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A B S T R A C T 

The structure of the Small Magellanic Cloud (SMC) outside of its main body is characterized by tidal branches resulting from 

its interactions mainly with the Large Magellanic Cloud (LMC). Characterizing the stellar populations in these tidal components 
helps to understand the dynamical history of this galaxy and of the Magellanic system in general. We provide full phase- 
space vector information for Southern Bridge clusters. We performed a photometric and spectroscopic analysis of twelve SMC 

clusters, doubling the number of SMC clusters with full phase-space vector information known to date. We reclassify the sample 
considering 3D distances and 3D velocities. We found that some of the clusters classified as Southern Bridge objects according 

to the projected 2D classification actually belong to the Main Body and Counter-Bridge in the background. The comparison of 
the kinematics of the genuine foreground Bridge clusters with those previously analysed in the same way reveals that Southern 

Bridge clusters are moving towards the LMC and share the kinematics of the Northern Bridge. Adding to our sample clusters 
from the literature with CaT metallicity determinations we compare the age–metallicity relation of the Southern Bridge with 

the one of the Northern Bridge. We reinforce the idea that both regions do not seem to hav e e xperienced the same chemical 
enrichment history and that there is a clear absence of clusters in the Northern Bridge older than 3 Gyr and more metal poor than 

−1.1, which would not seem to be due to a selection effect. 

K ey words: galaxies: e volution – (galaxies): Magellanic Clouds – galaxies: star clusters: general. 

1

T  

r  

i  

�

m

W  

6  

i  

t  

b  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/527/4/10632/7478025 by U
niversidade Federal do R

io G
rande do Sul (U

FR
G

S) user on 23 April 2024
 I N T RO D U C T I O N  

he Large and Small Magellanic Clouds (LMC and SMC,
espectively) constitute one of the most interesting pairs of
nteracting dwarf galaxies. Due to their proximity to the Milky
 E-mail: cparisi@unc.edu.ar (MCP); roliveiraastro@gmail.com (RAPO); 
ateusangelo@cefetmg.br (MSA); astro.bdias@gmail.com (BD) 
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a  

Published by Oxford University Press on behalf of Royal Astronomical Socie
Commons Attribution License ( https:// creativecommons.org/ licenses/ by/ 4.0/ ), whi
ay (MW) (LMC: 49.59 ± 0.54 kpc, Pietrzy ́nski et al. 2019 ; SMC:
2.44 ± 0.81 kpc, Graczyk et al. 2020 ) and the fact that their
ndividual stars can be resolved, these galaxies have made it possible
o study in detail not only the chemical and dynamical evolution
ut also how interaction tidal processes can shape the morphology
f this kind of galaxies (e.g. Zivick et al. 2018 ; De Leo et al. 2020 ;
atel et al. 2020 ; Fern ́andez-Trincado et al. 2020 ; Nidever 2023 ). 
Numerous evidences that the Magellanic Clouds (MCs) are inter-

cting with each other and with the MW can be found imprinted in
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ty. This is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 
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Figure 1. Distribution of SMC clusters included in this work as well as those 
studied previously by the VISCACHA collaboration ( Paper III and Paper IV ) 
superimposed to the objects from Bica et al. ( 2020 ) catalogue. Also clusters 
from the literature having CaT metallicities are included. The ellipse is used 
to delimit the projected location of the SMC main body. Thick dashed lines 
split the regions outside the main body into different 2D SMC components 
defined by Dias et al. ( 2014 , 2016 ). 
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ifferent characteristics of their stellar populations (e.g. Dobbie et al. 
014 ; Subramanian et al. 2017 ; De Leo et al. 2020 ). For example,
ince the MCs are gas-rich galaxies, close encounters between them 

ould have produced bursts of star and cluster formation (e.g. Glatt, 
rebel & Koch 2010 ; Bitsakis et al. 2018 ; Rubele et al. 2018 )

nd subsequent chemical enrichment (e.g. Pagel & Tautvaisiene 
998 ). Also, complex patterns of velocities can be observed in the
tellar populations due to g alaxy–g alaxy interaction (e.g. Niederhofer 
t al. 2018 ; 2021 ; Zivick et al. 2018 ; James et al. 2021 ) and stellar
 v erdensities are suggested to be the products of stretching and tidal
tripping processes (e.g. Pieres et al. 2017 ; El Youssoufi et al. 2021 ;
ullinane et al. 2023 ). 
Besides, several tidal trails can be found around the MCs (e.g. 
ackey et al. 2018 ; Belokurov & Erkal 2019 ; Nidever et al. 2019 ; El

oussoufi et al. 2021 ; Gaia Collaboration 2021b ). In the particular 
ase of the SMC, the galaxy we will focus on in this paper, the
agellanic Bridge (e.g. Dias et al. 2021 ; Omkumar et al. 2021 ),

he Counter-Bridge (e.g. Ripepi et al. 2017 ; Murave v a et al. 2018 ;
ias et al. 2021 ; Niederhofer et al. 2021 ; Omkumar et al. 2021 ),

nd the West Halo (Dias et al. 2016 ; Niederhofer et al. 2018 ; Zivick
t al. 2018 ; Tatton et al. 2021 ) are examples of tidal trails, all of them
ocated outside of the Main Body (Dias et al. 2016 ; Parisi et al. 2022 )
nd interpreted as the consequences of the LMC–SMC interaction 
e.g Besla et al. 2012 ; Diaz & Bekki 2012 ). Therefore, studying the
tellar populations spatially separated into these tidal components 
an help to understand the dynamical history of the SMC in the
ontext of its interactions with its partner the LMC and the MW. Any
heoretical model that attempts to explain the formation, evolution, 
nd history of the MCs must be able to reproduce the properties of
heir stellar populations. 

Star clusters are excellent tracers of all the processes that their host
alaxies have undergone, and the star cluster system of the SMC is
ot an exception. Dias et al. ( 2014 ) first introduced the framework
f analysing the properties of the star clusters separating them into 
amples according to the coincidence of their projected positions with 
he aforementioned tidal components (Main Body, Wing/Bridge, 
ounter-Bridge, and West Halo, see Fig. 1 ). This approach was 

ubsequently applied to some works yielding interesting results (e.g. 
ias et al. 2016 ; De Bortoli et al. 2022 ; Parisi et al. 2022 ). 
In that sense, our group, as part of the international collaboration 

ISCACHA (VIsible Soar photometry of star Clusters in tApii 
nd Coxi HuguA) Surv e y 1 and its spectroscopic follow-up, has 
een systematically observing star clusters in the SMC outskirts in 
rder to analyse their structures, kinematics, dynamics, and chemical 
volution. The obtained photometric and spectroscopic data, using 
he intruments SOAR (SOuthern Astrophysical Research telescope) 
daptive Module Imager (SAMI) and Gemini Multi-Object Spectro- 
raphs (GMOS) at Gemini-S, allowed the determination of accurate 
istances, radial velocities (RV), ages, and metallicities of a number 
f clusters from the catalogue of Bica et al. ( 2020 ). Using this
nformation, along with proper motions (PM) from Gaia eDR3 2 

Gaia Collaboration 2021a ), we analysed the Magellanic Bridge, 
ounter Bridge (Dias et al. 2021 , hereafter Paper III ) and the West
alo (Dias et al. 2022 , hereafter Paper IV ) in the 8D parameter space

