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A B S T R A C T 

We present proper motion (PM) measurements within the central region of the Large Magellanic Cloud (LMC), using near- 
infrared data from the VISTA surv e y of the Magellanic Cloud system (VMC). This work encompasses 18 VMC tiles co v ering a 
total sky area of ∼28 deg 

2 . We computed absolute stellar PMs from multiepoch observations in the K s filter o v er time baselines 
between ∼12 and 47 months. Our final catalogue contains ∼6322 000 likely LMC member stars with derived PMs. We employed 

a simple flat-rotating disc model to analyse and interpret the PM data. We found a stellar centre of rotation ( α0 = 79 . 95 

◦ + 0 . 22 
−0 . 23 , 

δ0 = −69 . 31 

◦ + 0 . 12 
−0 . 11 ) that is in agreement with that resulting from Hubble Space Telescope data. The inferred viewing angles 

of the LMC disc ( i = 33 . 5 

◦ + 1 . 2 
−1 . 3 , � = 129 . 8 

◦ + 1 . 9 
−1 . 9 ) are in good agreement with values from the literature but suggest a higher 

inclination of the central parts of the LMC. Our data confirm a higher rotation amplitude for the young ( � 0.5 Gyr) stars compared 

to the intermediate-age/old ( � 1 Gyr) population, which can be explained by asymmetric drift. We constructed spatially resolved 

velocity maps of the intermediate-age/old and young populations. Intermediate-age/old stars follow elongated orbits parallel 
to the bar’s major axis, providing first observational evidence for x 1 orbits within the LMC bar. In the innermost regions, the 
motions show more chaotic structures. Young stars show motions along a central filamentary bar structure. 

Key words: surv e ys – proper motion – stars: kinematics and dynamics – galaxies: individual: LMC – Magellanic Clouds. 
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 I N T RO D U C T I O N  

he Large Magellanic Cloud (LMC) and Small Magellanic Cloud 
SMC) have inspired the imagination of people for thousands of 
ears, attempting to explain their nature. The Magellanic Clouds 
re visible by naked eye from the Southern hemisphere and today, 
e know them as a pair of interacting dwarf satellite galaxies of

he Milky Way. Their close proximity (LMC ∼ 50 kpc, de Grijs,
icker & Bono 2014 ; SMC ∼60 kpc, de Grijs & Bono 2015 ) and

ocation below the Milky Way disc and their rich variety of stellar
opulations make them exceptionally interesting objects in many 
elds of astrophysics. In particular, the Magellanic Clouds offer us a 
nique opportunity to witness cosmological processes of hierarchical 
tructure formation (galaxy interaction and minor mergers) in action. 

This traditional view of the Magellanic Clouds as long-time 
ompanions to the Milky Way has changed in the last decades. 
 E-mail: fniederhofer@aip.de 
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sing multiepoch Hubble Space Telescope ( HST ) observations, 
alli v ayalil et al. ( 2006a , 2013 ) and Kalli v ayalil, v an der Marel &
lcock ( 2006b ) measured proper motions (PMs) of stars in several
elds across the LMC and SMC. They found that both Clouds are
oving faster than previously thought. These results imply that 

he Magellanic Clouds are either on their first passage around the
ilky Way or on a long-period orbit (see e.g. Patel, Besla & Sohn

017 ). Recently, Conroy et al. ( 2021 ) reported the detection of a
trong w ak e in the halo of the Milky Way that is caused by the
ravitational interaction between the LMC and the halo of the Milky
ay. The authors argue that the strength of this feature provides

n independent evidence that the Magellanic Clouds are indeed on 
heir first orbit around the Milky Way. 

The Magellanic Clouds experienced several past interactions that 
ikely caused the prominent large-scale dynamical features that we 
bserve today. The Magellanic Stream follows the orbits of the 
louds, spanning more than 200 ◦ on the sky (see e.g. Mathewson,
leary & Murray 1974 ; Nide ver, Maje wski & Butler Burton 2008 ;
’Onghia & Fox 2016 ). It consists of neutral and ionized gas stripped
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Figure 1. Positions and tile numbers of all VMC tiles, co v ering the central 
regions of the LMC. The background grey-scale image shows a stellar density 
map from Gaia eDR3. 
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oth from the LMC and the SMC (e.g. Nidever et al. 2008 ; Richter
t al. 2013 ; Hammer et al. 2015 ). Dynamical simulations suggest
hat a close encounter between the two Clouds ∼2 Gyr ago led to
he formation of the Magellanic Stream (see e.g. Besla et al. 2012 ;
iaz & Bekki 2012 ). The SMC is further connected to the LMC

hrough the Magellanic Bridge (e.g. Hindman, Kerr & McGee 1963 ;
rwin, Kunkel & Demers 1985 ). This tidal feature is younger than
he Magellanic Stream and formed from a direct collision of the
wo galaxies a few hundred Myr ago (see e.g. Diaz & Bekki 2012 ;
esla, Hernquist & Loeb 2013 ; Wang et al. 2019 ; Zivick et al. 2019 ;
chmidt et al. 2020 ). 
Within the last years, a wealth of stellar substructures and streams

ithin the low-surface-brightness outskirts of the Magellanic Clouds
ave been reported. These features attest to the perturbed nature of the
eriphery of the two galaxies and carry valuable information about
heir interaction history. Mackey et al. ( 2016 , 2018 ) disco v ered a
umber of substructures to the North and South of the LMC. Later,
elokurov & Erkal ( 2019 ) identified two long and narrow arcs of

tars that seemed to be pulled out of the disc of the LMC. According
o their simulations, the influence of the SMC as well as that of Milky

ay contributed to the formation of these tidal features. Recently,
ullinane et al. ( 2022 ) showed that a northern substructure was likely
ulled out of the outer disc of the LMC, based on the dynamics and
omposition of the stars within that substructure. The outskirts of the
MC are distorted along its orbit around the LMC, indicating these
e gions hav e been shaped by the gravitational influence of the LMC
Belokurov et al. 2017 ; Mackey et al. 2018 ). Recently, El Youssoufi
t al. ( 2021 ) detected additional substructures to the East of the
MC’s disc and to the North of the SMC. Using data from the first
aia data release, Belokurov et al. ( 2017 ) claimed the detection of a
ridge of old RR Lyrae stars that connects the SMC with the LMC but
s offset from the nominal Magellanic Bridge. The existence of this
ld bridge has since been questioned by Jacyszyn-Dobrzeniecka et al.
 2020 ), arguing that this feature is rather an artefact caused by the
canning law of Gaia . Recent studies, ho we ver, provide independent
vidence that the old bridge might indeed be a real structure (El
oussoufi et al. 2021 ; Niederhofer et al. 2021 ). 
The LMC is classified as a barred spiral galaxy and its structure can

e approximated by a flat inclined disc and a central bar. The large-
cale dynamical structure of the LMC shows an ordered rotation,
ypical for a spiral galaxy. The rotation curve along the line-of-sight
irection has been revealed for both, the gaseous component (see
.g. Luks & Rohlfs 1992 ; Kim et al. 1998 ; Olsen & Massey 2007 )
nd stellar component (e.g. van der Marel et al. 2002 ; Olsen et al.
011 ) of the LMC. Exploiting the full astrometric capacity of modern
bserving facilities, it is now possible to trace the LMC’s internal
M field as well (see e.g. van der Marel & Kallivayalil 2014 ; van der
arel & Sahlmann 2016 ; Gaia Collaboration et al. 2018 ; Vasiliev

018 ; Wan et al. 2020 ; Gaia Collaboration et al. 2021a ). 
The mutual interactions between the Magellanic Clouds, ho we ver,

ave also shaped and affected the internal structure and dynamics of
he LMC, thus the galaxy shows considerable discrepancies from a
imple planar, rotating disc. Studies of the morphology of the disc
av e rev ealed that it is truncated tow ards the West (Mack ey et al.
018 ) and shows a warp in the south-western direction that bends
p to ∼4 kpc from the plane of the LMC in the direction of the
MC (Choi et al. 2018 ). Analysing the residual PM field of the LMC
isc, Choi et al. ( 2022 ) constrained the impact parameter of the latest
MC −SMC encounter to be smaller than the extent of the LMC’s
isc. Olsen et al. ( 2011 ) studied the line-of-sight kinematics of giant
tars within the LMC. They identified a subsample of stars with a
istinct kinematic signature. These stars are either rotating opposite
NRAS 512, 5423–5439 (2022) 
o the LMC rotation or reside in a plane that is inclined with respect
o the main LMC disc. The fact that these stars also have a lower
etallicities than the average LMC disc population suggests that

hese outliers have once been accreted from the SMC. The bar of
he LMC is displaced with respect to the disc and seems to be at
 closer distance to us (Zhao & Evans 2000 ; Nikolaev et al. 2004 ).
he position of the dynamical centre of the LMC is not well defined
nd is still a matter of debate. It has been shown that the rotational
entre of the H I gas (Luks & Rohlfs 1992 ; Kim et al. 1998 ) is offset
rom the photometric centre (van der Marel 2001 ). Furthermore, the
ynamic centre of the stellar component seems to be dependent
n the stellar population (see Wan et al. 2020 , and references
herein). 

In this paper, we continue our study of stellar PMs across the
agellanic system using data from the Visible and Infrared Surv e y

elescope for Astronomy (VISTA) surv e y of the Magellanic Clouds
ystem (VMC; Cioni et al. 2011 ). The ability to derive median PMs
f stellar populations within the Magellanic Clouds from VMC
ata has been demonstrated first by Cioni et al. ( 2014 , 2016 ). In
iederhofer et al. ( 2018a ), we presented an impro v ed method to
easure stellar PMs and demonstrated the potential of VMC data

o measure median PMs of stellar populations that are of the same
uality as those obtained by space-based missions. Subsequently,
hese techniques have been applied to the VMC footprint covering
he SMC (Niederhofer et al. 2018b , 2021 ) and the Magellanic Bridge
Schmidt et al. 2020 ). In this study, we apply our methods to the
entral regions of the LMC (see Fig. 1 ). 

