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ABSTRACT

We address the origin of the observed bimodal rotational distribution of stars in massive
young and intermediate age stellar clusters. This bimodality is seen as split main sequences
at young ages and also has been recently directly observed in the Vsini distribution of stars
within massive young and intermediate age clusters. Previous models have invoked binary
interactions as the origin of this bimodality, although these models are unable to reproduce all
of the observational constraints on the problem. Here, we suggest that such a bimodal rotational
distribution is set-up early within a cluster’s life, i.e. within the first few Myr. Observations
show that the period distribution of low-mass (S2Mg) pre-main-sequence (PMS) stars is
bimodal in many young open clusters, and we present a series of models to show that if such
a bimodality exists for stars on the PMS that it is expected to manifest as a bimodal rotational
velocity (at fixed mass/luminosity) on the main sequence for stars with masses in excess
of ~1.5Mg. Such a bimodal period distribution of PMS stars may be caused by whether
stars have lost (rapid rotators) or been able to retain (slow rotators) their circumstellar discs
throughout their PMS lifetimes. We conclude with a series of predictions for observables based

on our model.
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1 INTRODUCTION

Resolved young and intermediate age massive clusters in the
Magellanic Clouds display a number of unexpected features in
their colour magnitude diagrams (CMDs). These include extended
main-sequence (MS) turn-offs (e.g. Mackey & Broby Nielson 2007)
and split, or dual, MSs (e.g. Milone et al. 2016). Both phenomena
appear to be largely driven by the underlying distribution of stellar
rotational velocities (e.g. Bastian & de Mink 2009; D’ Antona et al.
2015; Dupree et al. 2017; Bastian et al. 2018; Kamann et al. 2018,
2020; Marino et al. 2018; Georgy et al. 2019). In particular, the
split MS is thought to be due to a bimodal rotational distribution
with one peak being made up of slowly rotating stars and the other
made up of rapid rotators (D’ Antona et al. 2015), potentially near
critical rotation (Bastian et al. 2017; Milone et al. 2018). Such
a bimodal rotational distribution has recently been observed in a
massive, ~1.5 Gyr cluster in the Large Magellanic Cloud (LMC;
NGC 1846), with (Vsini) peaks at 60 and 150 km s~! (Kamann et al.
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2020). Milone et al. (2018) have found that the split MS occurs for
stars with masses as low as 1.6 M and as high as ~5 Mg, already
at an age of 40 Myr, suggesting that it occurs from an early age.
This naturally raises the question of where such a bimodal
rotational distribution could come from. D’Antona et al. (2015)
have suggested that interacting binaries may play an important
role, namely that if all/most stars are born as rapid rotators then
interacting binaries could brake them, resulting in a population of
slowly rotating stars. This model is able to produce an extended MS
turn-off (eMSTO) as well as a dual MS. It predicts a higher binary
fraction amongst slow rotators than fast rotators, which is at odds
with observations of the only cluster studied in this way to date,
namely that the binary fraction is similar between the fast and slow
rotators in NGC 1846 (Kamann et al. 2020). Clearly, further studies
are needed to confirm or refute this general behaviour. Additionally,
this model predicts that, because they should be predominantly
made up of binary systems, the slowly rotating stars should be more
centrally concentrated within the cluster. This is due to the fact
that, as binaries, they are on average higher mass than the rapidly
rotating single stars, meaning that mass segregation will act on
them (e.g. Hut et al. 1992). Also, since the binary fraction of stars
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increases towards the cluster centre (e.g. Hurley, Aarseth & Shara
2007; Milone et al. 2012; Giesers et al. 2019), we would expect
more slowly rotating stars (in binaries) towards the cluster centres.
This is the opposite as seen in young massive clusters where the
rapid rotators tend to be more centrally concentrated (e.g. Milone
et al. 2018) or the two populations have similar profiles (Li et al.
2017).

