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ABSTRACT

Context. Observations of young open clusters show a bimodal distribution of stellar rotation. In those clusters, Sun-like stars group
into two main populations of fast and slow rotators. Beyond an age of approximately 600 Myr, the two populations converge towards
a single sequence of slow rotators.

Aims. The present study addresses the origin of this bimodal distribution and the cause of its observed evolution.

Methods. New prescriptions of mass-loss rate and Alfven radius dependences on Rossby number suggested by observations are
implemented in a phenomenological model of angular-momentum loss and redistribution. The obtained model is used to calculate the
time evolution of a rotation-period distribution of solar-mass stars similar to that observed in the 5 Myr-old NGC 2362 open cluster.
The simulated distributions at subsequent ages are compared with those of h Per, the Pleiades, M 50, M 35, and M 37.

Results. The model is able to reproduce the appearance and disappearance of a bimodal rotation-period distribution in open clusters
providing that a brief episode of large-angular-momentum loss is included in the early evolution of Sun-like stars.

Conclusions. I argue that a transitory episode of large-angular-momentum loss occurs on Sun-like stars with Rossby numbers between
0.13 and 0.3. This phenomenon of enhanced magnetic braking by stellar wind would be mainly driven by a rapid increase of mass
loss at a critical rotation rate. This scenario accounts for the bimodal distribution of stellar rotation in open clusters with ages between
20-30 Myr and approximately 600 Myr. The mass-loss rate increase could account for a significant fraction of the X-ray luminosity
decay of Sun-like stars in the 0.13—0.3 Rossby number range where a transition from the saturated to the non-saturated regime of
X-ray emission is observed. Observed correlations between Li abundance and rotation sequences in the Pleiades and M 34 clusters

support this scenario.
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1. Introduction

Open clusters provide essential calibration for rotation-age-
activity relations (Hawley et al. 2016), since each cluster gives
a snapshot of stellar evolution at a single age for all masses
(e.g., Giampapa et al. 2006; Gondoin et al. 2012; Gondoin
2013; Meibom et al. 2015; Wright et al. 2011). In the past
decade, many photometric surveys of open clusters have mon-
itored the modulation of stellar brightness induced by the rota-
tion of starspots (see e.g., Affer et al. 2013; Delorme et al. 2011;
Hartman et al. 2009, 2010; Henderson & Stassun 2012; Irwin
et al. 2008a, 2009; Meibom et al. 2009, 2011). These surveys
have produced extensive rotation period measurements on Sun-
like stars of different ages. The results indicate a spin-up phase
during pre-main sequence contraction, a rapid spin-down dur-
ing early main-sequence evolution, and a pause where surface
rotation does not change significantly (Brun et al. 2015). Older
stars then resume spinning down with the square root of time
(Skumanich 1972).

The results also show (e.g., Barnes 2003; Meibom et al.
2009, 2011) a bimodal distribution of stellar rotation in young
open clusters. Young Sun-like stars tend to group into two dis-
tinct populations of fast and slow rotators. These populations lie
on narrow sequences in diagrams where the measured rotation
periods of the members of a stellar cluster are plotted against
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their B — V colors. Beyond the age of approximately 600 Myr,
the two populations converge towards a unique sequence of slow
rotators.

Understanding the observed evolution of stellar rotation has
been the subject of many studies (e.g., MacGregor & Brenner
1991; Keppens et al. 1995; MacGregor & Charbonneau 1994;
Krishnamurthi et al. 1997; Allain 1998; Dennissenkov et al.
2010; Reiners & Mohanty 2012; Gallet & Bouvier 2013, 2015).
These works mainly focussed in improving angular momentum
evolution models by testing different prescriptions of the stel-
lar wind torque and of the core/envelope coupling. The obtained
models reproduce the spin-up during pre-main sequence contrac-
tion followed by a rapid spin-down during early evolution on the
main sequence. They fit the narrowing of the dispersion of ro-
tation periods among solar-type stars reasonably well as these
reach the age of the Hyades. However, very few studies (Brown
2014) have intended to account for the bimodal distribution of
stellar rotation observed in young open clusters.

The present paper reports on an attempt to build a model
of stellar angular momentum evolution that accounts for this
bimodal distribution. Section 2 describes a phenomenological
model of stellar rotation. It proposes empirical laws for a mass-
loss rate and Alfven radius dependence on the Rossby number
that are suggested by observations. Section 3 presents simulation
results of the rotation evolution of a Sun-like star as a function of
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Fig. 1. Left: moment of inertia (from Siess et al. 2000) of the outer convective envelope and inner radiative core (in units of total MR?). Middle:
radius at the bottom of the convective envelope relative to the total stellar radius. Right: total surface radius at optical depth 0.005 (in solar unit).

its initial rotation rate. It also compares the simulated evolution
of a normal distribution of rotation periods with rotation-period
histograms measured in open clusters of various ages. The im-
plications for the rotation history of Sun-like stars are discussed
in Sect. 4.

2. Model of stellar rotation evolution
2.1. The double zone and magnetic torque models

Studies of the rotation evolution of Sun-like stars often use a
phenomenological model of angular momentum redistribution
in stellar interiors, the so-called Double Zone model (DZM).
This model assumes that the radiative core and the convective
envelope rotate rigidly at all ages (MacGregor & Brenner 1991;
Keppens et al. 1995; Allain 1998). These hypotheses are justi-
fied (Spada et al. 2011) by the facts that (i) the envelope is ex-
pected to be strongly coupled by the very efficient angular mo-
mentum redistribution associated with turbulent convection; and
(i) a large-scale magnetic field, even as weak as 1 G, can main-
tain a condition of rigid rotation in most of the core.

