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ABSTRACT

Context. Nuclear reaction rates are crucial ingredients of solar and stellar models, and they directly impact the duration of the life of
stars and the energy they produce. In the solar case, the tight observational constraints put on models (mass, radius, luminosity and
chemical composition) coupled with our ability to probe the solar interior thanks to helioseismology and solar neutrinos provide an
exquisite testbed for such physical ingredients. With the recent publication of the Solar Fusion III reaction rates, a new generation of
solar models can be computed and put to the test.
Aims. We aim to investigate the impact of the new Solar Fusion III reaction rates on solar models, both standard and non-standard, as
well as the impact of the current uncertainties on some key solar reactions on the predicted neutrino fluxes for boron and the so-called
CNO cycle.
Methods. We computed various theoretical standard solar models as well as non-standard models reproducing the depletion of lithium
and beryllium for various abundances, nuclear reaction rates, and opacities. We focused on the impact of the Solar Fusion III reaction
rates on both helioseismic inversion results and neutrino fluxes.
Results. We find that using the Solar Fusion III (SFIII) reaction rates has a significant impact on the agreement of solar models both
with helioseismic constraints and neutrino flux measurements. While for helioseismic constraints it seems that there is a slight im-
provement, for neutrino fluxes the use of the SFIII reaction rates induces a lowering of the beryllium, boron and, CNO neutrino fluxes.
When investigating the impact of changes on the rates of key reactions within their quoted uncertainties, we find that these changes
are far from sufficient to reconcile models and observations, which potentially hints at other processes (e.g., planetary formation as
found in other studies).
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1. Introduction

Nuclear reaction rates are key elements of solar and stellar
evolution models. They determine the duration of the various
evolutionary phases of the Sun and stars. In the solar case,
they also influence the agreement of solar models with helio-
seismic constraints and solar neutrino fluxes. The Sun is a
primary testbed for the physical ingredients of stellar mod-
els thanks to the precise determination of the position of
the base of the convective envelope (Kosovichev & Fedorova
1991; Christensen-Dalsgaard et al. 1991), the helium mass frac-
tion in the convective zone (see e.g., Vorontsov et al. 1991;
Richard et al. 1998; Di Mauro et al. 2002; Basu & Antia 2004)
and our ability to scan through the solar structure using helio-
seismic constraints and the precise measurements of neutrino
fluxes that provide direct insights into the conditions of the deep
solar core (Bahcall 1989; Haxton et al. 2013). This allows to test
in great details the impact of varying the physical ingredients
of solar models, providing key insights on their accuracy (see
Christensen-Dalsgaard 2021, for a detailed review). In the era
of space-based photometry missions, the question of the phys-
ical ingredients of stellar evolution models is also deeply tied
to the accuracy and precision of the inferences of stellar mass,
radius, and age, a key objective of the upcoming PLATO mis-
sion (Rauer et al. 2025).

Over the years, various compilations of nuclear reaction rates
have been produced (Angulo et al. 1999; Adelberger et al. 2011;
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Xu et al. 2013) with some specific revisions of key rates made
independently, such as that of the so-called bottleneck reaction
of the CNO cycle, which is the protonic capture of nitrogen to
produce oxygen, noted in short 14N(p, γ)15O (Formicola et al.
2004; Imbriani et al. 2005). In parallel, renewed experimental
efforts aim at improving the precision of the measured reac-
tion rates, providing crucial data for solar and stellar evolu-
tionary models (e.g., Marta et al. 2008; Broggini et al. 2010;
Marta et al. 2011; Wagner et al. 2018; Chen et al. 2025). In
this study, we investigate the impact of the recently published
Solar Fusion III (SFIII) reaction rates (Acharya et al. 2025) on
solar models, using both helioseismic and neutrino constraints.
To achieve this goal, we computed a large set of solar cali-
brated models, both within the standard solar sodel framework
(Bahcall & Shaviv 1968; Bahcall et al. 1982; Bahcall & Ulrich
1988; Christensen-Dalsgaard et al. 1996) and including macro-
scopic transport.

