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ABSTRACT

Context. The Sun is a privileged laboratory of stellar evolution, thanks to the quality and complementary nature of available con-
straints. Using these observations, we are able to draw a detailed picture of its internal structure and dynamics, which forms the basis
of the successes of solar modelling. Amongst such observations, constraints on the depletion of lithium and beryllium are key tracers
of the required efficiency and extent of macroscopic mixing just below the solar convective envelope. Thanks to revised determina-
tions of these abundances, we may use them in conjunction with other existing spectroscopic and helioseismic constraints to study in
detail the properties of macroscopic transport.

Aims. We aim to constrain the efficiency of macroscopic transport at the base of the solar convective zone (BCZ) and determining
the compatibility of the observations with a suggested candidate linked with the transport of angular momentum in the solar radiative
interior.

Methods. We use recent spectroscopic observations of lithium and beryllium abundance and include them in solar evolutionary
model calibrations. We test the agreement of such models in terms of position of the convective envelope, helium mass fraction in the
convective zone, sound speed profile inversions, and neutrino fluxes.

Results. We constrain the required efficiency and extent of the macroscopic mixing at the base of the BCZ, finding that a power-law
density with an index, n, between 3 and 6 would reproduce the data, with efficiencies at the BCZ of about 6000 cm?/s, depend-
ing on the value of n. We also confirm that macroscopic mixing worsens the agreement with neutrino fluxes and that the current

implementations of the magnetic Tayler instability are unable to explain the observations.
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1. Introduction

The Sun is a crucial laboratory of stellar physics at microscopic
and macroscopic scales and an important reference point for stel-
lar evolution in general (see Christensen-Dalsgaard 2021, and
references therein). Thanks to helioseismic and spectroscopic
constraints, supplemented by the detections of neutrinos directly
informing us on the properties of the solar core, we are able to
draw a detailed picture of the internal structure and dynamics of
the Sun (see e.g. Christensen-Dalsgaard et al. 1991; Basu & An-
tia 1995; Christensen-Dalsgaard et al. 1996; Basu & Antia 1997,
Schou et al. 1998; Basu et al. 2009; Orebi Gann et al. 2021; Ap-
pel et al. 2022; Basilico et al. 2023, and ref therein). Apart from
a few studies (Buldgen et al. 2023, 2024b; Basinger et al. 2024),
most of the recent standard solar models do not yet take into ac-
count the effects of light-element depletion (e.g. Vinyoles et al.
2017). Indeed, the current photospheric lithium and beryllium
abundances inform us on the dynamical processes acting at the
BCZ and had already been recognized as crucial constraints in
earlier studies of the Sun (e.g. Pinsonneault et al. 1989; Swenson
& Faulkner 1991; Christensen-Dalsgaard et al. 1996; Richard
et al. 1996; Charbonneau et al. 2000; Brun et al. 2002; Boesgaard
& Krugler Hollek 2009; Christensen-Dalsgaard et al. 2018; Jgr-
gensen & Weiss 2018; Boesgaard et al. 2022) and other stars
(e.g. Boesgaard 1988; Lyubimkov 2016; Salaris & Cassisi 2017;

Lyubimkov 2018, for reviews). Lithium and beryllium are key
tracers of macroscopic mixing at the BCZ of cool stars thanks to
their low fusion temperatures (2.5x 10°K and 3.5x 10°K, respec-
tively). Both elements have been studied in detail and linked with
the effects of rotation (or under a more general umbrella term,
macroscopic mixing) (Pinsonneault 1997; Chaboyer 1998). The
link between lithium depletion and age has also been clearly
demonstrated in numerous cases (e.g. Carlos et al. 2016; Baraffe
et al. 2017; Thévenin et al. 2017; Carlos et al. 2019; Dumont
et al. 2021, for recent works). The question of lithium has also
been discussed in the context of metal-poor stars and primor-
dial nucleosynthesis models, where the amount of mixing in old
metal-poor stars plays a central role (see e.g. Deal et al. 2021;
Deal & Martins 2021, and refs therein) and globular clusters are
prime targets for constraining primordial nucleosynthesis (see
e.g. Boesgaard 2023; Boesgaard & Deliyannis 2024, for recent
works).

The solar photospheric values have changed significantly over
the past thirty years. These abundances are provided using the
usual logarithmic scale relative to hydrogen, defined as A(X) =
log(N(X)/N(H)) + 12.00, with A(H) = 12. For lithium, Anders
& Grevesse (1989) reported a value of A(Li) = 1.16, Grevesse
& Sauval (1998) reported 1.10 while Asplund et al. (2009) re-
ported A(Li) = 1.05 £ 0.10. Even more recently, Wang et al.
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(2021) estimate A(Li) = 0.96 + 0.05, which is adopted in As-
plund et al. (2021). In general, the steady decrease in lithium
is largely due to improved modelling of departures from local
thermodynamic equilibrium (LTE). For beryllium, the picture is
more complex, with the evolution going from A(Be) = 1.15 in
Anders & Grevesse (1989), based on Chmielewski et al. (1975),
to A(Be) = 1.40 in Grevesse & Sauval (1998), and A(Be) = 1.38
in Asplund et al. (2009). The latter two results were based on the
analyses of Balachandran & Bell (1998) and Asplund (2004),
which carefully calibrated the missing UV opacity but did not
take into account a significant blend of the Be 1 resonance line.
Taking this into account, combined with 3D non-LTE models,
Amarsi et al. (2024) find A(Be) = 1.21 + 0.05.