6D phase-space vector, age, and metallicity), disco v ering that the 
ridge and Counter-Bridge are roughly aligned along the LMC–
MC direction and they are both moving away from the SMC in
pposite directions along the LMC–SMC axis. 
 http:// www.astro.iag.usp.br/ ∼viscacha/ 
 https:// archives.esac.esa.int/ gaia 
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W  
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The Magellanic Bridge is a large structure that extends towards 
he LMC, inicially thought only to contain gas and young stellar
opulations (Putman et al. 2003 ; Harris 2007 ). Subsequent studies
evealed that there is a second branch (which we call the Southern
ridge) not aligned with the LMC and having an old stellar content

raced by RR Lyrae (Belokurov et al. 2017 ; Jacyszyn-Dobrzeniecka 
t al. 2017 ). More recently, our work about the Bridge ( Paper III )
ro vided an ev en more interesting scenario, showing the e xistence
f a third branch (see also some initial partial evidence by Nidever
t al. 2013 ; Omkumar et al. 2021 ). This third branch (which we
efer to as Northern Bridge) would be traced by star clusters that
o v e from the SMC towards the LMC. We marked in Fig. 1 the

rojected location on the sky of the Southern Bridge and Northern
ridge, as well as the other previously mentioned tidal components. 
he N -body simulation of Diaz & Bekki ( 2012 ) suggested that the
ounter-Bridge was formed together with the Magellanic Bridge 
 ∼250 Myr ago) as its tidal counterpart. In Paper III , we found
he first star cluster belonging to the Counter-Bridge. Additionally, 
n VISCACHA’s Paper VII (Oliveira et al. 2023 ) two groups of
tar clusters were identified: one younger (formed in situ ) and
ne older (tidally dragged from the SMC) than the Magellanic 
ridge. 
Continuing this line of research, we now focus on the Southern

ridge. We also include two clusters from the West Halo and
ne cluster from the Counter-Bridge for which we have data. In
ections 2 and 3 , we describe the observations, data reduction, and the
rocedures we employed for the cluster parameter determinations. 
e discuss in Section 4 the structure and kinematics of the studied

luster sample and we summarize our work and conclusions in 
ection 5 . 
MNRAS 527, 10632–10648 (2024) 
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 OBSERVATION  

he SMC clusters sample analysed in this paper includes nine clusters
rom the Southern Bridge, two from the West Halo and one from
he Counter-Bridge, according to the classification by Dias et al.
 2016 ). In this way we complement our previous works ( Paper III and
aper IV ), wherein clusters of the Wing/Bridge, Counter-Bridge, and
est Halo were observed and analysed in a homogeneous way. The

istribution of the clusters kinematically analysed by VISCACHA
an be seen in Fig. 1 . Clusters from Parisi et al. ( 2009 , 2015 ) and
eisler et al. ( 2023 ) with available CaT metallicities are also included

n this figure. 
The photometric images were obtained with the SOAR adaptive

ptics module (SAM) of the SOAR 4-meter telescope in the context
f the VISCACHA project, under the programmes SO2016B-015,
O2017B-014, SO2019B-019, CN2020B-001, and SO2021B-017.
AM is a ground-layer adaptive optics instrument using a Rayleigh

aser guide star (at ∼7 km from the telescope (Tokovinin et al. 2016 ),
nd was employed with its internal CCD detector (SAMI) binned into
 2 x 2 configuration, yielding a resolution of 0.091 arcsec pixel −1 

 v er its 3.1 × 3.1 arcmin 2 field of view. Long and short exposures
ere acquired for each target in the V and I filters of the Johnson–
ousins photometric system; Stetson ( 2000 ) standard star fields were
lso observed during each night to allow photometric calibration. 

For the particular case of cluster HW 79, the obtained I exposure
as not deep enough due to technical problems. Therefore we
sed the magnitudes in the g and i bands from the Surv e y of
he MAgellanic Stellar History (SMASH; 3 Nidever et al. 2017 ),
hich were obtained from Point-Spread Function Fitting hotom-

try (PSF) performed on their pre-images using D AOPHO T (Stetson
987 ).Quality control of the SMASH sources was ensured by filtering
ut those with D AOPHO T parameters abs(SHARP) > 1 . 0 and χ2 

 3.0, and SExtractor stellar probability < 0.8, as instructed in
art ́ınez-Delgado et al. ( 2019 ). An additional cut leaving only stars
ith three or more detections in the g band ( ndetg ≥ 3) was made

o a v oid stars located in the gaps between the Dark Energy Camera
DECam) CCDs. 

On the other hand, the GMOS Trinational Project between Chile,
razil, and Argentina is in charge of carrying out the spectroscopic

ollow-up of the VISCACHA Surv e y. Therefore, cluster pre-images
n the g and r filters and spectra for a number of red giant
tars in the field of the clusters have been obtained in the CaT
egion. The instrument GMOS on Gemini-S was used to obtain
 total of ∼370 spectra in the 12 observed clusters, under the
rogrammes GS-2019B-Q-303, GS-2020B-Q-321, and GS-2021B-
-134. We use the next instrumental configuration: the R831
rating, the CaT blocking filter, slits having a 1.0 arcsec width
nd central wavelength at ∼8540 Å. This configuration allowed to
btain spectra with a resolution of ≈2000 that co v er a spectral
ange of ∼7345–9705 Å. Since the CaT technique is suitable to
ed giant stars (Da Costa & Hatzidimitriou 1998 ; Cole et al. 2004 ;
ias & Parisi 2020 ), we selected the spectroscopic targets from

he cluster colour–magnitude diagrams (CMDs) red giant branches.
ll the rele v ant information about the observations are presented in
NRAS 527, 10632–10648 (2024) 

able 1 . 
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 DATA  R E D U C T I O N  A N D  CLUSTER  

A RAMETER  D E T E R M I NAT I O N S  

.1 Data reduction of photometric and spectroscopic data 

hotometric data processing was performed using standard IRAF

outines for mosaic CCD data reduction: MSCRED for bias subtrac-
ion and flat-field correction and CRUTIL for cosmic rays removal.
strometric calibration was done by MSCCMATCH , using the Gaia

DR3 catalogue as astrometric reference; typical root mean square
RMS) residuals of these calibrations are inferior to 0.1 arcsec.
xposures were then co-added into the final mosaics by using

he World Coordinate System to register them to a global frame.
hotometry was carried out by applying our o wn de veloped IDL

ode, which is based on STARFINDER (Diolaiti et al. 2000 ), to
erform PSF photometry in all co-added exposures. Photometric
alibration was done by employing a set of (Stetson 2000 ) standard
tar fields, observed nightly, and the MCPS catalogue (Magellanic
louds Photometric Surv e y; Zaritsk y et al. 2002 ), when available.
ore details about these procedures are explained in detail in the
ISCACHA Paper I (Maia et al. 2019 ). 
The spectroscopic GMOS/Gemini-S data were reduced with the

se of dedicated IRAF tasks available in version 1.14 of the Gemini
RAF package. 4 The detailed scripts (developed by M. Angelo) are
ublicly available 5 and the general steps are briefly described here.
he GMOS frames were pre-reduced with the usual procedures of
ias and o v erscan subtraction and flat-field division (GSREDUCE
ask). Bad pixels across the detector’s arrays (together with the
nilluminated gaps between the CCDs) were corrected by means
f local linear interpolations (GMOSAIC and FIXPIX tasks) with
he use of dedicated bad pix el masks. The pix el v ersus λ calibrations
GSWAVELENGTH task) were derived from CuAr arc-lamp spectra
nd the catalogued emission line lists available in the Gemini IRAF

ackage. The RMS of the fitting residuals were typically smaller than
0.05 Å (i.e. typically smaller than ∼10 per cent of a pixel size, for

n employed dispersion of 0.76 Å pix −1 ). Bright emission sky lines
rom the list of Hanuschik ( 2003 ) were used as references along with
he arc-lamps in order to properly find the absolute zero-points in the
avelength solutions. 
After that, the spectra were ( i ) corrected for differences in quantum

fficiency between the detector chips (GQECORR task), ( ii ) cleaned
f cosmic rays with the use of the Laplacian Edge Detection
lgorithm (LACOSMIC task; van Dokkum 2001 ), ( iii ) corrected for
istortions along the spatial direction (GSTRANSFORM task), ( iv )
ackground subtracted (GSSKYSUB task), ( v) extracted to the usual
ux × wavelength format (GSEXTRACT task), and ( vi ) normalized

o the continuum level (CONTINUUM task) by fitting low-order
olynomials to the 8450–8710 Å spectral range. 