We start in Sect. 2 by presenting the set of solar models we
use in our study. In Sects. 2.1 and 2.2, we study the agreement
of a first subset of models computed using various abundances,
opacities, modified electronic screening and the SFIII reaction
rates with helioseismic and neutrino constraints. In Sect. 3, we
discuss the existing uncertainties on key reactions influencing
the neutrino fluxes, namely the 7Be(p, γ)8B and the 14N(p, γ)15O
reactions that influence both the so-called boron neutrino flux,
φB, and the CNO neutrino flux, φCNO. In Sect. 4, we discuss in
more details the observed differences stemming from the revi-
sion of the nuclear reaction rates and how they compare to the
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Table 1. Global parameters of the solar evolutionary models.

Name XC ZC ρC (g/cm3) TC (K) rCZ (R�) YCZ

SSM AAG21 0.3602 0.01642 148.4527 15.4408 × 106 0.7219 0.2379
SSM MB22 0.3477 0.01945 149.5492 15.5762 × 106 0.7163 0.2466
SSM MB22 OPLIB 0.3551 0.01956 152.9150 15.4094 × 106 0.7141 0.2411
SSM AAG21 (NACRE II + SFII) 0.3604 0.01647 149.6878 15.4845 × 106 0.7229 0.2372
SSM MB22 (NACRE II + SFII) 0.3476 0.01950 150.7914 15.6207 × 106 0.7173 0.2459
NSSM AAG21 0.3653 0.01567 147.9121 15.3855 × 106 0.7252 0.2456
NSSM MB22 0.3528 0.01863 149.1246 15.5201 × 106 0.7191 0.2534
NSSM AAG21 Screening Off 0.3676 0.01571 151.0298 15.4765 × 106 0.7281 0.2421
NSSM MB22 Screening Off 0.3551 0.01869 152.2101 15.6099 × 106 0.7218 0.2525
NSSM AAG21 Be7(3.41%) 0.3653 0.01567 147.9118 15.3855 × 106 0.7252 0.2456
NSSM AAG21 Be7(10%) 0.3653 0.01567 147.9121 15.3854 × 106 0.7252 0.2456
NSSM AAG21 Be7(3.41%) N14(30%) 0.3646 0.01566 147.9615 15.3895 × 106 0.7252 0.2456

Notes. The central hydrogen and metal mass fraction: XC and ZC; the central density and temperature: ρC and TC; the position of the BCZ and the
helium mass fraction in the CZ: rCZ and YCZ.

existing quoted uncertainties. We then discuss potential sources
of improvements to restore the agreement between solar models
and the observed neutrino fluxes.

2. Solar evolutionary models

In Table 1 we present the solar evolutionary models calibrated
in this study. We provide all the key elements of the models
relevant for neutrino flux computations. We considered both
standard (SSMs) and non-standard solar models (NSSMs) with
additional macroscopic mixing at the base of the convective zone
(BCZ) calibrated to reproduce the solar lithium and beryllium
depletions (Wang et al. 2021; Amarsi et al. 2024).

Each model is computed with the Liège Stellar Evolution
Code (CLES Scuflaire et al. 2008) using the Solar Fusion III
reaction rates from Acharya et al. (2025), except for two Stan-
dard Solar Models (SSMs) that were computed with a com-
bination of the NACRE II and Solar Fusion II (SFII) reaction
rates used in our previous works (Adelberger et al. 2011;
Xu et al. 2013) to provide comparison points. All models were
computed using version 7 of the SAHA-S equation of state
(Gryaznov et al. 2004; Baturin et al. 2013) and the OPAL opac-
ities (Iglesias & Rogers 1996), except one SSM that was com-
puted using the updated Los Alamos opacities (Colgan et al.
2016). All models include microscopic diffusion following
Thoul et al. (1994) and using the screening coefficients of
Paquette et al. (1986). Non-Standard Solar Models (NSSM)
include a parametric turbulent diffusion coefficient at the base
of the convective zone (BCZ) following Proffitt & Michaud
(1991). Convection was treated using the Mixing-Length The-
ory following the implementation presented in Cox & Giuli
(1968) and included an atmosphere model following Model-C
of Vernazza et al. (1981). We also tested models where we
deactivated the electronic screening to emulate the effects of
dynamical screening that might impact the solar calibration
(Shaviv & Shaviv 2001; Mao et al. 2009; Mussack & Däppen
2011; Mussack 2011; Däppen 2024). This was done by simply
putting the screening coefficients of all the reactions to one, both
in the pp chains and in the CNO cycle. The models with mod-
ified reaction rates were based on reported uncertainties in the
literature and are discussed in Sect. 3.