In this work, we take advantage of recent photospheric determi-
nations of Wang et al. (2021) and Amarsi et al. (2024), combined
with expectations of present-day surface abundances from mete-
orites converted to the solar scale and taking into account the
effects of the transport of chemicals, A(Li) = 3.27 + 0.03 and
A(Be) = 1.31 £0.04 (Lodders 2021), to study in detail the prop-
erties of macroscopic transport of chemicals at the BCZ. These
values served as initial abundances for our models, to which we
added the effects of mixing and solar calibration (see Sect. 2). We
also studied in detail the potential link with angular momentum
transport based on implementations of the combined effects of
shear instability, meridional circulation, and the magnetic Tayler
instability (Eggenberger et al. 2022a) as applied in the solar case
to explain the observed lithium depletion. The recently deter-
mined beryllium abundance of Amarsi et al. (2024) demonstrates
the need for mixing on the main sequence too, as the higher fu-
sion temperature of beryllium does not allow it to be efficiently
burned during the pre—main sequence (PMS). It essentially of-
fers a new anchoring point for studying the required properties
of macroscopic mixing at the BCZ in the context of the current
issues following the revision of solar abundances.

We start by introducing our solar evolutionary models in Sect. 2,
presenting a calibration of macroscopic mixing at the BCZ and
discussing its implication for classical helioseismic inversions
and neutrino fluxes. We also detail the observed behaviour of our
models regarding global properties in Sect. 2. We studied various
approaches to representing macroscopic mixing at the base of the
convective envelope and discuss our findings in light of poten-
tial candidates mentioned in previous works (Eggenberger et al.
2022a). We further discuss these aspects in Sect. 3 when look-
ing at the expected behaviour of the magnetic Tayler instabil-
ity (called Tayler-Spruit instability of the Tayler-Spruit dynamo).
We conclude in Sect. 4 with further progress avenues and appli-
cation of our findings in constructing data-driven models of the
Sun as well as extensions to other stars to place our findings in
the more general context of the modelling of solar-like stars and
the determination of their age using asteroseismic data.

2. Solar models

We computed solar-calibrated models using the Liege Stellar
Evolution Code (CLES; Scuflaire et al. 2008), including the lat-
est version of the SAHA-S equation of state (Gryaznov et al.
2004; Baturin et al. 2013), the OPAL opacities (Iglesias &
Rogers 1996) supplemented at low temperatures by tables from
Ferguson et al. (2005), and the Asplund et al. (2021) abun-
dances (hereafter AAG21). The models were calibrated follow-
ing a standard calibration procedure using the initial hydrogen
mass fraction, X, the initial heavy element mass fraction, Z, and
the mixing length parameter, o, as free parameters, and the
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solar radius, luminosity, and surface metallicity, (Z/X)s, as con-
straints. The surface metallicity for the calibration was taken
from Asplund et al. (2021), Z/X)s = 0.0187, and the solar ra-
dius and luminosity taken from the 2015 International Astro-
nomical Union’s recommended values (Mamajek et al. 2015).
The solar age was fixed to 4.57 Gy in all our calibrations. Mi-
croscopic diffusion was included in the models using the for-
malism of Thoul et al. (1994) and the screening coefficients of
Paquette et al. (1986). Those effects include thermal diffusion,
gravitational settling, and composition diffusion. Radiative ac-
celerations were not included in these models as they have been
shown to have a very limited impact in solar interior conditions
(Turcotte et al. 1998a). The PMS phase was fully taken into ac-
count in our evolutionary computations, starting from a fully
convective seed of one solar mass, following its initial contrac-
tion and the onset of reactions such as Deuterium burning and
out-of-equilibrium 3He burning. We did not, however, consider
accretion of protosolar material as in Kunitomo et al. (2022), but
this has been shown to have limited impact on the lithium and
beryllium depletion.

The evolution during the PMS leads to a significant depletion of
lithium and a small depletion of beryllium. Not considering this
would have biased our conclusions regarding the efficiency of
the turbulent transport during the main sequence. For example,
our models show a depletion of about 0.8 dex for lithium dur-
ing the PMS phase. An even higher depletion is found if over-
shooting at the BCZ is included, while the impact on beryllium
remains limited as a result of its higher fusion temperature. It is
likely that aiming to reproduce both lithium and beryllium, as
well as the helioseismic position of the BCZ, using overshooting
alone is unfeasible and leaves only turbulent mixing to deplete
beryllium during the main sequence. Further evidence of this can
be seen in Fig. 6 of Eggenberger et al. (2022a) and in Fig. 1 of
Buldgen et al. (2023), where the lithium abundance of young so-
lar twins is not reproduced when overshooting is used to replace
the BCZ at the helioseismic value.

Additional macroscopic mixing was modelled using two ap-
proaches. First, we used the Proffitt & Michaud (1991) empirical
coefficient, that is a simple power law of density

n
PBCZ
D = DT( ) : 8
with ppcz the density at the BCZ position, p the local density,
and Dr and n being the free parameters in this formalism.

The second parametrization of macroscopic mixing was based
on an asymptotic formulation of the transport by the combined
effect of shear instability, meridional circulation and the mag-
netic Tayler instability. Recently, Eggenberger et al. (2022b)
have proposed a simple modification of the parametrization of
the magnetic Tayler instability, from which we can generalize
the diffusion coefficient found in Buldgen et al. (2024b),
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with n,, the magnetic diffusivity, Q the angular velocity in the
upper solar radiative zone (fixed to the helioseismic value), N,
the mean molecular weight term of the Brunt-Viisila frequency,
Dy, the horizontal turbulence, and Cr a calibration coeflicient to
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take into account the uncertainties on the damping timescale of
the azimuthal magnetic field.

