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A B S T R A C T 

Young and intermediate-age star clusters of both Magellanic Clouds exhibit complex colour–magnitude diagrams. In addition 

to the extended main-sequence turn-offs (eMSTOs), commonly observed in star clusters younger than ∼2 Gyr, the clusters 
younger than ∼800 Myr exhibit split main sequences (MSs). These comprise a blue MS, composed of stars with low rotation 

rates, and a red MS, which hosts fast-rotating stars. While it is widely accepted that stellar populations with different rotation 

rates are responsible for the eMSTOs and split MSs, their formation and evolution are still debated. A recent investigation of 
the ∼1.7-Gyr-old cluster NGC 1783 detected a group of eMSTO stars extremely dim in ultraviolet (UV) bands. Here, we use 
multiband Hubble Space Telescope photometry to investigate five star clusters younger than ∼200 Myr, including NGC 1805, 
NGC 1818, NGC 1850, and NGC 2164 in the Large Magellanic Cloud, and the Small Magellanic Cloud cluster NGC 330. 
We disco v er a group of bright MS stars in each cluster that are significantly dim in the F 225 W and F 275 W bands, similar to 

what is observed in NGC 1783. Our result suggests that UV-dim stars are common in young clusters. The evidence that most of 
them populate the blue MS indicates that they are slow rotators. As a by-product, we show that the star clusters NGC 1850 and 

BHRT 5b exhibit different proper motions, thus corroborating the evidence that they are not gravitationally bound. 

Key words: Hertzsprung–Russell and colour–magnitude diagrams – Magellanic Clouds – galaxies: star clusters: general. 
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 I N T RO D U C T I O N  

n recent years, the split main sequence (MS) has been disco v ered
s a common feature of young cluster colour–magnitude diagrams 
CMDs; Milone et al. 2015 , 2023 ). High-precision photometry from
ubble Space Telescope ( HST ) images reveals that all Magellanic 
loud clusters younger than ∼800 Myr exhibit a blue MS, which 
omprises about one-third of MS stars, and a more populous red MS
e.g. Milone et al. 2018 ). 

The blue MS consists of fast rotators, whereas blue MS stars
xhibit small rotational velocities, as demonstrated by high- 
esolution spectra of MS stars (Marino et al. 2018a , b ). These
ndings corroborate the conclusion based on isochrone fitting of the 
MD that stellar rotation is the main responsible for the split MS

D’Antona et al. 2015 ). 
Similarly, the extended main-sequence turn-off (eMSTO), a dis- 

inctive feature of star clusters younger than ∼2 Gyr (Mackey & 

roby Nielsen 2007 ; Milone et al. 2009 ; Goudfrooij et al. 2011 ),
s populated by stars with different rotation rates as early suggested 
y theoretical studies (Bastian & de Mink 2009 ; D’Antona et al.
015 ; Georgy et al. 2019 ) and demonstrated by works based on
 E-mail: antonino.milone@unipd.it 
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pectroscopy (Dupree et al. 2017 ; Marino et al. 2018a , b ). Ho we ver,
otation alone does not seem enough to fully account for the
bserved eMSTO. Hence, it is possible that age variation provides 
 contribution (e.g. Goudfrooij, Girardi & Correnti 2017 , but see
ordoni et al. 2022 ). Intriguingly, split or broadened MSs and
MSTOs have been observed in Galactic open clusters with the same
ges (Cordoni et al. 2018 ; Marino et al. 2018a ; Li et al. 2019 ). 

The origin of multiple stellar populations with different rotation 
ates is still under debate. D’Antona et al. ( 2015 , 2017 ) suggested
hat all stars are born as fast rotators and that some of them are
raked during their MS lifetime due to interaction in binary systems.
s an alternative, the different rotation velocities may be imprinted 

n the early time of cluster formation depending on the lifetime
f protostellar discs in pre-MS stars. Specifically, present-day fast 
otators are the progeny of pre-MS stars with short-lived protostellar 
iscs, whereas long removal times for protostellar discs would result 
n slow rotators (Tailo et al. 2016 ; Bastian et al. 2020 ). Wang et al.
 2022 ) suggested that the blue MS stars are slow rotators originating
rom stellar mergers. Their scenario predicts that red MS stars gain
heir mass by disc accretion, which leads to rapid rotation, whereas
inary merger is responsible for the formation of the blue MS. 
Recently, a new CMD feature has been disco v ered along the