Solar calibrations were computed using the initial hydro-
gen mass fraction, X0, the initial heavy element mass fraction,

Z0, and the mixing-length parameter, αMLT, as free parameters.
The constraints used were the solar radius, R�, the solar bolo-
metric luminosity, L�, and the solar metallicity (Z/X)S . The
two former constraints were fixed to the recommended IAU
values (Mamajek et al. 2015) and for the latter, we adopted
the Asplund et al. (2021) abundances (hereafter AAG21) as our
main references but also tested the results for the Magg et al.
(2022) abundances (hereafter MB22).

As can be seen from Table 1, using the SFIII nuclear reaction
rates has a significant impact on the global properties of solar
models. The core density, ρC, is reduced by ≈0.6%, while the
core temperature is only reduced by ≈0.3%. The surface helium
mass fraction is also significantly affected, as well as the BCZ
position. The observed changes in Table 1 may appear small, but
at the level of precision of helioseismic and neutrino constraints,
we will see in the following section that they are not negligible.

2.1. Helioseismic constraints

In this section, we present helioseismic inversion results for
some of the models presented in Table 1, namely of the squared
adiabatic sound speed profile, c2 = Γ1P

ρ
, and entropy proxy pro-

file (Buldgen et al. 2025b), S = P
ρΓ1

, with P the pressure, ρ
the density and Γ1 the first adiabatic exponent. The inversions
were computed using the SOLA method (Pijpers & Thompson
1994) by solving the variational equations (Dziembowski et al.
1991) for both sound speed and entropy proxy. The surface
correction and trade-off parameters were adjusted following
Rabello-Soares et al. (1999). We used ≈2200 individual frequen-
cies, taken from Basu et al. (2009) and Davies et al. (2014).

We start in Fig. 1 with SSMs using both the AAG21 and
MB22 abundances combined with either the SFIII nuclear reac-
tion rates or our previous compilations from NACRE II and SFII
presented in previous papers. As mentioned above, the variations
induced by the change in nuclear reaction rates are not negligi-
ble at all at the level of precision of helioseismic constraints. The
left panel of Fig. 1 illustrates that when we use the SFIII reaction
rates the overall agreement of the sound speed profile in the core
regions improves by less than 0.2%, with more modest improve-
ments being also observed at the BCZ and in the envelope. Such
modifications are a result of the repercussions of the lower core
density that have to be compensated for in the rest of the solar
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Fig. 1. Left panel: Relative differences in squared adiabatic sound speed profile (c2) between the Sun and various SSMs of Table 1 as a function
of normalized radius, as determined from a SOLA inversion of helioseismic data. Right panel: Relative differences in entropy proxy profile (S)
between the Sun and various SSMs as a function of normalized radius, as determined from a SOLA inversion of helioseismic data.

structure, given that both the mass and the radius of the model
are known and reproduced with high precision in the calibration
procedure.

The situation is also clear from the entropy proxy inversion,
as this effect on the density profile directly impacts the height
of the entropy proxy plateau. From the right panel of Fig. 1, we
can see that the differences reduce significantly in the convective
zone (CZ) when using the SFIII reaction rates, as the lower core
density impacts the rest of the structure. However, the agreement
is worsened on the radiative side of the BCZ when compared
with the models using the NACRE II and SFII reactions. This
effect is observed whatever the abundances, as the situation is
exactly the same with models using the MB22 abundances, with
the discrepancies in the core being slightly larger this time than
for models using the AAG21 abundances. The effects are rem-
iniscent of the switch from the OPAL to the OPLIB opacities
illustrated in Buldgen et al. (2017b,a, 2019) while the effects on
the core density, as shown in Table 1, are the exact opposite.

In addition to the effects on SSMs, we also computed helio-
seismic inversions of the squared adiabatic sound speed and the
entropy proxy for models reproducing the lithium and beryllium
depletion of the Sun, thus NSSMs using both MB22 and AAG21
abundances. We also tested the effect of removing the screening
effects, following the suggestions of Mussack & Däppen (2011),
Mussack (2011). The inversion results for these models for both
sound speed and entropy proxy profiles are illustrated in Fig. 2.