These coefficients were then adjusted to reproduce the observed
lithium (Wang et al. 2021) and beryllium (Amarsi et al. 2024) de-
pletions but were not included directly in the calibration scheme.
In the case of the formulation linked with the magnetic instabil-
ity, the only adjustable parameter was the efficiency of the mix-
ing, linked to Dy, which was adjusted on lithium as in Eggen-
berger et al. (2022a).

Given that the efficiency of this mixing is directly linked to the
position of the BCZ, we also investigated the required variations
in efficiency for two ways of replacing the position of the BCZ at
the helioseismic value, following (Buldgen et al. 2024b). First,
we used adiabatic overshooting in an extended calibration proce-
dure. Second, we used an ad hoc increase of opacity in radiative
regions just under the BCZ. The two methods lead to different
depletion histories of lithium and different signatures in helio-
seismic inversions (see Sect.2.3).

2.1. Light element depletion and helium mass fraction

We started by taking a look at the relevant global properties
describing solar models, namely the radial coordinate position
of the base of the convective envelope, the mass coordinate at
the position of the base of the convective envelope, the helium
mass fraction in the convective envelope, and the photospheric
lithium and beryllium abundances, as well as the initial helium
abundance and mixing length parameter, apyr, used for the cal-
ibration. The values of these various properties for each model
are provided in Table 1. We also recalled the observational con-
straints available from the literature for some of these quantities.
The names of the models reflect the required mixing parameters
in Eq. 1. The initial abundances for lithium and beryllium were
taken from the meteoritic abundances from Lodders (2021), cor-
rected by the effects of mixing which lead to initial abundances
being slightly higher, by about 0.04 dex, depending on the exact
solar calibration procedure.

It is evident that by calibrating the efficiency of the macro-
scopic transport at the BCZ on the lithium depletion, we always
reach very similar values of Y¢z and (r/R)gcz. This confirms
our previous findings regarding the issue of models including
macroscopic mixing and helioseismic constraints: namely, that
the BCZ position is pushed out by the erasing of the metallicity
peak observed in standard solar models (see Baturin et al. 2006,
for a discussion of the origin of this peak).

In Fig. 1, we illustrate the beryllium and lithium depletion for
the various solar-calibrated models of Table 1. The models were
computed to show a range of predicted photospheric abundances
around the Wang et al. (2021) lithium value. From a quick in-
spection, we can clearly see that a value of n > 3 will be required
to allow the reproduction of both lithium and beryllium simulta-
neously. Indeed, all models with n = 2, represented by dashed
lines in Fig. 1, have a too high depletion of beryllium, even if
we reduced the multiplicative factor, Dy, to a value leading to
a too low depletion of lithium. The situation is less problematic
for models with n = 3, as the models come very close to agree-
ing with both lithium and beryllium simultaneously. This already
raises some issues regarding the initial calibrations of Eggen-
berger et al. (2022a), which used n = 1.3 to best reproduce the
effects of angular momentum transport processes.

In Fig. 2 we illustrate the evolution of the surface helium abun-
dance as a function of age for the models of Table 1. We can see
that the efficiency required to reproduce both lithium and beryl-
lium leads to a reduction of the initial helium abundance, as well
as a lower efficiency of settling over time. This reduction is sig-
nificant, as it allows models built with the AAG21 abundances
to reproduce the surface helium inferred from helioseismology
by Basu & Antia (1995). This reduced efficiency can be under-
stood from the shape of the diffusion velocity curves close to the
BCZ (see Turcotte et al. 1998b) and agrees with previous find-
ings (Richard et al. 1996; Dumont et al. 2021; Buldgen et al.
2023).

In Table 2, we provide the same constraints for models imple-
menting an asymptotic formulation of the combined effect of
shear instability, meridional circulation and magnetic Tayler in-
stability. The classical formulation of Spruit (2002) had been put
forward in Eggenberger et al. (2022a) as a potential explana-
tion for the lithium depletion as a result of the shear in the solar
radiative envelope being reduced to an appropriate value. This
formulation is, however, shown to lead to a too high depletion
of beryllium at the age of the Sun compared to the observations
(Amarsi et al. 2024). This is further confirmed from the supple-
mentary materials of Eggenberger et al. (2022a) (see their Fig.
S3), which show that their mixing coefficient of chemicals goes
as low as 0.4Rg, exhibiting a relatively flat behaviour.

However, as Buldgen et al. (2024b) mention and multiple works
(Cantiello et al. 2014; Deheuvels et al. 2020) note, another key
issue of the classical formalism of the Tayler-Spruit dynamo is
its inability to reproduce the internal rotation of solar-like sub-
giants and red giants. Revision of the formalism by Fuller et al.
(2019) and an ad hoc recalibration of the efficiency of the coef-
ficient for the dissipation of the magnetic fields (Cr) in Eggen-
berger et al. (2022b) have been suggested to increase the effi-
ciency of the angular momentum transport after the main se-
quence. In what follows, the impact of such revisions on the
solar properties is studied in detail. We start by providing the
global parameters of the solar models in Table 2. The exponents
in Eq. 2 are varied following Eggenberger et al. (2022b), n = 3
being linked with Fuller et al. (2019), where Eggenberger et al.
(2022b) assumed two modifications of C7 to marginally improve
the agreement with post-main sequence rotation, namely Cr = 1
or 0.125, n = 1, and Cr = 256 being their suggested recalibra-
tion. From Table 2, we can already grasp the main problem of
models including a recalibrated version of the magnetic Tayler
instability, namely that their behaviour is that of a standard solar
model. Indeed, the main impact of these modified formalisms is
to lock the allowed shear below a given threshold, provided by
Eq. 12 in Eggenberger et al. (2022b). Therefore, when using the
recalibrated formalisms with the same horizontal turbulence ef-
ficiency, the allowed threshold is so low that no mixing of chem-
icals occurs during the main sequence.

