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ABSTRACT

Context. Understanding the angular momentum evolution of stars is one of the greatest challenges of modern stellar physics.

Aims. We study the predicted rotational evolution of solar-type stars from the pre-main sequence to the solar age with 1D rotating
evolutionary models including physical ingredients.

Methods. We computed rotating evolution models of solar-type stars including an external stellar wind torque and internal transport
of angular momentum following the method of Maeder and Zahn with the code STAREVOL. We explored different formalisms and
prescriptions available from the literature. We tested the predictions of the models against recent rotational period data from extensive
photometric surveys, lithium abundances of solar-mass stars in young clusters, and the helioseismic rotation profile of the Sun.
Results. We find a best-matching combination of prescriptions for both internal transport and surface extraction of angular momen-
tum. This combination provides a very good fit to the observed evolution of rotational periods for solar-type stars from early evolution
to the age of the Sun. Additionally, we show that fast rotators experience a stronger coupling between their radiative region and the
convective envelope. Regardless of the set of prescriptions, however, we cannot simultaneously reproduce surface angular velocity
and the internal profile of the Sun or the evolution of lithium abundance.

Conclusions. We confirm the idea that additional transport mechanisms must occur in solar-type stars until they reach the age of the
Sun. Whether these processes are the same as those needed to explain recent asteroseismic data in more advanced evolutionary phases
is still an open question.
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1. Introduction

Stars are born out of collapsing molecular clouds, which deter-
mine their masses, initial chemical composition, and initial an-
gular momentum (AM) content. It has become clear in the past
few decades that rotation can strongly influence the stellar evo-
lution (Endal & Sofia 1976; Maeder & Meynet 2000; Maeder
2009), which makes understanding the rotational evolution of
stars one of the greatest challenges in stellar physics.

Particular interest has been given to the rotational evolution
of solar-mass stars. Photometric surveys of open clusters and
stellar associations (see e.g. Bouvier et al. 2014, for a recent re-
view) provide a wealth of rotation periods from ages of 1 Myr to
the age of the Sun. The patterns revealed by the rotational peri-
ods indicate that a large dispersion exists among stars in the mass
range 0.9—1.1 M, during the pre-main sequence (PMS) that nar-
rows as they evolve, and converges towards a single peaked dis-
tribution by the time they reach an age of about 1 Gyr. The
main trends of the rotational evolution of solar-type stars through
the PMS, zero-age main sequence (ZAMS), and main sequence
(MS) can be described by considering three types of initial rota-
tion, as suggested by statistical analyses of the observed samples
(Irwin & Bouvier 2009; Gallet & Bouvier 2013): fast, medium,
and slow rotation.

Article published by EDP Sciences

Several models have been built to account for the ob-
served evolution of surface velocity (e.g. Endal & Sofia
1981; MacGregor & Brenner 1991; Krishnamurthi et al. 1997,
MacGregor 2000; Denissenkov 2010; Spada et al. 2011;
Charbonnel et al. 2013; Gallet & Bouvier 2015; Lanzafame &
Spada 2015), which all include three fundamental processes:
(1) a star-disc interaction phase, often modelled as a constant
surface angular velocity phase; (2) a coupling mechanism be-
tween the radiative interior and the convective envelope that reg-
ulates the angular momentum exchange between these two reser-
voirs during the evolution; and (3) a braking torque expression
that is due to the loss of angular momentum extracted by the
stellar winds and leads to a decrease of the surface angular ve-
locity mostly during the MS evolution. All these studies have
highlighted that the torque and the internal coupling processes
are important for reproducing the observations.

In the present paper, we extensively test the different pre-
scriptions available to date for both stellar wind torque and
the turbulence modelling within the self-consistent theoreti-
cal framework provided by Zahn (1992), Maeder & Zahn
(1998) and Mathis & Zahn (2004) to treat the internal trans-
port of angular momentum by meridional circulation and shear-
induced turbulence in 1.5D (Decressin et al. 2009, and reference
therein). These later internal processes successfully account in a
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consistent way for the rotational behaviour and the evolution of
the surface abundances of light elements for dwarf and subgiant
stars with masses above ~1.4 M, (the blue side of the so-called
lithium dip; Charbonnel & Talon 1999; Palacios et al. 2003).
However, their efficiency in transporting AM has been shown to
be too low in solar-type stars to reproduce the present-day so-
lar internal rotation as inferred from helioseismic data and the
Li abundance in solar type stars (Talon & Charbonnel 1998);
for these objects, additional AM transport processes may be re-
quired to better fit the data, such as internal gravity waves or
magnetic fields (Charbonnel & Talon 2005; Eggenberger et al.
2005). Despite this assessment concerning lithium and helioseis-
mology, AM extraction and rotation-induced mechanisms have
become the basic processes upon which more elaborate models
can be built (Talon & Charbonnel 2003; Lagarde et al. 2012;
Charbonnel et al. 2013). It is thus important to clarify their exact
efficiency and also, if possible, the more appropriate combina-
tion of prescriptions that should be used to model solar-mass
stars, in a similar way as Meynet et al. (2013) did for the case of
massive stars. Unlike massive stars, AM transport mechanism in
solar-like stars are driven by the surface extraction of AM. New
magnetic torque prescriptions have recently been developed and
have to be accounted for to find a more appropriate combination
of prescriptions.

We present the different formalisms that we test in Sect. 2
and recall the overall physics of the models in Sect. 3. Next, we
describe our reference model in Sect. 4 and then explore the pa-
rameter space in Sect. 5. In Sect. 6 we compare our results to
the recent bi-zone models by Gallet & Bouvier (2013, 2015).
Finally, we briefly compare our models to the additional con-
straints given by helioseismology and the surface abundances of
lithium in Sect. 7. A summary of our results and some perspec-
tives are given in Sect. 8.

2. Formalism
2.1. Disc coupling

A solar-mass star undergoes a global contraction during the first
few million years of its evolution. During this period the star
magnetically interacts with its circumstellar accretion disc, and
this interaction modifies the stellar angular momentum. The final
stellar velocity results from the balance between the increase of
AM from the accreted matter and the strong loss that can be due
either to accretion-powered stellar winds (Matt & Pudritz 2005)
or to the so-called disc-locking process (Koenigl 1991; Ghosh &
Lamb 1979).

While these mechanisms still lack an accepted physical de-
scription, it is observationally evident (e.g. Rebull et al. 2004,
and references therein) that this interaction is very effective dur-
ing the whole disc lifetime and compensates for the increase of
angular velocity that is due to the stellar contraction. In this con-
figuration, the star will, on average, maintain a constant angular
velocity as long as it is coupled with the disc. This is confirmed
by the analysis of rotation periods in young open clusters and
associations (Gallet & Bouvier 2013).

The duration of this period of coupling varies with both the
mass (Kennedy & Kenyon 2009) and the initial angular momen-
tum of the star. To evaluate the duration of this strong star-disc
interaction phase, it is necessary to rely on observations since
there is a degeneracy between the initial angular momentum con-
tent of the star and the disc-coupling time. A star with a large
initial angular momentum content that will maintain a coupling
with its circumstellar disc for a relatively long time is expected
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to undergo the same rotational evolution for the remaining evo-
lution as a star with a smaller initial angular momentum content
coupled to a shorter lived disc. Edwards et al. (1993) showed
that the observed rotation periods of stars in very young clusters
demand shorter disc lifetimes for fast rotators than for slow rota-
tors. This has been confirmed with more observational evidence
by Rebull et al. (2004) and Bouvier (2008).