Similarly, a number of studies have explored the role of inter-
acting binaries in causing eMSTOs, particularly at younger ages
(<100 Myr; e.g. D’Antona et al. 2017; Beasor et al. 2019; Wang
et al. 2020). These models make clear predictions as to the rate of
binarity in different parts of the CMD (i.e. along the blue upper MS
turn-off) that can be directly tested with observations. However, as
the interacting binary fraction increases with increasing stellar mass
it is unlikely to play a major role in the observed eMSTOs and dual
MSs observed in clusters at older ages (i.e. for stars with masses
below ~5 Mg). Finally, Ramirez-Agudelo et al. (2015), using data
from the VLT FLAMES Tarantula Survey, found that in 30 Doradus,
high-mass single O-stars have a similar rotational distribution than
the O-stars in binaries, suggesting that binarity does not govern the
rotational distribution of (at least of high-mass) stars.

In this work, we present an alternative model for the origin of
the bimodal rotational distribution in massive clusters where the
distribution is set during the formation and early evolution of the
cluster. In Section 2, we present the model and its implications and
summarize our results and predictions in Section 3.

2 MODEL

2.1 The early period distribution of stars in clusters

As an alternative to the binary based model of D’Antona et al.
(2015), the rotational velocity distribution could be set during
the very early stages of cluster formation and stellar evolution.
In particular, bimodal rotation period distributions are sometimes
(although not always) seen for the low-mass stars in clusters with
ages of only a few Myr. For example, stars with masses greater than
0.4My" were shown to have bimodal rotation period distributions
in the Orion Nebular Cluster (Herbst, Bailer-Jones & Mundt 2001;
Herbst et al. 2002), NGC 2264 (Lamm et al. 2005), and IC 348
(Cieza & Baliber 2006). See also compilations in Irwin & Bouvier
(2009) and Bouvier et al. (2014). These observed distributions
typically have small numbers of stars with greater than a solar
mass, but the slightly older open cluster, hPer (~13 Myr), displays
a clear bimodal period distribution, with peaks at 0.9 and 7 d in the
full mass range of 0.3-1.4 My (Moraux et al. 2013). The rotation
of intermediate-mass pre-main-sequence (PMS) stars, and Herbig
Ae-Be rotation in particular, has been studied by Alecian et al.
(2013). These authors show that magnetic Herbig stars are much
slower rotators than their non-magnetic counterparts, from very
early times up to a few million years. Although the fraction of
magnetic stars is low in this mass range (5-10 percent), and the
mechanism responsible for their slow rotation rate is still quite
uncertain, the rotation period bimodality is still present in this
case. The origin of this bimodal period distribution is still not fully
understood, but it is thought to be a manifestation of a star—disc

'The mass above which some cluster stars show a bimodal rotation
distribution is sometimes given as 0.4, and sometimes 0.25 M, depending
on the models used by the authors.
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interaction (SDI) during the PMS evolution (e.g. Bouvier et al.
1993). We will discuss this in more detail in Section 2.3.

In this work, we suggest that a bimodal spin rate distribution
may persist up to mass of ~5Mg in young (few Myr) clusters.
In PMS stars, the radius of a star (at a given age and metallicity)
is a function of its mass. For a fixed rotation period, the surface
rotational velocity, Vs will thus be a function of mass. However,
at a given mass (within some small tolerance) a bimodal period
distribution would be expected to translate to a bimodal Vg for
MS stars. In the following sections, we show that a bimodal spin
distribution at a few Myr is expected to persist in MS stars with
ages up to ~1.5 Gyr.

2.2 Stellar models with rotation — low-mass stars (<2 Mg)

We have developed this point using PMS models we computed with
the same input micro- and macro-physics as in Amard et al. (2019).
These models predict the evolution of internal and surface rotation
under the action of meridional circulation and shear turbulence
(following the Zahn-Maeder formalism and Mathis et al. 2018
for anisotropic turbulence), extraction of angular momentum by
magnetized stellar winds (following Matt et al. 2015), disc coupling
(i.e. disc locking) in the earliest phases, and secular evolution.”

