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A B S T R A C T 

We present a detailed analysis of stellar rotation along the main sequences of NGC 1866 and NGC 1856, two young ( ∼200–
300 Myr) massive clusters in the Large Magellanic Cloud, using MUSE integral field spectroscopy. Differences in stellar rotation 

have been proposed as an explanation for the extended main sequence turn-offs and split main sequences in these clusters. In 

agreement with this idea, we find strong links between the photometric colours of the cluster stars and their projected rotation 

velocities, V sin i. While stars blueward of the split main sequences are characterized by a range of relatively low spins, those 
with redder colours are fast rotators. Following a statistical correction for inclination, we measure mean equatorial velocities for 
the red main-sequence stars in both clusters of Veq = 300 km s−1 , corresponding to 70–80 per cent of the critical values predicted 

for such stars by current stellar models. We discuss these findings in the context of the different scenarios proposed to explain the 
stellar rotation distributions of young massive clusters. We further investigate whether the high rotation rates provide a natural 
explanation for the high fractions of Be stars we observe in both clusters, peaking at ≥50 per cent at the turn-off. We argue that if 
∼ 85 per cent of the critical rotation rate is high enough to trigger the formation of a decretion disc, most upper main sequence 
stars in the clusters are expected to become Be stars before leaving the main sequence. 

Key words: techniques: imaging spectroscopy – stars: rotation – galaxies: star clusters: individual: NGC 1856, NGC 1866. 
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 I N T RO D U C T I O N  

he Magellanic Clouds host rich populations of massive ( Mcl ∼
05 M�) star clusters that are indispensable probes for enhancing
ur understanding of stellar evolution. Contrary to the Milky Way,
he Clouds have experienced periods of enhanced star formation
hrough the last few giga-years (e.g. Nidever et al. 2020 ). As a result,
hey host massive star clusters over a wide age range (see Horta et al.
021 , for a recent compilation), including young massive clusters
YMCs, t � 500 Myr ) and intermediate-age massive clusters (IMCs,
00 Myr � t � 5 Gyr ) that are either absent in the Milky Way, or
overed by many magnitudes of Galactic extinction. Crucially, the
louds enable us to study the properties of massive star clusters as a

unction of age. They reveal how massive clusters evolve dynamically
 E-mail: s.kamann@ljmu.ac.uk (SKA); nate.bastian@dipc.org (NB) 
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e.g. Song et al. 2021 ) or trace the formation of multiple populations
cross cosmic time (e.g. Martocchia et al. 2018 ). 

A surprise has been the discovery of peculiar features in the
olour–magnitude diagrams (CMDs) of YMCs and IMCs. Mackey &
roby Nielsen ( 2007 ) discovered an extended main-sequence turn-
ff (eMSTO) in NGC 1846 ( t ∼ 1 . 5 Gyr ), a feature that has
ubsequently been found to be ubiquitous in the CMDs of clusters
ounger than 2 Gyr, while those with ages � 500 Myr additionally
how split main sequences (e.g. Milone et al. 2015 , 2018 ). Although
ifferences in the stellar rotation rates of the cluster stars have
een proposed as a plausible mechanism causing the features early
n by Bastian & de Mink ( 2009 ), age spreads of 10–100 s of
yr within the clusters had been the most frequently discussed

ause in the literature for numerous years (e.g. Goudfrooij et al.
014 ). However, Niederhofer et al. ( 2015 ) found a strong correlation
etween the photometrically inferred age spreads of the clusters and
heir ages, which confirmed a key prediction of the stellar rotation
cenario. 
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Indeed, the first spectroscopic measurements of eMSTO stars in 
GC 1866 ( t ∼ 200 Myr ) by Dupree et al. ( 2017 ) revealed a wide

ange in rotation rates. Shortly after, Marino et al. ( 2018 ) found that
he red main-sequence stars of NGC 1818 (40 Myr) to be rotating
aster than their counterparts on the blue main sequence, while a 
imilar signature was found among eMSTO stars in the SMC cluster 
GC 419 ( t ∼ 1 . 5 Gyr ) by Kamann et al. ( 2018b ), where the reddest

tars rotated the fastest. Using the high multiplexing capabilities 
f the MUSE integral field spectrograph, Kamann et al. ( 2020 )
howed that the eMSTO of NGC 1846 hosts distinct populations 
f fast and slow rotators with mean projected rotational velocities 
 V sin i) of 60 and 140 km s−1 , respectively. The latter, which make
p 50–60 per cent of the bright stars, disappear at the bottom of
he eMSTO, indicating the emergence of convective envelopes and 

agnetic braking in stars of masses � 1.5 M� (Georgy et al. 2019 ).
he MUSE study of the 100 Myr old cluster NGC 1850 by Kamann
t al. ( 2023 ) highlighted a link between V sin i and colour across
he eMSTO of the cluster and measured mean V sin i-values of 100 
nd 200 km s−1 at either side of the cluster’s split main sequence.

hile there is mounting evidence that stellar rotation is responsible 
or shaping the photometric features of these clusters, Cordoni et al. 
 2022 ) showed that age spreads � 10 Myr can be ruled out in NGC
818, based on its narrow main-sequence turn- on . 
We highlight that while split main sequences and eMSTOs have 

nitially been discovered in massive Magellanic Cloud clusters, the 
mpact of stellar rotation can also be traced in low-mass open clusters
f the Milky Way. Using Gaia data, Cordoni et al. ( 2018 ) reproduced
he relation between cluster age and apparent age spreads from 

iederhofer et al. ( 2015 ) for Galactic clusters. Bastian et al. ( 2018 )
ound a link between colour and V sin i in the eMSTO of NGC 2818
 t ∼ 800 Myr ), which was subsequently also discovered in other low 

ass Galactic clusters (e.g. Lim et al. 2019 ; Cordoni et al. 2024 ;
aurya et al. 2024 ). 
The recent spectroscopic discoveries have raised the question 

bout the origin of the stellar spin bimodality in young and 
ntermediate-age clusters, with no consensus yet. Motivated by the 
nding of Abt & Boonyarak ( 2004 ) that early-type stars in tight
inary systems rotate slower than their single-star equivalents, a dif- 
erence attributed to braking via binary tidal interactions, D’Antona 
t al. ( 2015 ) proposed that all stars were born as fast rotators,
nd that the slow rotators would result from binary interactions. 
imilarly, Wang et al. ( 2022 ) also proposed that all stars initially had
igh angular momenta, but that the population of slowly rotating 
tars was formed via stellar mergers. Such mergers would also 
ejuvenate the stars on the blue main sequence, which often appear 
luer (i.e. younger) than predicted by slow- or non-rotating stellar 
odels (e.g. D’Antona et al. 2017 ). Finally, Bastian et al. ( 2020 )

rgued that the stellar spin of a star should depend on the lifetime
f its circumstellar disc during the pre-main sequence phase, in 
he sense that stars losing their disks early can spin up to high
otation velocities, while stars with persistent discs remain slow 

otators. Disk coupling as a way to moderate the angular momentum 

f the star as it settles onto the main sequence has previously
een suggested to explain the bimodal rotational period distribution 
bserved for solar-type stars in Galactic open clusters (Gallet & 

ouvier 2013 ; Bouvier et al. 2014 ). Observational tests suggested to
arrow down the underlying scenario include measurements of the 
inary fractions, comparisons of the concentrations of slow and fast 
otators, and V sin i measurements of stars with and without discs in 
tar-forming regions. Spectroscopic binary studies have not revealed 
ny significant differences between the binary fractions of slow and 
ast rotators thus far (Kamann et al. 2020 , 2023 ; Bu et al. 2024b ),
hile the recent discovery of faster rotation among disc-less stars in
he star-forming region NGC 2264 by Bu et al. ( 2024a ) appears in
ine with the expectations of the disc-locking scenario proposed by 
astian et al. ( 2020 ). 
Another open question concerns the average equatorial velocities 

 Veq 〉 of the cluster stars, relative to their expected critical (or break-
p) velocities. Photometric studies trying to reproduce the CMDs 
f young or intermediate-age clusters with rotating stellar models 
ommonly find that the models cannot satisfactorily reproduce the 
bserved morphologies unless additional age spreads, high binary 
ractions, or rather extreme ( � 95 per cent critical) rotation rates are
ssumed (e.g. Gossage et al. 2019 ; Lipatov, Brandt & Gossage 2022 ;
ordoni et al. 2024 ). Nearly critical rotation may also be favoured by

he rich populations of Be stars, fast-rotating B stars with decretion
isks that show Balmer-line emission (Rivinius, Carciofi & Martayan 
013 ), which have been detected in young massive clusters via H α

arrow-band photometry (Bastian et al. 2017 ; Milone et al. 2018 ). In
he field, Be stars are commonly associated with binary interactions, 
ollowing the spin up of a star via mass transfer from a companion
e.g. Bodensteiner et al. 2025 , and references therein). However, 
astings, Wang & Langer ( 2020 ) showed that single stars born as

ast rotators could also evolve into Be stars towards the end of their
ain sequence lifetimes, while the Be-star fractions observed among 

he eMSTO of some clusters of ∼50 per cent appear to outnumber
he number of binary interaction products one can realistically expect 
n such stellar populations (Hastings et al. 2021 ). The presence of
arge fractions of disc-embedded stars also has consequences on the 
hotometric appearance of their host clusters, as absorption within 
he decretion discs may lead to stars appearing redder and fainter
e.g. D’Antona et al. 2023 ; Kamann et al. 2023 ). 

In light of the open questions concerning the origin of the
istinctly rotating populations inside star clusters and their impact 
n our understanding of stellar evolution, additional observational 
onstraints are urgently needed. Thanks to its spectroscopic multi- 
lexing capabilities, MUSE offers the unique possibility to obtain 
sin i measurements for large stellar samples and link them with 

igh-quality Hubble photometry. In this paper, we present MUSE 

bservations of two massive LMC clusters, NGC 1866 ( ∼200 Myr)
nd NGC 1856 ( ∼300 Myr). Following a summary of our data
eduction and analysis in Section 2 , we survey the clusters for Be
tars in Section 3 and present our stellar rotation measurements in
ection 4 . We discuss our results in the context of the origin of

he stellar spin distribution and the cause of the Be phenomenon in
ection 5 before concluding in Section 6 . Throughout the paper, we
ill discuss the clusters in order of their ages, rather than by their
GC numbers (i.e. NGC 1866 ahead of NGC 1856). 

 DATA  

.1 Observations 

e observed NGC 1866 and NGC 1856 with the Multi-Unit 
pectroscopic Explorer (MUSE; Bacon et al. 2010 ) as part of the
uaranteed time observations (GTO) programme ‘A spectroscopic 
ensus of (Extra)galactic globular clusters with MUSE’ (PI: Dreizler, 
amann). We used the wide-field mode of MUSE, corresponding to 
 1 × 1 arcmin field of view and a sampling of 0.2 arcsec. Ground-
ayer adaptive optics were used to enhance the image quality during
he observations. 

Observations of NGC 1866 were obtained during three nights 
2019-11-30, 2019-12-26, 2020-02-22), while NGC 1856 was ob- 
erved during four nights (2018-12-11, 2019-01-02, 2019-03-05, and 
MNRAS 542, 2768–2784 (2025)
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Figure 1. Colour-images of NGC 1866 (left) and NGC 1856 (right), created from the MUSE cubes with the best seeing available for each cluster. To highlight 
gas structures and emission-line stars, we extracted narrow-band images centred on H α (red), N II 6584 (green), and O III (blue) from each cube. In this 
representation, stars showing H α in emission appear red, whereas evolved giant stars appear green. Note the presence of a ring-shaped planetary nebula in NGC 

1866, located in the north western quadrant of the MUSE field of view. 
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021-10-03). Each observation consisted of 4 × 600 s exposures,
ith small spatial offsets and derotator offsets of 90 deg in between

hem. All but the last observation of NGC 1856 were carried out
sing the nominal wavelength range of MUSE, covering 4 800 to 9
00 Å. The remaining observation covered an extended wavelength
ange of 4600 to 9300 Å. 