MSTO of NGC 1783. In the first paper of this series, Milone
t al. ( 2023 ) have detected a group of stars located on the red
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ide of the eMSTO in CMDs composed of ultraviolet (UV)
lters (see also Milone & Marino 2022 ). These UV-dim stars,
hich comprise ∼7 per cent of the total number of eMSTO

tars of NGC 1783, define a narrow sequence and have colours
imilar to the remaining eMSTO stars, when observed in optical
MDs. 
The observed colours and magnitudes of UV-dim stars can be

eproduced by assuming the presence of an edge-on absorption
ust ring, associated with grain condensation at the periphery of
he excretion disc expelled by fast-spinning stars (D’Antona et al.
023 ). 
In this scenario, the entire eMSTO could be composed of dusty

tars, which would significantly af fect pre vious conclusions on the
ole of age and rotation on the eMSTO (see D’Antona et al. 2023 ,
or details). 

Martocchia et al. ( 2023 ) have recently suggested that UV-dim
tars are likely rapidly rotating stars. They associated the shell Be
tars of the ∼100-Myr-old Large Magellanic Cloud (LMC) cluster
GC 1850 that are seen nearly equator-on with the UV-dim stars of

his cluster. 
In this work, we use multiband HST photometry to search for UV-

im stars in five Magellanic Cloud star clusters with ages between
10 and 200 Myr, namely NGC 330, NGC 1805, NGC 1818,
GC 1850, and NGC 2164. 1 These clusters, which are widely

nvestigated in the context of multiple populations, exhibit split
Ss, eMSTOs, and conspicuous populations of Be stars (Bastian

t al. 2017 ; Correnti et al. 2017 ; Li et al. 2017 ; Marino et al. 2018a ;
ilone et al. 2018 , 2023 ; Hastings et al. 2021 ; Cordoni et al. 2022 ).
ur targets are the only young clusters with available photometry in

he F 225 W or F 275 W band. 
The paper is organized as follows. In Section 2 , we describe the

ata and the data reduction. Section 3 is dedicated to the search for
V-dim stars in NGC 2164, which we use as a test case, whereas the

emaining clusters are analysed in Section 4 . Finally, the summary
nd the conclusions are provided in Section 5 . As a by-product of our
nvestigation, Appendix A presents the proper motions of the double
luster composed of NGC 1850 and BHRT 5b and of the LMC stars
n their field of view. 

 DATA  A N D  DATA  ANALYSIS  

o study the young clusters, we used the catalogues by Milone et al.
 2023 ), which include astrometry and photometry of 113 Magellanic
loud clusters derived from HST images. We used photometry in the
 336 W and F 814 W bands of the Ultraviolet and Visible Channel of

he Wide Field Camera 3 (UVIS/WFC3) of all clusters. In addition,
e used F 225 W UVIS/WFC3 photometry of NGC 330, NGC 1805,
GC 1818, and NGC 2164, and F 275 W UVIS/WFC3 photometry of
GC 1850. In addition, we reduced and analysed the UVIS/WFC3

mages of NGC 1850 collected on 2021 September 21 as part of GO-
6748 (PI: F. Niederhofer). These data, which consist of two 40 s
mages and five 350 s images observed through the F 814 W filter, are
NRAS 524, 6149–6158 (2023) 

 According to Milone et al. ( 2018 ), who using the isochrones from the Gene v a 
ata base (Ekstr ̈om et al. 2012 , 2013 ; Mowlavi et al. 2012 ), the ages of the 
tudied clusters span the range between ∼30 and 100 Myr. The isochrones 
rom the P ado va data base (Marigo et al. 2017 ) provide ages between ∼10 
nd 200 Myr (Milone et al. 2023 ). The latter value may represent an upper 
imit to the age of NGC 2164 and is derived by assuming that the colour 
roadening of eMSTO stars is entirely due to age variations. For simplicity, 
e indicate the value of 200 Myr as an upper limit for the age of the studied 

lusters. 
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sed to measure the proper motions of stars in the field of view of
GC 1850. 
Stellar fluxes and positions are measured by Milone et al. ( 2023 )

