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ABSTRACT

Solar-like stars (M < 1.3 M) lose angular momentum through their magnetized winds. The resulting evolution of the surface rotation
period, which can be directly measured photometrically, has the potential to be an accurate indicator of stellar age, and is constrained
by observations of rotation periods of coeval stars, such as members of Galactic open clusters. A prominent observational feature
of the mass—rotation period diagrams of open clusters is a sequence of relatively slower rotators. The formation and persistence of
this slow-rotator sequence across several billion years imply an approximately coherent spin-down of the stars that belong to it. In
particular, the sequence is observed to evolve coherently toward longer periods in progressively older clusters. Recent observations of
the ~700 Myr Praesepe and the 1 Gyr NGC 6811 clusters, however, are not fully consistent with this general pattern. While the stars
of 1 M,, on the slow-rotator sequence of the older NGC 6811 have longer periods than their counterparts in the younger Praesepe,
as expected, the two sequences essentially merge at lower masses (0.8 M). In other words, it seems that low-mass stars have not
been spinning down in the intervening 300 Myr. Here we show that this behavior is a manifestation of the variable rotational coupling
in solar-like stars. The resurfacing of angular momentum from the interior can temporarily compensate for that lost at the surface
due to wind braking. In our model the internal redistribution of angular momentum has a steep mass dependence; as a result, the
re-coupling occurs at different ages for stars of different masses. The semi-empirical mass dependence of the rotational coupling
timescale included in our model produces an evolution of the slow-rotator sequence in very good agreement with the observations.
Our model, in particular, explains the stalled surface spin-down of low-mass stars between Praesepe and NGC 6811, and predicts that

the same behavior should be observable at other ages in other mass ranges.

Key words. stars: rotation — stars: evolution — stars: late-type — open clusters and associations: individual: Pleiades —
open clusters and associations: individual: Praesepe — open clusters and associations: individual: NGC 6811

1. Introduction

Solar-like stars (M < 1.3 My) have outer convection zones
where magnetic fields are generated through dynamo action.
These stars therefore have magnetically active atmospheres,
and the braking torque exerted by their magnetized winds effi-
ciently carries away angular momentum from their surfaces
(e.g., Schatzman 1962; Kraft 1967; Weber & Davis 1967;
Kawaler 1988). As a result, in contrast to their more massive
counterparts, solar-like stars undergo a significant rotational evo-
lution on the main sequence. For instance, the rotation period of
a star of solar mass is observed to be P, = 1 day upon reach-
ing the zero-age main sequence (40 Myr), in contrast with the
26.09 days of the present Sun (4.57 Gyr). The rotation period
of solar-like stars, moreover, can be derived accurately from the
analysis of their photometric light curves. The availability of a
directly measurable quantity undergoing such large variations
on the main sequence holds great potential as an accurate age
indicator (known as gyrochronology; Barnes 2003; Barnes et al.
2016b).

The most stringent constraints on the rotational evolution
of solar-like stars come from P, measurements for stars in
Galactic open clusters, whose age is independently known from
classical methods, such as isochrone fitting (e.g., Demarque &
Larson 1964). The mass-rotation period diagram of a cluster,

in analogy to its classical counterpart, the color-magnitude dia-
gram, reveals the (rotational) evolutionary state of a sample of
stars of different mass at a fixed age.

While stars in early pre-main sequence clusters (age =1—
10 Myr; see, e.g., Moraux et al. 2013) have a broad range of
periods with an approximately uniform distribution in mass,
in older clusters a clear pattern gradually emerges. A dis-
tinct sequence of relatively slower rotators is clearly visible in
~70 Myr clusters, or older (see Fig. 1 of Barnes 2003).

At its outset, the slow-rotator sequence is well defined only at
the high-mass end of the solar-like regime (M =~ 1.3 M), while
at lower masses it coexists with a less structured broad distri-
bution of faster rotators. The fast rotators gradually disappear
in clusters of increasing age, as stars of ever lower mass con-
verge to the slow-rotator sequence. By the age of 1 Gyr, all stars
down to 0.6 M have joined the slow-rotator sequence. Although
observations suggest that stars of mass M < 0.6 M eventually
reach the slow-rotator sequence as well, data in sufficiently old
clusters and for low masses are still too scarce to draw defini-
tive conclusions (but see Newton et al. 2018, and references
therein).

The details of the formation of the slow-rotator sequence
are still not well understood, and only semi-empirical mod-
els have been proposed so far (Barnes 2010; Brown 2014;
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Fig. 1. Emergence and evolution of the slow-rotator sequence in the
mass-period diagram of open clusters, from the 120 Myr Pleiades to the
1 Gyr NGC 6811. Data sources: Pleiades: Rebull et al. (2016); Praesepe:
Douglas et al. (2019); NGC 6811: Curtis et al. (2019).

Gondoin 2017). The observational evidence summarized above
seems to imply that stars settle down on the slow-rotator
sequence by means of a quick, one-time transition on a mass-
dependent timescale. Since stars of the same mass do not all
converge on the slow-rotator sequence at once, a third param-
eter (besides mass and age) and/or a stochastic transition from
the fast- to slow-rotator regime must be involved.

In addition to the open issue of its mechanism of formation,
the persistence of the slow-rotator sequence (clearly observed
up to at least ~4 Gyr in M 67: Barnes et al. 2016a) points to
an intrinsic regularity in the rotational evolution of stars once
they have converged on it. The first attempts to model the evolu-
tion of the slow-rotator sequence assumed its mass dependence
to be factorizable from the age dependence, and that the age
dependence follows the classical spin-down relation proposed by
Skumanich (1972), P,ox o 7 (Barnes 2003, 2007). Although
these assumptions were later found to be inadequate (Meibom
et al. 2009, 2011; Barnes & Kim 2010; Lanzafame & Spada
2015, hereafter LS15), the slow-rotator sequences of clusters of
different ages follow a monotonic relation in the mass-rotation
period diagram, with older clusters corresponding to slower
periods.

