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Abstract. The magnetic field in young stellar object is undoubtedly the most important
component when one dealing with the angular momentum evolution. It controls this latter
one from the pre-main sequence, during the so-called disk locking phase where the stars
magnetically interact with their surrounding disk, to the main-sequence through powerful
stellar winds that remove angular momentum from the stellar surface. We present new
models for the rotational evolution of solar-like stars between 1 Myr and 10 Gyr with the
aim to reproduce the distributions of rotational periods observed for star forming regions
and young open clusters within this age range. We based our simulation on a recent model
dedicated to the study of the angular momentum evolution of solar-type stars. This model
include a new wind braking law based on recent numerical simulations of magnetized
stellar winds and a specific dynamo and mass-loss prescription are used to link the angular
momentum loss-rate to angular velocity evolution. The model additionally allows for a
core/envelope decoupling with an angular momentum transfer between these two regions.
Since this former model didn’t include any physical star/disk interaction description, two
star/disk interaction processes are eventually added to it in order to reproduce the apparent
small angular velocities to which the stellar surface is subject during the disk accretion
phase. We have developed rotational evolution models for slow, median and fast rotators
including two star/disk interaction scenarios that are the magnetospheric ejection and the
accretion powered stellar winds processes. The models appear to fail at reproducing the
rotational behaviour of solar-type stars except when a more intense magnetic field is used
during the disk accretion phase.

1 Introduction

Classical T Tauri stars (CTTs) are very active pre-main sequence stars surrounded by an accretion
disk ([1, 2]). The impact of their magnetic field on their dynamics and on the structure of their
environment is very strong and lead to numerous physical phenomenon such as the truncation the disk
and accretion of the material from it along funnel flows down to the stellar surface, launch of stellar
winds along the opened magnetic field lines ([3-5]), and ejection of material because of magnetic
star/disk interaction ([6—10]). The magnetic interaction between the star and its surrounding accretion
disk remains one of the major unsolved issue concerning the angular momentum evolution of CTTs.
It is now observationally clear (see [11-13]) that during the first 10 Myr of their life the stars are
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prone to held constant their rotation for several Myr ([14, 15]). Since CTTs accrete mass and angular
momentum from their disk and they still contract during the pre-main sequence (PMS), they should
spin-up in a few million years. Hence, this suggests that during this period a large fraction of the
angular momentum is removed from the stars. Many theoretical advances have been made during the
last years about the impact of the accretion/ejection phenomenon on the angular momentum evolution
of young suns such as the magnetospheric ejection process (hereafter MEP, [10]) that describes the
magnetic interaction between a stellar magnetosphere and an accretion disk, and the accretion power
stellar wind (hereafter APSW, [3, 16, 17]) that predicts powerful stellar jets powered directly by the
accreted material.

The aim here is to examine the impact of these different star/disk interaction scenarios on the
angular velocity evolution and the conditions for which the surface angular velocity of the stars is held
constant during the early PMS phase when the stars are still surrounded by an accretion disk. Since
some previous works by [18] and [19] already studied such interaction we will focus on reproducing
the rotational evolution of solar-like stars by comparing the models to the observations. This is the
first time that these specific scenarios are incorporated into a “global” angular momentum evolution
model which gives us the chance to analyse the impact of these interactions on the MS rotational
behaviour.

2 The model

We use the model described in [15] that is dedicated to the study of the angular momentum evolution
of solar-type star. Since this model didn’t include any physical description of the star/disk interaction
process we want to examine the impact of star/disk interaction scenarios on the early PMS angular
momentum evolution. A more detailed description of the former model can be found in [15].

2.1 Star/disk interaction

For a few Myr during the early pre-main sequence, solar-type stars magnetically interact with their
accretion disk. This star-disk magnetic coupling involves complex angular momentum exchange be-
tween the components of the system, including the accretion disk, the central star, and possibly both
stellar and disk winds. Recently, accretion-powered stellar winds have been proposed as a way to
remove from the central star the excess of angular momentum gained from disk accretion [3, 16, 17].
However, [20] showed that mass and energy supplied by accretion may not be sufficient to provide an
efficient spin-down torque by accretion-driven winds. [10] proposed that magnetospheric reconnec-
tion events occurring between the star and the disk lead to ejection episodes that remove the excess
angular momentum. Hence, a free parameter of the models is the accretion disk’s lifetime, 744, i.¢.,
the duration over which the star/disk interaction occur. After a time 74, the star is released from its
disk, and is only subjected to angular momentum loss due to magnetized stellar winds (see below).
Note that during most of the pre-main sequence, once the disk has been dissipated, angular momen-
tum losses due to magnetized stellar winds are however unable to prevent the star from spinning up
as its moment of inertia rapidly decreases towards the ZAMS (cf. [15, 21, 22]).