The paper is organized as follows. In Section 2 , we describe the
bservations, the photometry, and the compilation of the data cata-
ogues. We present the calculations of the stellar PMs in Section 3 .

e infer the basic parameters of the LMC in Section 4 by fitting
 simple model of the LMC to our kinematic data. We present the
nalysis of the internal motions of the central LMC in Section 5 .
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n Section 6 , we summarize the main results of the study and offer
urther prospects. 

 OBSERVATIONS  A N D  PHOTOMETRY  

he VMC surv e y pro vides deep and homogeneous photometric data
f the Magellanic system in the near-infrared passbands Y , J , and K s 

aken with the 4.1 m VISTA telescope (Sutherland et al. 2015 ). The
elescope is equipped with the VISTA infrared camera (VIRCAM; 
alton et al. 2006 ; Emerson, McPherson & Sutherland 2006 ) that

s composed of a 4 × 4 array of individual detectors. To co v er
he LMC, a total of 68 VMC tiles are used. Each VMC tile is
omposed of a mosaic of six individual pawprint images that are 
aken with specific offsets in order to co v er the large gaps between
he 16 VIRCAM detectors and observe a contiguous area on the 
ky. The shifts between the individual pawprint images guarantee 
hat most sources within a tile are observed at least twice, except
or two narrow stripes at the edges of a tile. Within the LMC, the
tripes of single observations o v erlap with adjacent tiles in East–
est direction. The total sky area co v ered by a single tile is 1.77 deg 2 

ef fecti vely 1.50 deg 2 for the region with multiple observations). This
ranslates into a sky area coverage of the LMC of ∼105 deg 2 . 

In this work, we analyse 18 VMC tiles of the central LMC region
hat include the bar and the base of the spiral arms (see Fig. 1 ).
hese tiles co v er an area of ∼28 deg 2 and contain regions with the
ighest crowding within the galaxy (up to ∼10 6 detected stars deg −2 

n the VMC data). Here, point spread function (PSF) determined 
tellar centroids are essential for reliable PM measurements. The 
emaining VMC tiles co v ering the outer parts of the LMC with low
tellar densities are analysed in a separate study (Schmidt et al. 2022 ).
s in our previous studies, we only use observations in the K s filter for

he PM calculations (to minimize effects of differential atmospheric 
efraction). Each tile has at least 13 epochs of observations in the
 s passband, whereas 11 are deep exposures (375 s exposure time 
er pawprint image) and two are shallow exposures (187.5 s per 
awprint). The observations of a single tile are distributed over a 
ean time baseline of 2 yr (see Table 1 for more information about

he tiles analysed in this study). 
For all 18 tiles studied in this work, we retrieved pawprint images

t individual epochs from the VISTA Science Archive 1 (VSA; Cross 
t al. 2012 ). These images have already been reduced and calibrated
y the Cambridge Astronomy Surv e y Unit (CASU) using v ersion 1.5
f the VISTA Data Flow System (VDFS) pipeline (Irwin et al. 2004 ;
onz ́alez-Fern ́andez et al. 2018 , see also the CASU webpage 2 ). We
erformed PSF photometry on each detector image separately, using 
n updated version of the photometric pipeline presented in Rubele 
t al. ( 2015 ). This routine is based on IRAF V2.16/D AOPHO T 3 tasks
Stetson 1987 ; Tody 1986 , 1993 ). In our previous studies, we found
hat a PSF model that is held constant per detector and is composed
f an analytic function and a look-up table provides the best choice
or the determination of the stellar centroids. We direct the reader to
iederhofer et al. ( 2021 ) for more details regarding the photometry
n individual images. 
 http:// horus.roe.ac.uk/ vsa 
 ht tp://casu.ast .cam.ac.uk/surveys-project s/vist a/data- processing/version- lo 
 

 IRAF is distributed by the National Optical Astronomy Observatory that 
s operated by the Association of Universities for Research in Astronomy 
AURA) under a cooperative agreement with the US National Science 
oundation. 
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For cross-matching, the stellar positions at individual epochs 
e used deep multiband tile catalogues as our master reference 

atalogues. These catalogues allow us to remo v e spurious detections
rom the single-epoch catalogues and, in addition, contain further 
nformation about the sources, like their colour and their morphology 
hich are not provided in the single-epoch catalogues. The deep 
ultiband catalogues have been created as described in Rubele et al.

 2015 ). In short, for a given filter, all pawprint images from all epochs
ere first standardized to have the same reference PSF and magnitude 

ero-point and subsequently combined to a single deep tile image. 
hen, PSF photometry was performed on these tile images with the
ame routine as described abo v e. The catalogues in the three filters
ere then combined to a single multiband catalogue using a matching

adius of 1. Finally, specific offsets (that are dependent on the tile
nd filter) were added to the magnitudes to calibrate the photometry
o the version 1.5 of the VDFS software (see Gonz ́alez-Fern ́andez
t al. 2018 ). 

 PM  C A L C U L AT I O N S  

ur strategy to calculate the stellar PMs from VMC data is to
etermine them separately for each detector within each pawprint. 
his is to minimize any systematic effects that might arise when
ombining different pawprints. We broadly follow the methods 
resented in Cioni et al. ( 2016 ) and Niederhofer et al. ( 2018a , 2021 )
or the determination of the stellar PMs within each of the 18 LMC
iles. For this study, ho we ver, we slightly updated our techniques in
n attempt to impro v e the quality of the PM measurements. In the
ollowing, we recapitulate the individual steps involved in the PM 

easurements, highlighting the changes with respect to previous 
orks. 

.1 Coordinate transformation to common frame of r efer ence 

n a first step, we selected from the deep tile catalogues only sources
hat are detected in both the J and K s filters and assigned them a
nique identification number. To remo v e spurious detections and 
dentify individual sources within all epochs, we cross-matched the 
ndividual-epoch catalogues with the cleaned deep catalogues using 
 matching radius of 0.2 arcsec (we opted to use a smaller matching
adius compared to our previous studies where we used 0.5 arcsec,
o minimize contributions from miss-matches). Subsequently, we 
xtracted sources from our catalogues that are most likely back- 
round galaxies. As likely background galaxies, we selected objects 
n the deep multiband catalogues that satisfy the following selection 
riteria regarding the sources’ colour, magnitude, and shape: J − K s 

 1.0 mag, K s > 15.0 mag, a sharpness index in J and K s > 0.3, and
n associated stellar probability < 34 per cent. D AOPHO T provides a
harpness for all sources. This parameter indicates how extended a 
ource is with respect to the model PSF. For unresolved objects, it is
ero and greater than zero for extended ones. The stellar probability
f a source is provided in the deep tile catalogues. It is calculated from
he position in the colour–colour diagram, the local completeness and 
he sharpness. For more details on the adopted criteria, see Bell et al.
 2019 ) and Niederhofer et al. ( 2018a , 2021 ). 

In the next step, we transformed the detector x - and y -positions
f all sources at every epoch to a common frame of reference. For
ach tile, we selected the epoch with the best seeing conditions as
ur reference epoch to which we transform all other epochs. The
eeing at these epochs was between 0.75 and 0.88 arcsec. For the
ransformations, we used probable member stars of the LMC as our
eference objects. To get a sample that is as clean as possible, we
MNRAS 512, 5423–5439 (2022) 
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M

Table 1. Overview of the VMC tiles used for this study. The numbers of epochs include both the deep and shallow observations 
(see the text). 

Tile Central coordinates Position angle Number Time baseline 
RA J2000 (h:m:s) Dec J2000 ( ◦: ′ : ′′ ) (deg) of epochs (months) 

LMC 5 2 04:44:01.728 −70:22:21.000 −102.1178 13 33.5 
LMC 5 3 04:56:52.488 −70:34:25.680 −99.1173 13 36.2 
LMC 5 4 05:10:41.543 −70:43:05.880 −96.0612 14 33.7 
LMC 5 5 05:24:30.336 −70:48:34.200 −92.6525 13 14.5 
LMC 5 6 05:36:53.928 −70:49:52.320 −89.8559 13 46.8 
LMC 5 7 05:49:43.944 −70:47:54.960 −86.7456 13 24.3 
LMC 6 2 04:48:39.072 −68:57:56.520 −101.0355 13 33.5 
LMC 6 3 05:00:42.216 −69:08:54.240 −98.2198 13 31.4 
LMC 6 4 05:12:55.800 −69:16:39.360 −95.3605 13 13.0 
LMC 6 5 05:25:16.272 −69:21:08.280 −92.4724 13 34.1 
LMC 6 6 05:37:40.008 −69:22:18.120 −89.5708 13 12.1 
LMC 6 7 05:50:03.168 −69:20:09.240 −86.6715 13 31.9 
LMC 7 2 04:51:17.832 −67:31:39.000 −100.4214 13 24.3 
LMC 7 3 05:02:55.200 −67:42:14.760 −97.7044 14 25.6 
LMC 7 4 05:14:06.384 −67:49:21.720 −95.0871 13 24.1 
LMC 7 5 05:25:58.440 −67:53:42.000 −92.3088 14 34.9 
LMC 7 6 05:37:17.832 −67:54:47.880 −89.6572 13 35.0 
LMC 7 7 05:48:54.000 −67:52:51.240 −86.9403 13 24.9 
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erformed a two-step selection. In the first step, we made use of the
lassification presented in the Gaia early data release 3 (eDR3; Gaia
ollaboration et al. 2021b ) demonstration paper on the Magellanic
louds (Gaia Collaboration et al. 2021a ). We downloaded their
ase sample of Gaia eDR3 data from the Gaia data centre at the
IP 

