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A B S T R A C T 

The rotational evolution of a young stellar population can give informations about the rotation pattern of more evolved clusters. 
Combined with rotational period values of thousands of young stars and theoretical propositions about the redistribution and loss 
of stellar angular momentum, it allows us to trace the rotational history of stars according to their mass. We want to investigate 
how internal and environmental changes on single stars can change the rotational evolution of a young stellar population. We 
run Monte Carlo simulations of a young cluster composed by solar mass stars of 0.5, 0.8 and 1.0 M � from 1 to 550 Myr 
taking into account observational and theoretical parameters. In order to compare our results with the observations we run 

Kolmogoro v-Smirno v tests. Our standard model is able to reproduce some clusters younger than h Per and marginally M37, 
which is 550 Myr old. Varying the disk fraction or the initial period distribution did not impro v e the results. Ho we ver, when we 
run a model with a finer mass grid the Pleiades can be also reproduced. Changing the initial mass distribution to be similar to 

the empirical ONC mass function also gives good results. Modeling the evolution of a young synthetic cluster from pre-main 

sequence to early main sequence considering physical mechanisms of extraction and exchange of angular momentum can not be 
achieved successfully for all clusters for which we have enough rotational data. Clusters of about the same age present different 
rotational behaviors due perhaps to differences in their initial conditions. 

Key words: methods: statistical – stars: low mass – stars: pre-main sequence – stars: rotation – stars: solar-type. 
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 I N T RO D U C T I O N  

otation is an important ingredient of stellar evolution. It influences
he stellar dynamo and some parameters such as the stellar radius and
ithium content (Somers & Pinsonneault 2015 ). Recently, thousands
f light curves from different ground and space missions like Kepler’s
2 and CoRoT provided high quality rotational periods of young

tars in different clusters (Bouvier et al. 2014 ; Rebull et al. 2020 ).
t becomes clear that the stellar rotation period depends on age as
ell as on the mass of the star. It can also be seen that younger
re main-sequence (PMS) clusters present a wider spread in periods
han older, main-sequence (MS) clusters. At about 600 Myr, a slow
otator sequence develops for stars between 0.6 and 1.0 M � while
ower mass stars continue to present faster rotating stars (Rebull et al.
017 ). 
It is believed though that the rotation pattern seen in different

lusters can be reproduced evolving the individual stellar angular
elocities (Allain 1998 ). During the PMS phase, the contraction of
he stellar radius and the development of a radiative core will decrease
he moment of inertia resulting in a rotational acceleration of the star.
n the MS, a stellar magnetized wind will, in turn, carry matter and

ngular momentum away from the star, decelerating it. The star can
otate as a solid body until the development of a radiative core for
tars more massive than 0.3 M �. In this case, the core can store
 E-mail: mjvasc@uesc.br (MJV); jerome.bouvier@obs.ujf-grenoble.fr (JB) 
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ngular momentum that can be released afterwards and alter the
ngular velocity of the convective envelope of the star. 

Another important ingredient in modeling the rotation of a young
tar is the magnetic coupling between an accretion disk and the star,
r disk locking mechanism. During the Hayashi phase, it is expected
hat the contraction of the star will increase its angular velocity.
lso, the accretion flow would carry angular momentum to the star.
o we ver, this is not what is observed. PMS stars showing signs of

urrounding accretion disks seem to rotate more slowly than diskless
tars (Edwards et al. 1993 ; Rebull, Wolff & Strom 2004 ; Cieza &
aliber 2007 ). Torques due to the interaction of the stellar magnetic
eld and the accretion disk have been proposed as mechanisms that
revent the star from gaining too much angular momentum. Koenigl
 1991 ) applied this idea in the context of accreting T Tauri stars
fter Ghosh & Lamb ( 1979 ) model for pulsating X-ray sources.
ther mechanisms of angular momentum loss for young accreting

tars have been proposed by several authors: the X-wind model
y Shu et al. ( 1994 ); accretion powered stellar winds by Matt &
udritz ( 2005 ); reconnection X-winds by Ferreira, Pelletier & Appl
 2000 ); magnetospheric ejections by Romanova et al. ( 2009 ) and
anni & Ferreira ( 2013 ) among others. In spite of this, angular
omentum regulation during the accretion phase has not been fully

ncorporated in angular momentum evolution models. Usually, this
s modeled keeping the stellar angular velocity constant. Recently,
allet, Zanni & Amard ( 2019 ) combined the Gallet & Bouvier ( 2013 )

otational evolutionary model with Zanni & Ferreira ( 2013 ) results of
umerical simulations of magnetospheric ejections in order to treat
© 2021 The Author(s) 
lished by Oxford University Press on behalf of Royal Astronomical Society 
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elf-consistently the stellar spin rate evolution during the accreting 
hase. Their results require stringent conditions in order to reproduce 
he 25th, 50th and 90th percentiles of the rotational distributions of
olar type stars in five clusters with ages spanning 1.5 Myr and
3 Myr: kilogauss stellar magnetic fields, stellar winds with a mass
oss rate of the order of 10 per cent of the mass accretion rate or
ighter winds (1 per cent of the mass accretion rate) combined with a
isk truncated beyond the corotation radius which leads the system 

o a strong variability that is not seen in the observations. Ireland
t al. ( 2021 ) performed simulations similar to those by Gallet et al.
 2019 ) exploring a greater parameter space and taking into account
 wind torque related to the accretion process. They suggest three 
arametric torque terms due to accretion, magnetospheric ejections 
nd a stellar magnetized wind. Their simulations show that the 
pinning up torques from accretion and magnetospheric ejections 
ominate o v er the spinning down one, from the stellar wind. To
chieve a rotational equilibrium configuration a high wind mass loss 
ate is required. 

Vasconcelos & Bouvier ( 2015 , hereafter Paper I ) created a syn-
hetic cluster of rotating solar mass stars (0.3–1.0 M �). The paper’s
oal was to reproduce the rotational period distributions seen in 
lusters younger than 20 Myr, particularly, the ONC, NGC 2264 and 
 Per. For this purpose, the stellar angular velocities were evolved 
aking into account only the spin-up due to PMS contraction and 
ithout considering any angular momentum loss. In Paper I , the 

tellar population was divided in disk and diskless stars and only 
he latter had their angular velocities evolved. This simple approach 
as successful in reproducing qualitative aspects of the ONC, NGC 

