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ABSTRACT

Aims. The impact of disk-locking on the stellar properties related to magnetic activity from the theoretical point of view is investi-
gated.

Methods. We use the ATON stellar evolution code to calculate theoretical values of convective turnover times (7.) and Rossby numbers
(Ro, the ratio between rotation periods and 7.) for pre-main sequence (pre-MS) and main sequence (MS) stars. We investigate how 7
varies with the initial rotation period and with the disk lifetime, using angular momentum conserving models and models simulating
the disk-locking mechanism. In the latter case, the angular velocity is kept constant during a given locking time to mimic the magnetic
locking effects of a circumstellar disk.

Results. The local convective turnover times generated with disk-locking models are shorter than those obtained with angular mo-
mentum conserving models. The differences are smaller in the early pre-MS, increase with stellar age, and become more accentuated
for stars with M > 1 M,, and ages greater than 100 Myr. Our new values of 7. are used to estimate Ro for a sample of stars selected
from the literature in order to investigate the rotation-activity relationship. We fit the data with a two-part power-law function and find
the best fitting parameters of this relation.

Conclusions. The differences found between both sets of models suggest that the star’s disk-locking phase properties affect its Rossby
number and its position in the rotation-activity diagram. Our results indicate that the dynamo efficiency is lower for stars that had

undergone longer disk-locking phases.

Key words. convection — stars: activity — stars: evolution — stars: pre-main sequence — stars: rotation

1. Introduction

The convective turnover time is a typical timescale for con-
vective motions of the stars’ conductive plasma, responsible
for transportation of a fraction of the energy in some types
of stars, like the low-mass ones. When different parts of a
magnetic star rotate differentially, the interaction between con-
vective motions and differential rotation produces the dynamo
effect (as proposed by Parker 1955) that keeps and regener-
ates stellar magnetic fields. In solar type stars, such fields are
thought to be created and amplified at the tachocline, a thin shear
layer between the radiative core and the convective envelope,
first defined by Spiegel & Zahn (1992). This mechanism is sup-
posed to drive stellar magnetic activity, expressed as a variety
of observable phenomena like coronal heating, star spots, activ-
ity cycles, flares, and chromospheric and coronal emissions. For
solar-like stars, it is believed that stellar magnetism and rota-
tion are regulated by a dynamo process called the @ — Q dynamo
(Mohanty & Basri 2003), in which the poloidal and toroidal field
components sustain themselves through a cyclic feedback pro-
cess (Nelson 2008). Nowadays, the connection between mag-
netic activity and rotation is well established and Skumanich
(1972) was the first to suggest that the rotation-activity relation is
a consequence of the dynamo action and to show that the stellar
angular velocity, Q, decreases with age as #~'/2. The rotation-
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magnetic activity relation has been widely used to investigate
stellar magnetism. It is expressed by the relation between the
stellar rotation rate (the projected rotational velocity in the line
of sight or the rotation period) and some indicator of magnetic
activity, such as the unsigned average large-scale surface fields
({|Bv/}) or the fractional X-ray and Ha luminosities, also known
as coronal (Lx /Lyo) and chromospheric (Lyq / Lyo) activity indi-
cators, respectively. As shown by Noyes et al. (1984), this rela-
tionship is better understood in terms of the Rossby number, Ro
(the ratio between rotation period, Py, and the local convective
turnover time, 7.), than in terms of P,. Pizzolato et al. (2003)
showed for the first time that the rotation-magnetic activity rela-
tion is characterised by the existence of two distinct regions: the
saturated region (formed by fast rotators — Py, < 2 days) and the
unsaturated region (composed by slow rotators — P, > 2 days).
Lx /Lo (or another magnetic activity indicator) increases as Ro
decreases down to a saturation threshold value, Rog,; ~ 0.1, and
remains constant at a saturation level, (Lx/Lpo)sat ~ 1073, for
Ro < Rogy (Wright et al. 2011, 2018). The causes of saturation
are still unclear. This relation became a powerful tool to study
stellar magnetism and is based on a general power-law function
of the form Ly /Lyo; o< Ro?, where S is a parameter to be adjusted
with observations. Values of 8 usually found in the literature are
B = —2 (Pizzolato et al. 2003), 8 = —2.7 + 0.13 (Wright et al.
2011), B = —1.38 + 0.14 (Vidotto et al. 2014), B = —2.3*0¢
(Wright et al. 2018), 8 = —1.40 = 0.10 (See et al. 2019), and
B =-2.4+0.1 (Landin et al. 2023).
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Describing the rotation-magnetic activity relation in terms
of the Rossby number makes clear its connection with the stel-
lar dynamo theory, as the dynamo number (Np, the efficiency
of the dynamo in the mean-field dynamo theory) is proportional
to the inverse square of the Rossby number (Np o Ro~2). Con-
sequently, the dynamo efficiency increases as Ro decreases. As
Ro plays an important role in the stellar magnetic activity stud-
ies, determinations of 7. are of fundamental interest, since they
cannot be directly measured. They can be obtained either semi-
empirically (Noyes et al. 1984; Pizzolato et al. 2003) or theo-
retically by stellar evolution models (Kim & Demarque 1996;
Landin et al. 2010). For a given stellar mass and age, the con-
vective turnover time varies significantly with the radial loca-
tion. The location mostly used in the literature to determine local
convective turnover times is one half a mixing length above
the base of the convective zone (Noyes et al. 1984). This stan-
dard location coincides with the tachocline for partially con-
vective stars, but it is not suitable for fully convective stars, in
which there is no tachocline. In the Mixing Length Theory, the
adjustable mixing length parameter, ¢, is scaled with the pres-
sure scale height H,, as £ = aH,, (« is the convection efficiency)
and, during the fully convective phase, the modelled value of
H,, at the base of the convective zone is very high, and so is
the mixing length. Consequently, the standard location where
7. should be calculated becomes larger than the stellar radius
for fully convective configurations (M < 0.3 Mg at any evolu-
tionary stage and M > 0.3 M, before developing the radiative
core), making 7. calculations unfeasible through this standard
prescription. In order to overcome this problem, Landin et al.
(2023) developed a method to obtain the location (r) where to
calculate 7. in terms of Hp, allowing the theoretical determi-
nation of 7. of fully convective stars in a self consistent way
with the traditional location prescribed by Noyes et al. (1984).
For ten selected ages in the range of 6.0 < log(¢/yr) < 10.14,
Landin et al. (2023) analysed how the standard location r/Hp
vary with stellar mass for partially convective stars, linearly fit-
ted r/Hp as a function of the stellar mass, and extrapolated it
for fully convective stars. These linear fits of r/H,, as a function
of mass were introduced in the ATON stellar evolution code as
alternative locations to the standard 7. calculation whenever r is
larger than the stellar radius. Otherwise, the standard location is
adopted.

Most, if not all, low-mass pre-main sequence (pre-
MS) stars exhibit some manifestation of magnetic fields
(Donati & Landstreet 2009). As they miss a tachocline in the
beginning of their pre-MS phase, the @ — ©Q dynamo, which is
an interface dynamo, is not supposed to be operating in this very
early evolutionary phase. So, the observed magnetic activity in
these stars should be produced by another kind of dynamo pro-
cess, like a distributed dynamo, as suggested by Durney et al.
(1993). The characteristic shape of the rotation-activity relation
exhibited by main sequence (MS) stars is not observed for pre-
MS stars (Flaccomio et al. 2003). The latter are seen only in
the saturated region and show a considerable dispersion in mag-
netic activity levels (Preibisch et al. 2005). The fact that fully
convective (pre-MS and MS) stars are preferably found in the
saturated region, while solar-like (partially convective) stars are
found in both regions, reinforces the idea that the dynamo oper-
ating in partially and fully convective stars are different. How-
ever, observations by Wright & Drake (2016) and Wright et al.
(2018) indicate that partially and fully convective stars follow the
same rotation-activity relation, implying that they should operate
very similar rotation-dependent dynamos in which the tachocline
would not be a crucial ingredient. Landin et al. (2023) present a
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theoretical and observational review of stellar magnetic activity
in pre-MS and MS stars.