The evolution of the photospheric lithium and beryllium abun-
dances is illustrated in Fig. 3 for the various models, including
the asymptotic treatment of macroscopic mixing by shear, circu-
lation, and magnetic instabilities. A clear pattern again emerges
from this analysis, namely that the need for a very efficient angu-
lar momentum transport to reproduce the core rotation of red gi-
ants pushes the models with this implementation of macroscopic
transport to behave like standard models and show no depletion
of light elements.

We made further attempts, including overshooting and an opac-
ity increase replacing the BCZ at the helioseismic value, to at-
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Table 1: Global parameters of the solar evolutionary models including turbulent diffusion as treated in Eq. 1
Name (r/R)pcz (m/M)cz Yz A(Li) A(Be) Yo aMLT Zy
Model D2500 0.7257 0.9792 0.2479 1.17 1.05 0.264 | 1.979 | 0.0145
Model D5, 0.7258 0.9793 0.2481 1.08 1.02 0.264 | 1.978 | 0.0145
Model Dy, 0.7259 0.9793 0.2481 1.02 1.01 0.264 | 1.978 | 0.0145
Model DiSOO 0.7260 0.9793 0.2484 0.87 0.98 0.264 | 1.977 | 0.0145
Model D2500 0.7261 0.9793 0.2487 0.60 0.91 0.264 | 1.975 | 0.0145
Model D, 0.7256 0.9792 0.2477 1.06 1.14 0.264 | 1.980 | 0.0145
Model ngo 0.7257 0.9792 0.2477 1.02 1.13 0.264 | 1.980 | 0.0145
Model D, 0.7257 0.9792 0.2479 0.90 1.11 0.264 | 1.980 | 0.0145
Observations | 0.713 + 0.001T / 0.2485 + 0.0035% | 0.96 + 0.05° | 1.31 + 0.04* / / /
Note: ' Basu & Antia (1997), 2 Basu & Antia (1995), > Wang et al. (2021), * Amarsi et al. (2024)
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Fig. 1: Depletion of light element as a function of age for solar models. Left panel: Lithium depletion as a function of age for the
solar models in Table 1. Right panel: Beryllium depletion as a function of age for the solar models in Table 1. The green crosses
indicate the observed values of lithium (Wang et al. 2021) and beryllium (Amarsi et al. 2024). The duration of the PMS phase in
our models is 40 Myr and leads to a significant depletion of lithium and a moderate depletion of beryllium, which are unfortunately
barely visible.

tempt to find a regime where such models could simultaneously
reproduce the lithium and beryllium depletion. The results for
these attempts are illustrated in Fig. 4. Again, even if we reduce
the efficiency of the mixing and increase the lithium depletion
during the PMS as a result of envelope overshooting, the mixing
induced by the combined effects of magnetic instabilities, shear,
and circulation goes too deep and leads to a too high depletion
of beryllium at the age of the Sun. This confirms the trends that
Amarsi et al. (2024) observe on a larger set of models. We will
come back to the physical implications of these results in Sect.
3.

As mentioned above, the position of the BCZ matters signifi-
cantly for the calibration of macroscopic transport. Indeed, the
overall mixing efficiency will likely be overestimated in AAG21
models that show a significant mismatch in their position of the
BCZ. A thinner envelope leads to lower temperatures at the BCZ
and thus requires a more efficient mixing to deplete lithium and
beryllium. In previous works (e.g. Buldgen et al. 2024b), we dis-
cuss the impact of using overshooting or an opacity increase to
replace the BCZ position in models including macroscopic mix-
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ing. As shown in Buldgen et al. (2023), including adiabatic over-
shooting to correct the BCZ in solar models leads to a too high
depletion of lithium in young solar twins. We therefore chose
here to focus on the effect of an opacity increase in our mod-
els. We summarize in Table 3 the main properties of these mod-
els. As can be seen, our evolutionary models are tailored to re-
produce the BCZ position and are in good agreement with the
helium abundance inferred from helioseismology. The required
opacity increase was modelled in the same way as in Buldgen
et al. (2024b), with an amplitude of about 14% close to the BCZ.
As we can see from the naming convention of the models, the
efficiency of the mixing for a given n is approximately half of
what is required in Table 1. This is a direct result of the change
in position of the BCZ as a function of time.