264 and Cyg OB2 stellar periods, the relation between disk fraction 
nd mass accretion rate and rotational period but failed to capture 
he striking bimodality of h Per. In Vasconcelos & Bouvier ( 2017 ,
aper II ) the same kind of simulations were performed but in the
rown dwarf and very low mass regime. The results show that the
otational behaviour of these low mass objects is different from their 
igher mass counterparts. In this case, the disk locking is not so
ecessary in order to reproduce the observed period distributions. 
he conclusion was that these lower mass objects should rotate faster

han solar mass stars. 
In this paper, we want to extend Paper I ’s simulations to include

ngular momentum loss through stellar magnetized winds and the 
ore-envelope decoupling in order to investigate the rotational pattern 
f clusters as old as the 550 Myr old M37. There are some previous
imilar works. Spada et al. ( 2011 ) generated a synthetic population
f solar mass stars and evolved it from 2 Myr to 4.5 Gyr considering
isk locking, core-envelope coupling and angular moment loss by a 
ind. They focused in obtaining prescriptions for the core-envelope 

oupling timescale and optimized parameters and compared their 
ynthetic populations to clusters of similar ages. Gondoin ( 2017 ) 
lso constructed a synthetic population at 5 Myr based on the period
istribution of NGC 2362 consisting of 1000 0.7–1.1 M � stars with 
.3 d ≤ P ≤ 30 d. No disk locking was imposed and a constant
alue core-envelope coupling timescale was assumed and also an 
nhanced angular momentum loss attached to a Rossby number 
nterval. According to the author, this ‘catastrophic’ braking will 
enerate bimodal period distributions from 20 to 600 Myr that are 
n agreement with the observations. Coker, Pinsonneault & Terndrup 
 2016 ) used YREC stellar code (Demarque et al. 2008 ) that solves
D equations of the stellar structure taking into account structural 
hanges due to rotation, the presence of disks and winds and internal
ngular momentum transport. They evolved the period distribution 
f a population of 0.3–0.7 M � stars from 1 Myr to 13 Myr and
hen to 550 Myr. Initially they construct a distribution based on the
NC periods of disk and diskless stars taken from Rebull et al.
 2006 ) data. The distributions are evolved from 1 to 13 Myr and
ompared to h Per data. The authors concluded that they cannot
eproduce the fast h Per rotators peak. After, they evolved a new
istribution obtained from h Per data by Moraux et al. ( 2013 ) from 13
o 550 Myr. After comparing their results to the Pleiades (Hartman
t al. 2010 ; Co v e y et al. 2016 ) and M37 (Hartman et al. 2009 )
ata they concluded that they can reproduce the slow rotators but
ot the fast rotators of these distributions. Lanzafame & Spada 
 2015 ) constructed two-zone models testing different wind braking 
rescriptions: i) the Kawaler ( 1988 ) law as modified by Chaboyer,
emarque & Pinsonneault ( 1995 ); ii) the Kawaler ( 1988 ) law with

he mass dependence suggested by Barnes & Kim ( 2010 ) and Barnes
 2010 ); iii) the braking law proposed by Gallet & Bouvier ( 2013 )
nd iv) the braking law by Matt et al. ( 2015 ). They assume the same
onstant rotational period and disk lifetimes for the stars independent 
f their mass for all models. They constrain the set of free parameters
ecessary to describe the slow rotator sequence of clusters from 

.1 to 2.5 Gyr for the mass range 0.85–1.1 M � using a Monte
arlo Markov Chain method. Their results show that in order to

eproduce the observations the coupling time scale related to the 
ngular momentum exchange between the stellar radiative interior 
nd the conv ectiv e env elope should vary with the mass. Concerning
he wind prescriptions, they conclude that all models reproduce well 
he observations but prescription ii) is better. In order to reproduce the
low rotator sequence of the main sequence open clusters Praesepe 
700 Myr) and NGC 6811 (1 Gyr), Spada & Lanzafame ( 2020 ) used
he Lanzafame & Spada ( 2015 ) model with parameters adjusted to
etter reproduce the clusters. They adopted the wind braking law with 
arnes & Kim ( 2010 ) mass and Kawaler ( 1988 ) ω 

3 
env dependencies

wind prescription ii abo v e). The rotational coupling timescale shows
 stronger mass dependency compared to what was obtained by 
anzafame & Spada ( 2015 ). They show that this is essential to
apture the rotational behaviour of 0.5–0.8 M � stars which present 
lmost the same rotational periods in the two clusters. They conclude
hat at this mass range, resurfacing of angular momentum causes an
pparent reduction of NGC 6811 spinning down. In this sense, the
volution of the rotational distribution of older clusters is not only due
o the wind loss but depends also on internal exchanges of angular
omentum. 
In this work, we will investigate if we can reproduce the rotational

attern of some clusters using disk locking, angular momentum loss 
y a magnetized wind and internal exchange of angular momen- 
um. Differently from these earlier works, the disk lifetime will 
e a function of the initial rotation period and we will consider
he wind angular momentum loss given by Gallet & Bouvier 
 2013 ), Gallet & Bouvier ( 2015 ). We will experiment different disk
imescales and initial conditions. The models will be compared to 
he observations by means of the statistical Kolmogoro v-Smirno v 
est. In Section 2, we present the equations and the numerical
etup of our simulations. In Section 2.1, we discuss our standard
odel, M1. Variations upon this model will be present in Sec-

ion 2.2 and its subsections. Finally in Section 3 we draw our
onclusions. 

 T H E  N U M E R I C A L  SETUP  

ur numerical setup is very similar to that of Paper I . We start our
imulations at 1 Myr creating initial distributions for the rotational 
eriod and the mass accretion rate of the population. The rotational
eriod distribution is a bimodal truncated Gaussian. The distribution 
s limited to 0.7 and 18.5 days. The mass accretion rate initial
MNRAS 510, 1528–1540 (2022) 
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Figure 1. Left-hand panel: the parameter τ th as a function of rotational period. Right-hand panel: disk fraction as a function of cluster age superimposed on data 
for nine young nearby clusters, associations and groups shown as colored dots taken from Ribas et al. ( 2014 , circles), Hern ́andez et al. ( 2007 , 2008 , squares). 
The cluster ages were taken from Ribas et al. ( 2014 ). The dotted lines are exponential decay la ws e xpected from disk e-folding times 2.5 Myr (red line) and 
5.5 Myr (blue line). Both figures are obtained for P = 7 . 5 d. 
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istributions are lognormal functions with a mean equal to the
ogarithm of 10 −8 (M ∗/M �) 1.4 M � yr −1 and a standard deviation

= 0.8. The mass values considered in this work are equal to 0.5,
.8 and 1.0 M � The number of stars in each mass bin is calculated
ccording to the canonical IMF by Kroupa et al. ( 2013 ). Other stellar
ass values and distributions will be investigated in Section 2.2.4.
he total number of stars is around 50,000. The mass accretion rate

s evolved at each time step and varies with t −1.5 (Hartmann et al.
998 ). 
Until 12 Myr, we consider the disk locking hypothesis and the

ngular velocity (or period) of disk stars is constant although as
an be seen in Fig. 1 , at this age, most of the stars no longer have
isks. According to the observations, the expected disk lifetime is
horter than 12 Myr. With our hypothesis stars with long living
isks will not have much time to spin-up significantly (see Fig. 4 ).
he presence or absence of the disk is determined by the com-
arison of the stellar mass accretion rate to a threshold which is
iven by, 