The most recent observations of the Praesepe cluster
(=700 Myr, Douglas et al. 2019; see also Sect. 2) and NGC 6811
clusters (1 Gyr, Janes et al. 2013), featuring an unprece-
dented sampling of the low-mass regime of their slow-rotator
sequences, seem to contradict this (so far) well-established fact
(Curtis et al. 2019; Douglas et al. 2019). While ~1 M, stars
on the slow-rotator sequence of these two clusters display the
expected behavior (i.e., the younger Praesepe stars rotating faster
than those in the older NGC 6811), the two sequences seem to
overlap below 0.8 M, (see Fig. 1). In other words, low-mass stars
in NGC 6811 do not seem to have been spinning down signifi-
cantly in the intervening 300 Myr.

In this paper we model the evolution of the slow-rotator
sequence, and in particular we provide a theoretical interpre-
tation of the puzzling new data from Praesepe and NGC 6811.
We show that our model, based on our previous work (LS15),
can reproduce the apparent “stalled” (or reduced) spin-down
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observed in NGC 6811, and that this is the result of the redis-
tribution of angular momentum from the stellar interior to the
surface, which is temporarily able to offset the effect of the mag-
netic wind braking. The two key ingredients of the model are
the wind braking law and the mass dependence of the rotational
coupling timescale originally proposed by LS15. The latter is
also in remarkable agreement with the results of Somers &
Pinsonneault (2016), obtained from an independent analysis of
a related, but distinct problem (the lithium depletion in solar-like
stars).

Our results provide valuable constraints on the mechanisms
that transport angular momentum in the interior of solar-like
stars, whose physical nature is still uncertain and strongly
debated (e.g., Charbonneau & MacGregor 1993; Ruediger &
Kitchatinov 1996; Charbonnel & Talon 2005; Spada et al.
2010; Eggenberger et al. 2019). Moreover, we demonstrate
that the assumption of a solid-body rotation profile in stel-
lar interiors is inadequate to obtain accurate gyrochronology
relations.

This paper is organized as follows: we describe the observa-
tional data used to constrain our models in Sect. 2; we outline the
physics of our rotational evolution model in Sect. 3; we present
our results in Sect. 4; we discuss our findings in Sect. 5; we sum-
marize our conclusions in Sect. 6.

2. Observed evolution of the slow-rotator sequence
from 120 Myr to 1 Gyr

We constrain our models with the most up-to-date observa-
tions available for three rich well-studied clusters, namely the
Pleiades, Praesepe, and NGC 6811 (Rebull et al. 2016; Douglas
et al. 2019; Curtis et al. 2019, respectively). The slow-rotator
sequence is clearly recognizable in the mass-rotation period dia-
grams of each of these clusters, between M ~ 0.7 and 1.3 M,
for the Pleiades, between M ~ 0.3 and 1.3 M, for Praesepe, and
between M =~ 0.6 and 1.3 M, for NGC 6811 (see Fig. 1).

The Pleiades is one of the youngest clusters in which the
slow-rotator sequence is observed; a large fraction of stars have
not yet converged onto it. After approximately half a billion
years, most of the stars of mass 20.6 M, in the Praesepe clus-
ter are on the slow-rotator sequence. Finally, in NGC 6811, at
the age of 1 Gyr, all stars with a measured rotation period are on
the sequence.

In the following we adopt the ages of 120 Myr, 700 Myr, and
1 Gyr for the Pleiades, Praesepe, and NGC 6811 clusters, respec-
tively (see, e.g., Curtis et al. 2019). It should be noted that the
age of Praesepe is a matter of some controversy in the litera-
ture. Douglas et al. (2019) calculated a gyrochronological age of
670 Myr for Praesepe, and discussed a compilation of isochrone-
based ages from the literature spanning the range 600—800 Myr.
The oldest isochrone age (800 Myr) is obtained when taking
into account the effect of rotation on upper main sequence stars
(Brandt & Huang 2015, but see also Gossage et al. 2018). As
noted above, in this work we fix the age of Praesepe at 700 Myr.
The impact of the age uncertainty of this cluster on our fitting
procedure is briefly discussed in Sect. 4.

As can be seen in Fig. 1, the slow-rotator sequences of Prae-
sepe and NGC 6811 overlap below M < 0.8 M. This behavior is
at odds with a simple description of the slow-rotator sequence as
coherently evolving in the mass-rotation period diagram. Stars
of mass ~0.7 M seem to undergo a reduced spin-down epoch
between 700 Myr and 1 Gyr, while their more massive counter-
parts spin down as expected (Curtis et al. 2019).
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3. Two-zone rotational evolution model with
mass-dependent coupling

3.1. Description of the model

We apply the rotational evolution model formulated by LS15 to
describe the evolution of the slow-rotator sequence. The main
assumption of the two-zone model is that the radiative zone and
the convective envelope of the star are in a state of rigid rotation,
with angular velocities Q,q and Q,,, respectively (MacGregor
& Brenner 1991). These two quantities specify completely the
rotational state of the star at a given time; the two zones have
therefore angular momenta Jiog = Iag Qrag and Jeny = Leny Qeny,
respectively, I;,q and I, being their moments of inertia.