.2 Radial velocity measurement 

adial velocities (RVs) for the present sample were determined
rom cross-correlation ( IRAF ’s FXCOR task) between the science
pectra and a set of theoretical templates taken from Paula Coelho’s
ibrary (Coelho 2014 ). The synthetic templates were first degraded in
pectral resolution, in order to properly match the GMOS/Gemini-
 science spectra ( R ≈ 2000), then converted to the same wave-

ength dispersion scale and finally continuum-normalized. The
 https:// www.gemini.edu/ observing/ phase-iii/ reducing-data/ gemini-iraf- 
ata- reduction- software 
 http:// drforum.gemini.edu/ topic/ gmos- mos- guidelines- part- 1/

https://datalab.noirlab.edu/smash/smash.php
https://www.gemini.edu/observing/phase-iii/reducing-data/gemini-iraf-data-reduction-software
http://drforum.gemini.edu/topic/gmos-mos-guidelines-part-1/
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Table 1. Log of observations. 

Cluster Date Grism/filter Exp. time (s) Airmass FWHM (arcmin) 

SAMI/SOAR photometry 
B 4; OGLE 317 2021-11-08 V , I 3 x 400, 3 x 600 1.38 0.63, 0.50 
B 98ne, RZ 120 2021-11-08 V , I 3 x 400, 3 x 600 1.39 0.65, 0.54 
BS 75 2016-11-02 V , I 6 x 200, 7 x 300 1.40 0.85, 0.65 
BS 80 2021-11-08 V , I 3 x 400, 3 x 600 1.40 0.61, 0.49 
ESO 51SC9 2017-10-22 V , I 6 x 200, 6 x 300 1.33 0.64, 0.49 
HW 20; RZ 39 2016-09-27 V , I 6 x 200, 5 x 300 1.40 0.66, 0.44 
HW 36; RZ 109 2021-11-07 V , I 3 x 400, 3 x 600 1.41 0.70, 0.58 
HW 66; ESO 29 − 36; 
OGLE 307 

2017-10-22 V , I 5 x 200, 5 x 300 1.44 0.77, 0.64 

HW 79 a – – – – –
L 14; RZ 9 2021-11-07 V , I 3 x 400, 3 x 600 1.36 0.64, 0.57 
RZ 158 2021-11-08 V , I 3 x 400, 3 x 600 1.45 0.81, 0.63 
RZ 107, B 94 2016-09-27 V , I 6 x 200, 6 x 300 1.40 0.63, 0.49 

GMOS/Gemini-S pre-images 
B 4 2021-07-29 g , r 4 x 50, 4 x 166 1.40 0.78, 0.72 
B 98ne 2019-09-27 g , r 4 x 50, 4 x 166 1.40 1.58, 1.30 
BS 75 2019-08-06 g , r 4 x 50, 4 x 166 1.60 1.20, 1.08 
BS 80 2019-09-04 g , r 4 x 50, 4 x 166 1.53 1.33, 1.22 
ESO 51SC9 2021-07-29 g , r 4 x 50, 4 x 166 1.30 0.75, 0.72 
HW 20 2019-10-06 g , r 4 x 50, 4 x 166 1.51 1.18, 1.16 
HW 36 2019-10-06 g , r 4 x 50, 4 x 166 1.56 1.28, 0.94 
HW 66 2019-09-27 g , r 4 x 50, 4 x 166 1.62 1.34, 0.96 
HW 79 2019-09-27 g , r 4 x 50, 4 x 166 1.71 1.17, 1.10 
L 14 2021-07-29 g , r 4 x 50, 4 x 166 1.48 0.77, 0.62 
RZ 107 2019-09-26 g , r 4 x 50, 4 x 166 1.59 0.88, 0.85 
RZ 158 2019-10-06 g , r 4 x 50, 4 x 166 1.64 1.31, 1.23 

GMOS/Gemini-S multi-object spectroscopy 
B 4 2021-10-14 R831 + CaT 4 x 902 1.39 0.92 
B 98ne 2021-01-09 R831 + CaT 5 x 903 1.54 0.98 
BS 75 2019-12-07 R831 + CaT 4 x 878 1.39 1.12 
BS 80 2021-01-05 R831 + CaT 4 x 903 2.19 0.82 
ESO 51SC9 2021-10-15 R831 + CaT 4 x 902 1.33 0.96 
HW 20 2021-01-04 R831 + CaT 4 x 903 1.69 0.76 
HW 36 2021-01-04 R831 + CaT 4 x 903 1.79 0.74 
HW 66 2021-01-11 R831 + CaT 4 x 903 1.64 0.85 
HW 79 2020-12-24 R831 + CaT 4 x 903 1.68 0.80 
L 14 2021-10-15 R831 + CaT 4 x 902 1.45 1.04 
RZ 107 2020-12-21 R831 + CaT 4 x 903 1.45 0.92 
RZ 158 2020-12-25 R831 + CaT 4 x 903 1.82 0.84 

Note. The full width at half-maximum (FWHM) for the GMOS/Gemini-S pre-images and SAM/SOAR images were measured on the reduced and combined 
images. The FWHM for the spectroscopic observation is a reference in the V band. 
a Due to technical problems it was not possible to obtain a deep I image for HW 79. For this cluster photometry from the SMASH Surv e y was used (see text for 
details). 
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elected models present log ( g) = 1 . 0 and 4700 ≤ T eff ( K) ≤ 5300,
alues that are representative of stars in the red giant branch 
hase. We also allowed for a relatively large range in metallicity 
 −1.3 ≤ [Fe/H] (dex) ≤−0.5), totalizing 12 templates with these 
election criteria. 

For each science −template comparison, individual RV values 
re derived from fitting the peak of the cross-correlation function. 
he final RV of each star, together with its associated uncertainty, 
orresponds to the mean value obtained with the ensemble of 
ynthetic templates. 

.3 Spectroscopic metallicity determination 

he equi v alent widths (EWs) of the CaT lines were measured from
he spectra in the rest frame by fitting a Gaussian plus Lorentzian
unctions to the line profiles (Cole et al. 2004 ). We followed the
rescriptions of Dias & Parisi ( 2020 ) and built the CaT index as
he sum of the EWs of the three CaT lines, �EW = EW 8498 +
W 8542 + EW 8662 . Most of the spectra have a high enough signal to
oise ratio (between 30 and 100) to be able to correctly fit the three
ines. Ho we ver, in a few cases, the weakest line is not adequately
efined to make a satisfactory fit. In such cases the CaT index was
omputed from the EWs of the two most intense lines ( �EW =
W 8542 + EW 8662 ) and then corrected, according to equation (5)
f Dias & Parisi ( 2020 ), to the value it would have if the three
ines could have been measured. The �EW was also corrected for
he effects of temperature and surface gravity through the reduced 
qui v alent width ( W 

′ ), which is a direct indicator of metallicity (Da
osta 1991 ). We use equation (4) and the value of the slope in the r
lter, βr = 0.67 ± 0.07, from Dias & Parisi ( 2020 ) to calculate the
 

′ of each observed star. The r versus g − r CMDs and our own
ython script allowed us to derive the horizontal branch level (see
MNRAS 527, 10632–10648 (2024) 
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ias & Parisi 2020 for details). Finally, metallicities were calculated
ith equation (8) from Dias & Parisi ( 2020 ). 
For the membership selection, we followed the methodology inher-

ted from Grocholski et al. ( 2006 ) that combines RVs, metallicities,
nd distances of the observed stars to the centre of the corresponding
luster. The empirical cluster size adopted here is its tidal radius
 r t ), derived by us following the procedure described below. On the
ther hand, we have adopted the same cuts in RV ( ±10 km s −1 )
nd metallicity ( ±0.20 dex) as in our previous works. Stars that lie
utside the distance, RV, and metallicity cuts are coloured in Fig. A1
n blue, cyan, and green, respectively, and have been discarded as
ikely cluster members. We consider as cluster members those stars
hat are consistent with the three cuts and they are identified by red
ymbols in Fig. A1 . 