At any given time, ¢, the angular momenta J,. of the core, and
J of the envelope can thus be expressed as J.(f) = I.(£)Q(¢) and
Jo(t) = L(£)Qe(t) where I, I., Q., and Q. are the moments of in-
ertia and the angular velocities of the core and the envelope, re-
spectively. Assuming that the angular momentum redistribution
between the two regions occurs on a timescale 7., the evolution
of their angular momenta is governed by two coupled differential
equations (e.g., Spada et al. 2011; Oglethorpe & Garaud 2013):

dle  AJ (2 ,dM,
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Ty is the torque exerted by the wind on the convective enve-
lope. For weak core-envelope coupling (large 7.), the region
spun-down by the wind is first limited to the convection zone,
while the radiation zone feels the braking effect later, when AJ
has grown sufficiently.

Regarding the torque exerted on the convective envelope,
Weber & Davis (1967) used a simple one dimensional model to
quantify the angular momentum carried by the stellar wind. They
demonstrated that the loss rate of angular momentum by the star
is expressed in a steady state as the product of the mass-loss rate
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and the specific angular momentum carried by the outflow, such
that:

Ty = QM RS, )

where M,, is the average mass-loss rate and R, is the average
Alfven radius.

During pre-main sequence evolution, the growth of the core
at the expense of the envelope produces an angular momentum
transfer. This is accounted for by the second term in the right-
hand side of both Egs. (1) and (2) where R, and M, are the ra-
dius and mass of the radiative core, respectively. Assuming that
the internal stellar structure is not modified by rotation or mass
loss, these stellar quantities and their time derivatives are taken
from the evolutionary track of a solar mass star established by
Siess et al. (2000) with a metallicity Z = 0.02 and a moderate
overshoot parameter d = 0.20 H, where H,, is the pressure scale
height (see Fig. 1).

According to the simple model described above, the angu-
lar momentum evolution of a Sun-like star depends on the time
evolution of its internal structure and on three parameters de-
scribing the angular-momentum loss and its redistribution within
the stellar interior. These three parameters are the mass-loss
rate M, the mean Alfven radius R4, and the core-envelope cou-
pling timescale ..

2.2. Core-envelope coupling

A number of physical processes act to redistribute angular mo-
mentum throughout the stellar interior (Bouvier et al. 2013).
These include various classes of hydrodynamical instabili-
ties (e.g., Decressin et al. 2009; 2010; Lagarde et al. 2012;
Eggenberger et al. 2012), magnetic fields (e.g., Denissenkov &
Pinsonneault 2007; Spada et al. 2010; Strugarek et al. 2011),
and gravity waves (Charbonnel et al. 2013; Mathis 2013). In the
absence of a consistent model of angular momentum exchange
between the core and the envelope, empirical prescriptions are
most often used for the core-envelope coupling timescale 7. that
parametrizes the exchange rate of angular momentum within the
stellar interior.

This parameter was initially found to be constant through-
out the evolution of a 1 M, star with a magnitude ranging from
10 Myr (MacGregor & Brenner 1991) to a few tens of millions
of years (Keppens et al. 1995). In order to account for new ob-
servational results, recent studies suggested that the coupling
timescale may be different for fast and slow rotators (Irwin et al.
2007; Bouvier 2008; Irwin & Bouvier 2009). Denissenkov et al.
(2010) assumed that the rotation dependent coupling timescale
is a step function, where the coupling timescale is short at high
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velocity and suddenly increases below some critical velocity.
Spada et al. (2011) explored a power law dependence of the
coupling timescale on the differential angular rotation velocity
between the core and the envelope.

Based on the argument that the derived dependency is weak,
Gallet & Bouvier (2013) assumed that the core-envelope cou-
pling time scale is constant over the evolution of a Sun-like star
with a given initial rotation period. Implementing the wind brak-
ing prescription of Matt et al. (2012), they found that the core-
envelope coupling timescale is longer for stars that are initially
slow rotators (7. ~ 30 Myr for initial periods of 7 and 10 days)
than for stars that are initially fast rotators (. = 12 Myr for
initial rotation periods of 1.4 days). The present study assumes
that the core-envelope coupling timescale of a Sun-like star is
constant over time and independent of its initial rotation rate.

2.3. Mass-loss rate

Johnstone et al. (2015) pointed out that the lack of direct obser-
vational constraints means that it remains unclear which, if any,
of the existing wind models of Sun-like stars are reliable. These
authors divided wind models into two categories: those that try
to apply existing knowledge of the physics of the solar wind to
other stars (e.g., Cranmer & Saar 2011; Suzuki et al. 2013), and
those that scale the solar wind to other stars by applying scaling
relations between wind properties and stellar parameters, such
as age, rotation rate, or coronal X-ray properties (e.g., Badalyan
& Livshits 1992; Griemeier et al. 2004; Holzwarth & Jardine
2007; See et al. 2014).

I followed this second approach based on observational in-
dications by Wood et al. (2005, 2014) that the mass-loss rate
of Sun-like stars increases as a power law of their X-ray sur-
face flux. The interpretation of these observations with the as-
sistance of hydrodynamic models also suggests that, beyond a
certain flux, the mass-loss rate of young stars drops to weaker
values.