The physics included in the model is as follows:

1. Initial conditions. We assume initial rigid rotation,
Qrad(to) = Qenv(f0), with tp =~ 1Myr. The initial period is
assumed to be Py = 8 days for all masses; this choice is in qual-
itative agreement with the observed rotation period distribution
of very young clusters (e.g., the 1-4 Myr Orion Nebula Clus-
ter, Rebull 2001; see also Moraux et al. 2013). The interaction
with the circumstellar disk is taken into account according to
the disk-locking hypothesis (Koenigl 1991), i.e., assuming that
Qv remains constant for the duration of the disk lifetime. We
assume a circumstellar disk lifetime of 5Myr, independent of
mass (Hernandez et al. 2008).

2. Wind braking. The overall rotational evolution is driven by
the angular momentum loss from the surface, due to the torque
imposed by the magnetized stellar wind (e.g., Schatzman 1962;
Weber & Davis 1967; Kawaler 1988). We adopt the wind braking
law originally formulated by LS15 that incorporates the mass
dependence proposed by Barnes & Kim (2010), and follows the

classical ««Q? | rotation rate dependence of Kawaler (1988):

> Iﬁal‘ ov
Jab = —Ky Ko(%)@ (1

env *
star,0 Tov,0

In the equation above, Iy = ag + Leny 1S the moment of inertia
of the whole star, and 7, is the convective overturn timescale of
the convection zone. The product Iy, T,y encompasses the mass
dependence of our wind braking law; both quantities in the prod-
uct are normalized to their values for a 1 My model, as indicated
by the subscript “©”; Ky, is an overall calibration constant, whose
scaling Ky = 1.11 x 10*” gecm? s depends on the choice of the
units.

3. Internal angular momentum transport. As the envelope
loses angular momentum, differential rotation develops, i.e.,
Qraa(?) = Qeny(1); exchange of angular momentum between the
two zones can also occur. During the pre-main sequence phase,
the radiative interior grows at the expense of the convection
zone, which comprises the whole star during the Hayashi phase
(e.g., Kippenhahn et al. 2012). Once on the main sequence,
angular momentum redistribution between the radiative and the
convective zone can be mediated by several processes, whose
relative importance is still an open issue (see Bouvier et al.
2014, for a recent review). Our model accounts for this effect
phenomenologically by introducing a constant mass-dependent
timescale 7. over which the excess of angular momentum of the
Ieanrad - Irad-,env

Irad + Ienv
The rotational coupling timescale 7. is taken to be constant along
the evolution, and to scale with the stellar mass as

M.\
Mo

interior, AJ = , is transferred to the envelope.

@)

Tc = Tco (

This scaling, derived from semi-empirical fitting of LS15, was
found by these authors to be robust to the choice of the wind
braking law. It was also found to be in remarkably good agree-
ment with the independent analysis of Somers & Pinsonneault
(2016).

The two-zone model equations for the evolution of Q,,4 and
Qeqy are

. 2 . A
Iraerad = +§MradRr2ad Qenv - T_ - raerad;
2 5 AJ )

rad

Ieanenv = _§ radR Qenv + T_ - Ieanenv + JWb7

C

where the dot denotes differentiation with respect to time; R;nq
and M,y are the radius and the mass of the radiative core, respec-
tively. All the stellar structure parameters (Myad, Rrads Trads lenvs
Toy) are derived from stellar evolution models constructed with
the Yale Rotational stellar Evolution Code (YREC) in its non-
rotational configuration (Demarque et al. 2008).

Our model contains five parameters in total: the initial condi-
tions are set by the initial rotation period Py and by the circum-
stellar disk lifetime 7g4;5; the wind braking law contains the cal-
ibration constant Ky; the rotational coupling timescale is speci-
fied by 7. and a.

3.2. Comparison with LS15 and redetermining the model
parameters

Lanzafame & Spada (2015) presented a comparison of several
wind braking laws and a statistical determination of the parame-
ters of the two-zone model (P, Tgisk, Tc), based on the obser-
vational constraints on the slow-rotator sequence available at
the time. The best-fitting values of the model parameters were
obtained by means of a Markov chain Monte Carlo (MCMC)
procedure for several different stellar masses in the range M =~
0.7-1.1 My, (see LS15 for details). The main conclusions of their
analysis can be summarized as follows. First, the wind braking
law (1) (referred to as “KB” in LS15) captures the observed
shape of the slow-rotator sequence sufficiently well that it can
be used to describe the rotational evolution of stars of differ-
ent masses with a unique value of the calibration constant Ky,.
Second, moving from solar- to low-mass stars, it is increasingly
important to take into account internal differential rotation in
order to accurately reproduce the observations; the best results
were obtained with a rotational coupling timescale that scales
with stellar mass according to Eq. (2).

In this paper we adopt the two-zone model (3), and we retain
the functional forms of the wind braking law (1) and of the mass-
dependent coupling timescale (2). However, we redetermine the
parameters to take into account the new data at lower masses
available for Praesepe and NGC 6811. In particular, our goal is
to ascertain whether our model can reproduce the stalled spin-
down of low-mass stars observed in the slow-rotator sequence of
NGC6811.