The cluster’s structural parameters are derived from the fitting of
he King ( 1962 ) model to the radial density profile (RDP). The RDPs
ere built following the procedure described in detail in Paper I. The
ethod is based on completeness-corrected stellar counts (e.g. Maia,
oraux & Joncour 2016 ) in annular bins of several sizes using the

alibrated V and I images, except for the cluster HW 79 for which
nly the V image was used, due to the reasons explained in Section
 . The RDPs and the results are shown in Fig. A2 as well as the
orresponding fitted King functions (dashed lines). Also, the derived
ackground/foreground stellar density ( σ 0 ) and the core and tidal
adii ( r t and r c, respectively) are specified in the figures. 

In Table 2 we present, for each cluster in our sample, the mean RV
nd metallicity (together with the corresponding errors) determined
rom those stars identified as cluster members according to our
nalysis. 

.4 Statistical decontamination and isochrone fitting 

or the statistical decontamination, which assigns photometric mem-
ership probability to each star, we used the method described in
etail in Maia, Corradi & Santos ( 2010 ). This is the same procedure
hat we have used in all previous VISCACHA works: Paper I, Paper
II , Paper IV , Paper V (Bica et al. 2022 ); Paper VII and Paper
III (Saroon et al. 2023 ). The CMD of a nearby control field is

ompared with the CMD of the cluster, both having similar densities
nd reddening. The CMDs are properly binned into a uniform grid of
ells, in which the local density of stars are compared. The expected
umber of members and the membership probability are derived
rom the o v erdensity of stars within a given cluster cell relative to
he corresponding field cell and from the distances of these stars
rom the cluster centre. This process is iterated using several grid
onfigurations to obtain the final membership values. 

The SIRIUS code (Souza et al. 2020 ) was employed to fit the
econtaminated CMDs using PARSEC isochrones (Bressan et al.
012 ) through a Bayesian approach based on the Markov chain
onte Carlo sampling method. The likelihood function of each star

onsists of a χ2 in each CMD axis to find the best-fitting isochrones,
ncluding the photometric errors. Three other quantities are also
onsidered: the membership value (stars with higher membership
ave a higher weight), the number of neighbour stars on the CMD
smaller weight for regions containing more stars), and a set of
riors. A prior distribution can be introduced for any well-known
eature or parameter to better constrain the parameter space and
 v ercome de generacies. In the present case, we used both the
bserved red clump locus and the [Fe/H] derived from the CaT
nalysis as Gaussian priors, as done in Paper III and Paper IV .
he latter one is applied with a fixed standard deviation of 0.20
ex in order to not constrain too much the posterior distributions. In
NRAS 527, 10632–10648 (2024) 
eneral, the [Fe/H] prior is consistent with the final solution, but those
lusters with discrepant metallicities, even considering uncertainties,
re indications that a compromise between a more metal-rich CMD
hape and the CaT value is found. 

In Table 2 , we list for each studied cluster the parameters
esulting from the isochrone fits. CMDs for our sample cluster
nd the corresponding corner plots with the likelihood distributions
re presented in Figs A3 and A4 . Metallicity, being a common
arameter between photometric and spectroscopic procedures, is an
xcellent point of comparison that allows quantifying the quality
f photometric fits. As it is possible to see in Table 2 , there is
 systematic offset between the metallicity values determined by
oth methods. There are many sources of uncertainties in the model
sochrones that may be contributing to the observed metallicity
ifference between photometry and spectroscopy, for example the
ixing length (Joyce & Chaboyer 2018 ), rotation (Maeder & Meynet

000 ; Nguyen et al. 2022 ), o v ershooting, and atomic diffusion
Cassisi, Salaris & Bono 2002 ). The mean difference between
Fe/H] CaT and [Fe/H] CMD is 0.13 with a standard deviation of 0.08.
his value is smaller than the mean error in the determination of the
etallicity of the individual stars (0.20 dex) which corresponds to

he metallicity cuts adopted in our membership analysis. Therefore
he agreement between the photometric and spectroscopic determi-
ations is good. In all subsequent analysis, we decided to use the CaT
etallicities. 

.5 Proper motions 

or each cluster in the sample, we downloaded the PMs and parallax
ata from the Gaia eDR3 catalogue. We centred our search on the
luster’s coordinates using a radius of 5 arcmin. In this way, we co v er
n area larger than the one of the clusters, according to the tidal radii
etermined by us (see Table 2 and Fig. A2 ). We built the Vector Point
iagrams for the 12 clusters, which are shown in Fig. A5 . As in our
revious papers, we selected stars with the criteria as constructed
rom Vasiliev ( 2018 ), but with a more relaxed constraint on PM errors
o establish a better compromise between statistics and uncertainties.

e selected stars with σμα
< 0 . 35 mas yr −1 , σμδ

< 0 . 35 mas yr −1 ,
nd π < 3 σπ , equi v alent to parallaxes consistent with zero. In the
gures, the stars available in Gaia eDR3 within the cluster radius, that
t our selection criteria, are shown with coloured symbols according

o their distance to the corresponding cluster centre. Spectroscopic
argets that are cluster members according to our membership proce-
ure are marked (black circles) as well as their average PMs weighted
y the individual PMs errors (red arrows). The adopted mean PMs
red crosses) are compared with the ones of the SMC and Magellanic
ridge regions (see Paper III for details about the determination of

hese regions). All identified spectroscopic cluster members present
he Gaia Renormalized Unit Weight Error parameter smaller than 1.4,
hich is an indicative of a good astrometric solution (Lindegren et al.
021 ). 

.6 Comparison with previous determinations 

ll clusters from our sample have been previously investigated by
ther authors, but not in an homogeneous way, that is one of the
oals of this work. In Table 3 , we have summarized the parameters
hat can be found in the literature so that the reader can make a
etailed comparison of our determinations with those made by other
orks. In this paper, we hav e deriv ed for the first time the [Fe/H]
alues for the clusters RZ 107 and B 98ne and the distance of the
lusters RZ 107, B 98ne, HW 36, and ESO 51SC9. All our cluster
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Table 2. Derived parameters for the star clusters. (1) Cluster name; (2) and (3) ( α, δ) coordinates from Bica et al. ( 2020 ); (4) and (5) coordinates relative to 
the SMC centre; (6) deprojected angular distance from the SMC centre a following the definition by Dias et al. ( 2014 ); (7) classification from Dias et al. ( 2014 , 
2016 ) (2D) and from Paper III and Paper IV (3D); (8) number of member stars and observed stars corresponding to the GMOS/Gemini-S spectroscopy; (9) and 
(10) RV hel and [Fe/H] CaT from GMOS/Gemini-S spectra; (11)–(14) age, [Fe/H], E ( B − V ), distance from VISCACHA CMD isochrone fitting; (15)–(18) [ μα ·
cos ( δ), μδ] PMs from Gaia eDR3 with their respective dispersions σμα

and σμδ
.; (19) cluster tidal radius ( r t ). 