In the present study, we assume a 2.5 Myr and 5 Myr star-
disc interaction for fast and medium or slow rotators, respec-
tively, based on observations (e.g. Bell et al. 2013). Throughout
this coupling, the surface rotation period is assumed to be
constant.

2.2. Stellar wind torque

For the past two decades, many different more or less complex
prescriptions of stellar wind braking have been developed. Since
Schatzman (1962) and Weber & Davis (1967), all the processes
playing a role in the coupling between wind-driven mass-loss
and the magnetic field have been extensively studied and im-
proved. In a general manner, the net torque exerted on the star
can be written as

i MQ,r3, (1)
where J is the total angular momentum of the star, M is the mass-
loss rate, Q, the average angular velocity, and ra the average
Alfvén radius. The most difficult term to constrain in this equa-
tion, which is also the most important one, is the Alfvén radius,
which depends on several parameters such as the stellar radius,
effective temperature, and magnetic field.

In the following, we present the different prescriptions we
used to evaluate their impact on the evolution of the surface ve-
locity and internal rotation profile of a single 1 M, star. All the
prescriptions detailed below are semi-empirical, based on the-
oretical and observational properties. Except for the expression
from Reiners & Mohanty (2012; detailed in part 2.2.3), they all
lead to a rotational evolution that follows the empirical relation-
ship of Skumanich (1972), Qs o« 7!/, beyond the spin-down
phase of the model stars (after at least 1 Gyr of evolution). We
calibrated the constants of each braking law so that it leads to
the solar rotation rate at the age of the Sun for a 1 My model
with our reference prescription. The constants are summarised
in Table 1. Figure 1 shows the torque evolution as a function of
the surface angular velocity on the main sequence for each of the
prescriptions.

2.2.1. Kawaler (1988) — Chaboyer et al. (1995a)

Kawaler (1988) derived a braking law that takes into account
the magnetic field strength and topology and the mass-loss rate.
The expression can easily be incorporated in stellar evolutionary
codes accounting for rotation (e.g. Pinsonneault et al. 1989)

2-n . 1-(2n/3) -n/3
y -—K Ql+(4an/3) 5 M ﬂ .
dr v Ro) =104 My/yr! M,

2

Here, the angular momentum loss is directly related to the rota-
tion rate Q. It only depends on three parameters: the exponent a
that depicts the total magnetic field strength dependence on the
rotation rate (By = Kp (R/RG)‘2 Q“, with By the surface mag-
netic field strength and K constant) fixed equal to 1; the wind-
index factor n that varies with the magnetic field topology and is
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Fig. 1. Stellar wind torque as a function of the surface angular veloc-
ity for the different prescriptions as labelled in the plot. The parameter
values used in each case are given in Table 1.

Table 1. Parameters used for the prescriptions from Kawaler (1988)
and Chaboyer et al. (1995, K88), Matt et al. (2012, Matt12), Matt et al.
(2015, Matt15), and Reiners & Mohanty (2012, RM12).

K88 Matt12 Matt15 RM12
Ky =210 | K, =67 | K=5.10> | Cc=10%
n=3/2 K, =0.506 | m=022 | Qg =39
Q= 10Q, | m=0.17 p=17
x =10

typically assumed to be equal to 3/2 to reproduce the Skumanich
relationship; and the parameter Ky . The latter consists, in the
initial paper, of two components linked on one hand to the de-
pendence of the magnetic field generation to the convection zone
depth and on the other hand to the structure of the stellar wind.
It is here assumed to be a single constant that is calibrated to re-
produce the solar surface velocity at the age of the Sun. Taking
n = 3/2 simplifies the problem by suppressing the dependence
on mass loss rate, leading to

dJ R\ m\"?
=~ =K Q(1+2a) o - , 3
dr v Ro) \M, )

where Ky = 2.10 is calibrated in cgs units to reproduce the
solar case, and @ = 0 or 1 for a saturated or unsaturated magnetic
field, respectively.

Following Stauffer & Hartmann (1987), Chaboyer et al.
(1995) assumed that the magnetic field reaches saturation above
a certain value of the surface angular velocity. As a result, this
saturation modifies the braking law and the dependence of the
angular momentum loss on the rotation rate. It is not yet clear
whether this saturation is due to the saturation of the dynamo
itself or to coronal processes (Wright et al. 2011). However, the
magnetic field strength seems to stop increasing even if the star

still spins up (Vilhu 1984; O’dell et al. 1995) and @ = O in the
expression of By. Equation (3) then becomes

1/2 -1/2
dJ R M
_dt = —KW£2£: zat (R_O) (VO) for @ = Qsat (4)
aJ s R 1/2 M -1/2
- xR} (M for Q < Qg 5
dr v (Ro) Mo o v

which is the formulation that we use in our stellar evolution code.

2.2.2. Matt et al. (2012)

Matt et al. (2012) proposed a braking law based on current 2D
magnetohydrodynamical (MHD) simulations for stellar winds.
They varied the magnetic field strength relative to the mass-loss
rate and surface gravity to derive the most complete stellar wind
torque formula available at the time for solar-type stars,

2 m
y - _ Kl B4m y l—ZmR5 . Q
e Qe T M (24 0.5u2)"

(6)

with u being the ratio of the surface velocity to the brake-up
velocity, and K, K, and m tunable (to a certain point) parame-
ters to fit the observations. The adopted values were taken from
Gallet & Bouvier (2013) and are given in Table 1.

We directly included a modified version of the BOREAS
subroutine (Cranmer & Saar 2011; Gallet & Bouvier 2013) in
our evolution code STAREVOL (see the Appendix for details
concerning the applied modifications to the original distributed
version of BOREAS) to obtain the mean magnetic field B = f,B.
at each time step, f. being the filling factor expressing the mag-
netized fraction of the stellar surface (Saar 1996). We had to re-
calibrate the expression of f, to reach the solar mass-loss value
at the age of the Sun for solid-body rotating models,

~ 0.4
1+ (x/0.16)37122°

I (N

. . . Tconv,
with x being the normalised Rossby number! x = Pror ooy

P, rote Teonv

With this expression, the magnetic field reaches a saturation
threshold for Qg ~ 10—-15Q.

We also used the mass loss accounting for magnetohydro-
dynamic turbulence and Alfvén waves that is an output of the
BOREAS routine. We accounted for mass loss from the end of
the disc-coupling phase during the pre-main sequence to the end
of the main sequence considering that the mechanisms responsi-
ble for mass loss remain the same during these phases.

As shown by Gallet & Bouvier (2013), Eq. (6) combined
with the prescriptions of Cranmer & Saar (2011) as computed
with the modified BOREAS routine allows reproducing the ob-
served rotation periods well in the validity domain of Cranmer
& Saar (2011)’s work, which is in particular the case of stars of
about 1 M. Van Saders & Pinsonneault (2013) extended the ap-
plication to more massive stars (1.1—1.5 M) by combining this
prescription with the mass-loss rate of Wood et al. (2005).

2.2.3. Reiners & Mohanty (2012)

Reiners & Mohanty (2012) introduced a formalism in which the
magnetic field strength is accounted for as directly depending

Teonv aNd Teony, are determined as a function of the effective temper-
ature as in Cranmer & Saar (2011).
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on the Rossby number in the unsaturated regime (while it is
the magnetic flux that depends on the Rossby number in the ap-
proach of Matt et al. 2012),

dJ R'6\"?