4 and followed the procedure outlined in detail in the paper to
eproduce their sample of LMC stars. Their selection is based on
riteria involving the stellar magnitude, parallax, and PM. We then
ross-matched this filtered sample with our deep tile VMC catalogues
mploying the following approach. For all VMC tiles, we used the
aia PMs to first determine the sky positions of the Gaia stars at the
ean observing epoch of that tile. We then matched the Gaia and
MC catalogues, selecting the nearest neighbour within a matching

adius of 0.3 arcsec. This initial filter efficiently remo v es Milk y
ay foreground stars at brighter magnitudes ( K s � 16.5 mag). To

emo v e an y residual contamination at fainter magnitudes, especially
n the red side of the LMC’s red giant branch (RGB), we applied
 second selection that is based on selection boxes in the VMC K s 

ersus J − K s colour–magnitude diagram (CMD) (see also Kinson,
li veira & v an Loon 2021 , who designed a similar procedure). The
MD regions used here were first defined by Nikolaev & Weinberg
 2000 ) and Cioni et al. ( 2014 ) and later modified by El Youssoufi
t al. ( 2019b , a ). The left-hand panel of Fig. 2 illustrates these regions,
long with their labels, on top of a stellar density (Hess) diagram in
 s versus J − K s of all sources for which PMs have been determined

see Section 3.2 ). In particular, we selected stars in regions A and B
young main sequence stars), G (blue supergiants), E and K (lower
nd upper RGB), I and N (red supergiants), J (red clump stars), and M
asymptotic giant branch stars). Our final selection yields between
900 (in tile LMC 5 2 which has the lowest stellar density) and
10 000 (for tiles LMC 6 4 and LMC 6 5, which co v er the densest

egions) likely LMC member stars per detector. 
To transform the detector x - and y -coordinates of the sources in the

ndividual epochs to a reference coordinate system, we followed the
teps described in Smith et al. ( 2018 ). We started by dividing each
NRAS 512, 5423–5439 (2022) 

 https://gaia.aip.de 5
etector into a 5 × 5 sub-grid and then performed the transformation
n each of these sub-regions separately. This split into smaller regions
s to account for any large-scale, time-dependent distortions across
he detector chips. To minimize edge effects in the transformation
olution, we excluded from every chip those stars in our catalogue
f likely LMC nature that are located within 6 pixels from the edge
f that detector. For the determination of the transformation of every
ubregion, we additionally included reference stars within a 20 pixels
tripe of the adjacent re gions. F or the fitting of the transformation, we
sed the LEAST SQUARES function from the PYTHON module SCIPY . 5 

e opted for a six-parameter, linear transformation that includes a
hift in the x - and y -directions, a rotation, a magnification in x - and
 -directions as well as a skew. The fitting was then performed in an
terative way. Within each step, we excluded sources with residuals in
xcess of 3 σ (i.e. three times the standard deviation of the distribution
f the residuals) from the best fit, until no sources were remo v ed an y
ore. We then applied the final transformation solution to all sources
ithin the respective detector subregion. 
We inspected the rms residuals of the fit of all detectors and epochs

or every tile. The residuals were generally well below 0.07 pixels.
ithin seven tiles, some detector images show residuals in excess

f 0.08 pixels. We found that epoch 2 of tile LMC 6 5 shows
ystematically higher rms residuals within all images (more than
.03 pixels higher than the rest). We therefore decided to remo v e
his epoch from our further analysis. In addition, we perceived
hat the final epoch of tile LMC 7 5 has systematically higher rms
esiduals that reach up to 0.12 pixels. In the case of LMC 7 5 though,
emoving this low-quality epoch would mean to significantly reduce
he time baseline for the PM determination (from ∼35 months to only

9 months). Hence, we opted to keep this epoch for our calculations.
e inspected the observing conditions of epoch 2 of tile LMC 6 5

nd epoch 14 of tile LMC 7 5. We found that the reason for the lower
uality of these epochs compared to the other ones is that some of
he six pawprint images did not meet the required sky conditions
i.e. the FWHM was larger than required). Since the other pawprint
 https://www .scipy .org/

https://gaia.aip.de
https://www.scipy.org/
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Figure 2. Left: K s versus J − K s stellar density (Hess) diagram for all sources with measured PMs. The black polygons mark regions that contain different 
stellar populations (see the text). Right: As left-hand panel but with probable Milky Way stars remo v ed and corrected for reddening. The regions marked are 
dominated by different LMC stellar populations. 
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bservations of these epoch had good conditions, the o v erall quality
f the epochs was within the requirements. 

.2 Measurement of the PMs 

e calculated the PMs separately for every detector within each 
awprint, using the individual catalogues containing positions in 
he coordinate frame of the respective reference epoch. For each 
ource that was detected within all epochs we fitted a linear least-
quares model to its coordinates as a function of the observing 
ate. We performed the fits independently for the detector x - and
 -positions. The fitting was performed employing again SCIPY ’s 
EAST SQUARES function. We experimented with the various loss 
unctions available within LEAST SQUARES . We found that the ‘linear’ 
nd ‘soft l1’ loss functions provide the best results, where both 
unctions yield virtually the same best-fitting parameters. For the 
ake of computation speed, we ultimately decided to use a ‘linear’ 
oss function. 

The slopes of the fitted linear models for each source represent its
elative PM, since the reference frames are constructed using likely 
MC stars. Hence, in this coordinate frame, the distribution of the 
otion of the stars should be centred at zero. Any non-zero motion
ill be caused by residual motions with respect to the bulk motion of

he stars (and measurement errors). We describe the calibration of the 
elative motions to an absolute scale in Section 3.3 . We performed a
enith polynomial projection of the relative PMs to transform them 

rom pixels day −1 along the detector x - and y -coordinates to angular
otions along the sky RA and Dec. directions. We used the full
orld Coordinate System (WCS) information contained in the FITS 

eaders of the individual detector images of the reference epochs. 
he projection accounts, beside the orientation of the telescope focal 
lane, also for the varying pixel scale across the VIRCAM detector 
rray. The values of the PMs obtained from this projection directly 
orrespond to the PM in RA direction, corrected for the position in
ec, μαcos( δ), and the PM in Dec. direction, μδ . These PMs were
nally converted to the commonly used unit mas yr −1 . Following the
otation from our previous study (Niederhofer et al. 2021 ) and other
M studies of the Magellanic Clouds (e.g. Kalli v ayalil et al. 2006a ;
alli v ayalil et al. 2006b , 2013 ; v an der Marel & Kalli v ayalil 2014 ;
ivick et al. 2018 ), we will hereafter use the following notation:
W 

= −μαcos( δ) (the PM in the western direction) and μN = μδ

the PM in the northern direction). 
Our final stellar PM catalogue consists of ∼9396 000 sources, of

hich about half are unique sources, given the o v erlap of individual
awprint images that form a tile. The left-hand panel of Fig. 2
llustrates these stars within a K s versus J − K s Hess diagram. 

.3 LMC sample selection and calibration to absolute PMs 

ince we did not apply any initial selection criteria to the stars in the
M catalogue, it still contains sources that are not associated with the
MC, but belong to the Milky Way foreground population. For our

urther analysis and the calibration of the PMs to an absolute scale,
e cleaned the catalogue and sorted out those sources that are most

ikely not related to the LMC. We first remo v ed those stars that were
ot selected as probable LMC members by Gaia Collaboration et al.
 2021a ). Since the VMC data are more complete than Gaia eDR3 in
egions of high reddening (e.g. the areas East of the bar), we decided
n this strategy over selecting directly likely LMC stars from the
aia eDR3 catalogue. This ensures that our PM catalogue does not

uffer from the same incompleteness. As described in Section 3.1 , we
urther restricted our sample to CMD regions that are pre-dominantly 
opulated by LMC stars (regions A, B, E, G, I, J, K, M, and N). Before
he CMD-based selection, we corrected the photometry of the sources 
n the PM catalogue for the effect of interstellar reddening. For this,
e used the reddening map from Skowron et al. ( 2021 ) that was
erived from the colours of red clump stars within both Magellanic
louds. We converted the E ( V − I ) reddening values to extinctions in

he individual VISTA passbands via the relations given in Bell et al.
 2019 ). We note here that the reddening correction could already
een applied earlier, before the selection of the reference stars for
he transformation (Section 3.1 ). This would have resulted in a slight
ncrease in the number of reference stars per detector. We found,
o we ver, that this does not have any significant impact on the quality
f the final PM measurements. 
Finally, we constrained our sample to stars with photometric uncer- 

ainties σ ( K s ) ≤0.05 mag. The final cleaned PM catalogue comprises
6322 000 sources, of which about half are unique sources. The

ight-hand panel of Fig. 2 shows the reddening-corrected K s versus J
K s Hess diagram of the stars in the PM catalogue after the removal
MNRAS 512, 5423–5439 (2022) 
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Figure 3. Vector-point diagram of relative PM in western and northern 
direction ( μW 

and μN ) for stars in the cleaned catalogue of likely LMC 

members. The histograms in the top and right-hand panel show the number 
distributions of the relative μW 

and μN . 
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Figure 4. Single pawprint image from tile LMC 6 5. The background colour- 
scale indicates the density of detected sources within each detector. The 
orange filled circles denote sources that have been identified as background 
galaxies. 
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f probable Milky Way foreground stars. The CMD regions that are
sed to further constrain the LMC sample are also indicated. 
Note that the astrometry of VISTA pawprints shows a systematic

attern of the order of 10 −20 mas resulting from residual WCS
rrors. 6 This effect limits the precision of the PM measurements
f single objects, ho we ver, as we have shown in previous studies
Niederhofer et al. 2018a , b , 2021 ), there is no noticeable systematic
ffset in the astrometry. The large uncertainties of the PMs of
ndividual sources, and the resulting broad PM distribution (see
ig. 3 ) prevents us from cleaning our catalogue from Milky Way
tars based on their VMC PMs. The PM distribution of our final
ample of LMC stars has a standard deviation σ ∼5 mas yr −1 and
as an offset from zero of −0.0028 mas yr −1 in the West direction
nd 0.0064 mas yr −1 in the North direction (about a factor of 3–4
etter than the systematic offset we obtained in Niederhofer et al.
021 for the SMC). 
To calibrate the relative PMs to an absolute scale we examined

ifferent strategies. In a first attempt, we tested the method from
revious VMC based PM works (Cioni et al. 2016 ; Niederhofer et al.
018a , b , 2021 ; Schmidt et al. 2020 ), where absolute stellar PMs were
etermined with respect to background galaxies. These galaxies form
 non-moving reference frame owing to their large distances and the
bsolute stellar motions are given by the difference between the
elative motions of the stars and the reflex motions of the galaxies.

e used the sample of galaxies that we identified as described in
ection 3.1 , applied the same transformations as to the stellar sample
nd measured their reflex motions in that coordinate system. We
ubsequently inspected the number distribution of the sample of
ackground galaxies with measured reflex motions. Especially in
egions along the LMC bar with high stellar densities, the number of
ackground galaxies critically drops, with only ∼10 −20 galaxies per
NRAS 512, 5423–5439 (2022) 
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etector (see Fig. 4 ). This low number of reference objects prevents
s from an accurate calibration of the relative motions to absolute
alues within the central bar regions of the LMC. 