Cluster αJ2000 δJ2000 αrel δrel a 2D/3D class 
a 

(hh:mm:ss.s) (dd:mm:ss) (deg) (deg) (deg) 
(1) (2) (3) (4) (5) (6) (7) 

B 4 00:24:54.3 −73:01:50 −2.03 −0.20 3.032 WH/MB 

B 98ne 01:00:28.8 −73:52:32 0.54 −1.05 2.267 SB/B 

BS 75 00:54:30.9 −74:11:07 0.04 −1.36 2.264 SB/MB 

BS 80 00:56:12.6 −74:09:24 0.24 −1.33 2.345 SB/MB 

ESO 51SC9 00:58:58.0 −68:54:55 0.56 3.91 5.701 CB/CB 

HW 20 00:44:48.0 −74:21:46 −0.54 −1.53 2.033 SB/MB 

HW 36 00:59:03.7 −73:50:30 0.44 −1.01 2.092 SB/B 

b 

HW 66 01:12:05.1 −75:11:51 1.24 −2.37 5.158 SB/B 

HW 79 01:22:48.0 −75:00:06 1.94 −2.17 5.825 SB/B 

L 14 00:32:41.0 −72:34:53 −1.50 0.25 2.628 WH/CB 

RZ 107 00:58:14.8 −74:36:32 0.37 −1.78 3.195 SB/CB 

RZ 158 01:06:45.1 −74:49:58 0.92 −1.99 4.201 SB/B 

Cluster N mem 

/ N obs RV hel [Fe/H] CaT Age [Fe/H] CMD E ( B − V ) 
(km s −1 ) (dex) (Gyr) (dex) (mag) 

(cont.) (8) (9) (10) (11) (12) (13) 
B 4 4/29 200.4 ± 3.0(6.0) −0.99 ± 0.05(0.11) 2.3 ± 0.1 −0.75 ± 0.17 0.10 ± 0.05 
B 98ne 5/35 186.7 ± 3.1(7.0) −0.96 ± 0.05(0.11) 3.5 ± 0.5 −0.81 ± 0.16 0.09 ± 0.04 
BS 75 2/38 196.0 ± 7.3(10.3) −0.99 ± 0.10(0.14) 2.4 ± 0.2 −0.84 ± 0.11 0.10 ± 0.04 
BS 80 4/29 160.1 ± 4.5(8.9) −1.00 ± 0.08(0.17) 3.0 ± 0.5 −0.81 ± 0.17 0.08 ± 0.04 
ESO 51SC9 7/17 142.8 ± 0.5(3.8) −1.08 ± 0.02(0.13) 4.1 ± 0.6 −0.86 ± 0.22 0.02 ± 0.03 
HW 20 3/40 161.8 ± 5.2(9.0) −0.74 ± 0.09(0.15) 1.26 ± 0.17 −0.66 ± 0.17 0.08 ± 0.05 
HW 36 3/39 154.4 ± 3.7(6.5) −0.84 ± 0.14(0.23) 2.8 ± 0.7 −0.84 ± 0.16 0.05 ± 0.06 
HW 66 8/25 182.1 ± 1.1(3.0) −1.16 ± 0.04(0.11) 4.0 ± 0.5 −1.06 ± 0.22 0.16 ± 0.04 
HW 79 17/31 176.2 ± 0.9(3.7) −1.26 ± 0.03(0.12) 4.9 ± 0.2 −1.04 ± 0.12 0.08 ± 0.02 
L 14 4/20 111.7 ± 2.8(5.6) −0.96 ± 0.07(0.11) 2.9 ± 0.2 −0.83 ± 0.11 0.03 ± 0.03 
RZ 107 6/37 189.2 ± 1.2(3.0) −0.92 ± 0.04(0.11) 2.9 ± 0.2 −0.83 ± 0.10 0.06 ± 0.04 
RZ 158 4/33 160.7 ± 4.5(9.0) −1.11 ± 0.05(0.11) 4.7 ± 1.4 −1.11 ± 0.19 0.08 ± 0.05 

Cluster d μα · cos ( δ) σμα μδ σμδ
( r t ) 

(kpc) (mas yr −1 ) (mas yr −1 ) (mas yr −1 ) (mas yr −1 ) (arcsec) 
(cont.) (14) (15) (16) (17) (18) (19) 

B 4 61.4 ± 3.1 0.36 ± 0.07 0.05 −1.18 ± 0.08 0.07 86 ± 18 
B 98ne 55.2 ± 2.5 0.99 ± 0.04 0.29 −1.30 ± 0.04 0.14 98 ± 23 
BS 75 60.5 ± 2.5 0.66 ± 0.05 0.26 −1.31 ± 0.04 0.11 82 ± 14 
BS 80 58.9 ± 3.3 0.54 ± 0.08 0.52 −1.19 ± 0.06 0.16 72 ± 22 
ESO 51SC9 66.1 ± 3.0 0.45 ± 0.10 0.16 −1.30 ± 0.09 0.22 139 ± 9 
HW 20 58.9 ± 4.3 0.55 ± 0.07 0.29 −1.24 ± 0.06 0.02 35 ± 12 
HW 36 58.1 ± 4.3 0.76 ± 0.23 0.00 −1.37 ± 0.25 0.00 27 ± 6 
HW 66 57.5 ± 2.4 0.83 ± 0.08 0.40 −0.99 ± 0.08 0.23 82 ± 3 
HW 79 56.5 ± 1.1 1.19 ± 0.03 0.23 −1.42 ± 0.03 0.25 133 ± 34 
L 14 69.8 ± 2.3 0.40 ± 0.09 0.04 −1.21 ± 0.09 0.00 122 ± 11 
RZ 107 67.9 ± 3.4 0.50 ± 0.07 0.21 −1.14 ± 0.06 0.19 55 ± 12 
RZ 158 56.0 ± 4.4 0.84 ± 0.07 0.24 −1.20 ± 0.07 0.16 68 ± 11 

a WH: West Halo, MB: Main Body, SB: Southern Bridge, CB: Counter-Bridge, B: Bridge. 
b Only one spectroscopic member star of cluster HW 36 has PMs from Gaia , therefore its mo v ement, and therefore its 3D classification, must be considered with 
caution. 
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ample have previous age determinations. All the works listed in 
able 3 are based on photometric data, therefore this constitutes the 
rst spectroscopic study for all clusters in our sample. Consequently 
e have determined unprecedented spectroscopic metallicities and 
Vs for these objects. 
Some clusters in our sample have been previously photometrically 

tudied using the same data but applying different methods to the one
n this work, or the same method with minor differences (HW 20 in
aper I, RZ 158 in Paper V, B 4 and L 14 in Paper VIII). In what
C  
ollows we will make a small comparison of our results with those
ound in previous works of the VISCACHA collaboration. 

HW 20 : In Paper I, the r t determined for this cluster
37 ± 11 arcsec) is in excellent agreement with the v alue deri ved
n this work (35 ± 12 arcsec), which is expected considering that the
ame method for the radial profile fitting was used. Also in Paper
, the age, metallicity, reddening, and distance were derived for this
luster (see Table 3 ) via the Markov Chain Monte Carlo technique
n a Bayesian framework on a synthetic simple stellar population 
MD built using PARSEC isochrones (Bressan et al. 2012 ). As can
MNRAS 527, 10632–10648 (2024) 
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M

Table 3. Literature parameters for our cluster sample. 

Cluster [Fe/H] Age E ( B − V ) d Ref. 
(Gyr) (mag) (kpc) 

(1) (2) (3) (4) (5) (6) 

BS 75 −0.48 ± 0.26 2.51 0.03 ± 0.01 59.70 Perren, Piatti & V ́azquez ( 2017 ) 
– 1.26 0.05 – Glatt, Grebel & Koch ( 2010 ) 
– 1.78 0.00 – Maia, Piatti & Santos ( 2014 ) 

RZ 107 – 1.37 + 2 . 08 
−0 . 01 – – Rafelski & Zaritsky ( 2005 ) 

HW 79 −0.88 ± 0.65 6.31 0.01 ± 0.01 63.68 Perren, Piatti & V ́azquez ( 2017 ) 
−1.30/ −1.40 ± 0.2 5.00 ± 1.30/4.30 ± 1.20 0.06/0.07 – Piatti et al. ( 2011 ) 

– 4.10 ± 0.50 – – Parisi et al. ( 2014 ) 
B 98ne – 1.40 + 5 . 77 

−0 . 35 – – Rafelski & Zaritsky ( 2005 ) 

RZ 158 – 7.27 + 2 . 73 
−0 . 18 – – Rafelski & Zaritsky ( 2005 ) 

−0.90 + 0 . 43 
−0 . 39 4.80 + 1 . 60 

−1 . 30 0.06 54.70 ± 3.5 Paper V 

HW 20 – 5.69 + 4 . 32 
−0 . 41 – – Rafelski & Zaritsky ( 2005 ) 

−0.55 + 0 . 13 
−0 . 10 1.10 + 0 . 08 

−0 . 14 0.07 + 0 . 02 
−0 . 01 62.20 + 2 . 50 

−1 . 20 Paper I 

HW 36 – 1.38 + 4 . 90 
−0 . 03 – – Rafelski & Zaritsky ( 2005 ) 