In Fig. 5, we illustrate the lithium and beryllium depletion as
a function of time for the models of Table 3. By allowing our-
selves to modify both parameters of Eq. 1, reproducing both con-
straints becomes quite straightforward, and we see that agree-
ing with the beryllium abundance at the solar age also leads
to a much narrower evolution of lithium as a function of time.
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Table 2: Global parameters of the solar evolutionary models including macroscopic mixing as treated in Eq. 2

Name (r/R)pcz (m/M)cz Ycz A(Li) A(Be) Yo aMLT Zy
Model D} 0.7263 0.9794 0.2491 0.97 0.77 0.264 | 1.972 | 0.0144
Model D;S 0.7223 0.9785 0.2398 2.74 1.33 0.268 | 2.021 | 0.0151
Model Dy 0.7223 0.9785 0.2398 2.74 1.33 0.268 | 2.021 | 0.0151
Model D(3),12 0.7220 0.9784 0.2398 2.74 1.33 0.268 | 2.021 | 0.0151
Model OP D, 0.7138 0.9762 0.2516 0.97 0.86 0.266 | 2.000 | 0.0144
Model OP D;S 0.7127 0.9758 0.2427 2.64 1.33 0.267 | 2.039 | 0.0150
Model OP Dy 0.7126 0.9760 0.2427 2.64 1.33 0.267 | 2.039 | 0.0145
Model OP D}, 0.7127 0.9758 0.2427 263 133 | 0267 | 2.039 | 0.0150
Model Ov D, 0.7133 0.9768 0.2477 0.96 1.05 0.264 | 1.983 | 0.0150
Model Ov D£56 0.7133 0.9768 0.2401 2.23 1.33 0.267 | 2.018 | 0.0150

Observations | 0.713 + 0.001! / 0.2485 + 0.0035% | 0.96 = 0.05° | 1.31 £ 0.04* / / /

Note: ' Basu & Antia (1997), 2 Basu & Antia (1995), > Wang et al. (2021), * Amarsi et al. (2024)

Table 3: Global parameters of the solar evolutionary models reproducing both lithium and beryllium, and BCZ position.

Name (r/R)pcz (m/M)cz, Yez AL A(Be) Yo | amrr Z
Model OP D3400 0.7136 0.9761 0.2497 1.09 1.17 0.267 | 2.009 | 0.0145
Model OP Dy, 0.7136 0.9761 0.2498 1.00 1.16 0.267 | 2.009 | 0.0145
Model OP D4ooo 0.7135 0.9761 0.2496 0.93 1.21 0.267 | 2.010 | 0.0145
Model OP D2400 0.7135 0.9761 0.2499 0.93 1.20 0.267 | 2.009 | 0.0145
Model OP Dgg, 0.7134 0.9760 0.2494 0.98 1.25 0.267 | 2.011 | 0.0145
Model OP Dgooo 0.7134 0.9760 0.2494 0.96 1.25 0.267 | 2.011 | 0.0145
Model OP D?4000 0.7133 0.9760 0.2492 0.97 1.27 0.267 | 2.012 | 0.0145
Observations | 0.713 + 0.001' / 0.2485 + 0.0035% | 0.96 + 0.05° | 1.31 +0.04* / / /
Note: ! Basu & Antia (1997), 2 Basu & Antia (1995), > Wang et al. (2021), * Amarsi et al. (2024)
0.265 - oseismic data are available might provide more insight into the
iigjz} gg:gz underlying physical process re§p0nsible for lithium depletion as
Model D2y well as further test its link with angular momentum transport
---Model Dy, mechanisms.
0.26 1 ---Model DZ;|
—Model D%soo
j}iﬂi} Bg;g 2.2. Constraints on macroscopic transport efficiency
>_? 0.255 + In Fig. 6, we illustrate the evolution of the surface helium mass
fraction as a function of time and the metallicity profile of our
models, reproducing both lithium and beryllium photospheric
025 | abundances and the BCZ position through an opacity increase.
’ The first striking feature of these models is the very narrow range
of initial and final helium abundance they exhibit. A slight trend
is observed with more pronounced coefficients (higher values of
0.245 + ‘ ‘ ‘ ‘ n) leading to slightly lower final helium values as a result of the
0 1 2 3 4 shallower mixing regions that allow for a larger impact of set-

Age (Gyr)

Fig. 2: Evolution of the surface helium abundance as a function
of age for the models of Table 1. The green crosses indicate the
surface helium abundance inferred from helioseismology by
Basu & Antia (1995)

From the observed trends in the behaviour of the mixing coef-
ficient, it appears that allowed values of n range between 3 and
6, with the lower values leading to a slightly too high depletion
of beryllium and the highest ones to almost no depletion at all.
This is in line with the calibrated values found in A-type stars
with n=3 or 4 (Richer et al. 2000; Richard et al. 2001; Michaud
et al. 2005). Further extending such analyses to solar-like stars
observed with the Kepler mission for which high-quality aster-

tling on the evolution. This is a direct result of the calibration
of the mixing using beryllium that essentially controls the effi-
ciency required during the main sequence. This implies that a
relatively narrow range of final and initial helium abundances is
allowed when macroscopic mixing is included, allowing us to
refine previous estimates of protosolar helium based on standard
solar models (Serenelli & Basu 2010).

A second important feature of the models is the similarities in the
metallicity profile close to the BCZ. Essentially, the presence of
efficient transport in these layers leads to the metals being effi-
ciently mixed down to 0.6Rs. Some form of differentiation be-
tween the various efficiencies appears below these layers, where
the effects of settling may still be felt. Nevertheless, this spread
remains small and the same conclusion can be drawn looking at
the central metallicity values. These results have strong implica-
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tions for neutrino fluxes, as we will see in Sect. 2.3, and are a
natural result of models including macroscopic mixing.

2.3. Impact on helioseismic results and neutrino
fluxes

We illustrate in Fig. 7 the sound speed profile for our models, in-
cluding macroscopic mixing at the BCZ and an opacity increase
in its vicinity to replace its position at the helioseismic value.
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are undistinguishable due to their identical behaviours.

