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ABSTRACT

Context. Thanks to the so-called photometry revolution with the space-based missions CoRoT, Kepler, and TESS, asteroseismology
has become a powerful tool to study the internal rotation of stars. The rotation rate depends on the efficiency of the angular momentum
(AM) transport inside the star, and its study allows to constrain the internal AM transport processes, as well as improve our under-
standing of their physical nature.

Aims. We compared the ratio of the rotation rate predicted by asteroseismology and starspot measurements of solar-type stars consid-
ering different AM transport prescriptions and investigated whether some of these prescriptions can be ruled out observationally.
Methods. We conducted a two-step modelling procedure of four main-sequence stars from the Kepler LEGACY sample, which con-
sists of an asteroseismic characterisation that serves as a guide for a modelling with rotating models, including a detailed and coherent
treatment of the AM transport. The rotation profiles derived with this procedure were used to estimate the ratio of the mean aster-
oseismic rotation rate with the surface rotation rate from starspot measurements for each AM transport prescriptions. Comparisons
between the models were then conducted.

Results. In the hotter part of the Hertzsprung-Russell (HR) diagram (masses typically above ~1.2 Mg at solar metallicity), models
with only hydrodynamic transport processes and models with additional transport by magnetic instabilities are found to be consistent
with previous measurements that observed a low degree (below 30%) of radial differential rotation between the radiative and con-
vective zones. For these stars, which constitute a significant fraction of the Kepler LEGACY sample, a combination of asteroseismic
constraints from the splitting of pressure modes and of the surface rotation rate does not allow us to conclude that an efficient AM
transport is required in addition to transport by meridional circulation and shear instability alone. Even a model assuming local AM
conservation cannot be ruled out. In the colder part of the HR diagram, the situation is different because of the efficient braking of
the stellar surface by magnetised winds. We find a clear disagreement between the rotational properties of models that only include
hydrodynamic processes and asteroseismic constraints, while models with magnetic fields correctly reproduce the observations, sim-
ilarly to the solar case.

Conclusions. This shows the existence of a mass regime corresponding to main-sequence F-type stars for which it is difficult to
constrain the AM transport processes, unlike for hotter, Gamma Dor stars or colder, less massive solar analogues. The comparison
between asteroseismic measurements and surface rotation rates enables us to easily rule out models with an inefficient transport of
AM in the colder part of the HR diagram.
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1. Introduction

Oscillations at the surface of stars carry information about
the stellar structure. The study of these oscillations permits us
to constrain the transport processes occurring inside the star
and to characterise its rotation. These studies were first ded-
icated to helioseismology because of the required data qual-
ity, and tremendous successes were achieved. For example,
it was shown that the radiative interior of the Sun rotates
nearly uniformly (see e.g., Schou et al. 1998; Thompson et al.
2003; Eff-Darwich & Korzennik 2013). Solar models com-
puted with hydrodynamic transport processes in radiative zones
alone, such as meridional circulation and shear instability,
were then found to predict a high contrast between core
and surface rotation rates, which disagrees with helioseismic