˙
 acc , th = 10 −8 

( 

2 . 2 

√ 

P 0 

P 

) −1 . 5 

( M ∗/M �) 1 . 4 . (1) 

t depends on the initial stellar period, P 0 , on P , a free parameter, and
n stellar mass. In Paper I we have shown that at an age of 2.2 Myr,
alf of the stars have lost their disks. Here, the mass accretion rate
hreshold depends on the stellar initial rotating rates as suggested by
allet & Bouvier ( 2013 ), Gallet & Bouvier ( 2015 ). Slowly rotating

tars, for example, will have smaller mass accretion rate thresholds.
 small Ṁ acc , th value implies longer lasting disks, since it will take

onger for the mass accretion rate to reach the threshold. One can
efine a time scale τ th given by the expression inside the parentheses
n equation (1). In the left-hand panel of Fig. 1 , we show τ th as a
unction of the rotational period considering P = 7 . 5 d. The longer
 the shorter τ th . One can note that the maximum τ th value obtained

or P = 7 . 5 d is about 3.5 Myr. When analyzing disk fractions as a
unction of cluster age (right panel of Fig. 1 ), we note that this P 

 alue gi ves a disk fraction which is in agreement with most of the
bserved values and between two exponential curves with e-folding
imes equal to 2.5 and 5.5 Myr. Equation (1) for the parameter τ th 

rovides a range of mass accretion rate thresholds instead of just
ne value per mass. If Ṁ acc ( t) ≤ Ṁ acc , th ( M ∗, P 0 , P ) the star loses its
isk. Then, the angular velocity is evolved. After 12 Myr, all stars
ill be considered diskless, even if their mass accretion rates are

bo v e Ṁ acc , th . 
NRAS 510, 1528–1540 (2022) 
PMS stars can lose angular momentum through a stellar magnetic
ind. For the mass interval considered in this work, the stars will
evelop a radiative core. In this case, it is expected some kind of
xchange of angular momentum between the core and the envelope.
here is no definitive mechanism to explain this exchange but the best
nes are related to internal gravity waves, hydrodynamical instabili-
ies and magnetic fields (for a short re vie w, see Bouvier et al. 2014 ).

e implement the so-called double zone model in which both the
ore and the envelope are considered solid bodies that interact at a rate
iven by a free parameter, the core-envelope coupling timescale, τ ce 

MacGregor & Brenner 1991 ; Irwin et al. 2007 ). The greater τ ce , the
eaker the core-envelope interaction. It means that a smaller amount
f angular momentum will be exchanged by the core and the enve-
ope. The equations for the evolution of the envelope and core angular
elocities ( ω env and ω core , respectively) for diskless stars are given by,

dω env 

dt 
= 

1 

I env 

�J 

τce 

− 2 

3 

R 

2 
core 

I env 

ω env 

dM core 

dt 
− ω env 

I env 

dI env 

dt 

− w env 

J env 

J̇ wind , (2) 

dω core 

dt 
= − 1 

I core 

�J 

τce 

+ 

2 

3 

R 

2 
core 

I core 

ω env 

dM core 

dt 

− ω core 

I core 

dI core 

dt 
, (3) 

ith, 

J = 

I env J core − I core J env 

I env + I core 

, (4) 

 core , env = k 2 core , env M ∗R 

2 
∗, (5) 

In the equations abo v e, the symbols have their usual meanings,
amely, the moments of inertia I (for the core and envelope, I core 

nd I env , respectiv ely), angular v elocity ω (for the core and envelope,
 core and ω env ), the core radius ( R core ), the angular momentum J (for

he envelope and the core, J env and J core ), and the mass M (for the
tar and for the core, M ∗ and M core ). J̇ wind is the torque due to the
agnetized stellar wind and k core, env is the gyration radius for the

ore or the env elope. The y were calculated by Baraffe et al. ( 1998 )
sing the expressions: 

 core , env = 

√ 

I mod 
core , env 

M ∗R 

2 ∗
, (6) 

art/stab3376_f1.eps
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Table 1. Core-envelope coupling timescales. 

Mass (M �) Slow Medium Fast 
Rotators (Myr) 

0.5 500 300 150 
0.8 80 80 15 
1.0 30 28 10 
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ith, 

 

mod 
core , env = 

2 

3 

∫ 

r 2 dm. (7) 

he integral in the equation abo v e is calculated o v er the mass
f the conv ectiv e re gions and the regions belo w. The v ariable
m is the mass of a thin shell of radius r inside a spherical
tar. 

Since we are considering the core and the envelope as bodies in
olid rotation, the equations of angular velocity ev olution ha ve terms
elated to angular momentum variation (torques) and terms related 
o the stellar contraction (i.e. to the evolution of the moment of
nertia). These last ones are the 3 rd terms in equations (2) and (3).
n the PMS, due to contraction, the star is spun up since its total
oment of inertia decreases. When the radiative core develops, 

he moment of inertia of the core increases but the moment of
nertia of the envelope decreases and so these terms contribute to 
ecrease the core angular velocity ω core but to increase ω env . This
mbalance stabilizes when the star reaches the main sequence. The 
rst terms in equations (2) and (3) are torque terms related to the core-
nv elope e xchange of angular momentum (MacGregor & Brenner 
991 ). They can be positive or negative depending on the relation
etween ω core and ω env and they al w ays act to establish uniform
nternal rotation. Due to the mass and radius increase of the core,
nitially ω core > ω env and so there is a transfer of angular momentum
o the envelope which will occur over the τ ce timescale. The second 
erms are torque terms due to the mass increase of the radiative
ore (Allain 1998 ). Finally, the last term in equation (2) is the
orque due to the the magnetized stellar wind. Stellar parameters are 
aken from Baraffe et al. ( 1998 )’s models.This stellar evolutionary 

odel neglects the effects of accretion (see, e.g. Baraffe & Chabrier
010 ) and rotation (e.g. Landin et al. 2016 ; Amard et al. 2019 ). All
erms related to the development of the core have no effect until
round 3 - 4 Myr for 0.8–1 M � stars and later, around 13 Myr,
or 0.5 M � stars. Our models use the angular momentum loss
ue to a magnetized wind given by Gallet & Bouvier ( 2015 ) in
he form, 

 wind = ω ∗Ṁ wind r 
2 
A , (8) 

here ω ∗ is the stellar angular velocity, Ṁ wind is the mass loss rate
iven by the numerical simulations of Cranmer & Saar ( 2011 ) and
odified by Gallet & Bouvier ( 2013 ) and r A is the average value of

he Alfv ́en radius given by Matt et al. ( 2012 ). 
We consider three models, M1, M2 and M3. Models M1 and 
2 share the same initial period distributions for disk and diskless

tars. For disk stars, the distribution has a mean equal to P d = 7 . 0
ays and a dispersion of σ d = 3.0 days. For diskless stars, we
dopt a distribution with P dl = 2 . 0 days and σ dl = 4.0 days. All
odels use the same core-envelope coupling timescale τ ce values 

Gallet & Bouvier 2015 ), which are shown in Table 1 . Models M1
nd M2 have different P , equal to 7.5 and 2.0 days, respectively,
hich normalizes the mass accretion rate threshold (equation 1). 
odel M3 begins at 13 Myr with a period distribution taken from

he observational period distribution of h Per (Moraux et al. 2013 ).
e also examine the effect that other mass values and distributions
ave on model M1 in Section 2.2.4. Torques due to the magnetized
ind were calculated for a grid of initial periods from 0.05 to
5 days using Gallet & Bouvier ( 2015 ) prescription. The values for
he actual period distributions were then obtained by interpolation. 
he values necessary to calculate the other torque terms were 

aken or calculated from Baraffe et al. ( 1998 ) stellar models for
ach one of the masses. The core-envelope coupling timescales for 
odels M1, M2 and M3 have the same values as those of Gallet &
ouvier ( 2015 ), considering their definition of slow, median and fast

otators. The corresponding values for the intermediate masses used 
n Section 2.2.4 have all been obtained by interpolation, except the
tellar parameters for which we have the values from Baraffe et al.
 1998 ) tables. 

