastern and
north-eastern direction. This motion continues towards the SMC
Wing and possibly the Magellanic Bridge, providing evidence of
tidal stripping of the young stars within the outer regions of the
SMC in the direction of the Magellanic Bridge. Alternatively, these
stars formed from gas affected by ram pressure stripping during the
recent LMC-SMC interaction (Tatton et al. 2020). Belokurov et al.
(2017) and Mackey et al. (2018) also noted that the young Magellanic
Bridge is offset from the Old Bridge by ~5° that might be due to ram
pressure from the hot corona of the MW. Our finding is in line with
previous studies that show that stars in the SMC Wing region and at
the base of the Magellanic Bridge have residual PMs that point away
from the SMC (Oey et al. 2018; Zivick et al. 2018).

The PM values per bin for the young, intermediate-age/old
and combined stellar populations are available as the supporting
information in the online version of the paper. As a representation
of its content, the first five entries of the table containing the data to
produce the residual map of the combined SMC population (Fig. 11),
are presented in Table 3.

6 THREE-DIMENSIONAL MOTIONS WITHIN
THE SMC

The PM maps from the previous section, provide evidence that the
densest parts of the SMC main body have PMs that are different
from those of the neighbouring regions in the east, suggesting

stretching of the galaxy, e.g. by tidal forces. So far, we have
assumed that all stars within the studied region of the SMC are at
the same distance, thus the PMs can directly be associated to space
velocities. However, the young stellar population within the SMC is
highly elongated along the line of sight, with an extent of ~20 kpc
(Jacyszyn-Dobrzeniecka et al. 2016; Ripepi et al. 2017). The young
population, as traced by young classical Cepheids, also shows a
distance gradient across the SMC, with the eastern part of the galaxy
being, on average, closer than the western regions. To gain a better
understanding of the internal dynamics of the young populations
within the SMC, we aim to explore their motions taking distance
effects into account. For this we used the classical Cepheid samples
of Ripepi et al. (2016, 2017). These samples comprise about 4800
classical Cepheids identified by the OGLE IV survey of the SMC
(Soszynski et al. 2015). Using Y, J, K light curves of these stars from
the VMC survey, Ripepi et al. (2016, 2017) determined accurate
distances to the Cepheids from period—luminosity relations. Fig. 13
illustrates the distribution on the sky of the sample of Cepheids
colour-coded as a function of their measured distance. The distance
gradient across the SMC is evident from this figure.

We cross-matched the Cepheid sample with the Gaia DR2 cata-
logue to obtain the PMs of the objects. We opted to use the Gaia
DR?2 PMs as opposed to those determined in this work since the Gaia
data provide more precise values for individual objects. We selected
objects with PM errors <0.3 mas yr~! in both directions and removed
stars with PMs that deviate by more than 3¢ from the mean value.
The final catalogue contains about 4050 Cepheids with measured
distances and PMs. The stars in the western part of the SMC, which
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Figure 12. As Fig. 11 but for the intermediate-age and old (top) and young (bottom) SMC stellar populations. The intermediate-age and old population consists
of lower RGB stars (CMD region E), red clump stars (region J), upper RGB stars (region K), and asymptotic giant branch stars (region M), whereas the young
population is composed of young main sequence stars (CMD regions A and B), supergiants (region G), and red supergiants (region N).
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Table 3. Binned residual PMs of the combined SMC stellar population shown in Fig. 11. The RA
and Dec. values are the mean coordinates of the stars within each bin. puw and un are the median
PMs of the stars within each bin. The associated uncertainties ey and euy are calculated as the
standard deviation of the PM components divided by the square root of the number of stars within
the bins. N is the number of stars within the bins. The full table is available as the supplementary

material in the online version of this paper.

RA2000 Dec.j2000 Hw epw N eUN N
) ) (masyr~!) (masyr™!) (masyr™!) (masyr!)

