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Abstract
The Sun is the most observed star in the Universe. Thanks to this privileged status, it plays a key calibrator role for stellar
physics, acting as a laboratory to test fundamental physical ingredients used in theoretical computations. Therefore, any
re�nement of the recipe of solar models will impact the ingredients for all models of solar-type stars. Following the revision
of the solar abundances by Asplund and collaborators in 2005, con�rmed in 2009, 2015 and 2021, the standard recipe of solar
models has been put under question regarding both microscopic and macroscopic ingredients. In this work, we will present
results of new generations of both solar evolutionary and seismic models. We will show how evolutionary models taking into
account the e�ects of rotation and magnetic �elds can reproduce both the internal rotation, the lithium surface abundance and
the helium abundance in the convective zone of the Sun. Furthermore, we will present a new approach to compute seismic solar
models from iterative Ledoux discriminant inversions. We will show how such seismic models can be used to gain insights on
the temperature gradient close to the base of the convective zone, where the robustness of opacity tables has been questioned.
Combining both approaches will thus provide us with key constraints on the required revision of physical ingredients to solve
the long lasting solar modeling problem that followed the abundance revision in the early 2000s.

1 Introduction
The Sun plays a central role in astrophysics. Thanks to

the unparalleled observational constraints available, it serves
as a laboratory for fundamental physics and a calibrator for
stellar evolution. In this context, revising the procedure used
in the computation of solar models and developing new ap-
proaches to pinpoint the limitations of the current genera-
tion of models is paramount. This is the approach presented
in this work. We brie�y discuss the results of two papers
(Buldgen et al., 2020; Eggenberger et al., 2022) and outline
how they are complementary in building a new generation
of solar models and by association, of solar-like stars in gen-
eral.

We start in Sect. 2 by describing the results of Eggenberger
et al. (2022) regarding new evolutionary models reproducing
simultaneously the solar internal rotation and photospheric
lithium abundance. We show how these new non-standard
solar models also improve the agreement with the helium
mass fraction in the convective zone measured by helioseis-
mology when the metallicity of Asplund et al. (2009) or As-
plund et al. (2021) is used. While these models do not solve
the whole solar problem, they o�er some insight into the im-
pact of angular momentum transport on the way we model
the Sun. Moreover, they show the existence of a connection
between lithium depletion and increase in helium abundance
in the convective zone, that can be attributed to the inclusion
of the transport of angular momentum.

The second half of the paper, starting in Sect. 3 describes
the results of Buldgen et al. (2020) on iterated seismic models
built from successive Ledoux discriminant inversions. The
results of the inversions are discussed, as well as their link to
the evolutionary model sof Sect. 2 and the consequences for
future revisions of physical ingredients of solar models.

2 Solar evolutionary models
Solar evolutionary models are the most common solar

models. They are computed by calibrating the initial pa-
rameters of a stellar evolutionary sequence and assuming
a given history of the Sun. Therefore, various physical in-
gredients enter their computation, such as nuclear reaction
rates, chemical mixture, equations of state, radiative opaci-
ties, transport of chemicals, formalism of convection, ... (See
Basu & Antia (2008); Buldgen et al. (2019a); Christensen-
Dalsgaard (2021) for a review and Buldgen et al. (2019b)
for a test of these ingredients against helioseismic data and
Salmon et al. (2021) against neutrino �uxes).

In most cases, these ingredients will be kept �xed for a
given calibration procedure and observational constraints
such as helioseismic, spectroscopic and neutrino data are
used to study their impact on solar modelling. The conclu-
sions drawn for solar models are often extended to other stars
(solar-like and beyond), especially with the advent of space-
based photometric missions dedicated to asteroseismology
(Baglin et al., 2009; Borucki et al., 2010; Rauer et al., 2014;
Ricker et al., 2015). In that sense, solar evolutionary models
are key calibrators of the current and future generations of
stellar models.