2.1.1 Magnetospheric ejection

The Magnetospheric Ejection process ([10]) results from the interaction of a stellar magnetosphere
and an accretion disk that will produce the expansion and reconnection of the field lines connecting the
star with its surrounding disk. The resulting inflation at mid-latitudes of the dipolar field lines is very
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dynamic and it is accompanied by outflows that could extract mass, energy, and angular momentum
both from the disk and the star. Because of the magnetic field lines reconnection, these outflows
detach from the magnetosphere and continue their propagation as magnetic islands disconnected from
the central part of the star/disk system, in between the open magnetic surfaces anchored into the star
and those anchored into the disk (see fig. 2 from [10]). Additionally the disk will be truncated and
accretion curtains will form. The truncation radius R, is given by ([23])

r 1
GM, M )

a

BR12 Y7
R;=K,[ — ] ,
cC

where M, is the mass accretion rate and K, = 0.5 a normalisation constant. This region is connected
within the Keplerian corotation radius

1/3
GM,
Reo =( QZ ) > 2)

so that, beyond this radius, the disk and the star do not have a direct magnetic connection. Because of
the magnetic reconnection process the dipolar field lines will inflate at mid-latitudes resulting in the
production of magnetospheric ejections (hereafter MEs).

We found that the mean magnetic field is not strong enough to held constant the surface angular
velocity of the stars during the disk accretion phase. Thus, an another component of the magnetic field
have to be use during the disk’s lifetime to reproduce the observations. As a consequence we simply
imposed a more intense magnetic field B,,,; during the disk accretion phase to produce a constant
angular velocity. While the nature of this magnetic field is very well known from a theoretical point
of view and it is associated to the dipolar component of the magnetic field, from an “observational”
point of view this is not as clear since the real stellar magnetic field is clearly not a perfect dipole.
Because of this issue we will not discuss the origin of this intense magnetic field. However, the strong
values of B,,,, that is required to fit the observations can be considered as a preliminary result of the
star/disk interaction process and only the order of magnitude of the magnetic field strength have to be
taken into account.

A reasonably approximation for the spin-up torque due to accretion is

Tace = Kachacc GM.R,, (3)

which is proportional to the mass accretion rate M,.. and to the disk specific Keplerian angular mo-

mentum in the truncation region. As it has been shown in [10], one effect of the MEs is to reduce the

“Keplerian" accretion torque. This is qualitatively expressed by the constant K,.. = 0.4 that translates

the fact that a fraction 1 — K. of M, is launched in the form of MEs. The torque exerted by stellar

magnetic field lines coupled to a region of size AR of the MEs can be expressed as ([24, 25])

B}, RS
R}

Tmag = AR ; “

where g = B;/B; = [QuEs — .1 /QumEs ([16, 24, 26]) is related to the differential rotation between
the star and the MEs and can be expressed as

3/2
R
qx Kmt - (R_Cto) . (5)
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The K,,, = 0.7 factor expresses the fact that the MEs rotate at a sub-Keplerian rate. Assuming
AR « R,, the MEs torque can be written as:

By, R R\
™me = Kye S Kior — (R ) (6)
t co

where Kyg = 0.21. Notice that this torque spins-down the star only for R,/R, > Kf(f? ~ (.8 while for
lower truncation radius the MEs spin-up the stellar surface.

2.1.2 Accretion powered stellar winds

During the T Tauri phase the stars are subject to numerous mechanisms: stellar contraction, accretion
process, stellar winds, and magnetic star/disk interaction. The total torque applied on the stellar
surface is the sum of all these contributions but since the angular momentum problem is a complex
issue to tackle, one solution is to compare one spin-up torque to one spin-down torque. This section
presents the accretion powered stellar wind process developed by [16] which proposed that the energy
driving the stellar wind comes directly from the accretion power and that we can link the mass-loss
rate to the mass-accretion rate

Mwind = Qacha(fc: (7)

where Q.. is a proportionality constant set between 1% (low mass loss rate) to 10% (high mass loss
rate). The latter one is the value adopted by [3, 16, 17] which represents very powerful outflows.