The results in this case are very clear, both from the vari-
ations of ρC and TC and the sound speed and entropy proxy
profiles. Including additional macroscopic mixing at the BCZ to
reproduce the lithium and beryllium depletion slightly improves
the sound speed profile at the BCZ at the expense of the core
regions. As seen in previous works, the entropy proxy plateau
is shifted away from the solar value when additional mixing is
considered. If we neglect the screening of nuclear reactions, this
leads to a significant degradation of the agreement of all mod-
els with helioseismic constraints. Such increased discrepancies
were already observed in Deal et al. (2025) and seem to speak
against simply switching off screening as done in this work.

Overall, from the results presented in Figs. 1 and 2, we can
conclude that the effects of the SFIII nuclear reaction rates are
significant from a helioseismic point of view. Their inclusion is
somewhat similar to a switch from the OPAL to the OPLIB opac-
ities, with the agreement being improved in some regions while
being degraded in others. This emphasizes the complexity of the
solar problem, as the agreement with the precise and accurate
constraints is significantly influenced by any change in physical
ingredients of the models, whether they are the opacities (see
e.g. Buldgen et al. 2017a,b), the transport of chemicals (as dis-
cussed in the context of abundance revisions in Buldgen et al.
2023, 2025a), or the reaction rates, as shown here.

2.2. Neutrino fluxes

While helioseismic constraints are clearly impacted by changes
in nuclear reaction rates, neutrino fluxes are also direct tracers
of core conditions and can help us better analyze the impact of
the SFIII rates on solar models. We illustrate in Figs. 3 and 4
the predicted neutrino fluxes by some of the models of Table 1
discussed in Sect. 2.1. The measured fluxes and the associated
uncertainties were taken from Orebi Gann et al. (2021), except
for the CNO neutrino flux that is taken from Basilico et al.
(2023).

From Fig. 3, we can clearly see that using the SFIII reaction
rates leads to an overall reduction in the beryllium, φBe, boron,
φB, and CNO, φCNO, neutrino fluxes. The shifts are significant
and lead to a worsening of the agreement for the AAG21 SSMs.
For the MB22 SSMs, φBe and φB remain within the 1σ uncer-
tainties, although one may see that the φB is now in disagree-
ment with the Borexino values at φB = 5.68+0.39

−0.41 × 106 cm−2 s−1

(Borexino Collaboration 2018). If we combine the SFIII reaction
rates with the OPLIB opacities, then the situation is even worse,
leading to strong disagreements with φBe, φB and φCNO, even if
the MB22 abundances are considered. This confirms the obser-
vations made by Buldgen et al. (2017b), that a revision of the
solar opacities leads to a worsening of the agreements of solar
models with observational constraints.

A270, page 3 of 8



Sandron, T., et al.: A&A, 710, A270 (2026)

Fig. 2. Left panel: Relative differences in squared adiabatic sound speed profile (c2) between the Sun and various NSSMs as a function of
normalized radius, as determined from a SOLA inversion of helioseismic data. Right panel: Relative differences in entropy proxy profile (S)
between the Sun and various NSSMs as a function of normalized radius, as determined from a SOLA inversion of helioseismic data.
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Fig. 3. Predicted neutrino fluxes (pp, 7Be, 8B, CNO) by various SSMs
in Table 1, using various abundances, opacities and nuclear reaction
rates. The effect of the SFIII reaction rates is clearly visible for various
abundance tables.

If we look at the results of NSSMs in Fig. 4, the results are in
line with expectations, with NSSMs that include mixing leading
to a lower core metallicity and thus larger disagreements with
φBe, φB, and φCNO. We do not illustrate the results from a NSSM
including macroscopic mixing computed with the SFIII rates and
the OPLIB opacities, but one can easily see that the agreement
would even worsen. Similarly, removing the electronic screening
effect of the nuclear reaction rates has a significant impact on
the neutrino fluxes. Contrary to what was observed in Deal et al.
(2025), here the calibrated models predict much lower beryllium,
boron and CNO neutrino fluxes, in strong disagreements with
measurements. This is due to the fact that the correction was
only applied to reactions of the pp chain in Deal et al. (2025)
and not to the CNO cycle, whereas here the screening coefficient
of all reactions (pp and CNO) is simply set to one.
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Fig. 4. Predicted neutrino fluxes (pp, 7Be, 8B, CNO) by various NSSMs
including macroscopic mixing in Table 1, using various abundances,
screening prescriptions and nuclear reaction rates.