We therefore decided on a different strategy that involves, using
aia eDR3 stars that are in common with our LMC sample for

he calibration to absolute PMs. To select only high-quality Gaia
tars, we applied the following selections: renormalized unit weight
rror (ruwe) ≤1.4 and PM uncertainties < 0.3 mas yr −1 in both
omponents. For each detector within each pawprint, we determined
he median difference between the VMC and Gaia PMs, applying
n iterative 3 σ clipping until convergence. The final difference gives
he PM zero-point for a given detector that we subtracted from the
elative VMC PM measurements to put them on an absolute scale. 

.4 Comparison with Gaia eDR3 

o e v aluate the quality and reliability of the PMs determined from
he VMC data, we compared our measurements to the PMs from the
aia eDR3 catalogue. Fig. 5 shows for all stars that are in common
etween our PM catalogue and Gaia eDR3 the differences in μW 

nd μN as a function of the K s magnitude. We only noted small
ffsets between the two data sets for the brightest ( K s � 13 mag)
tars in both PM components ( � −0.07 mas yr −1 for μW 

and �
0.03 mas yr −1 for μN ). We attribute this slight discrepancy to the

mall number of stars in this magnitude range. For the entire sample
f stars in common, we found a median offset of 0.003 mas yr −1 in
he western direction and less than 0.001 mas yr −1 in the northern
irection, confirming an o v erall large-scale consistenc y between our
erived PMs and Gaia eDR3. 
We further examined how our results compare to the measurements

rom Gaia eDR3, as a function of the size of the stellar sample
sed. This will help us to assess the reliability of results that are
ased on variable numbers of stars. We created 500 000 sub-samples
rom our PM catalogue, whereas each sub-sample comprises a
andomly selected number of stars (between 100 and 100 000) that
as randomly drawn from the PM catalogue. For every subset, we

hen calculated the median difference between Gaia eDR3 and our
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Figure 5. Difference between Gaia eDR3 and VMC absolute PMs of our 
sample of LMC stars, as a function of K s magnitude. The orange solid line 
depicts the median calculated in bins of ∼0.5 mag. The bottom plot within 
each of the two panels shows a zoom-in around the median to emphasize 
deviations from zero. Top: Difference in μW 

. Bottom: Difference in μN . 

Figure 6. Median PM differences between Gaia eDR3 and VMC of 
randomly chosen subsamples (solid orange line), along with their standard 
deviation (blue shaded area), as a function of the sample size. Top: Difference 
in μW 

. Bottom: Difference in μN . 
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M measurements. Fig. 6 shows the medians and standard deviations 

f these quantities in bins of 400 stars, as a function of the size of the
ub-samples. We found that for sample sizes of less than 1 000 stars
he 1 σ scatter is abo v e ∼0.1 mas yr −1 , corresponding to ∼24 km s −1 

t the distance of the LMC. The scatter decreases to ∼0.05 mas yr −1 

 ∼12 km s −1 ) for 3000 stars and is below 0.03 mas yr −1 ( ∼7 km s −1 )
or samples containing more than 10 000 stars. 

 M O D E L L I N G  O F  T H E  LMC  

.1 The dynamical model 

o interpret and analyse the motions within the LMC, we model 
he kinematics of the galaxy using our final catalogue containing 
bsolute PMs of likely LMC members. To construct the model, we 
losely follow the formalism described in detail in van der Marel
t al. ( 2002 ): briefly, the LMC is described as a flat, rotating disc
hich is inclined with respect to the plane of the sky. The galaxy

tself mo v es as an entity with a three-dimensional centre of mass
COM) motion and its internal velocity field is represented by circular
otions within the disc. We assume here that there is no precession

r nutation of the disc, since their effects are negligible within the
egions studied in this work (see fig. 10 in van der Marel et al.
002 ). At an y giv en position ( α, δ), the model calculates the total
esulting velocity and relates it to observable PMs in the north and
est directions, by projecting the total velocity on to the plane of the

k y. Hence, the resulting PM v ector consists of contributions from
he COM motion and from the internal velocity field at ( α, δ). The
ontribution of the COM motion to the observed PM field, ho we ver,
s not constant across the galaxy, since differences in viewing angles
esult in different projections of the COM vector on to the plane of
he sk y (perspectiv e e xpansion/contraction). The PM field resulting
rom the model is thus given by 

mod ( α, δ) = μ0 ( α, δ) + μint ( α, δ) , (1) 

here μ0 ( α, δ) is the projected contribution of the COM motion at

 α, δ) and μint ( α, δ) is the PM resulting from the internal rotation. 
The analytical model includes the following parameters: 

(i) The RA and Dec. coordinates of the dynamical centre ( α0 , δ0 ).
(ii) The COM motion along the northern and western directions 

 μN,0 , μW,0 ). 
(iii) The inclination angle ( i ) of the LMC disc with respect to the

lane of the sky. 
(iv) The position angle ( � ) of the line of nodes (the line of

ntersection between the plane of the LMC disc and the sky plane),
easured from north to east. 
(v) The distance ( D 0 ) to the LMC centre. 
(vi) The systemic velocity along the radial direction ( v sys ). 
(vii) The internal rotation curve ( v φ( r )). 

We chose a rotation curve, v φ( r ), of the LMC disc that has the
ollowing form: 

 φ( r) = v 0 

[
1 + 

(
R 0 

r 

)η]−1 /η

. (2) 

his function describes a velocity curve that first linearly rises and
ubsequently levels off to approach a constant terminal velocity, v 0 .
he radius at which the transition takes place is given by R 0 , whereas

he parameter η described the width of this transition region. Since 
ur data probe the inner parts of the LMC disc and extends only out
o radii, where the rotation curve is expected to flatten (see e.g. Wan
t al. 2020 ; Gaia Collaboration et al. 2021a ) we fixed the constant
elocity v 0 in the modelling to 76 km s −1 (e.g. van der Marel &
alli v ayalil 2014 ; Gaia Collaboration et al. 2021a ; Choi et al. 2022 ).

.2 Fitting and results 

or the fitting, we first spatially binned the data on a regular grid in RA
nd Dec. This way, we alleviate the effect of the large scatter of the
ndividual PM measurements and further minimize the susceptibility 
f the final result to outliers. We created an array of 90 × 60 grid cells
f equal area ( ∼0.08 deg × 0.08 deg) and selected only those cells
hat contain at least 100 stars (4940 in total). For the stars within each
f these bins, we determined the median RA and Dec. coordinates
 αi , δi ), the median PMs in west and north directions ( μW, i , μN, i ),
nd the associated errors in the mean ( σ W, i , σ N, i ). 
MNRAS 512, 5423–5439 (2022) 
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To infer the best-fitting parameters of the model and their
ssociated uncertainties, we employed a Bayesian approach. We
onstructed the following log-likelihood function: 

n L = −0 . 5 

( n ∑ 

i= 1 

ln 
(
2 πσ 2 

W ,i 

) + 

(
μW ,i − μW , mod ,i 

)2 

σ 2 
W ,i 

+ ln 
(
2 πσ 2 

N ,i 

) + 

(
μN ,i − μN , mod ,i 

)2 

σ 2 
N ,i 

)
. (3) 

ere, μW, i , μN, i , σ W, i , and σ N, i are the observed quantities as
efined abo v e, whereas μW, mod, i and μN, mod, i denote the model PMs
t the positions ( αi , δi ) of the observed data points. The function
ums o v er all n grid cells. We explored the posterior probability
pace using the Markov Chain Monte Carlo (MCMC) sampler EMCEE
F oreman-Macke y et al. 2013 ) which is a PYTHON implementation of
he af fine-inv ariant MCMC ensemble sampler (Goodman & Weare
010 ). Apart from the constant rotational velocity, v 0 , we further set
he distance to the LMC centre, D 0 , and the systemic line-of-sight
 elocity, v sys , as fix ed parameters. We assumed a distance of 49.9 kpc
de Grijs et al. 2014 ) and a radial velocity of 262.2 km s −1 (van der

arel et al. 2002 ). The remaining parameters of the model are set as
ree parameters for which we chose flat priors. We ran the MCMC
or 2000 steps with an ensemble of 200 w alk ers. After the MCMC
un, we remo v ed an y stuck w alk ers and only considered the last
5 per cent of the chain. Fig. 7 shows the results of the MCMC run
n the form of a corner plot (F oreman-Macke y 2016 ). Note that, for
implicity, we calculated the position angle of the line of nodes in the
odel from west to north. This angle is denoted θ in the corner plot.
he actual position angle, measured from north to east, is then simply
iven by � = θ−90 ◦. We found for the best-fitting parameters: 