The identification of the slow-rotator sequence of clusters as
young as the Pleiades is intrinsically uncertain and prone to sub-
jective choices. The procedure adopted by LS15 was founded
on noting that non-parametric fits to the slow-rotator sequences
of clusters older than ~0.5 Gyr produce residuals that follow a
quasi-Gaussian distribution. In order to trace the sequence back
to younger cluster on the basis of a homogeneous criterion, LS15
chose the width of the slow-rotator sequence of younger clus-
ters as the largest width that still produces a normal distribution
of residuals with respect to the assumed average sequence. This
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A&A 636, A76 (2020)

120 Myr
__15.0 )
v ° i [
21251 Pleiades i )
Z
- 10.0 4 £ &
k]
g ]
[=
2
g
[e]
4

w
o

O NGC 6811
Praesepe

N N
o wu
L L

Rotation Period (days)
=
o wu

5 1 5
o
0 T T T T T T
1.4 1.2 1.0 0.8 0.6 0.4 0.2
1 Gyr
30 Y
Praesepe
2 4
5 ® NGC6811

N
o
L

Rotation Period (days)
=R
o wu

v
L

o

1.4 1.2 1.0 0.8 0.6 0.4 0.2
Mass (M)

Fig. 2. Synthetic slow-rotator sequences predicted by our two-zone
model at 120 Myr, 700 Myr, and 1 Gyr (red solid lines with stars) com-
pared with the observations (colored circles). The black circles with
error bars represent qualitative fits of the slow-rotator sequences; the
error bars shown are 1.5 days for the Pleiades sequence and 1day for
Praesepe and NGC 6811.

procedure, however, cannot be applied to stars of mass below a
certain threshold (see Sect. 3.2 and Fig. 2 of LS15). The lower
limit of the slow-rotator sequence in the Pleiades found by LS15
is ~0.75 M. This implies that the rotational evolution of stars
with mass lower than this limit cannot be constrained from the
age of the Pleiades to the age of NGC 6811 using the LS15 defi-
nition.

In order to overcome this difficulty, in this work we adopt a
width of the slow-rotator sequence of the Pleiades significantly
larger than in LS15, which includes stars that are close to the
sequence, but that may still not have fully converged to it. This
allows us to put an approximate constraint at ~120 Myr to the
subsequent rotational evolution of stars with mass as low as M ~
0.4 M. This more relaxed criterion (in comparison with LS15)
in defining the slow-rotator sequence of the Pleiades, however,
results in lower rotation periods used in the fit at 120 Myr in the
mass range M < 0.9 Mg. This could be the cause of the small
bias observed at later ages (see Fig. 2).

In LS15 the parameters governing the initial conditions, Py
and 74isx, were determined by the requirement to reproduce the
slow-rotator sequence of the Pleiades. In this work, we have
adjusted the values of Py and 7g4;sx to reproduce the approximate
slow-rotator sequence of the Pleiades, as shown in Fig. 2. The
values adopted do not differ significantly from those of LS15.

The parameters Ky, 7.o, and @, on the other hand, con-
trol the subsequent evolution of the slow-rotator sequence from
~100Myr onward. These parameters are strongly correlated
with each other (see Lanzafame & Spada 2015), and must
therefore be re-evaluated together. The new data on Praesepe
and NGC 6811, extending significantly the mass range sampled,
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Fig. 3. Comparison of the best-fitting rotational coupling timescale
found in this work and in Gallet & Bouvier (2015).

provide the opportunity to refine the estimate of these parame-
ters, in particular the power law exponent «.

The revised best-fitting values of the parameters K, 7. o, and
a were obtained using a Python implementation of the Nelder &
Mead (1965) simplex algorithm, which is available in the func-
tion optimize.minimize, which is part of the SciPy' package.
Our revised estimates are
Ky =34, 71.0=22Myr; a=5.6. “)

It should be noted that these parameters were not obtained
by LS15 as a direct result of their MCMC procedure. Rather,
K515 = 4.5 was obtained as an average over the entire mass
range considered (=0.7-1.1 M), while 7. and @ were deter-
mined a posteriori from the values of 7. fitted independently at
each mass. Our current estimate of K,, is compatible with the
LS15 value within the uncertainties, and is in excellent agree-
ment with their estimate for a 1 M, star (3.6, cf. Table 3in LS15).
The value of 7. is nearly unchanged (53> = 25 Myr). Finally,
the recalibrated « is significantly different from o5!° = 7.3.

This difference is mainly due to the extension to lower
masses, which in principle puts stronger constraints on the 7.
versus mass relationship. There are, however, other issues that
should be taken into account, namely the relationship may not
be accurately reproduced by a simple power law, the scatter at
M < 09 Mg in LS15 may be underestimated due to limited
sampling, or the extrapolation of the slow-rotator sequence of
the Pleiades to M < 0.8 M adopted in this work may not be
appropriate for an accurate estimate of «. Furthermore, the dif-
ferent fitting strategy, together with the correlations among the
parameters, could also play a role.

A comparison with the estimates of 7. at M = 1.0, 0.8, and
0.5 M from Gallet & Bouvier (2015) (see Fig. 3) confirms the
steepness of the 7. versus mass relation, although it suggests a
somewhat smaller slope than the one derived in the present work.
It should be noted, however, that Gallet & Bouvier (2015) did
not attempt to identify and fit a slow-rotator sequence, but rather
adopted the 25th and 95th percentiles as representative of slow
and fast rotators, respectively. As a consequence, the representa-
tive periods for their slow-rotator sample tend to be lower than
those estimated in this work (and in LS15) for the slow-rotator

I http://www.scipy.org/
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Fig. 4. Synthetic slow-rotator sequences obtained with uniform 7.
vs. mass-dependent 7.. Bottom panel: comparison of the difference
between the slow-rotator sequences at 700 Myr and 1Gyr (gray
and red shading for the uniform 7. and the mass-dependent T,
respectively).

sequence. Since the time required to converge to the slow-rotator
sequence increases with decreasing mass, the difference in the
adopted periods increases at lower masses, which explains the
somewhat weaker 7. versus mass relation found by Gallet &
Bouvier (2015).