The computations of neutrino fluxes for the SSM and NSSM
models have shown a more complicated situation than what
would have been seen from helioseismic constraints alone.
While the SFIII reaction rates led to mild changes in the agree-
ment of solar models with helioseismic inversions, the situation
regarding neutrino fluxes is far more clear cut. The use of SFIII
reaction rates in solar models leads to a reduction of φBe, φB, and
φCNO. Combining these rates with OPLIB opacities or macro-
scopic mixing further worsens the agreement with neutrino
measurements. In this respect, it is evident that neutrino flux
measurements play a key role in constraining solar models and
show that what was a somewhat unclear result from a helioseis-
mic point of view is clearly seen as a degradation of the agree-
ment of solar models from a neutrino flux point of view. These
results are mostly due to the higher efficiency of the SFIII reac-
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tion rates for the pp chain compared to the NACRE II and SFII
combinations used in our previous models.

3. Impact of the uncertainties on nuclear reaction
rates

As illustrated in Sect. 2, a change in nuclear reaction rates in
solar calibrated models has a significant impact on both helio-
seismic constraints and neutrino fluxes. From a solar modeling
perspective, this means that the nuclear reactions in solar mod-
els have some degree of uncertainty. Indeed, reference publi-
cations (Villante & Serenelli 2021) quote some uncertainties on
key reactions, and in this section, we investigate the impact of
some key reactions on helioseismic and neutrino constraints. We
focus here on two reactions:

7Be + p→ 8B + γ, (1)
14N + p→ 15O + γ. (2)

The first one is directly followed by the disintegration of 8B
into 8Be∗ that is responsible for φB while the second one is
the so-called “bottleneck reaction” of the CNO cycle and thus
directly impacts φCNO. Each reaction has its own uncertainties,
with Acharya et al. (2025) reporting 3.41% for reaction 1 and
8.3% for reaction 2. Higher values, around 10% and 25% can be
found in Villante & Serenelli (2021) following the recommenda-
tions of Adelberger et al. (2011) and Marta et al. (2011).

We started our analysis from a NSSM that uses the AAG21
abundances, the OPAL opacities and the SFIII reaction rates.
In Fig. 5 we illustrate the impact of considering an increase of
3.41% and 10%, respectively in the 7Be(p, γ)8B reaction, as well
as the combined impact of a 3.41% increase in the 7Be(p, γ)8B
reaction and a 30% increase in the 14N(p, γ)15O reaction rate
on helioseismic constraints. As can be seen, the impact of such
modifications to the nuclear reaction rates is completely negli-
gible on helioseismic constraints. This is also seen in Table 1
and is a direct consequence of the minor role of both reactions
in the total energy budget of the Sun (see Villante & Serenelli
2021, and references therein for a discussion). Therefore, helio-
seismic constraints are unable to provide detailed information on
specific reaction rates and we must rely on solar neutrinos as the
only source of information.

3.1. The 14N(p, γ)15O reaction

To put things in perspective regarding the 14N(p, γ)15O, we
first consider the impact of varying the 14N(p, γ)15O reaction
amongst the known references in the literature. In Fig. 6 we
illustrate the neutrino fluxes predicted by the various solar mod-
els using the NACRE (Angulo et al. 1999), the Imbriani et al.
(2005), the NACRE II (Xu et al. 2013), and the SFIII rate
for the 14N(p, γ)15O reaction, while all other reactions in
these solar calibrations have been fixed to the SFIII reaction
rates.

From these results, we can see that, as expected, the only
impacted neutrino flux is φCNO. We can also comment on the
strong impact of the revision of the NACRE reaction rate and
the consistency between the results from NACRE II, SFIII, and
those from Imbriani et al. (2005). However, looking at Figs. 3
and 4, it is also clear that the 14N(p, γ)15O is only one ingredient
in the issue and that other factors that influence the solar calibra-
tion procedure (such as the opacities, the transport of chemicals,
. . .) may have a direct impact on the fluxes through their impact

on the overall solar core conditions. As such, the 14N(p, γ)15O
is one key piece of the puzzle that will not impact the disagree-
ments with other neutrino fluxes (Frentz et al. 2022). Another
conclusion we may draw from Fig. 6 is that even extreme mod-
ifications such as those between the NACRE and NACRE II
results are not sufficient on their own to bring the AAG21
NSSM back into agreement with the observed φCNO at Borex-
ino (Borexino Collaboration 2020; Basilico et al. 2023).