E — _C(W) Q fOI‘QZQsal» (8)

4 RISV o \*

W= <lin) (o) we<au v
sat

with

1/3
C= % Bgril
3s\G*kim

being a constant because each parameter on the right-hand side is
assumed to adjust to keep the overall product constant through-
out the evolution.

The main consequence of this change of paradigm is a torque
that strongly depends on the stellar radius (dJ/d¢ o R'®/3!) and
hence on the stellar mass and evolutionary stage. As shown in
Fig. 1, the saturation value is reached at a very low rotation rate,
which drastically changes the behaviour of surface rotation rate.
The extraction of AM can be one order of magnitude higher for
rotation rates between 1 and 10 times the solar value with this
braking law.

This prescription shows some important weaknesses in re-
producing the rotation rates of stars in open clusters as a function
of mass, as shown by Reiners & Mohanty (2012, their Fig. 4). At
the age of the Hyades, they obtain in particular a decrease of Py
with decreasing mass for M > 0.3 M, which contradicts obser-
vations. Reiners and Mohanty interpreted this discrepancy as the
result of a possible core-envelope decoupling that would be pro-
portional to the size of the radiative core (which increases with
increasing mass at a given age). To test this hypothesis, we used
this prescription for the stellar wind torque in our self-consistent
differentially rotating 1 M models.

2.2.4. Matt et al. (2015)

The main improvement reached by Matt et al. (2015) over Matt
et al. (2012) is to highlight the Rossby number as a critical pa-
rameter, which was first reported by Soderblom (1985) and Vilhu
& Moss (1986). Compared to Matt et al. (2012), Matt et al.
(2015) expressed the torque as a simple function of mass, ra-
dius, angular velocity, and turnover timescale of the convective
envelope?. Starting from a general expression of the torque from
Matt et al. (2012),

A7 (dT\ (M (RN (BT (ML) T (10)
de  \dr ), \ Mo Rs Bo M, Qs )’
they expressed the more uncertain terms, namely M, and By, as

a function of the Rossby number. This results in some equations
according to the regime of the magnetic field (saturated or not),

dJ P Q p+l

il -7 (:CCZZG) (Q—;) — unsaturated, an
dJ Q

= = —Tox” (—*) — saturated, (12)
dr o)

2 Determined as a function of Ty as in Cranmer & Saar (2011).
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with
3.1 05
Ry M, 2
To=K|— — ", 13
o=k(z) () (13)
where y = /1 + (1/0.072)% comes from Eq. (8) of Matt et al.
(2012), and u has the same meaning as above. y = g(‘)’:( is a con-

stant. Considering that for Ro < Rog, the magnetic activity stops
increasing and saturates at an approximately constant value. The
calibrated values of the parameters K, p,m and y are given in
Table 1.

2.3. Transport of angular momentum in the stellar interior
2.3.1. Global equations

We treated the angular momentum evolution from the first model
on the PMS following the formalism developed by Zahn (1992)
and Maeder & Zahn (1998). This formalism assumes a strong
anisotropy in turbulence, the horizontal turbulence (i.e. along
isobars) being much stronger than the vertical one (i.e. per-
pendicular to the isobars), thus enforcing a shellular rotation.
The transport of AM in the stellar interior follows the advec-
tion/diffusion equation,

d,, 1 0, 4 10, 0Q
pa (r Q) = ﬁa (pl" QUr) + ;E (l" pV\,E),
where p, 7, vy and U, are the density, radius, vertical component
of the turbulent viscosity, and the meridional circulation velocity
on a given isobar, respectively.

This equation applies to radiative regions, while convective
zones are assumed to rotate as solid bodies. The torque discussed
in the previous section is applied at the upper convective bound-
ary (see Palacios et al. 2003),

(14)

R
1
% [Qf r{odr} = —§r4pQU +Fq forr=r

where ¥ is the torque, and r; is the radius at the lower edge of
the convective envelope.

By integrating the angular momentum transport Eq. (14)
over the surface of radius r.,, 7., being the radius of the inner
convective zone boundary, we obtain a flux equation,

Fiot = Fs(re,) + Fyme(re,), (15)
with

dJ. 0Q
Fs(re) = —° T —prive - (16)

the flux carried by shear-induced turbulence from the radiative
zone to the convective envelope, and

dJMC 1 4
—_— —pr., QU

T

the flux carried by meridional circulation. A detailed derivation
of the AM fluxes is given in Decressin et al. (2009) as part of a
set of tools for assessing the relative importance of the processes
involved in AM transport in stellar radiative interiors.

Equation (14) is complemented by the evolution equation for
the relative mean molecular weight variations over an isobar A =
Al
dA ding

dr dr

a7)

Fye(re,) =

rCZ

N2
A:_—”Ur——zvh/\, (18)
ge r
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Table 2. Different prescriptions used for the turbulent diffusion coeffi-
cients in our models.

Prescription Dy = vy,

Mathis et al. (2004) r [Cr§|2vr - aU,l]

(MPZ04) with @ = 1 2070
and C = 1.6 x 107°
Zahn (1992) él2Vr —aU,]
(Zahn92) with Cy, = 1
Prescription D, =v,

s (8]
N2 /(Kp+Dy)+N2/Dyy \ Or

Talon & Zahn (1997)

(TZ97) with Ri. = 0.25
H o o dnQ)?
Maeder (1997) fcncrg g_g [%Ver(Vlid*Vrad)] (é dllnr )
(Maeder97) with K = 4ac T"Vag

3k pPS
_ _ (dinp _
fonerg = Land o = (522) =1

where /1 is the mean molecular weight over an isobar, v, is the
diffusion coefficient associated with the horizontal shear insta-
bility, and N, the chemical part of the Brunt-Viisili frequency
is given by Nﬁ = (gp/Hp)V, with V,, = dlni/dIn P.

2.3.2. Turbulence modelling

As in Zahn (e.g. 1992), the shear turbulence in the horizontal
and vertical directions is represented as a diffusive process. We
assumed that the diffusion coefficients are well represented by
the viscosities, that is, Dy = vy and Dy, = v.

Several prescriptions exist for these viscosities, and we ex-
plored the effect of four different prescriptions on the angular
momentum evolution of a 1 My model. These prescriptions are
summarised in Table 2, and we refer to the associated papers for
more details on how they were derived.

For the vertical diffusion coefficient, the prescription of
Talon & Zahn (1997) has been used for all the rotating models
computed with the STAREVOL code so far (Palacios et al. 2003,
2006; Decressin et al. 2009; Lagarde et al. 2012), while the pre-
scription of Maeder (1997) has been systematically used for the
rotating models computed with the Geneva code (Eggenberger
etal. 2012; Georgy et al. 2013). Meynet et al. (2013) have shown
that the choice of the turbulent transport prescriptions may dra-
matically affect predictions for the structural, chemical, and rota-
tional evolution of massive stars, but they were unable to clearly
determine a best combination for fitting the observational chem-
ical constraints. In Sect. 5 we discuss this in a similar way within
the framework of the rotational evolution of solar-type stars.