28.88235239 —74.08746847 +0.293 0.273 —0.071 0.280 381

28.62205901 —73.81879794 —0.048 0.249 +0.269 0.164 1131

28.12865683 —73.37235647 +0.177 0.162 +0.192 0.154 1102

27.87982383 —72.94686607 —0.116 0.255 +0.236 0.229 1051

27.42331850 —72.51488999 —0.231 0.347 —0.134 0.233 935
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Figure 13. Distribution of classical Cepheids within the SMC (Ripepi et al.
2016,2017), colour-coded according to their distance. There is a clear distance
gradient across the galaxy, with the eastern part of the SMC being, on average,
closer than the western part. The black arrow indicates the direction of the
motion of the SMC’s near part with respect to the far part (see text).

is at a greater distance, show PMs that are distinct from those in the
eastern part, which is closer (compare Figs 12 and 13). Since the PM
is an apparent movement in the plane of the sky, the measured PM
of an object moving with a given tangential velocity depends on the
object’s distance:

Vi

=t 14
474D’ 19

m

where /1 is the PM in mas yr~!, V; the tangential velocity in km s~,

and D the distance inkpc. The distance gradient for the stars in the
SMC might therefore partially be responsible for the differences in
the PMs across the galaxy. Fig. 14 shows the PMs of the Cepheids in
the western and northern directions as a function of their distances. As
expected, the Cepheids with greater distances have smaller (closer
to zero) PMs. The black-dashed lines in both panels illustrate the
relation the PMs are expected to follow for a constant tangential
velocity. We see that the PMs, especially in the western direction
and also to a lesser extent in the northern direction, are inclined
with respect to the relation of constant velocity, indicating that there
is a real gradient in the tangential velocity along the line of sight.
To quantify this gradient, we converted the PMs of the Cepheids
to tangential velocities (equation 14) and fitted a linear regression
model separately to both velocity components, Vy and Vy. To be

Figure 14. Gaia DR2 PMs of SMC Cepheids as a function of their distance
for the western (top) and northern (bottom) components. The black-dashed
lines show the expected PM components as a function of distance for a
constant velocity.

less sensitive to outliers, we performed iterative fits, in each step
excluding data points more than 30 away from the best fit, until
data points were no longer removed. The results for Vy and Vy
are displayed in Fig. 15 where the best-fitting model is shown as a
black-dashed line. We found slopes of 5.15 and —3.22 km s~ kpc™!,
respectively, for Vyy and V. This translates into a velocity difference
between the far side of the SMC at 70 kpc and the near side at 55 kpc
of ~77 km s~ for Vi and ~—48 km s~! for Vy. The eastern, nearest
part of the SMC is therefore moving towards the north-east with
respect to the western, more distant part of the SMC. The direction
of the velocity difference is displayed in Fig. 13.

Itis harder to evaluate the behaviour of the young stellar population
along the line of sight, since radial velocity measurements for our
sample of Cepheids, needed for a thorough study, do not exist.
Given this deficit, we provide only a simplified estimate using radial
velocities of OBA-type stars from Evans & Howarth (2008). Since
they belong to the same young population, we assume that they
have a similar distance distribution and kinematics as the Cepheids.
Fig. 16 shows the massive star sample in the plane of the sky. Except
for the northernmost region (§ > —72°), where no data exist, these
stars cover a comparable area to the Cepheids (indicated as grey dots
in the figure for comparison). The radial velocities show a distinct
and well-known gradient across the SMC with higher velocities in
the eastern part (see also fig. 5 of Evans & Howarth 2008). Such

MNRAS 502, 2859-2878 (2021)

120Z aunp {1 uo Jasn AusiaAlun 819y Aq G/8€Z19/6582/2/20S/o10ne/seiul/woo dnoolwepese//:sdiy woll papeojumod



2874  FE Niederhofer et al.

—200

Vw [km s~1]

—-400

—200

URRAJN | AL L LA B B

-300

—400 bt S R

-500

Vy [km s71]

LN LLARE RERESE RRRI

—600

o b b b b b b B
50 55 60 65 70 75
Distance [kpc]

Figure 15. Tangential velocities in the western (top) and northern (bottom)
directions of SMC Cepheids as a function of their distance. In both panels, a
linear regression fit is shown as a black-dashed line.