2.1 Standard and non-standard models
Standard solar models are the simplest calibrated solar evo-

lutionary models. They only consider microscopic di�usion
as the source of chemical transport in radiative zones, of-
ten neglecting the e�ects of radiative accelerations (which
remains a good hypothesis for solar conditions, as shown by
Turcotte et al. (1998)). Other physical ingredients will be the
“standard ones”, which have slightly evolved over time (see
e.g. Christensen-Dalsgaard, 2021, for a review). The frame-
work of the standard solar models consists in reproducing
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at the solar age the current solar radius, metallicity provided
by solar abundances tables and luminosity (or e�ective tem-
perature) using a one solar mass model and calibrating its
initial chemical composition (hydrogen mass fraction X and
metal mass fraction Z) and the mixing length parameter of
convection. This optimization problem thus has a unique so-
lution and can be solved e�ciently with local minimization
algorithms.

While quite simpli�ed, they are extensively used in de-
tailed comparisons against data. Their popularity is also jus-
ti�ed by the fact that they reproduce the solar interior quite
well and thus con�rmed our understanding of the dominant
factors in�uencing solar evolution. Their agreement with he-
lioseismic data also played a key role in the outcome of the
solar neutrino problem.

However, standard solar models also showed clear limi-
tations, stemming from the fact that they neglected the ef-
fects of rotation (thoroughly constrained by helioseismol-
ogy) and are unable to reproduce the observed lithium deple-
tion. The recent debate surrounding solar abundances (see
Basu & Antia, 2008; Christensen-Dalsgaard, 2021) has also
exposed some of the limitations of solar models and raised
questions regarding their physical ingredients.

Non-standard solar models are essentially all evolutionary
models including additional free parameters, either linked
to convection, rotation or evolutionary history. In this con-
text, the calibration of these additional free parameters re-
quires additional constraints so that the problem remains
well-posed, such as the photospheric lithium abundance or
the position of the base of the solar convective envelope.
Nevertheless, degeneracies remain as some constraints can
be reproduced through di�erent approaches. Some extended
calibration procedures exploring various e�ects such as mod-
i�cations of radiative opacities and nuclear reaction rates or
the e�ects of planetary formation have been presented (see
Mussack & Däppen, 2011; Ayukov & Baturin, 2017; Kunitomo
& Guillot, 2021; Kunitomo et al., 2022, and refs therein).

Here, we will focus on non-standard models including the
e�ects of rotation. The internal rotation of the Sun is well-
known (see e.g. Couvidat et al., 2003) and an extended lit-
terature has been dedicated to �nding a suitable transport
process capable of reproducing the �at rotation pro�le in
the solar radiative interior (see e.g. Schatzman, 1993; Gough
& McIntyre, 1998; Charbonnel & Talon, 2005; Eggenberger
et al., 2005; Pinçon et al., 2016). Indeed, rotating models in-
cluding only the e�ects of meridional circulation and shear
instabilities lead to a high degree of radial di�erential rota-
tion and are thus in strong disagreement with helioseismic
data. In this work, we will present the results obtained for
one of such candidates, the magnetic Tayler instability, pre-
sented in Spruit (2002). We refer to Eggenberger et al. (2022)
for details about the formalism and implementation.

Models are computed with the Geneva Evolution Code
(GENEC, Eggenberger et al., 2008), using the hypothesis of
shellular rotation Zahn (1992). The transport of both angular
momentum and chemicals is computed consistently during
the evolution, taking into account meridional currents, shear
instability, and the magnetic Tayler instability. The equation
describing the internal angular momentum transport (Mathis
& Zahn, 2004) in the solar radiative zone is
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with r, the radius, ρ(r), the mean density on an isobar and
Ω(r), the mean angular velocity. U(r) is the radial depen-
dence of the velocity of the meridional circulation in the ra-
dial direction, following the expression of Maeder & Zahn
(1998) and includes the e�ect of chemical gradients and hor-
izontal turbulence. Dshear is the di�usion coe�cient for
angular momentum transport by the shear instability, here
following Talon & Zahn (1997) to remain consistent with
Maeder & Zahn (1998). These expressions for U(r) and
Dshear do not include free parameters and horizontal turbu-
lence is modelled using the prescription of Maeder (2003),
where the uncertainty on this coe�cient is re�ected in the
constant n appearing in its mathematical expression. The
quantity νT is the viscosity associated with angular momen-
tum transport by the magnetic Tayler instability, following
Spruit (2002)