α0 = 79 . 95 ◦ + 0 . 22 
−0 . 23 , δ0 = −69 . 31 ◦ + 0 . 12 

−0 . 11 

μW , 0 = −1 . 867 + 0 . 008 
−0 . 008 mas yr −1 , μN , 0 = 0 . 314 + 0 . 014 

−0 . 014 mas yr −1 

i = 33 . 5 ◦ + 1 . 2 
−1 . 3 , � = 129 . 8 ◦ + 1 . 9 

−1 . 9 

R 0 = 2 . 64 + 0 . 09 
−0 . 10 kpc , η = 3 . 2 + 0 . 5 

−0 . 4 . 

he quoted values and the corresponding uncertainties result from
he 50th, 16th, and 84th percentiles of the final marginalized
istributions. 
We also examined ho w sensiti ve our results are to the assumed

alue of v 0 . Recently, Wan et al. ( 2020 ) combined Gaia DR2 PMs
ith photometry from SkyMapper (Wolf et al. 2018 ) to study the
inematics of carbon stars, RGB stars, and young stars within the
MC. For their sample of carbon stars they found a value of v 0 
 83.6 km s −1 . We re-ran the MCMC, now fixing v 0 to the value

rom Wan et al. ( 2020 ). As expected, we obtained dif ferent v alues
or parameters of the rotation curve, in particular, we got a slightly
arger value for the turno v er radius ( R 0 = 2.81 ± 0.11 kpc) and a
maller value for η (2.5 ± 0.3). The results we obtained for the centre
oordinates, the PMs, and the orientation, ho we ver, were within the
 σ uncertainties from our initial run, indicating that our results are
argely insensitive to the exact choice of v 0 . 

From the results of the MCMC, we noted a strong correlation
etween the inferred COM motion and the dynamical centre coordi-
ates (see Fig. 7 ). The main reason for this is that we here co v er only
he inner parts of the LMC where the rotation curve is mostly linearly
ising. In such linear PM field, the position of the rotational centre
s degenerate with the COM motion. Given this degeneracy, we also
nvestigated the case where we fixed the position of the dynamical
entre. We set the coordinates to ( α0 = 81.07 ◦, δ0 = −69.41 ◦),
s derived from Gaia eDR3 PMs (Gaia Collaboration et al. 2021a ).
NRAS 512, 5423–5439 (2022) 
or this case, we further assumed a simplified rotation curve that
nly consists of the linear part, i.e. v φ( r) = ω r with constant angular
elocity ω. Employing the same MCMC analysis as before, we found
he following best-fitting model parameters (see also Fig. 8 ): 

μW , 0 = −1 . 862 + 0 . 002 
−0 . 002 mas yr −1 , μN , 0 = 0 . 383 + 0 . 002 

−0 . 002 mas yr −1 

i = 28 . 7 ◦ + 1 . 4 
−1 . 5 , � = 126 . 0 ◦ + 2 . 5 

−2 . 6 

ω = 24 . 22 + 0 . 29 
−0 . 30 km s −1 kpc −1 . 

ith the dynamical centre held fixed at the position as determined
y Gaia Collaboration et al. ( 2021a ), we found that the motion in
orthern direction increased, from 0.314 mas yr −1 to 0.383 mas yr −1 ,
hereas the motion in western direction remained within the uncer-

ainties. This behaviour is expected from the correlation between α0 

nd μN,0 and the difference between the two centres that is primarily
long the RA direction. Further, the inferred inclination and position
ngles decreases from 33.5 ◦ to 28.7 ◦ and from 129.8 ◦ to 126.0 ◦,
hough, the values of the latter remain within the uncertainties. 

.3 Comparison with previous estimates from the literature 

o put our inferred best-fitting parameters of the LMC from our
wo approaches into context, we compare them to results from the
iterature (see Table 2 ). The location of the LMC’s centre is a quantity
hat has been debated in the literature for many years without a
onclusi ve answer. Dif ferent tracers that have been used to determine
he centre have led to different results, reflecting the disturbed nature
f the LMC. Fig. 9 illustrates various centre positions presented
y literature studies together with the one determined in this work.
uks & Rohlfs ( 1992 ) and, later, Kim et al. ( 1998 ) measured the

otational centre of the gaseous H I disc. The two studies found ( α0 

 78.13 ◦, δ0 = −69.00 ◦) and ( α0 = 79.40 ◦, δ0 = −69.03 ◦),
espectively (note that the coordinates from Luks & Rohlfs 1992
s stated here have been precessed to the ICRS). These centres are
ocated on the western side of the bar and are shifted with respect
o the photometric bar centre which van der Marel ( 2001 ) found to
e at ( α0 = 81.28 ◦, δ0 = −69.78 ◦). From the radial velocities of
arbon stars within the LMC, van der Marel et al. ( 2002 ) deduced
 dynamical centre at ( α0 = 81.91 ◦, δ0 = −69.87 ◦), which, they
aid, is in agreement with the photometric centre of the LMC bar but
nconsistent with the H I centre. van der Marel & Kalli v ayalil ( 2014 )
tudied in detail the velocity structure of the LMC, employing the
M data set that was presented in Kalli v ayalil et al. ( 2013 ) and
btained using three epochs of HST observations. They found for the
M dynamical centre ( α0 = 78.76 ◦, δ0 = −69.19 ◦), which is in
ccordance with the H I centre. Combining the PM data with line-of-
ight velocity measurements of samples of old and young stars, van
er Marel & Kalli v ayalil ( 2014 ) found for the central coordinates
 α0 = 79.88 ◦, δ0 = −69.59 ◦) and ( α0 = 80.05 ◦, δ0 = −69.30 ◦),
espectively. Wan et al. ( 2020 ) studied the dynamics of different
tellar populations within the LMC. For the carbon star population
he authors found ( α0 = 80.90 ◦, δ0 = −68.74 ◦). This position is close
o their derived centre of RGB stars ( α0 = 81.23 ◦, δ0 = −69.00 ◦),
ut inconsistent with the radial velocity centre of carbon stars as
etermined by van der Marel et al. ( 2002 ). We note here that the way
he sources are selected, even for the same type of tracer, may result in
 different location of the centre. van der Marel et al. ( 2002 ) selected
 sample of spectroscopically confirmed carbon stars that are located
t larger radii from the LMC centre. Wan et al. ( 2020 ) identified
arbon stars through their position in the SkyMapper CMD. Their
ample is distributed o v er a large area of the LMC, co v ering also the
nner regions. The centre Wan et al. ( 2020 ) found for the young stars
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Figure 7. Corner plot showing the results of the MCMC sampling for the LMC model fit to the PM data. The scatter plots illustrate the two-dimensional 
marginalized posterior probability distributions of pairwise model parameters. The histograms show the projected distributions in one dimension for all 
parameters. The blue solid lines mark the position of the 50th percentile in each plot, whereas the black dashed lines indicate the 16th and 84th percentile. The 
panels show from top to bottom and left to right: The RA coordinate of the dynamical centre ( α0 ), the Dec. coordinate of the dynamical centre ( δ0 ), the COM 

motion in west direction ( μW,0 ), the COM motion in north direction ( μN,0 ), the inclination of the LMC disc ( i ), the position angle of the line of nodes ( θ ), 
measured from west to north, the scale radius of the rotation curve ( R 0 ), and the exponential coefficient of the rotation curve ( η). 
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 α0 = 80.98 ◦, δ0 = −69.69 ◦), ho we ver, is displaced with respect to
entres of the two older populations and is close to the photometric
entre of the bar. Gaia Collaboration et al. ( 2021a ) determined the
entre of the PM rotation to be at ( α0 = 81.07 ◦, δ0 = −69.41 ◦), which
alls between the PM centres of the old populations as derived by Wan 
t al. ( 2020 ), on the one hand, and the photometric centre on the other
and. Recently, Choi et al. ( 2022 ) studied the PM field of evolved
tars within the LMC disc. They combined PM data from Gaia eDR3
ith radial velocity measurements of RGB, asymptotic giant branch 

AGB) and red supergiant stars and fitted a model to the three-
imensional kinematics of the stars. As the dynamical centre of the
MC, they adopted the centre inferred from the young red supergiant
tars, which was found to be at ( α0 = 80.443 ◦, δ0 = −69.272 ◦).

hen leaving the dynamical centre as a free parameter in our model,
e inferred the position of the centre to be at ( α0 = 79.95 ◦+ 0 . 22 

−0 . 23 , δ0 

 −69.31 ◦+ 0 . 12 
−0 . 11 ). This is consistent within the errors with the centres

erived from HST data when combined with radial velocities. We 
ote that our result is further in close agreement with the positions
f two additional objects: the spiral-shaped H II region LHA 120-
 119 which has been considered to reside at the centre of the LMC,
MNRAS 512, 5423–5439 (2022) 

art/stac712_f7.eps


5432 F. Niederhofer et al. 

M

Figure 8. As Fig. 7 but now for fixed coordinates of the dynamical centre 
( α0 , δ0 ). Here, the panels show from top to bottom and from left to right: The 
COM motion in west direction ( μW,0 ), the COM motion in north direction 
( μN,0 ), the inclination of the LMC disc ( i ), the position angle of the line of 
nodes ( θ ), measured from west to north and the angular velocity ( ω). 
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iven its position and morphology (see e.g. Pennock et al. 2021 )
nd the position of a tentative central black hole in the LMC. Based
n MUSE data, Boyce et al. ( 2017 ) analysed the kinematics of the
entral square degree of the LMC. They found a 3 σ upper limit of
0 7 M � for a putative central black hole. However, the position they
rovide is only at the 1 σ confidence level. 
Our values for the COM motion of the LMC are in general

greement with the range of measurements from other studies. In
articular, μW,0 and μN,0 agree best with the values found by Wan
t al. ( 2020 ), Gaia Collaboration et al. ( 2021a ), and Choi et al. ( 2022 ).
e further note that our results for μN,0 are significantly larger than
hat was found by van der Marel & Kalli v ayalil ( 2014 ), using PMs

rom HST observations and by Gaia Collaboration et al. ( 2018 ) using
aia DR2 PMs. 
The viewing angles under which we see the LMC have been

stimated using various tracers and techniques. Like for the centre
ocation, results from different studies co v er a wide range of values,
uggesting that the various stellar populations and the structures they
race within the galaxy do not reside in the same plane but are warped
nd tilted with respect to each other. Thus, the results obtained depend
n the studied region and sky coverage, as well as on the stellar
racer used. The orientation can be estimated using stellar dynamics
as it has been done in this study) or using a pure geometrical
pproach. Such geometric determinations employ distance indicators
ike Cepheid stars or red clump stars to fit a flat plane to the three-
imensional distribution of these stars. We found for the area studied
n this work (the central ∼7 × 4 degrees of the LMC) an inclination
f i = 33 . 5 ◦ + 1 . 2 