.2 Reduction 

e used the standard MUSE pipeline (Weilbacher et al. 2020 ) to
educe the raw MUSE data. Each individual CCD image was bias-
orrected before the signals of the individual spectra were traced,
xtracted, and wavelength calibrated. In addition, flat fielding and a
orrection for geometrical distortions were applied. The data from the
4 CCDs of each exposure were then combined and flux calibrated.
inally, the data of the four exposures performed per night and
luster were combined and resampled to a final data cube. For further
etails on the data reduction process, we refer to Weilbacher et al.
 2020 ) and previous publications of our group (e.g. Kamann et al.
018a ). 
In Fig. 1 , we show colour images of both clusters, generated

rom the cubes that had the best seeing measured from the MUSE
ata (0.60 arcsec for NGC 1866, 0.64 arcsec for NGC 1856). To
mphasize emission line sources as well as potential extended gas
tructures, the colour channels displayed in Fig. 1 represent narrow-
and images of 2 Å width around H α, N II 6584, and O III 5007,
oppler-shifted according to the systemic line-of-sight velocity of

ach cluster. Large numbers of stars with H α emission can be identi-
ed in both clusters according to their reddish colours. Furthermore, a
right ring-like structure is visible towards the north-western corner
f the NGC 1866 field of view. This structure, which we classify
s a planetary nebula, will be further discussed in a forthcoming
ublication (Bond et al., in preparation). Finally, closer inspection of
he NGC 1856 data revealed two low-intensity emission-line regions
n NGC 1856, noticeable as areas with a greenish glow towards
he south-west corner and the eastern edge in the right panel of
ig. 1 . 
NRAS 542, 2768–2784 (2025)
.3 Photometry 

ur analysis is supported by two sets of Hubble Space Telescope
HST) photometry. First, to perform the extraction of the stellar
pectra from the MUSE cubes (cf. Section 2.4 below), we gathered
ST /WFC3 images in F336W and F814W (proposal IDs: GO-13379,
O-14204) from the archive and processed them using DOLPHOT

Dolphin 2000 , 2016 ). We noticed that because of CCD saturation,
ome of the bright stars were missing in the reduced photometry. We
ompensated for this issue by cross-matching the HST photometry
ith Gaia data release 3 and adding any Gaia sources to the catalogue

hat had no obvious counterpart. 
However, most of the analysis presented in the following uses the

strometric catalogues made available by Niederhofer et al. ( 2024 ).
or both clusters, Niederhofer et al. ( 2024 ) provide photometry in
our filters, namely F336W, F438W, F555W, and F814W, using
dditional data from the GO-13011, GO-14069, and GO-16748
rogrammes. The data have been corrected for differential reddening,
pplying the techniques described by Milone et al. ( 2023b ). Briefly,
e first determined for each star the extinction coefficient Aλ in each
lter. Thereby, we took into account the dependence of Aλ on the
pectral type of the stars. To this end, we created for each filter a grid
f extinction coefficients across a broad range of stellar temperatures
y comparing synthetic stellar spectra with and without reddening,
onvolved with the respective filter transmission curves. We assumed
 Cardelli, Clayton & Mathis ( 1989 ) reddening law with RV = 3.1.
or each star in the catalogue, we then determined an estimate of its
ffective temperature as the temperature of the closest model point
in colour-magnitude space) of a BaSTI isochrone (Hidalgo et al.
018 ) that resembles best the cluster sequences. Then, we selected
or each cluster a sample of well-measured main-sequence stars as
eference objects for the determination of the local reddening. We
hose stars well below the eMSTO feature and excluded stars on
he binary sequence. The adopted technique to map the reddening
cross the cluster relies on taking into account simultaneously the
nformation coming from all filters. Thus, we constructed for each
luster three different CMDs: mλ − mF814W 

vs mF814W 

, where λ
orresponds to F336W, F438W, and F555W, respectively. Within
ach CMD, we derived the mean ridge-line of the reference stars,
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Figure 2. HST colour-magnitude diagrams of NGC 1866 (top) and NGC 

1856 (bottom). The left panels show the full cluster populations, whereas the 
right panels zoom into the main sequence regions. Dashed blue and red lines 
indicate the fiducial lines that have been used to verticalize the main sequence 
of either cluster (see the text for details). In all panels, we only show the stars 
with available spectroscopy, colour-coded according to their S/N. 
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y first dividing the magnitude range covered by the reference 
tars into bins of 0.2 mag and then computing the sigma-clipped 
edian colour within each bin. These median colours are then fit
ith a cubic spline model. Subsequently, we determined for each 

eference star its distance from the ridge line in the direction of
he reddening vector. We then compared these distances coming 
rom all CMDs with predictions derived for a range of E ( B −V )
alues, using the corresponding extinction coefficients. Specifically, 
e created an array of E ( B −V ) values, ranging from −0.3 mag to
.3 mag in steps of 0.001 mag and chose as the best-fitting reddening
he one that provides the minimum χ2 . Finally, we determined 
he local reddening for each star in the catalogue as the 2.5 σ -
lipped median value of the nearest 75 reference stars, excluding 
he target star itself. While differential reddening is negligible for 
GC 1866, we found significant differences across the observed 
eld in NGC 1856, with a peak-to-peak variation of the reddening of
E ( B −V ) ∼0.2 mag. 

We used the proper motions measured by Niederhofer et al. ( 2024 )
o select likely members of NGC 1866 and NGC 1856. To this aim we
etermined the expected dispersion of cluster stars as a function of
814W magnitude. The dispersion consists of the intrinsic velocity 
ispersion of the clusters stars σint , and the dispersion due to the
ssociated errors of the proper motion measurements σerr . For σint , 
e assumed 2.64 and 2.31 km s−1 for NGC 1856 and NGC 1866,

espectively (McLaughlin & van der Marel 2005 ). At the distance 
f the LMC, these values translate to ∼0.01 mas yr−1 . We then
etermined as σerr the median proper motion measurement error 
s a function of the F814W magnitude. The total dispersion is then
alculated as σtot =

√ 

σ 2 
int + σ 2 

err . We kept as likely cluster members 
hose stars that are within 2.5 times the total dispersion at the
espective magnitudes of the stars. 

In Fig. 2 , we show the reddening-corrected and proper-motion- 
leaned ( mF336W 

–mF438W 

versus mF438W 

) CMDs of the two clusters. 
o better visualize the colour spreads along the main sequences 
f NGC 1866 and NGC 1856, we determined their blue and red
nvelopes as follows. First, we discarded evolved stars by imposing 
 colour cut of mF336W 

− mF438W 

< 0 . 4. The remaining sample was
plit up into half-overlapping mF438W 

bins of 0 . 5 mag width. Within 
ach bin, we determined the median ( mF336W 

− mF438W 

) colour, and 
leaned the sample from outliers by removing all stars with colour 
ffsets > 0 . 3 from the median, followed by kappa-sigma clipping.
hen, we measured the 5th and 85th percentiles of the mF336W 

−
F438W 

colour distribution. The latter percentile was chosen in order 
o approximately exclude the binary sequence located towards the 
ed of the (single-star) main sequence. Finally, the blue and red 
nvelopes were determined by interpolating between the percentile 
alues in each magnitude bin. The lines determined this way are 
ncluded in the left panels of Fig. 2 . They were used to verticalise
he main sequences of both clusters, as illustrated in the right panels
f Fig. 2 . In both clusters, we recover the split main sequence, most
rominently in the magnitude range 19 < mF438W 

< 21. 

.4 Spectrum extraction and combination 

e processed the seven data cubes with PAMPELMUSE (Kamann, 
isotzki & Roth 2013 ). Based on an astrometric reference catalogue, 

AMPELMUSE determines the point spread function (PSF) and the 
ositions of the stars that are bright enough to be resolved as a
unction of wavelength. This information is then used to deblend and 
xtract individual object spectra from the cubes. The astrometric 
eference catalogues required for this task were generated from 

rchival HST data as outlined in Section 2.3 . 
In order to maximize the signal-to-noise ratio (S/N) of the 
ndividual stars’ spectra, we combined the spectra extracted from the 
ingle-epoch MUSE cubes on a star-by-star basis. In the combination 
rocess, we discarded spectra with a magnitude accuracy ( MAG 
CCURACY parameter determined by PAMPELMUSE ) of < 0 . 5 and an
/N of less than 50 per cent of the highest value obtained for each star.
urthermore, we omitted all spectra with an active MULTISTAR flag, 

ndicating that the extracted spectrum contained flux contributions 
rom more than one star. During the combination, the spectra were
eighted by their S/N. Given the constant wavelength sampling of 

he MUSE data, no resampling was needed. 
We note that we did not account for any binary-induced line-

f-sight velocity variations in between the different epochs when 
ombining the spectra. Upon analysis of the single-epoch spectra, 
e found that for both clusters, the fraction of stars showing peak-

o-peak velocity variations that are large enough to inflate our V sin i 
easurements ( > 50 km s−1 ) is below 10 per cent. 
Uncertainties for the combined spectra were obtained via standard 

rror propagation of the uncertainties determined by PAMPELMUSE . 
he latter tend to underestimate the true uncertainties because 

he resampling of the MUSE data during the reduction creates 
ovariances between voxels that are not propagated by the MUSE 

ipeline (see Section 4.6 of Weilbacher et al. 2020 ). Therefore, we
pplied an a posteriori correction to the uncertainties calculated for 
he combined spectra. For the stars with at least three valid input
pectra, we determined the standard deviation of the continuum- 
ubtracted input spectra as a function of wavelength and divided the
esult by the formally propagated uncertainties. Once all spectra were 
MNRAS 542, 2768–2784 (2025)
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rocessed, we determined the median of these correction factors and
ultiplied it by the formally propagated uncertainties. 
We obtained combined spectra for 2531 stars in NGC 1866 and

 406 stars in NGC 1856. Their distribution across the CMDs of both
lusters is visualized in Fig. 2 , colour-coded by the S/N of the stars in
he MUSE data. Using isochrones (cf. Section 2.5 ), we estimate that
he stellar masses covered by our samples range from 1.5 to 3.1 M�
NGC 1856) and 3.7 M� (NGC 1866). 

.5 Full-spectrum fitting 

he combined spectra were analysed with SPEXXY (Husser et al.
016 ), which performs a full spectrum fitting against a library
f template spectra in order to infer stellar parameters, line-of-
ight velocities, and line broadening. As templates, we adopted the
ynthetic spectra from Allende Prieto et al. ( 2018 ). The template
pectra were convolved with a model for the wavelength-dependent

USE line-spread function (LSF) prior to the analyses. 
Initial estimates of surface gravity (log g) and effective temper-

ture ( Teff ) were derived by comparing the HST photometry of
ither cluster to isochrones from the MIST data base (Choi et al.
016 ; Dotter 2016 ). When generating the isochrones, we assumed
 = 0 . 006 and m − M = 18 . 3 for both clusters, and extinction
alues of AV = 0 . 37 (NGC 1866) and 0.59 (NGC 1856), based on
ilone et al. ( 2018 ). The isochrones were generated for a range

f ages, from log (age /yr ) = 8 . 0 to 8.5, using a stepsize of 0.05.
e visually determined the isochrone yielding the best fit to the

hotometry of each cluster, finding log (age /yr ) = 8 . 3 for NGC 1866
nd 8.5 for NGC 1856. 