As can be seen, the usual deviation at the BCZ has been com-
pletely erased by the combination of the opacity increase and the
macroscopic mixing. Some deviations nevertheless remain in the
radiative layers and in the core. Such effects have been seen in
previous studies (see e.g. Buldgen et al. 2023, 2024b) and can be
attributed to the lowering of the core metallicity that results from
the effects of macroscopic mixing on the calibration. As men-
tioned above, the effects are similar to helium and thus a lower
initial metallicity is found for models including macroscopic
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of Table 3. The green crosses indicate the observed values at the current solar age.
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Fig. 6: Left panel: Surface helium mass fraction evolution as a function of time for our models including macroscopic transport
and opacity modifications. Right panel: Metallicity profile as a function of normalized radius for the our models including
macroscopic transport and opacity modifications.

mixing compared to standard solar models that only consider
the effects of settling. It is no surprise that the localized increase
in opacity we implemented, following Buldgen et al. (2024b),
does not correct the lower layers. We stress again that the opacity
modification implemented here is not based on a physical pro-
cess; we merely implemented a Gaussian-like increase of about
14% in the vicinity of the iron peak around log T = 6.35, sim-
ilarly to previous extended calibration experiments (Ayukov &
Baturin 2017; Kunitomo & Guillot 2021). It is likely that some of
the effects currently being studied (Pain & Gilleron 2020; Prad-
han 2024; Pradhan et al. 2024) would also impact higher tem-
perature regions in the solar models. Therefore, Fig. 7 mostly

illustrates how the BCZ region can be easily corrected and how
models including macroscopic transport show very similar prop-
erties in their deeper radiative layers, which was already hinted
at from looking at Fig. 6.

The situation is similar for neutrino fluxes regarding the com-
parative behaviours of the models that are provided in Table 4.
Given their similar chemical evolution and initial chemical com-
position resulting from the solar calibration, they have quite sim-
ilar central conditions, and therefore neutrino fluxes. However,
in this case, macroscopic mixing leads to much lower fluxes for
¢(Be), (B), and #(CNO), and therefore to a stark disagreement
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Fig. 7: Relative squared adiabatic sound speed differences
between the Sun and models using the OPAL and OPLIB
opacities, either within the standard solar model framework or
including macroscopic mixing of chemical elements.

with observed values if we focus on the Borexino results. The
situation is not so problematic if one considers the values that
the work of Orebi Gann et al. (2021) provides, based on multi-
ple experiments. This is also in agreement with what we find in
Buldgen et al. (2024b) for models using the abundances of Magg
et al. (2022). This issue is more pronounced for the AAG21
models, as they start from a lower initial value due to their in-
trinsically lower metallicity. It remains to be seen whether other
processes such as planetary formation (Kunitomo et al. 2022)
might compensate for the lowering of the central metallicity or
whether other effects may come into play. Indeed, planetary for-
mation through the evolution of the metallicity of the accreted
matter from the protosolar disk may significantly impact the cen-
tral metallicity at the current solar age and lead to an increase
of about 5%. Further tests with the latest nuclear reaction rates
(Acharya et al. 2024) and the effects of dynamical electronic
screening may need to be investigated. It should also be men-
tioned that potential opacity revisions (Bailey et al. 2015; Pain
& Gilleron 2020; Pradhan 2024; Pradhan et al. 2024) may also
extend to higher temperatures and affect the initial conditions of
solar calibrations and thus the predicted neutrino fluxes of solar
models. In addition, a steeper macroscopic transport coefficient
also seems to slightly reduce the impact on neutrino fluxes, al-
though by a very small amount.

3. Link with magnetic Tayler instability

As discussed above, the magnetic Tayler instability is a potential
candidate, alongside fossil magnetic fields (Gough & Mclntyre
1998) and internal gravity waves (Charbonnel & Talon 2005;
Pinc¢on et al. 2016), for explaining the current solar rotation pro-
file. While some debate existed in the literature regarding its po-
tential occurrence in hydrodynamical simulations (Zahn et al.
2007), recent works by Petitdemange et al. (2023) show that it
was actually present in their simulations. Revision of the work
of Spruit (2002) was carried out by Fuller et al. (2019) to ex-
plain the slow rotation of red giants and core-helium-burning
stars.

From Figs. 3 and 4, we can see that there seems to be an intrinsic
problem with the macroscopic transport provided by the asymp-
totic depiction of rotation and the magnetic Tayler instability. In
the “classical” case of the initial Spruit (2002) formulation, the
obtained beryllium depletion was too high. This is a direct re-
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sult of the functional expression of the transport coefficient that
goes as deep as 0.4Ry and only has a slow decreasing trend. In-
deed, Eggenberger et al. (2022a) show that its efficiency could
be reproduced in CLES models using n = 1.3 in the Proffitt &
Michaud (1991) formulation. The reason for this efficiency is
linked with the allowed shear by the magnetic Tayler instability.
Even if the rotation profile appears to be quite flat, the instabil-
ity is considered to be active only after a given level of shear is
reached (see Spruit 2002, for a discussion), meaning that it un-
dergoes some sort of limit cycle that still allows for some mixing
of chemicals at the BCZ, where mean molecular weight gradi-
ents are formed over time as a result of microscopic diffusion
and the envelope slows down as a result of the magnetic braking
of the surface.