Low-mass stars in young clusters (ages< 100Myr) are
known to be very active and to exhibit strong magnetic fields
(specially those fast rotating), even though they do not follow the
Skumanich law (Q o 172, Alphenaar & van Leeuwen 1957). For
a few million years, their magnetic field lines are supposed to be
anchored in a circumstellar disk, formed during the star forma-
tion process, within a few stellar radii. The interaction between
the stellar magnetic field and the disk regulates the star’s angular
velocity, counteracting the tendency to spin up due to accretion
of disk material of high specific angular momentum and to read-
justments in the moment of inertia as the star contracts towards
the MS. The magnetic torques acting on the central star during
the disk lifetime transfer large amounts of its angular momentum
to the disk and impose the star to rotate with a virtually constant
surface angular velocity.

The observed rotation rates of stars in clusters of differ-
ent ages suggest that the fast rotation phenomenon depends on
mass. According to several works, such as those of Stauffer et al.
(1997), Prosser et al. (1995), and Stauffer & Hartmann (1987),
rapid rotation decreases slower for lower mass stars (the spin-
down time scales expected for stars with M < 0.5Mg are
longer than those for stars with M > 1.0 My). Attridge & Herbst
(1992) and Choi & Herbst (1996) showed that T Tauri stars
in the Orion Nebula Cluster (ONC) have a very characteris-
tic rotation period distribution: Classical T Tauri stars (CTTS),
which still accrete from a disk, have a narrow period dis-
tribution with a peak at about 8-10 days, while Weak-line
T Tauri stars (WTTS), that no longer accrete from a disk, have
a broader distribution showing only a tail of slow rotators.
In addition, WTTS appear to rotate faster, on average, than
CTTS (Henderson & Stassun 2012). ONC (1 Myr), NGC 2264
(3.5 Myr), IC 348 (2.5 Myr), and NGC 2362 (3.3 Myr) are some
of the most studied young stellar clusters and all of them
exhibit bimodal and dichotomic rotation period distributions.
The bimodality is related to the presence of two peaks in the
period distribution and the dichotomy is associated to the mass
dependence of the distribution. Detailed studies of the rota-
tion history of these clusters can be found in the literature, for
example: ONC was analysed by Herbst et al. (2002), NGC 2264
was investigated by Lamm et al. (2005), Cieza & Baliber (2006)
studied IC 348, Irwin et al. (2008) examined NGC 2362, the
rotational properties of ONC and NGC 2264 is reviewed by
Landin et al. (2016), and Landin et al. (2021) inspect such prop-
erties of IC 348 and NGC2362. As the distribution of rotation
periods in the pre-MS must evolve towards that of the MS, we
have to be able to describe the process that leads from the wide
distribution seen in the pre-MS to the even wider one seen in
the MS. However, there is not a single model that manages to
do this. In order to reproduce the evolution of stars that reach the
MS with the highest rotation rates (near their breakup velocities),
one should consider an evolution conserving angular momen-
tum during all the pre-MS phase. On the other hand, to yield the
rotation of stars spinning with a small fraction of their breakup
velocities, one should consider that these stars are locked to their
disks for a given time, keeping their angular velocities constant,
and only after the locking phase they are released to spin up con-
serving angular momentum. Landin et al. (2016) present a theo-
retical and observational review of angular momentum evolution
of pre-main sequence stars.

In this work, we use the ATON stellar evolution code to inves-
tigate the influence of the disk-locking mechanism on local con-
vective turnover times (consequently, on the Rossby numbers)
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and in the rotation-magnetic activity relation itself. Observa-
tional data of rotation periods, fractional X-ray luminosities,
and unsigned average large-scale surface magnetic fields from
Vidotto et al. (2014) are used to constrain our models.

In Section 2, we briefly describe the ATON code and the input
parameters used in this work. Section 3 presents and discusses
our results on convective turnover times and convective veloci-
ties obtained with disk-locking and angular momentum conserv-
ing models. Our new theoretical local convective turnover times
are compared to those existing in the literature and observational
data are used to test our theoretical results in Section 4. Finally,
Section 5 presents our conclusions.

2. Models and input physics

In the ATON code version used in this work, convection is
treated according to the traditional Mixing Length Theory
(Bohm-Vitense 1958), with the parameter representing the con-
vection efficiency set as @ = 2. Surface boundary conditions
are obtained from non-grey atmosphere models (Allard et al.
2000) with a match between surface and interior at an optical
depth of 10. We use the opacities reported by Iglesias & Rogers
(1993) and Alexander & Ferguson (1994) and the equations of
state from Rogers et al. (1996) and Mihalas et al. (1988). We
assume that the elements are mixed instantaneously in convec-
tive regions. Our tracks start from a fully convective configura-
tion with central temperatures in the range 5.35 < log,(7./K) <
5.70, follow deuterium and lithium burning, and end at the MS
configuration, as discussed in Landin et al. (2006), who also pre-
sented a detailed discussion about the zero point ages of stellar
models.

We generate two sets of models. In the first (hereafter
AMC models), we consider conservation of angular momentum
throughout all stellar evolution. In the second set (hereafter DL
models), we simulate the disk-locking mechanism, by consid-
ering an evolution with constant angular velocity during the first
evolutionary stages followed by conservation of angular momen-
tum. In these models, the star-disk interaction treatment is not
included in the code, and its effects on the stellar rotation are
only mimicked by locking it for a while (Landin et al. 2016).

For AMC models, the initial angular momentum of each
model is obtained according to the Kawaler (1987) relation'

g em? 57!

ey

(0.985+0.140)
Jkaw = (1.562 £ 0.504) x 10> (V)

(0]

These initial angular momenta correspond to periods of
~15 days for a 0.1 My model and ~418 days for a 1.2 Mg model.

For DL simulating models, the initial angular momentum
corresponds to the locking period, Pk, of ~8days® based
on the period distribution of CTTS in the ONC presented by
Herbst et al. (2002). To investigate the effect of using different
locking periods on 7., we ran some additional DL models with
Piock = 400days. The disk lifetimes, Tg4isk, used in this work

' For M > 0.2 M,, the central values given by the Kawaler (1987) rela-
tion are used to obtain the initial angular momentum (J;,) of our models.
Due to non-convergence reasons, we use a slightly smaller value of Ji,y,
as Ji, for 0.1 Mg, namely Ji, = 7.943 x 10*® g cm? s~!, which corre-
sponds to a rotation period of ~30 days and is within the error bars in
Eq. (1).

2 Also due to non-convergence reasons, we use initial angular
momenta smaller than those corresponding to 8 days for models with
M > 0.8 M. The values used correspond to rotation periods of 8.5, 9.6,
10.6, 11.4, and 18.8 days for 0.8, 0.9, 1.0, 1.1, and 1.2 Mg, respectively.

are 1 and 3 Myr, because according to Monsch et al. (2023), the
majority of circumstellar disks dissipate after ~1-3 Myr.

The evolutionary tracks were computed in the mass range
of 0.1 to 1.2 M, (in 0.1 Mg, steps). We adopt the solar chemical
composition (X = 0.7155 and Z = 0.0142) by Asplund et al.
(2009). More details on the physics of the ATON models are given
by Landin et al. (2006, 2023).

