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Abstract
The transport of chemical elements in stellar interiors is one of the greatest sources of uncer-
tainties of solar and stellar modelling. The Sun, with its exquisite spectroscopic, helioseismic
and neutrino observations, offers a prime environment to test the prescriptions used for both
microscopic and macroscopic transport processes. We study in detail the impact of various
formalisms for atomic diffusion on helioseismic constraints in both CLES (Scuflaire et al.
2008a) and Cesam2k20 (Morel and Lebreton 2008; Marques et al. 2013; Deal et al. 2018)
models and compare both codes in detail. Moreover, due to the inability of standard models
using microscopic diffusion to reproduce light element depletion in the Sun (Li, Be), another
efficient process must be included to reproduce these constraints (rotation-induced: Eggen-
berger et al. 2022, overshooting -or penetrative convection- below the convective envelope:
Thévenin et al. 2017, or ad hoc turbulence: Lebreton and Maeder 1987; Richer, Michaud,
and Turcotte 2000). However, introducing such an extra mixing leads to issues with the CNO
neutrino fluxes (see Buldgen et al. 2023), which seem to be systematically lower than the
Borexino observations (Appel et al. 2022). Another key aspect to consider when reconcil-
ing models with neutrino fluxes is the impact of electronic screening (Mussack and Däppen
2011).

Keywords Abundances · Transport · Convection · Helioseismology · Neutrinos

✉ M. Deal
morgan.deal@umontpellier.fr

G. Buldgen
gbuldgen@uliege.be

1 LUPM, Université de Montpellier, CNRS, Place Eugène Bataillon, 34095 Montpellier, France

2 STAR Institute, Université de Liège, Liège, Belgium

3 LIRA, Observatoire de Paris, Université PSL, Sorbonne Université, Université Paris Cité, CY
Cergy Paris Université, CNRS, 92190 Meudon, France

4 Université de Rennes, CNRS, IPR (Institut de Physique de Rennes) – UMR 6251, 35000 Rennes,
France

http://crossmark.crossref.org/dialog/?doi=10.1007/s11207-025-02512-1&domain=pdf
http://orcid.org/0000-0001-6774-3587
http://orcid.org/0000-0001-6357-1992
http://orcid.org/0000-0002-0104-6444
http://orcid.org/0009-0000-8017-7962
mailto:morgan.deal@umontpellier.fr
mailto:gbuldgen@uliege.be


96 Page 2 of 25 M. Deal et al.

1. Introduction

The Sun is a key calibrator in stellar physics. As such, it also serves as a test case for the
robustness of stellar evolution code and any new revision of physical processes to be imple-
mented on a wider scale. In the era of space-based asteroseismology (CoRoT: Baglin et al.
2006, Kepler: Borucki et al. 2010, TESS: Ricker 2016) and looking forward to the launch
of the PLATO mission by the end of 2026 (Rauer et al. 2025), it is worthwhile to analyze
in detail the existing differences between solar-calibrated models computed using various
stellar evolution codes. Our main motivation is to follow the seminal work of Boothroyd
and Sackmann (2003) that looked into the details of potential uncertainties that might affect
the conclusions of comparisons of solar models with the exquisite quality of spectroscopic,
helioseismic and neutrino flux constraints. Twenty-two years after their work, the precision
of the available constraints has improved further, while the uncertainties in stellar models
have remained, ultimately, quite similar, with asteroseismic observations further showcas-
ing the limitations of stellar evolutionary models (see e.g. Lebreton, Goupil, and Montalbán
2014a,b; Farnir et al. 2020). The Sun is no stranger to such limitations, as standard solar
models still lack a full depiction of dynamical processes that would reproduce light element
depletion, and there is still a debate about the origin of the observed differences in sound
speed, with recent work questioning the abundances from Asplund, Amarsi, and Grevesse
(2021) while mounting evidence seems to point to shortcomings in opacity computations
(see Christensen-Dalsgaard 2021, for an extensive review on solar modelling).

In this paper, we follow the work of Boothroyd and Sackmann (2003) and the CoRoT
ESTA exercises (Lebreton et al. 2007) that provided detailed comparisons of stellar mod-
els, focusing here on the Sun. We compare results of the Cesam2k20 and the CLES stellar
evolution codes, which have both been used in detailed helioseismic comparisons and dif-
fer in their implementation of key physical phenomena: transport and energy production.
The models, calibration and inversion methods, and a reference comparison model (without
atomic diffusion) are presented in Section 1. The comparisons of both CLES and Cesam2k20
for Standard Solar Models are presented in Section 2, together with additional tests on the
atomic diffusion formalism. The adjustment of the lithium surface abundance with an addi-
tional turbulent mixing is discussed in Section 4. The contribution of electronic screening
from nuclear reactions and the neutrino fluxes is presented in Section 5. The inversion results
for all models are discussed in Section 6, including a specific discussion on the convection
formalism, and we conclude on all the comparisons in Section 7.

2. Solar Models

The impact of different processes on solar modelling is tested with two stellar evolution
codes, the Code Liègeois d’Evolution Stellaire (CLES, Scuflaire et al. 2008a) and the pub-
lic French Code d’Evolution Stellaire Adaptatif et Modulaire (Cesam2k20,1 Morel and
Lebreton 2008; Marques et al. 2013; Deal et al. 2018). Both codes include similar input
physics, which allows for useful comparisons, and additional processes are also tested with
Cesam2k20. Both codes have already shown that they provide very similar results within
the ESTA / CoRoT project (Monteiro et al. 2006; Montalbán, Théado, and Lebreton 2007;
Lebreton et al. 2007, 2008; Montalbán et al. 2008) at the level of precision required to ex-
ploit asteroseismic data. However, when working with precision and accuracy requirements

1https://www.ias.u-psud.fr/cesam2k20/.

https://www.ias.u-psud.fr/cesam2k20/
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of helioseismic applications, more in-depth comparisons of both physical ingredients and
numerical procedures are required, as variations of 1% in local thermodynamic quantities,
which would be overlooked in asteroseismology, must now be considered highly significant.