We adopt [Fe/H] = —0.3, appropriate for young and intermediate
age clusters in the LMC (e.g. Mucciarelli et al. 2008). To test our
suggested model, we have explored how an initial period of a PMS
star, at the time of decoupling with the disc, will translate to Vg, on
the MS as a function of stellar mass for three initial periods, 2.3, 3.5,
and 7.5d. We focus on three different masses with a turn-off age
around 1.5 Gyr as estimated for NGC 1846 (1.5, 1.6, and 1.7 My).
For all models, we assume a disc lifetime of 3.6 Myr, and the results
are shown in Fig. 1.

In these models, the rotation rates increase substantially after
3.5Myr, due to the decreasing moment of inertia during PMS
contraction. The initial periods chosen thus evolve to Vs values
between ~60 and 230 km s~! at the arrival on the MS. For stars with
masses greater than ~1.4 Mg, the stellar wind torque prescription
in the models predict a small amount of angular momentum loss
during the PMS, but the angular momentum loss is negligible during
the MS. Therefore, the initial distribution of rotation rates first
translates towards more rapid rates (due to PMS contraction) and
then persists essentially unchanged throughout the MS lifetime of
~1.5Gyr (i.e. to the age of NGC 1846). Furthermore, whatever is
the distribution of rotation rates at an age of ~3 Myr, the shape
of the distribution will persist (simply translated to higher rotation
velocities) throughout the MS lifetime. Notably, if the initial rotation
rate distribution is bimodal during the PMS, we would expect to
then observe bimodal V. distributions in stars (with masses above
1.5Mg) on the MSTO and MS for clusters with ages between
~10Myr and ~1.5-2 Gyr.

We note that in the covered mass range, stars with the lower
initial period approach or exceed the critical velocity already on
the PMS (the fastest models shown in Fig. 1 evolve between ~70

2Note that A-type stars and earlier lose almost no angular momentum (Matt
et al. 2015) as they are not expected to be able to generate a large-scale
magnetic field through a convective dynamo within their external convective
envelope. Although this seems to be mostly the case (Royer, Zorec &
Gomez 2007, for rapidly rotating A-type stars — although see Wolff, Strom &
Hillenbrand 2004 for a different conclusion in PMS stars), it might not be
an accurate model for A stars hosting a fossil magnetic field (e.g. Auriere
et al. 2007; Cantiello & Braithwaite 2019; Villebrun et al. 2019).
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Figure 1. The evolution of the surface velocity, Vg from the PMS to the
MS turn-off for different masses (1.5, 1.6, and 1.7 Mg shown as blue, black,
and green, respectively) and different initial rotation rates (periods of 2.3,
3.5, and 7.5d shown as dashed, solid, and dash—dotted, respectively). All
models have a disc lifetime of 3.6 Myr. We see that for stars in this mass range
(i.e. those near the main-sequence turn-off in a 1.5 Gyr cluster) adopting the
observed period distribution of young clusters results in rotational velocities
in agreement with observations. Specifically, we find that a bimodal period
distribution, as seen in (massive) open clusters is expected to lead to a
bimodal rotational distribution of main-sequence stars.

and 85 per cent of critical velocity). How such stars evolve is not
clear at present, as the models cannot follow their evolution as
they approach the critical velocity. They are likely to lose mass
and angular momentum but remain as rapid rotators. The observed
period distribution in the ONC implies that many of the rapidly
rotating PMS stars will get close to or achieve critical rotation (e.g.
Amard et al. 2019). Hence, the observed period distribution of stars
in open clusters already suggests that older clusters (assuming they
had similar initial distributions) should contain a significant fraction
of stars near the critical rotation limit, consistent with observations
of massive clusters in the LMC (cf. Bastian et al. 2017; Milone et al.
2018).

Rotation near the critical rate modifies the structural evolution of
stars, shifting the location of the MS on the HR diagram. Thus, a
young cluster with a bimodal period distribution in its PMS stars
would be expected to show a split/dual MS once these stars reached
the MS. At a given mass, i.e. luminosity in a CMD diagram,
the bimodal Vg distribution would manifest as a splitting, with
the red MS corresponding to the slow rotators and the blue MS
corresponding to the rapid rotators (e.g. D’ Antona et al. 2015). The
fraction of slow to fast rotators will then be reflected in the fraction
of red to blue MS stars (at a given magnitude) and be directly related
to the fraction of long and short period PMS stars when the cluster
was young.