2.4. Transport of chemicals

The transport of chemical species in radiative region is com-
puted as a purely diffusive process (Chaboyer & Zahn 1992)
but accounts for vertical advection and a strong horizontal dif-
fusion. For a chemical species i, the concentration c; follows the
equation

dCi . 1 8( B (96‘,')
— =é+— 7 (pr' D= |

s 19
dr pr or or (19

Table 3. Parameters and assumptions of the different models computed
in this study.

Initial P, Vh Vy Braking law  Ref.
DL time prescrip. | prescrip.
7 days MPZ04 TZ97 Matt+15 Is
5 Myr MPZ04 | Maeder97 Matt+15 2s
Zahn92 TZ797 Matt+15 3s
Zahn92 | Maeder97 Matt+15 4s
MPZ04 TZ97 R&M 12 5s
MPZ04 TZ97 Matt+12 6s
MPZ04 TZ97 K88 7s
SB SB Matt+15 8s
MPZ04 TZ97 GB13 9s
3.7 days MPZ04 TZ97 Matt+15 Im
5 Myr MPZ04 TZ97 R&M 12 Sm
MPZ04 TZ97 Matt+12 6m
MPZ04 TZ97 K88 7m
SB SB Matt+15 8m
MPZ04 TZ97 GB13 9m
1.4 days MPZ04 TZ97 Matt+15 1f
3 Myr MPZ04 | Maeder97 Matt+15 2f
Zahn92 TZ97 Matt+15 3f
Zahn92 | Maeder97 Matt+15 4f
MPZ04 TZ97 R&M 12 5f
MPZ04 TZ97 Matt+12 6f
MPZ04 TZ97 K88 7t
SB SB Matt+15 8f
MPZ04 TZ97 GBI13 of

References. MPZ04 refers to Mathis et al. (2004), TZ97 to Talon &
Zahn (1997); Matt+15 to Matt et al. (2015); Matt+12 to Matt et al.
(2012); R&M 12 to Reiners & Mohanty (2012); and GB13 to Gallet &
Bouvier (2013). SB is for solid-body rotation.

with Dyoy = Deg + Dy, the total diffusion coefficient, D.g given by
Iru(n)?

Deg = ,
"~ 730D,

where D, and Dy, were defined previously (see Table 2). Finally,

the term ¢; refers to the temporal evolution of the concentration
of chemical species i due to nuclear burning.

(20)

3. Physics of the models

For all the models reported in Table 3, the basic input physics
(equation of state, nuclear reaction, opacities) can be found in
Lagarde et al. (2012). The initial abundances and mixing length
parameter are calibrated without microscopic diffusion to re-
produce a non-rotating Sun with respect to the Asplund et al.
(2009) solar mixture with a 107> precision for luminosity and
radius at the age of the Sun. We used a mixing length parameter
a. = 1.7020, an initial helium abundance Y = 0.2689, and an
initial metal abundance Z = 0.0134. These values differ slightly
from Lagarde et al. (2012) because we included a non-grey at-
mosphere treatment based on Krishna Swamy (1966), which bet-
ter agrees with observations for Sun-like stars (e.g. Vandenberg
et al. 2007).

In addition to the treatment of transport and loss of angular
momentum and mass as described in Sect. 2, we included the
modification of the effective gravity by the centrifugal forces and
its effect on the stellar structure equations following Endal &
Sofia (1976). This effect is slightly visible on the evolutionary
track in the Hertzsprung-Russell diagram when the stars rotate
fast. Rotation can have a non-negligible impact on the effective
temperature for the fastest rotators around the ZAMS.
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Fig. 2. Evolution of the angular velocity as a function of time for
the reference models. Plotted on the left as the rotational periods in
days and during the right as the angular velocity in solar units with
Qo = 2.86 x 1078 s7!. Each cross represents a measurement for a star
belonging to an open cluster whose age has been taken from the liter-
ature. All observational data are taken from Gallet & Bouvier (2015,
and references therein) except the “OD” black frame between 8 and
10 Gyr, which corresponds to photometric data for stars observed with
the Kepler satellite that belong to the disc of the Milky Way (McQuillan
et al. 2013). Solid lines show the evolution of surface rotation for the
slow (magenta), medium (green), and fast (blue) rotating models, while
short dashed lines represent the associated averaged angular velocity of
the radiative interior.

4. Reference model

The statistical analysis of the distributions of rotation periods
in open clusters and associations from 1 Myr to 2.5 Gyr per-
formed by Gallet & Bouvier (2013, 2015) focuses on three types
of rotators: the slow, medium, and fast rotators, associated to the
25th, 50th, and 90th percentiles of the statistical sample in each
of the clusters. We focused on the same types of rotators and
defined our reference models as those that reproduce their evo-
lutionary paths, as shown in Fig. 2. They are labelled 1s, 1m,
and 1f in Table 3. They are characterised by the following set
of prescriptions: Matt+15 for the stellar wind torque, TZ97 for
vy, and MPZ04 for v,. We preferred the Matt+15 prescription
for the torque over the formulation of Matt+12, even though
the latter directly takes into account magnetic field and mass-
loss rate, precisely for sake of the consistency. Those are multi-
dimensional processes that are still implemented in 1D models
with many uncertainties. We show in Sect. 3 that both fit the ob-
served rotation periods, but we prefer a simpler approach that
includes fewer uncertain processes to ensure that we will not
miss any effects.

4.1. Evolution of surface angular velocities

Figure 2 shows the surface angular velocity evolution (in terms
of rotation period) as a function of time for the three reference
models (1s, 1f, and 1m) as solid lines. Depending on their ini-
tial velocity, these models present very different behaviours, but
they are qualitatively similar to those obtained by Krishnamurthi
et al. (1997). The slow and medium rotators (models 1s and 1m)
experience a stronger stellar wind braking related to their initial
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angular momentum during the early evolution than do the fast ro-
tator (model 1 f) towards the age of the present Sun. We also ob-
serve a convergence of the averaged rotation rate of the radiative
interiors (dashed lines); this result is similar to previous work
done with a slightly different treatment of AM transport (e.g.
Pinsonneault et al. 1990). Consequently, all the models reach the
age of the Sun with the same total amount of angular momentum
independently of their initial content. We detail the evolution of
the radiative region angular velocity profile to understand which
processes are involved.

4.2. Rotation profile and differential rotation

Figure 3 shows the evolution of the internal angular velocity
profiles as a function of the mass coordinate for our reference
models 1s (left), 1m (central), and 1f (right). We observe that
for the special combination of braking and transport prescrip-
tions adopted, all the models end with the same rotation profile
(long-dash-dotted cyan profile), regardless of their initial angu-
lar momentum content. In all three cases, the differential rotation
first increases (the core spins up) during the PMS evolution up
to 45 Myr due to the contraction of the stars as they evolve along
the Henyey track. Beyond 45 Myr, the core spins down in all
models as a result of the meridional circulation that extracts AM
from the core to compensate for the loss generated at the surface
by the torque (see right panels of Fig. 4 and below). The main
difference between the three cases is the efficiency of the merid-
ional circulation, which adjusts to the intensity of the torque:
the larger the torque (for the fast rotators), the larger the angular
velocity gradient and the more efficient the meridional circula-
tion. Moreover, since the efficiency of these angular momentum
transport processes is proportional to the surface angular veloc-
ity, we observe a weak coupling between the radiative core and
the envelope in models 1s and 1m at the same epochs (radiative
interior rotating on average much faster than the convective en-
velope; see solid and dashed lines). Thus, the surface velocity
evolution is already shaped by the torque before the stars reach
the ZAMS (at 60 Myr), leading to their early spin down.