−1 . 3 and a position angle of � = 129 . 8 ◦ + 1 . 9 
−1 . 9 (dynamic

entre as a free parameter) and an inclination of i = 28 . 7 ◦ + 1 . 4 
−1 . 5 and

 position angle of � = 126 . 0 ◦ + 2 . 5 
−2 . 6 (fixing the centre position).

ur values for the inclination are in general agreement with the
easurements from other studies, whereas our results of the position

ngle are lower than what was found in most studies. Based on
NRAS 512, 5423–5439 (2022) 
epheid distances within the central ∼4 deg of the LMC, Nikolaev
t al. ( 2004 ) found an inclination of 30.7 ◦ ± 1.1 ◦ which is close
o what we found for the inclination for a similar portion of the
MC. Interestingly, for the case where we left the centre as a free
arameter, our derived viewing angles are also consistent with what
as found by van der Marel et al. ( 2002 ) and Gaia Collaboration

t al. ( 2021a ), although the values from these two studies were
btained from more extended portions of the galaxy. Inno et al.
 2016 ) (using Cepheids), Subramanian & Subramaniam ( 2013 ), and
hoi et al. ( 2018 ) (both using red clump stars) analysed the geometry
nd structural parameters of the LMC disc. For their studied areas,
hey found consistent values for the inclination of ∼25 ◦ (Inno et al.
016 : 25.05 ◦ ± 0.55 ◦; Subramanian & Subramaniam 2013 : 25.7 ◦

1.6 ◦; Choi et al. 2018 : 25 . 86 ◦ + 0 . 73 
−1 . 39 ). These three studies and also

hoi et al. ( 2022 ) further investigated the variation of the viewing
ngles as a function of the galactocentric distance and all found
ariations of i and � within the inner ∼3 ◦ with respect to the outer
egions, indicating that the bar is orientated differently than the disc
f the LMC. Whereas Inno et al. ( 2016 ) and Choi et al. ( 2018 ,
022 ) found that the inclination and position angle both increase
ith decreasing radius, Subramanian & Subramaniam ( 2013 ) found
 smaller inclination and a larger position angle in the inner regions.
ur inferred values for the inclination angle would thus support the

cenario of the bar being more inclined than the disc. Ho we ver, our
eri ved lo w v alues of the line-of-nodes position angle are not in
greement with an increased position angle of the bar. 

 I NTERNA L  M OT I O N S  O F  T H E  LMC  

ith the help of the basic parameters of the LMC galaxy that we
etermined in the previous section, we are now able to analyse the
nternal velocity field in the frame of the LMC (i.e. in a frame where
he LMC is at rest, that is aligned with the plane of the galaxy and
here the motions are corrected for perspective contraction). We
e-projected the measured PMs back to the plane of the LMC by
olving equations (5), (9), (11), and (13) in van der Marel et al.
 2002 ) for v ′ x and v ′ y , the velocities within the LMC disc plane. Note
hat this de-projection is uniquely defined without the knowledge of
he individual radial velocities of the stars, since we assume that the

otions are solely within the disc (without any motion perpendicular
o the plane of the disc). The de-projection and determination of v ′ x 
nd v ′ y was done using the parameters resulting from our model
ith a free dynamical centre ( α0 = 79.95 ◦, δ0 = −69.31 ◦, μW,0 =
1.867 mas yr −1 , μN,0 = 0.314 mas yr −1 , i = 33.5 ◦, and � = 129.8 ◦).

.1 Rotation cur v es 

e determined the median tangential velocity v φ within 15 radial
ins of ∼0.27 kpc to construct the rotation curve of the inner parts
f the LMC. The result is illustrated in Fig. 10 as green data points.
n the figure, we also show as a green solid line the theoretical
otation curve (equation 2 ) that follows from our inferred best-fitted
odel parameters. As can be seen, the measured rotation velocities

re well reproduced by the model curve. From the figure, it is also
vident that our data trace the linear portion of the rotation curve and
he transition region but do not reach the parts where the rotation
pproaches the constant terminal velocity v 0 . From our model, we
ound for the transition radius R 0 a value of 2.64 ± 0.09 kpc which is
ithin the range of measurements from other works. It is closest to the
easurement from Gaia Collaboration et al. ( 2021a ) who employed

he same form of the parametrized v elocity curv e for the fitting as we
id in this study. They found R 0 = 2.94 kpc for a dynamical centre
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Table 2. Collection of derived parameters of the LMC disc from this work and from literature studies. 

α0 δ0 μW,0 μN,0 i � Reference 

(deg) (deg) (mas yr −1 ) (mas yr −1 ) (deg) (deg) 

79.95 + 0 . 22 
−0 . 23 −69 . 31 + 0 . 12 

−0 . 11 −1 . 867 + 0 . 008 
−0 . 008 0.314 + 0 . 014 

−0 . 014 33.5 + 1 . 2 −1 . 3 129.8 + 1 . 9 −1 . 9 This work (free centre) 

81.07 a −69.41 a −1 . 862 + 0 . 002 
−0 . 002 0.383 + 0 . 002 

−0 . 002 28.7 + 1 . 4 −1 . 5 126.0 + 2 . 5 −2 . 6 This work (fixed centre) 

81.91 ± 0.98 −69.87 ± 0.41 – – 34.7 ± 6.2 129.9 ± 6.0 van der Marel et al. ( 2002 ) 

79.40 b −69.03 b – – 30.7 ± 1.1 151.0 ± 2.4 Nikolaev et al. ( 2004 ) 

81.91 ± 0.98 c −69.87 ± 0.41 c – – – 142 ± 5 Olsen et al. ( 2011 ) 

79.91 d −69.45 d – – 25.7 ± 1.6 141.5 ± 4.5 Subramanian & Subramaniam ( 2013 ) 

78.76 ± 0.52 −69.19 ± 0.25 −1.910 ± 0.020 0.229 ± 0.047 39.6 ± 4.5 147.4 ± 10.0 van der Marel & Kallivayalil ( 2014 ) (PMs) 

79.88 ± 0.83 −69.59 ± 0.25 −1.895 ± 0.024 0.287 ± 0.054 34.0 ± 7.0 139.1 ± 4.1 van der Marel & Kallivayalil ( 2014 ) (PMs + v LOS old stars) 

80.05 ± 0.34 −69.30 ± 0.12 −1.891 ± 0.018 0.328 ± 0.025 26.2 ± 5.9 154.5 ± 2.1 van der Marel & Kallivayalil ( 2014 ) (PMs + v LOS young stars) 

80.78 e −69.30 e – – 25.05 ± 0.55 150.76 ± 0.07 Inno et al. ( 2016 ) 

82.25 f −69.5 f – – 25.86 + 0 . 73 
−1 . 39 149.23 + 6 . 43 

−8 . 35 Choi et al. ( 2018 ) 

78.77 g −69.01 g −1.850 ± 0.030 0.234 ± 0.030 [30.0,40.0] [111.4, 134.6] Gaia Collaboration et al. ( 2018 ) 

80.90 ± 0.29 −68.74 ± 0.12 −1.878 ± 0.007 0.293 ± 0.018 25.6 ± 1.1 135.6 ± 3.3 Wan et al. ( 2020 ) (Carbon Stars) 

81.23 ± 0.04 −69.00 ± 0.02 −1.824 ± 0.001 0.355 ± 0.002 26.1 ± 0.1 134.1 ± 0.4 Wan et al. ( 2020 ) (RGB Stars) 

80.98 ± 0.07 −69.69 ± 0.02 −1.860 ± 0.002 0.359 ± 0.004 29.4 ± 0.4 152.0 ± 1.0 Wan et al. ( 2020 ) (Young Stars) 

80.61 h −69.58 h – – 22 ± 4 167 ± 7 Cusano et al. ( 2021 ) 

81.07 −69.41 −1.847 0.371 33.28 130.97 Gaia Collaboration et al. ( 2021a ) (free centre) 

81.28 i −69.78 i −1.858 0.385 34.08 129.92 Gaia Collaboration et al. ( 2021a ) (fixed centre) 

80.443 −69.272 1.859 0.375 23.396 + 0 . 493 
−0 . 501 138.856 + 1 . 360 

−1 . 370 Choi et al. ( 2022 ) 

a PM centre taken from Gaia Collaboration et al. ( 2021a ); b H I rotational centre taken from Kim et al. ( 1998 ); c rotation centre from carbon stars radial velocities, taken from van 

der Marel et al. ( 2002 ); d photometric centre from de Vaucouleurs & Freeman ( 1972 ); e centre of the Cepheid distribution; f centre of the outer isophlets taken from van der Marel 

( 2001 ); g H I rotational centre taken from Luks & Rohlfs ( 1992 ); h centre of the RR Lyrae distribution; i photometric centre taken from van der Marel ( 2001 ). 