Since the X-ray surface flux of cool stars is a function of their
Rossby number, I formulated this scaling law as follows:

+ Mo X (Fx/Fxe)* if Ro>Ro,
My ~ {M'Sm if Ro <Roy’ )

where Fx and Fxg are the stellar and solar X-ray surface flux,
respectively. Ro = 27/(Q. X 7.) is the Rossby number and 7.
is the convective turnover time. Ro,, is the Rossby number at
a so-called wind dividing line below which the mass-loss rate
saturates at a constant value Msat.

Equation (5) is justified by the fact that the wind driving
is related to coronal heating, which itself is a consequence of
magnetic activity, and of which coronal X-ray emission is a reli-
able indicator (e.g., Fisher et al. 1998; Schrijver & Zwaan 2000;
Pevtsov et al. 2003). Johnstone et al. (2015) also noted that, in
view of the slow rotation evolution of young stars, it is reason-
able to assume that the mass-loss rate saturates at fast rotation.
This statement is supported by numerical experiments for Alfven
wave-driven stellar winds with a wide range of input Poynting
flux from the photosphere (Suzuki et al. 2013).

X-ray observations of late-type stars have shown that their
X-ray to bolometric luminosity ratios can be parametrized as a
function of their Rossby number Ro. In this study, I used the
formulation proposed by Pizzolato et al. (2003):

Lx {Rx,sat if Ro < Rogi

— = . s 6
Lna - \Lxo/Lo)Ro/Rog¥ if Ro > Rog ©

with log(Lx o/Le) = —6.24 (Judge et al. 2003). In this equation,
Ly, is the stellar bolometric luminosity and Rog is the Rossby
number above which the saturation of X-ray emission occurs.
Rxsat = 0.74 % 1073 is the saturation level of the X-ray to bolo-
metric luminosity ratio. Pizzolato et al. (2003) found a power
index § = —2 while Wright et al. (2011) argued that a value
B = —2.70 = 0.13 provides a better fit to the Sun’s X-ray lumi-
nosity. Based on this parametrization, these authors empirically
derived the relationship:

log(te) = 1.16 — 1.49 x log(M/My) — 0.54 x log>(M/My). (7)

I combined Egs. (5) and (6) to parametrize the mass-loss rate of
Sun-like stars as a function of their Rossby number. Since the
study uses the Wright et al. (2011) parametrization of the X-ray
luminosity vs. Rossby number, the associated turnover-time vs.
mass relationship is also adopted for consistency. It gives 7. =
14.45 days for a 1 M, star independently from the age of the
star.

Simulations show that the increase of 7, during the pre-main
sequence phase (see e.g. Landin et al. 2010) has a negligible
effect on the modeled evolution of stellar rotation. During this
phase, indeed, the rotation evolution is dominated by the con-
traction of the star and by the transfer of angular momentum
between its core and its envelope. Rotational braking effects by
stellar winds are limited by the large moment of inertia of the
convective envelope (see Fig. 1).

2.4. Alfven radius

One observational constraint on the rotation evolution of Sun-
like stars comes from the well-known result of Skumanich
(1972) that stars older than approximately 1 Gyr spin down
with the inverse of the square root of time. This law imposes
Tw ® Two X {Qe /QO}3, where Ty o is the average braking torque
of the solar wind and Qg the angular velocity of the Sun.

Combining this relation with Eqs. (4)—(6) gives Ra = Rp o X
{Qe/ QG}”% for slow rotators. In the absence of any constraint
on the angular-momentum loss of young stars, I assumed that
the Alfven radius of rapid rotators saturates at a constant value
RAa sat- The Alfven radius can thus be expressed as follows:

Ry = | Rao X 0./9.)%% if Ro>Roy
Rasat if Ro < Royp ’

®)

where Roj, is the Rossby number below which the Alfven radius
remains equal to a constant value R -

Imposing a continuous decay of the Alfven radius with in-
creasing rotation rate until a saturation value (i.e., without any
discontinuity at Ro,) implies that:

o

' 1+
Rpogat = Rapg X {——mmm— s 9
A, sat A0 {To % ROA % Q@} ( )
where 74 is the convective turnover time of a Sun-like star.
Based on two-dimensional axisymmetric magneto-

hydrodynamic simulations to compute steady-state solutions
for solar-like stellar winds from rotating stars with dipolar
magnetic fields, Matt et al. (2012) found that the Alfven radius
scales approximately as B*" x M,,”" with m ~ 0.22 where B
is the global magnetic field strength. A comparable value of
the exponent m between 0.2 and 0.25 was found in the wind
simulations of Washimi & Shibata (1993) and Pinto et al.
(2011). Assuming Roy = Rogqe = 0.13 and Roy = 0.4 (see
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Fig. 2. Assumed braking torque of a Sun-like star as a function of its
Rossby number.

Sect. 3.1), a comparison of this scaling law with the mass-loss
rate and Alfven radius prescriptions used in the present model
(see Egs. (5), (6), and (8)) suggests that B is independent
of rotation in the saturated regime (Ro < 0.13) and scales
approximately with Ro™!® for 0.13 < Ro < 0.4 and with Ro~2
for Ro > 0.4. Mean large-scale magnetic field strengths derived
from spectro-polarimetric observations (Vidotto et al. 2014; See
et al. 2015; Folsom et al. 2016) indicate a similar dependence
on the Rossby number with tentative evidence that the total field
saturates for Ro < 0.1 in stars with radiative cores. In the non-
saturated regime, Vidotto et al. (2014) found a power-law slope
of approximately —1.4 for the radial component of the surface
field while See et al. (2015) noted that the slope is steeper for the
toroidal component. Both studies use measurements obtained
with the Zeeman-Doppler imaging technique that favors rapidly
rotating objects.