In contrast, the fast rotating model strongly couples the ra-
diative and convective zone as long as the star contracts (spins
up), and the internal angular momentum is carried outward.
During these early phases, model 1f is in the saturated dynamo
regime. At its arrival on the ZAMS, the star stops spinning up
and the surface is strongly braked on a relatively short timescale.
The surface velocity is divided by a factor of 10 in 200 Myr, un-
til the star spins down enough to enter the unsaturated-dynamo
regime and further decreases by another factor of 10 for the fol-
lowing 4.3 Gyr.

For clusters older than the Hyades (beyond ~700 Myr), the
observed distributions of rotation periods strongly narrow.

By the time the models reach 1 Gyr, the torque has become
much less efficient and the angular velocity profile of the fast
rotator is similar to that of the median and slow rotators. The
three models later follow the same evolution, which is dictated
by the meridional circulation and shear turbulence until the age
of the Sun. The surface angular velocity and the total angular
momentum content of the slow, medium, and fast rotators are
similar beyond 1 Gyr. The angular velocity profiles also share a
similar shape and evolution in all three cases.

4.3. Transport of AM

Here we examine the processes that drive the internal transport
of AM in our reference models. To do so, we followed the di-
agnostic procedure proposed by Decressin et al. (2009), which
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relies on the analysis of the AM fluxes associated with each
transport process that is accounted for. The transport of angu-
lar momentum is mainly driven by the meridional circulation as
long as the star is rotating relatively fast (above the saturation
value), as shown in the left panels of Fig. 4, and this indepen-
dently of the initial velocity. After the ZAMS (=60 Myr), in
all cases meridional circulation weakens because the star does
not contract any longer and the surface velocity has already de-
creased. Angular velocity gradient increases at the base of the
convective envelope, leading to a predominance of the shear tur-
bulence over the meridional circulation in this region. For the
slower rotators, the shear turbulence takes over the transport of
AM in the outer radiative zone below the envelope and efficiently

extracts (acting along the angular velocity gradient) the angu-
lar momentum, ensuring a continuous decrease of the surface
angular velocity from the ZAMS until the age of the Hyades
(=700 Myr; see lower panel in Fig. 4). On the other hand, in the
fast rotator, the meridional circulation is very efficient as long as
the star contracts (2 orders of magnitude larger than in the slow
rotator) and efficiently couples the interior to the convective en-
velope up to the ZAMS. Beyond this age, its efficiency decreases
rapidly, and the shear generated by the torque dominates below
the convective envelope, although it is not sufficient to maintain
an efficient transfer of AM from the core to the envelope.

The overall transport of AM by these processes tends to be-
come less efficient as the star evolves on the main sequence as a
result of the decrease of the angular velocity gradient and of the
torque.

Around the age of the Sun, some very tight reversals of the
circulation that are due to the turbulence at very slow rotation
rate appear close to the convective envelope bottom. The earlier
evolution is dominated by an outward loop carrying angular mo-
mentum from the core to the surface to compensate for the loss
that is due to stellar wind.

5. Exploring the physical parameter space

The description of our reference models points out the different
roles played by the meridional circulation, the shear turbulence,
and the torque in shaping the internal angular velocity profiles
throughout the evolution. As indicated in Table 3 and Sect. 2.2,
several prescriptions exist to account for the transport of AM
in the radiative interiors and to describe the stellar wind torque
exerted at the surface. In this section, we analyse the effect of
the prescription choice on the angular velocity and momentum
evolution in solar-mass models. To do so, we use the set of diag-
nostic tools developed by Decressin et al. (2009).

5.1. Transport of angular momentum in the stellar interior

Within the paradigm described by Zahn (1992) for the transport
of angular momentum in radiative regions, several prescriptions
have been developed to describe the shear turbulent viscosity
in both the horizontal and vertical directions. While different
groups prefer different combinations according to the type of
stars studied, it was not until the study by Meynet et al. (2013)
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Fig. 5. Same as Fig. 2 for fast and slow rotator models computed with
four different transport prescriptions. Among the slow rotators models
1s,2s, 35, and 4s correspond to the tracks from top to bottom for an age
of 500 Myr. The fast rotating models 1f, 2f, 3f, and 4 f follow he same
order for an age of 60 Myr. The description of the physics used in each
of these models is given in Table 3.

that the actual impact of choosing a specific combination of pre-
scriptions on the evolution (structural, chemical, and rotational)
was explored. These authors modelled massive stars (9—-40 M)
and showed large differences in the HR diagram, the evolution
of surface chemical abundances, and the rotational evolution.
Howeyver, the available observational data did not allow them to
favour one of the combinations.

Here we analyse the effect of two different prescriptions for
both v, and for v, on the rotational evolution of a 1 Mg model.
The overall effect on the surface and internal averaged angular
velocity is shown in Fig. 5.

5.2. Effect of the prescription for vertical shear

We first compare models with the MPZ04 prescription for Dy,
but with different prescriptions for the vertical shear (TZ97 or
Maeder97). The use of the Maeder97 prescription (given in
Table 2) for v, hinders the development of the vertical turbu-
lent shear instability in a larger portion of the radiative interior,
and the shear only contributes very little to the transport of AM
throughout the evolution. For the slow rotator (model 2s in Fig. 5
and top panel in Fig. 6), this leads to a sharp decrease of the sur-
face angular velocity from the ZAMS after the contraction of
the star has stopped and the meridional circulation is weaker.
Between 100 Myr and 1 Gyr, the efficiency of the meridional
circulation to transport AM remains almost constant in the inner
radiative zone and ensures the transport of AM from the core to
the envelope to compensate for the extraction of AM at the sur-
face by the stellar wind torque. Therefore this leads to an almost
constant surface angular velocity over this period of time.

For the fast rotators (model 2f in Fig. 5 and lower panel in
Fig. 6), on the other hand, the prescription of v, has a very weak
influence on the surface velocity because the transport is always
dominated by the meridional circulation, which is of similar am-
plitude as in the reference model. The weak effect of the vertical
shear diffusion prescription on the AM evolution also appears
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Fig. 6. Effect of modelling the vertical turbulent shear diffusion coeffi-
cient D, on the angular velocity profiles. Same as Fig. 3 for models 2s
(dashed lines) and 1s (solid lines) in the top, and for models 2 f (dashed
lines) and 1f (solid lines) in the bottom panels. The description of the
physics used in each of these models is given in Table 3.

when looking at the evolution of the total specific angular mo-
mentum as a function of time shown in Fig. 10 (dotted line, left
panel).

5.3. Effect of the prescription for horizontal turbulence

The effect of the choice of the prescription for the horizontal
shear turbulence is much more obvious: in Fig. 5 the two models
with v, from Zahn92 (models 3s,3f,4s, and 4f ) present a very
high ratio Qineerior/Qsurface coOmpared to the models 1s (resp. 1f)
and 2s (resp. 2f) computed with v, from MPZ04 (see Table 3).
Using the expression of Zahn92 for vy, leads to a meridional
circulation that is overall slower than for v, of MPZ04.
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The turbulence can develop and disturb the meridional circu-
lation in the radiative interior if the Richardson criterion is ful-
filled. In our reference model, the circulation is strong enough
to keep its original shape even in presence of shear turbulence,
but this is not always the case. Thus, in models 3s(f) and 4s(f),
using v zanno2, the angular velocity profiles are much steeper, as
shown in Fig. 7, and trigger a much stronger mean shear-induced
turbulence. The loop that was carrying AM outward then breaks
into several reverse cells as soon as the Richardson criterion is
fulfilled (shown in Fig. 8) and annihilates AM transport locally.
Consequently, a break appears in the angular velocity profile that
can be seen in Fig. 7 around 0.3 M, (resp. 0.2 M;) at 1 Gyr and
around 0.5 M; (resp. 0.4 M,) at the solar age for the slow (resp.
fast) rotator.
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Fig. 8. Same legend as Fig. 4 for two slow rotators at 1 Gyr computed
with v, from MPZ04 (left) and Zahn92 (right).