ith the KS2 computer program, which was developed by Jay
nderson as the evolution of the KITCHEN SYNC (Anderson et al.
008 ), originally written to reduce images collected with the Wide
ield Channel of the Advanced Camera for Surv e ys onboard HST .
n a nutshell, KS2 uses three methods to measure the stars, which
erive the optimal astrometry and photometry for stars with different
uminosities. Since we are interested in bright stars, we used the
esults obtained from method I. It measures all stellar sources that
enerate a distinct peak within a 5 × 5 pix el re gion after neighbour
tars subtraction. To do this, KS2 calculates the flux and position
f each star in each image, separately, by using the point spread
unction (PSF) model associated with its position and subtracting the
k y lev el computed from the annulus between 4 and 8 pixels from
he stellar centre. Finally, the results from all images are averaged
ogether to obtain the best determinations of stellar magnitudes and
ositions. The KS2 computer program provides various diagnostics
f the photometric quality. Since we are interested in high-precision
hotometry, we included in the analysis only isolated stars that are
ell fitted by the PSF model (see section 2.4 from Milone et al.
023 , for details). For NGC 1850, which is the only analysed cluster
hat is significantly affected by differential reddening, we used the

agnitudes corrected for differential reddening provided by Milone
t al. ( 2023 ). To derive the proper motions of stars in the field of view
f NGC 1850, we followed the procedure by Milone et al. ( 2023 ,
ee their section 5). In a nutshell, we first derived proper motions
elative to NGC 1850 by comparing the positions of stars at different
pochs. Specifically, in addition to the GO-16748 images, we used
VIS/WFC3 images collected in F 814 W on 2015 October 22 as
art of GO-14174, F 438 W images observed on 2015 December 19
GO-14069), and F 467M images taken on 2009 October 20 (GO-
1925). Stellar positions are corrected for geometric distortion by
sing the solution provided by Bellini & Bedin ( 2009 ) and Bellini,
nderson & Bedin ( 2011 ). The proper motions are transformed from

elative to absolute by using the stars for which both relative proper
otions and absolute proper motions from the Gaia Data Release
 (Gaia Collaboration 2023 ) are available (see Milone et al. 2023 ,
or details on the data set and on the methods to estimate the proper
otions). 
The results are illustrated in Fig. 1 , where we plot the proper
otion diagrams for stars in the field of view of NGC 1850 in
ve F 814 W magnitude intervals. The proper motions allowed us to
eparate the majority of cluster members (black dots) from probable
eld stars (azure crosses). The red circles that enclose the bulk of
luster members are centred on the average motion of NGC 1850
( μαcos δ, μδ) = (1.973 ± 0.026, 0.086 ± 0.028) mas yr −1 ] and have
adii equal to 2.5 σ , where σ is the average between the σ -clipped
ispersion values of μαcos δ and μδ . The right-hand panel of Fig.
 shows the m F 814 W 

versus m F 336 W 

− m F 814 W 

CMD of the selected
luster members and field stars. 

To investigate each cluster, we analyse the stars within two circular
egions defined by Milone et al. ( 2018 ) within the same UVIS/WFC3
eld of view. They include the cluster field, which is centred on

he cluster and is mostly populated by cluster members, and the
eference field, which has the same area as the cluster field but is
ostly populated by field stars. The latter, which is located in the

utskirts of the UVIS/WFC3 field, is used to statistically estimate
he contamination of field stars in the cluster field (see Milone et al.
018 , for details). 
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Figure 1. Proper motion diagram of stars in the field of view of NGC 1850 in 
5 mag intervals (left). The right-hand panel shows the m F 814 W 

versus m F 336 W 

− m F 814 W 

CMD for stars with available proper motions. The probable cluster 
members (i.e. stars within the red circles of the left-hand panels) are coloured 
black, whereas the azure symbols represent the remaining stars. 
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.1 Artificial stars 

o estimate the photometric errors and generate the simulated CMD, 
e performed artificial star (AS) tests for each cluster. To do this, we

ollowed the recipe by Anderson et al. ( 2008 ) and derived a list of
9 999 ASs with similar radial distributions and luminosity functions 
s the observed stars. The ASs have instrumental magnitudes 2 

etween the saturation limit of ∼−13.7 and −5.0 mag in the F 814 W
VIS/WFC3 filter. The magnitudes in the other filters are derived 

rom the fiducial lines of the red and blue MS. To derive the
agnitudes and positions of the ASs we used the KS2 program and

he same procedure that Milone et al. ( 2023 ) adopted for real stars.
e included in our investigation only the relatively isolated ASs that 

re well fitted by the PSF and that we selected by using the same
riteria adopted for the real stars. 