As initial guesses for the metallicity [M / H ] and the line-of-sight
elocity vLOS , we adopted constant values of −0.5 and 260 km s−1 ,
espectively, roughly matching the values measured by Usher et al.
 2019 ) from integrated-light spectroscopy. Finally, spectral fits used
o constrain stellar rotation velocities were initialized with a value of

sin i = 100 km s−1 . We note that our approach to constrain V sin i 
iffers from our previous works (Kamann et al. 2020 , 2023 ), where
e used a Gaussian line-of-sight velocity distribution to account for

ny line broadening and applied an a posteriori correction to convert
he fitted dispersion values to V sin i. Instead, for the current analysis,
e modified SPEXXY such that V sin i could be fitted directly. To

his aim, we implemented a recipe for rotational line broadening in
PEXXY , using the functions provided by the PYASTRONOMY 

1 (Czesla
t al. 2019 ) package which are based on the formulae of Gray ( 2005 ).

In general, we tried to constrain the following parameters through
he spectral fits with SPEXXY : log g, Teff , [M / H ], vLOS , and V sin i.
owever, depending on the expected properties of the star at hand, we
ecided to fix certain parameters during individual fits. First, given
he low spectral resolution, log g was always fixed when an initial
alue from the isochrone was available. In such cases, we used a
hreshold in the initial surface gravity of log g = 3 . 2 to separate
ain sequence from evolved stars. This division was motivated

y the fact that evolved stars have rotational velocities below the
ensitivity of MUSE (see Kamann et al. 2020 ), whereas the hot main-
equence stars in YMCs lack the metallic spectral lines required for
pectroscopic [M / H ] determinations. Consequently, we fixed the
otational broadening to zero for the former and [M / H ] to the initial
uess for the latter. Finally, stars with signs of H α emission (see
ext section) were treated like main-sequence stars, but the fit was
imited to the spectral region around the Paschen lines ( ≥ 8 400 Å).
NRAS 542, 2768–2784 (2025)

 https://github.com/sczesla/PyAstronomy 

2

F
n

owever, because the Paschen series can also be impacted by line
mission, we discuss the reliability of these fits in Section 4.1 below.

.6 Spectroscopic sample selection 

or the following analyses, we selected all combined spectra of
luster members (cf. Section 2.3 ) with a magnitude accuracy > 0 . 6,
 / N > 20, and a formally successful (i.e. converged) SPEXXY fit.
hese quality criteria were passed by 1 212 stars in NGC 1866
nd 1 357 stars in NGC 1856. To further restrict the samples to
ain-sequence stars when necessary, we used the verticalized CMDs

isplayed in the right panels of Fig. 2 and required pseudo-colours
n the range −0 . 2 < �F336W , F438W 

< 1 . 2. 

 EMISSION-LINE  STARS  

here is substantial value in the detection and classification of stars
ith emission lines in young star clusters, because line emission

s commonly associated with stars on non-standard evolutionary
athways, such as interacting binaries and critically rotating (Oe
r Be) stars. Thanks to its unique combination of line sensitivity and
ultiplexing capabilities, MUSE has proved to be a powerful tool

or characterizing emission-line stars in young Magellanic Cloud
lusters (e.g. Bodensteiner et al. 2020 , 2021 ; Saracino et al. 2023 ). 

The analysis of Dupree et al. ( 2017 ) already showed that NGC
866 hosts a number of Be stars among its main sequence population.
imilarly, Kamann et al. ( 2023 ) spectroscopically uncovered a large
opulation of such stars in NGC 1850. Photometric studies of massive
nd open clusters with ages less than a few hundred Myr have also
etected large populations of Be stars within them (e.g. Bastian et al.
017 ; Milone et al. 2018 ), highlighting their ubiquity in young star
lusters. 

.1 Identification 

o homogeneously detect emission line stars within our spectro-
copic samples, we followed a two-step process. First, we measured
he equivalent widths (EWs) of H α and H β in the combined spectra
nd looked at their relation, shown in Fig. 3 . While most stars
ollow a linear relation as expected, a significant fraction in either
luster shows considerably weaker H α lines, or net H α emission
i.e. negative EWHα

). To identify potential emission-line stars, we
erformed locally weighted scatterplot smoothing (LOWESS; Cleve-
and 1979 ) using the PYTHON package STATSMODELS (Seabold &
erktold 2010 ) and considered as candidates all stars for which the
quivalent width of H α deviated by > 1 Å and > 5 × its uncertainty.
he 448 candidates are shown as open stars in Fig. 3 2 . 
During the second step, we utilized the residuals of the SPEXXY

ull-spectrum fits around the H α lines to search for evidence of
ingle- or double-lined emission components (see Fig. 4 ). To this
im, we fitted the H α residuals as a function of wavelength using
hree models, (1) a linear fit, (2) a single Gaussian, and (3) a
ouble Gaussian, with both components sharing the same centroid
ut differing in the signs on their amplitudes. The inclusion of a
ouble Gaussian model is motivated by our previous study of the
00 Myr old cluster NGC 1850 (Kamann et al. 2023 ), which hosted
any shell stars, Be stars observed through their decretion discs
 We note that seven sources are identified as outliers towards higher EW in 
ig. 3 . Relative to the 441 outliers towards lower EW, they indicate that the 
umber of statistical interlopers is ∼1–2 per cent. 

https://github.com/sczesla/PyAstronomy
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Figure 3. Relation between the equivalent widths of H α and H β for the 
main sequence samples in NGC 1866 (orange) and NGC 1856 (red). The 
black solid lines shows the LOWESS fit to the data with 3 < EWHα /Å < 9. 
Outliers as defined in the text are shown as open stars. 
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igure 4. Normalized example spectra from the NGC 1866 sample around H β,
bottom) rotator without emission lines. Our V sin i measurements are provided tog
resented, a Be star at the top and a shell star at the bottom. The locations of differe
he Be star also shows prominent, double peaked Ca II triplet emission. In all panel
s indicated by a narrow black line. The fit residuals are provided towards the botto
see Section 3.3 ) and characterized by double-peaked H α emission. 
ll fits were performed using LMFIT (Newville et al. 2024 ). The
est-fitting model was selected using the Akaike inference criteria 
AIC). In the case of the single Gaussian, we further required that
ts centroid was within 1 Å of the line centre expected according to
he line-of-sight velocity measured by SPEXXY and that its amplitude 
as detected at 3 σ significance. The same wavelength criterion 
as imposed for the (combined) centroid of the double Gaussian. 

n addition, each of its components needed to be detected at 3 σ
ignificance and contribute at least 20 per cent to the total flux of
he model. The last criterion was adopted to avoid that deviations
rom a Gaussian line shape result in spurious shell-star detections, 
ollowing visual inspection of some spectra. 

.2 Demographics 

tars for which the spectra were identified as outliers in the relation
hown in Fig. 3 and the fit residuals were best fit by either one of
he Gaussian models were considered as Be stars. Example spectra 
or two such stars (one showing single-peak, one double-peak H α

mission) from the NGC 1866 sample are available in Fig. 4 . Using
he amplitudes of the Gaussian fits, we show their H α emission fluxes
s a function of magnitude in Fig. 5 . In cases where a double Gaussian
rofile yielded the best fit to the H α residuals, we considered
MNRAS 542, 2768–2784 (2025)

 H α, and the Paschen series. The left panels show a slow (top) and a fast 
ether with the star IDs. In the right panels, two types of emission-line star are 
nt emission features are marked in grey. Note that, besides Balmer emission, 
s, the observed spectrum is shown as a thick coloured line, while the best fit 
m of each panel. 
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Figure 5. H α emission-line fluxes of Be stars in the MUSE samples of NGC 

1850 (blue circles; Kamann et al. 2023 ), NGC 1866 (orange diamonds), and 
NGC 1856 (red squares) stars as a function of mF438W 

magnitude. The H α

fluxes have been measured by fitting Gaussian profiles to the SPEXXY fit 
residuals as described in the text. Double-peaked H α lines which were best 
fitted by double-Gaussian profiles are shown as open symbols. 

t  

t  

r  

r  

s  

(  

F
 

e  

b  

t  

t
m

 

e
m  

w  

t  

d  

e  

s  

t  

f  

u
 

e  

r  

s  

l  

o  

l  

t  

c  

e  

Figure 6. Fraction of Be stars (relative to the total number of main 
sequence stars) as a function of absolute F814W magnitude in young massive 
Magellanic Clouds clusters: NGC 330 (grey hexagons, from Bodensteiner 
et al. 2020 ), NGC 1850 (blue circles), NGC 1866 (orange diamonds), and 
NGC 1856 (red squares). Uncertainties for the latter three clusters have been 
estimated from the sample sizes per magnitude bin, using the Wilson ( 1927 ) 
score interval. 
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he amplitude of the emission component as representative for the
rue (i.e. unabsorbed by the decretion disc) flux. Such spectra are
epresented by open symbols in Fig. 5 . To increase the stellar mass
ange over which the H α fluxes can be studied, we performed the
ame analysis on the sample of Be stars identified by Kamann et al.
 2023 ) in NGC 1850 and included the corresponding line fluxes in
ig. 5 . 
A few aspects can be highlighted in Fig. 5 . First, a clear correlation

xists between the magnitude of a star and its H α flux, with
righter stars showing higher emission line fluxes. Interestingly,
his relation extends over all three clusters, with only a small shift
owards lower fluxes visible for the NGC 1856 stars at fixed mF438W 

agnitude. 
When comparing single- and double-peaked line emitters within

ach cluster, there is a trend for the latter to have fainter mF438W 

agnitudes on average. As will be further discussed in Section 4 ,
e also find that these shell-star candidates show redder colours

han the bulk of the main-sequence stars. Self-extinction by the
ecretion discs appears as a probable explanation for these two
ffects. We also note that both NGC 1866 and NGC 1856 display
ome bimodality, in the sense that at fixed mF438W 

, there seem to be
wo sequences separated by a factor ∼2–3 in H α flux. Most stars
ollow the upper sequence. The origin of this bimodality is currently
nclear. 
Fig. 5 shows that the population of line emitters in NGC 1856

xtends to fainter magnitudes, despite the similar characteristics
elative to the other two clusters in terms of mass, metallicity, or main-
equence morphologies. The observation that in the older cluster,
ower-mass stars show H α emission suggests that the stars ‘switch
n’ their H α emission towards the end of their main-sequence
ifetimes. This scenario is also supported by Fig. 6 , which shows
he fraction of Be stars ( fBe ) as a function of magnitude for both
lusters studied in this work, NGC 330 (30 Myr; see Bodensteiner
t al. 2020 ), and NGC 1850 (100 Myr). For the latter cluster, we
NRAS 542, 2768–2784 (2025)
ecalculated the fBe trend reported in Kamann et al. ( 2023 ) as a
unction of mF814W 

. Further, to ease the comparison between the
our clusters, we converted mF814W 

to absolute F814W magnitudes,
sing the distance moduli and reddening values from Milone et al.
 2023b ), and an extinction coefficient of AF814W 

= 1 . 88 E( B−V ) . We
ee that the occurrence of emission-line stars is largely confined to
he brightest two magnitudes in all clusters and increases sharply
owards the main sequence turn-off. Similar trends have also been
bserved in photometric studies of YMCs in the Magellanic Clouds
e.g. Bastian et al. 2017 ; Milone et al. 2018 ), where the identification
f Be stars was based on colour excesses in H α narrow-band
lters. 
In all four clusters studied spectroscopically, which have turn-

ff masses between 3.1 M� (NGC 1856) and 7.5 M� (NGC 330),
e observe high emission line fractions of ∼50–60 per cent around

he turn-off. For NGC 330, NGC 1850 and NGC 1856, we can
ompare these fractions to the photometric results of Milone et al.
 2018 ). While for NGC 330 and NGC 1850 there is an overall
greement between the two studies, Milone et al. ( 2018 ) find a
ignificantly lower fraction of emission-line stars of < 20 per cent
n NGC 1856. We argue that the discrepancy can be attributed to
he higher sensitivity of spectroscopic searches for line emission
ompared to narrow-band photometry. Indeed, Fig. 5 demonstrates
hat the typical H α fluxes in NGC 1856 are considerably lower than
n the younger clusters. Dupree et al. ( 2017 ) noted another problem
ith photometric Be star searches, namely that the H α line will
radually shift out of the transmission window of the narrow-band
lter with increasing line-of-sight velocity. NGC 1856 has a systemic
elocity around 300 km s−1 , and our Gaussian fits yield median line
idths of σ ∼ 3 . 3 Å. Comparing to the transmission curve of the
FC3-F656N filter onboard HST , which displays a sharp cut-off

eyond 6570 Å, we estimate that about 30 per cent of the line flux
s missed by the narrow-band filter. All in all, our results suggest
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Figure 7. Distribution of V sin i along the main sequences of NGC 1866 ( left ) and NGC 1856 ( right ). In both panels, stars are colour-coded according to their 
measured V sin i. Be stars are highlighted using triangles, while shell stars, for which no V sin i values are reported, are plotted using black crosses. The slowly 
rotating stars forming a red extension to the eMSTO of either cluster are highlighted using grey polygons (see the text for details). 
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hat photometric searches for emission line stars may significantly 
nderestimate their fractions in clusters older than ∼ 100 Myr . 