2.3 The origin of the bimodal period distribution

Stars on the PMS are still contracting, so unless a breaking
mechanism is able to slow the star down, it will rotate faster as it
approaches the MS. For low-mass stars, it is thought that a magnetic
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Figure 2. The same as Fig. 1 but only showing the 1.5 Mg model with
three different disc lifetimes, 1.8, 3.6, and 7.2 Myr, shown as the dash—
dotted, solid, and dashed lines, respectively. Longer disc lifetimes result in
slower rotational velocities on the main sequence, and vice versa.

interaction between the star and its accretion disc is able to remove
enough angular momentum and prevent significant spin-up, while
the disc is present (Camenzind 1990; Konigl 1991; Matt & Pudritz
2005; Bouvier et al. 2014). Indeed, there is evidence that within
a given young cluster, stars without discs rotate more rapidly than
stars with discs (e.g. Edwards et al. 1993; Rebull et al. 2006; Cieza &
Baliber 2007). In models of rotational evolution (such as those in
Fig. 1), the concept of a magnetic SDI is normally simplified into an
assumption called ‘disc locking’ (e.g. Bouvier et al. 1993; Bouvier,
Forestini & Allain 1997; Rebull, Wolff & Strom 2004; Bouvier
et al. 2014). Disc locking assumes the rotation period of a forming
star is held fixed at some initial spin period, for a paramtrized
amount of time, which is assumed to correspond to the lifetime of
the accretion disc. In Fig. 1, the disc locking time-scale is fixed
at 3.6 Myr, for stars with three different initial spin periods. Fig. 2
shows the evolution of a 1.5 Mg, star with a single intial spin period
of 3.5 d, but three different disc locking times, 1.8, 3.6, and 7.2 Myr.
This figure demonstrates that a range of spin rates at an age of a
few Myr could arise from stars having a range of disc lifetimes,
where faster rotators are those whose discs were cleared at earlier
ages. Vasconcelos & Bouvier (2015) have run a series of Monte
Carlo simulations of low-mass stars that include disc locking for
stars with significant accretion rates from their circumstellar discs.
The authors find that an initially bimodal disc distribution (with and
without discs) naturally results in a bimodal period distribution.
Disc locking, or more generally magnetic SDI, is often assumed to
apply to low-mass stars (<2 Mg), but we discuss their application
to higher masses in Section 2.4.

Hence, it is conceivable that the rotational distribution of stars
within a cluster is set in the first few Myr, regulated by whether stars
are able to retain their accretion discs, and if so, for how long. The
stellar density and high photoionization rate within a young massive
cluster can be a harsh environment for discs around stars to survive
(e.g. Clarke 2007; de Juan Ovelar et al. 2012; Vincke, Breslau &
Pfalzner 2015). If stars in massive clusters have a higher rate of disc
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destruction than in lower mass cluster or associations, then we might
expect a larger fraction of rapidly rotating stars within them, which
appears to be borne out in observations (e.g. Bastian et al. 2017).
Conversely, stars that are born in a looser association, or far from
the nearest ionizing high-mass stars, would be expected to retain a
higher fraction of their discs, leading to more slowly rotating stars
(see also Roquette et al. 2017). Since, high-mass dense clusters
make up a minority of star formation in a galaxy (e.g. Bressert
et al. 2010; Johnson et al. 2016), this would explain the lower rate
of rapidly rotating stars in the field, relative to high-mass, dense,
clusters (e.g. Strom, Wolff & Dror 2005; Huang & Gies 2008;
Bastian et al. 2017).