measurements (Pinsonneault et al. 1989; Chaboyer et al. 1995;
Eggenberger et al. 2005; Charbonnel & Talon 2005). Another
efficient angular momentum (AM) transport process must
then be operating in the solar radiative zone. Different can-
didates have been invoked for this efficient AM transport
in the Sun: internal gravity waves (e.g., Zahnetal. 1997;
Charbonnel & Talon 2005), large-scale fossil magnetic fields
(e.g., Mestel & Weiss 1987; Charbonneau & MacGregor 1993;
Riidiger & Kitchatinov 1996; Gough & McIntyre 1998), and
magnetic instabilities (e.g., Spruit 2002; Eggenberger et al.
2005, 2019). Magnetic instabilities recently demonstrated that
they might provide an interesting explanation for the helioseis-
mic measurements of the internal rotation of the Sun simul-
taneously with the surface abundances of lithium and helium
(Eggenberger et al. 2022).
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The recent development of space-based photometry mis-
sions, such as CoRoT (Baglin et al. 2009), Kepler (Borucki et al.
2010), and TESS (Ricker et al. 2015) in the past two decades
enables us to apply these studies to asteroseismology as well.
During almost all the phases in the life of a star, the core con-
tracts and the envelope expands, creating differential rotation in
which the core rotates faster than the envelope. Moreover, brak-
ing of the surface by magnetised winds can create radial differ-
ential rotation in solar-type stars with a convective envelope deep
enough to host a dynamo. This trend can be mitigated by an effi-
cient AM transport, however. Key observational constraints have
been obtained for subgiant and red giant stars with the asteroseis-
mic determination of the core rotation rates for a large sample
of these evolved stars (Beck et al. 2012; Deheuvels et al. 2012,
2014, 2015, 2017; Di Mauro et al. 2016, 2018; Mosser et al.
2012; Gehan et al. 2018; Fellay et al. 2021). Comparisons with
rotating models have then revealed the need for an efficient AM
transport mechanism in addition to meridional circulation and
transport by the shear instability (Eggenberger et al. 2012, 2017,
2019; Ceillier et al. 2013; Marques et al. 2013; Moyano et al.
2022). Detailed asteroseismic studies of the internal rotation for
some main-sequence (MS) stars, in particular, for vy Dor pul-
sators, also suggested that an efficient transport of AM oper-
ates in the radiative zones of these stars, similarly to the con-
clusion obtained for the Sun and evolved stars (e.g., Kurtz et al.
2014; Saio et al. 2015, 2021; Murphy et al. 2016; Ouazzani et al.
2019; Liet al. 2020). An important question is related to the
internal transport of AM in MS stars less massive than the y
Dor pulsators, with masses typically lower than about 1.5 M.
In this context, Benomar et al. (2015, hereafter OB15) studied
22 MS solar-type stars observed by Kepler and found that the
average rotation rates deduced from asteroseismic measurements
for these stars are very similar to their surface rotation rates.
Nielsen et al. (2017, hereafter MN17) reached the same conclu-
sion using an independent approach based on two-zone model
fittings of the power spectrum. For the five Kepler targets consid-
ered in their work, they found that the radial differential rotation
did not exceed 30% between the radiative and convective zones.

In this study, we investigate how these observations can con-
strain the internal transport of AM in solar-type stars and shed
some light on the physical nature of this transport. We consid-
ered two AM transport prescriptions, including magnetic Tayler
instability or not. We examined how these prescriptions affect
internal and surface rotation rates. We give a semi-quantitative
assessment of their compatibility with existing measurements
from OB15 and MN17, and report whether some scenarios for
AM transport can be ruled out. Although our study is based
on synthetic models, we still used an advanced modelling to
generate models as realistic as possible for the comparisons.
The model structure reproduces the classical and (non-rotating)
seismic constraints of an actual observed target. We selected
four solar-type MS stars from the Kepler LEGACY sample
(Lund et al. 2017) that we divided into two categories: Arthur,
Barney, and Carlsberg, representative of the hotter region of the
Hertzsprung-Russell (HR) diagram, and Doris, representative of
the colder regions of the HR diagram (see Fig. 1). This selection
was based on the size of the convective envelope, which impacts
the efficiency of surface braking. For our hottest targets, the con-
vective envelope is shallow, and inefficient braking is expected
for masses above ~1.2 My, at solar metallicity (Kraft 1967). For
Arthur, Barney, and Carlsberg, which lie close to this threshold,
the behaviour of the magnetic braking is less clear. We assumed
a likely inefficient braking for these targets, and then discuss the
relevance of this hypothesis. In Sect. 2 we describe the astero-
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Fig. 1. HR diagram of Arthur, Barney, Carlsberg, Doris, and of the sam-
ple of OB15. The tracks correspond to a grid slice with an initial chem-
ical composition of Xy = 0.74 and Z, = 0.018, and no overshooting.

seismic modelling procedure and the physical input of the mod-
els. In Sect. 3 we compare the rotational properties of these dif-
ferent models to the available observational constraints, and the
conclusions are given in Sect. 4.