 UV-DIM  STARS  IN  N G C  2 1 6 4  

o search for UV-dim stars in young clusters, we used the ∼200-
yr-old LMC cluster NGC 2164 as a test case. We first exploited

he intermediate-age ( ∼1.7-Gyr-old) LMC cluster NGC 1783, where 
V-dim stars have been disco v ered by Milone & Marino ( 2022 ) to

onstrain the properties of these stars in photometric diagrams con- 
tructed with optical and UV filters. Then, we extended the analysis 
o NGC 2164 and the other young clusters studied in this paper. 

As illustrated in Fig. 2 , the m F 814 W 

versus m F 275 W 

− m F 438 W 

CMD
f NGC 1783 exhibits a cloud of stars with redder colours than
he bulk of eMSTO stars. The most evident UV-dim stars, selected 
y Milone et al. ( 2023 ), are marked with magenta triangles. We
lotted in the inset of Fig. 2 the m F 275 W 

− m F 336 W 

versus m F 336 W 

−

 The instrumental magnitudes are defined as −2.5 log 10 of the detected 
hotoelectrons. 

s
F
m
U

 F 814 W 

two-colour diagram for the stars enclosed in the grey box.
learly, UV-dim stars define a different sequence with respect to the

emaining eMSTO stars, and exhibit redder m F 275 W 

− m F 336 W 

colours 
han the bulk of eMSTO stars with similar m F 336 W 

− m F 814 W 

values.
ence, this two-colour diagram is an efficient tool to identify the
V-dim stars. 
The top-left panel of Fig. 3 shows the m F 336 W 

versus m F 336 W 

−
 F 814 W 

CMD of NGC 2164 (Milone et al. 2023 ). The top-right panel
rovides a zoom around the CMD region where the split MS is more
vident. From this diagram, we identified by eye the groups of blue
nd red MS stars and coloured them blue and red, respectively. The
emaining stars, which are located on the red side of the MS and are
oloured black, are probable binary systems composed of two MS 

tars. The blue and red lines are the fiducials of the two MSs. To
erive the red fiducial, we considered 0.2 mag bins defined o v er a
rid of points separated by steps of 0.05 mag (Silverman 1986 ). We
omputed the median of the colours and magnitudes of the red MS
tars in each bin and smoothed the median points with the boxcar
veraging method, which replaces each point with the average of the
hree adjacent points. We applied the same method for deriving the
lue MS fiducial. 
The middle panels show the m F 336 W 

versus m F 225 W 

− m F 336 W 

MDs. As highlighted by the fiducial lines, blue and red MS stars
xhibit similar colours. The m F 225 W 

− m F 336 W 

colour separation 
s al w ays smaller than ∼0.05 mag and the two sequences merge
ogether around m F 336 W 

= 18.7 mag, where blue MS stars span a
ide colour range. For completeness, we used aqua-starred symbols 

o represent the Be stars identified by Milone et al. ( 2018 ), based on
heir flux excess in the F 656 N band. 

To further investigate the colour distribution of MS stars, we 
how in the bottom-left and bottom-middle panels of Fig. 3 the
 F 225 W 

− m F 336 W 

versus m F 336 W 

− m F 814 W 

two-colour diagram for 
he NGC 2164 stars plotted in the top panels of Fig. 3 . For simplicity,
e only show MS and eMSTO stars brighter than m F 336 W 

= 21.0,
hich is the magnitude level indicated by the dash–dotted lines in

he top-left and middle-left panels. 
The red MS defines a narrow sequence, similar to what is observed

or the blue MS with m F 336 W 

− m F 814 W 

� −0.2 mag. Conversely, the
lue MS stars with m F 336 W 

− m F 814 W 

� −0.2 mag span a wide
ange of m F 225 W 

− m F 336 W 

values. Specifically, we notice that about 
alf of the blue MS stars only are superimposed on the red MS.
he remaining blue MS stars (marked with open blue symbols in
ig. 3 ) exhibit larger m F 225 W 

− m F 336 W 

values than red MS stars
ith the same m F 336 W 

− m F 814 W 

colour, in close analogy with what
s observed for UV-dim stars in NGC 1783. This subsample of blue

S stars, which we identify in the m F 225 W 

− m F 336 W 

versus m F 336 W 

−
 F 814 W 

two-colour diagram, includes the most evident UV-dim stars 
blue triangles), which exhibit the widest colour separation from 

he bulk of MS stars of more than 0.20 mag. The remaining UV-
im candidates with colour distances larger than 0.09 mag from the
ducial line of the bulk of MS stars are marked with blue diamonds.
e notice that the UV candidates include four stars that, based on

he position in the top-panel CMD, are binary systems composed of
wo MS stars (grey diamonds) 3 Intriguingly, the selected Be stars 
f NGC 2164 populate a narrow sequence and span the m F 336 W 