Additionally, binaries may be expected to destroy discs around
the individual stars (e.g. Cesaroni et al. 2007). Kraus et al. (2012)
observed that stars with binary companions within 40 au showed
a much smaller disc frequency (implying a disc dispersal time
<1 Myr), whereas wider binaries or single stars more likely retained
their discs for 3—5 Myr. Hence, if the binary fraction has a higher
primordial value in dense clusters than in looser associations, this
could also play a significant role in destroying the discs, leading to
an altered rotational distribution.

However, we emphasize that the main suggestion of this paper
is that young or embedded open clusters have a bimodal period
distribution amongst their intermediate-mass PMS stars, similar to
what is sometimes observed for low-mass stars. This distribution is
expected to develop into a bimodal rotational distribution once the
stars reach the MS (and MS turn-off). Whether disc destruction is
responsible for the observed period bimodality at young ages or not
is still a matter of debate and a rich avenue for future work.

2.4 Applicability to intermediate-mass stars (2-5 Mg)

We do not have much information about the PMS rotation rate
distributions for intermediate-mass stars, so we do not know whether
they are often bimodal. Furthermore, it is not clear if there is a
magnetic SDI operating in the same way as for low-mass stars
(Rosen, Krumholz & Ramirez-Ruiz 2012).

The main problem in extrapolating the models above, which
invoke disc locking as a regulator of the angular momentum of
stars in the PMS phase, to intermediate-mass and massive stars is
that magnetic fields are detected in less than 10 percent of such
stars (Grunhut et al. 2017). The mass above which magnetic fields
become elusive (~1.5 M) coincides with the mass above which
MS stars do not have a convective envelope anymore, which is
consistent with the idea that magnetic fields of low-mass stars
originate from a convective dynamo (Brun & Browning 2017).
However, intermediate-mass and massive stars are thought to go
through significant convection during their PMS phase, due to the
low surface temperatures on the Hayashi limit (e.g. Bernasconi &
Maeder 1996; Haemmerlé et al. 2019). A convective dynamo could
therefore drive a magnetic field in PMS intermediate stars before
vanishing once the star has contracted enough to become radiative.

The PMS evolution of intermediate-mass and massive stars
differs qualitatively from that of low-mass stars, mostly due to the
role of accretion. While low-mass stars terminate accretion early
in the PMS contraction, with a fully convective structure at the top
of the Hayashi line, stars with masses 22 M, do not go through a
proper Hayashi phase, because a radiative core forms or is already
formed at the end of accretion (Stahler 1983; Palla & Stahler 1990).
As the star further contracts, this core grows in mass until the
convective envelope disappears.

Rotation in PMS stars 1981

When extrapolating disc locking to stars with masses 22 Mg
we must consider the coupling between the star and a residual
disc, after the main accretion phase. During the main accretion
phase, the accretion rates are so high that the stellar magnetosphere
(assuming the stars are magnetized) will be crushed on to or close
to the stellar surface, and the magnetic SDI is not able to extract
significant angular momentum (e.g. Rosen et al. 2012). After the
main accretion phase, when the accretion rates decrease, it might be
possible for the SDI to play a role for intermediate-mass stars, if the
phase lasts sufficiently long or the stars are sufficiently magnetized
(Rosen et al. 2012).

Thus, disc locking requires the convective dynamo to be still
efficient at end the accretion phase, i.e. the convective envelope
must still be present when the star reaches its final mass. For relevant
accretion histories, this condition is satisfied for stars with masses
up to ~5 Mg (Haemmerlé et al. 2019), at least at solar metallicity,
which is approximately the mass up to which the split MS has been
observed to in young stellar clusters (e.g. Milone et al. 2018). Note
that if fossil fields should survive until the PMS phase, magnetic
coupling could be ensured for stars of any masses, although this
would concern however a very small fraction of OB stars (only
~7 per cent have surface magnetic fields; e.g. Keszthelyi et al.
2020 and references therein).