The equations are evolved from 1 to 550 Myr for models M1
nd M2 and from 13 to 550 Myr for model M3. All the results
re compared to data of the ONC (Davies et al. 2014 ; Cieza &
aliber 2007 ), Cyg OB2 (Roquette et al. 2017 ), Upper Sco (Rebull
t al. 2018 ), h Per (Moraux et al. 2013 ), the Pleiades (Rebull et al.
016 ; Lodieu et al. 2019 ) and M37 (Hartman et al. 2009 ). The
election criteria applied to the observational data are shown in 
able 2 . The Cyg OB2 sample only contains stars with periods

onger than 2 days because they are free from contaminants (for
ore details, see Roquette et al. 2017 ). For the Pleiades, we have

ross matched the samples from Lodieu et al. ( 2019 ) and Rebull et al.
 2016 ). In this work, we adopt solar metallicity stellar evolutionary
odels (Baraffe et al. 1998 ). Most of the samples analyzed here

ave solar metallicity. The ONC (Padgett 1996 ; D’Orazi et al. 2009 ;
iazzo, Randich & Palla 2011 ), U Sco (Viana Almeida et al. 2009 )
nd the Pleiades (Takeda, Hashimoto & Honda 2017 ) present solar
etallicity. Although Cyg OB2 does not have determinations of 

bundance, Wright et al. ( 2010 ), Guarcello et al. ( 2013 ) and Roquette
t al. ( 2017 ) all use solar metallicity stellar models. Berlanas et al.
 2018 ) find no evidence of self-enrichment in Cyg OB2. There are
ome works showing that the metallicity of h Per is sub solar (Z
 0.01 - Southworth, Maxted & Smalley 2004 ; Tamajo, Pavlovski &
outhworth 2011 ). Ho we ver, Dufton et al. ( 1990 ) and Smartt &
olleston ( 1997 ) obtained solar abundances for the same cluster. For
37 (NGC 2099), Casamiquela et al. ( 2017 ) obtained Z = + 0.08
hile Netopil et al. ( 2016 ) obtained Z = + 0.02. There are several
ncertainties related to age determination particularly for young 
lusters (see, for example Soderblom et al. 2014 ). The ages and
orresponding references adopted in this work are shown in the 2 nd 

nd 3 rd columns of Table 2 . For NGC 2362, Mayne & Naylor ( 2008 )
uggest an age range between 4 and 5 Myr. We choose the age of
 Myr because this is in better agreement with our models. For Cyg
B2, Wright, Drew & Mohr-Smith ( 2015 ) observe an age spread

onsistent with an extended stellar formation phase of 6 Myr with
 peak between 4 and 5 Myr. We assume an age of 5 Myr for the
luster, as suggested by Wright et al. ( 2010 ). Among the clusters
tudied in this work, the age attributed to U Sco exhibits the greatest
ariation, from 5 Myr (Slesnick, Hillenbrand & Carpenter 2008 ; 
erczeg & Hillenbrand 2015 ) to 11 Myr (Pecaut et al. 2012 ). Rebull

t al. ( 2018 ) adopt 8 Myr for it but an 11 Myr old rotational period
istribution returns a better value in the KS tests performed in this
ork. 

.1 Model M1 

n the top panel of Fig. 2 , we show the distribution of the parameter
th obtained using model M1. We define three classes of rotators, 
ollowing Gallet & Bouvier ( 2013 ): fast rotators, with P ≤ 1.4 d;
MNRAS 510, 1528–1540 (2022) 
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Table 2. Selection criteria for the observational samples. 

Cluster Age (Myr) Age Ref. Mass/Spt/color index range Disk? a N 

b Ref. 

ONC 2 Mayne & Naylor ( 2008 ) K4.5 - M0 [3.6] - [8.0] > 0.7 68 Cieza & Baliber ( 2007 ) 
ONC 2 " K4.5 - M0 Class/Accreting 45 Davies, Gregory & Greaves ( 2014 ) 
Cyg 
OB2 c 

5 Wright et al. ( 2010 ) 0.5–1.0 M � 0 - 1 258 Roquette et al. ( 2017 ) 

NGC 

2362 
4-5 Mayne & Naylor ( 2008 ) 0.5–1.0 M � - 88 Irwin et al. ( 2008 ) 

U Sco 11 Pecaut, Mamajek & Bubar ( 2012 ) 2.0 ≤ ( V − K s ) 0 ≤ 4.1 - 144 Rebull et al. ( 2018 ) 
h Per 13 Mayne & Naylor ( 2008 ) 0.5–1.0 M � - 219 Moraux et al. ( 2013 ) 
Pleiades 125 Stauffer, Schultz & Kirkpatrick ( 1998 ) 0.5–1.0 M � - 184 Rebull et al. ( 2016 ), Lodieu et al. ( 2019 ) 
M37 550 Hartman et al. ( 2008 ) 0.76 ≤ ( V − I ) ≤ 2.0 - 366 Hartman et al. ( 2009 ) 

Notes. a Disk selection criteria as found in the respective references. 
b Number of stars after the application of the selection criteria. 
c Stars with periods greater than 2 days. See text for details. 

Figure 2. Top panel: Distribution of the parameter τ th for slow, median and 
fast rotators obtained for model M1. Bottom panel: Distribution of disk stars. 
Slow rotators are represented by dark blue bars; median rotators by yellow 

bars and fast rotators by light blue bars. 
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edian rotators, with 1.4 d ≤ P ≤ 10 d and slow rotators, with P >

0 d. In this figure, there are two peaks for fast rotators, one at τth 

qual to 0.67–0.97 Myr and the other at 1.87–2.17 Myr both shorter
han the peak for median rotators which is between 2.17 and 2.47 Myr.

ost of slow rotators present τ th values around ∼2.48 −2.78 Myr
ith a maximum value around 3.4 Myr. As discussed in Section 2,
igher τ th values imply lower Ṁ acc , th . Because of this, most of the fast
otators will have short living disks while median and slow rotators
ill have longer living disks. This can be seen at the bottom panel of
NRAS 510, 1528–1540 (2022) 
ig. 2 where the distribution of disk stars is shown for slow, median
nd fast rotators. At 1 Myr, only 15 per cent of fast rotators have disks
gainst more than 90 per cent of the slow rotators. Only at 12 Myr the
raction of disk slow rotators falls below the initial fraction of disk
ast rotators. At 12 Myr, all fast rotators are diskless while we can
nd around 13 per cent and 7 per cent of disk bearing stars among
low and median rotators, respectively. In spite of that, after this age,
ll stars will be considered diskless and their periods will be evolved
ollowing equations (2) and (3). 