The main issue with this formulation of the magnetic Tayler in-
stabilities is that it leads to a too low efficiency of the angular
momentum transport on the subgiant and red giant branch and
is therefore unable to reproduce the asteroseismic constraints for
subgiants (Deheuvels et al. 2014, 2020) and red giants (Cantiello
et al. 2014). This has led to the derivation of a new formulation
by Fuller et al. (2019) and an ad hoc calibration of the efficiency
of the magnetic field dissipation in Eggenberger et al. (2022b).
Both formulations provide a similar agreement on the red gi-
ant branch but fail to reproduce the trend observed in core ro-
tations at the transition between the subgiants and red giants. It
is also unclear whether these formulations would agree with re-
cent inferences of the internal rotation of subgiants in Buldgen
et al. (2024a). There is also currently no clear justification as to
why the instability would switch from the behaviour that Spruit
(2002) describe to that of Fuller et al. (2019) at the end of the
main sequence.

Regarding the transport of chemical elements, we are either left
with a too efficient mixing and large depletion of lithium and
beryllium in the standard formulation of the magnetic Tayler in-
stability or no depletion at all in the case of the more efficient
formalisms used when studying red giants and subgiants. The
remaining question is whether an in-between regime could be
derived and whether some free parameters can be tweaked in
the equations to ensure a higher depletion of lithium in the new
formalisms and a steep decrease of the transport coefficients, al-
lowing the observed beryllium depletion to be simultaneously
reproduced.

Turning to the transport equations used in stellar evolutionary
models, the only free parameter that can be tweaked is the effi-
ciency of the horizontal turbulence, noted Dy, intervening in both
the transport by shear instability and meridional circulation. The
transport of chemicals by both these processes is modelled as
diffusive, using the following expressions in Eggenberger et al.
(2022a).

The diffusive transport of chemicals by rotation is given by the
expression

Drota = Der + Dx,

3

with Deg the transport by the meridional circulation and Dx the
transport by shear. For the meridional circulation, D is defined
as

U@
D.g =
eff 30Dh 5

“

with Dy, the horizontal turbulence coefficient and U(r) the veloc-
ity of the meridional circulation. Both Dy and U(r) are related
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Table 4: Neutrino fluxes of the evolutionary models

Name | ¢(pp) [x10"/cm?/s| | ¢(Be) [x10°/cm?/s| | ¢(B) [x10°/em?/s| | ¢(CNO) [x108 /cm?/s]
Model OP D, 6.00 461 473 3.82
Model OP D, 5.99 4.61 472 3.83
Model OP Dy, 6.00 4.61 4.74 3.84
Model OP D, 6.00 4.62 475 3.84
0-G21 5.97+00037 4.807038 516500 -
Borexino? 6.179 4991 5.68" 021 6.7 0%

Note: ' Orebi Gann et al. (2021), 2 Borexino Collaboration et al. (2018), Borexino Collaboration et al. (2020), Basilico et al. (2023)

through some analytical prescriptions from Zahn (1992), Maeder
(2003), and Mathis et al. (2004) that we recall below.

Dy, increases Dx in Eq. 8 and thus the mixing by the shear in-
stability which could remain localized. However, the increase
in Dy, would also increase the efficiency of the transport by the
meridional circulation. Indeed, in each of the expressions, we

1
U(r) o« aDh", ©))

1
Dy = c—hr|2V(r) —aU(r)), (5) see that
Dy, = Ar(rQ(r)V(r)2V(r) — aU ()", (6)
1/2
Dy = (£) P00 (Vo) - a2, ()

with U(r) and V(r) the vertical and horizontal components of the

velocity of the meridional circulation, Q(r) the average angular

. . . . 20
velocity over latitude at a given radius, and @ = 1412

> “diny » While
cn, A and B are constants.

Regarding the shear instability, we followed the prescription of
Talon & Zahn (1997):

_ 2Ri(dW/dz)’
N2 /(K +Dp) + N2/Dy,’

®)

X

with Dy the horizontal turbulence coeflicient, Ri. the critical
Richardson number, dW/dz = rsin(dQ/dr) the shear rate, K
the thermal diffusivity, and N, and Ny the chemical and thermal
contributions to the Brunt-Viisild frequency.

From a direct comparison between the asymptotic coefficients,
we note that the transport coefficient of chemical elements in the
revised magnetic instability formalism is about 10* times smaller
than the one from the original formulation. This explains why
such models behave essentially as standard solar models from a
chemical point of view. The key point is that, as noted by Maeder
& Meynet (2004), the magnetic Tayler instability itself does not
transport a lot of chemicals, and indeed the observed depletion of
lithium and beryllium is due to the effect of shear and meridional
circulation, as regulated by the magnetic instability to the critical
value of shear above which the magnetic Tayler instability oper-
ates. It is thus natural that a more efficient magnetic instability
leads to a lower degree of shear and thus a lower overall mix-
ing. The remaining question is whether an arbitrary increase in
Dy, may compensate for this, keeping in mind that intrinsic treat-
ments of the transport of chemicals by rotation might slightly
alter the observed trends (Dumont et al. 2021).

First, we can comment on the required increase. An increase of
four orders of magnitude already casts doubt on the reliability of
the magnetic Tayler instability being considered responsible for
the lithium and beryllium depletion in the Sun. Indeed, the hor-
izontal turbulence as derived from the above expressions may
lead to values of one or two orders of magnitude at most (see
e.g. Nandal et al. 2024, for an application to massive stars). Nev-
ertheless, one could be under the impression that increasing Dy,
would be the solution, due to the fact that a direct increase in

with n > 1. This is also in line with Chaboyer & Zahn (1992)
and Eq. 4.37 and 4.38 in Maeder & Zahn (1998). In other words,
D.s would increase under both the effect of the increase in Dy,
and the reduced shear induced by the efficient transport by the
magnetic instability, implying that @ < 1. Therefore, such an
increased transport by the meridional circulation would imply
mixing chemicals down to temperatures high enough to lead to
the efficient combustion of beryllium.