2.5 Further evolution after the main sequence is reached

After the PMS stage, stars will not necessarily keep their rotation
rate throughout the time on the MS, depending on magnetic braking.
In the mass range considered, the braking is not expected to be
efficient with the current prescriptions as those adopted in our
models, and as inferred by observations (e.g. Zorec & Royer
2012). Hence, we would expect stars with masses from ~1.5-
1.7 Mg, to retain their initial rotational velocities throughout their
MS lifetimes (e.g. Georgy et al. 2019). However, stars with masses
below ~1.5Mg generate their own magnetic fields that brake the
stars, causing them to eventually become slow rotators (Kraft 1967).
This is evident in the period distribution of stars in open clusters
with ages from a few Myr to a few Gyr, where the fraction of fast
rotators decreases (at higher masses faster than at lower masses, see
fig. 7 in Amard et al. 2019).

In fact, this braking from rapidly rotating to slowly rotating near
the ~1.5 Mg, transition, where higher mass stars are still rapidly
rotating and lower mass stars have been significantly braked, has
recently been directly observed in the 1.5 Gyr clusters, NGC 1846
(Kamann et al. 2020).

3 DISCUSSION

3.1 Summary

We have investigated the origin of the observed dual/split MSs and
observed bimodal rotational distributions in massive stellar clusters
in the LMC/SMC, with ages between ~50 Myr (e.g. Milone et al.
2018) and ~1.5 Gyr (Kamann et al. 2020). By looking at the period
distribution of PMS stars in nearby star-forming regions, we note
that it tends to be bimodal largely independent of stellar mass
(from 0.4 to 1.5 M with evidence that it continues to >4 Mg).
This implies a wide range of rotational velocities (which are a
convolution of the period and the stellar radius which is mass
dependent) to be present within a cluster. However, when stars
are on the MS, stars with comparable masses will have similar
luminosities, and so at a given luminosity, we may expect to observe
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a splitting due to the bimodal rotational distribution at/near that
mass.

‘We have computed models accounting for the evolution of stellar
structure and angular momentum. We demonstrated that if cluster
stars with 1.5-5Mg have an initially bimodal period (and V)
distribution at ages <2-3 Myr, this bimodality will persist for the
duration of the PMS and MS lifetime. A bimodal stellar rotational
distribution could explain an eMSTO as well as a dual/split MS (e.g.
Bastian & de Mink 2009; D’ Antona et al. 2015). Hence, we suggest
that the origin of the split MS in young (~10 Myr) massive clusters,
as well as the observed bimodal Vsini distributions in intermediate-
aged (~1.5 Gyr) clusters, is (at least partially) due to a bimodal spin
distribtuion that is already present at ages of a few Myr (or earlier).

It is currently unclear whether such a distribution alone can
quantitatively match all aspects of the observed CMDs, with some
studies finding that in addition to a rotational distribution an age
spread may also be required (e.g. Goudfrooij, Girardi & Correnti
2017). However, it should be noted that the treatment of rotation
into stellar evolutionary tracks still suffers some uncertainties (even
on the MS), related in particular to the approximations required
to treat sophisticated processes like turbulence (e.g. Ekstrom et al.
2018, Mathis et al. 2018). Hence, it may not be surprising that
the models do not provide perfect fits to observations. Further
benchmarking of key parameters against detailed observations (i.e.
colours, magnitudes, and measured rotation rates) is needed (i.e.
Gossage et al. 2019), especially given the strong constraints against
significant age spreads within clusters that are model independent
(see Bastian & Lardo 2018 for a recent review).

In constructing our model, we have extrapolated the period dis-
tribution of relatively low-mass stars (mainly with m < 1.5Mg) in
young open clusters into the mass range 1.5-1.7 M. Observations
of resolved high-mass clusters, like those of Sabbi et al. (2020)
for Westerlund 2, should be able to show whether more massive
stars (up to ~4 M) also display a bimodal period distribution. The
origin of a bimodal period distribution amongst PMS stars in young
clusters is still not entirely clear, but it could be due to a SDI during
the PMS lifetime of the star. Note that our adopted model of disc
regulated angular momentum in stars was primarily developed for
relatively low-mass stars (S1.5Mg). It is not yet clear whether
the protoplanetary disc can play the same role for higher mass
stars. We note, however, that observations of the eMSTO and split
MS phenomena do not appear to show any discontinuities above
~1.5 Mg, potentially suggesting a common origin across all stellar
masses. Observations of young star-forming regions that span this
boundary can shed more light on whether there is a mass dependence
in the period distribution within these regions and potentially the
role of different mechanisms in controlling the angular momentum
of young stars.

