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ABSTRACT

Context. Young stars rotate well below break-up velocity, which is thought to result from the magnetic coupling with their accretion
disk.

Aims. We investigate the rotational evolution of young stars under the disk-locking hypothesis through Monte Carlo simulations.
Methods. Our simulations included 280000 stars, each of which was initially assigned a mass, a rotational period, and a mass
accretion rate. The mass accretion rate depends on both mass and time, following power-law indices of 1.4 and —1.5, respectively.
A mass-dependent accretion threshold was defined below which a star was considered as diskless, which resulted in a distribution
of disk lifetimes that matches observations. Stars were evolved at constant angular spin rate while accreting and at constant angular
momentum when they became diskless.

Results. Starting with a bimodal distribution of periods for disk and diskless stars, we recovered the bimodal period distribution seen
in several young clusters. The short-period peak mostly consists of diskless stars, and the long-period peak is mainly populated by
accreting stars. Both distributions, however, present a long tail toward long periods, and a population of slowly rotating diskless stars
is observed at all ages. We reproduced the observed correlations between disk fraction and spin rate, as well as between IR excess
and rotational period. The period-mass relation we derived from the simulations only shows the same global trend as observed in
young clusters when we released the disk-locking assumption for the lowest mass stars. Finally, we find that the time evolution of
median specific angular momentum follows a power-law index of —0.65 for accreting stars, as expected from disk locking, and of
—0.53 for diskless stars, a shallower slope that results from a wide distribution of disk lifetimes. At the end of the accretion phase, our
simulations reproduce the angular momentum distribution of the low-mass members of the 13 Myr h Per cluster.

Conclusions. Using observationally documented distributions of disk lifetimes, mass accretion rates, and initial rotation periods, and
evolving an initial population from 1 to 12 Myr, we reproduced the main characteristics of pre-main sequence angular momentum

evolution, which supports the disk-locking hypothesis.
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1. Introduction

Several determinations of the rotational properties of young
clusters have shown that the stellar period changes as a function
of time (e.g., Bouvier 2013, for a review). The distribution of ro-
tational periods of the Orion nebula cluster (ONC) with an age
of 2 Myr presents values that range from shorter than 1 day to
>15 days. The older cluster NGC 2547, which is 40 Myr old,
shows almost the same amplitude of periods, but with lower
mass stars (M. < 0.5 M) that on average rotate faster. Main-
sequence (MS) stars, like the Sun, rotate much more slowly than
young stars.

During the first few Myr of evolution, stars that show evi-
dence of disks, such as infrared excess emission, broad He lines,
or excess UV emission, rotate slower on average than diskless
stars, according to several studies (e.g., Rebull et al. 2006; Cieza
& Baliber 2007). These observations are explained by the disk-
locking hypothesis: during the time the star remains attached
to the disk, the stellar rotation rate remains constant. As soon
as the star loses its disk, it starts to spin-up as a result of the
expected radius contraction on the Hayashi track. According
to Gallet & Bouvier (2013), the star does not conserve its

Article published by EDP Sciences

angular momentum from the zero-age main sequence (ZAMS) to
the MS. The angular momentum can be lost via magnetic stellar
winds, and eventually, all stars end up on the MS with the same
angular velocity.

There are, however, some open problems related to this pic-
ture. Based on the disk frequency in several young clusters,
Mamajek (2009) pointed out that the disk fraction as a func-
tion of time decreases exponentially. The mean disk lifetime is
expected to be around 2—3 Myr, although some results indicate
higher values (5—6 Myr, Bell et al. 2013). Measurements of the
mass accretion rate in clusters of different ages point to a de-
pendency on the age ¢ of the star and its mass M., in the form
M,.. o t77MP. However, there is no general agreement about
the value of the exponents. According to the self-similar accre-
tion theory (Hartmann et al. 1998), the mass accretion rate is
independent of the mass and = 3/2 or at least > 1. Several
works have provided different values for 7 and b. For example,
Manara et al. (2012) analyzed a sample of stars in the ONC and
found that ny varies with the stellar mass, reaching values lower
than 1 for M, > 0.5 My. They also obtained that the expo-
nent b varies with age and evolves from 1.15 for ¢ ~ 0.8 Myr
to 2.43 for t ~ 10 Myr. Spezzi et al. (2012) found n = 0.3
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Fig. 1. Moments of inertia of 0.3, 0.4, 0.5, 0.8, and 1.0 M,, stars as a
function of time.