.3 Shell stars 

s already touched upon above in Section 3.2 and illustrated in 
ig. 4 , Be stars showing sharp absorption cores in their H α profiles
re synonymous with shell stars, Be stars that are observed at high
nclination angles (sin i ∼ 1, i.e. equator-on), such that our view 

nto the star is (partially) blocked by its decretion disk. This self-
xtinction does not only affect the H α profile of the star, but can also
ffect its photometry, such that it appears redder and fainter (Rivinius
t al. 2013 ). Furthermore, the spectra of shell stars frequently show
ther peculiarities, such as Fe II and Si II absorption or narrow high-
rder Paschen lines. However, all these features vary substantially 
n strength, and their presence in the MUSE spectra is often not
bvious, complicating a consistent distinction between shell stars 
nd classical Be stars. 

The demographics of the H α line contain important information 
bout the morphologies of the decretion discs. In particular, they 
llow us to estimate the disc half-opening angle, i.e. the average 
ngle between the equatorial plane and the surface of the disc as
easured from the star. Using the criteria of Section 3.1 , we find that

he H α lines of 34/208 Be stars in NGC 1866 and 59/221 Be stars
n NGC 1856 are best fit by double-peaked profiles, corresponding 
o shell-star fractions of 16+ 6 

−5 % and 26+ 6 
−6 %, respectively. The values 

gree well with the fractions of 23 per cent determined for NGC 1850
Kamann et al. 2023 ) and 22.8 per cent determined for the galactic
eld (Hanuschik 1996 ). Under the assumption of isotropic spin axis 
istributions, the disc half-opening angles are 9 . 2+ 3 . 0 

−3 . 5 degrees for 
GC 1866 and 15 . 1+ 3 . 6 

−3 . 6 degrees for NGC 1856. One may speculate
bout an age or mass evolution in the sense that older, lower-mass Be
tars have fluffier disks. However, more data are needed to investigate 
his, also considering that the opening angle for NGC 1850 was 
stimated to be 13 deg, despite the cluster being younger than both
GC 1866 and NGC 1856. 

 STELLAR  ROTAT I O N  

.1 Stellar rotation across the CMD 

n Fig. 7 , we show colour–magnitude diagrams of NGC 1866 and
GC 1856, focusing on the main sequences of the two clusters and

olour-coding the data points by the V sin i values measured for the
orresponding stars. In both cases, we observe a correlation between 
he colour of a star and its projected rotation velocity, in the sense
hat redder stars rotate faster (at fixed mF438W 

). This behaviour is
n agreement with what has been observed in other young clusters
f the LMC, such as NGC 1850 (Kamann et al. 2023 ) and NGC
818 (Marino et al. 2018 ). Stars on the blue main sequence are
haracterized by V sin i values < 100 km s−1 , whereas the red main- 
equence stars appear to cluster around 200 km s−1 . 

As expected, the Be stars identified in Section 3 are fast rotators
ccording to our fits. It is interesting to note that their V sin i values
ppear to exceed those of the red main-sequence stars. We will come
ack to this point below. Also shown in Fig. 7 are the shell stars we
dentified based on the double-peaked H α emission lines visible in 
he MUSE spectra. We do not report their V sin i values in Fig. 7
ecause their spectra are often dominated by narrow absorption lines 
riginating from self-absorption in their decretion discs, which are 
ot reproduced by our template spectra. 
We further notice in Fig. 7 a population of predominantly slow

otators that form an extension of the eMSTO of each cluster towards
edder colours. The approximate locations of these stars are indicated 
y the grey polygons plotted in each panel of Fig. 7 . It is not
mmediately obvious what these stars could be. In stellar evolutionary 

odels that aim to reproduce the eMSTOs of young clusters (Georgy
t al. 2013 ; Gossage et al. 2019 ), there is no equivalent population
MNRAS 542, 2768–2784 (2025)
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Figure 8. V sin i measurements as a function of colour, for different 
magnitude bins in NGC 1866 ( left ) and NGC 1856 ( right ). Magnitude bins 
are defined relative to the MSTO of each cluster, as indicated to the top right 
of each row. Orange circles show the individual measurements, while the 
median values together with the 16th and 84th percentiles within colour bins 
of 0 . 2 mag are shown as blue diamonds. Be stars, shown as red stars, were 
not included when calculating the bin averages. 
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3 Which in turn may be expected due to the bi-modal colour distribution across 
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f red, yet slowly rotating stars (although isochrones initiated with
ifferent rotation speeds do cross near the turn-off). In the analysis
f NGC 1850 stars (Kamann et al. 2023 ), we found that shell stars
redominantly populated the red extension of the eMSTO. While
hese stars are fast rotating, the characteristics of their spectra lead
o spuriously low V sin i values during the analysis of the MUSE
pectra (see above). However, we consider it unlikely that the slow
otators seen towards the red of the eMSTOs of NGC 1866 and
GC 1856 are shell stars, because none of them show H α emission.
e also discard the possibility that these stars are fast rotators

bserved pole-on, because fast rotating stars show a positive effective
emperature gradient from the equator to the poles (e.g. von Zeipel
924 ), such that they should appear bluer when observed at low
nclination (sin i ∼ 0). Interestingly, the photometric locations of
hese stars resemble those of UV-dim stars identified in other clusters
Martocchia et al. 2023 ; Milone et al. 2023a ). While their origin is
till unclear, a recent study by Leanza et al. ( 2025 ) shows that they
re slowly rotating in the intermediate-age cluster NGC 1783. 

To study the rotational properties of the stars along the main
equences of the two clusters in more detail, we show in Fig. 8
he individual V sin i measurements as a function of colour for
ifferent bins in mF438W 

magnitude. To account for the age difference
etween the two clusters, we defined the magnitude bins relative to
he MSTO of each cluster. As turn-off magnitudes, mTO , we selected
he brightest F438W data points from the MIST isochrones (cf.
ection 2.5 that had a phase flag of 0 (indicating main sequence
tars), resulting in mTO , NGC 1866 = 17 . 37 and mTO , NGC 1856 = 18 . 17,
NRAS 542, 2768–2784 (2025)
espectively. Further, to facilitate the comparison between the dif-
erent bins and the two clusters, we determined the pseudo-colour

F336W , F438W 

for each star, defined as the ( mF336W 

− mF438W 

) colour
istance between each star and the blue ridge line defined in Section
.3 (cf. Fig. 2 ), normalized by the colour difference between the red
nd blue ridge lines. 

A general trend is apparent in Fig. 8 , in that the mean V sin i 
ncreases with �F336W , F438W 

, as expected. However, several aspects
f the distributions shown in Fig. 8 deserve further investigation.
irst, we note that the relation between the projected rotation
elocity and photometric colour is remarkably similar across the
ifferent magnitude bins investigated and also across the two clusters
n our sample. The bluest stars are generally slow rotators, with

sin i � 50 km s−1 . Going towards redder colours, V sin i gradu-
lly increases up to typical values of ∼ 250–300 km s−1 for stars
ith �F336W , F438W 

� 0 . 6. This coherent picture suggests that the
otational properties of the stars remain largely unchanged across
he mass and age ranges studied here. We remind the reader that
ur sample includes stellar masses between ∼ 2 . 2 M� in the faintest
agnitude bin (20 < mF438W 

< 21) and ∼ 3 . 7 M � at the eMSTO of
GC 1866. 
The gradual increase of V sin i visible in Fig. 8 appears at

dds with the expectation from a bimodal distribution of rotational
elocities 3 in the two clusters, in which case one might expect to
ee a sharp increase in the average V sin i when moving from the
lue to the red main sequence. A possible explanation for this trend
ould be a dependence of the observed colour on the inclination
f a star, because for increasingly fast rotating stars, fundamental
tellar parameters like effective temperature and surface gravity are
xpected to depend on latitude, in the sense that the equator region
f the star appears cooler and fainter than the poles, an effect known
s gravity darkening (Zeipel 1924 ). However, for clusters with ages
imilar to those studied in this work, Gossage et al. ( 2018 ) studied
he effect of gravity darkening using MESA models and found it to
e strongest among turn-off stars, whereas colour variations among
he main sequence stars were restricted to < 0 . 05 mag in B −V (see
lso Wang et al. 2023a ). Our measurements also suggest that gravity
arkening only plays a small role in defining the colours of the
ain-sequence stars in NGC 1866 and NGC 1856. To illustrate

his, consider the magnitude range 1 to 2 mag below the turn-off
n NGC 1866. In this case, the red main-sequence stars occupy
he pseudo-colour range 0 . 6 < �F336W , F438W 

< 1 (cf. Fig. 2 ). The
entral left panel of Fig. 8 shows that the V sin i distribution of these
tars extends down to zero at virtually no colour change. Hence,
ur results rather indicate that the assumption of a purely bimodal
istribution of rotational velocities in young massive clusters is a
implification, and that their true stellar spin distribution is more
omplex. 

In Fig. 8 , the samples of Be stars identified in Section 3 are
ighlighted using red stars. We note that their V sin i values extend to
igher values compared to ordinary main sequence stars, particularly
n the case of NGC 1866. Although Be stars are expected to
e fast rotating, in some cases, our measured values exceed the
ritical velocities typically assumed for such stars. For example, the
YCLIST models (Georgy et al. 2013 ) predict critical velocities
round 400 km s−1 for main sequence stars with masses ∼ 3 M�
fter 200–300 Myr of evolution (see Section 4.2 ). To understand
hese results, we visually inspected the spectral fits of the Be stars
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Figure 9. The distributions of V sin i values obtained for red main-sequence 
stars in the magnitude range 19 < mF438W 

< 20 in NGC 1866 (left) and NGC 

1856 (right) are shown as solid histograms. The grey lines show the V sin i 
distributions expected from the simple model for the equatorial velocity 
distribution described in the text, with the grey shaded areas indicating the 
1 σ confidence intervals for randomly drawing the same number of stars as 
observed from the models. The model parameter adopted are provided near 
the top of each panel. In either cluster, the mock distribution provides a 
reasonable representation of the measured one. 

Table 1. Best-fit parameters from the modelling of the observed V sin i 
distribution of red main-sequence stars. 