One possibility, discussed in this work, is that a PMS period
bimodality is due to whether a star is able to retain its protoplanetary
disc (which would allow it to be disc-braked, resulting in a slowly
rotating star) or loses its disc due to interactions and/or photoion-
ization from nearby high-mass stars (resulting in rapidly rotating
stars). We would then expect a dependence on the environment,
which would control when and what fraction of stars lose their
discs. Hence, the actual velocity peaks in the distributions are likely
to vary from cluster to cluster. The final rotation rate of the stars
is sensitive to the time at which the disc is lost, so we may not
expect a clear bimodality in the resulting V¢ distribution unless
the discs are lost in somewhat discrete epochs. On the other hand,
if there is convergent evolution in the rotation rate, i.e. all disc
cleared stars evolve close to critical rotation resulting in a similar
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final rotation rate, this may explain the bimodality. Perhaps studies
of young star forming regions and the period distributions of their
stars (in the mass range 1.5-5Mg) as a function of age and disc
fraction could disentangle the various mechanisms. Measuring the
Vsini distribution in a sample of clusters that span a wide range
of ages and densities will also allow many of the assumptions and
predictions of the presented model to be tested and shed light on
the possible origins of bimodal distributions.

3.2 Predictions

While the model presented here has a number of free parameters
and hopefully will open the door for future theoretical/numerical
investigations, it already makes a number of predictions that can be
tested observationally. Below we outline a few of them:

(i) If the bimodality is set-up due to the destruction of discs from

dynamical interactions and photoionization, both of which increase
for more massive/denser clusters as well as towards the centre of
the cluster, the models predicts that the fraction of rapid rotators
should increase in both cases. If true, we would expect the radial
profile of the rapid rotators within a cluster to be more centrally
concentrated than the slower rotators. This is indeed the case for the
~200 Myr, LMC cluster, NGC 1866 (Milone et al. 2018), although
in the ~300 Myr, LMC cluster NGC 1856 the rapid rotators only
show a slight preference towards the cluster centre (Li et al. 2017).
We note, however, that relaxation will wash out any primordial
spatial differences between the populations over time. Additionally,
the fraction of Be stars (thought to be rapid rotators near critical
rotational velocity) appears to be higher in more massive/denser
clusters (e.g. Bastian et al. 2017; Milone et al. 2018).
Similarly, clusters whose stars are able to retain their discs for longer
(lower density clusters, and clusters without strong photoionization
sources — i.e. without O-stars) should have fewer rapidly rotating
stars.

(i1) As opposed to the ‘binary interaction” model that is expected
to take 10 s of Myr before binary interactions have a strong influence
on the fraction of rapid/slow rotators, the present model predicts that
the bimodal period distribution (and Vsini distribution if restricted
to a small mass range) should be in place within a few Myr of the
cluster’s birth. An excellent location to test this is in R136, a ~3 Myr
massive cluster in the LMC. We note that in the larger 30 Doradus
region (although focused on R136), Dufton et al. (2013) have found
a bimodal rotational distribution in B-stars with (de-projected)
rotational velocity peaks at ~60 and 290 km s~!. Whether the lower
mass PMS stars within this cluster have a bimodal distribution is an
excellent area for future study.

(iii) The period distribution appears to be largely independent of
stellar mass in clusters with ages of a few Myr, and the conversion
from period to Vsini is mass (radius) dependent. Hence, we would
expect the Vsini value of the rapid rotation peak of the distribution
should increase towards higher stellar mass (or younger ages if
looking consistently at the MS turn-off part of the CMD). We note
that the observations of B-stars in 30 Doradus by Dufton et al. (2013
— discussed above) appear to fit this trend.
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