−

MNRAS 524, 6149–6158 (2023) 

tudied clusters, whereas photometry in the F 225 W (or F 275 W ), F 336 W , and 
 814 W is available for all of them. For this reason, we used the m F 225 W 

−
 F 336 W 

versus m F 336 W 

− m F 814 W 

two-colour diagram to identify the candidate 
V-dim stars. 
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M

Figure 2. m F 814 W 

versus m F 275 W 

− m F 438 W 

CMD of the ∼1.7-Gyr-old LMC cluster NGC 1783. The inset shows the m F 275 W 

− m F 336 W 

versus m F 336 W 

−
m F 814 W 

two-colour diagram for eMSTO stars. The UV-dim stars selected by Milone et al. ( 2023 ) are marked with magenta triangles. 
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 F 814 W 

colour interval between ∼−0.9 and ∼−0.3 mag. Hence, they
ccupy a different region of the two-colour diagram with respect to
he UV-dim stars. 

A possible explanation is a consequence of the fact that the upper
S (i.e. the MS region populated by UV-dim stars) exhibits different

lopes in the CMDs, and in the two-colour diagrams of young
lusters and intermediate-age clusters. Specifically, the upper MS
f the intermediate-age cluster NGC1783 (black stars in the inset of
ig. 2 ) has a positive slope in the two-colour diagrams, whereas the
pper MS of NGC2164 and the other young clusters have negative
lopes (e.g. bottom-left panels of Fig. 3 for NGC2164). Such slopes
re consistent with those predicted by the isochrones (e.g. Fig. 4 ). 

To estimate the contamination from field stars in the two-colour
iagram of NGC 2164, we analyse the same diagram for stars in the
eference field. The results are illustrated in the bottom-right panel of
ig. 3 , where the blue and red colours represent the stars that occupy

he regions of the m F 336 W 

versus m F 336 W 

− m F 814 W 

CMD, where we
dentified blue and red MS stars. The lack of reference-field stars
n the portion of the two-colour diagram populated by candidate
V-dim stars indicates negligible contamination from field stars. 

.1 Comparison with simulated photometry 

e used the Gene v a models (Ekstr ̈om et al. 2012 , 2013 ; Mowlavi
t al. 2012 ) to simulate the photometric diagrams for two distinct
tellar populations with the same age, in close analogy with what we
id in previous work (e.g. D’Antona et al. 2015 ; Milone et al. 2023 ).
he simulated populations comprise 25 per cent of non-rotating stars,
hereas the remaining stars have rotation rates corresponding to
NRAS 524, 6149–6158 (2023) 
.9 times the critical value, which are the rotation values that provide
he best match between the Gene v a models and the split MSs of
GC 2164 (Milone et al. 2018 ) Similarly, the adopted ages (100 Myr)

nd the fractions of non-rotating stars are comparable with those of
GC 2164 (Milone et al. 2018 ). 
We adopted random viewing-angle distributions, the gravity-

arkening model by Espinosa Lara & Rieutord ( 2011 ), and the limb-
arkening effect (Claret 2000 ). Finally, we derived the magnitudes
nto the F 225 W , F 275 W , F 336 W , and F 814 W bands of UVIS/WFC3
y means of the model atmospheres by Castelli ( 2005 ). We adopted
or the simulated stars the same photometric errors derived from ASs
ith similar magnitudes and radial distances from the cluster centre.
The results are illustrated in Fig. 4 , where we show the simulated
 F 336 W 

versus m F 336 W 

− m F 814 W 

CMD and the m F 225 W 

− m F 336 W 

ersus m F 336 W 

− m F 814 W 

two-colour diagram for bright MS stars.
he simulated stellar populations o v erlap with each other in the two-
olour diagram. Similar conclusions are obtained from the simulation
f 20- and 200-Myr-old clusters and by assuming rotation rates equal
o 0.6 times the critical value. These results indicate that the m F 225 W 

m F 336 W 

colour excess of the candidate UV-dim stars is due neither
o observational errors nor to stellar rotation. 