In addition, the surface velocity at the ZAMS and during
the early evolution on the main sequence is lower than in the
reference models, leading to a less efficient torque (which is
directly proportional to the surface angular velocity) and to a
global larger amount of specific angular momentum when the
star reaches the age of the Sun (see Fig. 10).

5.4. Stellar wind torque

We now explore the effect of the stellar wind torque prescriptions
on the overall angular momentum and angular velocity evolution
of solar-mass stars.

First, we calibrated each of the prescriptions detailed in
Sect. 2.2 to reproduce the surface angular velocity of the present
Sun at 4.57 Gyr. To do so, we calibrated one parameter, C, K;
and Ky for breaking laws of R&M12, Matt+12, and K88, re-
spectively. Second, we adjusted a second parameter® to adjust
the data in younger clusters, if possible. The obtained values are
given in Table 1, and for every model with a given braking law,
the same set of parameters was used, regardless of the initial an-
gular momentum content.

Figure 9 presents the evolution of the surface rotation for
slow, medium, and fast rotators with different torque prescrip-
tions, but with the same internal AM transport description
(MPZ04, TZ97).

We note that in all cases, the mean angular velocity of the
radiative core reaches the same rotation period, regardless of the
stellar wind torque prescription used, as shown in Fig. 10.

RM12

The surface rotation evolution using this prescription is com-
pared to the reference models in the upper row of Fig. 9. The
strong radius dependency of the breaking law reported in Reiners
& Mohanty (2012) explains the very high loss of angular mo-
mentum observed in Fig. 11 (5f track in the upper right panel)
during the PMS, when the star is still contracting. The angu-
lar velocity increases very slowly during the PMS compared
to the reference model, and sharply drops at the ZAMS. As soon
as the velocity drops below the saturation value (QgurMi2 =
3Q)), the extraction of angular momentum almost stops and
the surface angular velocity evolution stabilises to converge to
Q(1) o 1792 (see Eq. (9)).

Qqar, m and Qg for R&M12, Matt + 12, and K88, respectively.

A105, page 9 of 15


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201527349&pdf_id=7
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201527349&pdf_id=8

A&A 587, A105 (2016)

O.]. " :Illrml ||||||T|] IIIIHT|] ||||||T[|: :III"Trl |||||1T|] |||||1T|] ||||||T[|: |T|T|_|'-|-m'm| |||||'|'|T| ||||||T|] |||||'|T[|:
- A : C ) 4100
r ! * = ' co B
i l¢ ++§+ + 5s : 1'L = . 3
1 ‘ g ,i_ \+ N . _
&:5.3 BN NN i = 10
| FiE E o E
10 j = ]
O‘E 1
0.1 ‘ i j ;
e L T 1 : N, 1= 100
_ E i R : ) NP B
T AN I . 1 % N B
g Pl SN i { <
< FES DR ] i % , .= 10
< Hskgi HIE NG
@h {0 . : X = i . ]
A b 1
0.1 i .
g ey E gt s [ R i 100
E | : ] ‘ t 3 - 3
: s i +*§ TS o 1 ,J§+ + 7 7m - =4 ]
1 } % x’? 4:\; ] '.. II§ +\t\ . N
FE2 iR o = 7 2V NEONU R 10
- N - : + TN : - ]
10 F=29 R "N i§ kA U =_§ ]
+ 4 A + +§ * f"' L+
++ + \‘" ++ + A L . Y= 1
it IIII|_|_l|] IIIIII,I,II IIIILI_I,I] IIIII H IIII|_|,|,|J IIIILI,I,I] IIIILI,I,I] A Igjl IIIIII,I,II IIII|_|_l|] IIIIII,I,II [ LA
106 107 108 10°101° 106 107 108 10° 10! 108 107 108 10° 100
age (yr) age (yr) age (yr)

Fig.9. Same legend as Fig. 2 with different braking laws than in our reference model. The references of the models are given in Table 3. The

reference model corresponds to the black tracks.

Matt+12

The surface rotation evolution using this prescription is com-
pared to the reference models in the middle row of Fig. 9. The
angular velocity evolution of fast rotators is the same as in the
reference model, despite the absence of explicit saturation value
in Matt+12 prescription. It appears in the BOREAS routine as
an asymptotic regime of the magnetic field filling factor f, that
is perfectly mimicked by the saturation coeflicient y we took
for the reference model using Matt+15 prescription. A differ-
ence appears around the ZAMS for slow rotators, and because
of this difference of saturation, models with the torque accord-
ing to Matt+12 reach higher rotation periods. Nevertheless, the
discrepancy remains very small and as we lack data for these
ages, there is no real constraint to determine which one is better.

K88

The surface rotation evolution using this prescription is com-
pared to the reference models in the lower row of Fig. 9. Both
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slow and medium rotators braked with K88 behave as the ref-
erence model in the unsaturated regime. Still, to obtain a solar
surface angular velocity at the age of the Sun, we need to take a
high Ky value. The extraction of angular momentum is therefore
three times higher at the ZAMS than for the reference model (see
right panel of Fig. 11). This strong braking prevents the models
from achieving rapid rotation at the age of the Pleiades with the
K88 torque. This result is similar to what was obtained in previ-
ous work (e.g. Pinsonneault et al. 1989).

6. Comparison to bi-zone models

In this section we compare our predictions with those of the bi-
zone models of Gallet & Bouvier (2013). Their approach splits
the star into two regions, each of them rotating as a solid body.
The external region corresponds to the convective envelope, the
inner region to the inside layers of the star (including the ra-
diative region and, if exists, the convective core). Exchange of
AM between these two zones is assumed to occur at a given rate
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Fig. 10. Evolution of the total specific angular momentum as a function
of time. Left: effect of the AM transport prescriptions. Right: effect of
the torque prescriptions.

along the whole evolution. The empirical coupling timescale is
constrained to reproduce the observed surface rotation periods.

For a comparison between the two approaches, we deduced
a coupling timescale between the convective envelope and the
rest of the star for our full evolutionary models. This is possi-
ble thanks to the determination of the angular momentum flux
transferred by meridional circulation and shear turbulence be-
tween the external convective region and the radiative part of the
star (see Eq. (15) in Sect. 2).

This flux was then introduced into the formulation of
MacGregor & Brenner (1991) to determine a timescale,

1
T =AJ X s

tot

21)

where

AJ = Iconv-lrad - IradJconv’
Irad + Iconv

(22)

with Ieony, Jeonv and Irag, Jraq being the inertial and angular mo-
mentum of the convective envelope and radiative zone (and if
exists, the convective core).