3. Simulations
3.1. Rotation evolution of a Sun-like star

In order to simulate the rotation evolution of a solar-mass star,
I first used the empirical parametrizations of the mass-loss rate
vs. X-ray surface flux proposed by Wood et al. (2014) and that of
the X-ray luminosity vs. Rossby number formulated by Wright
et al. (2011). When imposing those relationships, the rotation
evolution model has only three free parameters, namely the ini-
tial rotation period after circumstellar disk dispersion, the core-
envelope coupling timescale, and the Rossby number Roa below
which the Alfven radius saturates at its lowest value. For various
distributions of initial rotation periods, I could not find a set of
parameters that reproduces the measured distributions of rotation
periods in open clusters of different ages. In particular, the sim-
ulations could not reproduce the bi-modal distribution of stellar
rotation observed in young open clusters.

I thus let the mass-loss rate at saturation My vary since this
parameter is poorly constrained by observations. I also imposed
that the saturation of the wind occurs at Roy, = 0.13 and that
the saturation of the Alfven radius occurs at Rop, = 0.4. These
constraints are suggested by the observations that the transition
from the fast to the slow rotation sequence in the M 34 open
cluster and in the Pleiades occurs on stars with 0.13 < Ro < 0.4
(Gondoin 2012, 2015).
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Table 1. Model parameters used to simulate the angular momentum
evolution of solar-mass stars.

Process Parameter Value
Coupling timescale Te 30 Myr
My 300 M,
Mass-loss rate Roy, 0.13
a 1.34
Rx sat 0.74 x 1073
X-ray luminosity Rogit 0.13
B 2.7
RA,Sm 2. 1 R@
Alfven radius Roa 0.4
RA,@ 7 RO

Figure 2 shows the braking torque of a 1 M, star as a func-
tion of its Rossby number resulting from these hypothesis and
assuming M, = 300 My. The angular-momentum loss of the
star dramatically increases at Ro = 0.13, that is, at a rotation pe-
riod of 1.9 days for a 1 M, star. The time at which this abrupt
enhancement of the braking torque occurs depends on the initial
rotation period of the stars after dispersion of its circumstellar
disk. It never happens for stars that initially rotate too slowly.

Cranmer (2008) pointed out that the Sun-integrated mass-
loss rate M, is a quantity that is not often considered by so-
lar physicists since both remote sensing observations and in-situ
measurements resolve small volumes of solar plasma at a time.
It is nevertheless possible to use in-situ measurements of the so-
lar plasma density and flow speed to estimate a time dependent
mass flux. Wang (1998) used empirical correlations between the
plasma properties measured at 1 AU and the coronal magnetic
field geometry extrapolated from photospheric fields to recon-
struct a sphere-integrated value of M, over two solar cycles.
This author estimated that the solar mass-loss rate varied from
2 to 3 x 107'% M/yr over that period, with higher value at solar
maximum.

Using an average solar mass-loss rate My, = 2.5 X
10~ Mg/yr, an Alfven radius Rxo = 7.0 Ry, leads to rotation
periods in the range 22—-28 days at an age of 4.5 Gyr (i.e., simi-
lar to the Sun) for initial periods ranging from 0.6 to 30 days at
5 Myr. This value of the mean solar Alfven radius is higher than
the one derived by Reville et al. (2015) from realistic magnetic
field topology simulations. It is lower than the one derived by
Pizzo et al. (1983) from the analysis of Helios data for equato-
rial regions near solar minimum. The Ulysses data indicate an
even higher value of 16 R, at high latitudes (Li 1999). However,
Pizzo et al. (1983) noted that these values vary depending on the
corona model. Isothermal models tend to give lower limits for
Rp o (e.g., Pneuman & Kopp 1971), whereas conductive models
give the highest estimates (e.g., Durney & Pneuman 1975).

Table 1 lists the model parameters that I used to simulate the
angular momentum evolution of a solar-mass star. Figure 3 plots
the results for initial rotation periods ranging from 0.6 (upper
curve) to 30 days (lower curve) at an age of 5 Myr. It shows a
spin-up phase during pre-main sequence contraction followed by
a spin-down near the ZAMS and during further evolution on the
main sequence.

Measurements of stellar angular velocities in several open
clusters (see Table 2) are also plotted in Fig. 3. The simulated an-
gular velocity curves fit the dispersion of rotation periods among
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Fig. 3. Simulated angular velocity evolution of a solar-mass star with
initial rotation periods (at 5 Myr age) of 0.6 (upper curve), 1, 2, 3,
6, 10, 20, and 30 days (lower curve). The simulated angular velocity
curves are compared with rotation measurements in h Per (13 Myr;
Moraux et al. 2013), the Pleiades (125 Myr; Hartman et al. 2010), M 50
(130 Myr; Irwin et al. 2009), M 35 (133 Myr; Meibom et al. 2009), and
M 37 (550 Myr; Hartman et al. 2009).

solar-type stars in young open clusters reasonably well. The nar-
rowing of their distribution between the age of M 37 (~550 Myr)
and that of the Sun is also reproduced.