4. Results
4.1. Modeling the evolution of the slow-rotator sequence

The results of our best-fitting two-zone model are compared with
the observations in Fig. 2. A qualitative fit of the slow-rotator
sequence is also shown for each cluster (black circles with error
bars). For the purposes of the present study, we assume a dis-
persion of the slow-rotator sequence of 1.5 days for the Pleiades,
and of 1.0 days for Praesepe and NGC 6811. These dispersions,
represented by the error bars in Fig. 2, are significantly larger
than those obtained from the non-parametric fits of LS15 (cf.
their Table 2: o515 = 0.35 days, 0.63 days, and 0.46 days for the
Pleiades, Praesepe, and NGC 6811, respectively). As discussed
in Sect. 3.2, this somewhat more relaxed definition of the slow-
rotator sequence was necessary to extend it to low-mass stars
(M < 0.7 M), to which the more rigorous criterion adopted by
LS15, based on the quasi-Gaussian distribution of the residuals
around the average sequence, cannot be applied.

The overall fit of the slow-rotator sequences of the Pleiades,
Praesepe, and NGC 6811 shown in Fig. 2 is satisfactory. In par-
ticular, our model predicts a reduced spin-down for stars in the
mass range 0.6—0.8 M between 700 Myr and 1 Gyr. This effect,
combined with the intrinsic scatter of the slow-rotator sequences
of Praesepe and NGC 6811, leads to an apparent superposition

35 T B
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Fig. 5. Rotational evolution tracks constructed with our two-zone
model. The vertical dotted lines indicate the ages of the clusters used
for comparison (cf. Fig. 2); the Sun is also plotted for reference.

of the sequences in the mass-rotation period diagram, and
thus in turn to an apparent stalling of the spin-down of these
stars.

The key ingredient in reproducing the reduced spin-down is
the scaling of the rotational coupling timescale with the mass of
the star according to Eq. (2). This is immediately apparent when
we compare the predictions of our reference model with those
obtained assuming a value of 7, independent of stellar mass (all
the other parameters being the same).

As Fig. 4 shows, the uniform-7, assumption produces a slow-
rotator sequence with a steeper slope at the age of NGC 6811
in the mass range ~0.5-0.85 M. Moreover, the difference
between the slow-rotator sequences at 700 Myr and at 1Gyr
(bottom panel of the figure) monotonically increases toward
lower masses for the uniform-7. model. We conclude that a
model with 7. independent of mass cannot achieve a satisfac-
tory fit of the slow-rotator sequences of Praesepe and NGC 6811.
Such a model, in particular, fails to reproduce the stalled spin-
down of the ~0.7 My, stars.

On the contrary, the two-zone model implementing the scal-
ing of 7. according to Eq. (2) produces a separation between
the slow-rotator sequences at 700 Myr and 1 Gyr that is largest
at ~1 M and decreases at lower masses, thus correctly repro-
ducing the merging of the slow-rotator sequences observed in
Praesepe and NGC 6811.

Given the significant uncertainty in the age of Praesepe, we
tested the effect of varying it within the range 600—800 Myr
(Douglas et al. 2019). Using an age of 600 Myr, the fit of the
sequence of Praesepe is significantly worsened compared to our
adopted age of 700 Myr. On the contrary, the fit is improved
when using 800 Myr, bringing it to the same level of agreement
as for the Pleiades and NGC 6811.

Figure 5 shows the evolution of the surface rotation period
calculated with our rotational evolution model. This alternative
view further illustrates the effect of the rotational coupling. Stars
of mass <0.7 M, experience a significantly reduced surface spin-
down than their more massive counterparts between 700 Myr
and 1 Gyr. This effect is the direct consequence of the redistribu-
tion of angular momentum from the radiative zone to the convec-
tive envelope, which temporarily offsets the angular momentum
loss at the surface.
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4.2. Wind braking vs. rotational coupling

The rotational evolution according to the two-zone model Eq. (3)
is controlled by the wind braking, described by Eq. (1), and by
the rotational coupling, characterized by Eq. (2). Which of these
two processes dominates over the other depends on the mass of
the star and on its age.

We can gain some insight into the relative importance of
these two effects by comparing their timescales. The wind brak-
ing law (1) has a steep dependence on the surface rotation rate
(@3 ). The efficiency of the angular momentum loss therefore
varies by several orders of magnitude between the zero age main
sequence, when the rotation rate is highest for all masses, and
the mature main sequence phases (=1 Gyr). We can characterize
the wind braking efficiency by the timescale:

1

Twb

jwb .
JCHV

The rotational coupling timescale, on the other hand, is assumed
to be constant for the entire evolution of the star.

The ratio Tyb/7. is a measure of the relative importance of
the angular momentum loss and the internal angular momentum
transport in the overall angular momentum balance of the star.
This ratio is plotted in Fig. 6. The early pre-main sequence rota-
tional evolution corresponds to a regime in which the star rotates
as a solid body, and 7up/7. > 1. As the star spins up and a
radiative core develops, it enters a regime (marked by the gray
shading in Fig. 6) in which 7y,/7. < 1. The magnetic brak-
ing, which scales as ~Q2 , reaches its maximum efficiency at
the end of the pre-main sequence spin-up phase, and the angular
momentum transport from the interior cannot compensate for the
loss at the surface. As a result, a significant differential rotation
develops and maintains during the early main sequence. After
a mass-dependent time interval, as dictated by Eq. (2), the star
re-enters the opposite regime, i.e., Typ/7c > 1. In this regime the
core-envelope coupling is more efficient, and eventually brings
the star to a quasi solid-body rotation. Close to the transition
between the two regimes (i.e., when 7y, /7. = 1) the transport
of angular momentum from the interior to the surface reduces
the spin-down observed at the surface with respect to the wind
braking as if it were acting alone. Reduced, or stalled, spin-down
can be expected at this stage. When a quasi solid-body regime is
established, the stellar spin-down is essentially controlled by the
magnetic braking alone.