– 1.32 + 0 . 72 
−0 . 0 . 30 0.09 – Gatto et al. ( 2021 ) 

BS 80 −0.88 ± 0.65 3.98 0.020 ± 0.009 64.27 Perren, Piatti & V ́azquez ( 2017 ) 

– 1.00 0.02 – Glatt, Grebel & Koch ( 2010 ) 

– 2.82 0.00 – Maia, Piatti & Santos ( 2014 ) 

HW 66 −0.88 ± 0.65 2.82 0.02 ± 0.01 64.27 Perren, Piatti & V ́azquez ( 2017 ) 

−1.30/ −1.35 ± 0.20 4.00 ± 0.90/3.50 ± 1.00 0.05 – Piatti et al. ( 2011 ) 

– 3.40 ± 0.40 – – Parisi et al. ( 2014 ) 

ESO 51SC9 – 5.20 ± 0.40 – – Parisi et al. ( 2014 ) 

−1.00 ± 0.15 7.00 ± 1.30 – – Piatti ( 2012 ) 

B 4 −1.19 ± 0.24 3.8 ± 0.6 0.05 ± 0.04 66.60 ± 3.70 Dias et al. ( 2016 ) 

−0.98 + 0 . 13 
−0 . 12 2.75 + 0 . 05 

−0 . 25 0.096 57.00 + 8 . 00 
−2 . 00 Paper VIII 

L 14 – 1.26 0.01 – Glatt, Grebel & Koch ( 2010 ) 

– 6.29 + 0 . 81 
−0 . 59 – – Rafelski & Zaritsky ( 2005 ) 

– 2.40 + 0 . 69 
−0 . 16 0.13 – Gatto et al. ( 2021 ) 

−1.14 ± 0.11 2.8 ± 0.4 0.03 ± 0.02 70.60 ± 1.60 Dias et al. ( 2016 ) 

−1.00 ± 0.10 3.20 + 0 . 20 
−0 . 40 0.04 63.00 + 4 . 00 

−2 . 00 Paper VIII 

Note. The ages included in this table from Rafelski & Zaritsky ( 2005 ) correspond to the extinction corrected values, STARBURST model, and Z = 0.001. 
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e seen in Tables 2 and 3 , there is a good agreement between the
 alues deri ved by both works, considering the errors. 
RZ 158: In Paper V, the same method was used as in this work for

he determination of the astrophysical parameters for this cluster,
ut with different prior conditions, since they did not have the
aT metallicity. The parameters determined by the two independent
nalyses are consistent with each other. There is ho we ver a dif ference
f 0.21 dex between the value of the metallicity determined by us
nd the one from Paper V, our value being more metal poor. This
ifference slightly exceeds our metallicity errors (0.19 dex), ho we ver
t is important to note that in Paper V the errors are substantially
igher ( + 0 . 43 

−0 . 39 dex), thus being compatible within 1-sigma. 
B 4: Although the metallicity values derived from the CMD

nalysis and CaT spectroscopy showed some discrepancy in this
ork (0.24 de x), the y are still compatible within 1.4-sigma, given

heir uncertainties. In Paper VIII, PARSEC isochrones were visually
tted to the statistically decontaminated CMD, finding a metallicity
ery close to the value from the CaT technique. The Dias et al.
 2016 ) derived metallicity value also fa v ours the CaT metallicity
 alue, e ven though it is substantially more metal poor. Our corner
lot (Fig. A4 ) shows that the [Fe/H] prior leads to a compromise
etween the CaT value and an even more metal-rich solution.
he decontamination was redone compared to Paper VIII in order
NRAS 527, 10632–10648 (2024) 

N  
o remo v e the large number of binaries in V ∼ 22 mag and to
etter define the subgiant branch region. This strategy possibly
orced the metallicity to a more metal-rich value (compared of
aper VIII and CaT), but resulted in a statistically better fitting on

he CMD. 
L 14: The visual fit from Paper VIII for L 14 is similar to the SIRIUS

t of this work and the resulting parameters are compatible with each
rder within uncertainties. The present result comes from statistical
tting and shows a good compromise among all parameters. 
We note that the small changes in age and metallicity for clusters
 4 and L 14 do not change the conclusions of Paper VIII. 

 DI SCUSSI ONS  

he structure of the SMC presents a main body and some external
rms or substructures as seen in the projected distribution of star
lusters (e.g. Dias et al. 2014 , 2016 ; Parisi et al. 2022 , and others).
hen the third dimension is added to the analysis, a more complete

nd complex view of the SMC outskirts appears. As pointed out
n Paper III , the SMC seems to have three branches of a Bridge
ointing to and moving towards the LMC on the Eastern side and a
hell of star clusters moving outwards in the Western region from the
orth all the way down to the Southern regions, with some clusters
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n the background of the bridge as well moving together with the
ounter-Bridge. This observ ational e vidence is consistent with the 
odel predictions by Zi vick, Kalli v ayalil & v an der Marel ( 2021 )

escribing the SMC with an inner cylindrical rotation and an outer 
idal expansion, as well as with partial e vidence sho wing foreground
nd background stellar populations by e.g. Nidever et al. ( 2013 ),
mkumar et al. ( 2021 ), and by outward proper motions by Gaia ,

he surv e y of the Magellanic Clouds system (VMC) using the Visual
nd Infrared Telescope for Astronomy (VISTA), and the Hubble 
pace Telescope (e.g. Niederhofer et al. 2018 ; Zivick et al. 2018 ;
iatti 2021 ). We have detected the alignment of these structures with

he LMC–SMC direction combined with the outward motion for 
he first time in a self-consistent analysis of full 3D positions and

otions of selected SMC star clusters in two opposite regions, the 
orthern Bridge ( Paper III ) and West Halo ( Paper IV ). In this work,
e add the Southern Bridge region to the analysis to check whether

t follows or not the Northern Bridge. In this section we discuss
he structure, kinematics, and age metallicity relation (AMR) of the 
outhern Bridge, as traced by star clusters, in comparison with the 
orthern Bridge. In order to perform that comparison, we added 

lusters from the literature analysed with similar methods to the ones 
pplied here to our sample, specifically, the clusters analysed in Paper 
II and those having CaT metallicities from the works of Parisi et al.
 2009 , 2015 , 2022 ). 

A first indication of the mo v ement of the clusters in our sample are
he VPDs (Fig. A5 ). As can be seen, considering projected distances,
he two clusters catalogued by Dias et al. ( 2014 , 2016 ) as West Halo
B 4 and L 14), the Counter-Bridge cluster (ESO 51SC9), and three
f the nine Southern Bridge clusters (BS 80, HW 20, and RZ 107)
re moving in the direction away from the LMC. In the case of
he remaining six clusters, B 98ne, HW 66, and HW 79 seem to

o v e towards the LMC while the mo v ement of BS 75 and HW 36
s difficult to ensure due to the large uncertainties in their meand
Ms. Ho we ver, as sho wn in P aper III and P aper IV , including real
istances instead of projected distances brings a more realistic picture 
f the kinematics and structure of the SMC traced by its star cluster
ystem. The 2D classification originally proposed by Dias et al. 
 2014 , 2016 ) was superseded by a new 3D classification defined in
aper III and Paper IV , which is based on full phase-space analysis.
lusters located within the SMC tidal radius ( r SMC ) are considered to
elong to the Main Body. The outer clusters ( r > r SMC ) are classified
s Bridge or Counter-Bridge according to their 3D positions and 
elocity directions: Bridge clusters if they are foreground clusters 
oving towards the LMC and Counter-Bridge if they are moving in 

he opposite direction, as predicted by dynamical models. 
We show the 3D distribution of the star clusters in Fig. 2 . We