νT = r2Ωq2
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Ω

Neff

)4

, (3)

where q = −∂ ln Ω
∂ ln r andNeff is an e�ective Brunt-Väisälä fre-

quency de�ned with
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where NT and Nµ are the thermal and chemical composi-
tion terms of the Brunt-Väisälä frequency, and η and K are
the magnetic and thermal di�usivities. This magnetic trans-
port is active only if the shear parameter q is larger than a
threshold qmin de�ned with

qmin =

(
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)7/4 (
η

r2Neff

)1/4

. (5)

A very e�cient angular momentum transport leading to a
�at radial rotation pro�le is assumed in convective zones and
the braking of the stellar surface by magnetized winds is in-
cluded following Matt et al. (2015).

The same transport e�ciency by the shear instability is
taken for angular momentum and chemicals with the Dshear

coe�cient of Talon & Zahn (1997). The transport of chem-
icals through both vertical advection and horizontal tur-
bulence is described by the di�usion coe�cient Deff =
|rU(r)|2/30Dh (Chaboyer & Zahn, 1992), with Dh the co-
e�cient for horizontal turbulence of Maeder (2003). The di-
rect transport of chemical elements by the magnetic Tayler
instability is taken from Spruit (2002)

DT = r2Ωq4

(
Ω

Neff

)6

, (6)

whenever the shear is su�cient for the instability to be ac-
tive. Consequently, the transport of chemical elements is di-
rectly and self-consistently computed from the rotational and
magnetic properties of the model without any additional free
parameter.

As shown in Fig. 1, the inclusion of this instability allows
to extract angular momentum from the interior and leads to
a close to rigid rotation pro�le down to the inner core. The
spin-up of the inner core is due to the inhibiting e�ects of
molecular weight gradients on the instability. Therefore, a
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Figure 1: Rotation pro�le in the solar radiative zone of a
model computed with the abundances of Asplund et al. (2009)
with both hydrodynamic and magnetic instabilities. Black
dots are the helioseismic measurements of Couvidat et al.
(2003).

key feature of the magnetic Tayler instability is the faster
rotating solar core.

The exact physical nature of the angular momentum trans-
port mechanism is still unknown, and it is worth noting that
the detection of solar gravity modes would play a decisive
role in this issue by unraveling the rotation of the inner
core. Subsequently, this would also in�uence the modelling
of solar-like stars in general.

2.2 Rotation - helium - lithium relation
A key result found by Eggenberger et al. (2022) is that the

inclusion of additional transport of angular momentum leads
to an additional transport of chemicals at the BCZ. This e�ect
is due to the regulation of the shear instability by the mag-
netic Tayler instability, which leads to a small but signi�cant
transport of chemicals. This transport leads to an additional
depletion of lithium, in agreement with the observed photo-
spheric abundance, as shown in Fig. 2. Eggenberger et al.
(2022) showed that the depletion generated by the combined
instabilities also reproduced the trend observed in young so-
lar twins in open clusters (Dumont et al., 2021). They also
tested the impact of adding adiabatic overshooting to repro-
duce the position of the BCZ as inferred from helioseismic
data and showed that this signi�cantly increased the deple-
tion in PMS.

