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ABSTRACT

Context. As a result of the high-quality constraints available for the Sun, we are able to carry out detailed combined analyses using
neutrino, spectroscopic, and helioseismic observations. These studies lay the ground for future improvements of the key physical
components of solar and stellar models because ingredients such as the equation of state, the radiative opacities, or the prescriptions
for macroscopic transport processes of chemicals are then used to study other stars in the Universe.

Aims. We study the existing degeneracies in solar models using the recent high-metallicity spectroscopic abundances by compar-
ing them to helioseismic and neutrino data and discuss the effect on their properties of changes in the micro and macro physical
ingredients.

Methods. We carried out a detailed study of solar models computed with a high-metallicity composition from the literature based
on averaged 3D models that were claimed to resolve the solar modelling problem. We compared these models to helioseismic and
neutrino constraints.

Results. The properties of the solar models are significantly affected by the use of the recent OPLIB opacity tables and the inclusion
of macroscopic transport. The properties of the standard solar models computed using the OPAL opacities are similar to those for
which the OP opacities were used. We show that a modification of the temperature gradient just below the base of the convective zone
is required to remove the discrepancies in solar models, particularly in the presence of macroscopic mixing. This can be simulated by
a localised increase in the opacity of a few percent.

Conclusions. We conclude that the existing degeneracies and issues in solar modelling are not removed by using an increase in the
solar metallicity, in contradiction to what has been suggested in the recent literature. Therefore, standard solar models cannot be
used as an argument for a high-metallicity composition. While further work is required to improve solar models, we note that direct
helioseismic inversions indicate a low metallicity in the convective envelope, in agreement with spectroscopic analyses based on full

3D models.
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1. Introduction

During the past 30 years, the solar metallicity, Z, has oscillated
from a high to a low value, to again return to a high value in a
recently published paper. The early works by Grevesse & Noels
(1993, hereafter GN93) and Grevesse & Sauval (1998, hereafter
GS98) led to values of Z/X = 0.0244 and Z/X = 0.0231, respec-
tively. These results were obtained from analysing spectra taken
at the centre of the solar disc using one dimension (1D) LTE pho-
tospheric models. More recently, new analyses of the same solar
spectra that used new atomic data and improved 3D NLTE mod-
els by Asplund et al. (2009, hereafter AGSS09), Asplund et al.
(2021, hereafter AAG21), and Amarsi et al. (2021) derived much
lower metallicities, Z/X = 0.0181 and Z/X = 0.0187, respec-
tively. Very recently, Magg et al. (2022, hereafter MB22) pro-
posed a revision of the solar abundances leading to a metallicity
of Z/X = 0.0226, which is a return to the high values of
the 1990s and at 4.50 with AAG21. This result was based on

an analysis of the solar disc-integrated flux spectrum using a
spatial and temporal average of a 3D RHD model, thus a 1D
model called average 3D ((3D)). While further comparisons are
required to fully understand the origin of the differences between
the study of MB22 and those of AGSS09 and AAG21, it is inter-
esting to briefly compare 3D and (3D) models, however. The dif-
ferences between these two types of models are now well known:
the 3D model outperforms the (3D) model by far, as is clearly
observed when they are applied to the analysis of disc-integrated
flux spectra, as shown in Fig. 7 of Amarsi et al. (2018) for the
case of oxygen. The upward revision of the metallicity by MB22
has rekindled the debate about the so-called “solar problem”.
As expected, their high-metallicity value improves the situation
with neutrino measurements and some helioseismic constraints.
However, the authors only computed one set of standard solar
models to draw these conclusions and left a detailed analysis of
the solar models to be performed later, arguing that the remain-
ing discrepancies could be explained by remaining limitations
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of the stellar models and referring to Buldgen et al. (2019), who
used AGSS09 as well as abundances based on the neon revision
of Young (2018), and is therefore compatible with AAG21.

Recently, Buldgen et al. (2023) revised the claims of MB22
regarding the needs for revision of the physics of solar mod-
els. The authors showed that the agreement found by MB22 was
due to a combination of physical ingredients and not based on
the abundances alone. They discussed the appearance of various
issues that arise when macroscopic transport of chemicals was
included to reproduce the lithium depletion in the Sun, regardless
of the parametrisation used for the transport coefficient. They
also showed that an accurate determination of the solar beryl-
lium abundance was required to fully characterise macroscopic
transport at the base of the convective zone (BCZ). They men-
tioned that MB22 did not consider recent helioseismic deter-
minations of the chemical composition of the solar envelope
(Vorontsov et al. 2013; Buldgen et al. 2017a), which were fur-
ther improved in precision (Buldgen et al. 2024), and in this last
study provided an average over multiple reference models and
datasets of Z = 0.0138. These independent approaches to deter-
mine the solar chemical composition confirm the low metallicity
value of AAG21.