The current version of the ATON code allows for choosing
among three rotational schemes (Mendes et al. 1999): (1) rigid
body rotation throughout the whole star, (2) local conservation
of angular momentum in the whole star (which leads to differ-
ential rotation), and (3) local conservation of angular momen-
tum in radiative regions plus rigid body rotation in convective
regions. Internal redistribution of angular momentum and angu-
lar momentum loss by stellar magnetised winds are implemented
in the ATON code only for rotational scheme 3. However, there is
observational evidence that the Sun’s radiative core rotates as
a solid body and the convective envelope rotates differentially,
opposite to scheme 3 (Thompson et al. 2003). Here, our rotat-
ing models were generated according to scheme 1, because this
is the only rotational scheme for which disk-locking mechanism
is implemented in the ATON code. We leave for the future the
implementation of a 4" rotational scheme with a rotational pro-
file closer to that of the Sun and disk-locking mechanism for all
rotational schemes.

3. Theoretical results

By using the version of the ATON code described in Landin et al.
(2023), we follow the evolution of local convective turnover
times from the pre-MS to the beginning of the MS for 0.1-
1.2 Mg stars and tabulate them together with the correspond-
ing evolutionary tracks. Table 1 presents the 1 My DL model
(Prock ~ 8 days and T4k = 3 Myr) as an example of such tables.
For DL models, rotation periods start from the value given by
the Pk parameter, are kept constant during the first million
years (according to the Tgix parameter), and then evolve con-
sidering conservation of angular momentum from this time on.
For models considering angular momentum conservation during
all stages of evolution, the initial rotation periods are obtained
from the initial angular momenta given in Eq. (1).

The initial angular velocities of most of our DL models are
higher than those of AMC models. However, the angular veloc-
ity, Q, is kept constant during 3 Myr in the DL models, while in
the AMC models the stars are free to spin up since the begin-
ning of their evolution. As a consequence, AMC models become
faster than DL models in the first million years of evolution,
reaching the ZAMS with higher angular velocities (for 1.0 Mg,
for example, Qamc = 49QpL at the ZAMS).

As can be seen in Table 1, our 1 Mg model at the solar age
shows a rotation period of 1.389 days, which is quite different
from the current Sun. This is mainly due to the fact that we did
not take into account some physical phenomena such as angular
momentum loss by stellar winds. Such phenomena have large
impact on the rotation rate, which in turn has a secondary effect
on local convective turnover times, that are mainly determined
by the mass of the model. According to our 1 My DL model,
at the age of the Sun, the solar local convective turnover time
is .o = 14.13days, which corresponds to Rog = 1.77 by
using P o = 25days (the same value used by Vidotto et al.
2014). This value is consistent to that found semi-empirically by
Pizzolato et al. (2003), which is 7. o = 12.59 days (Rog = 1.99).
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Table 1. Evolutionary track for 1 Mg, star (DL model with Pj,c ~ 8 days
and T4« = 3 Myr).

logy logi= log(Temx) log(g/ems™) log(re/d) log(ty/d) Pra/d RO  Mra(Mo)
2.233  1.665 3.600 2.127 1.976 2910 10.580 0.112  0.000
3.668 1.601 3.623 2.280 1.901 2.805 10.580 0.133  0.000
4.203 1.382 3.634 2.545 1.892 2792 10.580 0.136  0.000
4.643 1.163 3.642 2.795 1.874 2708  10.580 0.141  0.000
5.186  0.989 3.647 2.989 1.871 2.687 10.580 0.143  0.000
5.352 0.836 3.651 3.158 1.870 2.781 10.580 0.143  0.000
5.606 0.615 3.653 3.389 1.869 2785 10.580 0.143  0.000
5.882  0.394 3.652 3.604 1.873 2.810 10.580 0.142  0.000
6.164 0.173 3.646 3.802 1.942 2.853 10.580 0.121  0.003
6.454 —0.048 3.637 3.987 2.144 2.589 10.580 0.076  0.160
6.779 -0.253  3.632 4.173 2.059 2.406 6.859 0.060 0.428
7.054 -0.316 3.650 4.305 1.893 2211 4.469 0.057 0.680
7.248 -0.221 3.689 4.367 1.683 1.990  3.020 0.063 0.853
7.372 -0.049 3.734 4.376 1.439 1.756 2.082 0.076  0.946
7.478 0.019 3.766 4.437 1.177 1.504 1.418 0.094 0.983
8.563 -0.092 3.759 4.520 1.213 1.521 1.354 0.083  0.980
9.277 -0.043  3.764 4.487 1.187 1.500 1.363 0.089  0.982
9.490 -0.001 3.767 4.458 1.178 1.481 1.372 0.091 0.984
9.624 0.040 3.769 4.427 1.150 1.460 1.389 0.098  0.985
9.743  0.094 3.772 4.384 1.142 1.443 1.423 0.103  0.986

Notes. Column 1 gives the log,, of stellar age; Col. 2 the log,, of bolo-
metric luminosity; Col. 3 the log,, of effective temperature; Col. 4 the
log,, of effective gravity; Col. 5 the log,, of local convective turnover
time; Col. 6 the log,, of global convective turnover time; Col. 7 the rota-
tion period; Col. 8 the Rossby number; and Col.9 the radiative core
mass. Throughout this work all the logarithms are in base 10. The com-
plete version of the table, including 24 tracks for masses in the range
0.1-1.2 Mg, (in 0.1 My, increments) for DL and AMC models, is avail-
able at the CDS.

3.1. Convective velocities calculations

In the framework of the Mixing Length Theory, which provides
a description of the average behaviour of convective motions, the
convective velocity, v., of the rising or falling material is related
to its excess or deficit of temperature. For a given stellar mass
and age, v, increases radially outwards in the star (see Fig. 6 of
Landin et al. 2023), and its value of greatest interest for this work
is that used in the calculation of 7.. Fig. 1 shows plots of the con-
vective velocities used for this purpose as a function of age for
masses in the range of 0.1-1.2 Mg with 0.1 Mg, increments. The
convective velocities shown in Fig. 1 were evaluated for 7. calcu-
lation at the traditional location, at one-half of a mixing length
above the base of the convective zone, for partially convective
configurations, while for fully convective configurations, v, was
estimated at the alternative location determined by Landin et al.
(2023).

Values of v, decrease during early phases of the pre-MS,
increase after the formation of the radiative core, and remain
nearly constant during the MS; the higher the stellar mass, the
higher the convective velocity. In the initial part of the pre-MS
(3 < log(t/yr) < 6), v, is slightly lower for models simulating
DL than for AMC models, while during the MS, models simu-
lating DL yield higher convective velocities. This change in the
v. behaviour happens around 1 Myr, when AMC models become
faster rotators than DL models.

The v, behaviour can be understood by means of an exten-
sion of the mass-lowering effect (Sackmann 1970), which states
that rotating stars mimic non-rotating stars with smaller masses.
Here, we are extending the mass-lowering effect to stars with
different rotation rates, in which stars with higher rotation rates
mimic non-rotating stars with even lower masses than stars with
lower rotation rates do. The fractional mass of the radiative core
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Fig. 1. Convective velocity as a function of age for different sets of mod-
els (DL models are drawn in solid lines and AMC models are shown in
dotted lines). The curves referring to each stellar mass are drawn in a
different colour according to the legend. Crosses (X) show the ZAMS
ages for each mass model. The inset shows in detail the temporal evo-
lution of v, during the beginning of the pre-MS phase.
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Fig. 2. Fractional mass of the radiative core for DL and AMC models.
Symbols and colours are the same as in Fig. 1.

of each stellar mass for AMC and DL models, shown in Fig. 2,
seem to corroborate our ideas. AMC models produce smaller
fractional radiative core masses than DL models, as if they were
models with smaller masses.

A consequence from the behaviour seen in Fig. 2 is that
including disk-locking in the models results in weaker effects of
rotation in the MS. During the disk-locking phase, stars contract
keeping their angular velocities constant until the dissipation of
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Fig. 3. Global convective turnover time as a function of age and stellar
mass for different sets of models. The inset shows in detail the time
evolution of 7, during the beginning of the pre-MS phase. Colours and
symbols are the same as in Fig. 1.

the disk (~3 Myr), when they start spinning-up conserving angu-
lar momentum, resulting in slower rotation rates in the MS, as
compared with AMC models, that evolve without any locking.
So, the faster the rotation, the stronger the mass-lowering effect
and the slower the convective velocities. In the MS, the differ-
ences in v, are higher for more massive stars, except for the
0.1 My, model, whose difference in convective velocity obtained
by the two sets of models is comparable to that obtained by the
1.2 Mg model.