2. Stellar models

We summarise the observational data in Table 1. The luminos-
ity was estimated from the spectroscopic parameters using the
same procedure as for Kepler-93 in Bétrisey et al. (2022, here-
after JB22), but with distances from Bailer-Jones et al. (2021)
and based on the parallaxes' measured by Gaia Collaboration
(2021). The frequencies come from Lund et al. (2017) for Bar-
ney, Carlsberg, and Doris, and from Roxburgh (2017) for Arthur.

The modelling procedure is divided in two main steps that
are described in detail in Appendix A. The first step, which
consists of fitting the seismic information with a Markov chain
Monte Carlo MCMC) in a grid of non-rotating models, serves as
a guide for the second step, in which we derive the rotation pro-
files using rotating models with a detailed and coherent treatment
of the AM transport. The modelling procedure of the first step is
similar to that of JB22; we used a grid of non-rotating models
computed with the Code Liégeois d’Evolution Stellaire (CLES;
Scuflaire et al. 2008b), and the frequencies were computed with
the Liege Oscillation Code (LOSC; Scuflaire et al. 2008a). The
physical ingredients were the same as in JB22 (see Sect. 2.1).
The minimisations were conducted with AIMS (Rendle et al.
2019), with a procedure that combines a mean density inversion
(Reese et al. 2012) with a fit of frequency separation ratios. This
modelling approach provides robust stellar seismic models (see
e.g., Buldgen et al. 2019; Bétrisey et al. 2022) whose properties
are given in Table 1.

After the targets properties were determined through this
detailed asteroseismic modelling, rotating models were com-
puted with the Geneva stellar evolution code (GENEC;
Eggenberger et al. 2008). The computation of these rotating
models is first based on the initial parameters obtained from the
asteroseismic modelling, and these parameters are then adjusted
to correctly reproduce the stellar properties given in Table 2. The
GENEC code assumes shellular rotation (Zahn 1992), and the

' The Gaia data of Arthur are flagged as unreliable. The estimated
observed absolute luminosity should be considered with caution and
was not reproduced by our models.
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Table 1. Observed and modelled data of Arthur, Barney, Carlsberg, and
Doris.

Unit Arthur Barney Carlsberg Doris Ref.
Observed data
KIC 8379927 12258514 9139151 8006161
HD 187160 183298 - 173701
Teft (K) 6067150 5964 + 60 6043 = 100 5488 + 100 1
[Fe/H] (dex) -0.10+0.15 0.00+0.10 0.05+0.10 0.34 +0.10 1
L (Lp) 224+0.12 295+0.11 1.60+0.06 0.69 +0.03 2
Vimax (uHz) 27953 +£6.0 1512.7+3.1 26904 +11.8 35747110 3
Qqurt (days) 17.59+0.36 15.00+1.84 10.96+2.22 29.79+3.09 4
Modelled data
M (M) 1.231 1.270 1.186 1.007
R (Ro) 1.159 1.611 1.162 0.937
Age (Gyr) 1.46 4.04 2.03 5.55
Xo 0.740 0.674 0.734 0.711
Zy 0.0201 0.0273 0.0169 0.0303

References. (1) Lund etal. (2017) for Arthur, Barney, and Doris,
and Furlan et al. (2018) for Carlsberg; (2) this work; (3) Lund et al.
(2017); (4) from starspot measurements, mean and standard deviation
of Nielsen et al. (2013), Reinhold et al. (2013), and McQuillan et al.
(2014) for Arthur, OB15 for Barney and Carlsberg, and Garcia et al.
(2014) for Doris.

internal AM transport is computed along the stellar evolution
by accounting for shear instability, meridional circulation, and
AM transport by magnetic instability as in Spruit (2002). The
advecto-diffusive AM transport in the radiative zone is described
by

dooy 1 a, ., 19 ,0Q
pa ()" Q)M, = ﬁa(ﬁ’ QU(r))+§E|:(Dshear+VTS)pr E s (1)