Core-envelope coupling timescale values, τ ce , are shown in
able 1 . The values were taken from Gallet & Bouvier ( 2015 ).
his timescale sets the rate of angular momentum transfer from

he core to the envelope. One can note that it depends on
ass and initial rotation rate. With these values, 0.5 M � stars
ill take much longer to reach uniform internal rotation than
.0 M � stars. 
For model M1, all the initial parameters have been chosen in

rder to maximize the statistical compatibility with the ONC period
istributions. In the top left-hand panel of Fig. 3 we show the
eriod distribution at 2.0 Myr obtained with this model (grey bars)
uperimposed to observational ONC data (coral bars) which is the
esult of the combination of the samples by Cieza & Baliber ( 2007 )
nd Davies et al. ( 2014 ). In the same figure, we present more evolved
istributions. In the top ro w, we sho w the distribution at 5 Myr
ompared to Cyg OB2 and the distribution at 11 Myr compared to
 Sco data. At the bottom row we show the distributions at 13, 125

nd 550 Myr superimposed to h Per, Pleiades and M37 samples,
espectively. We see that the theoretical distributions mo v e to shorter
eriods increasing the number of faster rotators from 2 to 125 Myr.
n fact, the peak of the distribution mo v es from 5 to 8 days at 2 Myr
o 3–4 days at 13 and 125 Myr. Ho we ver, the peak moves back to
–10 days at 550 Myr which means that the number of slow rotators
ncreases at later ages, as can be seen in Fig. 4 . Analyzing this
gure, we note that after the constant evolution at the disk phase,

he stars experience a strong spin-up during the PMS. After that,
he loss of angular momentum due to the magnetized stellar wind
auses a strong braking and this mo v es the distribution to longer
eriods (smaller angular velocities values) at 550 Myr. A very small
raction of model M1 stars reach breakup v elocities. The y represent
t most 1 per cent of 1.0 M � and 0.3 per cent of 0.8 M � stars. These
ractions decrease to 0.4 per cent of 1.0 M � and 0.2 per cent of 0.8 M �
tars in model M2 (section 2.2.1) and to 0.4 per cent of the stars in
he mass range 0.6 - 1.0 M � in the last model considered (section
.2.3). None of the stars of model M3 reach or exceeds the critical
imit. There is no attempt to fix or to remo v e these stars from the
imulations because the number of critical rotators is not high enough

art/stab3376_f2.eps
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Figure 3. Period distributions of model M1 at different ages (grey bars) and the observational data (light coral bars). Top row: (left-hand panel) model at 
2.0 Myr superimposed to ONC period distribution; (middle panel) model at 5 Myr superimposed to Cyg OB2 data and (right panel) model at 11 Myr o v er U Sco 
data. Bottom row: (left-hand panel) model at 13 Myr and h Per data; (middle panel) model at 125 Myr and Pleiades data; (right-hand panel) model at 550 Myr 
and M37 data. 

Figure 4. Angular velocity evolution as a function of age. Blue, red and black curves show the evolution of three randomly selected stars at each mass bin. 
The three chosen stars have disks at 1 Myr and are slow (blue), medium (red) and fast (black) rotators, respectively. Solid lines show the angular velocity of the 
conv ectiv e env elope while dotted lines show the angular velocity of the radiative core. Dashed lines trace the evolution of angular velocity considering angular 
momentum conservation after disk loss following Paper I ’s model M2. Green dash-dotted lines show the breakup limit and solid green lines show the most 
extreme rotators with 0.8 M � (middle panel) and 1.0 M � (right-hand panel). 
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o alter the conclusions of our study. In Fig. 4 , we have included three
ash-dotted green lines showing the breakup velocities and two solid 
reen lines showing the angular velocities of the 0.8 and 1.0 M � stars
hich present the most extreme rotation rates. The fastest rotator is
 1.0 M � star that achieves at 28 Myr an angular velocity that is
7 per cent higher than the expected breakup angular velocity at this
ge followed by a 0.8 M � star that rotates at a rate 12 per cent higher
han the breakup at 48 Myr. 

In order to compare the samples, we apply a two-sample 
olmogoro v-Smirno v (K-S) test to the simulated and observational 
eriod distributions. Through this test we calculate the maximal 
ifference D n , m between two cumulative functions of size n and 
 and compare it to a critical value D crit that depends on the number
f objects on the samples and the significance level, taken here to
e equal to 0.05. If D n , m < D crit , the simulated and observational
amples can be said to be derived from the same population. In
able 3 , we show the K-S statistics expressed by D crit and by the D
alues obtained for models M1, M2 and M3, respectively. From this
able we note the ONC sample and the simulated period distribution
t 2 Myr for model M1 are derived from the same population. We
rrive at the same conclusion for NGC 2362 and U Sco. For all the
ther clusters, the comparison indicates that the agreement is not 
ignificant at the 0.05 level. Interestingly, while there is no similarity
ith Cyg OB2 data, model M1 and NGC 2362 can be said to derive

rom the same population, although both clusters have the same age.
hen we look at the two distributions separately (Fig. 5 ) we note
MNRAS 510, 1528–1540 (2022) 
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Table 3. K-S tests results comparing the simulated 
period distributions for all stars and the observational 
period distributions. 

Cluster D crit D M1 D M2 D M3 

ONC 0 .128 0 .10 0 .15 - 
Cyg OB2 0 .084 0 .16 0 .16 - 
NGC 2362 0 .14 0 .11 0 .12 - 
U Sco 0 .11 0 .11 0 .21 - 
h Per 0 .092 0 .18 0 .22 0 .01 
Pleiades 0 .096 0 .22 0 .14 0 .17 
M37 0 .071 0 .097 0 .13 0 .094 
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hat Cyg OB2 has more fast rotating stars than NGC 2362 which has
elati vely more slo wly rotating ones. Ho we ver, Cyg OB2 has two
tars rotating slowly than 30 days while the maximum period found
n NGC 2362 is around 27 days. Littlefair et al. ( 2010 ) also found
hat 5 Myr old Cep OB3b presents a different rotation pattern when
ompared to NGC 2362. Its period distribution can also be seen
n Fig. 5 . The three clusters present different period distributions,
lthough Cyg OB2 and CepOB3 are more similar, with more fast
otating stars than NGC 2362. The same is true for U SCo and h Per,
hich are about the same age but exhibit quite different rotational
eriod distributions. As Littlefair et al. ( 2010 ) and Coker et al. ( 2016 )
ointed out there seems to exist differences among clusters of same
ge due perhaps to environmental causes. Recent papers (Concha-
am ́ırez et al. 2021 ; Guarcello et al. 2021 ; Roquette et al. 2021 )
xplore different mechanisms that can influence the evolution of
isks depending on the cluster’s environment. A shorter disk lifetime,
or e xample, can hav e an impact on the rotation pattern observed in
oe v al clusters. 