3.2. Combined impact of both 7Be, 8B, and 14N(p, γ)15O

As shown in Fig. 5, the 7Be(p, γ)8B and 14N(p, γ)15O reaction
rates have little impact on helioseismic constraints. The situation
is completely different when looking at neutrino fluxes, as shown
in Fig. 7. Variations in the 7Be(p, γ)8B have a direct impact on
φB, as well as a much more modest impact on φBe. However, we
can see that even a 10% modification of the 7Be(p, γ)8B is insuf-
ficient to bring AAG21 models including macroscopic mixing
back into agreement with the φB value from Orebi Gann et al.
(2021).

Similarly, the combined 3.41% uncertainties on the
7Be(p, γ)8B reaction rate and 30% on the 14N(p, γ)15O rate are
largely insufficient to restore agreement with both the measured
φB and φCNO. This is unsurprising as the problem was already
present for SSMs with older nuclear rates (see the discussion
Basilico et al. 2023).

4. Discussion

As illustrated in the previous sections, the use of the recently
published SFIII nuclear reaction rates (Acharya et al. 2025)
instead of the NACRE II reaction rates does not translate into
a systematic improvement of solar models with helioseismic
and neutrino constraints. While the agreement with helioseis-
mic constraints remains comparable or even slightly improved
in some regions such as the solar core (at least as far as adiabatic
sound speed and entropy proxy are considered), the agreement
with neutrino fluxes worsens in a significant way. Including the
SFIII reaction rates induces an overall reduction in the φBe, φB,
and φCNO fluxes.

While one could agree that the φBe and φB reduction is not
a drastic issue for the MB22 abundances (provided that one
favors the φB values from Orebi Gann et al. (2021) over those of
Borexino), this is only true when neglecting macroscopic mix-
ing at the BCZ to reproduce light element depletion and favor-
ing the OPAL opacity tables over the OPLIB tables. However,
the situation is naturally worse for the AAG21 models which
show even larger disagreements. We also find that modifica-
tions to electronic screening are not able to improve the situa-
tion in our study, as both helioseismic constraints and neutrino
fluxes show strong discrepancies for calibrated models with such
changes. These differences seem to directly come from lower
efficiency of the reactions, as deactivating screening implies a
higher potential barrier to be crossed. Compared to previous
tests in Deal et al. (2025), only the screening of the ppI reactions
was set to one, which means that in this case, the higher cen-
tral temperature and metallicity directly impacted positively on
φCNO.

The origin of the differences between SFIII and our older
reaction rates is a bit more subtle. It can be studied when looking
at the arguments of the integrals of the various neutrino fluxes,
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Fig. 5. Left panel: Relative differences in squared adiabatic sound speed profile (c2) between the Sun and various NSSMs using the AAG21
abundances, including macroscopic mixing and modifications to both the 7Be(p, γ)8B and 14N(p, γ)15O reaction rates as a function of normalized
radius, as determined from a SOLA inversion of helioseismic data. Right panel: Same as the left panel but for relative differences in entropy proxy
profile (S ) as a function of normalized radius.
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Fig. 6. Predicted neutrino fluxes (pp, 7Be, 8B, CNO) by various NSSMs
including macroscopic mixing in Table 1, using the AAG21 abundances
and various references for the 14N(p, γ)15O.

which are directly proportional to the nuclear rates:

ϕpp(r) = 4πr2 1
2
ρ2N2

1 N2
A〈σv〉11, (3)

ϕ7Be(r) = 4πr2ρ2N4N1N2
A

√
〈σv〉11

2〈σv〉33
〈σv〉34, (4)

ϕ8B(r) = 4πr2ρ2N7N1N2
A〈σv〉17, (5)

ϕCNO(r) = 4πr2ρ2N1N2
A(N12〈σv〉112 +N14〈σv〉114

+N16〈σv〉116), (6)

with NX the abundance in
[
mol/g

]
of the following elements: 1

indicates 1H, 4 is 4He, 7 is 7Be, 14 is 14N, 12 is 12C and 16 is
16O. Avogadro’s number is NA, 〈σv〉XX are the various average
cross sections for the different reactions considered here, ρ is the
local density, and r is the radial coordinate.
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NSSM AAG21

Fig. 7. Predicted neutrino fluxes (pp, 7Be, 8B, CNO) by various NSSMs
including macroscopic mixing in Table 1, using the AAG21 abundances
and including modifications to both the 7Be(p, γ)8B and 14N(p, γ)15O
reaction rates.