onsider a sphere of 4 kpc as representative of the r SMC for the SMC.
s can be seen, the sk y re gions Southern Bridge, West Halo, and
ounter-Bridge analysed in this work contain: five clusters (HW 36, 
 98ne, RZ 158, HW 66, and HW 79) following the structure of the
orthern Bridge sample analysed in Paper III and represented in 
ig. 2 with orange crosses; four clusters (B 4, HW 20, BS 75, and
S 80) from the Main Body with distances similar to the SMC centre;
nd three background cluster (RZ 107, L 14, and ESO 51SC9) which
eans that they are consistent with the 3D Counter-Bridge shell 
oving outwards found in Paper IV . 
That reinforces, despite the low number of clusters, the suggestion 

f Tatton et al. ( 2021 ) and Paper IV that the West Halo clusters belong
o the Counter-Bridge, and perhaps also to the Main Body. On the
ther hand, the only 2D Counter-Bridge cluster (ESO 51SC9) in our 
ample is confirmed to belong to the Counter-Bridge according to the 
D classification. As can be seen in Fig. 2 , the five Bridge clusters
nd the three Counter-Bridge clusters, reclassified in this work, 
ollow the velocity patterns of their neighbours in the corresponding 
omponents. Also in Fig. 2 it is evident that, in the planes that involve
he distance, Southern Bridge, and Northern Bridge clusters appear 
o follow the same tail from the SMC, but being the Southern Bridge
nes closer to the SMC main body in the line of sight. 
The kinematics of the full sample is shown in Fig. 3 as a direct

omparison with the simulated stellar particles from Diaz & Bekki 
 2012 ). The plots reinforce the idea that the five genuine Bridge
lusters studied in this work follow the kinematics of the Northern
ridge, also confirming that the Southern Bridge is moving towards 

he LMC. Besides, the three clusters reclassified here as Counter- 
ridge clusters show kinematics consistent with the shell moving 
utwards in the opposite direction to the Bridge, also reinforcing the
uggestion of Paper IV that the Counter-Bridge forms a ring in the
oundary of the SMC moving away from the SMC. 
One aspect important to be mentioned in Fig. 3 is that the kinemat-

cs become confusing when the parameter a is used instead of the real
istances. The deprojected distance a has been defined by Piatti et al.
 2005 ) as the semi-major axis of an ellipse centred in the centre of the
MC, with axis ratio of b / a = 1/2, and coinciding with the position of

he cluster. This is equi v alent of stating that real cluster positions are
n a circular disc. Ho we ver, ne w e vidence (e.g. Zi vick, Kalli v ayalil &
an der Marel 2021 ) consolidates that the SMC cannot be described
imply by a disc. Also, in Paper IV we show that the metallicity
nd age radial gradients can be observed when the deprojected 
istance a is used but they vanish when real 3D distances are
onsidered, showing that they are not real. So, this parameter is not
ppropriate to accurately perform any analysis involving distances 
nd positions of the clusters. Both aforementioned VISCACHA’s 
revious works and this paper clearly demonstrate that the use of
he parameter a as an indicator of distance is dispensable in future
nalyses. To make the necessary effort to determine real distances, 
s the VISCACHA collaboration has been systematically doing, is 
andatory. 
In general terms, the 3D distribution and 3D kinematics of the star

lusters presented in this work are comparable to the predictions from
he simulations of Diaz & Bekki ( 2012 ). Ho we ver, the simulations are
ot able to reproduce a couple of smaller scale details, for example: (i)
here is not evident o v erdensity of stars to characterize the Northern
nd Sourthern Bridge, and the gas particles show an o v erdensity for
he young bridge and counter-bridge, which does not match with the
ntermediate-age clusters discussed here; (ii) the kinematics of the 
oreground bridge stars and gas shows a clear pattern that is similar
n the simulations and data, but this does not seem to be the case
or the background counter-bridge clusters. We stress that these are 
he most recent simulations of the entire Magellanic System orbits 
round the Milky Way reaching this level of details of small-scale
tructure of the SMC including structure and kinematics. Ho we ver, 
his model is more than 10 yr old, and since then the LMC mass
etermination has shown that the LMC is a factor of 10 heavier,
a v ouring the first infall scenario proposed by Besla et al. ( 2007 ).
he full simulations of Besla et al. ( 2010 , 2012 ) are focused on the

arge scale-structure of the Magellanic System and does not provide 
n SMC small-scale structure comparable with observations, which 
as the focus of more recent models by Zi vick, Kalli v ayalil & van
er Marel ( 2021 ) for example, but without the full simulation of
he LMC, SMC orbit. We expect that the accumulating evidence 
rom the VISCACHA star clusters can serve as hard constraints for
orthcoming full chemo-dynamical simulations that are timely and 
ecessary. 
MNRAS 527, 10632–10648 (2024) 
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M

Figure 2. 3D distribution of the star clusters analysed in this paper combined with the previous sample. Cross symbols are clusters from the two previous 
works and the circles are the additions from this work. Colours indicate their classification according to Paper III whereas the 2D projected regions defined by 
Dias et al. ( 2014 , 2016 , 2021 ) have smaller symbols in the bottom left panel only. The brown circles and ellipses are the projections of a sphere of radius 4 kpc 
around the SMC centre representative of the SMC tidal radius. Blue ellipse represents the break radius from Paper III . Left and right sets of panels contain 
exactly the same observ ational data, the dif ference is the background simulations by Diaz & Bekki ( 2012 ) and are shown for comparison. Left panels contain 
stellar particles from the spheroid component and right panels contain the gas particles from the disc component from the same simulation. 

Figure 3. Kinematics of the star clusters analysed in this paper combined with the previous sample from Paper III and Paper IV . Symbols and colours are the 
same as defined in Fig. 2 . Background particles are simulated stellar particles from the spheroid component (left panel) and gas particles (right panel) from Diaz 
& Bekki ( 2012 ) for comparison. 
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As mentioned abo v e, since the Southern Bridge and Northern
ridge clusters are located in different regions of the sky but share

he same kinematics, it is interesting to analyse whether or not
hey share the same chemical evolution. In Fig. 4 , we compare
NRAS 527, 10632–10648 (2024) 
he behaviour of the CaT metallicity as a function of age for
lusters in both components. The age and metallicity values of the
dditional CaT sample are listed in Table 4 . In Parisi et al. ( 2022 ),
he SMC AMR was analysed using all the clusters having CaT at that
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Figure 4. Age metallicity relation of clusters with CaT metallicties. Clusters 
from the Southern Bridge and the Northern Bridge are shown in the bottom 

and top panels, respectively. Clusters taken from the literature not studied by 
VISCACHA (Table 4 ), are marked with black open circles. 

Table 4. Clusters from the literature with CaT metallicities. 

Cluster Age Ref. [Fe/H] Ref. 2D Class a 

(Gyr) 
(1) (2) (3) (4) (5) (6) 

HW 84 1.60 ± 0.20 1 −0.91 ± 0.05 6 NB 

HW 67 2.70 ± 0.30 1 −0.72 ± 0.04 7 NB 

L 108 2.90 ± 0.40 1 −1.05 ± 0.05 6 NB 

K 44 2.00 ± 0.30 2 −0.78 ± 0.03 8 SB 

L 116 2.80 ± 1.00 3 −0.89 ± 0.02 8 SB 

NGC 339 6.56 ± 0.50 4 −1.15 ± 0.02 8 SB 

HW 47 3.30 ± 0.50 1 −0.92 ± 0.04 6 SB 

L 58 1.81 ± 0.24 4 −0.79 ± 0.11 7 SB 

L 106 2.00 ± 0.30 1 −0.88 ± 0.06 6 SB 

L 112 5.10 ± 0.30 1 −1.08 ± 0.07 7 SB 

L 111 2.00 ± 0.30 1 −0.82 ± 0.03 6 SB 

Note . References: (1) P arisi et al. ( 2014 ); (2) Gatto et al. ( 2021 ); (3) Piatti 
et al. ( 2001 ); (4) Lagioia et al. ( 2019 ); (5) Paper VII; (6) Parisi et al. ( 2009 ); 
(7) Parisi et al. ( 2015 ); (8) Parisi et al. ( 2022 ). 
a The 3D classification for this cluster sample is not available. 
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oment splitting the sample into different subsamples considering 
he 2D classification. Two of the Northern Bridge clusters used in 
arisi et al. ( 2022 ) belong in fact to the Main Body (B 168) and