However, Buldgen et al. (2023) did not consider the impact
of varying the reference opacity tables and combined helioseis-
mic inversions and did not discuss the question of the remaining
limitations mentioned in the conclusions of MB22. In this study,
we use standard solar models (SSMs) and non-standard mod-
els including macroscopic mixing of chemicals using both the
OPAL and OPLIB opacities and carry out a detailed investiga-
tion of calibrated models that were computed using the MB22
abundances in a similar way as Buldgen et al. (2019), who per-
formed a detailed analysis like this using the AGSS09 abun-
dances as well as the neon revision of Young (2018), which
was later confirmed by AAG21. We thus significantly extend
the set of solar models computed with the MB22 abundances
and discuss our findings regarding global parameters such as the
position of the BCZ, the helium mass fraction in the convec-
tive zone, neutrino fluxes and a combined helioseismic inver-
sion of the squared adiabatic sound speed, the entropy proxy,
and the Ledoux discriminant, as well as the frequency sep-
aration ratios of low-degree modes. We implemented a new
diffusion coefficient to study macroscopic mixing below the
convective envelope, derived from the asymptotic behaviour of
the combined shear instability and magnetic Tayler instabil-
ity in rotating solar models instead of the usual power law in
density (see e.g. Proffitt & Michaud 1991; Richard et al. 1996;
Christensen-Dalsgaard et al. 2018; Buldgen et al. 2023). This
approach is linked to the solid-body rotation of the solar radiative
interior (Brown et al. 1989; Thompson et al. 1996; Schou et al.
1998). As the inclusion of macroscopic transport reduces the
extent of the solar convective zone, we also investigate the
behaviour of solar models under the effects of adiabatic over-
shooting and a localised increase of opacities, which recover the
helioseismic position of the base of the convective zone.

By combining all constraints available for the Sun, we carry
out a detailed analysis of solar models using the MB22 abun-
dances. We discuss the actual implications of the residual lim-
itations of SSMs computed with revised high-metallicity solar
abundances, and we disentangle the various contributors to these
discrepancies in a similar way as Buldgen et al. (2019), tak-
ing macroscopic transport, localised opacity modifications, and
overshooting at the base of the convective envelope into account.
Our aim here is to further demonstrate the need for an improve-
ment of the physics of solar models and to show that even when
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the MB22 abundances are taken at face value, our conclusions
remain unchanged. Detailed helioseismic analyses of solar mod-
els built using these abundances combined with various opacity
tables and a new formalism for macroscopic transport reinforce
these needs and do not alleviate them.

2. Solar models

We computed solar models using the Liege stellar evolution
code (Scuflaire et al. 2008) with various physical ingredients
as in Buldgenetal. (2019). We used the recently suggested
high-metallicity solar abundances (MB22) based on (3D) mod-
els, the latest version (v7') of the SAHA-S equation of state
(Gryaznov et al. 2006, 2013). We refer to Buldgen et al. (2019)
and references therein for similar comparisons between high-
and low-metallicity solar models. We only discuss MB22 solar
models here. Based on Buldgen et al. (2019) and from previous
references, it appears that the two main ingredients affecting the
properties of solar models are the transport of chemical elements
and the opacity tables. In this study, we analyse the implication
of the abundance revision by MB22 for various opacity tables
available in the literature for the first time in detail. We thus
compute the first MB22 standard solar models using the OPAL
(Iglesias & Rogers 1996) and OPLIB (Colgan et al. 2016) opac-
ity tables that were computed for this specific mixture, as well as
models including macroscopic transport of chemicals reproduc-
ing the combined effects of hydrodynamic and magnetic insta-
bilities due to the presence of rotation in the solar radiative zone
(models denoted Dg). We follow the work of Eggenberger et al.
(2022), who computed solar models that reproduce both the
lithium depletion and the internal rotation profile of the solar
radiative zone. To do this, we use an asymptotic description
of the transport coefficient of chemicals under the combined
effects of meridional circulation, shear instability, and the mag-
netic Tayler instability (Spruit 2002).

As the Sun is a slow rotator, the dominant transport mecha-
nism of chemicals due to rotation is the shear instability in the
radiative layers of solar models, which results from the signif-
icant radial differential rotation (Zahn 1992). When the Tayler
magnetic instability is included (Spruit 2002), the radial differ-
ential rotation is regulated via an efficient transport of angular
momentum. However, a critical radial gradient of rotation is
required for the instability to operate, and chemical gradients
have an inhibiting effect on the apparition of this process. There-
fore, the magnetic Tayler instability acts as an intermittent very
efficient angular momentum transport that reduces the efficiency
of the transport of chemicals by shear. We can thus estimate an
asymptotic diffusion coefficient for the chemicals that is essen-
tially the transport by shear, where the rotation gradient is the
critical value at which the magnetic Tayler instability operates
(since a larger radial rotation gradient would be quickly damped
by the magnetic Tayler instability to the critical value).