2.1. Input Physics

All models are computed with the version 7 of the SAHA-S equation of state (Gryaznov
et al. 2004; Baturin et al. 2013) (except for two models, see Section 2.2) and OPAL opacity
tables for high temperature (Iglesias and Rogers 1996) complemented at low temperature
by the Wichita tables from Ferguson et al. (2005). The choice of SAHA-S is driven by the
fact the equation of state has been extensively tested for its resolution and its interpolation
routines (Baturin et al. 2017) and it has been shown to be better suited for Standard Solar
Models than OPAL (Vorontsov et al. 2013). Moreover, it is one of the few equations of state
in common between both stellar evolution codes. The mixture of heavy elements follows
photospheric Asplund et al. (2009) (hereafter AGSS09), except for lithium and beryllium
for which the meteoritic abundances are used. Nuclear reaction rates are taken from the
NACRE compilation (Angulo 1999), except for the 14N(p, γ )15O reaction, for which we
adopted the LUNA rate (Imbriani et al. 2004). The atmosphere boundary condition follows
the T (τ) relation of Vernazza, Avrett, and Loeser (1981, Model C). All models are com-
puted from the pre-main sequence (PMS). The other (or changed) input physics are listed
in Table 1 for each model and are detailed in the following subsections. We do not con-
sider the effects of the solar wind, as there are intrinsic differences in the implementation
of mass loss between the two codes and the impact of the solar wind depends largely on its
composition (Boothroyd and Sackmann 2003; Wood, Mussack, and Guzik 2018; Zhang, Li,
and Christensen-Dalsgaard 2019), which cannot be easily adjusted. We note that such com-
parisons would be relevant, particularly in the context of solar models taking into account
proto-solar accretion based on planetary formation (Kunitomo and Guillot 2021; Kunitomo,
Guillot, and Buldgen 2022).

2.2. Convection

The mixing length theory (MLT) is the best known ad hoc approach to modelling convection
in stellar evolution codes. It assumes that the whole convective flux is carried by the largest
mode of turbulence (hence the turbulence spectrum is reduced to a Dirac distribution). This
mode has a length ℓMLT which is related to the local pressure scale height Hp by the propor-
tionality constant αMLT. This is the main free parameter of the MLT, but not the only one:
others are used, e.g. to control the shape of the convective bubbles, but they have less impact
on the stellar structure and evolution. The Canuto, Goldman, and Mazzitelli (1996, hereafter
CGM) formalism belongs to the category of Full Spectrum of Turbulence (FST) models and
assumes a Kolmogorov spectrum for the turbulence in the convective zones (Canuto and
Mazzitelli 1991). Similarly to MLT, CGM is based on a free parameter αCGM that relates
a characteristic length of the convection to local properties of the medium. CGM proposed
to define this length as ℓCGM = z + αCGMHp,top/bot, where z is the distance to the nearest
boundary and Hp,top/bot is the height of the pressure scale at the nearest boundary. The term
αCGMHp,top/bot should be understood as the penetration length in the adjacent zone. Follow-
ing Heiter et al. (2002), the implementation in Cesam2k20 (Samadi et al. 2006) uses the
same definition for ℓCGM as in the MLT: ℓCGM = αCGMHp. The convective penetration (not
considered here) can then be controlled by another free parameter.

The entropy-calibration method (Spada et al. 2018; Spada and Demarque 2019; Spada,
Demarque, and Kupka 2021; Manchon et al. 2024, hereafter ECM) was designed to put a
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Table 1 List of models computed with the AGSS09 mixture. no diff stands for no atomic diffusion, SSM
stands for Standard Solar Model, Burgers stands for models including the Burgers (1969) formalism for
atomic diffusion (B69), SVP stands for the Single Valued Parameters for radiative accelerations computations
(Alecian and LeBlanc 2020). DT0, DM0, DCZ stand for the different additional mixing prescriptions with
a reference depth of the mixing in temperature and mass (R00 Richer, Michaud, and Turcotte 2000), and
base of the convective envelope (PM91 Proffitt and Michaud 1991), respectively. nuc stands for models with
a reduced efficiency of 5% of the nuclear rates and noscreen stand for a model without nuclear screening.
CGM stands for a model including the Canuto, Goldman, and Mazzitelli (1996) formalism for convection,
and ECM for Entropy Calibrated Model. OPAL indicates that the model is computed with the OPAL equation
of state instead of the SAHA-S one. MP93 and T94 stand for Michaud and Proffitt (1993) and Thoul, Bahcall,
and Loeb (1994), respectively.

Model Atomic diff. Rad. acc. Dturb Conv. Screening

CESAM nodiff - - - MLT Y

CLES nodiff - - - MLT Y

CESAM SSM MP93 - - MLT Y

CLES SSM T94 - - MLT Y

CESAM Burgers B69 - - MLT Y

CESAM SVP MP93 SVP - MLT Y

CESAM DT0 MP93 - R00 in T MLT Y

CLES DT0 T94 - R00 in T MLT Y

CESAM DM0 MP93 - R00 in M MLT Y

CLES DM0 T94 - R00 in M MLT Y

CESAM DCZ MP93 - PM91 MLT Y

CLES DCZ T94 - PM91 MLT Y

CESAM nuc MP93 - - MLT Y

CLES nuc T94 - - MLT Y

CLES noscreen T94 - - MLT N

CESAM CGM MP93 - - CGM Y

CESAM SSM OPAL MP93 - - MLT Y

CESAM ECM OPAL MP93 - - ECM Y

tight constraint on the free parameter α of MLT or CGM. In the adiabatic region, the be-
haviour of the convection does not depend on the chosen convection paradigm, but the value
of α determines the value of the adiabat (Gough and Weiss 1976). What value this adiabat
should have cannot be determined from physical principles. However, it can be calculated
with 3D simulations of surface convection (see, e.g., Ludwig, Freytag, and Steffen 1999;
Magic, Weiss, and Asplund 2015; Tanner, Basu, and Demarque 2016). From large sets of
such 3D simulations one can derive prescriptions for the entropy of the adiabat as a func-
tion of the global parameters Teff, logg and [Fe/H] of a star (for FGK stars). Using these
in Cesam2k20, one can adjust the α parameter along the evolution so that the adiabat of
the model corresponds to the prescribed value for the same global parameters. It should be
stressed that, except for the varying α, EC formalism is identical to MLT formalism. There-
fore, no improvement of the modelling of the surface layers should be expected when using
ECM in place of MLT. However, it allows one to have an α parameter that varies with time
and does not need to be prescribed in any other way.