where p is the mean density, r is the radius, Q is the mean angu-
lar velocity on an isobar, and U is the radial component of the
meridional circulation. The AM transport by shear instability is
described by the coefficient Dy, following Talon et al. (1997),
and the vrg is the diffusion coefficient corresponding to the trans-
port by the Tayler-Spruit dynamo (see e.g., Eggenberger et al.
2019). Two families of rotating stellar models were consid-
ered in the present study: models that only include transport by
hydrodynamic processes (labelled ‘pure rotation’ in Fig. 2), and
models that include both hydrodynamic and magnetic transport
processes (labelled ‘Tayler instability’ in Fig. 2). The difference
between these models relies on the inclusion of transport by
the magnetic Tayler instability for the latter through the coef-
ficient vys in the equation above. For both families of models,
we accounted for the braking of the stellar surface due to mag-
netised winds according to the prescription by Matt et al. (2015)
for models of stars with an extended convective envelope like
the Sun, and Doris in this study. For Arthur, Barney, and Carls-
berg, which are stars in the hotter part of the HR diagram (see
Fig. 1) that are characterised by shallow convective envelopes,
we assumed an inefficient braking that is inefficient enough such
that it can be modelled by simply neglecting the corresponding
term. We discuss the relevance of this assumption in Sect. 3. The
zero-age main-sequence initial values of the rotation period are
0.9, 18, 17 and 9 days for Doris, Arthur, Barney and Carlsberg,
respectively. We note that using other physical prescriptions
for the magnetic instability (e.g., Fuller et al. 2019) or for the
magnetic braking (e.g., Garraffo et al. 2018) does not affect the
conclusions of this study. In addition, the rotation period of
the sample of Benomar et al. (2015) is in the range of ~3-18
days, which is consistent with gyrochronologic surveys, in which
the rotation period of stars of ~6000K is mainly observed in

the range ~5-20 days (McQuillan et al. 2014; van Saders et al.
2019). Hence, the rotation periods of Arthur, Barney, and Carls-
berg are typical of the period of stars in that temperature range.
In this regard, the rotation period of Carlsberg is close to the
average value, while the periods of Arthur and Barney lie in the
slower half.

3. Rotational properties

In the upper panels of Fig. 2, we show the rotation profiles of
Arthur and Doris considering the two different scenarios. The
rotation profiles of Barney and Carlsberg are similar to the pro-
files of Arthur (see Appendix B). The rotation behaviour is
quite different between the hot targets and the cold target Doris.
Figure 2 indeed shows a higher degree of radial differential rota-
tion for Doris than for other targets as a direct consequence of
the efficient braking of the stellar surface by magnetised winds
for this colder star. In the case of Doris, this results in a clear
difference in the rotation profile predicted for the model with
hydrodynamic transport processes alone (green line in the top
left panel of Fig. 2) compared to the one predicted for the model
with magnetic instabilities (red line in the same panel of Fig. 2).
The efficient magnetic AM transport predicts an almost flat rota-
tion profile for Doris, except in the central layers, where strong
chemical gradients reduce the efficiency of this transport. AM
transport by meridional circulation and shear instability is much
less efficient and is not able to counteract the creation of radial
differential rotation in the radiative zone, leading to a core that
rotates more than ten times faster than the surface. The situation
is different in hotter stars, as shown by the models of Arthur in
the top centre panel of Fig. 2. For these models, radial differential
rotation results solely from the slight contraction of the central
layers and the increase in radius, which leads to a low degree
of differential rotation in the radiative interior even for models
with only hydrodynamic transport processes (see the top centre
panel of Fig. 2). Owing to the very efficient AM transport by the
magnetic Tayler instability, models with a Tayler-Spruit dynamo
predict an even flatter rotation profile than those with meridional
circulation and shear instability alone.

As proposed by OB15, a measurement of the surface rotation
rate can be compared to the asteroseismic determination of the
mean internal rotation rate of the star as probed by p-modes to
shed some light on the radial differential rotation and hence on
AM transport in these stars. For slow rotators, the effect of the
rotation can be treated as a small perturbation of the pulsation
frequency. When spherically symmetric rotation is assumed, the
splitting simplifies to (Ledoux 1951; Schou et al. 1994)

R

nin = s [ KnaIUN @)
0

where m is the azimuthal order, 5,; is a constant that depends

on the radial order n and on the harmonic degree /, and K, is

the rotation kernel. For a given (n,[) pair, we define the mean

asteroseismic rotation rate as

R

= f K, (HQ(r)dr. 3)
0

We only considered the [ = 1 rotational splittings and verified

that they were consistent with the / = 2 rotational splittings.