Figure 9. Illustration of various inferred positions of the LMC’s centre, from 

this study (denoted as VMC) and from the literature. The background colour 
image displays the density of stars with measured VMC PMs. The other labels 
in the figure refer to the following centre estimates: H I Luks and H I Kim: H I 

rotation curve from Luks & Rohlfs ( 1992 ) and Kim et al. ( 1998 ), respectively; 
HST : HST PMs from van der Marel & Kallivayalil ( 2014 ); Phot: photometric 
centre from van der Marel ( 2001 ); CS Radial: carbon stars radial velocities 
from van der Marel et al. ( 2002 ); Gaia eDR3: PMs from Gaia eDR3 from Gaia 
Collaboration et al. ( 2021a ); SkyMapper CS, RGB and Young: SkyMapper 
photometry combined with Gaia DR2 PMs of carbon, RGB and young stars 
from Wan et al. ( 2020 ); Red Supergiant: Gaia eDR3 PMs combined with 
line-of-sight velocities of red supergiants (Choi et al. 2022 ). We also show 

here the position of a possible central black hole (BH) as inferred by Boyce 
et al. ( 2017 ), as well as the position of the spiral-shaped H II region LHA 

120-N 119 (N 119). 
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Figure 10. Measured rotation curves resulting from the PMs of all stars 
(green dots) of only old stars (orange squares) and of only young stars (blue 
diamonds). The green solid line indicates the rotation curve, resulting from 

our best-fitting model parameters. The blue dashed line shows a rotation curve 
that was fitted to the young population only. The vertical grey dashed line 
marks the inferred transition radius R 0 from the entire stellar sample. 
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xed at the photometric centre and R 0 = 2.89 kpc when leaving the
entre coordinates as a free parameter. Other PM studies of the LMC
ound for the radius, after which the rotation curve becomes flat, 
alues of 1.18 ± 0.48 kpc (van der Marel & Kalli v ayalil 2014 ) and
.39 ± 0.12 kpc (Wan et al. 2020 ). Both studies assumed a simplified
otation curve that only consists of a linearly rising and a flat part. 

We further examined the rotation curve for the young ( � 0.5 Gyr)
nd intermediate-age/old ( � 1 Gyr) stellar populations separately. 
or the sample of young stars, we selected in the K s versus J − K s 

MD the young main-sequence stars (regions A and B), supergiants 
region G), and red supergiants (region N). We did not include region
 (supergiants), since even after the correction for reddening, this 
MD region still contains a non-negligible fraction of stars from the
GB. For the intermediate-age/old stellar sample, we chose RGB 

tars (regions E and K), AGB stars (region M), and red clump stars
region J). The orange squares in Fig. 10 illustrate v φ as a function of
MNRAS 512, 5423–5439 (2022) 
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Figure 11. Measured rotation curves for the individual stellar populations 
that have been selected based on the CMD regions (see the text). The rotation 
curv es hav e been constructed using bin sizes of 0.8 kpc for regions A, G, B, 
and M and 0.4 kpc for regions J, K, and E. In the figure, we did not include 
regions I (mixture of young supergiant and RGB stars) and N (not enough 
stars to construct the rotation curve). 

R  

c  

t  

o  

b  

r  

c  

a  

d  

c  

p  

i  

a  

v  

a  

e  

M  

h  

T  

s  

t  

o  

v  

t  

c  

d  

(  

K
 

p  

p  

t  

(  

∼  

w  

∼  

p  

o  

o  

t  

b  

b  

A  

n  

r  

A  

t  

t  

v  

o  

∼  

t  

f  

t  

t  

c
 

p  

r  

t  

t  

L  

o  

e  

a  

r  

T  

a  

d  

o  

s  

y  

fi  

l  

W  

y  

r  

r  

e  

n  

a  

s
 

b  

o  

G  

i  

o  

c  

c  

e  

v  

t  

r  

a  

T  

L  

(  

s  

d  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/512/4/5423/6554251 by guest on 13 M
ay 2022
 for the intermediate-age/old stellar populations. These data points
losely follow the relation of the entire stellar sample, indicating
hat it is dominated by the older population. For the construction
f the rotation curve of the young population, we chose a larger
in size (0.4 kpc) owing to the low number of young stars. The
esulting curve is displayed as blue diamonds in Fig. 10 . From a
omparison of the data points from the young and intermediate-
ge/old populations, it is evident that the young stars follow a
ifferent rotation curve than the older population. We fitted a model
urve of the form of equation ( 2 ) to the data points of the young
opulation (blue dashed line in Fig. 10 ). The best-fitting solution
mplies that the young stars, compared to the older stars, follow
 curve that has a steeper linear part as well as a higher constant
elocity, at least within the inner parts. This behaviour is expected
nd is in agreement with PMs from Gaia eDR3 (Gaia Collaboration
t al. 2021a ) and also line-of-sight velocity measurements. van der
arel & Kalli v ayalil ( 2014 ) found that young red supergiant stars

ave a higher rotational velocity than older red giant and AGB stars.
hey measured v 0, LOS = 55.2 ± 10.3 km s −1 for their old stellar
ample and v 0, LOS = 89.3 ± 18.8 km s −1 for the young stars. From
he fit to our sample of young stars, we obtained a rotation amplitude
f v 0 = 90.1 ± 9.0 km s −1 which is consistent with the results by
an der Marel & Kallivayalil ( 2014 ). The higher rotation speed of
he younger stellar population, compared to the older population,
an be explained by an asymmetric drift, where the smaller velocity
ispersion of the young population leads to higher rotation velocity
see van der Marel, Kallivayalil & Besla 2009 ; van der Marel &
alli v ayalil 2014 ). 
Looking at the separate rotation curves of the individual stellar

opulations (see Fig. 11 ), we can see that the different young
opulations (within CMD regions A, B, and G) all show stepper rota-
ion curves than the ones from the intermediate-age/old populations
within CMD regions J, K, and E). Their curves cross at a radius of
1 kpc. The intermediate-age/old populations show similar curves,
hereas there seem to be moderate differences within the inner
1.5 kpc between the red clump (region J) and lower RGB (region E)

opulation on the one side, and the upper RGB (region K) population
n the other side. Within this spatial region, the tangential velocity
NRAS 512, 5423–5439 (2022) 
f the upper RGB stars falls below the rotation curve resulting from
he best-fitting model. The lower mean velocity could be explained
y an o v erall older population of upper RGB stars within the central
ar region. An interesting case depicts the rotation curve of the
GB stars (region M). The innermost parts show indications of a
e gativ e tangential v elocity. Between radii of ∼1 and ∼2 kpc, the
otation curve follows the ones from the RGB and red clump stars.
t ∼2 kpc, a jump in v φ to higher values is evident, after which

he rotation velocity of the AGB stars is more similar to the one of
he young stars. This peculiarity can also be seen in the tangential
 elocity curv es presented in Gaia Collaboration et al. ( 2021a ). Since
ur sample of AGB stars co v ers a broad range of ages (between
1 Gyr and ∼5 Gyr; see El Youssoufi et al. 2019b ), we speculate that

his jump is caused by a transition between different morphological
eatures that trace stars with different median ages. Within ∼2 kpc,
he AGB stars are distributed within the bar, whereas at radii larger
han ∼2 kpc, the AGB stars are situated within a spiral arm that
ontains stars that are on average younger than the bar population. 

While examining the rotation curve of the combined young stellar
opulations shown in Fig. 10 , we also noted that the innermost
adial bin of the young stellar population shows a ne gativ e median
angential velocity. Together with the rotation curve of the AGB stars,
his might hint at a population of stars in the very central parts of the
MC that rotates slower than expected or even moves in a direction
pposite the main sense of rotation of the galaxy. An alternative
xplanation is that the negative tangential velocities of the young stars
re caused by motions within a disc that is tilted and displaced with
espect to that defined by the intermediate-age/old stellar population.
his interpretation is supported by the fact that the dynamical centre
nd disc geometry of the LMC found in previous literature studies
epend on the stellar tracers used. To further assess, this we fitted
ur dynamical model to our young stellar sample only to infer their
tructural parameters. Ho we ver, we found that the data of solely the
oung stellar population did not provide sufficient quality for the
tting and the MCMC did not converge. We therefore decided to use

iterature measurements to de-project the PMs of the young stars.
e found that employing the parameters from Wan et al. ( 2020 ) for

oung main-sequence stars and from Choi et al. ( 2022 ) for young
ed supergiants leads to tangential velocities within the innermost
egions that are consistent with positive values. Gaia Collaboration
t al. ( 2021a ) also reported the disco v ery of re gions of low and
e gativ e rotational v elocities within the central LMC re gions. The y
rgue that such signatures could either be caused by counter-rotating
tars or deviations from a simple planar velocity field. 