Following this reasoning, we used the equation for the criti-
cal radial shear for the instability to operate,
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with Q, the angular rotation velocity, assumed constant and fixed
to the helioseismic value of the solar radiative zone, N, the
chemical contribution to the Brunt—Viisila frequency, and 1 the
magnetic diffusivity, and we combined it with the vertical diffu-
sion coefficient of the shear instability of Talon & Zahn (1997),
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Dy, which consistently takes the effects of chemical composition
gradients into account,

Dy = 2Ri.(dU/dz)?

N3/(K + Dy) + N2/Dy’ @
with D, the horizontal turbulence coefficient, Ri. the critical
Richardson number, dU/dz = rsin8(d€2/dr) the vertical shear
rate, K the thermal diffusivity, and Nt the thermal contribution
to the Brunt—Viisild frequency. The following expression for the
macroscopic transport of chemicals is obtained after averaging
over latitude:

N2 1/2
DR=th<r>Q‘3/2[%] , 3)

with f(r) a parametric function that is used to mimic the over-
all complex behaviour of the coefficient when the full trans-
port of both angular momentum and chemicals was computed.
The behaviour is, as expected, very similar to the recalibrated
density power law used in Eggenberger et al. (2022). We men-
tion, however, that this approach would need to be recalibrated
in light of the incompatibility of the magnetic Tayler insta-
bility with the observations at later evolutionary stages (see
e.g. Deheuvels et al. 2014, 2015; Gehan et al. 2018), particu-
larly with the very young subgiants of Deheuvels et al. (2020). It
would not impact the conclusions of our study, however, as they
are similar to those of Buldgen et al. (2023)

We computed eight models in total because we also inves-
tigated the impact of replacing the position of the base of the
convective zone at the helioseismically inferred value of 0.713 +
0.001 Ry, (Basu & Antia 1997) using either adiabatic convective
penetration (denoted “Ov”) or a localised increase of opacity
(denoted “OPAC”). We investigated whether one of these solu-
tions was favoured over the other in the context of helioseismic
inversions of the solar structure.

The increase in opacity was parametrised as follows:

k = ko(1 + 6k), 4

with kg the reference opacity of the model (e.g. either OPAL or
OPLIB), and 6« the Gaussian opacity modification parametrised
with temperature,

5k = Aexp(—150(log T — 6.33)?), 5)

with A the amplitude of the modification, and T the local tem-
perature. The temperature we used was close to that of the
Bailey et al. (2015) experiment, with an extension sufficient to
affect the radiative layers, which were at slightly hotter tem-
peratures in our models. The parametrisation was kept constant
throughout the evolution of the solar model and led to a modifi-
cation of the opacity profile at the BCZ that is illustrated in Fig. 1
for the OPAL model. Despite peaking in the convective zone (the
BCZ is located at log T = 6.34), the modifications in the radia-
tive layers just below the BCZ are still substantial and lead to
significant differences in the helioseismic inference results.

2.1. Global parameters

We started by studying the relevant global parameters that
describe 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

—_OPAL-Dy /
18 F|.__OPAL-Dy — OPAC /

0.6 0.65 0.7
Position r/R,

0.5 0.55

Fig. 1. Opacity profile as a function of the normalised radius for model
OPAL Dy (green) and model OPAL Dy + OP (blue).

lithium abundance. The values of these various parameters for
each model are provided in Table 1.

A first conclusion drawn from Table 1 is that the results of
Buldgen et al. (2023) regarding the helium mass fraction in the
convective envelope Ycz hold for the OPAL and OPLIB opaci-
ties. The OPAL tables were the reference opacity tables for the
SSMs of the 1990s (e.g. Christensen-Dalsgaard et al. 1996), but
they were replaced by the OP opacities (Badnell et al. 2005) in
recent SSMs (Vinyoles et al. 2017). The recent OPLIB opaci-
ties are the latest generation of Los Alamos opacities. They were
investigated in Colgan et al. (2016) and Buldgen et al. (2017b).