Figure 3 shows that stars with low initial angular velocities
(i.e. Py > 6 days) converge rapidly towards similar rotation rates,
even before they reach the main sequence. It takes much longer,
that is, several hundred Myr, for stars with large initial angular
velocities (i.e., Py < 3 days) to converge towards similar val-
ues. This dichotomy in the rotation evolution results from the
assumed angular momentum loss (see Fig. 2). Stars that are ini-
tially slow rotators are submitted to a strong braking torque dur-
ing their early evolution that limit the increase of their angular
velocity up to the ZAMS. On the contrary, stars that are initially
fast rotators experience a moderate braking torque that barely
affects their spin-up due to pre-main sequence contraction. It
then takes a significant amount of time for this moderate torque
to slow them down on the main sequence until they reach the
critical Rossby number Ro,, = 0.13 where a burst of angular-
momentum loss is assumed to be triggered. Their rotation rate
then decreases rapidly catching up with the angular velocity of
the initially slow rotators.

3.2. Early distribution of stellar rotation in open clusters

Understanding whether or not such an evolutionary behavior
could explain the observed distribution of stellar rotation in open
clusters requires some information on the early distribution of
rotation periods in young open clusters. The time series photo-
metric survey of NGC 2362 by Irwin et al. (2008b) provides a
measurement of such a distribution.

Mayne et al. (2007) estimated the age of NGC2362 to
3—4 Myr consistent with the ages of 1.8 Myr derived by Dahm
(2005) using the isochrones of D’ Antona & Mazzitelli (1997),
and of 3.5-5 Myr from the isochrones of Baraffe et al. (1998). I
extracted a sample of 91 NGC 2362 stars with masses included
between 0.7 and 1.1 M, stars from the list of Irwin et al. (2008a).

This sample shows a broad distribution of rotation periods
between 0.4 and 25 days with a maximum around 7 days (see
upper left plot in Fig. 5). The histogram exhibits no evidence of
a bimodal behaviour with distinct populations of slow and fast
rotators.

Only a few stars in the parent sample have mid-infrared ex-
cesses indicative of the presence of circumstellar disks (Irwin
et al. 2008b). Dahm & Hillenbrand (2007) derived an upper limit
for the primordial, optically thick disk fraction in NGC 2362 of
~T + 2%, with another ~12 + 3% of suspected members exhibit-
ing infrared excesses indicative of a weak or optically thin disk
emission. I assumed that the disk accretion process has ceased
for most of the stars in NGC 2362 and will not affect the subse-
quent evolution of their angular momentum. The measured dis-
tribution of stellar angular velocities among the 91 sample stars
is used as an example of a distribution of stellar rotation in an
open cluster immediately after dispersion of circumstellar disks.
It is worth noting that Bell et al. (2013) derived ages for 13 young
(<30 Myr) star-forming regions including NGC 2362 that are up
to a factor of two older than the ages typically adopted in the lit-
erature. NGC 2362 would be 12 Myr old instead of the <5 Myr
previously assumed. This result has wide-ranging implications,
including that circumstellar discs could survive longer.

The NGC 2362 sample of 0.7 to 1.1 M, stars with known ro-
tation periods has a small size compared with those of Sun-like
star samples in some older clusters (see Table 2). I thus emulated
a larger distribution of stellar angular velocities in NGC 2362 by
generating a normal distribution of 1000 rotation periods with
a maximum around 7 days. The distribution was truncated be-
low 0.3 days to mimic the distribution of rotation periods in
NGC 2362 that covers the range 0.3 to 30 days. This obtained
distribution of rotation periods is plotted in the upper left graph
of Fig. 4.

The evolution of each initial rotation period of this reference
distribution was then calculated using the angular momentum
evolution model described in Sect. 2 with the parameter listed in
Table 1. Figure 4 shows the simulated evolution of this 5 Myr
reference distribution at subsequent ages of 13, 25, 55, 130, 250,
550, 1250, and 2500 Myr.

Figure 4 indicates that during the first 13 Myr the broad ini-
tial distribution is shifted towards shorter rotation periods due
to the effect of stellar contraction. At an age of approximately
25 Myr, a double peak distribution appears that lasts until the
age of approximately 550 Myr. At later ages, the simulation pro-
duces a single peak distribution that sharpens and moves with
time towards longer rotation periods.

3.3. Distributions of stellar rotation in open clusters

In order to compare the simulated evolution of the reference
NGC 2362-like distribution with observations, I looked for open
clusters with a large enough number of Sun-like stars with
known rotation periods. Open clusters with 100 such stars are
estimated to be of a reasonable size for establishing rotation pe-
riod distributions with large enough statistical significance. I ini-
tially defined Sun-like stars as stars within the 0.9 to 1.1 M mass
range. However, since large enough samples could only be found
in two clusters, namely h Per and M 35, I extended the mass bin
to the 0.7—1.1 M, range. Three additional clusters were found
that have large enough samples of 0.7—1.1 My, stars with known
rotation periods. These are the Pleiades, M 50, and M 37. The
names of these clusters, their ages, the number of sample stars,
and the references to the parent surveys are given in Table 2.
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Fig. 4. Simulated evolution of a normal distribution of rotation periods

(upper left) emulating that of a 5 Myr-old cluster (see text) at subsequent

ages of 13 Myr (upper middle), 25 Myr (upper right), 55 Myr (center left), 130 Myr (center middle), 250 Myr (center right), 550 Myr (lower left),

1.25 Gyr (lower middle), and 2.5 Gyr (lower right).

Table 2. Large samples of 0.7—1.1 M, stars with measured rotation pe-
riods used for comparisons with simulated rotation period distributions.