The comparisons between model M1 period distributions and
he observational samples older than U Sco show worse results.
t 13 Myr the agreement with the h Per sample is poor. The
bservational sample is bimodal while the model is not. The number
f the fastest rotators ( ∼1.0 day) and stars within the period range
f 6–8 days is smaller than observed. On the other hand, there is an
xcess of stars rotating at periods between 1 and 6 days. Indeed, the
-S statistic for this case gives a maximal difference D n , m which

s two times greater than the critical one. The agreement with the
leiades is not better. The same deficiencies observed for the h Per
ample are seen here, but displaced to slightly shorter periods. The
omparison of model M1 at 550 Myr with M37 data is better but
e cannot say that the samples are drawn from the same population.
here is still a lack of fast rotators and of stars with periods longer

han 14 days and an excess of stars with periods between 4 and
1 days. 
We can note the effects the introduction of the mechanisms of an-

ular momentum variation produced in our models looking at Fig. 4 ,
here dashed lines trace the evolution of the angular velocity of

andomly chosen stars considering angular momentum conservation
imilarly to Paper I ’s model M2. The curves show no variation after
n initial steep increase, just after the disk loss, when the star arrives at
he ZAMS. Statistical comparisons of period distributions obtained
nder this J constant condition with the observational samples of
tellar clusters younger than 13 Myr give worse results than those
e have obtained with model M1: only at 2.0 Myr model and
bservational distributions can be said to be derived from the same
opulation. Even before the arri v al at the main sequence the angular
omentum internal re-distribution and loss play an important role in

etermining the rotational behaviour of a star. 
NRAS 510, 1528–1540 (2022) 
.2 Exploring other parameters – models M2, M3 and other 
nitial mass distributions 

n order to try to understand the impact of some key parameters on
he simulations, we will explore a different set of values. We will
hange the parameter P and the initial conditions. Also, we will
onsider initial mass distributions based on the samples studied. 

.2.1 Model M2 

ince model M1 was not able to explain the evolution of the rotational
eriod distributions from the PMS to MS phases we decided to
xplore other parameters. In model M2, we change the value of P 

o 2.0 days. This change will increase the maximum τ th value from
.4 to 7 days causing a reduction of the mass accretion rate threshold
alues, increasing the disk fractions of the rotators (left-hand panel
f Fig. 6 ) and the total disk fraction that now falls off more slowly
han previously seen in model M1 (Fig. 6 , right-hand panel). 

Stars with longer living disks will maintain their initial rotational
ates for a longer time (Gallet & Bouvier 2015 ). This will increase
he number of slower rotators which is what ef fecti vely happened
s can be seen in Fig. 7 where period distributions at 2.0, 13 and
25 Myr are shown in comparison with data from the ONC, h Per
nd the Pleiades. When we compare this figure to Fig. 3 , at 2 Myr, the
umber of stars with P ≤ 5 days has decreased while it has increased
or 5 d < P ≤ 12 d. At 13 and 125 Myr, one can observe the same
eha viour b ut at different intervals: at both ages, the number of stars
ecreases in comparison with the standard model until P = 4 d; at
3 Myr, it increases o v er the range from 6 d to 15 d; at 125 Myr o v er
he range from 5.0 to 11 d. The 4 th column of Table 3 indicates that
he maximal difference increased for almost all clusters which means
hat the agreement among the M2 simulated period distributions and
he observational clusters is now poorer compared to that of model

1, except for Cyg OB2 and the Pleiades and also for NGC 2362,
ecause the D n, m 

increase was very small in this case. For Cyg
B2, the maximal difference did not change but for the Pleiades it
ecreased significantly but it is still greater than the critical value. 

.2.2 Different τ ce values 

e tried different τ ce values in order to analyse the impact this
arameter has in our simulations. We run four simulations using
odel M1 parameters but with τ ce equal to 1.0, 30, 100 and 300 Myr

or all rotators and one simulation with τ ce equal to 300 Myr for
low and medium rotators and equal to 1 Myr for the fast rotators.
ur results show that the period distributions from 2 to 13 Myr

re barely affected by the assumed τ ce values. The K-S tests that
ompare the synthetic period distributions with the observed ones
eturn practically the same D values at this age range (Table 4 ). In
ig. 8 , we show period distributions obtained at 125 Myr for the
if ferent τ ce v alues. One can see that at this age, low τ ce values
1 Myr and 30 Myr) increase the number of short period rotators
P < 4 d) and decrease the number of slowing rotating stars. An
ntermediate value of τ ce = 100 Myr decreases the number of stars
ith 3 d < P ≤ 6 d and increases the number of longer period rotators.
inally, with a value of τ ce = 300 Myr, the number of stars with P
 4 d increases. Shortly, higher τ ce values increases the number of

low rotators at the age of 125 Myr. The lowest τ ce value (equal to
 Myr) does not produce good KS values neither at 125 Myr nor
t 550 Myr. Compared to those seen in Table 3 , the results impro v e
t 125 Myr but are worse at 550 Myr. When using τ ce = 100 Myr
he period distribution at 550 Myr has a peak around 8 days and
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Figure 5. Period distributions of three 5 Myr old clusters: CygOB2 (left-hand panel), CepOB3 (middle panel) and NGC 2362 (right-hand panel). 

Figure 6. Left-hand panel: Distribution of disk stars for slow (dark blue), median (yellow) and fast (light blue) rotators for model M2. Right panel: disk fraction 
as a function of age for the same model; lines and symbols are the same of those seen at the right-hand panel of Fig. 1 . Results obtained using P = 2 . 0 d. 

Figure 7. Same as Fig. 3 but for model M2. 

Table 4. K-S tests results comparing the simulated period distributions 
and the observational period distributions using different τ ce values. 

Cluster τ ce values (Myr) 
1 30 100 300 300, 300, 1 

ONC 0.08 0.09 0.09 0.09 0.08 
Cyg OB2 0.15 0.15 0.15 0.15 0.15 
NGC 2362 0.11 0.11 0.11 0.11 0.11 
U Sco 0.10 0.11 0.10 0.11 0.10 
h Per 0.18 0.18 0.18 0.18 0.18 
Pleiades 0.33 0.30 0.17 0.08 0.08 
M37 0.33 0.09 0.15 0.097 0.10 
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ore intermediate rotators than observed in M37 period distribution. 
his increases the difference between the observed and the simulated 
umulative distributions in comparison to what is obtained using the 
alues seen in Table 1 . On the other hand the run with τ ce = 300 Myr
or slow and medium rotators and τ ce = 1 Myr for fast rotators gives
he same D values obtained from model M1 except for the Pleiades.
he period distribution at 125 Myr is much more sensitive to the
alue of τ ce than the period distributions at older ages but in general,
he higher the τ ce the better the results. We can conclude that the τ ce 

alues (Table 1 ) proposed by Gallet & Bouvier ( 2015 ) are adequate
o reproduce the cluster’s period distributions we use for comparison 
n this work. We can also conclude, as already stated by Gallet &
ouvier ( 2013 ), Gallet & Bouvier ( 2015 ), that solid body rotation
romotes fast rotation at the ZAMS. 