o the Counter-Brdige (L 102) according to the 3D classification 
 Paper III ) and therefore we do not consider them here. On the
ther hand, we add five Southern Bridge clusters to the eight ones
ncluded in Parisi et al. ( 2022 ). As can be observed in Fig. 4 , this
mpro v ed sample of clusters corroborates that the Southern Bridge
resents a clear AMR: clusters show a trend in the sense that the
aterial from which the clusters have been formed between 6.5 

nd 2 Gyr ago has been enriched from −1.2 to −0.8 dex, being
he metallicity dispersion at any given age very small. In contrast, 
he Northern Bridge clusters co v er a substantially large range in

etallicities ( ∼0.4 dex) occupying a small range of ages ( ∼3 Gyr),
hich reinforces the idea that this region, apparently, does not show
 clear chemical enrichment between 4 and 2 Gyr ago, which is the
ge range co v ered by the current sample. If we only consider clusters
ounger than ∼4 Gyr the mean metallicity of the Northern and
outhern Bridge regions are −0.90 and −0.86 dex, respectively. Both 
egions present statistically consistent mean metallicities being the 
ntrinsic metallicity dispersion (i.e. uncertainties remo v ed) slightly 
arger in the Northern Bridge (0.10 dex) than in the Southern Bridge
0.06 dex). This result is expected considering that both populations 
o v er a similar range of metallicities, but it does not reflect the trend
nd lack of trend shown in Fig. 4 for Southern Bridge and Northen
ridge, respectively. We note that clusters from Table 4 do not have
istances and 3D classification, therefore the final AMR from Fig. 4
ay or may not slightly change when this info is available in the

uture. Ne vertheless, e ven if we remove these clusters from Fig. 4 ,
he Northern Bridge and Southern Bridge sample clusters still show 

ifferent age distributions. 
There is a clear lack of clusters in the Northern Bridge more
etal poor than −1.1 and older than 4 Gyr. We believe that this

annot be due to a selection effect since we have performed a good
patial co v erage of that re gion (see Fig. 1 ) and we hav e not applied
ny selection criteria that fa v our the youngest and most metal-rich
lusters. We suggest that this evidence shows that although these 
wo branches of the Bridge present similar kinematic characteristics, 
ompatible with the tidal effects due to the interaction with the LMC,
he Northern and Southern part of the SMC have not experienced 
he same history of chemical enrichment. Almeida et al. ( 2023 ,
npublished data) analysed the chemistry of field stars split in a
ough estimate of line-of-sight distances and concluded that all field 
tars analysed in the Main Body, East, and West SMC regions share
 similar chemical ev olution, b ut the metallicity distribution (MD)
s different. They concluded that the foreground Eastern stars have 
 similar MD as the Main body whereas the background Eastern
tars have a similar MD as the Western region. Our new evidence
n this work shows that two branches of the Bridge that are part of
he Eastern foreground region present a clear difference in their MD,
uestioning the generalization of the conclusions by Almeida et al. 
 2023 , submitted). 

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

e present an analysis for twelve SMC star clusters located in the
rojected regions Southern Bridge, West Halo, and Counter-Bridge 
sing images from the VISCACHA Surv e y and its spectroscopic
ollow-up. Images in the V and I filters and spectra in the region of
he CaT lines were obtained with SAM/SOAR and GMOS/Gemini-S, 
especti vely. We deri ved ages, interstellar reddening, distances, radial 
elocities, and metallicities for this cluster sample and complemented 
hese parameters with proper motions from the Gaia eDR3 catalogue 
Gaia Collaboration 2021a ). All this information allowed us to 
erive the phase-space vectors for our cluster sample from which we
nalysed the 3D structure and kinematics of the SMC cluster system,
omplementing our similar previous works ( Paper III and Paper IV ),
n which we study the kinematics of the regions defined in 2D as
orthern Bridge and West Halo, respectively. The conclusions of 

his work can be summarized as follows: 

(i) Four clusters belong to the SMC Main Body, five to the Bridge,
nd three to the Counter-Bridge. 

(ii) The Southern Bridge is moving toward the LMC and shares 
he kinematics of the Northern Bridge. 
MNRAS 527, 10632–10648 (2024) 
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(iii) The three clusters reclassified as Counter-Bridge in 3D
ESO 51SC9, L 14, and RZ 107) follow the kinematics of this
omponent, reinforcing the disco v eries of Paper IV . 

(iv) The Northern Bridge and the Southern Bridge seem to not
ave suffered the same chemical enrichment history. While the
outhern Bridge presents a clear AMR, clusters of the Northern
ridge co v er a wide metallicity range (between ∼−0.7 and ∼−1.1),
aving a spread of ∼0.4 dex, when all ages are considered. Ho we ver,
lusters younger than ∼4 Gyr have similar mean metallicities values
 −0.90 ± 0.10 and −0.86 ± 0.06 dex for the Northern and Southern
ridge, respectively). 
(v) There is a clear lack of Northern Bridge clusters older than

 Gyr and more metal poor than [ Fe / H ] ∼−1.1 dex in comparison
ith the extended sample of older and more metal-poor clusters

ound in the Southern Bridge region. 

A next necessary step is to provide full phase-space information
or clusters classified in 2D as Wing/Bridge, analyse the 3D structure
f the cluster system in that tidal branch and compare its kinematics
ith the one of the other two branches of the Bridge. This would
elp to reach a more accurate understanding of the tidal nature of
he Bridge as a whole and its fine structure in particular. The results
f these analyses constitute important constraints to the dynamical
odels that attempt to understand the origin of the Bridge and

he consequences of the SMC–LMC tidal interactions. The SMC
utskirts remain a very interesting science case and there is still a
ot to be learned from the SMC dynamical and chemical evolution
istory. 
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PPENDI X  A :  F I G U R E S  

n this Appendix, we include figures corresponding to the spec- 
roscopic membership selection (Fig. rd) and clusters structural 
arameters determinations (Fig. A2 ), whose respective procedures 
an be seen in Section 3.3 . Also we present the CMD isochrone fits
Fig. A3 ) and the corner plots (Fig. A4 ) for our cluster sample, which
s explained in detail in Section 3.4 . The Vector Point Diagrams for
ur cluster sample can be seen in Fig. A5 generated as described in
ection 3.5 . 
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Figure A1. [Fe/H], RVs, and distance to the cluster centre of the observed stars. Vertical lines represent our cuts in distance (the corresponding cluster r t ) and 
horizontal lines our cuts in metallicity and RV. 
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Figure A2. Radial density profiles (diamonds) for clusters of our sample. The fit residuals are shown in the lower sub-panel of each plot. 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/527/4/10632/7478025 by U
niversidade Federal do R

io G
rande do Sul (U

FR
G

S) user on 23 April 2024



10646 M. C. Parisi et al. 

MNRAS 527, 10632–10648 (2024) 

Figure A3. Statistically decontaminated CMDs for our cluster sample. The best-fitting isochrones using the SIRIUS code are shown by the solid lines. Field and 
probable cluster member stars are represented by grey dots and circles, respectively. The membership probability is identified with the colour code shown in 
each plot. 
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Figure A4. Corner plots for our cluster sample. 
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Figure A5. Vector-point diagrams from Gaia eDR3 proper motions for the 12 clusters. Left panels: Spatial distributions of Gaia stars within the tidal radii of 
the clusters are shown, with colours indicating the distance from the cluster centre. The spectroscopically selected members are marked with black circles. Grey 
arrows are Gaia eDR3 good-quality proper motions subtracted from the SMC mean proper motion for the spectroscopically selected members, and the red thick 
arrow is their average PM. The turquoise points towards the LMC. Right panel: The background density plot represents the locus of the SMC and Bridge based 
on a sample of stars. The points and their error bars are equi v alents to the left panels. 
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