In the lower panels of Fig. 2, we show the ratio of the aster-
oseismic rotation rate and the surface rotation rate Qg for the
different models of Arthur and Doris. The open circles corre-
spond to the theoretical values of Q:fimo computed with Eq. (3)
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Fig. 2. Rotational profiles and splittings of Doris and Arthur considering different AM transport prescriptions. Top line: rotation profiles of Doris
(left panel) and Arthur (centre and right panels). The base of the convective zone (BCZ) is shown as a dashed black line. The rotation kernel
around the vy, namely K5, is shown in brown, and is rescaled and shifted vertically for illustration purposes. Bottom line: ratio of the rotation
rate predicted by asteroseismology and starsport measurements for Doris (left panel) and Arthur (centre and right panels). The open circles are
the theoretical predications, considering different AM transport prescriptions, accounting only for hydrodynamic processes (green circles), or for
hydrodynamic processes and magnetic Tayler instability (red circles). The shallow convective envelope of Arthur likely implies an inefficient
braking. For Arthur, we also tested extreme cases (right panels) with an AM transport with efficient braking (blue circles) or assuming local AM
conservation (purple circles). The error bar corresponds to the precision of the average observational rotational splitting measured by OB18, and
the blue area shows a solid-body rotation profile with the observational uncertainty of the surface rate from starspot measurements.

for the different AM transport prescriptions considered in this
study. The blue area and the error bars correspond to actual mea-
surements to highlight the detectability of the model differences.
The error bars correspond to the precision of the average obser-
vational rotational splitting measured by Benomar et al. (2018,
hereafter OB18), which is mostly dependent on the signal-to-
noise ratio of the modes and of the mode blending width at vy,
and the blue area corresponds to a solid-body rotation profile
with the precision of the surface rotation rate from starspots. A
value of Q’:{imo that is compatible with the blue area means that
asteroseismology does not detect a significant degree of radial
differential rotation, as expected from OB15 and MN17. Mod-
els with AM transport by magnetic instabilities (red circles) are
always compatible with the observations of a similar rotation rate
derived from asteroseismic splittings and from an independent
measurement of the surface rotation rate, as reported by OB15
and MN17 for stars in the cold part of the HR diagram (Doris)
and on the hotter side (Arthur). The efficient AM transport pre-
dicted by these models is thus in agreement with the astero-
seismic constraints on the internal rotation currently available
for various solar-type main-sequence stars, similarly to what is
found in the case of the Sun (see Eggenberger et al. 2019, 2022).

For models with hydrodynamic AM transport alone, the situ-
ation is different. For targets on the cold side of the HR diagram
(Doris), these models predict asteroseismic rotation rates that are
significantly higher than surface rotation rates because of effi-
cient braking of the surface by magnetised winds and the low
efficiency of AM transport by meridional circulation and shear
instability, which leads to a high degree of radial differential
rotation in the radiative interior, in particular, close to the base
of the convective envelope that can be probed by rotational ker-
nels. These rotating models with transport by hydrodynamic pro-
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cesses alone can then be easily rejected with asteroseismic mea-
surements of solar-type stars on the cold side of the HR diagram,
although the observational uncertainties are large (green circles
in Fig. 2). For hotter main-sequence stars, the difference between
asteroseismic and surface rotation rates expected for models with
hydrodynamic transport alone is much lower because surface
braking associated with stars with shallow convective envelopes
is far less efficient. With the assumption of an inefficient sur-
face braking, the radial differential rotation predicted for these
models is too small in the region probed by seismology and falls
within the observational uncertainty of the surface rotation rates
deduced from starspots (green circles in the bottom centre panel
of Fig. 2). Owing to the uncertainties in the knowledge of sur-
face magnetic braking for stars hotter than the Sun, it is diffi-
cult to determine exactly above which effective temperature this
braking is really inefficient. Stars similar to Arthur are indeed
expected to be close to this transition, but it is not absolutely
clear whether the assumption of inefficient braking adopted here
is fully justified. We thus investigated the impact of introduc-
ing a much more efficient braking for stars in the blue part of
the HR diagram on the conclusion about internal AM transport
obtained for Arthur. We computed a new model for Arthur by
using the same prescription for an efficient surface braking by
magnetised winds as introduced for the cooler star Doris. This
model (labelled ‘efficient braking’ in Fig. 2) is computed with
a zero-age main-sequence initial rotation period of 1.6 days and
then shows a higher degree of radial differential rotation as a
result of this strong braking of the surface and low AM trans-
port efficiency by hydrodynamic processes alone, which can
then be discarded using asteroseismic and surface rotation rates
observations similarly to the result obtained for the cooler star
Doris. For Arthur, we also tested another extreme case for which
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we assumed local AM conservation (labelled ‘local conserva-
tion’ in Fig. 2). This model behaves similarly to the model
including hydrodynamic processes alone. We thus observe that
for stars in the blue part of the HR diagram, it is difficult to
reject rotating models with an inefficient AM transport based on
combined asteroseismic and surface rotation rate measurements
because only cases with an efficient surface braking by magne-
tised winds could be detected.