Cluster 〈 Veq 〉 /km s−1 σV /km s−1 

NGC 1866 302 . 5+ 4 . 5 
−4 . 7 27 . 9+ 5 . 1 

−5 . 2 

NGC 1856 291 . 3+ 6 . 0 
−6 . 0 40 . 5+ 5 . 6 

−4 . 4 
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ndividually. We found that many spectra displayed features that have 
otentially biased our V sin i measurements, such as faint emission 
omponents in the Paschen lines or Ca II triplet emission. An example
s shown in Fig. 4 . Be stars are known to show emission lines apart
rom the Balmer lines (e.g. Banerjee et al. 2021 ), yet the origin
f the Ca II emission is still debated because the decretion discs
re believed to be too hot for their occurrence (see Shokry et al.
018 ). While star clusters offer the possibility to study the origin of
a II emission in a controlled environment with well-defined stellar 
ges and masses, this endeavour is beyond the scope of our study.
owever, we emphasize that any line emission will bias our V sin i 
easurements to high values. Hence, we refrain from interpreting the 
sin i results of the Be sample. More spectroscopic data, covering 
etal or helium lines in the blue part of the optical range, are

eeded. 

.2 A closer look at the red main sequence 

lthough stellar rotation is accepted to play a substantial role in 
haping the CMDs of young star clusters, there is still no consensus
egarding the actual spin velocities of the stars. Photometric studies 
ased on comparisons between the observed colour spreads and 
tellar evolutionary models often find that rotational velocities close 
o the critical value are required for the red main-sequence stars to
lign model predictions and data (e.g. Milone et al. 2017 ; Cordoni
t al. 2024 ). On the other hand, Wang et al. ( 2023a ) argued that
oderately fast rotating stars, spinning at about 60–70 per cent of

he critical value, are sufficient to explain the observed colour spreads
nd highlighted some discrepancies between the various evolutionary 
odels available. The rotation rates inferred by Wang et al. ( 2023a )

re in agreement with the direct measurements of V sin i available 
or red main-sequence stars in young Magellanic Cloud clusters (e.g. 

arino et al. 2018 ; Kamann et al. 2023 ). 
To investigate the properties and the evolution of rotational 

elocities among red main-sequence stars, we focus our attention 
o the magnitude range 19 < mF438W 

< 20, in which both clusters
isplay a split main sequence (cf. Fig. 2 ) and large numbers of
sin i measurements are available. To select red main-sequence 

tars, we applied an additional cut of 0 . 4 < �F336W , F438W 

< 1 . 0
o both subsamples, resulting in 286 stars in NGC 1866 and 
50 stars in NGC 1856. Their V sin i distributions are shown 
n Fig. 9 . Both distributions peak slightly below 300 km s−1 and 
re asymmetric, showing an extended tail towards lower values. 
he latter is expected for an isotropic distribution of inclination 
ngles i. 

We designed a simple model to recover the intrinsic distribution 
f equatorial velocities Veq of red main-sequence stars from the 
bserved distributions shown in Fig. 9 . We assumed that the intrinsic
istribution is Gaussian, with a mean value of 〈 Veq 〉 and a dispersion
V . Then, the likelihood to observe a star with a projected velocity
f VP ± εVP can be approximated as follows: 

( VP , εVP |〈 Veq 〉 , σV , i) 

= 1 √ 

2 π
(
ε2 
VP 

+ σ 2 
V 

) exp 

[ 

− ( VP − 〈 Veq 〉 sin i)2 

2
(
ε2 
VP 

+ σ 2 
)

] 

. (1) 

he inclination angle i is a nuisance parameter in our case, and
annot be constrained on a star-by-star basis. Hence, we integrate 
he likelihood over all possible values of i, keeping in mind that for
n isotropic distribution of spin axes, the probability density function 
s given by f ( i) = sin i. 

( VP , εVP |〈 Veq 〉 , σV ) 

=
∫ π/ 2 

0 

1 √ 

2 π
(
ε2 
VP 

+ σ 2 
V 

) exp 

[ 

− ( Vp − 〈 Veq 〉 sin i)2 

2
(
ε2 
VP 

+ σ 2 
V 

)
] 

sin i d i. 

(2) 

he integral can be evaluated numerically for a given set of model
arameters ( 〈 Veq 〉 , σV ) and a measured velocity VP ± εVP . We can
hen determine the likelihood of the model parameters given the data
y multiplying the likelihood functions of the individual stars. In 
ractice, we evaluate the log-likelihood and explore the parameter 
pace of possible 〈 Veq 〉 − σV combinations using EMCEE (Foreman- 
ackey et al. 2013 ). The median values and their confidence intervals 

re listed in Table 1 . In both clusters, the red main-sequence stars
ave mean equatorial velocities of 〈 Veq 〉 ∼ 300 km s−1 . 
To get an idea of how well our simple model reproduces the

bserved, we randomly draw mock Veq samples with the same 
umber of stars as in the observed samples, project them along
MNRAS 542, 2768–2784 (2025)
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M

Figure 10. The evolution of the equatorial velocity Veq (solid blue line) and 
the critical velocity Vcrit (orange dashed line) as a function of main-sequence 
lifetime, as predicted by SYCLIST for a 2 . 7 M� star of metallicity Z = 0 . 006 
and with an initial angular velocity ratio of �/�crit = 0 . 95. The top panel 
shows the same quantities normalized by the critical velocity. In both panels, 
the mean equatorial velocities derived in this work for NGC 1866 and NGC 

1856 are overplotted as the respective ages of the clusters. 
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he line of sight assuming isotropy, and apply our measurement
ncertainties. For each cluster, 1000 mock samples are generated
nd their median values as a function of V sin i are shown in Fig. 9
s black lines. They provide reasonable representations of the data.
owever, some differences can be noted. In the case of NGC 1866,
ur model slightly underestimates the number of V sin i values
elow ∼ 100 km s−1 , suggesting a small fraction of genuinely slowly
otating stars. We speculate that this population could be composed of
hotometric binaries that ‘migrated’ from the blue main sequence. In
he case of NGC 1856, the observed peak in V sin i appears broader
han the one predicted by the model. This is also reflected by the larger
alue of σV determined for this cluster (cf. Table 1 ). Interestingly,
or this cluster the photometric split between the blue and red main
equences is also less sharp than for NGC 1866, as can be verified
n Fig. 2 , even after correcting for differential extinction. This could
mply that the intrinsic distribution of rotational velocities is broader
or NGC 1856 than it is for NGC 1866. 

.3 Comparison to models 

he typical mass of the red main-sequence stars discussed above is
2 . 7 M�. In Fig. 10 , we compare our measurements of 〈 Veq 〉 to the

redicted evolution of such stars, based on the SYCLIST models
Georgy et al. 2013 ). The model prediction was calculated assuming
 constant metallicity of Z = 0 . 006, in agreement with the isochrone
tting presented in Section 2.4 . We further adopted the same ages
 ∼ 200 Myr for NGC 1866 and ∼ 320 Myr for NGC 1856) that
rovided the best isochrone fits in order to overplot our measurements
n the model predictions. Fig. 10 shows that the models do not predict
ny significant evolution of 〈 Veq 〉 between the ages of the two clusters,
n agreement with our analysis, indicating that no substantial torques
rake the stars as they evolve on the main sequence. 
NRAS 542, 2768–2784 (2025)
To match our results, we need to calculate the models with an
nitial (zero-age main sequence, ZAMS) angular rotation rate of 95
er cent critical ( �/�crit, ZAMS ) = 0 . 95. In terms of the equatorial
elocity, this corresponds to an initial ratio of ( Veq /Veq , crit ) ∼ 0 . 9.
owever, at the current ages of the two clusters, the ratios have
ropped to values around 0 . 7 − 0 . 8. We note that this decrease
s mainly caused by an initial drop of the equatorial velocity by

100 km s−1 during the first ∼ 20 Myr of evolution (see Fig. 10 ).
s discussed by Wang et al. ( 2023a ), this drop, which is related to an

arly relaxation phase of the star, is not seen in other model suites.
urthermore, different models use different definitions of �crit and
eq , crit . Consequently, care must be taken when inferring fractional
ritical velocities from measurements. This can be illustrated by
he example of NGC 1866, which was included in the works of
ossage et al. ( 2019 ) and Wang et al. ( 2023a ). Both studies compared

he cluster’s HST photometry to rotating MESA models and found
hat, to reproduce the main-sequence split, it was sufficient to adopt

oderate �/�crit, ZAMS or Veq /Veq , crit values of around 0.5 for the
ed main-sequence stars. Wang et al. ( 2023a ) further showed (their
ig. 1 ) that to achieve similar colour spreads in the SYCLIST
odels, higher values of ( �/�crit, ZAMS ) between 0.9 and 0.95 were

equired. This agrees with our findings, depicted in Fig. 10 . Indeed,
he physical velocities predicted by Gossage et al. ( 2019 , their Fig.
0) across the split main sequence seem to agree well with our
easurements. 
Very recently, Ettorre et al. ( 2025 ) performed PARSEC (Bressan

t al. 2012 ) isochrone modelling of NGC 1866 and argued for a
egligible fraction of moderate or slow rotators ( �/�crit, ZAMS � 0 . 8)
n the cluster, in conflict with our direct spin measurements and
he studies of Gossage et al. ( 2019 ) and Wang et al. ( 2023a ).
uch discrepancies suggest that stellar evolutionary models are
ot sufficiently accurate to infer stellar spin distributions purely
hotometrically. In fact, it is extremely challenging to fully re-
roduce the complex CMDs of YMCs, and the shortcomings of
he models can be misinterpreted as age spreads (see discussion
n Gossage et al. 2019 ) or result in poorly constrained cluster
arameters. According to fig. 13 of Ettorre et al. ( 2025 ), their best-
tting solution for the cluster was found at the high-metallicity
nd (Z = 0.009) of the parameter grid, suggesting that the fit was
verly constrained. We suggest that future studies that infer the
pin distribution of young clusters through CMD fits should directly
ncorporate the growing number of V sin i measurements when fitting
sochrones. 

For the remainder of this paper, we will rely on the SYCLIST
ramework to convert our V sin i measurements into critical rotation
ractions. To translate our fractional values to other model frame-
orks, the interested reader is referred to Wang et al. ( 2023a ). 
A general prediction of stellar evolutionary models is that the

ritical velocity should decrease as a star reaches the end of its
ain-sequence lifetime, because its core contracts while its envelope

xpands. This effect is visualized by the dashed orange curve
ncluded in Fig. 10 . This drop implies that despite having the same
hysical equatorial velocities on average, the red main-sequence stars
n the older cluster NGC 1856 rotate closer to their critical velocity
han those in NGC 1866 by about 10 per cent. In this respect, it is
nteresting to note that in the magnitude range investigated, NGC
856 possesses a significant number of Be stars, while NGC 1866
as none. In both clusters, the red main-sequence stars are expected
o be rotating within 20 per cent of their critical velocities just
efore leaving the main sequence. We will expand on these aspects
n Section 5 below when we discuss the origin of the Be stars in the
wo clusters. 
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 DISCUSSION  