To better visualize what is happening, we plot in Fig. 8 these
argument of the integrals for φpp, φBe, φB, and φCNO for a fixed
temperature and chemical composition (in other words, without
recalibrating the solar models as this could induce compensation
effects). We can see that using the same thermodynamic coordi-
nates, the arguments of φpp and φBe are slightly higher for a fixed
composition, while φCNO is significantly lower, and that of φB is
essentially the same. These small changes allow us to explain the
slightly lower XC, ZC, TC, and ρC values.

The slightly higher efficiency of the pp chain with SFIII
requires to compensate by lowering XC and TC, which allows to
reproduce both the solar luminosity at the solar age and φpp. The
slightly lower TC leads to a lowering of φBe, partially compen-
sated by the slightly higher reaction rate, while for φB where the
integrand is similar for the same thermodynamical conditions,
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Fig. 8. Arguments of the integrals described in Eqs. (3), (4), (5), and (6) for the NSSM model using the AAG21 abundances and either the SFIII
or the combination of NACRE II and SFII reaction rates used in our previous publications. Upper left panel: Argument for the pp neutrinos. Upper
right panel: Argument for the 7Be neutrinos. Lower left panel: Argument for the 8B neutrinos. Lower right panel: Argument for the CNO neutrinos.

the lowering of the temperature leads to a larger decrease of φB.
The situation is even worse for φCNO as a lower efficiency of the
reaction is observed in Fig. 8 at fixed conditions, while here both
temperature and central metallicity effects lead to a lowering of
the flux for the solar calibrated models with SFIII. These obser-
vations emphasize the extreme sensitivity of the neutrino fluxes
to the reaction rates and the fact that modifying a rate might
actually trigger a trickle down effect, by changing the calibrated
central temperature and chemical composition in a somewhat
similar effect to what is observed when changing opacity tables
in solar models.

5. Conclusion

In this study, we have presented new standard and non-
standard solar models, reproducing the solar light element deple-
tion, computed with the latest SFIII nuclear reaction rates
(Acharya et al. 2025). We started in Sect. 2 by presenting the
global properties of the models, before looking into the results
of helioseismic inversions in Sect. 2.1 and neutrino fluxes in
Sect. 2.2. While we find that using the SFIII reaction rates overall
improves slightly the agreement of solar models with observa-
tions, the same is not true for neutrino fluxes, which see a signif-
icant decrease in φBe, φB, and φCNO. The origin of the enhanced
discrepancies stems from both the alteration of the thermody-

namical conditions of the core of the calibrated models and for
the CNO fluxes, of a slightly reduced efficiency of the cycle.
These results remain valid for various assumed solar abundances
and opacity tables.

In addition to presenting the new models computed with the
SFIII rates, we also investigated the impact of fully neglecting
screening of all nuclear reactions. In this case, fully deactivat-
ing the electronic screening for all reactions (both in the pp
chains and the CNO cycle) leads to a significant decrease of neu-
trino fluxes. This emphasizes the importance of determining the
potential need for dynamical corrections to electronic screening
that have so far been neglected in the literature.

The last tests we performed are linked to the existing uncer-
tainties on key nuclear reactions, presented in Sect. 3. From this
analysis, we find that the current uncertainties on two key reac-
tions linked with neutrino fluxes, the 7Be(p, γ)8B reaction and
the 14N(p, γ)15O reaction, are insufficient to reconcile models
with the observed neutrino fluxes. This is particularly acute for
models that use the OPLIB opacities or NSSMs that match the
lithium and beryllium depletion of the Sun.

Overall, the recent SFIII nuclear reaction rates appear to
have a similar impact on the solar problem to the publication
of the new opacity tables (Le Pennec et al. 2015; Mondet et al.
2015; Colgan et al. 2016). While they improve the agree-
ment with some constraints, they also degrade it with other
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observations, which makes further revision of physical ingre-
dients, including nuclear reaction rates (Villante & Serenelli
2021), very important. In addition, the impact of planetary for-
mation (Kunitomo & Guillot 2021; Kunitomo et al. 2022, 2025)
or massloss (see e.g., Guzik & Mussack 2010; Zhang et al.
2019) should not be neglected as a potential source of further
contrast between the surface and core metallicity of the Sun that
would bring the solar models into agreement with the observed
CNO neutrino flux of Borexino.
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