We finally compare our rotation curve with the results obtained
y Schmidt et al. ( 2022 ) who studied the PMs of stars within the
uter VMC tiles of the LMC, using a combination of VMC and
aia eDR3 data. The tangential velocities from their study are

llustrated in Fig. 12 , along with the best-fitting rotation curves
f the combined and young stellar population from this work, for
omparison (as displayed in Fig. 10 ). Also shown is the rotation
urve of the combined stellar populations from Gaia Collaboration
t al. ( 2021a ). The small data points indicate the median tangential
elocities within individual Voronoi cells. We can see that most of
he Voronoi cells show velocities that lie abo v e the rotation curves
esulting from this work and from Gaia eDR3. There are, ho we ver,
lso a number of cells with velocities that are considerably smaller.
hese data points belong to regions in the south-eastern part of the
MC disc that shows a systematically slower rotation. Schmidt et al.
 2022 ) relate this peculiar kinematic behaviour to a population of
tripped SMC stars that rotates in the opposite sense and therefore
ilutes the rotational signal in these parts of the LMC disc. We further
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Figure 12. Measured rotation velocities of the outer VMC tiles of the LMC 

from Schmidt et al. ( 2022 ). The small coloured data points correspond to 
median values within Voronoi cells containing similar numbers of stars. The 
large symbols with error bars illustrate the mean values of these velocities 
from the Voronoi cells within radial bins and the resulting standard errors 
of the mean. Here, orange squares (blue diamonds) correspond to the 
intermediate-age/old (young) stellar population. The green solid and blue 
dotted lines are the same as in Fig. 10 but now shown o v er a larger radial extent. 
The red solid line indicates the measured rotation curve of the combined 
stellar population, resulting from the Gaia eDR3 data (Gaia Collaboration 
et al. 2021a ). 
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inned the velocities of the individual Voronoi cells in radial direction 
o study the behaviour of the rotation velocity as a function of the
istance to the centre of the galaxy, as well as a function of the stellar
opulation. The large orange squares and blue diamonds in Fig. 12 
how the radially binned velocity data from Schmidt et al. ( 2022 )
or the intermediate-age/old ( � 2 Gyr) and young ( � 1 Gyr) stellar
opulations, respectively. We can see that the binned mean rotation 
elocities are consistent with the relation for the intermediate-age/old 
tellar population derived in this work and the rotation curve resulting
rom the combined stellar population from the Gaia eDR3 data. 

ithin ∼2.5 kpc, the data from Schmidt et al. ( 2022 ) are dominated
y the slowly rotating parts of the LMC disc. We note that the
oung population shows a higher mean rotational velocity than the 
ntermediate-age/old population only within the inner ∼3.5 kpc, 
hereas v φ of the young stars falls below the relation we derived

or the young population. At radii greater than ∼4 kpc, the rotational
elocities of both the young and intermediate-age/old populations 
how signs of a decrease. This behaviour of the rotation curve is
onsistent with previous measurements (e.g. Wan et al. 2020 ; Gaia 
ollaboration et al. 2021a ; Choi et al. 2022 ) and is partially caused
y elliptical orbits (van der Marel & Cioni 2001 ). 

.2 Internal velocity maps 

o visualize the internal velocity field of the central parts of the
MC, we built spatially resolved velocity maps for the young and 

ntermediate-age/old stellar populations. To produce maps in a more 
 amiliar w ay, we show them in a coordinate system with axes aligned
ith the local RA and Dec. directions. For this, we rotated the v ′ x 

nd v ′ y components of the velocities back by the angle � . We further
rojected the RA and Dec. coordinates of the stars to a flat plane
sing a zenithal equidistant projection as defined in van der Marel &
ioni ( 2001 ) with our inferred dynamical centre as the centre of the
rojection. To construct the maps, we spatially binned the kinematic 
ata using the Voronoi tessellation code developed by Cappellari & 

opin ( 2003 ) as described by Kamann et al. ( 2016 , 2018 ). 
The resulting velocity map of the intermediate-age/old stellar 
opulations is presented in Fig. 13 . The map is composed of 255
oronoi cells in total, which contain approximately 20 000 stars 
ach. The arrows represent the median velocity within these cells. As
xpected, the map shows overall a regular clockwise rotation pattern. 
he high-velocity vectors evident near the 30 Doradus star-forming 

egion ( x ∼ −1.5 ◦, y ∼ 0.0 ◦) are most likely an artefact caused by the
ombination of the following two effects: first, the short time baseline
or the PM calculation ( ∼12 months) within tile LMC 6 6 results
n large associated uncertainties, and second, the high reddening 
ombined with crowding issues caused by the high stellar densities 
n this region leads to a low number of stars with measured PMs.
n the regions of the bar, we can see deviations from circular orbital
otions. Stars seem to mo v e on elongated orbits aligned with the
ajor axis of the stellar bar (see also Fig. A1 for a stream plot

epresentation of the orbits). To quantify this, we calculated for 
ach Voronoi cell the radial component v r of the normalized median
elocity. The resulting map is presented in Fig. 14 . The figure shows
n increase of v r within the bar structure, compared to the outer parts,
alidating the non-circular nature of the orbits in these regions. Such
longated orbits belong to the so-called x 1 family of periodic orbits
see e.g. Contopoulos & Papayannopoulos 1980 ; Athanassoula et al. 
983 ; Sk ok os, Patsis & Athanassoula 2002 ) and are considered to
rovide the main contribution for the support of the bar structure.
ur velocity map provides the first direct observ ational e vidence 

or the existence of such orbits within the LMC. It also indicates
hat the x 1 orbit family indeed is the pre v ailing one within the bar.
his disco v ery pro vides an important contribution to the study of
ynamical properties of barred galaxies, since the Magellanic Clouds 
re at present the only galaxies where such orbits can be investigated
sing PMs (this is not yet possible for galaxies outside the Local
roup). The very central parts of the bar close to the dynamical

entre show contributions from irregular and chaotic motions (see 
ig. 15 for a zoom-in figure of the central region with a finer Voronoi

essellation). Such chaotic velocity structure might be responsible for 
 homogeneous chemical pattern within the bar by le velling of f any
etallicity gradient of the various stellar populations inside the bar 

see e.g. Choudhury et al. 2021 ; Grady, Belokurov & Evans 2021 ). 
Fig. 16 shows the map of the velocity field from the young stellar

opulations. To account for the low number of young stars, this map
s composed of 94 Voronoi bins with each cell containing about 3000
tars. The map shows a less ordered velocity structure with a clear
egular rotational pattern only evident in the northern and south- 
estern parts. As for the intermediate-age/old stellar population, the 
otions within the 30 Doradus region are not reliable. The underlying 

tellar density map in Fig. 16 shows a clear thin, filamentary bar
tructure of young stars that was already observed in the morphology
aps presented by El Youssoufi et al. ( 2019b ). We also note that this

tructure is offset from the inferred dynamical centre. Within the 
ar structure, the stars show more irregular motions; ho we ver, there
eem to be preferred directions of motion that are along the filament.

 SUMMARY  A N D  C O N C L U S I O N S  

n this study, we applied our techniques to measure stellar PMs to
8 VMC tiles co v ering ∼28 de g 2 of the central re gions of the LMC.
e derived stellar positions from individual-epoch PSF photometric 

atalogues spanning time baselines between 12 and 47 months, and 
alculated absolute PMs with respect to well-measured stars from 

he Gaia eDR3 catalogue. To analyse the resulting PMs, we fitted a
imple model of a flat rotating disc to our data. Below we summarize
ur main results: 
MNRAS 512, 5423–5439 (2022) 
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M

Figure 13. Velocity map of the intermediate-age/old LMC stellar populations. Each arrow represents the median velocity of ∼20 000 stars. The background 
colour image illustrates the density of the intermediate-age and old stars with measured VMC PMs. The dynamical centre derived in this study is marked by an 
orange cross. Also shown as white solid lines are contours of constant stellar density. North is to the top and east is to the left. 

Figure 14. Map of the radial component of the velocities shown in Fig. 13 . 
Each Voronoi cell is colour-coded by the radial component of the normalised 
v elocity v ector within each cell. The grey solid lines are the same contours of 
constant stellar density as in Fig. 13 . The dynamical centre is indicated with 
a white cross. 
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Figure 15. Zoom-in version of Fig. 13 to highlight the velocity field of 
the bar region. To better visualize the kinematic details, here each arrow 

represents the median velocity of ∼15 000 stars, resulting in a finer Voronoy 
tessellation (346 cells in total). 
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(i) Leaving the location of the dynamical centre as a free pa-
ameter in the fitting, we found coordinates ( α0 = 79 . 95 ◦ + 0 . 22 

−0 . 23 ,
0 = −69 . 31 ◦ + 0 . 12 

−0 . 11 ). This inferred position of the rotational centre is
n close agreement with the one resulting from HST measurements
van der Marel & Kallivayalil 2014 ). 
NRAS 512, 5423–5439 (2022) 
(ii) We found the orientation angles of the central regions of the
MC (bar and inner disc) to be in general agreement with values from

he literature. The inferred value for the inclination ( i = 33 . 5 ◦ + 1 . 2 
−1 . 3 )

a v ours a higher inclination of the bar region with respect to the outer
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Figure 16. Similar to Fig. 13 , but now for the young stellar population. Here, the arrows represent the median velocity of ∼3000 stars. The background colour 
image shows the density of young stars with measured VMC PMs. 
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arts of the disc. Our obtained value for the position angle of the line
f nodes ( � = 129 . 8 ◦ + 1 . 9 

−1 . 9 ), meanwhile, is lower than most of the
alues from other literature studies and is not consistent with the bar
aving a larger position angle. 
(iii) The young stellar population follows a different rotation curve 

han the intermediate-age/old population with a higher constant 
otational velocity, confirming previous findings from PM and radial 
elocity data. The rotation curve of the AGB stars shows a jump
o higher tangential velocity values, which could be explained by 
GB stars tracing different morphological features with diverse mean 

tellar ages. 
(iv) Our velocity maps show that intermediate-age/old stars follow 

longated orbits that are aligned with the major axis of the bar
tructure, providing first direct observational evidence for orbits 
f the x 1 family within the LMC. In the central parts of the bar,
he velocity structure of the intermediate-age/old stellar population 
hows contributions from chaotic motions. 

(v) The velocity map of the young stars shows ordered circular 
otions only in the outer regions of our studied area. In the

nner regions, the stars seem to predominantly move along a thin 
lamentary bar structure composed of young stars that is offset from

he inferred dynamical centre. 

For future studies, we plan to add one additional epoch of
bservations in the K s filter to the original VMC surv e y. The
dditional epoch will increase the time baseline for PM calculations 
rom ∼2 yr to up to 12 yr, which will significantly reduce the
ystematic uncertainties of the PM measurements. A combination 
f these updated PM measurements with large-scale spectroscopic 
ata sets, like the 4MOST One Thousand and One Magellanic 
ields (1001MC) surv e y (Cioni et al. 2019 ) will provide the unique
pportunity to study the chemo-dynamical history of the Magellanic 
loud system in unprecedented detail. 
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