.1 Stellar rotation 

n both clusters, we measure mean equatorial velocities of 
eq ∼300 km s−1 for the red main-sequence stars (cf. Table 1 ). The
ther two young LMC clusters with such measurements available are 
GC 1818 and NGC 1850. For the former, Marino et al. ( 2018 ) report
 mean projected velocity of 〈 V sin i〉 = 202 ± 23 km s−1 . Assuming
n isotropic distribution of stellar spins, i.e. 〈sin i〉 = π/ 4, this value
ranslates to a mean equatorial velocity of 〈 Veq 〉 ∼ 257 km s−1 . For
GC 1850, Kamann et al. ( 2023 ) found mean equatorial velocities
etween 230 and 280 km s−1 , depending on the adopted magnitude 
nd analysis method. In comparison to these two studies, our mean 
elocities are slightly higher, but still broadly consistent, especially 
hen considering the intrinsic dispersion of Veq within the red main- 

equence populations of NGC 1866 and NGC 1856 that is visible in
ig. 9 . 
Turning our attention to the blue main-sequence stars, our analysis 

onfirms that they are relatively slowly rotating, in agreement with 
odel predictions. In addition, Figs 7 and 8 suggest they cover a con-

iderable range of equatorial velocities. Therefore, care must be taken 
hen comparing measurements across different studies and clusters, 

s the agreement will vary depending on which stars blueward of
he red main sequence are included. If we classify as blue main-
equence stars all those with �F336W , F438W 

< 0 . 4 and again focus on
he magnitude range 19 < mF438W 

< 20, we obtain mean values of
 V sin i〉 = 91 . 1 ± 10 . 4 km s−1 and 〈 V sin i〉 = 106 . 7 ± 8 . 4 km s−1 

or NGC 1866 and NGC 1856, respectively. These values are in 
greement with the results for the blue main-sequence stars measured 
n NGC 1850 ( 〈 V sin i〉 = 99 ± 5 km s−1 ; Kamann et al. 2023 ) and
lightly higher than those of the blue main sequence stars in NGC
818 ( 〈 V sin i〉 = 71 ± 10 km s−1 ; Marino et al. 2018 ). 
Another interesting comparison concerns open clusters in the 
ilky Way, which could help to understand if there are any differ-

nces in the spin properties of stars depending on the environment. 
any of the Galactic low-mass open clusters do not show split
ain sequences. In the recent study of Cordoni et al. ( 2024 ), two

ut of 32 clusters do so, NGC 2287 ( ∼300 Myr) and NGC 3532
 ∼ 410 Myr). Both clusters have bimodal V sin i distributions, with 
he slow rotators peaking between 75 and 100 km s−1 and the fast
otators peaking around 250 km s−1 , in good agreement with the 
alues typically found in the massive Magellanic Cloud clusters. 

Considering all spectroscopic measurements made so far, a con- 
istent picture emerges where blue main sequence stars occupy a 
road range of equatorial velocities centred around Veq � 120 km s−1 , 
hile fast rotators peak at around 300 km s−1 in the stellar mass range

haracteristic for split main sequences (around 3 M�). Comparison 
o the critical velocities of the SYCLIST models (cf. Fig. 10 ) suggests
hat the blue main sequence stars generally have low V /Vcrit � 0 . 3
nd that fast rotators cover a range of V /Vcrit = 0 . 6–0 . 8 in the age
ange investigated so far ( � 300 Myr). However, the models further
redict that the majority of red-main sequence stars will approach 
heir break-up velocities just before evolving off the main sequence 
cf. Fig. 10 ). This has implications for the high fractions of Be stars
bserved in these clusters, as further discussed below in Section 5.3 .
As already discussed in Section 4.2 , there is no consensus on

he initial rotation rates of blue and red main-sequence stars. 
tudies based on comparisons between the observed photometric 
olour spreads and those predicted by rotating stellar models yield 
mbiguous results, with some arguing that initial rotation rates close 
o critical ( � 90 per cent) are required to reproduce the observed
N

hotometric spreads, while others infer moderate values of 50–60 
er cent critical. An in-depth discussion of the model discrepancies 
s beyond the scope of our work (e.g. see Wang et al. 2023a , instead).
owever, we argue that in light of such discrepancies, the provision
f just the initial rotation rates that reproduce an observation can be
isleading, because different initial conditions may result in the 

ame observables. In light of the increasing data base of direct
sin i measurements, an effort should be made to consider these 
easurements when fitting isochrones (e.g. Lipatov et al. 2022 ). 

.2 The origin of fast and slow rotators 

f the different scenarios that have been proposed to explain the
tellar spin distributions inside young star clusters, none makes 
xplicit predictions about the equatorial velocities expected in a given 
arget. Hence, it is difficult to constrain the scenarios based on the

sin i measurements presented in Section 4 . One aspect that is worth
iscussing is that while our observations confirm a clear difference 
etween the spin velocities of red and blue main-sequence stars, the
imodality in V sin i is less pronounced than one might expect (cf.
ig. 8 ). In the scenario proposed by Wang et al. ( 2022 ), where blue
ain-sequence stars are formed via stellar mergers during the first 

ew Myr of cluster evolution, a significant number of intermediate 
otators seems difficult to explain. If mergers happen early and result
n slowly rotating stars, one would naively expect a well defined peak
f low V sin i values at the ages of NGC 1856 and NGC 1866. If
nstead the slow rotators are caused by tidal interactions in binary
tars as advocated by D’Antona et al. ( 2015 ), a range of low equatorial
elocities could correspond to a range in binary periods. We note that
he average Veq values derived for the blue main sequence stars are
omparable to those found for late B-type binaries in the field by
bt & Boonyarak ( 2004 ). Finally, if stellar rotation is linked to the

ifetimes of protostellar discs as proposed by Bastian et al. ( 2020 ), a
ange of equatorial rotation velocities seems plausible. As the final 
pin of a star depends on exactly when a star loses its disk (see
ig. 2 in Bastian et al. 2020 ), a strong bimodality would be harder to
xplain instead, as it would require a mechanism that synchronises 
isk evaporation across a cluster. 
Bastian et al. ( 2020 ) suggested to compare the spatial concentra-

ions of the slow and fast rotators as an observational test of their
cenario. As stars born close to the centres of their host clusters
re more likely to lose their discs either through photo-evaporation 
rom nearby O-stars or dynamical encounters, their scenario predicts 
he fast rotators to form centrally concentrated. In the other two
cenarios, no such link is immediately expected. We studied the 
patial distribution of the slow and fast rotators in NGC 1850, NGC
866, and NGC 1856 by selecting the stars in the magnitude range
9 . 0 < mF438W 

< 20 . 2 and considering as blue (red) main-sequence
tars those with pseudo-colours below (above) the 30th percentile 
f the �F336W , F438W 

distribution (cf. Fig. 2 ). The result is shown in
ig. 11 , with the inset axes illustrating our selections of blue and
ed main-sequence stars in the cluster CMDs. We note that assuming
 fixed number ratio leads to some cross-contamination between 
he two groups. This will effectively dampen any signatures of 
oncentration differences, such that our results should be interpreted 
s conservative estimates of the true segregation between red and 
lue main-sequence stars. 
Interestingly, we observe hints of an age evolution in Fig. 11 , in the

ense that the youngest cluster NGC 1850 has the most segregated
opulations and the highest concentration of fast rotators, whereas 
he oldest cluster NGC 1856 shows fully mixed populations, with 
GC 1866 still showing (weaker) signs of segregation. Our results 
MNRAS 542, 2768–2784 (2025)
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Figure 11. Cumulative radial distributions of red and blue main-sequence stars in NGC 1850 (left), NGC 1866 (centre), and NGC 1856 (right). Note that the 
clusters are sorted by increasing age. The p-value of a two-sided KS test to investigate the similarity of the distributions is provided in the bottom right of each 
panel. Inset panels illustrate how the two samples were selected from the CMDs of the clusters. Note that for the sake of brevity, we label mF336W 

and mF438W 

as U and B, respectively. 
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gree well with literature studies available for the individual clusters,
amely Niederhofer et al. ( 2024 ) for NGC 1850, Milone et al. ( 2017 )
or NGC 1866, and Li et al. ( 2017 ) for NGC 1856. One possibility to
xplain this finding is that the fast rotating red main-sequence stars
ndeed form centrally concentrated, but that the initial differences
re erased as the cluster evolves. However, all clusters should be
ynamically young. Assuming a typical scale radius of 25 arcsec
nd a central dispersion of 4 km s−1 (Niederhofer et al. 2024 ) yields
elaxation times around 1 Gyr. Therefore, it seems unlikely that an
nitial segregation between the two populations would have been
ompletely erased by the age of NGC 1856. We conclude that a larger
ample of clusters together with evolutionary cluster simulations
e.g. Wang et al. 2023b ) are needed in order to confirm or refute the
pparent trend in Fig. 11 . 

.3 Be star fraction 

umerous photometric and spectroscopic studies of massive
MC/SMC clusters have shown that the fraction of Be stars, fbe , is
 strong function of magnitude, peaking near the MSTO and falling
owards fainter magnitudes (e.g. Keller, Bessell & Da Costa 2000 ;
astian et al. 2017 ; Milone et al. 2018 ; Bodensteiner et al. 2020 ;
amann et al. 2023 ). This trend is also found in the present work for
GC 1866 and NGC 1856. As such we focus on the shape of fbe as a

unction of magnitude along with the maximum observed fbe , f max 
be .

In NGC 1866 and NGC 1856, we find f max 
be = 85+ 7 

−12 % and 78+ 11 
−17 %,

espectively. Both NGC 1866 and NGC 1856 have been studied
reviously, although only NGC 1856 has had its fbe studied in
etail (Bastian et al. 2017 ; Milone et al. 2018 ). These studies
ere done using narrow band H α photometry and found f max 

be =
0–33 per cent . These values are significantly smaller than those
ound in the present work. The likely source of this difference is that
hotometric studies are less sensitive to H α emission (especially
hen superimposed on a broad absorption line) than spectroscopy. At
ounger ages, when the Be star population is dominated by early-type
 stars, the H α emission associated with the Be star phenomenon

s observed to be much stronger (see Fig. 5 ). Hence, for younger
lusters we would expect similar Be star fractions for photometric
NRAS 542, 2768–2784 (2025)
nd spectroscopic studies, but in older clusters photometric studies
ay significantly underestimate the Be star fraction. This conclusion

s supported by the very young cluster NGC 330 ( ∼30 Myr) that
as had its Be star population studied in detail both photometrically
nd spectroscopically. Photometric studies found f max 

be ∼ 55 per cent
Milone et al. 2018 ) while spectroscopic estimates were similar,
lthough slightly higher, 68 per cent (Bodensteiner et al. 2020 ). 

We conclude that f max 
be in the massive LMC/SMC clusters studied

o date (NGC 330, NGC 1850, NGC 1866, and NGC 1856) is high,
rom 58 per cent to nearly 85 per cent in NGC 1866, irrespective
f the specific subclass of B-stars present. These fractions can be
sed to set constraints on both the origin of Be stars as well as their
uty cycle (i.e. how long they can be seen in emission compared to
hen they are dormant). These constraints will be discussed in the

ollowing sections. 

.4 The origin of Be stars 

here are two main theories for the origin of Be stars, both of which
re likely to occur in nature. The processes are not exclusive, so it
s likely that both models contribute to the formation of Be stars at
ome level, with their relative importance potentially being a function
f stellar mass or environment. The first model adopts interacting
inaries and the second model focuses on the rotational evolution
f single stars. We will briefly outline either model and discuss it in
ight of our observations. 