Most models of this study are computed following the MLT (Böhm-Vitense 1958; Cox
and Giuli 1968) with a constant solar calibrated αMLT parameter. No convective overshoot
is included for these models. We also computed a Cesam2k20 model with the formalism of
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CGM (CESAM CGM) and another one with the entropy calibration (CESAM ECM). The
ECM model is computed with the OPAL equation of state (Rogers and Nayfonov 2002)
because the entropy is not an output of the current implementation of the SAHA-S equation
of state in Cesam2k20.

2.3. Transport of Chemical Elements

In both codes, the transport of chemical elements is taken into account by solving the diffu-
sion equation

ρ
∂Xi

∂t
= 1

r2

∂

∂r

[︃
r2ρDturb

∂Xi

∂r

]︃
− 1

r2

∂

∂r
[r2ρvi] + Aimp

⎡
⎣∑︂

j

(rji − rij )

⎤
⎦ , (1)

where Xi is the mass fraction of element i, Ai its atomic mass, vi its atomic diffusion
velocity, ρ the density in the considered layer, Dturb the turbulent diffusion coefficient, mp

the mass of a proton, and rij the reaction rate (cm−3 s−1) of the reaction that transforms
element i into j .

2.3.1. Atomic Diffusion

Atomic diffusion is taken into account in both codes with different formalisms.
CLES: While nuclear reactions are accounted for individual elements, the atomic dif-

fusion velocities vi are computed for hydrogen (X), helium (Y) and an average metal (Z)
using the Thoul, Bahcall, and Loeb (1994) formalism. By default, the screening potentials
of Paquette et al. (1986) are included in the formalism instead of the Debye sphere cutoff
applied in the classical Thoul, Bahcall, and Loeb (1994) method. The use of the Paquette
et al. (1986) coefficients became the default only in 2017 in CLES, with a first publication
comparing the prescriptions in the code in 2019 (Buldgen, Salmon, and Noels 2019).

Cesam2k20: Atomic diffusion velocities vi are individually computed for H, He, Li, Be,
B, C, N, O, Ne, Na, Mg, Al, Si, S, Ca, and Fe (and some isotopes) using either Michaud
and Proffitt (1993) or Burgers (1969) formalism. The latter is computed with the screening
potentials of Paquette et al. (1986). Moreover, radiative accelerations are taken into account
for one model following the Single Valued Parameters (SVP) approximation (Alecian and
LeBlanc 2020).

2.3.2. Turbulent Mixing

Ad hoc turbulent mixing is included in some models to account for the transport induced by
macroscopic processes such as rotation-induced mixing. One way to model it is to use the
expression proposed by Richer, Michaud, and Turcotte (2000) where the turbulent diffusion
coefficient is defined as

Dturb,add = ωDHe,0

(︃
ρ0

ρ

)︃n

, (2)

where ω and n are constant. The index “0” corresponds to a reference depth in the star, DHe,0

and ρ0 are the diffusion coefficient of helium and the density at this reference temperature,
respectively. The reference depth can be defined either in temperature (DT0 models) with
ω = 400 and n = 3 (see e.g. Richard, Michaud, and Richer 2002; Semenova et al. 2020;
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Dumont et al. 2021) or in mass (DM0 models) with ω = 10,000 and n = 4 (see e.g. Richard,
Michaud, and Richer 2001; Michaud, Richer, and Vick 2011).

Another way is to use the expression of Proffitt and Michaud (1991) defined as

Dturb,add = ω

(︃
ρcz

ρ

)︃n

, (3)

where ρcz is the density at the bottom of the convective envelope. The exponent n = 3 is
adopted for such DCZ models (similarly to Proffitt and Michaud 1991).

2.4. Electronic Screening

The treatment of the screening of nuclear reactions has been questioned by various authors
over the years (see Däppen 2024, for a recent discussion), with various formalisms being
available in stellar evolution codes. So far, all of the implemented formalisms are static in
nature, meaning that they do not consider the impact of velocity effects on the potential bar-
rier that two nuclei have to overcome. One may consider so-called “weak” (Salpeter 1954),
“intermediate” (Graboske et al. 1973) or “strong” (Mitler 1977) screening, but none of these
formalisms take dynamical effects into account. Early works by Shaviv and Shaviv (1996)
questioned the validity of this static approach and showed with molecular dynamics simu-
lations that dynamical effects should be considered. Brown and Sawyer (1997) carried out
analytical plasma effects calculations that essentially reduced to a validation of the Salpeter
(1954) formula while Mao, Mussack, and Däppen (2009) and Mussack and Däppen (2011)
confirmed the results of the molecular dynamics simulations of Shaviv and Shaviv (1996),
Shaviv (2004). So far, the controversy remains open (Däppen 2024) and it is therefore worth
testing the impact of electronic screening on the predictions of solar models, especially given
that it was historically studied to investigate the solar neutrino problem (Dzitko et al. 1995).
Works by Fiorentini, Ricci, and Villante (2001) and Weiss, Flaskamp, and Tsytovich (2001)
concluded that screening was required to reproduce the solar sound speed profile as deter-
mined from helioseismology, while Mussack and Däppen (2011) show a slight improvement
of the sound speed profile of their model including dynamical screening effects.

We follow the recommendations of Mussack and Däppen (2011) regarding the impact of
screening on the nuclear reaction rates, namely that using dynamical screening corrections
for the pp chain is the same as reducing the efficiency of the nuclear reaction rates by ≈ 5%
compared to a case with a weak screening. We apply this correction to all nuclear reactions
while keeping the screening active. This approach is approximative, as screening effects are
thought to be more important for the CNO cycle reaction than for the pp chain. We also
carry out a test where the screening expression is simply entirely removed from all reactions
in CLES.