and b = 0.82 in star-forming regions of the Large Magellanic
Cloud, while Rigliaco et al. (2011) found b = 1.6 for the o Ori
region. Venuti et al. (2014) analyzed the accretion and variabil-
ity of stars in NGC 2264 and obtained b = 1.4 + 0.3. There
is also some controversy related to the period — mass relation,
that is, to the scarcity of slow rotators among lower mass stars
(M, < 0.5 M), which was reported, for example, by Henderson
& Stassun (2012) in the period — mass diagrams of several clus-
ters. However, neither Affer et al. (2013) for NGC 2264 nor
Moraux et al. (2013) for h Persei found any evidence of this
relation above 0.4 M.

In this work, we investigate the main variables that can influ-
ence the spin rate evolution of a cluster of stars. To do this, we
use Monte Carlo simulations and compare the results to obser-
vations available in the literature. We randomly assign a mass, a
mass accretion rate, and an initial period for each star. We con-
trol the disk lifetime assuming a mass accretion rate threshold
below which the star is considered to be diskless. We run our
tests from 1 Myr to 12.1 Myr. In Sect. 2, we explain the main as-
sumptions of the simulations. In Sect. 3, we present and discuss
our results. In Sect. 4, we draw our conclusions.

2. Monte Carlo simulations

To calculate the evolution of the rotational period P, we assumed
that a disk star has a constant period and that a diskless star
changes its angular-velocity in conserving angular momentum
following the equation

1)

O an M
where w(f) = 2r/P(t) is the angular velocity of the star at time ¢
and /() is its moment of inertia at the same age. We calculated
the moments of the inertia from the stellar evolutionary mod-
els of Baraffe et al. (1998) for five mass bins: 0.3 My, 0.4 M,
0.5 M, 0.8 M and 1.0 M,,. Figure 1 shows the interpolated mo-
ments of inertia for each mass bin as a function of the time inter-
val considered in these simulations. As expected, the moment of
inertia decreases with time because the star is contracting. This
increases the stellar rotation rate and decreases the period of ro-
tation if the star is free from its disk.

We generated period, mass, and mass accretion rate distri-
butions. Then, a population of about 280 000 stars was evolved

w(t + At =
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Fig. 2. Initial mass distribution for the five mass bins considered in this
work.
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Fig. 3. Initial distributions of the mass accretion rate in each mass bin.

from 1 Myr to 12.1 Myr in time steps of 0.1 Myr. The number
of stars in each mass bin was obtained following the canonical
IMF (Kroupa et al. 2013),

-13

() 0.07 <m <05, ,
&(m) = ' (%)—1.3] (%)_2'3 0.5 < m < 150, ()

where m is the mass in solar mass units (Fig. 2). The exact shape
of the IMF does not affect our results.

To obtain the initial mass accretion rate for each star, we cal-
culated five different values, one for each mass bin, according to
the equation

Macei = (Myee(1 Myr, M.)) = ¢ M2, 3)
where M., is the value of the stellar mass and b = 1.4 (Venuti
et al. 2014). The constant ¢ was obtained considering that a
1 M, has a mass accretion rate equal to 1.0 x 1078 Mg yr™! at
t = 1.0 Myr. The values are shown in Table 1. We then created
five random log-normal distributions with means given by Macc,i
(see Eq. (3) and Table 1) and o4 57, = 0.8.

With this initial setup, the mass accretion rate of each star
evolves following the equation

Macc(t’ M,) = acc(l Myr, M. )tMyr’ “4)
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Fig. 4. Disk fraction as a function of time (solid black line) obtained from our simulations considering = 1.5 and #, = 2.2 Myr. The colored
dashed lines are the exponential decay laws expected from disk e-folding times 2.5 Myr (red line) and 5.5 Myr (blue line). The colored dots are
data for nine young nearby associations from Ribas et al. (2014, circles), Herndndez et al. (2007), and Hernandez et al. (2008, squares).

Table 1. Mass accretion rate distributions.