For stars of solar mass or higher, the rotational coupling effi-
ciency catches up with the wind braking already by the age of
the Pleiades, and differential rotation has essentially no chance
to develop at later times. Conversely, the rotational coupling effi-
ciency can compete with wind braking at >700 Myr for stars of
mass ~0.75 Mg, and only after several Gyr for those of mass
~0.5 M, (see also LS15). At the age of Praesepe, the stars in
the mass range 0.6—0.8 M, have either just crossed or are about
to cross the condition 7y,/7. = 1, and therefore their sur-
face rotation is significantly affected by the angular momen-
tum transport from the interior to the surface. A quasi solid-
body rotation regime, in which the surface rotation is domi-
nated by the wind braking, will be established only at a later
time. For instance, a star of mass 0.8 M, attains this conditions
at *2-3 Gyr.

®

5. Discussion

We presented a simple model for the rotational evolution of
solar-like stars that contains two main physical ingredients: the
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Fig. 6. Ratio of the wind braking timescale 7y, (Eq. (5)) to the rota-
tional coupling timescale 7. for the same tracks shown in Fig. 5. The
shaded area of the plot indicates the evolutionary phases during which
wind braking (WB) is dominant over the rotational coupling (RC; see
discussion in the text).

magnetized wind braking at the surface, and the angular momen-
tum transport (or coupling) between the interior and the surface.

The essential role of the rotational de-coupling and re-
coupling between the radiative interior and the convective enve-
lope in the pre-main sequence and early main sequence evolution
of solar-like stars has been recognized since the works of Endal
& Sofia (1981), Stauffer et al. (1984, 1985), Pinsonneault et al.
(1989), and Soderblom et al. (1993), just to name a few. This effect
hasbeen incorporated phenomenologically in all subsequent mod-
eling efforts, and several candidate processes have been proposed
(MHD waves/instabilities, gravity waves; see, e.g., Charbonneau
& MacGregor 1993; Ruediger & Kitchatinov 1996; Spruit 2002;
Talon & Charbonnel 2003; Charbonnel & Talon 2005; Spada et al.
2010; Brun et al. 2011; Oglethorpe & Garaud 2013). In spite of
this, the physical nature of the processes redistributing angular
momentum in the interior of stars is still a major open question.

Previous works (e.g., Denissenkov et al. 2010; Gallet &
Bouvier 2015) have underlined the strong mass dependence
of the core-envelope rotational coupling timescale. By concen-
trating on the rotational evolution of the slow-rotator sequence
(or “I-sequence” in the terminology of Barnes 2003), LS 15 quanti-
fied the mass dependence of the rotational coupling timescale. The
model proposed by LS 15, whichincorporates this dependence, can
reproduce the evolution of the slow-rotator sequence accurately.

The new rotational data for NGC 6811 (Curtis et al. 2019)
provide previously unavailable constraints by extending the
range of mass with known rotation periods at 1 Gyr down to
M =~ 0.6 My. Together with the new Praesepe data (Douglas
et al. 2019), these prompted us to re-evaluate the parameters of
the LS15 model.

The recalibrated parameters are consistent with the results
of LS15 within the uncertainties of their fit to the data avail-
able at that time. Our updated model also explains quantita-
tively the apparent halt in the spin-down of low-mass stars
(M = 0.7My) between 700 Myr and 1 Gyr, recently discov-
ered by Curtis et al. (2019). This phenomenon is a manifesta-
tion of the angular momentum redistribution from the interior of
the star to its outer envelope, which can temporarily compensate
for the angular momentum lost from the surface via magnetic
braking.
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It should be emphasized that the observed lack of spin-down
arises naturally in our model from simple assumptions regard-
ing the mass dependence of the angular momentum coupling
timescale. In other words, it is not necessary to postulate a phase
of weakened wind braking regime to explain the evolution of the
slow-rotator sequence as observed in open clusters. In addition,
our model provides testable predictions on the duration of this
reduced spin-down phase, and on the epoch at which stars of
different mass are expected to experience it.

Barnes (2003) originally defined the I-sequence observed in
open clusters as comprising stars spinning down according to
the phenomenological relation Py o< Vf (Skumanich 1972).
Our results show that such a working definition still retains
its approximate validity even in the light of the most recent
observations. The overall shape of the slow-rotator sequence is
captured remarkably well by the wind braking law (1), which
couples the mass dependence proposed by Barnes & Kim (2010)
with a dependence on Q2 , which is known to reproduce the
Skumanich (1972) law (see, e.g., Kawaler 1988).

A comparison of the rotational evolution in the mass range
0.85—1.10 M, according to different wind braking laws is shown
in Fig. 6 in LS15. The wind braking laws considered there (Matt
et al. 2015; Gallet & Bouvier 2015, and the original suggestion
of LS15, based on the mass dependence of Barnes 2010) were
found to be in remarkable agreement, once the freely adjustable
parameters are calibrated. The main difference among these
wind braking prescriptions is a variable amount of residual mass
dependence in the adjustable parameters (mainly Ky, ), suggest-
ing that they recover the mass dependence of the slow-rotator
sequence observed in open clusters with different degrees of suc-
cess (see LS15 for details). On the other hand, the rotational cou-
pling timescale and its mass dependence, which are the focus of
this work, are remarkably independent of the wind braking law
(see Fig. 5 in LS15). For these reasons, we did not repeat the
comparison with other wind braking laws in this paper.