In addition to leading to an increased depletion of lithium,
it was also shown that the inclusion of macroscopic transport
as a result of angular momentum transport increased signi�-
cantly the helium abundance in the CZ, bringing the value for
models with Asplund et al. (2021) abundances in agreement
with the helioseismic value and thus solving one aspect of the
solar problem. This is illustrated in Fig 3 for a standard model
and a model including a full tratement of angular momentum
transport. Eggenberger et al. (2022) also showed that this re-
lation between lithium and helium was independent of the
process involved, as long as it was linked to an additional
di�usive transport at the BCZ. Buldgen et al. (2023) extended
this study to high-metallicity models and showed that this
increased the helium mass fraction in the convective enve-

Figure 2: Photospheric lithium abundance as a function of
time for the standard (black) and non-standard (purple) solar
models of Eggenberger et al. (2022). The black dot indicates
the solar value of Asplund et al. (2009). Green dots show
the lithium abundances of solar-type stars by Carlos et al.
(2019) (for stars younger than the Sun). Red boxes show the
surface lithium abundances in young open clusters from Du-
mont et al. (2021).

lope to a level of marginal agreement/disagreement with the
helioseismic value depending on the shape of the di�usion
coe�cient.

Overall, this new generation of solar models demonstrates
the need to correctly depict angular momentum transport
and its impact on the transport of chemicals. Including the
e�ect of both hydrodynamical instabilities and the magnetic
Tayler instability leads to a consistent rotation pro�le in
the solar interior and simultaneously reproduces the correct
lithium depletion as well as improving the agreement of As-
plund et al. (2021) models regarding the helium mass fraction.

3 Solar seismic models
Thanks to the high quality of helioseismic data, it is possi-

ble to reconstruct the internal structure of the Sun as seen
by the global acoustic oscillations. This requires a refer-
ence model (usually a calibrated evolutionary model) which
is then iteratively corrected for the di�erences observed from
helioseismic inversions. Various techniques and approaches
have been used in the litterature, also discussing the in-
clusion of non-seismic constraints such as neutrino �uxes
or luminosity in the procedure (Shibahashi & Takata, 1996;
Gough, 2004).

3.1 Iterated Ledoux discriminant inversions
The seismic models presented here are taken from Buld-

gen et al. (2020) and built from successive inversions of the
Ledoux discriminant. This approach has been shown to pro-
vide excellent agreement in all other seismic indicators avail-
able (frequency ratios, sound speed, density and entropy
proxy inversions). The Ledoux discriminant pro�le obtained
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Figure 3: Evolution of the surface helium mass fraction as
a function of time for a standard solar model (black) and a
non-standard model including angular momentum transport
(purple), both computed with the Asplund et al. (2009) abun-
dances. The dark dot indicates the helioseismic value from
Basu & Antia (1995).

after convergence is fully independent from the reference
solar model used in the inversion procedure. The inver-
sion method used is the SOLA method (Pijpers & Thompson,
1994), using the Ledoux discriminant kernels (See Buldgen
et al., 2020, for a full description).

The procedure requires approximately 7 iterations before
the corrections are negligible and beyond the resolution of
the inversion. A full structure is integrated after every iter-
ation, in a similar fashion to the approach of Antia (1996).
Fig 4 illustrates the iteration procedure and shows the �nal
seismic pro�le at the end of the reconstruction. The �nal
seismic pro�le is model independent, and bears no trace of
the initial conditions, except below 0.08R� as this region is
not strongly constrained by the inversion.

Buldgen et al. (2020) have shown that this procedure
provided seismic solar models showing agreement overall
within 0.1% in the solar radiative regions with all inver-
sions of solar structure. Therefore, the models can be consid-
ered very high quality although further re�nements could be
brought by using non-linear iterative inversions to erase the
last remaining discrepancies (Corbard et al., 1999).