3.2. Global convective turnover times calculations

The global (or non-local) convective turnover time, 7, is defined
as

RS[E\Y
Ty = f U, ! dr, 2)
Ry

where Ry, is the stellar radius and R, is the radial position of the
base of the convective zone, the same as that of the tachocline
for partially convective stars; R, = O (stellar centre) for fully
convective stars. According to Kim & Demarque (1996), 7, is
the characteristic timescale of the convective overturn. It can
be used to depict convection features of the whole stellar con-
vective region at each evolutionary stage, representing an aver-
age convective timescale over the entire convective zone. In the
absence of a suitable prescription to calculate local convective
turnover times of fully convective stars, 7, is used to evaluate
their Rossby numbers instead of 7, (Irving et al. 2023). Fig. 3
shows the global convective turnover times produced by AMC
and DL models as a function of age and mass. The behaviour
of 7,4 is a consequence of its definition (Eq. (2)), which depends
directly on the actual extension of the convective zone (rcony),
but inversely on the convective velocity. For a star of a given
mass and age, various combinations of these two effects can
yield higher or lower 7., depending on which effect is dominant.
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Fig. 4. Extension of the convective envelope in absolute terms (from
the base to the top) as a function of mass and age for DL and AMC
models. The inset shows in detail the time evolution of 7., during the
MS phase. Symbols and colours are the same as in Fig. 1.

The behaviour of v, was already discussed in Section 3.1 and
before getting into the analysis of 7,, we describe the behaviour
of the extension of the convective zone in absolute terms. Fig. 4
shows how 7o,y varies with mass, age and model used. In the
pre-MS (to the left of the crosses defining the ZAMS), reony
increases with mass and decreases with the stellar age. In the
very early phase of evolution (up to 103 to 10* years, depending
on the stellar mass), r.ony produced by AMC models is smaller
than that yielded by DL models. After that age (and up to the
ZAMYS), the behaviour of r..,, is reversed. In the MS (to the
right of the crosses in Fig. 4), r¢ony shows small changes with age
for a given mass, but varies in a more complex way with mass.
It sharply increases with mass from 0.1 to 0.3 M., decreases
abruptly from 0.3 to 0.4 M, (because the star develops a radia-
tive core), then gradually increases from 0.4 to 1.0 Mg, reaches
a local maximum (smaller than that for 0.3 M), and decreases
again from 1.0 to 1.2 M. According to the model used, DL mod-
els produce reoy larger than AMC models for MS stars with
M < 0.3 Mg, while for MS stars with M > 0.3 My AMC models
yield larger r¢ony than DL models do.

As well as Landin et al. (2023), we notice that the time evo-
lution of 7,4, showed in Fig. 3, is different for fully and partially
convective stars. For very low-mass stars (M < 0.3 M), one
can see only small variations (a factor of 3.5) on global convec-
tive turnover times, while variations reach almost four orders of
magnitude for stars with M > 0.3 M.

For M < 0.3 My, the global convective turnover time does
not vary significantly with age during the pre-MS and MS phases
of evolution (less than one order of magnitude). In the begin-
ning of the pre-MS (¢ < 10° years), 7, decreases with increasing
mass, but in the MS the opposite trend is observed. This is due to
the behaviour of v, and 7o,y (Figs. 1 and 4, respectively), which
essentially increase with mass for all ages, so that the former
contributes to decrease 7, and the latter contributes to increase
it. In the pre-MS, the dominant effect on 7, is that of v, and in
the MS the dominant effect is that provided by r¢ony-
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Fig. 5. Local convective turnover time as a function of age and stellar
mass for different sets of models. Symbols and colours have the same
meanings as in Fig. 1. The inset shows in detail the time evolution of 7,
during the beginning of the pre-MS phase.

For M > 0.3 Mp, 7, values do not change significantly with
age for a given mass in the beginning of the pre-MS phase, in
which stars are fully convective, then decrease when the radia-
tive core is formed, and remain roughly constant during the MS
phase. In the pre-MS, the higher the stellar mass the higher 7.
As can be seen in Figs. 1 and 4, both v, and r.,, basically
increase with mass for all ages, such that the effect of v, leads
to a decrease in 7y, while rony causes an increase in 7. In this
initial evolutionary phase, the influence of 7o,y dominates that of
v in the behaviour of 7,. In the MS, 7, increases with decreasing
mass. Across this entire mass range, v, increases with the stellar
mass, contributing to decrease 7, while 7,ny has a more com-
plex behaviour. In the mass ranges 0.3-0.4 Mg and 1.0-1.2 M,
reonv decreases with mass, reinforcing the effect of v, and con-
tributing to reduce 7, with mass, and in the range 0.4-1.0 Mo,
Feony iNcreases with mass, opposing the effect of v, and con-
tributing to increase 7, with mass. The combination of these two
effects results in the prevalence of v. in the behaviour of 7,, mak-
ing 7, decreases with increasing mass.

In our calculated models, the behaviour of 7, depends on
the stellar mass. In the beginning of the pre-MS, the global
convective turnover time is practically model independent. For
M= 0.8 M, AMC models generate 7, slightly longer than DL
models, while for M < 0.7 M, the opposite trend is observed.
It seems that 0.7 M, is a transition mass for this behaviour.
In the MS, 7, is shorter for DL models in comparison with
AMC ones (tgpL < Tgamc), except for 0.2 and 0.3 M. For
M < 0.3Mg, DL models produce larger convective zones than
AMC models (Fconv,pL > Teonv,AMC), favouring 7gpr. > Tg aMC,
while the convective velocities yielded by DL models are larger
than those produced by AMC models (vepr. > veamc), favour-
ing Topr. < Tgamc. The interplay between these two effects is
dominated by the size of the convective zone for 0.2 and 0.3 Mg
(producing 7,pL > Tgamc) and by the convective velocity for
0.1 M, (yielding Tgp1. < Tgamc). Among the fully convective
models (M < 0.3My), one sees that the behaviour of DL and
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AMC models for 0.1 Mg, is the opposite of those of 0.2 and
0.3 Mg. This can be explained by the fact that v, (Fig. 1) pro-
duced by AMC models for 0.2 and 0.3 M, are only slightly lower
than those yielded by DL models while, for 0.1 M, AMC mod-
els produce v, noticeably lower than DL models do. Analyses
with finer mass grid models (0.085, 0.09, 0.11, 0.12, 0.13, 0.14,
and 0.15Mp, not shown here) reveal that such a switch in 7,
behaviour occurs between 0.10 and 0.11 M, and 74 pr. continues
smaller than 7, amc for masses smaller than 0.10 M, (see the fol-
lowing quantitative comparisons between DL and AMC values
of 7g at 10 Gyr: 7gpL/Tgamc is 1.0251 for 0.12 M, 1.0041 for
0.11 Mg, 0.8765 for 0.10 Mg, 0.8423 for 0.09 Mg, and 0.9102
for 0.085 My). As the additional AMC models also present con-
vergence issues when adopting the central values of Jxaw as Jin,
we used smaller input values which vary from 0.987 J,, for
0.085 Mg to 0.997 Jgaw for 0.15Mg. According to our AMC
models, 7, decreases with increasing Ji,. If it were not for some
convergence difficulties and had we used Ji, = Jxaw for models
with M < 0.15 Mg, we would have obtained 7, pr. even smaller
than 74 amc, making the change in 7, behaviour near 0.1 M, even
more pronounced. For M > 0.3 Mo, the behaviour of 7, depend-
ing on the model used can be explained in a much simpler way,
given that reopypr < Feonv.amc and vepr > vcamc, both effects
contribute to generate TgpL < Tg AMC-