Departures from the Skumanich (1972) law in the slow-
rotator sequence have been known for a long time (e.g.,
Meibom et al. 2009, 2011), and were already interpreted by
LS15 as arising from the re-coupling of the surface with the inte-
rior. This effect is the manifestation of a strong dependence of
the coupling timescale on stellar mass (cf. Eq. (2)). Building on
our previous results, we show that the halt in the spin-down of
low-mass stars reported by Curtis et al. (2019) is a consequence
of the re-coupling occurring at the age of <1 Gyr for =0.7 M,
stars.

The new observations of Curtis et al. (2019) allow us to
refine the determination of the parameters in Eq. (2), to extend its
validity to lower masses. This places valuable constraints on the
unknown physical nature of the processes that transport angular
momentum in the interior of solar-like main sequence stars. In
particular, we confirm (within the uncertainties) the steep mass
dependence found by LS15, and independently recovered by
Somers & Pinsonneault (2016). A successful theoretical descrip-
tion of the rotational coupling in solar-like stars from first prin-
ciples should be able to explain the semi-empirical result of
Eq. (2).

An implicit assumption of the treatment of the internal rota-
tional coupling in the two-zone model is that the coupling
timescale 7. is constant in time. This is of course a simplifi-
cation, as a number of different processes, each with its own
timescale and dependence on the stellar structure parameters,
may in principle contribute to the transport of angular momen-
tum in stellar interiors (hydrodynamical instabilities, e.g.,
Pinsonneault et al. 1989; MHD instabilities, e.g., Charbonneau

—— YREC, Rad
YREC, Env
--o- TZM, Rad
TZM, Env
101 4
B
=}
]
[
C
o
:f:lU‘ DO
o
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YREC: Ky, = 3.5; Vagq = 10° cm?/s
TZM: Ky, =3.4; T. =22 Myr
100 4
1074 1073 1072 107! 10° 10!
Age (Gyr)

Fig. 7. Rotational evolution of a 1 M, star from birth line to solar age
calculated with the YREC code in its rotational configuration (Spada
et al. 2016) compared with the results of the two-zone model (TZM) for
the same mass.

& MacGregor 1993; Ruediger & Kitchatinov 1996; internal
gravity waves, e.g., Talon & Charbonnel 2003; Charbonnel &
Talon 2005). It should be noted, however, that after complete
rotational coupling of the stellar interior with the surface is
established (at a mass-dependent age), the parameter 7. becomes
irrelevant, since the star remains fully coupled for the rest of its
main sequence evolution. This approximation is therefore suf-
ficient to constrain the timescale associated with the angular
momentum redistribution process that, integrated over the early
main sequence lifetime, operates most efficiently. We note in
passing that although the assumption of a rotational coupling
timescale constant in time is adequate to represent our current
level of understanding of this process for main sequence stars,
it is inconsistent with the observed rotational evolution of sub-
giants and red giant stars (e.g., Spada et al. 2016; Eggenberger
et al. 2019).

The next step in order of complexity in modeling the rota-
tional evolution of solar-like stars is to incorporate the prescrip-
tions for wind braking and angular momentum transport (e.g.,
Egs. (1) and (2)) in a stellar evolution code. This approach is
more self-consistent than the two-zone model, as it allows us to
take into account the mutual effects of rotation and stellar struc-
ture (Endal & Sofia 1976); moreover, it provides information on
the detailed rotational profile inside the star, as opposed to the
integrated quantity (Q,g — Qeny)-

In Fig. 7 we compare the two-zone model predictions for
a 1 My star with an evolutionary calculation constructed with
YREC in its rotational configuration. The YREC run implements
disk-locking (on a timescale of 5SMyr), the original Kawaler
(1988) wind braking law without saturation (which for a 1 Mg
star is indistinguishable from Eq. (1)), and diffusive transport
of angular momentum in the interior with a constant diffusion
coefficient v,qq. We note that a fairly straightforward correspon-
dence can be established between the quantities v,qq and 7. (see
Denissenkov et al. 2010). The calibration constant K, and the
diffusion coefficient v,qq were adjusted to obtain an evolution
consistent with the solar constraints at 4.57 Gyr (cf. the solar
benchmark calculation in Sect. 3.2 of Spada et al. 2016). The
results of YREC and of the two-zone model differ moderately
during the pre-main sequence and early main sequence phases,
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which are characterized by the most rapid structural changes.
The two modeling approaches give essentially identical results
at ages later than ~300 Myr.

The deviations from a purely (Skumanich 1972) spin-down
that depend on the stellar mass are of practical importance for
gyrochronology. The original gyrochronological relations, based
on the assumption of a purely factorable color and age depen-
dence (where the color is used as a proxy of stellar mass), Pt =
f(B — V)g(r), were already shown to be untenable by Barnes
& Kim (2010). Our model is a promising step toward the con-
struction of more accurate gyrochronology relations, extracted
from a simple physical model. This improvement comes at the
price of not having a simple all-encompassing formula that can
be readily inverted to derive the age from the rotation period.
For convenience, we provide updated rotational isochrones for a
wide range of ages in Appendix A.