.2.3 Model M3 

xamining Table 3 , we note that model M1 is successful in explaining
hree out of four clusters younger than h Per but it cannot reproduce
he older clusters taken for comparison in this work. We can wonder
f the problem is related to our initial conditions, to the assumed
MNRAS 510, 1528–1540 (2022) 
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Figure 8. Simulated period distributions at 125 Myr obtained with τ ce equal 
to 1 Myr (top left panel), 30 Myr (top right-hand panel), 100 Myr (bottom left 
panel) and 300 Myr (bottom right-hand panel) superimposed to observational 
data of the Pleiades. 
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isk locking mechanism, to the wind prescription or to the core-
nvelope angular momentum exchange. In order to rule out the first
wo uncertainties, we decided to run model M3 similarly to what
as done by Coker et al. ( 2016 ). This model begins at 13 Myr and

ts initial period distribution is taken from the observational period
istribution of h Per (Moraux et al. 2013 ) but otherwise it is similar
o model M1, using the same wind prescription and the same core-
nvelope coupling timescale values. 

In Fig. 9 we show the period distributions obtained with model
3 at 13, 125 and 550 Myr compared to observational distributions

f h Per, the Pleiades and M37. 
At 13 Myr, the simulated and the observational distributions are

lmost perfectly superimposed. The maximal difference between the
wo cumulative distributions seen at the 5 th column at Table 3 is
.01, much smaller than the critical one. Obviously, the two samples
re derived from the same population as imposed by the initial
onditions of this model. Even so, the Pleiades and M37 period
istributions cannot be reproduced by this model according to the
alues obtained from the KS tests. Visually ho we ver the simulated
eriod distributions are much similar to the observed ones. The
umber of fast rotators increased a lot compared to what was obtained
ith the other models. At the age of the Pleiades, there is an excess
f simulated stars with periods shorter than 1.0 day and between
.0 and 5.0 days compared to the observational sample. On the
ther hand, there is a lack of simulated stars at longer periods. The
imulated period distribution at the age of 550 Myr is very similar to
he observed one. 

We can conclude that the mechanisms (the wind mass loss
rescription and/or the core-envelope coupling parameterization) and
he parameters applied to this model produced a very good visual
atch of the distributions but not quantitatively enough to fully

xplain the observed period distributions. For MS clusters as old as
37 (550 Myr old) initial conditions seems to play a secondary role

n the evolution of the angular momentum. 

.2.4 Other mass distributions 

oung open clusters appear to have similar intrinsic mass functions
Bastian, Co v e y & Meyer 2010 ; Damian et al. 2021 ). Ho we ver, the
bserved samples do not evenly sample the intrinsic IMF. As a result,
NRAS 510, 1528–1540 (2022) 
he mass distribution of the samples we use here does not exactly
ollow the underlying IMF. In order to take this observational bias
nto account, we computed models similar to model M1 with a finer

ass grid reproducing the mass distributions of the observed samples
sed in this work. Now the mass range goes from 0.5 to 1.1 M � in
ntervals of 0.1 M � values. The percentage value at each mass bin is
hown in Table 5 and can be seen in Fig. 10 . 

The values at each mass bin for the Kroupa mass function were
alculated using Kroupa et al. ( 2013 ) equations for the canonical
MF. The percentage of stars that appears in Table 5 was then
alculated considering the total number of stars of the simulation.
o calculate the other mass distributions we take the observational
amples used in this work for which we have stellar mass values
a combined sample of Cieza & Baliber ( 2007 ) and Davies et al.
 2014 ) for the ONC; Cyg OB2 from Roquette et al. ( 2017 ), h Per
rom Moraux et al. ( 2013 ) and a combined sample of Rebull et al.
 2016 ) and Lodieu et al. ( 2019 ) for the Pleiades) and estimate the
ercentage of stars in the mass bins from the total number of stars in
ach sample. We then use these percentages to calculate the amount
f objects in the mass bins for each one of the mass distributions
hown in Table 6 . Since the methods or models used by the different
uthors to assign mass to the observational samples are not the same
he sample used here is not homogeneous. 

When we analyse the angular velocity evolution for stars with
ifferent masses but with the same initial rotation periods and disk
ifetimes at the age of 125 Myr, we note that their values do vary
ith mass (Fig. 11 ). Considering stars in all the three initial rotating

ntervals (fast, median and slow rotators), the fastest rotating stars
t 125 Myr are those of 0.5 M �. Ho we ver there is no monotonic
elation between mass and rotation. Analyzing the fast rotators set,
fter the 0.5 M � star, follows stars of 0.6, 0.8, 0.7, 0.9 and 1.0 M � in
rder of decreasing angular velocity. In the group of median rotators,
he sequence of decreasing angular velocity is again of stars of
.5 and 0.6 M � and then stars of 1.0, 0.8 and 0.9 and 0.7 M �.
or the slow rotators, it is 0.5, 1.0, 0.9, 0.8 and 0.6 and 0.7 M �.
learly, 0.5 M � stars stay longer at the PMS phase, spinning up
ue to radius contraction. At 125 Myr, they still present a high spin
ate. 

Therefore, mass distributions (MD) that have a high fraction of
ow mass (0.5 and 0.6 M �) stars will present a higher number of stars
ith rotational periods below 1.0 day (the first bin of the rotational
eriod distributions – Fig. 12 ) although stars at this mass range also
roduce the fastest rotators of the other rotational intervals (medium
nd slow). This is the case of the results obtained with the Cyg
B2 MD and the Kroupa IMF in model M1 (Fig. 10 and the left-
and panels of Fig. 12 ). On the opposite side, the period distribution
btained with a model that uses the h Per MD that has a deficit of
.5 M � star shows the lowest number of stars with periods shorter
han 1.0 d. The results obtained using the Pleiades MD that is very
imilar to Kroupa IMF with 7 mass bins produces a different period
istribution, ho we ver, due to the lower number of 0.5 M � stars and
 slightly higher fraction of 0.8–1.1 M � stars. The objects that are
nitially classified as medium rotators, at 125 Myr show periods
etween ∼ 2 and 5 days and the initially slow rotators populate the
onger period bins. The period distribution obtained with the ONC

D is not so visually different but produces statistically different
alues from that obtained with the Kroupa IMF (Table 6 ). The ONC
D has less 0.5 M � stars but an excess of 0.6 and 0.7 M � stars

ompared to the Kroupa IMF (Fig. 10 ). 
In Table 6 , the K-S statistics of the models with different MD is

hown. One thing to be noticed is that the K-S distances obtained
sing Kroupa’s IMF (2 nd column) are slightly different from model
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Figure 9. Simulated period distributions at 13, 125 and 550 Myr obtained with model M3 superimposed to observational data of h Per, the Pleiades and M37. 

Table 5. Kroupa’s IMF and mass distributions of the selected young clusters. 