Mass Mucc,i Macc,lh
(Mo) (X107 Mg yr™")
0.3 1.8 0.57
0.4 2.8 0.85
0.5 3.8 1.2
0.8 7.3 22
1.0 10 3.1

where the time f\yy, is expressed in Myr and 7 = 1.5 (Hartmann
et al. 1998). In this equation, M,..(1 Myr, M,) is the initial value
of the mass accretion rate of a given star (at 1 Myr). We then
chose a criterion through which the stars will loose their disks.
If, for a given star at a given age, Myec(f, M) < Mycen(M..), the
star will be released from its disk and will start to spin up, con-
serving angular momentum. Otherwise it will keep its disk and
its rotational period will be held constant. The threshold mass
accretion rate, Maoc,m, was obtained taking Eq. (4) at fvye = fin,
the threshold time, which was chosen to reproduce the observa-
tional disk fraction as a function of age (e.g., Mamajek 2009).
We took #y, = 2.2 Myr, which means that 50% of the stars will
have lost their disk by this age. The mass accretion threshold
values for each mass bin are shown in Table 1. All mass accre-
tion rate values, including the initial ones, that fall below the
threshold were set equal to Macc,th, which causes the appear-
ance of a peak at this value in the initial distributions shown
in Fig. 3. Initially diskless stars start to spin up according to
Eq. (1). Eventually, different stars will reach the mass accretion
rate threshold, will be released from their disks, and will start to
spin up according to the same equation.

In Fig. 4, we show the disk fraction as a function of age ob-
tained from our simulations superimposed on data from Ribas
et al. (2014), Hernandez et al. (2007), and Hernandez et al.
(2008) for nine young nearby associations. The combination of
model parameters makes the number of diskless stars approxi-
mately equal to 25% initially. Our simulated disk fraction de-
scribes the observed fraction well, and it stays between the two

exponential limiting curves based on the short disk lifetimes
claimed by, for example, Dahm & Hillenbrand (2007) and the
longer disk lifetimes proposed by Bell et al. (2013). At 12 Myr,
the disk fraction is around 8%.

3. Results and discussion

We considered two models M1 and M2 that differ from each
other by the initial distribution of periods of disk and disk-
less stars. Both have b = 1.4, n = 1.5 (see Egs. (3) and (4)),
th = 2.2 Myr, and the same mass and initial mass accretion rate
distributions. The resulting disk fraction (shown in Fig. 4) is then
the same for both models since it only depends on the choice of
the threshold time, 7 and the mass accretion rate distribution.
Changing the mass dependency of the mass accretion rate
in our models does not change the main results we obtain be-
low: the disk fraction, the period distributions, and the time
dependency of the median specific angular momentum remain
the same. Of course, it changes the distribution of mass accre-
tion rates. The values are higher for a model with, for exam-
ple, b = 0.82, as observed by Spezzi et al. (2012) at some
star-forming regions of the Large Magellanic Cloud. However,
the mass accretion rate as a function of time (Eq. (4)) and the
mass accretion rate threshold also depend on the mass in the
same way, which means that the entire problem in this sense is
scale free. Thus, our models cannot be used to determine the
mass dependency of the mass accretion rate, although they show
a strong dependency on 1 and the mass accretion rate disper-
$ion (0o a1, )- If the mass accretion rate dispersion is lower than
the rate we have considered in this work, the time dependency
must change to reproduce the observed disk fraction as a func-
tion of time. For example, if the mass accretion rate dispersion is
lower than 2 orders of magnitude, that is, narrower than we con-
sidered here, 1 can be as low as 0.3. The reason for this is that
there will be fewer stars with high mass accretion rate values,
and then the disk fraction will fall off very quickly. To compen-
sate for this, the mass accretion rate must slowly decrease with
time. To have a time dependency that agrees with the self-similar
accretion theory (i.e., n > 1; Hartmann et al. 1998), we require a
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Fig. 5. Period distributions obtained from model M1 for disk (red) and diskless (gray) stars. Outlined in blue is the period distribution for all stars
(disk + diskless). In the fop panels we show the distributions at t = 1 Myr, in the central panels those at 2.1 Myr, and in the bottom panels the
distributions at 12.1 Myr. At the left side, the period distributions are shown on a linear scale, at the right side, the abscissa is given in log units.

great amplitude of mass accretion rate values, as is observed in
several young clusters (Venuti et al. 2014; Manara et al. 2012).