3.3. Local convective turnover times calculations

The characteristic convective overturn timescale used to com-
pute Rossby numbers is the local convective turnover time,
which differs from 7, only by a factor. It is defined as 7. = /v,
and is evaluated in deep regions of the convective envelope,
where dynamo generation of magnetic fields is supposed to take
place (Kim & Demarque 1996). Fig. 5 shows local convective
turnover times as a function of age and mass. For partially con-
vective configurations, 7. is calculated at the standard location,
r, one-half of a mixing length above the base of the convective
zone. For fully convective configurations (whose r are larger
than the stellar radii), 7. is calculated at an alternative place
related to Hp, as described in Landin et al. (2023). 7. behaves
roughly as 7, both as a function of age and as a function of mass,
with some differences in the low mass regime and in the range
of 1-11 Myr, when 7. produced by models with M < 0.3 M,
become smaller than those for 0.4 My models, as opposed to
what happens regarding 7,. This is probably due to the method
used to calculate 7. for fully convective stars, based on differ-
ent linear fits for different age intervals and excluding higher
masses because they deviate more from the linear behaviour;
see Landin et al. (2023) for more details. In the pre-MS, 7. is
approximately constant and does not show a strong dependence
with modelling (differences are around 1%). AMC models tend
to produce higher 7. for higher masses (M > 0.7M;) and DL
models tend to yield higher 7. for smaller masses (M < 0.6 My).
As the stellar age increases, the cumulative effects of evolving
with a higher angular velocity reflect in the convective proper-
ties of the stars and the differences in 7. produced by the two
sets of models reach 8—10% for ages greater than 100 Myr. Stars
with M > 1 Mg, present the highest differences. In the MS, val-
ues of 7, generated with models simulating the DL mechanism
are shorter than those obtained with AMC models, except for 0.2
and 0.3 M o, repeating the previously described behaviour of 7.

The top panel of Figure 6 shows the local convective turnover
time as a function of age and mass produced by DL models with
different locking periods (Piock ~ 8days and Pjocx = 400 days,
keeping the same 7T4;x = 3 Myr). For clarity, we show plots only
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Fig. 6. Local convective turnover time as a function of age and mass for
DL models with different locking periods (top panel) and different disk
lifetimes (bottom panel). Colours are the same as in Fig. 1.

for four stellar mass models, 0.1, 0.4, 0.7 and 1.0 My. DL mod-
els with longer locking periods produce slightly longer values of
local convective turnover times (except for the 1.0 M, at the MS,
for which 7 is almost model independent). The reason is that DL,
models with Pj,.x = 400days have larger mixing lengths and
convective velocities than those with Pjocx = 8 days, that con-
tribute to increase and decrease 7., respectively, and the depen-
dence on ¢ dominates over that on v.. The bottom panel of Fig. 6
shows the local convective turnover time as a function of age
and mass produced by DL models with different disk lifetimes
(Taisk = 1 and 3 Myr, keeping the same Piocx ~ 8days). We
again show plots only for four stellar mass models, 0.1, 0.4, 0.7
and 1.0 M. For all evolutionary phases and masses, DL models
with T4isc = 1 Myr yield slightly longer 7. than DL models with
Tqisk = 3 Myr, because, while ¢ is almost independent on 7 g;sk,
DL models with Tgisx = 1Myr produce convective velocities
slightly lower than those with Tyisx = 3 Myr, since 7, « 1/v,.

7, and 7. are quantities that cannot be directly observed and
the best way to estimate them is through stellar evolutionary
models. They are extensively used to determine Rossby numbers
of stars operating different types of dynamos. 7. is employed in
stars that have tachocline-based dynamos and, when there is no
suitable prescription to obtain it for stars that have no tachocline
and harbour distributed dynamos, 7, is used. 7, and 7. are
mainly determined by the stellar mass, but non-standard physi-
cal ingredients, like the rotation rate, the way angular momentum
evolves, and disk-locking parameters, have secondary effects, as
discussed in Sections 3.2 and 3.3.

After investigating the local convective turnover time
behaviour as a function of age obtained by models with dif-
ferent DL parameters, Fig. 7 shows how 7. and 7, vary with
the effective temperature at the ZAMS. This plot is of partic-
ular interest due to its adequacy in obtaining the Rossby num-
ber using a quantity obtainable through observational data. As
both global and local convective turnover times practically do
not change during the main sequence (see Figs. 3 and 5), their
ZAMS values are representative for their entire main sequence.
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Fig. 7. Similarly to Fig. 13 of Irving et al. (2023), we show local (red)
and global (blue) convective turnover times for AMC (dotted lines with
open squares) and DL (solid lines with full squares) models as a func-
tion of effective temperature at the ZAMS. We use an updated version
of Pecaut & Mamajek (2013) effective temperature-spectral type rela-
tion, https://www.pas.rochester.edu/~emamajek/EEM_dwarf_
UBVIJHK_colors_Teff.txt
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The effective temperatures at the ZAMS, the ZAMS ages them-
selves, and both global and local convective turnover times are
slightly model dependent, in such a way that the differences
increase with the decreasing effective temperatures (i.e. in the
lower-mass regime).

4. Comparison with observations

In order to test our theoretical convective turnover times, we
used them to calculate Ro for 73 late-F, G, K and M dwarf
stars (both pre-MS and MS from the sample of Vidotto et al.
2014) and to investigate the magnetic activity-rotation relation-
ship. The sample is formed by solar-like stars [MS stars with
masses and ages in the ranges 0.66 < M/M, < 1.34 and
260 < 1(Myr) <8700, including the Sun itself], young suns [non-
accreting pre-MS and young MS stars with masses and ages in
the ranges 0.54 < M/M,; < 1.50 and 10 < #(Myr) < 130],
hot-Jupiter (h—J) hosts [MS stars with masses and ages in the
ranges 0.79 < M/M; < 1.34 and 600 < t(Myr) < 5000 that host
planets as massive as Jupiter in very close orbits], M dwarfs
[MS and non-accreting pre-MS stars with masses and ages in the
ranges 0.10 < M/M <0.75 and 21 < t(Myr) < 1200], and Classi-
cal T Tauri stars [accreting pre-MS stars with masses and ages
in the ranges 0.65 < M/My < 2.00 and 1.4 <t(Myr)<17].
Vidotto et al. (2014) separated their sample in these subsam-
ples in order to investigate whether the stars in these subgroups
showed any specific behaviour in the rotation-magnetic activ-
ity diagram. They did not find any particular trend for any of
these subgroups other than those already known: fully convec-
tive stars tend to occupy the saturated region and partially con-
vective ones occupy both regions. Values of mass, age (except
for 12 M dwarfs and one T Tauri star), Pyo, Lx /Ly, and {|Bvy|)
were taken from Vidotto et al. (2014). The ages of the 12 M
dwarfs without age estimates in Vidotto et al. (2014) were deter-
mined using our evolution models. The age of the T Tauri star
CV Cha used by Vidotto et al. (2014) is 4.8 Myr, taken from the
value of (5+1)Myr determined by Hussain et al. (2009). By
using this age and our local convective turnover time, the Rossby
number of CV Cha is too high, diverging considerably from the
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typical values of other T Tauri stars of our sample (as can be
seen as open green triangles in Figs. 8 and 9). We, then, took the
inferior limit of the value published by Hussain et al. (2009), i.e.
4 Myr, as the age of CV Cha, which coincides, within the errors,
with the value of (4.2+0.3) Myr found using the ATON code.
Next, given the stellar mass and age of each object, their Rossby
numbers were obtained using the observed rotation periods from
Vidotto et al. (2014) and the local convective turnover times pro-
duced by our DL and AMC models. The rotation-activity rela-
tion of our sample was analysed using two different indicators
of magnetic activity: Lx/Lyo and {|By|). Before getting into the
details of our calculations, we outline the general procedure used
for both indicators:

1. We initially fit the distribution of stars in the rotation-activity

diagram with the following two-part, power-law functions,

Lx CRO, if Ro > Rogy, 3)
Lo | (2 )sat’ ifRo < Rowt,

_ CROP, if Ro > Rogy,
(IBvl) = { (IBvD)sais  if Ro < Rogy, @

where 3 is the power-law slope in a log-log plot for the unsat-
urated region and C is a constant. Given an initial guess value
for Rog,, we determine either (Lyx /Lol )sat OF {|Bvy|)sat, Which
are respectively the average values of Lx /Lo and {|By|) for
Ro < Rogy. For Ro > Rog,, we fit the data by using an iter-
ative linear regression fit in a log-log scale, keeping the con-
stant coeflicient fixed, so that the values of either Lx/Lyo
or (|Byl|) at Rog, are respectively equal to (Lx/Lpe)sac and
<|BV|>sal-

2. Next we follow Vidotto et al. (2014) and Jackson & Jeflries
(2010) and fix the saturation Rossby number at its canonical
value, Rog, = 0.1, first estimated by Pizzolato et al. (2003),
and determine the best parameters that fit the data to Eqs. (3)
or (4), i.e. S and (Lx/Lpol)sat OF {|Bv|)sar- This approach is
referred to as “Method A”.

3. A second estimate of Rog, is obtained by using an iterative
least squares method to find the value at which the standard
deviation of the data reaches its minimum and, again, we
get the corresponding values of (Lx/Lyol)sat> {|Bv|)sat» and the
best fitting slopes for the unsaturated region for both Ly /Ly
and (|By/|) indicators. This approach is referred to as “Method
B”.

4. A third and last estimate for Rog, is made by choosing
the value for which a least squares fit to the data results
in the best fit to the Sun at its maximum, average and/or
minimum activity levels. Then, as previously, we obtain the
corresponding values of (Lx/Lpon)sats {|IBv[)sar, and B. This
approach is referred to as “Method C”.

4.1. Using Lx/Lyo as the magnetic activity indicator

Among the 73 stars in the sample of Vidotto et al. (2014), 11
have no fractional X-ray luminosity determination, reducing
our sample to 62 stars in the analysis involving Lx/Lyo as the
magnetic activity indicator. We initially analyse the rotation-
activity relationship of our sample by using Lx/Ly, and Ro
calculated with 7. from DL models with Pj,.x ~ 8days and
Tgsk = 3 Myr. The left panel of Fig. 8 shows our star sample
in the log(Lx/Lpo1) X log(Ro) plane, with different symbols and
colours.

For Rog,y = 0.1 (Method A), the best fitting slope for the
unsaturated part of the relation (see Eq. (3)) is found to be 8 =
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— 1.9 + 0.2, with the Pearson correlation coefficient |p| = 0.66,
and the saturation level is estimated to be log(Lx/Lpo)sat =
—3.26 + 0.06 (dotted curve in the left panel of Fig. 8). These
values are consistent with those found by, e.g. Wright et al.
(2011, 2018). For Rog, obtained through Method B, we find
Rog = 0.042 + 0.003, 8 = —1.3 £ 0.2 (with |p| = 0.80), and
log(Lx /Lo1)sat = —3.20 = 0.07 (dashed curve in the left panel of
Fig. 8). Although the log(Lx /Lyo1)sat Obtained in the last case is
consistent with those found in the literature, the values of 8 and
Rog, are considerably higher and smaller, respectively. Notice
that none of these methods fits the minimum or the maximum
Sun (black circles). By applying Method C, we could not fit the
minimum Sun, while the Sun’s position in its average level of
activity (the average Sun) was only achieved with fitting param-
eters in disagreement with the literature. However, we could fit
the maximum Sun, finding Rogy = 0.19,8 = —2.7 + 0.4 (with
lol = 0.61), and log(Lx/Lpol)sat = —3.28 £ 0.05 (solid black line
in the left panel of Fig. 8).

These values are consistent with those found in the literature,
with the value of 5 matching that of Wright et al. (2018) within
the errors and coinciding with that of Wright et al. (2011). The
value of Rogy is slightly larger than those of Wright et al. (2011,
2018) and log(Lx/Lpol)sat 1s moderately smaller than (but still
consistent with) those obtained by both mentioned works. For
these reasons, and also because this fit reproduces the maximum
Sun’s position in the rotation-activity diagram with consistent
parameters, we consider it the best fit using DL models. For
comparison, the best fit found by Wright et al. (2011), obtained
using another sample of stars, is also shown in the left panel
of Fig. 8. Table 2 shows the fit parameters found in this sub-
section (using 7. provided by DL models) and those found by
Wright et al. (2011) and Wright et al. (2018).

Using values of 7. calculated with AMC models, we obtain
the Rossby numbers of all stars in our sample displayed in the
rotation-activity diagram, shown in the right panel of Fig. 8. As
for the DL case, we fit the AMC data with three values of Rogy.
For Rogy = 0.1 (Method A), we find a power index 8 = —2.0+0.2
(with p = 0.69) and a saturation level of 1og(Lx/Lpol)sat =
—3.27 + 0.06 (dotted curve in the right panel of Fig. 8). These
values are consistent with those found in the literature, but
log(Lx/Lpor)sat 1S slightly low. Then, by using Method B, we
find Rog, = 0.049 + 0.006,8 = —1.5 £ 0.2 (with || = 0.81),
and log(Lx/Lyol)sast = —3.20 £ 0.07 (dashed curve in the right
panel of Fig. 8). These values of Rog and S are compatible
with those found in the literature, despite being marginally lower
and higher, respectively, while the saturated value of Lx /Lo
matches the one found by Wright et al. (2011) within the uncer-
tainties. Nearly identical parameters are obtained for this sample
by Galvao et al. (2024), who used 7. determined with evolution-
ary tracks from the ATON code (similar to AMC models) and
a Markov Chain Monte Carlo (MCMC) fitting method. Again,
as can be seen from the right panel of Fig. 8, the dotted and
dashed curves do not fit the Sun. Using Method C, we obtain
a saturation Rossby number of Rog, = 0.14. This method fits
the maximum Sun, provides log(Lx/Lpo)sat = —3.28+ 0.05 and
B =-2.4+0.3 (with || = 0.66), and is shown as a solid curve in
the right panel of Fig. 8. The value of Rog, agrees with those
found by Wright et al. (2011) and Wright et al. (2018) and is
moderately larger than that found by Landin et al. (2023), while
the value of 8 agrees, within the uncertainties, with those found
by Wright et al. (2011), Wright et al. (2018), and Landin et al.
(2023), that used much larger samples of stars (824 stars for the
former work and 847 stars for the latter ones). Likewise, this
value of 1og(Lx/Lpo)sat 18 consistent with those found by these
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Fig. 8. log(Lx/Lyo) X log(Ro) for stars in the sample of Vidotto et al. (2014). In the left panel, 7. values, which enter in Ro calculations, were
obtained from DL models with Pj,x ~ 8days and Ty4x = 3 Myr. In the right panel, 7. values were obtained from AMC models. Solar-like stars
are shown as 9, the Sun in its maximum and minimum levels of activity as @, young suns as @, hot-Jupiter hosts as *, M dwarfs as B, and T Tauri

stars as A.

Table 2. Fit parameters of the rotation-magnetic activity relationship
in this work, W11 (Wright et al. 2011), W18 (Wright et al. 2018), and
G24 (Galvio et al. 2024).