While the OPAL SSM in Yz agrees excellently with
the helioseismic measurement of Yczeo = 0.2485 + 0.0035
(Basu & Antia 1995), the values in models that include the
effects of macroscopic mixing are too high with respect to the
value inferred from helioseismology. We also note that a more
recent determination by Vorontsov et al. (2013) using modern
equations of state showed a slightly larger interval of values and
favoured higher helium mass fraction values of about 0.25 in
the CZ. This issue is still present in models for which the posi-
tion of the base of the convective envelope is replaced at the
helioseismic value (0.713 + 0.001 Ry) using either overshoot-
ing or an opacity increase. The inclusion of macroscopic mix-
ing is required to reproduce the lithium photospheric abundance,
A(Li) = 0.96 + 0.05dex (Wang et al. 2021), but it reduces the
size of the solar convective envelope and thus destroys the exist-
ing agreement of high-metallicity models with helioseismology,
as shown in Table 1. To restore this agreement, either an adia-
batic convective penetration of 0.088 Hp is applied at the BCZ
(with Hp the local pressure scale height), or an increase in opac-
ity of 11% at the BCZ is applied (namely A = 0.12), following
Egs. (4) and (5).

The OPLIB models show a similar behaviour. However,
because the OPLIB opacities are intrinsically lower than those
of OPAL at a high temperature, the Yz values of the models are
shifted by about 0.005. This means that the OPLIB models that
include macroscopic transport provide an overall better agree-
ment than the OPAL models, in particular since they naturally
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Table 1. Global parameters of the solar evolutionary models.

Name (r/R)pcz  (m/M)cz Yez  A(Li) [dex]
Model OPAL SSM 0.7173 0.9770 0.2460 2.536
Model OPAL Dy 0.7210 0.9779 0.2545 0.954
Model OPAL Dy + Ov 0.7133 0.9777 0.2535 0.915
Model OPAL Dy + OPAC 0.7136 0.9762 0.2546 0.918
Model OPLIB SSM 0.7142 0.9761 0.2404 2.611
Model OPLIB Dy 0.7185 0.9769 0.2484 0.991
Model OPLIB Dg + Ov 0.7133 0.9768 0.2479 0.991
Model OPLIB Dgr + OPAC 0.7132 0.9757 0.2485 0.982

Table 2. Neutrino fluxes of the evolutionary models.

Name #(pp) [x10"%cm™2s7']  ¢(Be) [x10°cm?s']  ¢(B) [x10°cm™?s7']  ¢(CNO) [x10%cm™2s7']
Model OPAL Std 5.94 4.95 5.53 6.21
Model OPAL Dy 5.97 4.77 5.12 5.58
Model OPAL Dy + Ov 5.97 4.78 5.15 5.61
Model OPAL Dy + OPAC 5.97 4.77 5.13 5.57
Model OPLIB Std 5.98 4.61 4.58 5.45
Model OPLIB Dy 6.01 4.44 4.24 4.92
Model OPLIB Dy + Ov 6.01 4.45 4.26 4.94
Model OPLIB Dy + OPAC 6.01 4.45 4.25 4.92
0-G21® 5.97+90037 4.80*923 5167043 -
Borexino 6.1795 4.99%0-13 5.687039 6.6'25

References. ("Orebi Gann et al. (2021); ®Borexino Collaboration (2018), Borexino Collaboration (2020), Appel et al. (2022).

lead to a deeper position of the base of the convective enve-
lope. As discussed in Buldgen et al. (2023), the BCZ position
is also significantly affected by the details of the formalism used
to compute the microscopic diffusion of chemicals. This work
as well as (Buldgen et al. 2019) showed that the effects of the
screening coefficients of Paquette et al. (1986) are to push the
BCZ position up by about 0.003.

Therefore, when the original implementation of Thoul et al.
(1994) was used as in MB22, an SSM using the OPLIB opaci-
ties would have a slightly deeper position of the BCZ that almost
disagrees with the helioseismic value. This clearly illustrates
the degeneracy that exists in the solar models and the various
parameters that can lead to agreement (or disagreement) with the
extremely precise constraints for the Sun. Nevertheless, OPLIB
models including macroscopic transport still need some increase
in opacity or adiabatic convective penetration to replace the BCZ
position at the helioseismic value. In this case, the convective
penetration is only 0.061 Hp, and the increase in opacity is 8.0%
at the BCZ (or A = 0.085 in Eq. (5)).

2.2. Neutrino fluxes

The second relevant constraints to investigate when computing
solar models are the neutrino fluxes. The results for our mod-
els are summarised in Table 2, where we illustrate the pp, Be,
B, and CNO neutrino fluxes, denoted ¢(pp), ¢(B), ¢(Be), and
#(CNO). We compare these results to the values provided in
Borexino Collaboration (2018) and Orebi Gann et al. (2021).
The first point we confirm is that high-metallicity SSMs
computed with the OPAL opacities agree quite well with the
Borexino fluxes, including the recent CNO fluxes of Appel et al.
(2022). As shown in Table 2, we note that the analysis of
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Orebi Gann et al. (2021) provides a much lower ¢ value than
Borexino, however, leading to a significant disagreement with
the high-metallicity SSMs. As in Buldgen et al. (2023), the
inclusion of macroscopic transport leads to a significant dis-
agreement with the Borexino ¢g value that is often used to
favour high CNO abundances in the Sun (Bahcall et al. 2005;
Serenelli et al. 2013; Serenelli 2016; Borexino Collaboration
2018). In addition, the value of ¢cno is now also much lower.
It disagrees at 1o~ with the measurements.