4. Conclusions

We carried out a detailed modelling of four Kepler LEGACY
targets, three that lie on the hotter side of the HR diagram and
are at different evolutionary stages in the MS, and one on the
colder side. In Sect. 2 we described the asteroseismic mod-
elling procedure together with the computation of rotating mod-
els with hydrodynamic AM transport alone and models with both
hydrodynamic and magnetic transport. The asteroseismic rota-
tion rates were then computed for these different models and
were compared with the surface rotation rates deduced from
observations of starspots in Sect. 3.

For MS stars in the hotter part of the HR diagram (masses
typically above ~1.2 M at solar metallicity), models with
hydrodynamic transport processes alone, and models with addi-
tional transport by magnetic instabilities are found to be con-
sistent with measurements reported by OB15 and MN17, who
observed a low degree of radial differential rotation between the
radiative and convective zones. For these stars, which constitute
a significant fraction of the Kepler LEGACY sample, the com-
bination of asteroseismic constraints from the splitting of pres-
sure modes and of the surface rotation rate does not allow us to
conclude that an efficient AM transport is required in addition
to the transport by meridional circulation and shear instability
alone. Even the model assuming local AM conservation cannot
be ruled out. This is because rotational kernels probe a region
close below the BCZ, where radial differential rotation can be
low for these stars with their shallow convective envelopes. If
an unlikely efficient surface braking is assumed for these hotter
stars, the degree of radial differential rotation would be incom-
patible with the observations. Further investigations on that spe-
cific point are beyond the scope of this study, but are required to
determine whether this signature appears in the available obser-
vational data. In the colder part of the HR diagram, the situation
is different due to the efficient braking of the stellar surface by
magnetised winds. We observed a clear disagreement between
the rotational properties of models that only includes hydro-
dynamic processes and asteroseismic constraints, while models
with magnetic fields correctly reproduce the observations, simi-
larly to the solar case. This disagreement allows us to easily rule
out models with an inefficient transport of AM in that part of the
HR diagram.
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Appendix A: Detailed modelling procedure

The modelling procedure is divided into two main steps. The
first step uses non-rotating models to fit the seismic information
of the target and to constrain its location in the HR diagram. The
second step uses rotating models and follows the HR track to the
location identified by the first step to derive the corresponding
rotation profile. This modelling procedure outputs a robust stel-
lar structure and its corresponding rotation profile, which can
then be used to compute the rotational splittings and the astero-
seismic rotation rate. Our targets are slow rotators, which moti-
vated the use of this modelling strategy. For slow rotators, it
is possible to use a perturbative treatment of rotation, like for
the Sun. In this case, the fit of the internal rotation can be sepa-
rated from the fit of the structure, and the inferences about rota-
tion are quasi-model-independent from the seismic structure at
first order. In this framework, our modelling is appropriate and
does not change the conclusions of our study. From the point of
view of stellar modelling alone, neglecting rotation in the first
step is a simplification that has a small impact on the transport
of the chemical elements. It can be associated with a system-
atic uncertainty that accounts for the uncertainties due to the
choice of the physical ingredients (e.g. choice of abundances,
opacities, and diffusive formalism) (see JB22). The estimation of
this systematic uncertainty is computationally expensive and was
performed for some targets in the literature (e.g. Buldgen et al.
2019; Farnir et al. 2020; Bétrisey et al. 2022). For these targets,
a rich variety of physical ingredients changes were considered,
and the resulting systematic uncertainty was smaller than for the
other sources of uncertainties.