Work Rog B log( Lfol )

sat
DL mod., Meth. A 0.1 -1.9+0.2 -3.26 = 0.06
DL mod., Meth. B 0.042 + 0.003 -1.3+02 -3.20 = 0.07
DL mod., Meth. C 0.19 -27+04 -3.28 + 0.05
AMC mod., Meth. A 0.1 -2.0+02 —-3.27 £ 0.06
AMC mod. Meth. B 0.049 + 0.006 -15+02 -3.20+0.07
AMC mod., Meth. C 0.14 -24+03 -3.28 £ 0.05
Wil 0.13 £ 0.02 -2.7+0.13 -3.13+£0.08
w18 0.147002 —2.3+04 ~3.05°003
G24 0.045+0.001 -1.30+£0.08 -3.114 +0.006

authors, although a little smaller. As in the case of DL models,
this method cannot fit the minimum Sun and fits the average Sun
with conflicting parameters. For the same reasons discussed in
the analysis of the rotation-activity diagram with 7. obtained by
DL models, the parameters that fit the maximum Sun seem to
be the more reliable ones when AMC models are used to cal-
culate 7. and they are shown in Table 2, together with the other
AMC fits obtained in this subsection. For comparison purposes,
the best fit found by Wright et al. (2011) using another sample
of stars is also shown in the right panel of Fig. 8.

The values obtained for 8 and log(Lx/Lpo1)sat With 7. cal-
culated by AMC models agree, within the errors, with the cor-
responding values obtained by DL models. Regarding the fits
obtained with Methods A and B, the 8 values are slightly smaller
for AMC models and the opposite situation is observed by the
fits which reproduce the Sun’s position in its maximum activ-
ity level (Method C). For both sets of models, we consider that
the fits which better predict the solar magnetic activity level are

the best ones. Besides fitting the Sun, they present Rog, and 8
in accordance with what was found in the works of Wright et al.
(2011, 2018).

As we can see in Fig. 5, 7. produced by AMC models are
higher than those generated by DL models for most stellar ages,
implying in smaller Rossby numbers. In fact, the average value
of Rossby numbers obtained with DL models, (Ropy), is 21%
higher than that obtained with AMC models, (Roamc), which
causes a slight global shift of the star distribution to the left in the
rotation-activity diagram. However, this does not translate into a
lower saturation Rossby number in our least squares fit, due to
the high dispersion of the data. The fact that (Ropr) is larger
than (Roamc) indicates that stars that had experienced (or are
experiencing) a locking phase present higher Rossby numbers
and then, lower dynamo numbers, which means lower efficiency
in the dynamo generation process.

It is already known that internal redistribution of angular
momentum and angular momentum loss by stellar magnetised
winds can significantly affect the stellar angular momentum evo-
lution. As for the moment, we cannot consider yet these effects
in our results because the ATON code version that takes the disk-
locking mechanism into account is currently implemented only
for rotational scheme 1 (solid body rotation), while the effects
related to angular momentum variation are implemented only for
rotational scheme 3 (differential rotation in radiative regions and
solid body rotation in convective zones). At 100 Myr, 7. obtained
for 0.4 and 1.0 My models considering redistribution of angu-
lar momentum and angular momentum loss by winds is around
94% of the value obtained when considering solid body rotation
with no effects related to angular momentum variability. As far
as we can foresee, our DL and AMC models would be affected
roughly the same way by the inclusion of such effects, keeping
invariable the relative differences between our results obtained
with the two sets of models. Including these effects would cause
DL and AMC models to produce 7. values a few percent lower.
Consequently, the Rossby numbers obtained for the stars of our
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Fig. 9. log({|Bv[)) X log(Ro) for stars in the sample of Vidotto et al. (2014). In the left panel, the 7. values, which enter in Ro calculations, were
obtained from DL models with Pj,x ~ 8 days and Tg;x = 3 Myr. In the right panel, 7. values were obtained from AMC models. Symbols are the

same as in Fig. 8.

sample would be slightly higher (shifting the star distributions in
both panels of Fig. 8 to the right), which would probably slightly
increase Rosy. Nevertheless, we plan to improve the ATON code
in order to fully account for these effects.

4.2. Using (|By|) as the magnetic activity indicator

The sample of Vidotto et al. (2014) consists of 104 magnetic
maps of 73 stars, constructed with observations made at mul-
tiple epochs, resulting in 102 pairs of measurements of unsigned
average large-scale surface magnetic fields and rotation periods,
which allow us to use (|By|) as the magnetic activity indicator in
the analysis of the rotation-activity relation of our sample. Ini-
tially, we used Rossby numbers calculated by DL models with
Piock ~ 8days and T4k = 3 Myr. In the left panel of Fig. 9, we
show the stars of our sample in the log({|Bv[)) X log(Ro) plane
with the same symbols and colours used in Fig. 8.

The same general procedure used for the log(Lx/Lyor) indi-
cator is adopted and, for Rog = 0.1 (Method A), we find
B = —1.70 £ 0.15, as the best fitting slope for the unsaturated
part of the relation (see Eq. (4)), with p = 0.66, and the satura-
tion level of activity is found to be log({|By|)/G)sat = 2.28 £0.06
(dotted curve in the left panel of Fig. 9). The value of 8 is
nearly in agreement with that of Vidotto et al. (2014) within
the uncertainties. Our value of log({|Bv|))sa 1S between the sat-
uration value found by Vidotto et al. (2014) for the early M
dwarfs (early-dM, M > 0.4 Mg, log({|Bv|)/G)sat = 1.7) and the
value found for mid M dwarfs (mid-dM, 0.2 < M/M, < 0.4,
log({|Bv|)/G)sat = 2.6). These two saturation levels are shown
as horizontal dot-dashed lines in both panels of Fig. 9. With
Method B, we find Rog, = 0.033+0.012, 8 = —0.98 £0.11 (with
lo = 0.81]), and log({|By|)/G)sat = 2.25 + 0.14 (dashed curve in
the left panel of Fig. 9). These values of 8 and (|By|)sys are con-
sistent with those found by Vidotto et al. (2014), but our S is
slightly higher and our Roy, is considerably lower. According to
See et al. (2019), who also find a Rog,; smaller than Vidotto et al.
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(2014) but a little larger than this work, obtaining a smaller value
of Rogy could be due to a number of reasons. They mention that
a poorly constrained level of the saturation field strength and dif-
ferences in the way to calculate the convective turnover times can
affect the Rogy value. In addition, they emphasise that different
activity indicators could saturate at different Rossby numbers.
As can be seen in the left panel of Fig. 9, our fit obtained through
Method B fits the Sun in its maximum level of activity, while our
fit with Rogy = 0.1 (Method A) nearly fits the Sun in its mini-
mum. Although Method B fitted the maximum Sun, we applied
Method C and, with it, we were also able to reproduce the mini-
mum and the average Sun, in addition to the maximum Sun, with
plausible parameters, similar to those found by See et al. (2019)
and Galvao et al. (2024). We decided to present only the param-
eters that fit the maximum Sun because this was the only level
of solar activity that we were able to reproduce with Method
C, employing the two magnetic activity indicators used in this
work. For comparison, the best fit found by Vidotto et al. (2014)
is also shown in the left panel of Fig. 9 as dot-dashed lines. Here,
it is worth mentioning that our fit includes all T Tauri stars and
the 12 M dwarfs without age estimates in Vidotto et al. (2014)
but these stars did not enter in their fit. Table 3 shows the fit
parameters found in this subsection (using 7. provided by DL
models) and those found by Vidotto et al. (2014) and See et al.
(2019).

Finally, we investigate the rotation-activity relationship of
our sample by using our local convective turnover times obtained
with AMC models to calculate the Rossby number of all stars.
Our sample is displayed in the rotation-activity diagram shown
in the right panel of Fig. 9 and the data were fit with the two-
part power-law function expressed in Eq. (4). We again perform
three fits to our data by imposing {|By|) = {|Bv|)sat at Rog,. For
Rogy = 0.1 (Method A), we find 8 = —1.72+0.15 (with p = 0.68)
and log({|Bv|)/G)sa = 2.20+0.09 (dotted curve in the right panel
of Fig. 9). This value of (|By/|)sa is between the values proposed
by Vidotto et al. (2014) and in agreement with that of See et al.
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Table 3. Fit parameters of the rotation-magnetic activity relation
in this work, Vidotto et al. (2014), See et al. (2019), and Galvao et al.
(2024).