.4.1 Binary pathway 

he transfer of material from a donor star onto a secondary star
an transfer a significant amount of angular momentum, potentially
ausing the secondary to rotate faster, leading to it reaching the
ritical rotation rate (see Langer 2012 , for a review). It is thought
hat the accretion of just a few per cent of a star’s total mass may be
nough to cause the star to reach critical rotation (Packet 1981 ). It is
ypically assumed that the donor star is the primary star of a system,
hat begins to donate mass onto the secondary once it begins to expand
s it leaves the main sequence (case B mass transfer). Indeed, studies
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f Be field stars have found evidence for the importance of the binary
tars, such as a lack of main-sequence companions and the presence 
f stripped stars in wide orbits (see Marchant & Bodensteiner 2024 ,
or a recent review). As stable mass transfer is assumed to be possible
nly in binaries with mass ratios close to unity (e.g. Wang et al.
020 ), Be stars formed through the binary channel are expected to
e confined to a narrow magnitude range ∼2 mag below the turn-off
f a cluster. 
Hastings et al. ( 2021 ) have modelled a population of Be stars

nd by intentionally selecting extreme model parameters, have been 
ble to produce an upper limit to the expected f max 

be as a function of
agnitude. The most important parameters in this study are (1) the 

nitial binary fraction, (2) the fraction of binaries that will interact 
nd become Be stars (specifically as a function of orbital separation), 
nd (3) the index of the stellar initial mass function (IMF). Under
he assumption of a 100 per cent binary fraction and that all binary
ystems will undergo mass-transfer in order to produce a Be star,
hey find that the upper limit of fbe increases towards to the MSTO,
eaching a value of f max 

be = 35 per cent for a top-heavy initial mass 
unction. This value is well below the observed f max 

be in NGC 1866 
nd NGC 1856. 

It is worth exploring the impact of the adopted model parameters. 
t is generally accepted that massive stars have high binary fractions, 
pproaching unity with increasing stellar mass (Offner et al. 2023 ). 
owever, the close binary fraction among B-stars in young massive 

lusters has been found to be � 50 per cent (Banyard et al. 2022 ;
aracino et al. 2023 ). This appears at odds with the idea that the
ajority of them gain mass through case B mass transfer. Even among 
-stars, only a minority of the objects accrete mass while on the main

equence (Sana et al. 2012 ). Taking these considerations into account, 
he fractions derived by Hastings et al. ( 2021 ) appear optimistic by
 factor of � 2. In that case, the binary channel is unlikely to be
he dominant path in the formation of Be stars in the LMC/SMC
oung massive clusters. This is consistent with the modelling of van 
ever & Vanbeveren ( 1997 ) who derived a maximum fbe of 5–20
er cent that could come through the binary channel. 

.4.2 Single star path 

he other commonly invoked pathway for Be star formation is 
hrough single star evolution. During hydrogen burning, the critical 
elocity of a star (needed to form a decretion disc) drops as the core
ensity increases and the envelope expands. If the equatorial velocity 
tays constant, the star will evolve closer towards the critical rotation 
ate as it approaches the MSTO (see Fig. 10 ). It is not clear what is
he exact fraction of the critical velocity (Veq / Vcrit ) needed to form
 decretion disc, with estimates ranging from 60 to over 95percnt 
ritical rotation (see Section 5.4.4 ). 

In young massive Magellanic Cloud clusters, the red main- 
equence stars make up the majority of the population ( ∼70 per cent;

ilone et al. 2018 ) and their rotational distribution typically peaks 
t ∼ 300 km s−1 with relatively small dispersion (see Table 1 ).
epending on the ages of their host clusters, these rapid rotators

re at 60–80 per cent of their critical rotation (see Fig. 10 ). Hence,
 relatively high fraction of these stars are expected to reach critical
otation as they approach the MSTO. 

Hastings et al. ( 2020 ) developed a model to predict the Be fraction
s a function of age for sets of coeval stars (i.e. clusters). Their
stimate of fbe is based on all stars within one magnitude of the
STO. As such, it should be comparable to f max 

be as defined in the
urrent work (see Fig. 6 ). For the initial rotation distribution, they
dopt the measured distribution by Dufton et al. ( 2013 ). We note
hat this distribution is for late O and early B-stars, which are much

ore massive than the stars considered in the current work. This
istribution also has fewer rapid rotators than found in NGC 1866
nd NGC 1856. 

The authors find that, depending on the adopted critical rotational 
hreshold, the models predict f max 

be = 30–90 per cent (assuming min- 
mum Vrot / Vcrit values from 70–95 per cent). Their models predict a
harp increase of the Be-star fraction towards the turn-off, with most
e stars confined to a narrow magnitude range ∼0.5 mag. While

his shape is not replicated in the observed fbe versus magnitude 
istributions shown in Fig. 6 , it is likely to depend on the assumed
istribution of Veq values. 
If we take the split main sequence as an indicator and adopt

 typical fraction of red main-sequence stars (fast rotators) of 70
er cent, assume that most of the fast rotators will become a Be star
ear the end of their main sequence lifetimes, and further assume that
he duty cycle of Be stars is 1, then we might expect 70 per cent of
he B stars in a massive cluster to become Be stars, which is close to
he observed fraction. In that respect, it would be insightful to extend
he work by Hastings et al. ( 2020 ) to lower stellar masses and the
ate B-type stars considered in this work. 

.4.3 Further observational tests 

ne way to constrain the relative importance of single- and binary-
tar channels in producing Be stars in young massive clusters would
e to improve their V sin i measurements. In the single-star channel, 
e would not expect any changes in V sin i compared to ordinary B

tars, because it is the drop in critical velocity that produces the Be
henomenon. Contrary, in the binary-star channel, the star is spun 
p by the mass transfer, resulting in elevated V sin i values. In that
ase, NGC 1866 and NGC 1856 provide a unique test case. As can be
erified from Fig. 8 , in the magnitude range 19 < mF438 < 20, NGC
866 does not show Be stars, while NGC 1856 does. Assuming
hat these stars started from the same initial values (cf. Fig. 10 ), we
ould expect the Be stars in NGC 1856 to be rotating faster than

heir (non-Be) counterparts in NGC 1866 only if they formed from
inary mass transfer. In Fig. 8 , it appears like indeed the Be stars have
igher V sin i values on average than the normal B stars. However, as
iscussed in Section 4 , we do not consider the V sin i measurements
s reliable, given the presence of emission features that can bias our
pectral analyses of these stars. This is also illustrated by the fact
hat a significant fraction of the Be stars have fitted V sin i values
hat exceed the critical velocities expected for these stars. Additional 
bservations at higher spectral resolution and with bluer wavelength 
overage are needed to settle this case. 

Another possibility to weigh the importance of the two scenarios 
ould be binary studies. Many Be stars in the field have indeed
een confirmed to be part of post-interaction binaries (e.g. Be + sdO
ang et al. 2021 ), whereas, as mentioned above, they show a lack of
ain-sequence companions, in agreement with the expectations from 

he binary-star channel. Mass transfer will widen the binary orbit, 
hich, in combination with the reduced mass of the companion, 
ill result in a binary that is difficult to detect using line-of-sight
elocity variations. In that case, the lower fractions of close binaries
etected spectroscopically among Be stars in young massive clusters 
Bodensteiner et al. 2021 ; Saracino et al. 2023 ) could be interpreted in
avour of the binary-star channel. Alternatively, however, one could 
rgue that the presence of a close companion slows the rotation of
he B star through tidal interaction (Abt & Boonyarak 2004 ) before
MNRAS 542, 2768–2784 (2025)
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ts critical velocity drops sufficiently to ignite the Be phenomenon.
ence, the single-star channel also predicts a lower spectroscopic
inary fraction of Be stars. Ultimately, binary studies covering longer
aselines at higher spectral resolution than currently feasible will be
eeded to make progress in this respect. 

.4.4 The rotation rate needed to form Be stars 

hile rotation has long been posited as the origin of the Be star
henomenon, there has been disagreement on how rapidly a star
eeds to rotate in order to form a decretion disc (and subsequently be
bserved as an emission line star). While Townsend, Owocki &
owarth ( 2004 ) suggested that, when taking into account limb
arkening, observations are consistent with stars rotating at or over 95
er cent critical rotation, Zorec et al. ( 2016 ) argued for a much wider
elocity range, extending down to 30 per cent critical. Conversely,
uang, Gies & McSwain ( 2010 ) found that it could be as low

s 60 per cent, and also suggested that there could be a stellar
ass dependence, with lower mass B stars (like those studied here)

equiring > 95 per cent of critical rotation. 
Using the SYCLIST model from Section 4 , we can convert the

arameters listed in Table 1 to fractional values of the critical rotation,
ielding 〈 V /Vcrit 〉 = 0 . 72 ± 0 . 07 for NGC 1866 and 0 . 76 ± 0 . 11
or NGC 1856. Plugging these values into Gaussian cumulative
istribution functions, we find that ∼20 per cent of the stars in NGC
856 rotate at ≥85 per cent critical, but only ∼4 per cent in NGC
866. These values agree well with the Be star fractions provided
or the two clusters in Fig. 6 in the magnitude range considered
19 < mF438W 

< 20). This simple estimate suggests that – under the
ssumption that the majority of the Be stars originate from single
tellar evolution – our data are consistent with an onset of the Be
henomenon at V /Vcrit = 0 . 85 in late B stars. 
If we follow the model evolution depicted in Fig. 10 to the end

f the main-sequence lifetimes of the stars under consideration, we
ee that in both clusters, the peak of the V /Vcrit distribution will
hift to values � 0 . 85. This implies that the majority of the red
ain-sequence stars could evolve into Be stars, explaining the high
e fractions observed in the clusters today at slightly higher stellar
asses. 
Our results suggest that, at least in these clusters, the single-star

hannel can produce the majority of the Be stars if rotation at ∼85
er cent of their critical velocity is sufficient to enter the Be phase.
ecause the clusters studied in this work are populated by late-

ype B-stars, whereas the importance of the binary pathway has been
argely established for early-type B-stars, we argue that the dominant
hannel to form Be stars may be mass-dependent (see also Rivinius &
lement 2024 ). Additionally, our results imply that the duty cycle

the fraction of time that a star spends being observable as a Be star)
s near unity. 

 C O N C L U S I O N S  

ur analysis of the two young massive clusters NGC 1866 and
GC 1856 confirms that stellar rotation plays a dominant role

n shaping their colour–magnitude diagrams. At fixed magnitude,
here is a strong correlation between the colour of a star and
ts projected rotation velocity V sin i, which we traced from the
xtended main-sequence turn-offs to the split main sequences of
he clusters (see Fig. 8 ). Interestingly, we do not observe a strong
imodality between slow and fast rotators in either cluster, as might
e expected based on the photometric evidence for distinct blue
NRAS 542, 2768–2784 (2025)
nd red main sequences. Instead, V sin i increases gradually with
olour, with the bluest stars at a given magnitude often displaying
pin velocities below the detection threshold of the MUSE data
 � 30 km s−1 ; Kamann et al. 2023 ). The dominant population of
ed main sequence stars is characterized by equatorial velocities
entred around Veq ∼ 300 km s−1 in either cluster. A comparison to
YCLIST (Georgy et al. 2013 ) stellar models suggests that both
lusters were formed with comparable stellar spin distributions and
hat stars approaching the end of their main-sequence lifetimes will
redominantly be rotating close to their break-up velocities, i.e.
 /Vcrit ≥ 80 per cent . 
These findings have implications for the rich populations of Be

tars uncovered in both clusters. By searching for evidence of H α

ine emission, we find that Be stars dominate the eMSTOs of NGC
866 and NGC 1856 in numbers, with maximum fractions of f max 

be ≥
0 per cent . In combination with earlier results obtained for the even
ounger clusters NGC 330 (Bodensteiner et al. 2020 ) and NGC 1850
Kamann et al. 2023 ), we can conclude that young massive clusters
how large Be-star fractions regardless of the spectral subclass (B0-
9) populating the turn-off. We note that our measurement of the Be-

tar fraction in NGC 1856 is considerably above the value derived by
ilone et al. ( 2018 ), which we attribute to the enhanced sensitivity of

pectroscopy versus narrow-band photometry in detecting emission
ines. 