The issue is more tedious for the models computed with
the OPLIB opacity tables. The SSM already disagrees at 1o
for the ¢cno measurements as well as with the Borexino mea-
surements of ¢g and ¢g.. When macroscopic mixing is added,
the disagreement further increases, leading to questions about
the properties of the solar core in the OPLIB models. The key
parameter here is the lower opacity at high temperatures, which
leads to a higher initial hydrogen abundance for the reproduction
of the solar luminosity at the solar age. For a given solar metal-
licity, the helium abundance and central temperature is therefore
lower, leading to a disagreement in neutrino fluxes and to a lower
helium mass fraction in the CZ. This effect on the neutrino fluxes
is further increased by the inclusion of the effects of macroscopic
mixing, which has the tendency to push the calibration procedure
towards even higher initial hydrogen abundances.

3. Helioseismic constraints

To fully investigate the helioseismic properties of our solar
evolutionary models, we carried out seismic inversions of the

squared adiabatic sound speed, ¢? = r{‘)—P, with P the local pres-
sure, p the local density, and I'y = 42| the first adiabatic
Pls
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Fig. 2. 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.

exponent, of the entropy proxy, Ss;3 = # and the Ledoux dis-
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criminant, A = -9 — S22 The combined analysis of these
1 dinr dinr

helioseismic inversions allowed us a clear view of the prop-
erties of solar models, as carried out in Buldgen et al. (2019),
and it allowed us to investigate the individual contributions of
some key elements of solar models in greater depth. We used the
SOLA inversion technique (Pijpers & Thompson 1994), follow-
ing the approach of Rabello-Soares et al. (1999), to calibrate the
trade-off parameters.

3.1. Sound speed inversions

The squared adiabatic sound speed inversions for all models
(SSMs and models including macroscopic transport) is illus-
trated in Fig. 2. When the reference opacity tables are varied
for a given mixture, the impact is significant, as was illustrated
in Buldgen et al. (2019) for the AGSS09 mixture. For the sound
speed inversion alone, it might be argued that the OPLIB SSM is
superior to the OPAL SSM, especially in the upper radiative lay-
ers. A similar situation was found for the GN93 abundances with
the OPLIB tables. However, given the issues regarding the neu-
trino fluxes mentioned above, these conclusions are incomplete
and do not encompass the whole picture. Similarly, the inclusion
of macroscopic transport leads to a slight improvement of the
agreement at the BCZ, but at the expense of increased discrep-
ancies in the deeper layers. This is probably due to the reduction
of the metallicity in the radiative zone.

In Fig. 3 we illustrate the impact of recovering the helio-
seismic value of 0.713 Ry of the BCZ using either adiabatic
overshooting or a localised increase in the opacity. It appears
that the two approaches are not equivalent, and the sound speed
inversions would favour a localised opacity increase at the
BCZ. Other results in the literature (e.g. Monteiro et al. 1994;
Rempel 2004; Christensen-Dalsgaard et al. 2011; Zhang et al.
2019; Baraffe et al. 2022) show that a significant change in the
temperature gradient on the radiative side is apparently favoured.
Further investigations would be required to determine whether
opacity modifications and effects of convective boundary mix-
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Fig. 3. Relative squared adiabatic sound speed differences between the
Sun and models using the OPAL and OPLIB opacities, including macro-
scopic mixing of chemical elements and either adiabatic overshooting
or a localised opacity increase to replace the BCZ at the helioseismic
value.

ing and thermalisation of the convective elements can be distin-
guished.

3.2. Entropy proxy inversions

The entropy proxy inversions for all SSMs and models includ-
ing macroscopic mixing are illustrated in Fig. 4. Again, the best
model seems to be the OPLIB SSM, which only shows small
discrepancies throughout the radiative layers and a good agree-
ment regarding the height of the entropy plateau in the CZ.
This is in line with the conclusion of Buldgen et al. (2017b),
who observed a similar trend for both AGSS09 and GN93 abun-
dances when comparing OPAL to OPLIB models. The inclusion
of macroscopic transport significantly improves the agreement
around 0.6 Ry, for the OPLIB model by essentially erasing the
contribution of mean molecular weight gradients to this quan-
tity. The situation is exactly the opposite for the OPAL model,
as macroscopic transport leads to significiant discrepancies. The
position of the entropy plateau in the CZ with macroscopic trans-
port agrees less well by about 0.003, which is still significant at
our precision level. It appears that none of the models, standard
or otherwise, is able to place the entropy plateau at the correct
height. In the deeper radiative layers and in the core, the changes
remain quite small and are similar to the sound speed variations
overall.