Work Rogy B log( @ )
sat
DL mod., Meth. A 0.1 -1.70 £ 0.15 2.28 +0.06
DL mod., Meth. B 0.033+0.012 -0.98+0.11 2.25+0.14
AMC mod., Meth. A 0.1 -1.72+£0.15 2.20 £ 0.09
AMC mod., Meth. B 0.036 £0.008 —1.13+0.11 2.30 £0.12
AMC mod., Meth. C 0.25 —-0.96 +0.10 229 +0.15
Vidotto et al. (2014) 0.1 -1.38+0.14 1.7 (early-dM)
2.6 (mid-dM)
See et al. (2019) 0.06 +0.01 -1.40 £ 0.10 2.41+0.12
Galvio et al. (2024) 0.059 +£0.002  -1.23+0.01 2.19 £ 0.01

(2019) within the uncertainties and this value of § is consistent
with that published by both works. Next, we apply Method B and
find Rog, = 0.036 +£0.08, 8 = —1.13 £ 0.11 (with p = 0.80), and
log({|Bv|)/G)sat = 2.30+£0.12 (dashed curve in the right panel of
Fig. 9). Although this Rog, is considerably smaller than others
found in the literature (except that of See et al. 2019), this value
of B matches that of Vidotto et al. (2014) within the errors and
nearly matches that of See et al. (2019). Furthermore, this value
of (|By|)sat is consistent with those found by both works. Even by
using a different fitting method (MCMC), Galvao et al. (2024)
also found similar parameters as in our analysis. As one can see
in the right panel of Fig. 9, the dotted curve nearly fits the min-
imum Sun and the dashed curve is close to the maximum Sun.
So, our last fit aimed to get a better fit to the maximum Sun by
means of Method C, resulting in Rog,, = 0.025, which is consid-
erably lower than the values found in the literature. This last fit
also provides 8 = —0.96+0.10 and log({|Bv[)/G)sat = 2.29+0.15
(with |p| = 0.81, seen in solid line in the right panel of Fig. 9).
These values are consistent with those found by Vidotto et al.
(2014) and See et al. (2019), although the value of 8 is somewhat
higher. With Method C, we can also fit both the minimum and the
average Sun with consistent parameters. As in the previous anal-
ysis, the parameters that fit the Sun in the study of the rotation-
activity relation using (|By|) as an activity indicator and 7 gener-
ated by AMC models (all shown in Table 3) are also considered
the more reasonable ones. For comparison, the best fit found by
Vidotto et al. (2014) is also shown in the right panel of Fig. 9 as
dot-dashed lines. The values obtained for 8 and (|By|)sas With 7¢
calculated by AMC models agree, within the errors, with those
obtained by the corresponding fits with 7. calculated by DL
models.

As described in Section 4.1, the values of Rossby numbers
obtained with 7, produced by AMC models are lower than those
generated by DL models and this manifests itself as a slight shift
of the stars distribution to the left in the right panel of Fig. 9
relative to those in the same figure’s left panel. For this sub-
sample, (Ropr) = 1.27 (Roamc), what would again imply that
stars which pass through a locking phase would have a smaller
dynamo number and, consequently, would operate a less effi-
cient dynamo. However, as in Section 4.1, Rogpr < Rosaamc,
probably due to the high dispersion of the data. Lastly, the inclu-
sion of redistribution of angular momentum and angular momen-
tum loss by winds would affect the results obtained with DL and
AMC models in a similar fashion, slightly increasing the stars
Rossby numbers and moving the whole star distributions in both
panels of Fig. 9 to the right, as discussed in the previous subsec-
tion.

5. Conclusions

We present new sets of pre-MS and MS evolutionary tracks con-
sidering the disk-locking mechanism and the conservation of
angular momentum, including Rossby numbers, global and local
convective turnover times in the mass range of 0.1-1.2 M. We
compare Ty, T, and v, produced by the two sets of models con-
sidering both evolutionary phases (pre-MS and MS). The differ-
ences are smaller in the early pre-MS (~1%) and increase with
stellar age, reaching 8—10% for ages greater than 100 Myr. The
largest differences are found in stars with masses higher than or
equal to 1 Mg.

In the MS, models simulating the DL. mechanism produce v,
higher than models conserving angular momentum. The oppo-
site behaviour is observed for 7, and 7., except for 0.2 and
0.3 Mg models. More specifically, our results point out that stars
which experience a locking phase reach the MS with smaller val-
ues of 7., larger Rossby numbers and smaller dynamo numbers,
implying that their dynamo processes are less efficient in com-
parison with those stars that evolve conserving angular momen-
tum since the beginning. By varying the initial angular momen-
tum and the duration of the disk phase, we notice that the higher
the initial velocity and T, the shorter 7.. As the local con-
vective turnover time is used to obtain the Rossby number, this
suggests that properties of the disk phase of the star affect its Ro
and its position in the rotation-activity diagram in the MS.

In the sequence, we use our theoretical convective turnover
times to calculate Ro for 73 stars from the sample of
Vidotto et al. (2014) to investigate the magnetic activity-rotation
relationship. We plot the data in two versions of the rotation-
activity diagram (Lx/Lpo; X Ro and (|By|) X Ro) which show
the typical saturated and unsaturated regimes. We fit the data
with two-part power-law functions (Egs. (3) and (4)) using three
different methods. By considering the fit in the Lx /Ly, X Ro
diagram (with 7. calculated by DL models) which reproduces
the active Sun’s position (Method C), we find Rogy = 0.14,
log(Lx/Lpol)sat = —3.28+0.05, and the inclination of the unsat-
urated region is found to be 8 = —2.4 + 0.3. By considering the
best fit in the (|By|) X Ro diagram which reproduces the Sun’s
position in its maximum of activity (obtained with Method B),
we find Roge = 0.033 £ 0.012, log({|Bv[)/G)sat = 2.25 £ 0.15,
and the power index of the unsaturated region is found to be
B = —0.98 + 0.11. These parameters are consistent to those
usually found in the literature. We caution that these results are
based on a relatively small sample, specially when it is compared
to other similar works (for instance, Wright et al. 2011, 2018,
and Newton et al. 2017). In addition, 7. in Sections 4.1 and 4.2
were obtained assuming either that all stars had gone through a
disk phase (with about the same locking period and during the
same disk lifetime) or that they all evolved conserving angular
momentum from the beginning. The most likely scenario is that
some stars would have evolved with a very short disk-locking
phase (Tgisk S 10° yr) and can be considered as having evolved
without a circumstellar disk since the start of their evolutions,
while others would have spent some time in a locking phase with
different locking periods and different disk lifetimes.

Finally, we speculate how internal redistribution of angular
momentum and angular momentum loss by magnetised stellar
winds would affect our results. We took such effects into account
in 0.4 and 1.0 Mg models which rotate according to rotational
scheme 3 and conserve angular momentum during all evolution-
ary phases and showed that it reduces 7. in 6% at 100 Myr. We
find no reason why these effects would affect DL models differ-
ently than AMC models (remembering that both were modelled
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with rigid body rotation). Therefore, the general behaviour we
would expect for the stars in our sample in Section 4 is that they
would have smaller 7., which would imply in a larger Ro and in
a less efficient dynamo (Np oc Ro~2).

Data availability

The complete version of Table 1 is available at the CDS via
anonymous ftp to cdsarc.cds.unistra. fr (130.79.128.5)
orviahttps://cdsarc.cds.unistra. fr/viz-bin/cat/l1/
A+A/693/A68
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