Our model reproduces satisfactorily the slow-rotator
sequence, as observed in the Pleiades cluster (=100 Myr), and its
subsequent evolution, as constrained by the recent observations
of Praesepe and NGC 6811 (700 Myr and 1 Gyr, respectively),
in the solar-like stars regime (~0.4—1.3 M). A two-zone model
like ours, however, is obviously not applicable without modifi-
cations to fully convective stars ($0.35 M). Whether such low-
mass stars converge on the slow-rotator sequence and whether
their evolution is similar to that of their more massive counter-
parts in spite of this qualitative difference in their interior struc-
ture are still open questions.

6. Conclusions

We presented a model for the rotational evolution of solar-like
stars that reproduces the features of the slow-rotator sequence
observed in open clusters between ~100 and 1000 Myr. In par-
ticular, our model captures satisfactorily the mass dependence
of the slow-rotator sequence in the range 0.4—1.3 M, and the
reduced spin-down observed in stars of mass <0.8 M between
700 Myr and 1 Gyr.

The key ingredients of the model are the scalings of the
wind braking law and of the rotational coupling timescale with
stellar mass. The former is nicely represented by the product
of the moment of inertia of the star times its convective over-
turn timescale; the latter follows a steep power law of exponent
~—5.6, with a scaling coefficient corresponding to a coupling
timescale of ~22 Myr for a 1 M, star.

Our results are a promising step toward more physically
motivated gyrochronology relations, and highlight the neces-
sity of taking into account the internal transport of angular
momentum in modeling the rotational evolution of solar-like
stars. In addition, our model provides constraints on the cur-
rently unknown processes that transport angular momentum in
the interior of solar-like stars.
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Appendix A: Rotational isochrones

Selected rotational isochrones calculated with our updated two-
zone model are reported in Table A.1, and are plotted in Fig. A.1.
The table lists the surface rotation period, in days, as a func-
tion of stellar mass and age; (B — V) colors are also given, as

calculated from a solar metallicity 400 Myr isochrone from the
YaPSI database (Spada et al. 2017).

In Fig. A.2 we compare our current isochrones with those of
LS15. The updated isochrones are consistent with our previous
results in the range of overlap. A moderate disagreement is visi-
ble at ages 22 Gyr, reflecting the different choices of the overall
calibration constant Ky, in Eq. (1).

Table A.1. Rotational isochrones constructed with our updated two-zone model.

Mass (B-V) Ages (Gyr)

0.10 0.12 0.15 020 0.22 025 030 040 050 0.60 070 1.00 150 2.00 250 4.00 4.57
0.45 1477 9.69 9.76 1094 14.87 1595 17.10 18.24 19.99 21.54 22.93 24.18 27.21 29.88 31.11 31.90 33.36 34.42
0.50 1.440 9.08 9.27 11.81 14.43 1499 15.63 16.49 17.80 18.76 19.53 20.18 21.68 23.19 24.66 26.11 30.52 32.41
0.55 1.390 8.40 9.89 11.53 1243 12.76 13.24 14.00 15.30 16.18 16.69 17.04 17.92 19.47 21.26 23.27 29.82 32.72
0.60 1.338 8.26 9.63 10.38 11.24 11.50 11.84 12.28 12.94 13.43 13.88 14.30 15.61 17.87 20.20 22.62 30.29 33.27
0.65 1.277 8.18 8.60 9.25 9.97 10.16 10.39 10.71 11.22 11.68 12.16 12.61 14.12 16.77 19.62 22.62 31.49 34.70
0.70 1.186 7.38 7.88 8.38 8.83 896 9.12 938 9.87 10.40 10.92 1146 13.21 16.30 19.50 22.77 31.96 35.11
0.75 1.072 6.73 7.15 7.51 7.87 797 8.12 839 892 949 10.10 10.72 12.69 16.12 19.55 22.86 31.74 34.68
0.80 0961 6.19 642 6.64 694 7.06 724 756 819 886 9.55 10.25 1242 16.05 19.49 22.69 31.01 33.76
0.85 0.867 565 579 597 629 641 6.61 695 7.66 839 9.14 990 12.18 15.85 19.21 22.26 30.01 32.56
090 0.787 5.14 531 550 5.82 595 6.15 650 722 796 873 951 11.82 1541 18.59 21.46 28.69 31.09
095 0.718 4.67 481 5.01 536 551 573 6.11 687 7.64 841 9.19 1142 1479 17.75 20.40 27.15 29.38
1.00 0.661 433 445 4.64 498 512 533 570 645 721 795 8.69 10.79 1391 16.63 19.06 25.23 27.32
1.05 0.609 3.99 4.10 429 4.62 475 496 531 599 6.69 736 8.02 991 1270 15.14 17.31 22.94 2492
1.10 0.564 3.67 3.78 396 425 436 453 482 540 599 656 7.12 874 11.12 13.19 15.03 20.03 22.02
1.15 0.523 335 344 358 381 391 405 428 475 520 563 6.07 7.28 09.11 10.72 12.19 16.67 18.78
1.20 0484 3.01 3.09 321 340 346 355 3.69 394 419 444 469 545 6.62 7.69 874 1370 ***
1.25 0448 275 277 278 2.82 284 286 289 297 3.05 3.12 3.17 335 358 396 4.69 10.86 ***

Notes. Surface rotation period is reported in days. In the isochrone at 4.57 Gyr, missing entries (indicated by ***) correspond to stars that have

already left the main sequence by that age.
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Fig. A.l1. Rotational isochrones reported in Table A.l (age range:
100 Myr—4.57 Gyr). Top panel: rotation period vs. mass; bottom: rota-
tion period vs. (B — V) color. The size of the circles increases monoton-
ically with age.
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Fig. A.2. Rotational isochrones from this work (solid lines) compared
with those of LS15 (dashed lines with circles). The Sun is also shown
for reference.
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