MF 0.5 M � 0.6 M � 0.7 M � 0.8 M � 0.9 M � 1.0 M � Reference 

% 

Kroupa 34 22 16 12 9 7 1 
ONC 22 43 22 8 1 4 2, 3 
Cyg OB2 51 28 13 6 1 1 4 
h Per 17 14 12 18 18 20 5 
Pleiades 28 23 14 13 12 10 6, 7 

Note. (1) Kroupa et al. ( 2013 ), (2) Cieza & Baliber ( 2007 ), (3) Davies et al. ( 2014 ), (4) 
Roquette et al. ( 2017 ), (5) Moraux et al. ( 2013 ), (6) Rebull et al. ( 2016 ), (7) Lodieu et al. 
( 2019 ). 

Figure 10. Comparison of mass distributions of the ONC, Cyg OB2, h Per 
and the Pleiades to Kroupa’s IMF. 
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1’s, except for the Pleiades for which they are much different 
nd smaller. Although none of the mass distributions are similar 
o Kroupa’s IMF, the critical distances obtained from K-S tests are 
like among the pre main-sequence clusters (from ONC to h Per)
nd comparable to the values obtained from model M1. For the 
leiades they are much smaller and different for the various mass
istributions. Now, statistically there is an agreement between the 
odels at 125 Myr and the observed Pleiades period distribution (but 

ot for the model that uses Cyg OB2 mass distribution). For M37, the
-S distance values are similar to those obtained with model M1 but

hey are more sensitive to the different mass distributions compared 
o the PMS clusters. 
In Fig. 13 , we show the cumulative distributions (CD) relative to
he period distributions seen in Fig. 12 , with the point of maximal
istance between the observational Pleiades period distribution and 
he models marked by a vertical dotted line. The conclusions stated
reviously appear more clearly after an inspection of Fig. 13 . We
ee that, despite the fact that in model M1 and in this section we
resent results that uses the same IMF of Kroupa, the absence of
ome of the mass bins makes the cumulative distributions different 
1 st and 2 nd top panels of Fig. 13 ). We also note that the CD obtained
sing model M1 and Cyg OB 2 MD are very similar, with the
aximal difference between the observed and the model theoretical 

umulative distributions occurring at the same period. However, in 
odel M1 there is an excess of objects with periods longer than 3 days

nd this causes the saturation of CD earlier than in the Cyg OB2 CD.
here is a deficit of objects with short rotational periods and an excess
f longer period objects when we examine the CD obtained through
he model with the h Per MD. Also, we can clearly see why the model
ith the ONC MD produces better statistical results than those using
roupa IMF and Pleiades MD at 125 Myr since the simulated and

he observational cumulative distributions fit very well. 

 C O N C L U S I O N S  

n this work, we analyzed the rotational evolution of solar mass stars
rom 1 to 550 Myr taking into account disk locking, core-envelope 
ecoupling and angular momentum loss via a magnetized wind. 
Our standard model, model M1, reproduces well the disk fraction 

s a function of age and the rotational period distributions of PMS
lusters younger than 13 Myr old. 

We test the role the core-envelope coupling timescale has in our
imulations. At the pre-main sequence and ZAMS this parameter 
oes not seem to influence greatly the period distributions. It is more
mportant at the MS and it is necessary to have a weak coupling (high
MNRAS 510, 1528–1540 (2022) 

art/stab3376_f9.eps
art/stab3376_f10.eps


1538 M. J. Vasconcelos et al. 

Table 6. K-S tests results comparing the simulated period distributions for all stars 
and the observational period distributions using different IMF. 

MF Kroupa ∗ ONC Cyg OB2 h Per Pleiades 
Cluster D KS D crit 

ONC 0 .08 0 .08 0 .08 0 .08 0 .08 0 .128 
Cyg OB2 0 .15 0 .14 0 .15 0 .17 0 .16 0 .084 
NGC 2362 0 .13 0 .14 0 .13 0 .14 0 .10 0 .14 
U Sco 0 .095 0 .097 0 .095 0 .10 0 .10 0 .11 
h Per 0 .17 0 .17 0 .18 0 .16 0 .17 0 .092 
Pleiades 0 .097 0 .07 0 .16 0 .10 0 .08 0 .096 
M37 0 .099 0 .094 0 .086 0 .14 0 .10 0 .071 

Note. ∗ The difference between the K-S statistical for the model using Kroupa’s IMF 
and that seen in Table 3 is due to the difference on the models mass range. 

Figure 11. Angular velocity evolution as a function of age considering stars with masses between 0.5 and 1.0 M � and with a disk lifetime equal to 1 Myr. In 
the left panel, all stars are fast rotators (see text for a definition) and have approximately the same initial rotational period. In the middle and right panels we 
hav e, respectiv ely, median and slow rotators. The v ertical dashed line mark the age of 125 Myr. 

τ  

o
 

l  

p  

o  

c  

t  

F
o
B

M

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/510/1/1
ce v alues) for slo w and medium rotators in order to reproduce the
bservations. 
We also run simulations assuming different values for the disk

ifetimes and for the initial period distributions. While these models
igure 12. Rotational period distributions at 125 Myr obtained with model M1 and 
n Pleiades observational period distribution. Top panels from left to right: mode
ottom panels, from left to right: models using Cyg OB2, h Per and Pleiades mass

NRAS 510, 1528–1540 (2022) 
rovide synthetic rotational period distributions resembling those
f observed clusters, they do not fulfill the quantitative similarity
riteria set by the K-S test. Running a finer grid model and replacing
he Kroupa’s initial mass function by the empirical mass functions of
the mass distributions show in Table 5 and in Fig. 10 all of them superimposed 
l M1 and models using Kroupa IMF with 7 mass bins and the ONC MD. 
 distributions. 
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Figure 13. Cumulative period distributions at 125 Myr obtained with model M1 and the mass distributions show in Table 5 and in Fig. 10 (solid lines) all of 
them superimposed on Pleiades observ ational cumulati ve period distribution (dashed lines). Top panels from left to right: model M1 and models using Kroupa 
IMF with 7 mass bins and the ONC MD. Bottom panels, from left to right: models using Cyg OB2, h Per and Pleiades mass distributions. Also shown is a 
vertical line marking the corresponding period where the maximal difference between of simulated and observational samples occurs (dotted lines). 
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he samples studied here did not produce any significant improvement 
ompared to model M1 except for the Pleiades that now are 
eproduced by our model. 

It seems that there are some intrinsic differences among the 
lusters related to their initial conditions. For example, enhanced 
isk dissipation in massive clusters, multiplicity fraction, planet 
ormation in disks and the role magnetic fields play in the first stages
f the stellar formation may change the initial rotation pattern of
he population of different clusters. This could explain the different 
otation patterns observed in the clusters of about the same age 
yg OB2 and NGC 2362 or U Sco and h Per. These aspects
re interesting and will be analyzed in future works as well as
he impact of the use of different stellar models that take into
ccount accretion and rotation and the lithium-rotation connection 
roblem. 
We can conclude that in a global perspective the secular evolution 

f rotation described by the models presented here grasp the main 
rends of the spin evolution of low-mass stellar populations. However 
pecific clusters may keep signatures of their initial conditions up to 
t least the ZAMS as it seems to be case for the pre-main sequence
lusters analyzed in this work, from the ONC to h Per. Eventually, a
hysical description of the star-disk interaction process that prevents 
MS stars from spinning-up during the disk locking phase remains 

o be provided. 
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