3.1. Model M1

In model M1, we considered that the initial period distribu-
tion is the same for disk and diskless stars. It is given by a
Gaussian function with a mean period equal to eight days and
a standard deviation equal to six days (e.g., Rebull et al. 2004;
Bouvier et al. 2014). The Gaussian is truncated at both ends,
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at 0.5 days, and at 18.5 days. In Fig. 5 we show the distribu-
tions of the rotational periods at ¢t = 1.0, 2.1, and 12.1 Myr. At
t = 1.0 Myr, our model assumptions establish an initial random
distribution of periods and mass accretion rates for the whole
population. According to the initial fraction of diskless stars de-
rived from Fig. 4 (equal to 26%), there are fewer diskless stars
than there are disk stars. This changes at r = 2.1 Myr, with the
fraction of diskless stars increasing, and the distributions now
peak at Ppeac = 8—9 days for disk stars and at Ppeac = 4—6 days
for diskless stars. Our simulations indicate a significant overlap
between the rotational distributions of disk and diskless stars at
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all ages. Diskless stars tend to rotate faster than disk stars, but
exhibit a long tail toward long periods. Conversely, a fraction of
fast rotators is found among disk stars.

Henderson & Stassun (2012) analyzed a sample of stars
in NGC 6530 (1-2 Myr) and found that the mean period of
stars showing near-IR (NIR) excess is around 6.3 days and
P = 3.7 days for stars without NIR excess. Affer et al. (2013)
also found P = 7 days for CTTS and P = 4.2 days for WTTS
in a sample of stars in NGC 2264 (3 Myr). Cieza & Baliber
(2007) found that stars with a spectral type M2 and earlier with
and without disks also present different period distributions for

NGC 2264 (1-5 days for diskless stars and a flatter distribution
for disk stars) and the ONC (peak at ~2 days for diskless and at
~8 days for disk stars). Our results agree reasonably well with
these observations. However, at 12.1 Myr, our simulation does
not reproduce the bimodal rotational distribution of h Per clus-
ter members, which exhibit one peak at <1 day and another at
3-7 days (Moraux et al. 2013). Instead, the period distribution
of diskless stars in our simulation moves to shorter periods as a
whole by an age of 12.1 Myr with a single peak at Ppc.x ~ 2 days.
This suggests that the initial conditions of the simulations might
have to be modified.
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3.2. Model M2

To determine whether we can obtain a bimodal distribution for
the whole population of stars up to 13 Myr, we ran model M2, for
which the initial period distribution is different for disk and disk-
less stars. For disk stars, the period distribution was the same as
was considered in model M1 (Pyean = 8 days and o = 6 days).
For the initial population of diskless stars, the period distribu-
tion was a truncated Gaussian with a peak at three days and a
dispersion equal to two days. There are no stars with periods
shorter than 0.5 days, and all the stars that originally had periods
shorter than this value were smoothly redistributed around three
days. These parameters were chosen assuming that at 1.0 Myr
the stars in a given cluster have already experienced some disk
and rotational evolution. That there is some disk loss at this age
is seen in very young clusters such as NGC 1333, which is 1 Myr
old and has a disk fraction equal to 66% + 6% (Ribas et al. 2014,
Fig. 4). Then we assumed that at 1 Myr there is a diskless popu-
lation that is spinning up. In the somewhat older ONC, Cieza &
Baliber (2007) found that stars without signs of dust disks rotate
faster than the disk stars, with a mean period of two days, but
with a tail toward longer periods. Assuming that at 1 Myr these
stars rotate more slowly than at 2 Myr, we chose the mean period
of the diskless population to be equal to three days, but with a
dispersion value great enough to allow the existence of diskless
stars with periods as long as ten days.

3.2.1. Evolution of the rotational distributions

In Fig. 6 we show the period distribution at 1.0, 2.1, and
12.1 Myr. The distinct initial period distributions for disk and
diskless stars are shown at 1 Myr. While there are no diskless
stars with periods greater than ten days, there are still fast rota-
tors among disk stars. At 2.1 Myr, the period distribution clearly
remains bimodal. The peak of the fast rotators is around two
days, that of the slow rotators is around eight days, as reported
by Cieza & Baliber (2007) for the ONC. We also recover a bi-
modal distribution shown in the logarithm distribution of the pe-
riod at 12.1 Myr for h Per stars, quite in contrast with model
M1 above. At this age, the peaks of the simulated distribution lie
at 0.7 and 3.2 days. While the former agrees well with the peak
of h Per fast rotators reported by Moraux et al. (2013), the latter
is located at shorter periods than observed in h Per, where it lies
at about three to seven days in the mass range 0.4—1.1 M.
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3.2.2. Connection of rotation — disk fraction