Cluster Age  Ngars Reference
(Myr)
NGC 2362 5 91 Irwin et al. (2008)
h Per 13 207  Moraux et al. (2013)
Pleiades 125 170  Hartman et al. (2010)
M50 130 316 Irwin et al. (2009)
M35 133 223  Meibom et al. (2009)
M37 550 284  Hartman et al. (2009)

All rotation periods were derived by monitoring the modula-
tion of the stars brightnesses due to the rotation of surface spots.
This method is free from projection effects and provides a direct
measurement. The study assumes that the rotation period distri-
butions derived from the photometric surveys are representative
of the cluster distribution and are not significantly affected by
observational biases, such as selection effects, rapid rotation in
tidally synchronised binaries, slow rotation from contaminating
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field stars, or aliases and harmonics of the true stellar period re-
sulting from incomplete or uneven temporal sampling.

Figure 5 shows the rotation period histograms of the
0.7-1.1 M, stars extracted from the selected surveys. A loga-
rithmic scale is used on the x-axis such that the shapes of the
histograms are the same when using rotation period or angular
velocity bins.

The upper middle graph in Fig. 5 shows the measured rota-
tion period distribution of 0.7—1.1 M, stars in h Per (NGC 869).
This cluster is the westernmost member of the Perseus double
cluster whose age has been estimated to be 13 Myr (Mayne &
Naylor 2008). A sample of 207 0.7-1.1 M, stars with known
rotation periods was selected from the output catalog of a recent
photometric monitoring survey (Moraux et al. 2013). By the age
of this cluster, the disk accretion process has ceased on all stars
that freely evolve towards the ZAMS. The h Per sample shows
a bi-modal distribution with a fast rotator group having rotation
periods of approximately 0.3—0.4 days, a slow rotator group with
periods of approximately 5—6 days, and a number of stars within
the intermediate 1-2 day period range. The simulated rotation
evolution of the NGC 2362-like reference sample does not show
a bimodal distribution by the age of 13 Myr (see upper middle
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Fig. 5. Measured rotation period histogram of 0.7-1.1 M,, stars in NGC 2362 (5 Myr; Irwin et al. 2008a), h Per (13 Myr; Moraux et al. 2013),
Pleiades (125 Myr; Hartman et al. 2010), M 50 (130 Myr; Irwin et al. 2009), M 35 (150 Myr; Meibom et al. 2009), and M 37 (550 Myr; Hartman

et al. 2009).

graph in Fig. 4) as observed in h Per, but only 10 Myr later (see
upper right graph in Fig. 4).

The Pleiades, M 50, and M 35 open clusters have similar ages
estimated to be ~125 Myr (e.g., Stauffer et al. 1998), ~130 Myr
(Kalirai et al. 2003), and ~133 Myr (e.g., McNamara et al. 2011),
respectively. They have been the subject of extensive photomet-
ric time-series survey by Hartman et al. (2010), Irwin et al.
(2009), and Meibom et al. (2009), respectively. The results of
these surveys provide well populated samples of 0.7-1.1 M,
stars with known rotation periods. By the age of these clusters,
stars within the 0.7—-1.1 M mass range have reached the main
sequence.

The three stellar samples show similar rotation period dis-
tributions (see upper right, lower left, and lower middle graphs
in Fig. 5). These include an important group of slow rotators
with periods ranging between 2.5 and 10 days but concentrated
around 5—8 days. A smaller group of fast rotators is also visible
between 0.25 and 1.5 days in the Pleiades and M 35 histograms.
They represent 19% and 27% of the overall Pleiades and M 35
sample sizes, respectively. In M 50, the fast rotators group ap-
pears as a long tail in the rotation period distribution.

The fact that three open clusters of similar age have sim-
ilar rotation period distributions is not expected a priori. This
suggests that solar-mass stars in open clusters have similar rota-
tion distributions at a given age and that the distributions of their
rotation periods at different ages form a coherent sequence of
evolution. This conclusion is supported by the simulated evolu-
tion of the NGC 2362-like rotation period distribution at an age
of 130 Myr (see middle plot in Fig. 4). The simulation repro-
duces the bimodal distribution of rotation periods observed in
the Pleiades and M 35 reasonably well, with 34% of the stars in
the fast rotator group.

The M 37 open cluster has an age of 550 Myr (Hartman et al.
2008) comparable to that of the Hyades (625 Myr; Perryman
et al. 1998). It is the oldest cluster for which a large num-
ber of stellar rotation periods have been measured. I found

284 0.7-1.1 M, stars within the Hartman et al. (2009) cata-
log of candidate cluster members having known rotation periods.
The distribution of rotation periods in M 37 is narrower than in
younger clusters. The histogram exhibits a strong peak of slow
rotators with periods of between 6 and 10 days.

This distribution is consistent with the view that Sun-like
stars in old clusters such as M 37 and the Hyades are slow ro-
tators while younger open clusters such as the Pleiades, M 50,
and M 35 show a wide spread of their rotation distribution. The
bimodal distribution of stellar rotation observed in those clusters
has almost fully disappeared in M 37.

This evolutionary trend is accounted for in the simulated
evolution of the NGC 2362-like rotation period distribution (see
graphs in the lower row of Fig. 4). The simulated distribution at
550 Myr and the measured rotation periods histogram in M 37
both show a peak in the 6—-10 days interval.