As for the sound speed inversion, the entropy proxy traces
how the position of the base of the convective envelope
is replaced. It appears that a localised opacity modification
improves the height of the entropy plateau by about 0.005, but
worsens the agreement just below the BCZ by about 0.6 R, (see
Fig. 5). This conclusion is reached for both OPAL and OPLIB
opacity tables and is likely due to the shape of the opacity modi-
fication. Adiabatic overshooting does not affect the height of the
entropy plateau at all, however. In the case of the AGSS09 abun-
dances, Buldgen et al. (2019) found that when adiabatic over-
shooting extends deep enough, the height of the plateau in one
of their models could be strongly affected, but the sound speed
inversion results were then significantly worse. This implies
that the temperature gradient in the radiative layers is poorly
described with the current approach, but that some degree of
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steepening is required to place the plateau in the CZ at the cor-
rect height. This contradicts the sound speed profile inversions
that would strictly favour a model using the opacity modifica-
tion of Eq. (4).

Based on the entropy proxy inversions, the situation appears
far more complex, despite the revision of the abundances by
MB22, which improved the agreement from the point of view
of the sound speed profile.

3.3. Ledoux discriminant inversions

The last inversion we investigated is that of the Ledoux dis-
criminant profile, which amplifies the discrepancies at the BCZ.
Figure 6 shows that the OPLIB SSM is only superior to that of
OPAL close to the BCZ. In a similar way to what was observed
for the GN93 abundances in Buldgen et al. (2017¢c), there seems
to be a region, around 0.6 Ry, where the temperature gradient is
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Fig. 6. Ledoux discriminant 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 ele-
ments.

too steep in the OPLIB model. This can be due to a too high
opacity in these layers as a result of the higher oxygen and iron
abundance. This discrepancy is located very close to the peak in
metallicity that is observed in the SSMs due to the competing
effects of pressure and thermal diffusion, which in turn induce
a higher opacity as the metals are the most dominant contribu-
tors at these temperatures (Blancard et al. 2012). The inclusion
of macroscopic mixing erases this peak in metallicity and thus
leads to a much fainter temperature gradient. For the OPLIB
model, this significantly improves the agreement around 0.6 R,
but the improvement is much smaller for the OPAL model. The
sharp variations at the base of the convective zone are slightly
reduced by macroscopic mixing, indicating that a fainter chem-
ical composition gradient is favoured, in agreement with pre-
vious studies (e.g. Brun et al. 2002; Takata & Shibahashi 2003;
Baturin et al. 2015; Christensen-Dalsgaard et al. 2018).

The effects of including adiabatic overshooting and a
localised increase in opacity are illustrated in Fig. 7. Again,
both effects can be easily distinguished. In both cases, the
opacity increase efficiently reduces the sharp peak at the BCZ.
The OPLIB model with the opacity increase is again favoured,
while the OPAL model with the opacity increase shows a quite
extended deviation in the bulk of the radiative zone. This is due
to the exact shape of the opacity profile in the model, which
extends to slightly higher temperatures in this case. The ampli-
tude of the opacity modification was increased from 8.5% to
12% between the OPLIB and the OPAL model, but the width of
the Gaussian function remained the same. Therefore, the ampli-
tude remains slightly larger at higher temperatures and explains
the deviations, as illustrated in Fig. 1. This demonstrates both
that opacity modifications should remain very localised in these
models and that the Ledoux discriminant inversion is extremely
efficient at constraining the temperature gradient in the upper
solar radiative layers.

3.4. Frequency separation ratios

The frequency separation ratios defined by Roxburgh &
Vorontsov (2003) are classical constraints in helioseismology.
They have been used in numerous discussions related to the
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Fig. 7. Ledoux discriminant differences between the Sun and models
using the OPAL and OPLIB opacities, including macroscopic mixing
of chemical elements and either adiabatic overshooting or a localised
opacity increase to replace the BCZ at the helioseismic value.

solar abundances (e.g. Basu et al. 2007; Chaplin et al. 2007) and
the physics of solar models (Buldgen et al. 2017b; Salmon et al.
2021). They serve as a direct test of the sound speed gradi-
ent in the deep solar layers (Roxburgh & Vorontsov 2003), as
can be shown using asymptotic developments (Shibahashi 1979;
Tassoul 1980) that they satisfy the following relation:

—(4L+6)
42y,

R de dr

o dr r’

(6)

I'ne =

with c the adiabatic sound speed defined above, £ the degree of
the mode, and R the solar radius. This constraint is regularly used
for the asteroseismic modelling of solar-like oscillators, but also
as a straightforward test of solar models.