Noticeably, a visual inspection of Figs 2 and 3 reveals that the UV-
im stars of NGC 1783 and NGC 2164 occupy different regions of
he two-colour diagrams. The difference is possibly a consequence
f the fact that the upper MS exhibits different slopes in the two-
olour diagrams of young clusters and intermediate-age clusters.
pecifically, the upper MS of the intermediate-age cluster NGC 1783
black stars in the inset of Fig. 2 ) has a positive slope in the two-
olour diagrams, whereas the upper MS of NGC 2164 exhibits a
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Figure 3. m F 336 W 

versus m F 336 W 

− m F 814 W 

(top) and m F 336 W 

versus m F 225 W 

− m F 336 W 

(middle) CMDs of stars in the cluster field of NGC 2164. The right-hand 
panels are zooms around the upper MS. The fiducial lines of the red and blue MSs are represented with red and blue lines, respectively. The bottom-left and 
bottom-middle panels show the m F 225 W 

− m F 336 W 

versus m F 336 W 

− m F 814 W 

two-colour diagrams for NGC 2164. Red and blue symbols indicate red and blue 
MS stars, respectively, selected from the top panel CMDs. The Be stars identified by Milone et al. ( 2018 ) are represented with aqua-starred symbols, whereas the 
candidate UV-dim stars are marked with blue diamonds and triangles. Grey diamonds represent probable UV-dim stars that, based on the position in the top-right 
CMD, are probable binaries. The bottom-left panel represents all the stars, while the bottom-middle panel is a zoom around the bright MS. For clearness, we 
excluded the Be stars from the bottom-middle panel plot. The m F 225 W 

− m F 336 W 

versus m F 336 W 

− m F 814 W 

two-colour diagram for stars in the reference field of 
NGC 2164 is plotted in the bottom-right panel. 
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Figure 4. m F 336 W 

versus m F 336 W 

− m F 814 W 

simulated CMD for a 100-Myr- 
old cluster (left-hand panel). The m F 225 W 

− m F 336 W 

versus m F 336 W 

− m F 814 W 

diagram for the MS stars shown in the CMD inset is plotted in the right-hand 
panel. 
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e gativ e slope, as predicted by the simulated diagrams of Fig. 4 .
ince the UV-dim stars have low fluxes in the F 225 W and F 275 W
ands, compared with the remaining stars at similar evolutionary
tage, the y hav e larger F 225 W − F 336 W (or F 275 W − F 336 W )
olours than the bulk of MS stars. Hence, the UV-dim stars populate
he top-right part of the two-colour diagram in the intermediate-age
luster NGC 1783 but the top-left region of the diagrams of the young
luster NGC 2164. 

 UV- D IM  STARS  IN  YO U N G  CLUSTERS  

o search for UV-dim stars in the other young clusters with available
 225 W or F 275 W photometry, we extended the analysis of Section 3

o the LMC clusters NGC 1850, NGC 1805, and NGC 1818, and to
he Small Magellanic Cloud (SMC) cluster NGC 330. The results
re illustrated in Figs 5 and 6 , where we show the m F 225 W 

− m F 336 W 

or m F 275 W 

− m F 336 W 

) versus m F 336 W 

− m F 814 W 

two-colour diagrams
or stars in the cluster field (left-hand and middle panels) and in the
eference field (right-hand panels). 

Similar to what is observed for NGC 2164, the red MS stars of these
our clusters, which are identified from the m F 336 W 

versus m F 336 W 

−
 F 814 W 

CMD, define narrow sequences in the two-colour diagrams
f Figs 5 and 6 . Conversely, the blue MS stars with m F 336 W 

− m F 814 W 

 −0.2 mag are spread o v er a wide area of the two-colour diagram
nd exhibit larger m F 225 W 

− m F 336 W 

values than the majority of MS
tars with similar m F 336 W 

− m F 814 W 

colours. A visual comparison
etween the two-colour diagrams of stars in the cluster and reference
elds shows that contamination from field stars is negligible in all
lusters. We conclude that UV-dim stars are common features in the
MDs of clusters younger than ∼200 Myr. 
Intriguingly, the Be stars of the different clusters exhibit different

ehaviours in the two-colour diagrams. While nearly all Be stars of
GC 2164 and NGC 1850 define narrow sequences in the m F 225 W 

m F 336 W 

(or m F 275 W 

− m F 336 W 

) versus m F 336 W 

− m F 814 W 

two-colour
iagrams, several Be stars of NGC 1805, NGC 330, and NGC 1818
xhibit a large star-to-star colour scatter. 
NRAS 524, 6149–6158 (2023) 
 SUMMARY  A N D  DI SCUSSI ON  

e analysed UVIS/WFC3 photometry of five Magellanic Cloud
lusters younger than ∼200 Myr in the F 225 W (or F 275 W ), F 336 W ,
nd F 814 W bands. We also used F 656 N photometry to identify Be
tars. We disco v ered that a significant fraction of their bright blue