Cieza & Baliber (2007) stated in a different way that disk stars
rotate more slowly on average than diskless stars. They showed
that the fraction of disk stars increases with period for a sam-
ple of young stars in NGC 2264. In Fig. 7 we plot the fraction
of disk stars as a function of period for model M2 at different
ages. There is a general trend of increasing disk fraction with in-
creasing period. At 1 Myr, all stars with periods greater than ten
days are disk stars (i.e., disk fraction equal to 1.0), following the
M2 initial period distributions. As the system evolves, the disk
fraction as a whole decreases, but the decrease rate is greater at
shorter periods. This is because slowly rotating stars that loose
their disk start to spin up, thus leading to an accumulation of
diskless stars at shorter periods.

In Fig. 8 we compare our results at 2.1 and 3.1 Myr with the
data of Cieza & Baliber (2007) for stars of ONC and NGC 2264
with a spectral type M2 and earlier. We used the same period bins
to facilitate the comparison. Our results agree well with those
of Cieza & Baliber (2007), taking into account the error bars,
which in our case are equal to the standard errors of a Poisson
counting. The disk fraction smoothly increases with rotational
period at 2.1 Myr and 3.1 Myr as observed, which supports the
M2 model assumptions, including disk locking and an initial bi-
modal distribution of periods for disk and diskless stars.

3.2.3. Connection of rotation — accretion

To investigate in detail whether we can see a segregation in pe-
riod due to a disk, we plot in Fig. 9 the mass accretion rate nor-
malized to the mass accretion rate threshold versus rotational
period for the simulated sample at an age of 1.0, 3.1, 6.1, and
12.1 Myr. At ¢ = 1.0 Myr, diskless stars (Myee < Macc,[h) are
set at Myee = Maceqn > and none has a period longer than ten
days. Conversely, there are only few disk stars at short periods.
As the population evolves, the period distribution of diskless
stars increases, both toward longer and shorter periods. The for-
mer effect is caused by the evolution of disk stars that only re-
cently have lost their disks and that have not had enough time to
significantly spin up, thus yielding a population of long-period
diskless stars; the latter is due to the free spin up of initially
diskless stars as they contract, thus shifting the bulk of the ro-
tational period distribution of the diskless stars toward shorter
periods. After a few Myr, the initially peaked diskless star pe-
riod distribution spreads over the full range of periods from
shorter than 1 day up to 15 days as a result. In contrast, disk
stars tend to fill the locus of longer periods because they remain
locked to their disk as they evolve. Over time, the initial cor-
relation between rotational periods and disks therefore remains,
but becomes blurred by the widening of the period distribution
of diskless stars. But the short-period locus remains depleted of
disk stars at all ages, up to 12.1 Myr.

In Fig. 10, we compare the simulated M,..—log P plot at
2.1 Myr with the plot of observed Spitzer IR excess vs. period for
the Orion region from Rebull et al. (2006). It is not straightfor-
ward to translate mass accretion rate into Spitzer IR excess, and
we therefore did not attempt such a conversion. Nevertheless,
the mid-IR excess is expected to scale, at least in a statisti-
cal sense, with mass accretion rate. In this figure, Rebull et al.
(2006) showed the [3.6]—[8] IRAC colors for 464 stars with
measured periods in the Orion region for which the mean age
is about 2 Myr. Colors above [3.6]—[8] = 1 are indicative of the
presence of disks. We clearly see in this figure a deficit of disk
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for stars with a spectral type M2 and earlier extracted from Cieza & Baliber (2007).
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stars at short periods and an accumulation of diskless stars at all
periods. As discussed above, similar trends are seen at 2.1 Myr in
our simulations: the diskless stars cover the full range of periods,

and there is a strong deficit of disk stars at P < 4 days. Hence,
the simulated results of model M2 agree well with the observed
IR — rotation plots.
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3.2.4. Period — mass relationship

Henderson & Stassun (2012) investigated the period — mass
relationship of seven clusters (NGC 6530, ONC, NGC 2264,
NGC 2362, IC 348, NGC 2547, and NGC 2516) with ages
ranging from 1-2 Myr to 150 Myr. By analyzing low-mass
(0.2-0.5 M;) cluster members, they found a positive correla-
tion for older clusters, meaning that lower mass stars spin up
faster than higher mass stars. Since the mass range we explored
in our simulations does not extend down to 0.2 M, we cannot
claim that we can recover such a relationship, but we might ex-
pect some weaker correlation among the lowest mass stars of
our sample. Following Henderson & Stassun (2012), we plot
the slope of the log P — mass relationship as a function of
age in Fig. 11. The slopes were calculated' for the 75th per-
centile of a random sample of 500 stars in the mass interval
0.3 < M/Ms < 0.5 as a function of mass. The slopes obtained
from model M2 do not vary much with age and remain close
to zero. This suggests that the rotational distributions are fairly
independent of mass at very low masses in our simulations, a
result clearly at odds with observations.