The measured rotation period histogram of M 37 is however
broader than that of the simulation at 550 Myr since the spread
in mass of the M 37 sample stars is not taken into account in the
simulation. The origin of this effect is illustrated in Fig. 6 that
compares the rotation period histograms of M 37 sample stars in
the 0.7-0.9 My and 0.9-1.1 M mass bins. The rotation period
distribution in the 0.9—1.1 M, range is shifted by approximately
25% in rotation period towards slower rotation compared with
the distribution in the 0.7-0.9 M range thus broadening the
measured distribution in the 0.7—1.1 M, range (see lower left
graph in Fig. 4). The actual rotation period distribution of 1 Mg
stars in M 37 should thus be narrower than the simulated distri-
bution that is comparable in width to the measured rotation pe-
riod distribution of M 37 stars in the 0.9—1.1 M, range. Also, the
simulation suggests a broadening of the slow rotator distribution
between the ages of 130 Myr and 550 Myr (see Fig. 4), which is
not observed when comparing the rotation period histograms of
0.9-1.1 My, stars in M 35 and M 37. These differences between
measurements and simulation results are indicative of the pre-
dictive accuracy of the model. The comparison is also limited by

A122, page 7 of 10


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201629760&pdf_id=5

A&A 599, A122 (2017)

M37 (550 Myr - 156 stars with 0.7 < M < 0.9)

40 .

# stars
L

20~ b

T 05 0 05 1 15
log P(d)

M37 (550 Myr - 128 stars with 0.9 <M < 1.1)

60— -

40} 7

# stars
T
L

20~ —

log P(d)

Simulated distribution (550 Myr - 976 stars with M =1 M Sun)
T — — T T ——

400

300

100

stars
T T T T T T T [ T T T T [ T T T T [T

- .
-0.5 1.5

log P(d)

Fig. 6. Measured rotation period histograms of 0.7-0.9 M, stars (top)
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compared with the simulated histogram of solar-mass stars at 550 Myr
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the fact that different clusters have evolved from initial rotation
period distributions that may not be fully identical.

4. Discussion

The present study uses a phenomenological model of angu-
lar momentum loss and redistribution in stellar interiors. The
model is implemented with new prescriptions of mass-loss rate
and Alfven radius dependences on the Rossby number that are
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suggested by observations. It is used to calculate the evolution
of an initial distribution of rotation periods of Sun-like stars.

A normal distribution truncated below 0.3 days is selected
as an input since it emulates the distribution of rotation periods
of 0.7-1.1 M, stars in the 5 Myr-old NGC 2362 open cluster.
The calculated distributions of rotation periods at subsequent
ages are compared with those observed in h Per, the Pleiades,
M50, M 35, and M 37. They reproduce the main features of the
distributions observed in those open clusters. In particular, they
account for the bimodal distribution of stellar rotation that is ob-
served among Sun-like stars in the Pleiades, M 50, and M 35.
The model also simulates the appearance of a bimodal rota-
tion period distribution at an early stage of the cluster evolution,
though slightly later than observed in h Per. The bimodal distri-
bution has almost disappeared by the age of M 37.

These results suggest that the rotation distributions of Sun-
like stars in open clusters of increasing age form a coherent se-
quence of evolution determined by some common property of
the angular momentum evolution of individual stars. This is sup-
ported by the similitude of the measured rotation distributions
of Sun-like stars in the Pleiades, M 50, and M 35 open clusters
that have similar ages. The slight difference between the fraction
of stars in the fast and slow rotation sequences of those clusters
could be related to some differences in their early distributions
of stellar rotation just after the dispersion of circumstellar disks.

In order to reproduce the bimodal distribution of stellar ro-
tation observed in young open clusters, the model requires that
a brief episode of large-angular-momentum loss is included in
the early evolution of Sun-like stars. This catastrophic event
would occur in Sun-like stars with Rossby numbers in the range
0.13-0.3 (see Fig. 2). This corresponds to rotation periods be-
tween 1.9 and 4.3 days for a 1 M, star. During stellar contrac-
tion on the main sequence, this episode of enhanced rotational
braking would limit the spin-up of stars with rotation rates that
are initially moderate. For main-sequence stars that are initially
fast rotators, a strong deceleration of stellar rotation is induced
much later, which explains the bimodal distribution of stellar ro-
tation observed in young clusters. According to the model, the
0.13-0.3 Rossby number range is reached by stars with ages
between 20-30 and approximately 600 Myr depending on their
initial rotation rate. This accounts for the transition between the
fast- and the slow-rotator sequence that is observed in clusters
with those ages (Barnes 2003; Meibom et al. 2011).

The model assumes that the brief episode of enhanced angu-
lar momentum loss is due to a sudden rise of the mass-loss rate at
a critical rotation rate combined with a continuous and moderate
increase of the Alfven radius with decreasing rotation rate. This
scenario is suggested by measurements of astrospheric Lya ab-
sorptions interpreted with the support of hydrodynamic models
(Wood et al. 2005, 2014). These observations indicate that the
mass-loss rates of G-K dwarfs increase with the X-ray surface
flux up to a wind dividing line beyond which the mass-loss rate
of active young stars would be significantly lower.