Therefore, we computed the frequency separation ratios for
all the models in this study and compared them to an SSM using
the GN93 abundances, FreeEOS, and OPAL opacities, which
would be the reference of the 1990s to reproduce. To better
illustrate the level of agreement, we compared the following
quantity:

@)

with ¢, , the uncertainty on the observed frequency separation
ratios. This quantity has the advantage of directly showing how
significant the differences are. However, it should be kept in
mind that the very high precision of the solar data implies that
almost no model reaches a 1o level of agreement for all fre-
quency separation ratios.

These results are illustrated in Fig. 8 for the standard solar
models and for models with the revised turbulent formalism.
Figure 9 shows the models with both macroscopic transport and
overshooting or an opacity modification. According to Figs. 8
and 9, none of the models performs quite well, regardless of
the opacity table that is used for them. When we compare the
MB22 models to the GN93 model, we can clearly see that their
level of agreement is significantly lower, particularly at low and
intermediate frequencies, for both OPLIB and OPAL opacities,
even when the BCZ position is replaced using overshooting or
an opacity increase.

This situation is in clear contrast with the agreement found
for higher-metallicity models of the 90s (see e.g. Chaplin et al.
2007; Basuetal. 2007; Serenelli et al. 2009; Buldgen et al.
2017b). Due to the similarities between the OP and the OPAL
opacities, the same level of agreement was found when the
experiment was repeated with an OP model. Further investiga-
tions regarding the exact layers to which the frequency separa-
tion ratios and their slope are sensitive might help determine the
exact origins of the observed deviations. The AGSS09 models
using the OPLIB opacities are found to provide a good agree-
ment, but clearly disagree for other key constraints such as neu-
trino fluxes and the helium abundance in the convective zone (see
Buldgen et al. 2017b; Salmon et al. 2021, and the associated dis-
cussion).

4. Discussion

The immediate result of our detailed analysis of solar mod-
els with revised MB22 abundances is that the agreement found
for SSMs strongly depends on the radiative opacities used to
compute them. While models using OPAL tables agree excel-
lently with helioseismic and neutrino data, models using OPLIB
tables show significant discrepancies in neutrino fluxes while
showing a better agreement with helioseismic constraints over-
all, with the exception of the helium mass fraction in the CZ.
This issue regarding the OPLIB tables was already discussed
in Buldgen et al. (2019) and Salmon et al. (2021), and detailed
comparisons are required to determine the origin of the dif-
ferences between OPAL, OP, and OPLIB. Similarly, the good
performance of the OPAL opacities are expected because the
differences between OPAL and OP are small. Therefore, even
for SSMs, a detailed analysis of the models leads us to conclude
that despite the improvements due to the increase in the solar
abundances, key issues remain linked to the current state of solar
modelling. In this context, the existing degeneracies in classi-
cal helioseismic inferences cannot be used to validate abundance
determinations. The conclusions we draw from the OPAL mod-
els can thus be applied to the OP models because the two opacity
tables are similar. A striking issue is also found for the frequency
separation ratios, which only provide a moderate agreement with
solar models using the MB22 abundances. This is far from what
was achieved with GS98 or GN93 models. In this respect the
MB22 abundances are not exactly equivalent to the GS98 abun-
dances. Further investigations are required to examine exactly
from where these discrepancies arise.

The second main result is that the situation drastically
changes when macroscopic mixing is taken into account to
reproduce the lithium depletion at the solar surface. This has
been discussed in Buldgen et al. (2023) and was generalised here
to models including the OPAL and OPLIB opacities. The signif-
icant decrease in neutrino fluxes observed for models including
macroscopic mixing is due the drastic change in the calibration
results when we attempted to reproduce the lithium observa-
tions. As mentioned in Buldgen et al. (2023), a reliable beryl-
lium determination would be required to further constrain the
efficiency of macroscopic mixing at the BCZ. The impact of
planetary formation could mitigate the issue (Kunitomo et al.
2022), but modifications to other key physical ingredients such
as opacity at higher temperatures and electronic screening
(Mussack & Dippen 2011; Mussack 2011) cannot be excluded.