We therefore attempted another model with the same as-
sumptions and parameters as model M2, but relaxing the disk-
locking assumption for the lowest mass stars. In the lowest mass
bin, 0.3 M, even a disk star is now assumed to evolve, conserv-
ing its angular momentum. The results, shown in Fig. 11, yield
positively increasing slopes as a function of time, which qual-
itatively matches the observations. This suggests that the disk
locking might be less efficient at very low masses, thus allowing
these stars to spin up faster than higher mass stars (cf. Lamm
et al. 2005; Bouvier et al. 2014).

3.2.5. Specific angular momentum evolution

Davies et al. (2014) calculated the specific angular momentum
evolution of a sample of fully convective stars in Taurus-Auriga
and in the ONC. They used new estimates of stellar radii and

! Using the LINFIT function of IDL version 8.4 (Exelis Visual
Information Solutions, Boulder, Colorado), which is based on a
x* minimization algorithm.
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ages and classified their sample as Class II or Class III stars
based on Spitzer IRAC fluxes. They found that the decreasing
rate of the specific angular momentum during Class II phase is
given by jyu o 72, with 8, = 2.0-2.5, which is faster than
expected if the angular velocity is maintained constant. They in-
terpreted this result as indicating that the braking rate of accret-
ing young stars is higher than expected from disk locking alone.
They also observed the same time dependency for Class III
objects, which they interpreted as initially accreting stars be-
ing sequentially released from their disks over a timescale of
about 10 Myr.

Using model M2, we calculated the specific angular momen-
tum distribution of our population. As stated before, while a star
has a disk in our simulations, its angular velocity is kept con-
stant. Then, for disk stars, we expect that the specific angular
momentum, jy.(f) = k>R%w, varies with time as jyu oc 2@,
if k oc % and R o #, assuming that the time dependency of the
gyration radius k and the stellar radius R can be expressed as
power laws. Both are obtained from the stellar evolution models
of Baraffe et al. (1998) and are shown in Fig. 12 for each mass
bin considered in this work. From 1 Myr to ~3 Myr, the gyra-
tion radius is approximately constant for all mass bins. At most,
the gyration radius varies 1% for the 0.3 M mass bin. Beyond
3 Myr, the more massive stars start to develop a radiative core,
and the gyration radius of the 1 M, decreases by about 15%
at an age of 10 Myr, while the reduction is much less in lower
mass stars. For the asymptotic power-law form above, we thus
adopt @ ~ 0, while in the simulations we used the actual, time-
dependent values of the gyration radius provided by the stellar
evolution models.

The variation of the stellar radius during the first few Myr
mimics that of a fully convective polytrope (n = 1.5), thatis, 8 =
—1/3. Figure 12 show that for M = 0.3-0.5 M, the stellar ra-
dius slightly decreases more rapidly with time (8 < —1/3), while
the opposite is true for more massive stars. The exact values of S,
as derived from the stellar evolutionary models, are shown in
Table 2. The mean value, however, is around —0.33, and we con-
sider that 8 = —0.33 for the asymptotic form above. Then, the
expected time dependency of the specific angular momentum in
our simulations for disk-locked stars would be j o« 9%, For
diskless stars, the angular momentum is held constant.
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Fig. 12. Gyration radius squared (/eff) and stellar radius in solar radius (right) as a function of time obtained from the stellar evolution models of
Baraffe et al. (1998) for the mass bins considered in this work (colored solid lines). The colored dashed lines are obtained assuming the contraction

of a fully convective polytropic pre-main sequence star (R o £~'/3).
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Fig. 13. Specific angular momentum evolution for 100 stars randomly extracted from our simulations over the mass range 0.4—1.0 M, compared
to observed samples. Simulated data are shown as light gray symbols, squares for disk stars, and crosses for diskless ones. Two stars chosen from
the sample are highlighted as magenta filled circles (disk) or crosses (diskless) to illustrate the individual evolution depending on disk lifetime and

initial period. Observations: Taurus-Auriga and ONC (black symbols)

samples are from Davies et al. (2014), whose j values were recomputed

taking the gyration radius from the models of Barafte et al. (1998). Squares represent Class II stars, crosses Class III stars. At 13 Myr, the specific
angular momenta of h Per members from Moraux et al. (2013) are plotted as gray diamonds.