2.5. Optimisation Procedure

Solar models are calibrated using a Levenberg-Marquardt algorithm. For Cesam2k20, the
Optimal Stellar Model (OSM) code is used (see Manchon et al. 2024, and references therein
for more details). A similar minimization procedure (called “min-cles”) is used for CLES
(See Buldgen et al. 2019, for a description and examples).

Solar calibrations are performed on the initial chemical composition (Y0 and (Z/X)0)
and the mixing length parameter αMLT. For the ECM, αMLT is replaced by an envelope over-
shoot parameter in order to achieve the required precision on the calibration. This compen-
sates for the fact that the mixing length parameter is not a free parameter for this model and
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Table 2 Inferred input parameters and properties of the calibrated solar models. The lithium and beryllium
abundances are provided in the scale log(NLi/Be/NH) + 12 with N the number density of the element. The
lithium and beryllium abundances are not available for the CESAM Burgers models.

Model Y0 Z0 (Z/X)0 Rcz [R⊙] Y 7Li 9Be

CESAM nodiff 0.2569 0.01321 0.0181 0.7413 0.2569 3.11 1.30

CLES nodiff 0.2581 0.01319 0.0181 0.7387 0.2581 2.97 1.30

CESAM SSM 0.2658 0.01503 0.0209 0.7264 0.2364 2.88 1.29

CLES SSM 0.2670 0.01493 0.0208 0.7249 0.2383 2.80 1.34

CESAM Burgers 0.2657 0.01503 0.0209 0.7266 0.2364 − −
CESAM SVP 0.2654 0.01496 0.0208 0.7265 0.2360 2.88 1.29

CESAM DT0 0.2601 0.01410 0.0194 0.7304 0.2435 0.96 1.11

CLES DT0 0.2625 0.01420 0.0196 0.7287 0.2469 0.97 1.12

CESAM DM0 0.2603 0.01413 0.0195 0.7302 0.2432 0.96 1.18

CLES DM0 0.2627 0.01423 0.0197 0.7286 0.2465 0.98 1.20

CESAM DCZ 0.2604 0.01414 0.0195 0.7302 0.2431 0.96 1.13

CLES DCZ 0.2626 0.01424 0.0197 0.7285 0.2464 0.97 1.14

CESAM nuc 0.2651 0.01510 0.0210 0.7286 0.2349 2.89 1.29

CLES nuc 0.2637 0.01501 0.0208 0.7250 0.2351 2.79 1.34

CLES noscreen 0.2659 0.01502 0.0209 0.7275 0.2364 2.86 1.34

CESAM CGM 0.2659 0.01503 0.0209 0.7265 0.2364 2.94 1.29

CESAM SSM OPAL 0.2652 0.01503 0.0209 0.7257 0.2359 2.88 1.29

CESAM ECM OPAL 0.2641 0.01484 0.0206 0.7263 0.2364 2.99 1.29

keeps the number of free parameters equal to the number of constraints. However, without
this extra constraint, the solar calibrated ECM already has a precision of 10−3 for R and L.
The mass is fixed at 1 M⊙ and the age at 4.570 Gyr. The constraints are the radius, the lumi-
nosity and Z/X = 0.0181 (according to Asplund et al. 2009 solar mixture), with a precision
of 10−5. The observed solar values are taken from the IAU 2015 resolution B3 (Mamajek
et al. 2015) for both calibration procedures. When turbulent mixing is included in the mod-
els, the reference depth is calibrated (in temperature or mass) or the value of ω when the
Proffitt and Michaud (1991) formalism is used. In these cases, we consider the additional
constraint on the lithium surface abundance A(Li) = 0.96 ± 0.05 dex (Wang et al. 2021).
The results of the calibrations are given in Table 2.

2.6. Inversions of Solar Structure

One of the most common quality tests for solar models are comparisons with the internal
solar structure as measured from helioseismic data using inversion techniques. To do this, we
computed the adiabatic oscillation frequencies and eigenfunctions for the models in Table 2
using the Liège adiabatic OScillation Code (LOSC, Scuflaire et al. 2008b).

Usually, models are compared using their adiabatic sound speed profiles, expressed as
c2 = Γ1P

ρ
, with P the pressure, ρ the density and Γ1 the first adiabatic exponent. This in-

version usually serves as a basic quality check of the agreement with helioseismic data.
Moreover, this test may also serve in this study as a form of resolution limit for inversion
techniques regarding how far we can push their diagnostic potential, as well as an efficient
tracking of potential disagreements between the models. In this work, we carry out both



96 Page 8 of 25 M. Deal et al.

inversion of the squared adiabatic sound speed and the Ledoux discriminant. The latter is
defined as

A = 1

Γ1

d lnP

d ln r
− d lnρ

d ln r
, (4)

which is a proxy of the Brunt-Väisälä frequency and a direct measure of the stiffness of the
stratification in the solar radiative zone. For both inversions, we use the classical Substrac-
tive Optimally Localized Averages (SOLA) technique (Pijpers and Thompson 1994) that
we applied extensively in previous works (e.g. Buldgen et al. 2019, 2024a,b) and that has
been widely used in helioseismology (see e.g. Christensen-Dalsgaard 2002; Thompson et al.
2003; Basu and Antia 2008; Christensen-Dalsgaard 2021, and references therein). We use
the solar frequency dataset of Basu et al. (2009) coupled with that of Davies et al. (2014).
We use to this end the usual linear variational formalism (Dziembowski, Pamyatnykh, and
Sienkiewicz 1990) that allows to write

δνn,l

νn,l
=

∫︂ R

0
Kn,l

s1,s2

δs1

s1
dr +

∫︂ R

0
Kn,l

s2,s1

δs2

s2
dr + ℱ(ν)

Qn,l
, (5)

with Kn,l
si ,sj

the kernel function associated with the oscillation mode of frequency νn,l and
ℱ(ν) a function depending only on frequency that is associated with the so-called surface
effect, with Qn,l being the ratio of the mode energy to the energy of the radial mode of same
frequency. The notation δ denotes a difference between an observed and a model quantity,
defined as

x2
Sun − x2

Model

x2
Model

, (6)

where x can be an oscillation frequency or the sound speed, density or Ledoux discrim-
inant. The equation in the latter case will be slightly different as they will be written for
δA = ASun − AModel and not for relative differences as is more common, see e.g. for sound
speed, for which the structural perturbations are written as δc2

c2 . The surface correction of
the inversion is taken as the classical 6th order polynomial, and the parameters of the inver-
sion are calibrated following Rabello-Soares, Basu, and Christensen-Dalsgaard (1999). The
inversion results for the models studied here will be presented in Section 6.