Because the amount of AM that is transported is mainly
dominated by the meridional circulation, its corresponding
timescale is two orders of magnitude shorter than the one as-
sociated with diffusive turbulence. The timescales associated
with both meridional circulation and shear turbulence are much
longer than the constant coupling time-scale used in bi-zone
models (e.g. Gallet & Bouvier 2013, 2015). These models are
calibrated to reproduce the open cluster observations and the
surface velocity, the total angular momentum, and the mass-loss
rate of the present Sun. The assumed coupling does not neces-
sarily depend on time, rotation rate, or differential rotation rate.

To properly compare our models to the bi-zone models of
Gallet & Bouvier (2013, 2015), we computed a slowly rotat-
ing model with exactly the same braking law as described in
Table 2 of Gallet & Bouvier (2013; model 9s), and a bi-zone
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Fig. 11. Same as Fig. 10 for the evolution of the ratio between the total
angular momentum and the angular momentum loss due to wind alone
(disc-coupling loss not accounted for).

model with the same parameters for the torque and for the cou-
pling timescale as in Gallet & Bouvier (2013), but based on the
structural evolution of our STAREVOL models (model GBI3)*.

Thus, the only differences between the two models are the
transport of angular momentum in the radiative core and the ex-
change with the convective region. The evolution of the surface
velocity of these models as a function of time is shown in Fig. 12.
Model 9s solves a self-consistent time-dependent AM exchange
between the radiative interior and the convective envelope, with
an evolving associated timescale, while the GB13 model as-
sumes a constant transfer of AM between the interior and the
convective envelope, leading to a constant timescale through-
out the evolution, as shown in Fig. 13. This can qualitatively
be transcribed as a forced transfer of AM from the radiative
to the convective region that changes the surface velocity and
therefore the angular velocity-dependent AM extraction at the
surface, while in our self-consistent model the AM extraction
triggers the AM transport below the convective region and thus
changes the core-envelope coupling.

At the very beginning of the evolution, when the star is still
coupled to its disc but is already partially radiative, the forcing
of the disc on the stellar surface leads to a very strong merid-
ional circulation, and the corresponding AM transport timescale
is very short compared to the rest of the evolution. After the star
decouples from the disc, the forcing stops and the AM trans-
fer timescale increases sharply. Beyond this point, the cou-
pling timescale in model 9s(f) is always much longer than the
timescale assumed in the bi-zone model GB13 (fast or slow). On
the MS the structure of the star stabilizes and the core-envelope
coupling follows both the evolution of the surface angular veloc-
ity and the differential rotation. We can note that the fast rotators
experience a much stronger coupling during the whole evolu-
tion. This is especially evident around 200 Myr when the star is
still a fast rotator and the differential rotation quickly increases
because of the strong braking that slows down the surface. Since

4 In Gallet & Bouvier (2013), the evolution of the structural quantities,
e.g. M, R, inertia momenta, are taken from Baraffe et al. (1998) grid.
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Fig. 13. Coupling timescale from the AM exchange between the radia-
tive core and the convective envelope.

both the absolute and the differential rotation rate play a role in
the efficiency of AM transport, the coupling timescale reaches
a minimum. Even though the convective and radiative regions
of the fast rotator are more strongly coupled than for the slow
rotator, the coupling timescale remains more than one order of
magnitude higher than the constant coupling timescale set for
the two-zones model.

Figure 14 shows the extraction of angular momentum by
magnetized winds in both cases. As expected, the evolution is
similar during the PMS because the evolution of angular ve-
locity is driven by structural effects that are identical in both
models. After the star stops contracting, the internal angular
momentum transport becomes relevant and a difference appears
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between the two models. As more AM is brought to the surface,
the angular velocity is higher with a stronger coupling in model
GB13. When the angular velocity is higher for the same struc-
ture, the extraction by the winds is stronger during this phase
and pumps out most of the radiative core AM reservoir. All the
AM brought to the convective region is immediately removed by
stellar winds because a certain equilibrium is reached between
the core-envelope coupling and the surface extraction. Around
1 Gyr, the model with GB13 parameters rotates almost as a solid
body, the transfer of AM from the core to the external envelope
becomes very weak and causes the radiative core to rotate at the
same angular velocity as the convective region. At the same time,
model 95 loses AM faster, but the rate is still two orders of mag-
nitude lower than at the ZAMS. All the AM loss that matters for
the AM content at the age of the Sun occurs before 1 Gyr.

7. Discussion with respect to additional constraints
7.1. Constraint on internal rotation from helioseismology

Asteroseismology, and more specifically helioseismology, has
delivered very accurate data that allow probing the internal struc-
ture of stars. Thompson et al. (1996) showed that the solar ro-
tation profile can be inverted deep in the radiative zone, down
to about 0.2 R, using the information carried by the rotational
splitting of high-order low-degree p-modes. More recently, and
as shown in Fig. 15, Garcia et al. (2011) used rotational splitting
of candidate g-modes to deduce the rotation profile of the Sun
in its very core, below 0.2 R. The p-mode analysis shows that
the Sun is rotating almost as a solid body in the radiative region
down to about 0.2 Ry, while candidate g-modes seem to indi-
cate an increase of the angular velocity from ~430 nHz to 2 yHz
in the innermost regions. This latest result is still debated, how-
ever. We here neglect a number of AM transport processes that
are expected to modify the angular velocity profile in the radia-
tive interior (Charbonnel & Talon 2005; Eggenberger et al. 2005;
Charbonnel et al. 2013), so that we do not expect our models
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Fig. 14. Specific angular momentum loss per year as a function of time.

to fit the helioseismic profile. When plotted against helioseis-
mic data, all the models discussed previously are, as expected,
far from observations in the radiative region. Indeed, even the
model with the flatter rotation profile that we obtain at the age
of the Sun still spins four times faster in the central region and
does not reproduce the solid-body region between 0.2 R, and the
bottom of the convective envelope at all. Internal gravity waves
(Charbonnel & Talon 2005) and magnetic fields (Eggenberger
et al. 2005) have shown very promising results in reproducing
the solar rotation profile. However, these processes appear to act
on very different timescales, and incorporating them is beyond
the scope of the present study, where we focus on hydrodynam-
ical processes.

7.2. Constraint from lithium abundances

Because lithium is prone to destruction by proton captures at
temperatures 7 > 2.5 X 10° K, its abundance at the stellar sur-
face is a good proxy to evaluate the depth and efficiency of mix-
ing processes that may connect the low-temperature convective
envelopes of stars to deeper radiative regions where lithium is
destroyed (e.g. Deliyannis et al. 2000). Considering that merid-
ional circulation and turbulent shear instability not only transport
AM but also matter, it is therefore interesting to look at the pre-
dictions of our models concerning the evolution of the lithium
surface abundance. It worth noting that in our self-consistent ap-
proach, the lithium depletion predicted by the models is a direct
consequence of the evolution angular rotation profile driven by
the extraction and internal transport of AM (i.e. we do not have
any adjustable parameter to reduce the efficiency of the mixing
to fit the Li data).