In Fig. 13, the specific angular momentum, jgy, is plotted
as a function of time for our simulated sample and compared
to observed samples of young stars. At ¢ 1 Myr, ~75% of
the simulated sample consists of disk stars. The magenta sym-
bols show the specific angular momentum of two objects chosen

from our simulations. One is initially fast rotating and diskless
and thus evolves conserving its initial angular momentum. The
other is initially a slower rotator and has a disk lifetime of about
3 Myr. During this time, its specific angular momentum de-
creases as 1% as expected, while it is held constant once the
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Table 2. 8 exponents from Fig. 12 (R, o« ).

Mass (M) 0.3 0.4 0.5 0.8 1.0
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Fig. 14. Logarithm distributions of the specific angular momentum of
our full sample at 12.1 Myr (red) obtained with model M2 and of h Per
members (blue). These last values were extracted from Moraux et al.
(2013).

star is eventually released from its disk. When considered as a
group, we find that the median specific angular momentum of
disk stars in our simulation decreases with time as jpeq o¢ §7065,
that is, close to the expectation for constant angular velocity. For
diskless stars, we derive jmeq o £ °33. Thus, while individual
diskless stars evolve at constant angular momentum, when con-
sidered as a group, their median angular momentum decreases in
time nearly as fast as for disk stars. As already noted by Davies
et al. (2014), this is the result of the stars being sequentially re-
leased from their disk over a wide range of disk lifetimes, from
about 1 to 10 Myr.

We compared our simulations to the jg,, distribution of the
Taurus-Auriga and Orion samples from Davies et al. (2014)>.
The Taurus-Auriga and ONC j estimates fall well within our
range of values. We also plot the angular momentum values of
h Per low-mass members as derived by Moraux et al. (2013) at
an age of 13 Myr, benchmarking the end of the accretion phase.
A more detailed comparison of the angular momentum distri-
bution of h Per members and that predicted by our simulations
at 12.1 Myr is shown in Fig. 14. While the distributions show
differences, especially in the location of the peaks, the over-
all range of specific angular momentum is well accounted for.
Indeed, this suggests that the angular momentum distribution of
low-mass stars at the end of the PMS accretion phase builds up
during the first few Myr, as the result of disk locking acting over
a wide range of disk lifetimes, effectively widening the initial j
distribution (Bouvier et al. 1993; Rebull et al. 2004).

2 Note that to allow for the comparison, we had to recompute their val-
ues of j using actual gyration radii obtained from the models of Baraffe
etal. (1998). Davies et al. (2014) used for most of their sample k> = 2/3,
which applies to uniform density shells, while a value of k> = 0.205 is
appropriate for fully convective PMS stars. We also neglected centrifu-
gal effects in our simulations because they do not significantly affect the
results.
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4. Conclusions

The Monte Carlo simulations presented here reproduced the
main observed rotational properties of young low-mass stars dur-
ing their pre-main sequence evolution. We have shown that start-
ing from now well-documented initial distributions of periods,
mass-accretion rates and disk lifetimes, a model that assumes
disk locking for accreting stars and angular momentum conser-
vation for diskless stars succeeds in reproducing both the evo-
lution of rotational period distributions in young clusters and
the accretion-rotation connection observed between IR excess
and rotational period at young ages. To also reproduce the mass-
rotation connection, we furthermore assumed that disk locking
is less efficient in very low mass stars, below 0.3 M. Finally,
the Monte Carlo simulations naturally produced the distribu-
tion of angular momentum observed at the end of the accretion
phase, that is, past 10 Myr. We showed that this distribution,
which is the starting point for the subsequent ZAMS and MS ro-
tational evolution of low-mass stars, builds up during the PMS
as the disk-locking process acts over a wide range of disk life-
times, thus effectively widening the initial distribution of periods
during PMS evolution.
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