For the mass accretion rate we assumed M, = 1077 My /yr at 1 Myr ([2, 27]) and used a simple
decay function based on [28] (i.e. My oc t71%)

e N2 (e N2
fdecay = ( = - 1) (L - ]) P (®

init star

to express the evolution of the mass accretion rate

Macc = Macc,initfdecay’ &)

where t,,;; is the starting age of our simulation, 74 the disk lifetime, and ¢, the age of the star. The
characteristic of this decay function is to be equal to zero when #,, = t4;5 While an exponential decay
will produce a non-zero accretion rate even after the disk dissipation.

3 Spin equilibrium

The free parameters of the model are the initial rotation period P;,; at 1 Myr, the core-envelope
coupling time-scale 7._., the disk lifetime 7, and the calibration constant of the wind braking law
K. This study adopts the same parametrization as described in [15]. Additionally, two free parameters
are added here: the mass loss rate efficiency constant Q,.., and the strength of the magnetic field B,,,4.
We computed the angular velocity evolution of the fast, median, and slow rotator models, and examine
the impact of the two star/disk interaction mechanisms on this evolution. Figure 1 shows the angular
velocity evolution of the fast, median, and slow rotator models, respectively in blue, green, and red.
For the fast rotator model a disk’s lifetime of 2.5 Myr is used that lead to a rapid increase of the
surface angular velocity of the stars during the PMS. The quite low initial rotation period P;,;; = 1.4 d
is dictated by the fast rotation rate exhibited in the Orion Nebulae Cluster at 1 Myr and the NGC 6530
cluster at 1.65 Myr. To fit the observational constraints from the PMS to the ZAMS a relatively short
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Figure 1. Angular velocity of the radiative core (dashed lines) and of the convective envelope (solid lines) is
shown as a function of time for fast (blue), median (green), and slow (red) rotator models in the case Q.. = 1%.
The angular velocity is scaled to the angular velocity of the present Sun. The blue, red and green tilted square
and associated error bars represent the 90th percentile, the 25th percentile, and the median, respectively, of
the rotational distributions of solar-type stars in star forming regions and young open clusters obtained with a
rejection sampling method (see [15]). The open circle is the angular velocity of the present Sun and the dashed
black line illustrates the Skumanich’s relationship, Q, o t71/2,

core/envelope coupling timescale of 10-15 Myr is needed. To reproduce the early-PMS observations
we numerically set B,,,s = 1000 G.

For the median and slow rotator models the initial rotation periods are 7 and 9 d, respectively, as
fixed by the rotation period distributions of the youngest PMS clusters. For both models we chose a
disk lifetime of 5 Myr to reproduce the late PMS clusters. To account for the moderate velocities on
the ZAMS, we had to assume a much longer core-envelope coupling timescale than for fast rotators,
namely 28 and 30 Myr for median and slow rotator models, respectively. The slow decline of surface
rotation is due to angular momentum of the core resurfacing at the stellar surface on a timescale
of ~100 Myr in slow and moderate rotators and it accounts for the observed evolution of the lower
envelope of the rotational distributions of early MS clusters. To reproduce the observations in these
cases, By,yq 18 set at 1600 and 1300 G for the slow and median rotator models, respectively.

4 Conclusion

We combined two star/disk interaction scenarios in the “global” angular momentum evolution model
described in [15] with the aim to study the angular velocity evolution of solar-like stars during the
early-PMS phase. We found that the models fail to reproduce the observations except when a more
intense magnetic field is used during the disk accretion phase. In presence of weak magnetic field the
torque applied by the accretion disk on its star is not sufficient enough to efficiently extract angular
momentum from the stellar surface to compensate the stellar contraction that otherwise dominate this
evolution. These results are certainly not new since the star/disk interaction process is not a modern
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issue and that it has already been studied in the literature through different mechanisms (e.g. [18, 19]).
The major difference of this study is that the resulting angular velocity evolution produces by the
star/disk interaction is directly compare to the observations. However, this is a preliminary result and
a more physical model is still to be developed especially in studying the impact of a non-axisymmetric
and multipolar magnetic field on the angular velocity evolution.
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