In essence, the meridional circulation naturally becomes more
efficient if the horizontal turbulence is increased, meaning that
simultaneous reproduction of both lithium and beryllium may
not be achieved by modifying Dy. In other words, the magnetic
Tayler instability, in its current implementation or calibration to
reproduce observational data, cannot be linked with the deple-
tion of the light elements in the Sun. This is due to its intrinsic in-
efficient transport of chemicals, leaving other magnetic instabil-
ities (e.g. Jouve et al. 2020; Griffiths, Adam et al. 2022; Meduri
et al. 2024, when talking about magnetic instabilities), improved
depictions of the magnetic Tayler instability (e.g. Petitdemange
et al. 2023; Petitdemange et al. 2024) taking into account ad-
ditional hydrodynamical effects, or other physical mechanisms
(Charbonnel & Talon 2005; Pingon et al. 2016) as remaining
candidates. It is, however, worth noting that the light-element
depletion in the Charbonnel & Talon (2005) approach was due
to the shear-layer oscillation and not the transport by the gravity
waves themselves. In practice, this requires further investigation
into the actual impact of the solar tachocline and its potential
link with the observed lithium and beryllium depletion.

Regarding the magnetic Tayler instability, its eligibility as an an-
gular momentum transport candidate in the Sun is not affected
by the conclusions of our analysis, but would require a mea-
surement of the rotation of the deep solar core using gravity
modes (Appourchaux et al. 2010; Leibacher et al. 2023) in or-
der to be confirmed beyond doubt, as well as further theoretical
developments beyond calibrations of its efficiency to explain the
observed trends in asteroseismic inferences. It is also worth men-
tioning that there is no guarantee that the current picture drawn
from asteroseismic inferences requires a unique solution. For ex-
ample, the presence of a convective core during extended peri-
ods of evolution may also influence the presence of magnetic
fields inside the star and thus the angular momentum transport
in the interior and consequently the observed light-element de-
pletion. In the context of actual measurements of large radial
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fields (Li et al. 2022, 2023; Hatt et al. 2024), incompatible with
the magnetic Tayler instability, it might be worth considering the
possibility of multiple explanations or other angular momentum
transport candidates.

4. Conclusion

In this paper, we investigate in detail the required properties of
macroscopic mixing at the base of the solar convective envelope
to simultaneously reproduce the observed lithium (Wang et al.
2021) and beryllium (Amarsi et al. 2024) photospheric abun-
dances. We used solar-calibrated models, including both a sim-
ple parametric coefficient for macroscopic transport from Proffitt
& Michaud (1991) and an asymptotic formulation based on mod-
els including angular momentum transport (Eggenberger et al.
2022a). We also investigate the impact of replacing the base of
the convective envelope at the helioseismic value on the inferred
efficiency of macroscopic transport. We find that not taking into
account the current position of the BCZ may lead to an overesti-
mation of the transport by a factor of two and that the observed
lithium and beryllium abundances imply an efficient transport
with a relatively short extent, in line with what has been found in
more massive stars (Richer et al. 2000). This behaviour is impos-
sible to reproduce with the current implementations of the effects
of shear, meridional circulation, and magnetic Tayler instability,
which intrinsically lead to an efficient mixing down to higher
temperatures. We investigated the possibility of using revised
prescriptions of these effects based on the current issues with an-
gular momentum transport after the main sequence and find that
such models present almost no mixing, as a result of the reduced
shear allowed by the revised magnetic Tayler instabilities (Fuller
et al. 2019; Eggenberger et al. 2022b). Our findings thus cast
doubt on the ability to link the observed light-element depletion
to the combined effects of shear, circulation, and magnetic Tayler
instability, as suggested in Eggenberger et al. (2022a).

Our final calibration, using a power law of density, as in Proffitt
& Michaud (1991), leads to values of n in Eq. 1 of between 3 and
6, the efficiency of the transport at the BCZ varying depending
on this exact value but being of about 6000 cm?/s for moderate
values of n that are in line with the values found for AMFM stars
(Richer et al. 2000).

Further analyses on solar-like stars observed by Kepler might
provide additional insights as to the underlying physical mecha-
nism behind the light-element depletion. In this respect, the Ke-
pler LEGACY sample (Lund et al. 2017; Silva Aguirre et al.
2017) might provide the perfect test bed, as helium abundance
in the envelope of some stars may be inferred from asteroseis-
mic data and correlated with lithium and beryllium depletion
(when these are available). Indeed, Verma et al. (2017) show the
need to introduce additional turbulent mixing (Verma & Silva
Aguirre 2019). The availability of surface or even internal rota-
tion for some of these stars makes them prime targets for fur-
thering our understanding of the missing dynamical processes
in our current generation of stellar models. Due to their impor-
tance as tracers of mixing, and the key role of lithium in primor-
dial nucleosynthesis models, further extension of our analysis to
low-metallicity regimes and globular clusters would also provide
additional tests of the prescriptions we use for the Sun in a more
global context of the theory of stellar structure and evolution. In
this respect, the role of the PLATO mission (Rauer et al. 2024) in
providing additional high-quality asteroseismic targets for high-
quality spectroscopic follow-up will be crucial. Such stars would
allow us to define the basic requirements for the underlying pro-
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cesses leading to the observed light-element depletion and their
potential link to the efficient angular momentum transport pro-
cesses acting in the solar and stellar interiors.
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