2.7. Comparison of a Solar Model Without Atomic Diffusion

The similarity between the solar models obtained with both codes is first tested on models
without atomic diffusion in order to avoid any influence of the different treatment of this
process. Logarithmic differences in the temperature, density and opacity profiles are shown
in Figure 1. The differences are lower than 0.003 for all profiles below 0.6 R⊙ and increase
to 0.01 above. We notice slight differences in the position of the base of the convective en-
velope (Rcz/R⊙ = 0.7413 for Cesam2k20 versus 0.7387 for CLES) and in the initial helium
abundance (Y0 = 0.2569 against 0.2581). We tested that the difference in helium comes
from the treatment of Z (mean metal in CLES for elements heavier than 17O and individual
elements in Cesam2k20 up to iron). It induces a change in density that is compensated for by
a change in helium initial abundance. To understand the origin of the observed differences
in the position of the convective envelope between the two codes, we carried out the follow-
ing tests. We selected a fixed radius in a Cesam2k20 model, chose the associated density,
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Figure 1 Logarithmic
differences between models
Cesam2k20 and CLES nodiff
models for different quantities as
a function of the radius. The
dashed lines represent the same
quantities but the Cesam2k20
model is computed using the
exact same opacity table and
interpolation method as the
CLES model.

temperature, and chemical composition, and called the equation of state and opacity tables
routines of CLES for these given thermodynamic coordinates. For the equation of state, no
significant differences were observed for fixed coordinates. However, for opacities, CLES
returned a value 1.5% larger than Cesam2k20 for a given ρ, T , X and Z. As a test, we
implemented in Cesam2k20 the exact same opacity table and the interpolation method im-
plemented in CLES. The differences in the models are presented as dashed lines in Figure 1.
We clearly see that a large part of the difference comes from the slightly different treatment
of opacities in both codes. This may explain the differences in BCZ position and thus in den-
sity between the two codes, even without any transport processes included. Further detailed
tests of the interpolation routines of both codes should be carried out to determine the exact
origin of the observed differences. Overall, the comparison between the models obtained
with both codes is satisfactory, and any major differences seen in the following comparison
would come from the treatment of the processes specifically analyzed.

3. Atomic Diffusion

Atomic diffusion refers to the microscopic transport of chemical elements induced by pres-
sure, temperature, and composition gradients. It is mainly the competition between gravi-
tational settling, that leads to a depletion of elements, and radiative accelerations that are
induced by a transfer of momentum between photons and ions and push some elements to-
ward the surface. Atomic diffusion has been shown to be a major ingredient of solar models,
strongly improving, for example, the comparison with the sound speed profile inversions
(Christensen-Dalsgaard, Proffitt, and Thompson 1993).

Figure 2 shows the variations of the surface Z/X and Y , and the metallicity profiles for
CLES and Cesam2k20 standard solar models (SSM). The variations of the surface abun-
dances are very similar for both SSMs, with a larger initial helium abundance for the CLES
model (similarly to the model without diffusion, see Section 2.7). As imposed by the calibra-
tion, the final Z/X is the same for both models. As expected for SSMs with low-metallicity
metal mixtures, the helium surface abundance is smaller than the solar one, as already shown
in multiple studies (Basu and Antia 2008, and references therein). Although the metallicity
profiles have similar behavior, the details show differences, such as a slightly lower bump
at the bottom of the convective envelope and a slightly lower metallicity in the core for
the CLES model. These differences come from a different treatment of atomic diffusion
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Figure 2 Evolution of the surface Z/X and Y with time (top panel) and Z profiles according to the radius
(bottom panel) for models CLES SSM and CESAM SSM, Burgers, SVP. The black symbols and error bar
represent the solar values.

(see Section 2.3.1) and may also be due to the treatment of the diffusion equation (instan-
taneous mixing in convective zones for CLES compared to diffusive convective mixing in
Cesam2k20). These slight differences also show in the sound speed inversions (Figure 6)
both in the core and at the bottom of the convective envelope. The larger difference in the
core comes from differences in the temperature gradient, which seems to come from the
intrinsic differences of the models described in Section 2.3.1 and not from the treatment of
atomic diffusion. The impact of difference of the atomic diffusion formalisms is also tested
within Cesam2k20. CESAM SSM and Burgers models show very similar surface abundance
variations and metallicity profiles (Figure 2). The small differences are not significant in the
sound speed profiles as shown in Figure 6.

Despite the fact that radiative accelerations induce a second-order effect compared to
gravitational settling for stellar models with thick convective envelopes (including the Sun),
it is important to test it against the high-precision solar data. The effect of radiative acceler-
ation can be seen with the CESAM SVP model in Figures 2 and 6. The depletion of metals
is slightly reduced, leading to small differences in the metallicity profile that are not seen
in the inversion of the sound speed. However, since radiative accelerations affect the metal
mixture and therefore the Rosseland mean opacity, any potential revision of the opacity ta-
bles could lead to a change in the efficiency of this process and a change in its contribution
to the opacity at the bottom of the convective envelope (Turcotte et al. 1998; Schlattl 2002;
Gorshkov and Baturin 2008; Buldgen et al. 2025b).

From these model comparisons, we see that while atomic diffusion is crucial for solar
modelling, the way it is implemented in stellar evolution codes (within the formalism tested
in this work) has a minor impact on the quality of the solar models with respect to the sound
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speed profile. For more physically driven solar models, following the atomic diffusion for
individual elements seems preferable, especially when including radiative accelerations.