S stars exhibit larger m F 225 W 

− m F 336 W 

colours than the bulk of
S stars, in close analogy with what we observed for UV-dim stars

n NGC 1783. The colours of these stars are not consistent with
he colours of stellar populations with different rotation rates that
e simulated by using the Gene v a models (Ekstr ̈om et al. 2012 ,
013 ). We conclude that UV-dim stars are not a peculiarity of the
1.7-Gyr-old star cluster NGC 1783 but are common features of

oung Magellanic Cloud clusters. Intriguingly, most of the UV-dim
tars detected in young clusters populate the bright portion of the
lue MS, which is composed of slow-rotating stars (D’Antona et al.
015 ; Marino et al. 2018a ). 
In a recent paper, Martocchia et al. ( 2023 ) analysed optical and

V photometry of NGC 1850 and suggested that the rapidly rotating
e stars of this cluster, previously identified by Kamann et al. ( 2023 )
y using the Multi-Unit Spectroscopic Explorer (MUSE) spectra,
orrespond to the UV-dim stars. They concluded that UV-dim stars
re possibly rapidly rotating stars, which are seen nearly equator-on
nd thus are extinct by their own decretion discs. 

Our investigation does not exclude the connection between UV-
im stars and Be stars suggested by these authors. Nevertheless,
ince all UV-dim stars that we identified in NGC 1850 do not
 xhibit H α emission, the y do not correspond to the sample of UV-
im stars by Martocchia and collaborators. A significant difference
etween the bulk of Be stars and the selected UV-dim stars is that
hey populate distinct regions of the m F 225 W 

− m F 336 W 

(or m F 275 W 

−
 F 336 W 

) versus m F 336 W 

− m F 814 W 

two-colour diagrams. Specifically,
hile Be and UV-dim stars share a similar interval of m F 336 W 

−
 F 814 W 

, the majority of UV-dim stars are spread o v er a wide interval
f m F 225 W 

− m F 336 W 

. 
The physical mechanisms that are responsible for the UV-dim

tars are investigated by D’Antona et al. ( 2023 ) who compared the
bserved CMDs of NGC 1783 stars with simulated photometry by
ssuming that some stars are obscured by dust. Since the amount of
bsorption due to dust depends on the wav elength, the y reproduced
he colours of UV-dim stars by assuming that the dust is distributed
n a ring and the stars are seen nearly equator-on. D’Antona and
ollaborators suggested that circumstellar dust is associated with
ass-loss events that can preferentially occur in fast-rotating stars. 
The fact that the UV-dim stars in young clusters are slow rotators

ould be a challenge for the scenario by D’Antona et al. ( 2023 ).
o we ver, as proposed by D’Antona et al. ( 2017 ), the blue MSs of
oung clusters may be composed of stars initially rapidly rotating,
 ut that ha ve later slo wed do wn. In this context, we may speculate
hat the UV-dim stars of the young clusters are indeed stars that
ave been recently subject to an intense mass-loss event. This event
aused both their abnormal UV absorption and braked their rotation,
hifting the star location to the slow-rotating MS (Dell’Agli et al., in
reparation). Alternatively, if the blue MS is due to merging (Wang
t al. 2022 ), we suggest that the merging event has been recent enough
hat the strong UV absorption is caused by the remnant circumstellar
ebris of this event. 
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Figure 5. m F 275 W 

− m F 336 W 

( m F 225 W 

− m F 336 W 

) versus m F 336 W 

− m F 814 W 

two-colour diagrams for stars in the cluster fields of the LMC clusters NGC 1850, 
NGC 1805, and NGC 1818 (right-hand panels). The middle panels are zooms of the right-hand panel diagrams for stars in the upper MS. The two-colour 
diagrams plotted in the right-hand panels show the stars in the reference field. The symbols and colours are the same as in Fig. 3 . For clearness, in the middle 
and right-hand panels, we excluded the Be stars. 
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Figure 6. As in the Fig. 5 , but for the SMC cluster NGC 330. 
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Figure A1. Stacked F 467M UVIS/WFC3 image of the star clusters NGC 1850 and BRHT 5b (top). The bottom panels show the m F 814 W 

versus m F 336 W 

−
m F 814 W 

CMD (left) and the proper motion diagram (right) of stars in the field of view of NGC 1850. The crimson-filled dots show the probable BRHT 5b 
members that are located within the crimson circle shown in the top panel and that we selected from the proper motion diagram. The remaining stars with a 
distance smaller than 12 arcsec from the centre of BRHT 5b, and available proper motions are represented with black crosses. The stars within 12 arcsec from 

the cluster centre and without proper motions are plotted with open circles. 
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etter constrain the kinematics of the stellar populations in the field 
f view. 
As shown in the top panel of Fig. A1 , where we plot the stacked