The results are shown in Fig. 16, where we compare the pre-
dictions of the models to the observed range of Li abundances
determined for solar-type stars in different open clusters from
5 Myr to the age of the Sun as compiled by Sestito & Randich
(2005)°. As expected from previous works, our reference mod-
els (both the slow and the fast rotators) selected to best reproduce

5 To establish these ranges, we selected the stars in each cluster that
have the temperature of a solar-type star of the same age according to
stellar evolution models.
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Fig. 15. Comparison of our models with the rotation profile of the Sun
obtained from helioseismology by Garcia et al. (2011).

the angular velocity evolution of solar-type stars fail to simulta-
neously reproduce the observed lithium abundance evolution of
solar-type stars on the main sequence (beyond 250 Myr (resp.
100 Myr) for the slow (resp. fast) rotators). This is due to the
efficient transport of lithium by the shear turbulent instability
in the radiative interior of our models. The lithium destruction
occurs earlier in the fast rotators because of the correlation be-
tween the shear mixing efficiency and the angular velocity gradi-
ent, which is directly related to the torque. Charbonnel & Talon
(2005) obtained similar results and showed that the introduction
of internal gravity waves could reconcile the models predictions
with observations by flattening out the angular velocity profile
and thus reducing the efficiency of the turbulent shear mixing.

We point out the unexpected behaviour of model 2s that is
computed using Maeder (1997) prescription for the vertical tur-
bulent shear diffusivity. In this case, the effective diffusion coeffi-
cient representing the transport of nuclides by the meridional cir-
culation is the same as in our reference case /s because we used
the same prescription for the Dy, expression. However, D, from
Maeder97 is significantly lower than that predicted by TZ97, in
particular in regions where the mean molecular weight gradients
are large. As a result, the transport of nuclides is less efficient in
model 2s and the surface abundance of lithium decreases much
more slowly than in our reference model /s. In summary, none
of the present models that account for the rotational behaviour of
solar-type stars is able to simultaneously account for the lithium
evolution and the helioseismic constraints, as already anticipated
in previous works of our group.

8. Summary and global picture

Observations have shown that the AM of solar-mass stars is re-
duced by two orders of magnitude during the first few Myr of
their interaction with their disc. After this phase, they need to
decrease it by two more orders of magnitude to reach the so-
lar angular momentum content. This loss of AM is thought to
occur through stellar wind coupled with the large-scale stellar
magnetic field. However, since young stars are not expected to
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Fig. 16. Evolution of the surface lithium abundances in the slow (left)

and fast (right) rotating models as a function of time. The open boxes

represent the ranges of lithium abundances determined by Sestito & Randich (2005) for the following clusters and associations: NGC 2264

at 5 Myr, IC 2391/IC 2602/IC 4665 at 30 Myr, Pleiades/Blancol at
Hyades/Praesepe/Coma Ber/NGC 6633 at 600 Myr, NGC 752/NGC 3
with the solar symbol ©.

rotate as solid bodies, the transport of angular momentum in the
stellar radiative interiors should modify the evolution of their
surface velocity at every age. Hydrodynamical processes trans-
porting AM are driven by the forcing induced by the extraction
of AM at the surface by stellar winds. Thus, depending on the
wind-braking prescription used in the models, the efficiency of
the transport will be different.

Different prescriptions for the AM extraction and transport
processes exist in the literature, with different degrees of ap-
proximation. We here showed that self-consistent 1 M, rotat-
ing evolutionary models that account for the transport of AM by
meridional circulation and shear turbulence alone and that use a
realistic AM wind-driven extraction can reproduce the evolution
of the surface rotation of open clusters from the disc-coupling
phase to the age of the Sun. Using different prescription sets for
the horizontal and vertical diffusion coefficients essentially im-
pacts the AM distribution inside the star.

The surface extraction of AM and the AM transport in the
radiative region interact in a complex way, the first triggering
the later and the later enforcing the first.

We find that the stellar wind prescriptions from Matt et al.
(2012, 2015) provide a really good match with observations of
rotation periods in open clusters when they are combined with
the adapted AM transport, meaning here MPZ04 and TZ97 for
the prescriptions of the horizontal diffusion and vertical diffusion
coefficients, respectively. None of the other braking laws lead to
as good results, independently of the chosen prescriptions for
internal AM transport.

This led us to select the following combination for our ref-
erence model: (Dy; Dy; dJ/drf) = (TZ97, MPZ04, Matt15). With
this set of prescriptions, our models all reached the same internal
rotation profile at the age of the Sun, regardless of the assumed
initial angular momentum content.

Unlike in bi-zone models, the angular momentum content of
the present Sun cannot be retrieved with our models. Even using
the most favourable combination of the available prescriptions,
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80 Myr, NGC 2516 at 150 Myr, M34/M35/NGC 6475 at 250 Myr,
680/IC 4651 at 2 Gyr and M67 at 4.5 Gyr. The Sun is also indicated

meridional circulation and shear-induced turbulence are there-
fore just efficient enough to reproduce the observed Py, data,
but additional processes are still needed to reproduce asteroseis-
mic and surface chemical abundances observations. Regardless
of the set of AM transport prescriptions we used, we were unable
to reproduce these observed data.

In the recent years, the asteroseismic data mostly gathered
by the Kepler mission for subgiant and red giant stars also re-
vealed the need to go beyond the current description of rota-
tional mixing to be able to account for the rotational properties
(surface and core rotation) of evolved low-mass stars (Ceillier
et al. 2012; Van Saders & Pinsonneault 2013; Garcia et al.
2014; Deheuvels et al. 2014, 2015). The dominant processes that
shape the AM evolution may differ according to the evolution-
ary phase. However, observational evidence now exists, for stars
ranging from the PMS to the red clump, pointing towards the
need of additional AM transport mechanisms that would effi-
ciently couple the core and the envelope of solar-type stars.

As predicted by MacGregor (2000) and tested in main-
sequence evolutionary models by Charbonnel & Talon (2005)
and Eggenberger et al. (2005), magnetic field and internal grav-
ity waves are very good candidates to provide additional angu-
lar momentum transport and should be investigated in a further
study.

It is also important to investigate whether our conclusions
also apply to other low-mass stars in the mass range 0.5 My to
2 Mg, The structural and rotational evolution is expected to differ
depending on the initial mass in this mass range (see e.g. Gallet
& Bouvier 2015), which may have a significant effect on the
efficiency of possible transport processes, as was discussed for
instance by Talon & Charbonnel (2003).
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Appendix A: Magnetic field generation
and mass-loss rate

Magnetic field and mass loss were computed following Cranmer
& Saar (2011). Nevertheless, to calibrate our model on the Sun,
we needed to modify some expression in the BOREAS routine
that were rewritten in Fortran. These are set out in this appendix.

The effective temperature was directly taken from
STAREVOL and was not computed from Iluminosity and
radius as in the initial routine.

Following Gallet & Bouvier (2013), we reduced the kink
wave energy flux Fa (Eq. (7) in Cranmer & Saar 2011) by a
factor 2.5 to obtain a mass-loss rate of 2.9 x 10~'* M, yr~! at the
age of the Sun, which is still consistent with the estimated range
of the actual solar mass-loss rate (2—3.2 x 10™'% Mg yr™1).

Similarly to Gallet & Bouvier (2013), we took the same ex-
pression as fmin in Cranmer & Saar (2011), but slightly modi-
fied it to reproduce the average filling factor of the present Sun
(fio = 0.0035 € [0.001;0.01]):

~ 0.4
[+ (x/0.16)231:22°

Ix (A.D)

where x is the normalized Rossby number. 7¢ony and teony, are
determined with the expression given in the BOREAS routine. It
is a function of the effective temperature, which was fitted to a
set of ZAMS models given by Gunn et al. (1998).
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