4. Additional Transport and Light Elements

Light elements such as lithium (7Li) and beryllium (9Be) are key ingredients in constraining
the transport of chemical elements in stellar models. The Sun shows a depletion of a factor
of about 100 between its initial and current surface abundance that cannot be explained by
SSMs. The only way to explain this depletion is to include additional macroscopic transport
processes (see e.g. Lebreton and Maeder 1987), and we know some of them are acting in the
Sun. For example, hydrodynamical instabilities are driven by the rotation of the Sun (and
stars in general) and transport angular momentum and chemical elements. The combina-
tion of meridional circulation and shear instability induces a transport of chemical elements
that depletes lithium and beryllium. However, this depletion is orders of magnitude too large
compared to observation (see e.g. Eggenberger et al. 2022). Magneto-hydrodynamical insta-
bilities also play a role in affecting the transport of angular momentum, hence the transport
of chemicals by the effect of the shear instability (Maeder 2009). Currently, none of the
combinations of (M)HD instabilities tested in solar models was able to reproduce the sur-
face abundances of light elements.

Accurate modelling of macroscopic transport processes responsible for the missing trans-
port being out of the scope of this paper, we model the total macroscopic transport of chem-
ical elements (except convection) with an ad hoc turbulent diffusion coefficient. The various
expressions are described in Section 2.3.2. For these models, variations of surface abun-
dances are very different from the SSMs (see top panels of Figure 3). The additional mixing
counteracts the effect of atomic diffusion, leading to a slower depletion of metals and helium.
The calibrated solar models then start with smaller initial abundances for these elements. We
note that with the additional mixing, the predicted helium abundance is closer (or within the
error bar for CLES models) to the observed value.

The metallicity profiles are also affected (bottom panel of Figure 3), with a smaller
amount of metals in the radiative zone. The difference in the treatment of the diffusion
equation between both codes can be seen at the bottom of the convective envelope with
a smoother variation for the Cesam2k20 models. The remaining metallicity bump for the
CLES models is an artifact of instantaneous mixing in convective zones.

The variation of the surface abundances of lithium and beryllium is presented in Figure 4.
As expected from the calibration, lithium is well reproduced in all models, with slightly dif-
ferent behavior during the evolution. Beryllium is only well reproduced in DM0 models
that are characterized by a sharper decrease in the efficiency of turbulent mixing with depth
(n = 4). This effect was already identified in previous works (see e.g. Buldgen et al. 2025a).
We note that for SSMs, beryllium is depleted faster in the Cesam2k20 models, which seems
to come from the fact that the elements are followed individually for atomic diffusion. More-
over, the differences in the initial abundances are only due to different size of convective
envelope that leads to different depletion on the PMS.

5. Electronic Screening and Neutrino Fluxes

As mentioned in Section 2.4, electronic screening has been discussed in numerous publica-
tions and as there is no clear consensus on the question so far, it is worth investigating its
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Figure 3 Same legend as Figure 2 for models CLES (dashed lines) and CESAM (solid lines) SSM, DT0,
DM0, and DCZ models.

Figure 4 Evolution of 7Li and 9Be surface abundances with time for CLES (dashed lines) and CESAM
(solid lines) SSMs, DT0, DM0, and DCZ models. The black symbols represent the solar values from Wang
et al. (2021) and Amarsi et al. (2024) for lithium and beryllium, respectively.

impact on the measurement properties of the solar core. The best probes we have to mea-
sure the properties of the core are neutrino fluxes that have now been measured for multiple
nuclear reactions (see e.g. Villante and Serenelli 2021, and references therein). A detailed
study using CLES models was also performed by Salmon et al. (2021).

In Figure 5, we illustrate the neutrino fluxes for Cesam2k20 and CLES models including
variations in the modelling of their core properties and compare them to the observed values
(Appel et al. 2022). These results do not serve the purpose of quantifiying the agreement or
the disagreement of solar models with experimental measurements but rather to show the
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Figure 5 Fluxes for pp chain,
7Be, 9B, and CNO neutrinos for
SSM, noscreen and nuc models.
Black symbols represent the
observed values from Appel et al.
(2022).

Table 3 Core properties of the
models. Model Xc Zc Tc [107 K] ρc

CESAM nodiff 0.384 0.01365 1.531 146.06

CLES nodiff 0.382 0.01362 1.529 145.52

CESAM SSM 0.358 0.01604 1.556 150.81

CLES SSM 0.359 0.01597 1.552 149.20

CESAM Burgers 0.358 0.01607 1.556 151.10

CESAM SVP 0.359 0.01597 1.555 150.75

CESAM DT0 0.366 0.01505 1.548 150.07

CLES DT0 0.365 0.01516 1.545 148.52

CESAM DM0 0.365 0.01508 1.548 150.10

CLES DM0 0.365 0.01519 1.545 148.56

CESAM DCZ 0.365 0.01509 1.548 150.11

CLES DCZ 0.364 0.01518 1.545 148.65

CESAM nuc 0.357 0.01631 1.565 153.40

CLES nuc 0.348 0.01606 1.566 155.60

CLES noscreen 0.361 0.01607 1.561 152.31

CESAM CGM 0.358 0.01604 1.556 150.79

CESAM SSM OPAL 0.359 0.01621 1.555 150.71

CESAM ECM OPAL 0.360 0.01603 1.554 150.51

impact of potential revisions of physical processes may have on such comparisons. We use
our SSMs as references and display the impact of a 5% modification of the pp chain reaction
on the neutrino fluxes. This reduction was described by Mussack and Däppen (2011) as one
way to simulate the effects of dynamical screening by the electrons for the pp chain. We
show in Figure 5 that this effect is significant for all fluxes.

First, we may note that the slight differences in the core properties of the CLES and Ce-
sam2k20 models (see Table 3) lead to slightly different neutrino fluxes. The differences for
7Be and 8B are the most notable one and show the sensitivity of these fluxes to the temper-
ature gradients in the core layers. The slightly steeper gradients in the CLES models lead
to higher values for these fluxes, while the pp flux is identical, as a result of the luminos-
ity constraint in the solar calibration. Slight differences in the CNO flux are also observed
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Figure 6 Relative differences
between the Sun and the model
squared adiabatic sound speed
profile c2 as a function of
normalized radius (r/R) for
Cesam2k20 models with various
implementations of microscopic
diffusion.

and likely originate from differences in the metallicity profile in the core, with Cesam2k20
models having a slightly higher Zc value.