3.2 Implications for revision of physical ingredients
of Solar models

A key feature of the reconstruced model of Buldgen et al.
(2020) is the signi�cant modi�cation of the Ledoux discrim-
inant in the vicinity of the solar BCZ. This is seen for every
model and leads to the same corrected pro�le after recon-
struction. The Ledoux discriminant pro�le can be separated
into its thermal and chemical composition contribution, as in
Eq. 8.
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1

Γ1

d ln P

d ln r
− d ln ρ

d ln r
=
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with P the local pressure, ρ the local density, Γ1 = ∂ ln P
∂ ln ρ
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the �rst adiabatic exponent and S the entropy, r the position
of the layer in the model, δ = −∂ ln ρ

∂ ln T , HP = −dr
d ln P the local

pressure scale height, ∇ad the adiabatic temperature gradi-
ent, ∇ = d ln T

d ln P the temperature gradient, φ = ∂ ln ρ
∂ lnµ and

∇µ = d lnµ
d ln P the mean molecular weight gradient. We split A

in its chemical and thermal components, Aµ and AT to iso-
late the regions where the e�ects of chemical composition
gradients dominate.

One can then see the regions where each one will domi-
nate. This is illustrated in Fig 5 where the dashed lines il-
lustrate the thermal contribution and the full line the total
Ledoux discriminant pro�le. The di�erences between the
two indicate where the e�ects of mean molecular weight gra-
dients, which unsurprisingly become signi�cant just below
the convective zone, where the e�ects of settling are impor-
tant. From Fig. 5, we can also see a stringent di�erence be-
tween the Standard Solar Model (SSM) and the model includ-
ing macroscopic transport. In the latter, the thermal contri-
bution clearly dominates the pro�le, as a result of the e�cient
mixing at the BCZ that erases the mean molecular weight
gradients built by microscopic di�usion.

This result can be used to infer a correction on the tem-
perature gradient of solar models. Indeed, due to the e�ects
of rotation, or even dynamical shear from turning convec-
tive elements, the e�ects of microscopic di�usion can be ex-
pected to be erased. Consequently, most of the correction
seen in the Ledoux discriminant pro�le can be attributed
to corrections in temperature gradient. In turn, these cor-
rections can be related to either thermalization of the con-
vective elements beyond the Scharzschild boundary of the
model (see e.g. Rempel, 2004; Christensen-Dalsgaard et al.,
2011; Zhang, 2014; Bara�e et al., 2022) or opacity corrections
(see e.g. Christensen-Dalsgaard et al., 2009; Pradhan & Nahar,
2009; Bailey et al., 2015; Nahar & Pradhan, 2016a; Blancard
et al., 2016; Nahar & Pradhan, 2016b).

4 Conclusion
In this paper, we brie�y discussed the results presented in

Eggenberger et al. (2022) and Buldgen et al. (2020) regard-
ing new evolutionary and seismic solar models. The results
of both studies are complementary in nature, as they shed
lights on various main aspects of the physics of the Sun. The
new evolutionary models tackle macroscopic aspects of solar
structure and evolution, by showing how angular momen-
tum transport can have an important impact on our under-
standing of the Sun. The relation between lithium, helium
and internal rotation underlines the importance of moving
away from the standard solar model recipe. Similarly, the
new seismic solar models presented in Buldgen et al. (2020)
pave the way for further analysis of the Sun, looking at ther-
mal gradients and potentially guiding future revision of both
macrophysical and microphysical ingredients. In the context
of the solar problem, such revisions have been extensively
discussed theoretically and experimentally.

Ultimately these uncertainties are not only present for
the Sun but also for other stars who will be a�ected by
the prescriptions used for angular momentum transport and
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Figure 4: Left panel: Ledoux discriminant pro�le for some reference models of Buldgen et al. (2020) and the reconstructed
seismic pro�le in blue. Right panel: same for the Brunt-Väisälä frequency pro�le.
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Figure 5: Ledoux discriminant pro�le of a Standard (blue) and
Non-standard solar model (red) and their respective (light
blue and orange) thermal component of the Ledoux discrim-
inant (see Eq. 8).

revisions of thermal gradients near convective boundaries.
Therefore, the results we derived for the Sun will likely
trickle down to other stars in the Universe.
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