Although the model assumes that the episode of enhanced
rotational braking is driven by a sudden increase in the mass-
loss rate, alternative scenarios producing a similar evolution of
the angular momentum loss are a priori equally plausible. This
includes, for example, the sudden change in the coupling be-
tween the wind and the large-scale magnetic fields of the stars
proposed in the metastable dynamo model described by Brown
(2014). This scenario, however, does not seems to be consis-
tent with spectro-polarimetric observations of solar-type stars
(Donati & Landstreet 2009). Folsom et al. (2016) found no
strong difference in their sample of young Sun-like stars between
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the magnetic geometry of fast rotators (P < 2 days) and that
of moderate rotators, which would essentially correspond to the
transition between the fast and slow rotation sequence of Barnes
(2003). Their observations rather indicate a continuous evolution
from strong, toroidal, and non-axisymmetric magnetic fields on
stars with small Rossby number to a more poloidal and axisym-
metric configuration of large-scale magnetic fields on moderate
rotators.

Remarkably, the rapid evolution of stellar rotation in the
0.13—-0.3 Rossby number range is correlated with a change in
the evolution of the stellar X-ray emission level. A steep transi-
tion in X-ray to bolometric luminosity ratio has been observed
in the M 34 open cluster (Gondoin 2012) between stars on the
fast rotator sequence that emit close to the 1073 saturation level,
and stars on the slow rotator sequence, whose Lyx/Ly, ratio is
significantly lower. Correlations between the saturated, respec-
tively non-saturated X-ray emission regimes and the fast, respec-
tively slow rotator sequences are also observed in the Pleiades
(Gondoin 2015).

Based on these observations, Gondoin (2013) argued that
the transition from the saturated to the non-saturated regime of
X-ray emission among main-sequence stars may be the result
of a transition between different dynamo regimes. The present
study suggests an alternative explanation. The onset of strong
stellar winds at a Rossby number of 0.13 is expected to affect
the energy balance of stellar coronae between heating mecha-
nisms and energy losses by radiation (mainly in the X-ray do-
main), by conduction to the lower atmosphere, and by mass
flowing outward as stellar wind and downward into the chro-
mosphere (e.g., Withbroe & Noyes 1977; Aschwanden 2005).
The measured decay of the X-ray luminosity of Sun-like stars
between Rossby numbers 0.13 and 0.3 (i.e., ~2.7 x 10** ergs™!
according to Eq. (6)) is equivalent to the kinetic energy flux of
a 900 M, flow having the escape velocity of a solar-mass star.
According to the model (see Egs. (5) and (6)), this value is com-
parable to the average increase of mass-loss rate (~1600 M)
in the 0.13—0.3 Rossby number interval above the wind satura-
tion level (~300 Mo; see Table 1). This similitude suggests that
the onset of a large mass-loss rate in the 0.13—0.3 Rossby num-
ber range could account for a significant fraction of the X-ray
luminosity decay of Sun-like stars observed in this Rossby num-
ber interval (e.g., Patten & Simon 1996; Pizzolato et al. 2003;
Wright et al. 2011; Gondoin 2012). This scenario, however, does
not identify the process that would trigger an abrupt change of
mass-loss rate at a given rotation rate. The hypothesis of a tran-
sition between different dynamo regimes is not excluded.

An episode of enhanced angular momentum loss due to a
more efficient magnetic braking by stellar winds should increase
the differential rotation between the core and the envelope of the
star. Since the magnetic field lines that sling charged particles
from the wind into space are rooted in the photosphere, a strong
wind torque is expected to decelerate the envelope rotation while
the conservation of angular momentum should keep the radiative
core in rapid rotation. A large shear should develop at the base
of the convection zone and trigger various instabilities. These in-
stabilities are expected to drive mass motions or gravity waves
that redistribute angular momentum and mix the stellar material
enhancing light-element depletion (e.g., Chaboyer et al. 1995;
Charbonnel & Talon 2005; Talon 2008). Such an effect was ob-
served in the Pleaides and M 34 by Gondoin (2014) who noted
that K stars on the fast rotator sequence have significantly higher
lithium abundances than stars with similar masses and ages lo-
cated on the slow rotator sequence. This observed depletion of Li
among stars that evolve from the fast to the slow rotator sequence

supports the occurrence of a brief episode of enhanced magnetic
braking by stellar wind in the early evolution of Sun-like stars.

The possible causes of such a catastrophic event remain
to be determined. However, the observed correlations between
X-ray emission regimes, rotation sequences, and Li abundance
in young Sun-like stars suggest that differential rotation, dynamo
processes, coronal heating by magnetic field related processes,
large scale magnetic field topologies, and coronal cooling by
stellar wind are most likely involved.

In conclusion, the appearance of a bimodal distribution of
rotation periods in young open clusters and the correlation of
the rotation sequences with X-ray emission and Li abundance
point toward a scenario where Sun-like stars with a rapid enough
rotation after circumstellar disk dispersion experience a short
episode of large rotational braking by stellar wind in their early
evolution. This catastrophic event is driven by a sudden increase
in mass loss at a critical rotation rate and induces a large rota-
tional shear at the bottom of the convective zone. It occurs on
stars with ages between 20—30 Myr and approximately 600 Myr
depending on their initial rotation rate after the dispersion of
circumstellar disks. The mass-loss rate increase could account
for a significant fraction of the X-ray luminosity decay of Sun-
like stars observed in the 0.13—0.3 Rossby number range where
a transition from the saturated to the non-saturated regime of
X-ray emission is observed. Observed correlations between Li
abundance and rotation sequence in M 34 and the Pleiades also
supports this scenario.
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