The formation of Be stars is still debated in the literature, with case-
 mass transfer in binaries and single-stellar evolution considered as

he alternatives (see the recent review by Marchant & Bodensteiner
024 ). The work by Hastings et al. ( 2020 ) and Hastings et al. ( 2021 )
as shown that either mechanism struggles to produce the large
umber of Be stars observed in young massive clusters. Our V sin i 
easurements in comparison with the SYCLIST models predict that

he majority of red main-sequence stars will be rotating at or above
0 per cent of their break-up velocity as they approach the turn-off.
f this threshold is sufficient to trigger the Be phenomenon (and the
uty cycle is high), then the fast rotators could naturally explain
he majority of Be stars observed in young massive clusters without
nvoking spin-up via binary mass transfer. 

Finally, what do our results imply for the origin of the wide
istributions of stellar spins observed in young star clusters? None
f the three scenarios proposed in this respect (D’Antona et al. 2015 ;
astian et al. 2020 ; Wang et al. 2022 ) makes detailed predictions
bout the Veq distribution of slow and fast rotators in clusters with
ges of a few 100 Myr. Hence, it is difficult to draw any firm
onclusions. It appears that the gradual, rather than abrupt, increase
n V sin i with colour could help constrain the models. For example,
he scenario in which fast rotators lose their protostellar disks earlier
han slow rotators (Bastian et al. 2020 ) does not a priori predict a
imodality, i.e. discrete populations of slow and fast rotators. The
ame scenario also predicts that fast rotators should be centrally
oncentrated relative to slow rotators, in partial agreement with our
ndings (cf. Fig. 11 ). In a follow-up study that is presented in Bastian
t al. ( 2025 ), we investigate whether the populations of blue stragglers
ound in the clusters can be used to enhance our understanding about
he origin of the stellar spin distributions of young massive clusters. 
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im B. , Rauw G., Nazé Y., Sung H., Hwang N., Park B.-G., 2019, Nat.

Astron. , 3, 76 
ipatov M. , Brandt T. D., Gossage S., 2022, ApJ , 934, 105 
ackey A. D. , Broby Nielsen P., 2007, MNRAS , 379, 151 
archant P. , Bodensteiner J., 2024, ARA&A , 62, 21 
arino A. F. , Przybilla N., Milone A. P., Da Costa G., D’Antona F., Dotter

A., Dupree A., 2018, AJ , 156, 116 
artocchia S. et al., 2018, MNRAS , 473, 2688 
artocchia S. , Bastian N., Saracino S., Kamann S., 2023, MNRAS , 520,

4080 
aurya J. , Samal M. R., Amard L., Zhang Y., Niu H., Kim S. C., Joshi Y. C.,

Kumar B., 2024, MNRAS , 532, 1212 
cLaughlin D. E. , van der Marel R. P., 2005, ApJS , 161, 304 
ilone A. P. et al., 2015, MNRAS , 450, 3750 
ilone A. P. et al., 2017, MNRAS , 465, 4363 
ilone A. P. et al., 2018, MNRAS , 477, 2640 
ilone A. P. et al., 2023a, MNRAS , 524, 6149 
ilone A. P. et al., 2023b, A&A , 672, A161 
ewville M. et al., 2024, lmfit/lmfit-py: 1.3.2, Zenodo, Version 1.3.2, https:

//doi.org/10.5281/zenodo.12785036 (accessed July 19) 
idever D. L. et al., 2020, ApJ , 895, 88 
iederhofer F. et al., 2024, A&A , 689, A162 
iederhofer F. , Georgy C., Bastian N., Ekström S., 2015, MNRAS , 453, 2070 
ffner S. S. R. , Moe M., Kratter K. M., Sadavoy S. I., Jensen E. L. N., Tobin

J. J., 2023, in Inutsuka S., Aikawa Y., Muto T., Tomida K., Tamura M.,
eds, 534, ASP Conf. Ser. Vol. 534, Protostars and Planets VII . Astron.
Soc. Pac., San Francisco, p. 275 

acket W. , 1981, A&A, 102, 17 
ivinius T. , Carciofi A. C., Martayan C., 2013, A&A Rev. , 21, 69 
ivinius T. , Klement R., 2024, preprint ( arXiv:2411.06882 ) 
MNRAS 542, 2768–2784 (2025)

http://dx.doi.org/10.1086/423795
http://dx.doi.org/10.1051/0004-6361/201732484
http://dx.doi.org/10.1093/mnras/staa3469
http://dx.doi.org/10.1051/0004-6361/202141037
http://dx.doi.org/10.1093/mnras/stw3042
http://dx.doi.org/10.1111/j.1745-3933.2009.00696.x
http://dx.doi.org/10.1093/mnras/staa1332
http://dx.doi.org/10.1093/mnras/sty2100
http://dx.doi.org/https://doi.org/10.1051/0004-6361/202555369
http://dx.doi.org/10.1051/0004-6361/201936743
http://dx.doi.org/10.1051/0004-6361/202140507
http://arxiv.org/abs/2502.02641
http://dx.doi.org/10.1111/j.1365-2966.2012.21948.x
http://dx.doi.org/10.48550/arXiv.2412.00520
http://dx.doi.org/10.3847/1538-4357/ad3e6e
http://dx.doi.org/10.1086/167900
http://dx.doi.org/10.3847/0004-637X/823/2/102
http://dx.doi.org/10.1080/01621459.1979.10481038
http://dx.doi.org/10.1038/s41467-022-31977-y
http://dx.doi.org/10.1093/mnras/stae1569
http://dx.doi.org/10.3847/1538-4357/aaedc1
http://dx.doi.org/10.1093/mnras/stad851
http://dx.doi.org/10.1093/mnras/stv1794
http://dx.doi.org/10.1038/s41550-017-0186
http://dx.doi.org/10.1086/316630
http://dx.doi.org/10.3847/0067-0049/222/1/8
http://dx.doi.org/10.1051/0004-6361/201220273
http://dx.doi.org/10.3847/2041-8213/aa85dd
http://dx.doi.org/10.48550/arXiv.2504.02035
http://dx.doi.org/10.1086/670067
http://dx.doi.org/10.1051/0004-6361/201321302
http://dx.doi.org/10.1051/0004-6361/201834505
http://dx.doi.org/10.1051/0004-6361/201220558
http://dx.doi.org/10.3847/1538-4357/ab5717
http://dx.doi.org/10.3847/1538-4357/aad0a0
http://dx.doi.org/10.1088/0004-637X/797/1/35
http://dx.doi.org/10.1051/0004-6361/202141269
http://dx.doi.org/10.1051/0004-6361/201937018
http://dx.doi.org/10.3847/1538-4357/aab158
http://dx.doi.org/10.1093/mnras/staa3522
http://dx.doi.org/10.1088/0004-637X/722/1/605
http://dx.doi.org/10.1051/0004-6361/201526949
http://dx.doi.org/10.1093/mnras/stx2719
http://dx.doi.org/10.1093/mnras/sty1958
http://dx.doi.org/10.1093/mnras/stz3583
http://dx.doi.org/10.1093/mnras/stac3170
http://dx.doi.org/10.1051/0004-6361/201220476
http://dx.doi.org/10.1086/301282
http://dx.doi.org/10.1146/annurev-astro-081811-125534
http://dx.doi.org/10.1051/0004-6361/202553956
http://dx.doi.org/10.3847/1538-4357/834/2/156
http://dx.doi.org/10.1038/s41550-018-0619-5
http://dx.doi.org/10.3847/1538-4357/ac78e1
http://dx.doi.org/10.1111/j.1365-2966.2007.11915.x
http://dx.doi.org/10.1146/annurev-astro-052722-105936
http://dx.doi.org/10.3847/1538-3881/aad3cd
http://dx.doi.org/10.1093/mnras/stx2556
http://dx.doi.org/10.1093/mnras/stad403
http://dx.doi.org/10.1093/mnras/stae1611
http://dx.doi.org/10.1086/497429
http://dx.doi.org/10.1093/mnras/stv829
http://dx.doi.org/10.1093/mnras/stw2965
http://dx.doi.org/10.1093/mnras/sty661
http://dx.doi.org/10.1093/mnras/stad2242
http://dx.doi.org/10.1051/0004-6361/202244798
https://doi.org/10.5281/zenodo.12785036
http://dx.doi.org/10.3847/1538-4357/ab7305
http://dx.doi.org/10.1051/0004-6361/202450255
http://dx.doi.org/10.1093/mnras/stv1791
http://dx.doi.org/10.48550/arXiv.2203.10066
http://dx.doi.org/10.1007/s00159-013-0069-0
http://arxiv.org/abs/2411.06882


2784 S. Kamann et al.

M

S
S
S  

S
S  

T
U
v
v
W
W

W  

W  

W
W
W
Z

T

D
ow

nloade
ana H. et al., 2012, Science , 337, 444 
aracino S. et al., 2023, MNRAS , 526, 299 
eabold S. , Perktold J., 2010, in van der Walt S. Millman J., eds, 9th Python

in Science Conference, p. 92 
hokry A. et al., 2018, A&A , 609, A108 
ong Y.-Y. , Mateo M., Bailey J. I., Walker M. G., Roederer I. U., Olszewski

E. W., Reiter M., Kremin A., 2021, MNRAS , 504, 4160 
ownsend R. H. D. , Owocki S. P., Howarth I. D., 2004, MNRAS , 350, 189 
sher C. et al., 2019, MNRAS , 482, 1275 
an Bever J. , Vanbeveren D., 1997, A&A, 322, 116 
on Zeipel H. , 1924, MNRAS , 84, 665 
ang C. et al., 2022, Nat. Astron. , 6, 480 
ang C. et al., 2023a, A&A , 670, A43 
NRAS 542, 2768–2784 (2025)

Published by Oxford University Press on behalf of Royal Astronomical Society. This is an 
( https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reus
ang C. , Langer N., Schootemeijer A., Castro N., Adscheid S., Marchant P.,
Hastings B., 2020, ApJ , 888, L12 

ang L. , Gies D. R., Peters G. J., Götberg Y., Chojnowski S. D., Lester K.
V., Howell S. B., 2021, AJ , 161, 248 

ang L. , Li C., Wang L., He C., Wang C., 2023b, ApJ , 949, 53 
eilbacher P. M. et al., 2020, A&A , 641, A28 
ilson E. B. , 1927, J. Am. Stat. Assoc. , 22, 209 

orec J. et al., 2016, A&A , 595, A132 

his paper has been typeset from a TE 

X/LA TE 

X file prepared by the author. 
© The Author(s) 2025. 
Open Access article distributed under the terms of the Creative Commons Attribution License 
e, distribution, and reproduction in any medium, provided the original work is properly cited. 

d from
 academ

ic.oup.com
/m

nras/article/542/4/2768/8245867 by Liverpool John M
oores U

niversity user on 10 Septem
ber 2026

http://dx.doi.org/10.1126/science.1223344
http://dx.doi.org/10.1093/mnras/stad2706
http://dx.doi.org/10.1051/0004-6361/201731536
http://dx.doi.org/10.1093/mnras/stab1065
http://dx.doi.org/10.1111/j.1365-2966.2004.07627.x
http://dx.doi.org/10.1093/mnras/sty2611
http://dx.doi.org/10.1093/mnras/84.9.665
http://dx.doi.org/10.1038/s41550-021-01597-5
http://dx.doi.org/10.1051/0004-6361/202245413
http://dx.doi.org/10.3847/2041-8213/ab6171
http://dx.doi.org/10.3847/1538-3881/abf144
http://dx.doi.org/10.3847/1538-4357/accae0
http://dx.doi.org/10.1051/0004-6361/202037855
http://dx.doi.org/10.1080/01621459.1927.10502953
http://dx.doi.org/10.1051/0004-6361/201628760
https://creativecommons.org/licenses/by/4.0/

	1 INTRODUCTION
	2 DATA
	3 EMISSION-LINE STARS
	4 STELLAR ROTATION
	5 DISCUSSION
	6 CONCLUSIONS
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY
	REFERENCES