The trends observed when altering the nuclear reaction rates are similar for both codes.
At the current solar age, Tc, ρc and Zc are increased as a natural effect of the lower efficiency
of the pp chain while the luminosity to be reproduced has been kept the same. This leads
to naturally higher model predicted neutrino fluxes for all neutrino sources and shows the
significant impact dynamical screening may have on the predictions of solar models. It also
seems that these deviations seem to be amplified by the differences in temperature gradient
in the core between the two codes, as pp and CNO neutrinos show the same trend, while
the 7Be and 8B fluxes are quite different. As an additional test, we ran a CLES model where
nuclear screening was fully deactivated for all nuclear reactions, the effect is similar to the
one observed in the CLES model for which the efficiency of the pp chain has been reduced.
The effect appears to be magnified even further in this case, as more reactions are modified.
Both tests with reduced efficiency and deactivated electronic screening are however highly
prospective and just show the potential impact it may have on our conclusions. They remain
an important source of uncertainty in solar modelling and the interplay between the existing
differences in the code and the modifications of the efficiency of nuclear reactions also
calls for further analyses that are beyond the goal of this paper. Overall, the agreement
between the two codes remains good and would lead to similar conclusions regarding the
disagreement of solar models using the AGSS09 abundances and neutrino fluxes that can be
found in the literature (Serenelli et al. 2009).

6. Inversion Results

The inversions of solar structure using each of our models as reference have been performed
using the SOLA inversion technique (Pijpers and Thompson 1994) and the trade-off pa-
rameter calibration procedure of Rabello-Soares, Basu, and Christensen-Dalsgaard (1999).
Additional details on the procedure and results on previous sets of models have been pre-
sented in Buldgen et al. (2017, 2019, 2023).

We start by presenting the sound speed inversions for the various models, in Figures 6, 7
and 8. From Figure 6, we confirm that including microscopic diffusion provides a significant
improvement to the agreement of solar models with helioseismology, as already shown by
Christensen-Dalsgaard, Proffitt, and Thompson (1993). Furthermore, it appears that there



The Impact of the Transport of Chemicals and Electronic Screening. . . Page 15 of 25 96

Figure 7 Relative differences
between the Sun and the model
squared adiabatic sound speed
profile c2 as a function of
normalized radius (r/R) for
Cesam2k20 and CLES models
including modifications of
nuclear reactions (turning off
electronic screening and pp chain
efficiency to mimic the effects of
dynamic screening).

Figure 8 Differences of the
squared adiabatic sound speed
profile c2 as a function of
normalized radius (r/R) for
Cesam2k20 and CLES models
including empirical turbulent
transport.

are no large differences between the various formalisms used to describe microscopic dif-
fusion in Cesam2k20 regarding the internal sound speed profile of solar-calibrated models.
This seems to indicate that none of these formalisms is substantially better than the others,
while physically the most complete description of microscopic diffusion is clearly the one
of the CESAM SVP model.

In Figure 7, we illustrate the effect of turning off nuclear screening in the CLES models,
denoted “noscreen” and reducing the efficiency of the pp chain reaction by 5% for both
CLES and Cesam2k20 models, denoted “nuc”. Compared to the standard solar models,
reducing the pp chain efficiency as suggested by Mussack and Däppen (2011) leads to a
worse agreement with helioseismic data, while they actually saw the opposite effect in their
studies. Comparing the Cesam2k20 (red crosses) and CLES models (red lozenges), we can
see intrinsic difference between the two SSMs, of the order of 0.1% at the BCZ and 0.3%
in the core. These differences were already noted in the models without diffusion and are
likely due to difference in temperature gradients that slightly alter the results of calibrations.
They are preserved when changing the efficiency of the pp chain, but the change in nuclear
reaction efficiency leads to a different response in CLES and Cesam2k20. Comparing the
CESAM SSM (red crosses) and CESAM nuc (blue crosses) models, we see that the sound
speed profile is also impacted in the BCZ layers (of about 0.4%), while for the CLES models
(red and blue lozenges) the changes are only localized in the core. In the core regions, both
“nuc” models see a relative shift in sound speed of similar amplitude, by about 0.3%, while
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Figure 9 Differences of the
Ledoux discriminant as a
function of normalized radius
(r/R) for Cesam2k20 and CLES
SSMs and nodiff models.

the models without any nuclear screening from CLES see changes throughout the sound
speed profile of about 0.6%. This implies that improving the neutrino fluxes using nuclear
screening comes at the expense of a worsening of the agreement in sound speed.

We first note intrinsic differences between the Cesam2k20 and CLES models, at the
level of 0.1% at the BCZ and 0.3% in the core. These differences are likely due to the
differences in temperature gradient observed already in the models without diffusion that
lead to differences in the solar calibrations. Regarding the models with modified nuclear
reactions, we note that the sound speed profile at the BCZ is unchanged for the CLES model
while it clearly worsens for Cesam2k20 models.

The impact of including macroscopic mixing at the BCZ is illustrated in Figure 8. We
can see that compared to a Standard Solar Model, the improvement is not significant, as the
main deviation in the sound speed profile is due to temperature gradients which are only
slightly affected by the inclusion of additional mixing at the BCZ. Again, both CLES and
Cesam2k20 models show small differences of about 0.2%, this time throughout the struc-
ture. The overall shape of the sound speed profile inversion is similar to what has been seen
in previous studies (Gough et al. 1996; Basu et al. 1997; Richard et al. 1996; Richard and
Vauclair 1997; Gabriel 1997; Brun et al. 2002; Christensen-Dalsgaard, Gough, and Knud-
strup 2018; Buldgen et al. 2019). It also appears that all three mixing formalisms lead to
very similar profiles, implying that, as long as it is included and reproduces the observed
depletion, the sound speed profile is not sensitive to the exact shape of the transport coeffi-
cient.