The third main result is linked to the effect of macroscopic
mixing on the position of the BCZ and its effect on key indi-
cators of thermal gradients such as the entropy plateau in the
CZ and the Ledoux discriminant. We confirm that helioseismic
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is also shown in comparison.

data strongly favour significant modifications of the thermal
gradients in the radiative zone even with revised abundances.
Replacing the BCZ to the helioseismic value of 0.713 R, using
adiabatic overshooting does not significantly improve the agree-
ment of the models with helioseismic inferences, whereas a
localised increase in the opacity decreases the observed discrep-
ancies. Whether the changes in the temperature gradients can
be due to the thermalisation of the convective elements in the
radiative zone remains to be explored using physically moti-
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vated prescriptions (Baraffe et al. 2022). However, a key differ-
ence between an opacity increase and effects linked to convec-
tive overshooting resides in the mixing of chemical elements
and the potential impact on the lithium and beryllium depletion.
On the other hand, the opacity modification implemented here
is not entirely realistic because an actual revision of opacities
might lead to significant changes in opacity at higher tempera-
tures, as was seen for the OPAS and OPLIB tables and as can be
expected from new computations (e.g. Nahar & Pradhan 2016;
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Zhao et al. 2018; Pain & Gilleron 2020; Pradhan & Nahar 2018;
Pradhan 2023).

Overall, the situation appears to be quite complex and still
requires extensive investigations. While uncertainties between
the various opacity tables are a concern, the dispersion of 0.6 dex
inferred by MB22 for iron (Table A.1), which was not described
by Asplund et al. (2021), significantly worsens the situation as
this element, together with oxygen, is the first contributor to
opacity at the BCZ and remains highly significant throughout
the solar radiative zone. Given the uncertainties on iron opacity
(Bailey et al. 2015) and the impact of new physical processes in
the computations (Pradhan 2023), a detailed discussion of these
discrepancies is required before a definitive conclusion regarding
solar models can be reached. Further analyses using linear solar
models (Villante & Ricci 2010), seismic models (Buldgen et al.
2020), or extended calibration procedures (Ayukov & Baturin
2017; Kunitomo & Guillot 2021) might be informative, but these
will have to be combined with theoretical inputs to lift the degen-
eracies that appear when non-standard solar models are used in
the solar calibration procedure. No such degeneracies are present
in the SSM calibration that used a simplified physical picture.

5. Conclusion

We have analyzed in detail solar models computed with the
abundances proposed by MB22. We investigated the effects of
changing the opacity tables within the SSM framework, includ-
ing macroscopic mixing at the BCZ mimicking the effects of
rotating models (Eggenberger et al. 2022), and we then added
the adiabatic overshooting or a localised opacity increase to
compensate for the effects of macroscopic mixing on the position
of the BCZ. A complete picture of the situation was drawn by
studying the global properties and neutrino fluxes of the models
in Sect. 2 as well as combined helioseismic inversions in Sect. 3.
The results were discussed in Sect. 4, where three main points of
discussion are outlined.

We conclude that the proposed revision of the solar abun-
dances by MB22 does not change the need for future improve-
ments of solar models. While MB22 considered that the
remaining discrepancies can be solved using investigations fol-
lowing Buldgen et al. (2019), we showed in this study that this is
not the case. On the contrary, it appears that the good agreement
regarding sound speed, neutrino fluxes, and global parameters
found by MB22 for their SSMs is due to a favourable combina-
tion of physical ingredients of their models. Like for a tightrope
walker, a small push in a given direction worsens the situation
for the SSMs. For example, changing the radiative opacities or
including macroscopic transport leads to an overall worsening
of the situation regarding helium, neutrino fluxes, or the BCZ
position while significantly changing the results of helioseismic
inferences, and not always for the better. In addition, choices
regarding spectral lines, datasets, and microphysical ingredients
in the spectroscopic analysis by MB22 need to be discussed, as
well as the extreme spread in iron abundance they find, which
would drastically change the properties of solar models.

A clear difference between low- and high-z solar models is
that further improvements of the physics of the models, such as
an opacity increase motivated by recent works or the inclusion
of light-element depletion, tend to reduce some of the discrep-
ancies in low-z models, while they increase them in high-z mod-
els. This is to be placed in perspective in the context of recent
solar envelope metallicity determinations (Vorontsov et al. 2013;
Buldgen et al. 2017a, 2024), which tend to be consistent with

AAG21 spectrosopic values, leaving the differences with MB22
to be explained.

As outlined in Buldgen et al. (2019), renewed detailed anal-
yses of solar models are required to determine the importance of
numerical uncertainties in the comparisons of solar models with
the highly precise constraints available for the Sun. In parallel,
experimental efforts for more precise determinations of CNO
neutrino fluxes as well as experimental and theoretical opacity
values in solar conditions remain key factors to constrain the
deep radiative interior of solar models. Regarding the solar con-
vective layers and the BCZ interface, our work showed that com-
bining helioseismic inversions to light element depletion might
provide a data-driven analysis of both the chemical and thermal
properties of the BCZ. Further improvements to the resolution
of the inversion techniques, by using non-linear RLS methods
(Corbard et al. 1999), might be required to obtain a full picture,
however.
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