-70°

N
N
o

N
o
o

=
=]
o

o .72°
8 -

fun
[=)]
o

adial velocity [km s71]

140 8

-74° 120

100

2h00m  1"30m  00™  oh30™  0O™
RA

Figure 16. Young OBA-type stars with measured radial velocities from
Evans & Howarth (2008), colour-coded by their line-of-sight velocities. The
Cepheid sample is displayed as the grey dots.

a gradient in radial velocity is also present in older (few Gyr) RGB
stars (see fig. 9 of Dobbie et al. 2014). This gradient is commonly
attributed to rotation of the SMC. Based on our results obtained for
the Cepheids, we propose a different interpretation: this line-of-sight
velocity gradient may instead be caused by the fact that the nearest
parts of the galaxy, in the region of the SMC Wing, move with a
higher radial velocity compared with the main body of the galaxy.
Given the additional differences in tangential velocities, these outer
parts might be in the process of being stripped from the SMC. Diaz &
Bekki (2012) show in their simulations that tidal effects can produce
a velocity gradient that is similar to that of a rotating disc. We stress
again that this interpretation is based on the assumption that the
Cepheid sample and the OBA-type stellar sample trace a similar
three-dimensional distribution. For any conclusive answer, radial
velocities of the Cepheid stars are required. Such measurements
will be provided by the One Thousand and One Magellanic Fields
(1001MC) survey (Cioni et al. 2019), which is a consortium survey
with the forthcoming multi-object spectrograph 4MOST that will be
mounted on the VISTA telescope.
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7 SUMMARY AND CONCLUSIONS

In this study, we have applied our techniques developed in pre-
vious studies to measure PMs of SMC stars within 26 VMC
tiles covering ~40 deg? on the sky. We used multi-epoch K, band
observations, spanning time baselines between 13 and 38 months, to
derive absolute PMs with respect to a non-moving reference frame
defined by background galaxies. We modelled the centre-of-mass
motion of the SMC using a Bayesian approach, assuming three
different positions for the centre of the galaxy that are commonly
used in the literature and found the following: ((w ni, UNHD) =
(—0.800 4+ 0.027, —1.195 + 0.012) mas yr*1 for the H1 centre,
(W, opticals N, optical) = (—0.743 £ 0.027, —1.233 £ 0.012) mas yr !
for the optical centre and (Lw, cepheid> UN, Cepheid) = (—0.734 £ 0.027,
—1.237 £ 0.012) mas yr~! for the Cepheid centre. Our values agree
best with the recent determinations from Gaia Collaboration (2018a),
Zivick et al. (2018), and De Leo et al. (2020) using space-based
data. We also presented spatially resolved maps of the absolute and
residual PMs of likely SMC member stars and analysed the internal
motions of the intermediate-age/old and young stellar populations
within the SMC. The map of absolute motion shows a smooth
structure across the area covered by the VMC footprint indicating that
there are no significant systematic offsets among the individual VMC
tiles. The residual maps of both the young and old stars within the
SMC show dynamical patterns that indicate stretching of the galaxy.
Stellar motions towards the north of the galaxy might be related
to the Counter Bridge. We found an ordered streaming motion of
intermediate-age and old stars away from the SMC into the direction
of the Old Bridge, signatures of motions towards the SMC possibly
caused by a tidal feature stripped from the LMC disc, as well as a
directed motion of young stars in the outskirts of the galaxy towards
the young Magellanic Bridge.

Using samples of SMC classical Cepheid stars, we found a
correlation of the tangential velocity with distance to the stars.
Cepheids closer to us move towards the north-east with respect to
those that are more distant. We propose that the east—west radial
velocity gradient may be caused by stars in the near part of the SMC
that are stripped from the galaxy.