These findings are confirmed from the Ledoux discriminant inversions, that we present in
Figures 9, 10 and 11. Again it appears that microscopic diffusion significantly improves the
agreement with helioseismic data, both at the BCZ and in the core regions. From Figure 10,
we also see that a small improvement of the agreement is made when including turbulence
at the BCZ, as noted by Buldgen et al. (2017), implying that the remaining differences are
due to differences in thermal gradients at the BCZ. We also see that the agreement between
the Cesam2k20 and the CLES models is quite good, with a slightly better agreement for
the CLES models that is likely due to the slightly deeper convective envelope leading to
steeper temperature gradients favoured by helioseismic data. When looking at the models
with modified nuclear reactions, we see that the modifications remain limited throughout
the profile. This seems to imply that the gradients are not too much affected by the change
in nuclear reaction efficiency. The variations are mostly localised between 0.2 and 0.3R⊙,
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Figure 10 Differences of the
Ledoux discriminant as a
function of normalized radius
(r/R) for Cesam2k20 and CLES
models including empirical
turbulent transport.

Figure 11 Differences of the
Ledoux discriminant as a
function of normalized radius
(r/R) for Cesam2k20 and CLES
models reducing the nuclear rates
or ignoring the nuclear electronic
screening.

which makes sense considering that this is the region at the border of the core where the
modifications would be most impactful. Close to the BCZ, the modifications are minimal,
and the small differences occur from the slight shift in the position of the BCZ. Similarly to
the sound speed inversions, the model with the deactivation of the electronic screening has
larger discrepancies, confirming that including a detailed treatment of dynamical screening
may have a significant impact on helioseismic results.

The last test we computed was to compare the calibration results using the classical Mix-
ing Length Theory to the ones using the Entropy Calibrated Modelling of Manchon et al.
(2024). As expected, the results presented in Figure 12 are quite similar to those obtained
when comparing the CESAM SSM Model to the CESAM CGM model in Figure 6, as the
overall impact of the change of convection formalism is negligible compared to other pro-
cesses. This does not mean that the modelling of convection is negligible for solar models,
as it is likely that an inversion of Γ1 would exhibit large differences in the outer layers that
would be significant for other helioseismic analyses, such as the determination of the chemi-
cal composition of the solar envelope or the equation of state of the solar plasma (Vorontsov
et al. 2013, 2014; Buldgen et al. 2024a; Baturin et al. 2024, 2025).
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Figure 12 Relative differences of
the squared adiabatic sound
speed profile c2 as a function of
normalized radius (r/R) for
Cesam2k20 models using either
the MLT or the ECM treatment
of convection.

7. Conclusion

We compared solar models computed with CLES and Cesam2k20 using different input
physics in order to assess the impact of different ingredients on solar modelling. Both codes
are in good agreement for all the configurations tested in this work. In addition to the phys-
ical effects of transport processes and nuclear screening, we identified that the implemen-
tation of these processes can have a direct effect on the modelling. It is not visible when
modelling distant stars, but reveals itself when looking at the exquisite quality solar data.
While both codes compare very well in many respects, the slight differences in the prepa-
ration and interpolation of opacity tables lead to slight differences in temperature gradients
and properties which follow from them (e.g. the position of the base of convective envelopes
and the neutrino fluxes). In addition, the implementation of atomic diffusion and the differ-
ent treatments of the diffusion equation is key as they have an impact on the abundance
profiles at the age of the Sun. Despite these slight differences, CLES and Cesam2k20 pro-
vide very similar solar models that are a good basis for assessing the impact of physical
processes.

We showed that different formalisms to evaluate the microscopic diffusion velocities of
chemical elements (namely T94, MP93 and B69) give very similar results and inversions of
sound speed or Ledoux discriminant do not favor one over the other. The fact that atomic dif-
fusion (and the transport of chemical elements in general) is solved for individual elements
in Cesam2k20 and for a mean metal in CLES has no significant impact on solar models. The
same applies to instantaneous mixing in convective zones in CLES and diffusive mixing in
Cesam2k20. However, we believe that the approach of Cesam2k20 for both aspects should
be favored as it may treat more consistently situations where instantaneous mixing may not
be physical (e.g. when the timescale of nuclear reactions is short enough to be comparable
to the mixing timescale).

SSMs are proved to fail to reproduce the abundances of lithium and beryllium, which is
why additional transport processes are needed. We confirmed previous results showing that
the addition of turbulent mixing allows one to reproduce the surface abundances of both
elements but degrades the agreement for inversions. A sharp decrease in mixing efficiency
with density (n = 4 in Eq. 2 and 3)is also favored to specifically reproduce the abundance
of beryllium, as pointed out in previous studies (e.g. Buldgen et al. 2025b).

We showed that treatment of convection has a very small impact on the sound speed
inversion, as it leads to minor shifts in the radiative zone. This does not mean that the mod-
elling of convection will not have an impact on helioseismology of the solar envelope, but



The Impact of the Transport of Chemicals and Electronic Screening. . . Page 19 of 25 96

it is not surprising that its impact on the sound speed profile in the radiative zone remains
limited compared to other physical processes.

Reducing the efficiency of the nuclear reaction rates (weak screening included) of 5%
as suggested by Mussack and Däppen (2011) and Däppen (2024) has the same effect as ne-
glecting the electronic screening of nuclear reactions on the core properties. It greatly affects
the predictions of neutrino fluxes, but is still far from the observations of the CNO neutrinos.
This confirms that electronic screening of nuclear reactions is an important ingredient for
accurate solar models.

The thorough comparisons between solar calibrated models presented here have shown
how small differences between stellar evolution codes may impact some conclusions drawn
from detailed analyses of helioseismic constraints and neutrino fluxes. While these discrep-
ancies remain small, especially compared to variations of physical ingredients, they are not
entirely negligible at the current level of precision of observational constraints. In this re-
spect, further comparisons may lead to mutual progress of both Cesam2k20 and CLES, but
also a better understanding of the impact of various numerical recipes or simplifying as-
sumptions made in the codes. Such comparisons are not timely solely for the analysis of
helioseismic data, but also for the preparation of the upcoming PLATO mission (Rauer et al.
2025).
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