The modelling procedure of the first step is similar to that
of JB22. It consists of fitting the seismic information with
an MCMC in a grid of non-rotating models, coupled with a
mean density inversion. We used a grid of non-rotating mod-
els computed with the Code Liégeois d’Evolution Stellaire
(CLES; Scuflaire et al. 2008b), and the frequencies were com-
puted with the Liege Oscillation Code (LOSC; Scuflaire et al.
2008a). This grid is a high-resolution grid, consiting of 1.3 mil-
lion models, whose specificities are summarised in Table A.1.
The physical ingredients are the same as in Sec. 2.1 of JB22.
The minimisations were conducted with AIMS (Rendle et al.
2019), first by fitting the individual frequencies and the classical
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Table A.1. Mesh properties of the grid used for the minimisation in the
first step of the modelling strategy.

Minimum Maximum  Step
Mass (M) 0.80 1.60 0.02
Xo 0.67 0.74 0.01
Zy 0.008 0.030 0.001

constraints (effective temperature, metallicity, and luminosity or
frequency of maximal power v,,,,). Then, a mean density inver-
sion (Reese et al. 2012) was performed to constrain the mean
density (see e.g. Buldgen et al. 2022, for a review about inver-
sion techniques) that was added to the set of classical con-
straints, assuming a conservative precision of 0.6%, for a second
MCMC, this time with frequency separation ratios (rp; and rqp;
Roxburgh & Vorontsov 2003) instead of the individual frequen-
cies. We used uniform priors on the estimated stellar parameters.
The likelihoods were computed assuming that the true value of
the observations were perturbed by some normally distributed
random noise (see JB22 for further details).

Rotating models were then computed based on the stel-
lar properties determined from this asteroseismic modelling. In
addition to the internal transport of AM described in the main
text, these rotating models account for the braking of the surface
due to magnetised winds following Matt et al. (2015) with the
torque

. ( R )3.1 ( M )0.5( Te, )p( Q )p+1 (R R / )
-To|—= — — 0 > Ro
dJ © Ro Mo Tezo Qo olX

dr TR3.1Mo.spQ
°\ry) () ¥l

R and M are the radius and mass of the star, Ro is the
Rossby number, and 7., is the convective turnover timescale.
Following Eggenberger et al. (2019), the transition from the sat-
urated to the unsaturated regime was defined with the parameter
X = Rog/Rog fixed to 10, the coeflicient p was fixed to 2.3, and
the solar-calibrated braking constant T, was used.

(Ro < Rogly) .
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Appendix B: Supplementary data

In Fig. B.1 we show the rotation profiles of the different models
of Barney and Carlsberg. In Fig. B.2 we show the corresponding
ratio of the asteroseismic and surface rotation rates.

Barney
T
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Fig. B.1. Rotation profiles of Barney and Carlsberg considering dif-
ferent AM transport prescriptions. The rotation profiles of Barney are
shown in the upper panel, and the profiles of Carlsberg in the lower
panel. The base of the convective zone (BCZ) is shown as a dashed
black line. The rotation kernel is shown in brown, with/ = 1 andn = 18
or n = 21 to correspond to a frequency around the v,,,, for Barney and
Carlsberg, respectively. It is rescaled and shifted vertically for illustra-
tion purposes.
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Fig. B.2. Surface rotation predicted by the seismology for Barney and
Carlsberg. The results for Barney are shown in the upper panel, and the
results for Carlsberg in the lower panel. The error bar corresponds to
the precision of the average observational rotational splitting measured
by OB18, and the blue area shows a solid-body rotation profile with
the observational uncertainty of the surface rate from starspot measure-
ments.
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