In future work, we plan to apply our methods and techniques to
additional VMC tiles, prioritizing the central regions of the LMC. Our
results will be compared with the upcoming Gaia early data release
3 that will provide improved astrometry and PM measurements The
original VMC survey finished observations in 2018 October and was
designed to provide an average time baseline of two years per tile.
We plan to extend the survey for one additional epoch in K for tiles
covering the LMC and SMC, thus providing an extended baseline of
up to 11 yr. This will significantly improve the precision of our PM
measurements, reducing the rms of the stellar PM distribution from
~7.5mas yr~! to less than 4 mas yr~!.
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APPENDIX A: PSF GOODNESS OF FIT

We present here the goodness of fit parameter y from the
DAOPHOT/ALLSTAR photometry routine to evaluate the quality of
the PSF fitting presented in Section 2. We show the distribution of the
x values for two representative VMC tiles, one with high stellar den-
sity (SMC 5_3) and one with low stellar density (SMC 7_4). Fig. Al
shows the x values of all stellar sources detected in every single-
epoch image as a function of K; magnitude as well as the number
of stars per x bin. Within both tiles, the vast majority (=98 per cent)
of all sources have values of x of one or less. Only at brighter mag-
nitudes, there is a large scatter in x, caused by saturated stars. Such
behaviour of the x distribution is expected for well fitted sources.
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Figure A1. Distribution of the goodness-of-fit parameter y for all stellar sources detected within each single-epoch image of tiles SMC 5_3 (left) and SMC 7_4
(right). In both panels, the scatter plot shows the individual x values as a function of K; magnitude, whereas the histogram plot displays the number of stars, N,
per x bin. Note that the abscissa in the histogram plot is in logarithmic units. In both plots, the horizontal dashed line is at x = 1.
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APPENDIX B: POSITIONAL UNCERTAINTIES
OF BACKGROUND GALAXIES

Here, we present the positional uncertainty of background galaxies
for the same representative tiles as shown in Appendix A. Since the
PSF fitting routine of DAOPHOT/ALLSTAR does not provide uncer-
tainties of the measured positions, we instead show the uncertainties
as given by the aperture photometry routine DAOPHOT/PHOT.
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These values can be treated as upper limits. Fig. B1 shows the
positional uncertainties along the detector x- and y-directions for
all sources classified as background galaxies within the single-epoch
images as a function of K; magnitude. Within both tiles, the median
uncertainty along both axes is between ~0.025 and ~0.030 pixels.
This value is in line with what is expected for the VISTA telescope
(Libralato et al. 2015) or other ground-based telescopes (see e.g.
Libralato et al. 2014; Héberle et al., in preparation).
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Figure B1. Distribution of the positional uncertainties for all sources classified as background galaxies within single-epoch observations of tiles SMC 5_3 (left)
and SMC 7.4 (right). The top panels show uncertainties along the detector x-axis, whereas the bottom panels show the ones along the y-axis. In all panels, the
scatter plot shows the individual values as a function of Ky magnitude, whereas the histogram plot displays the number of stars, N, per bin. Note that the abscissa

in the histogram plot is in logarithmic units.
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APPENDIX C: DIFFERENCES BETWEEN VMC
AND GAIA AS A FUNCTION OF STELLAR
POPULATION

Fig. C1 shows the differences between VMC and Gaia PMs in
the K; versus J — K colour—magnitude space for stars within the
VMC-Gaia cross-matched catalogue. Each pixel in the diagrams is

11F 0.100
mE 0.075
e 0.050 =

L ©
: 0.025 E

S 14r 3

© r =

£ 0.000 >

5 15F 3

X oot I

: -0.025 '
16 '{BT:
E -0.050 £
17F . =
E -0.075
18
; e Pl EPEPITETE IS _
-05 0.5 1.0 G-E00

J—Ks [mag]

colour-coded according to the median difference of at least 100 stars.
The largest offset are visible in regions that are populated by MW
foreground stars. That discrepancy is reduced when selecting only
likely SMC member stars (Fig. C2). The discrepancy that is still
present, mainly amongst the young main-sequence stars (regions A
and B) is caused by the low stellar density in these stellar populations.
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Figure C1. K; versus J — K; CMD of sources within the full VMC-Gaia cross-matched catalogue. The colour of each pixel corresponds to the median
difference between the VMC and Gaia PMs. Shown are pixels that contain at least 100 stars. Also shown as the black polygons are regions of different stellar

populations. Left: Difference in . Right: Difference in un.
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Figure C2. Same as Fig. C1 but now for likely SMC members.
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