 467M UVIS/WFC3 image of stars around NGC 1850, a distinctive 
eature of this cluster is the presence of BHRT 5b, which is a
ompact cluster ∼30 arcsec west from its centre. Because of the 
mall projected distance between these two clusters, NGC 1850 is 
onsidered a double cluster, but the possibility that the two clusters
re gravitationally bound is still debated (e.g. Sollima et al. 2022 ,
nd references therein). 

To investigate the proper motion of BHRT 5b, we selected the 
tars within the crimson circle plotted in the bottom panel of Fig.
1 , which is centred on BHRT 5b and has a radius of 12 arcsec.
hese stars are plotted with coloured symbols in the CMD and proper
otion diagrams of the lower panels. 
As shown in the bottom-right panel of Fig. A1 , most of the

elected stars are clustered into two regions of the proper motion
iagram. Some stars share the same proper motions of NGC 1850
nd have similar colours and magnitudes thus indicating that they 
re probable members of this cluster. Conversely, the group of 
tars that we associate with BHRT 5b is clustered around ( μαcos δ,
δ) = (1.822 ± 0.008 ± 0.026, 0.087 ± 0.007 ± 0.028) mas yr −1 .
ere, the two error components indicate the uncertainty on the 
roper motion relative to NGC 1850 and the error on the absolute
MNRAS 524, 6149–6158 (2023) 
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Figure A2. m F 814 W 

versus m F 336 W 

− m F 814 W 

CMD (left) and proper motion diagram of stars in the field of view of NGC 1850 (right). The LMC RGB stars 
are marked with red crosses, while the red ellipse provides the best fitting of the proper motion distribution of RGB stars. 
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roper motion of NGC 1850. To select the probable members of
HRT 5b in the proper motion diagram, we iteratively defined a
ircle centred on the BHRT 5b average motion and with a radius of
.08 mas yr −1 , which corresponds to three times the average proper
otion uncertainty. The fact that these stars, which are coloured with

rimson-filled dots, populate the brightest MS portion of the CMD
orroborates the evidence that they belong to BHRT 5b. We conclude
hat, due to the different proper motions, NGC 1850 and BHRT 5b
re not gravitationally bound. 

In addition to constraining the kinematics of star clusters, the
tellar proper motions allow us to characterize the stellar populations
f the LMC. To do that, we used the CMD plotted in left-hand
anel of Fig. A2 to identify the LMC red giant branch (RGB)
tars in the field of view of NGC 1850 (red crosses). As shown
n the right-hand panel of Fig. A2 , the selected LMC stars have a
edian proper motion ( μαcos δ, μδ) = (1.831 ± 0.006 ± 0.026,

.065 ± 0.006 ± 0.028) mas yr −1 and exhibit a nearly circular
istribution. Specifically, the ellipse that provides the best fit with the
NRAS 524, 6149–6158 (2023) 
bserved proper motion distribution has ellipticity, ε = 0.10 ± 0.07,
nd position angle, θ = 37 ± 12 ◦. 4 

The evidence that the old LMC stars in the background and fore-
round NGC 1850 exhibit nearly circular distributions is consistent
ith the findings by Milone et al. ( 2023 ) based on LMC stars in

he field of views of NGC 1755, NGC 1801, and NGC 1953. In
ontrast, the behaviour of the proper motions of old LMC stars is
ifferent from what observed for both young and old SMC stars,
hose proper motions exhibit high ellipticity values and major axes

hat point toward the LMC (Zivick et al. 2018 ; Dias et al. 2021 ; Piatti
021 ; Schmidt et al. 2022 ; Milone et al. 2023 ). 

 We considered the ellipse that encloses 90 per cent of stars, and defined the
llipticity ε = 1 − b / a , where a and b are the minor and major axes of the
llipse (see Milone et al. 2023 , for details). 
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