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ABSTRACT

The ratio of metal abundance to hydrogen abundance of the solar photosphere,
(Z/X)s, has been revised several times. Standard solar models, based on these revised
solar abundances, are in disagreement with seismically inferred results. Recently, Magg
et al. introduced a new value for (Z/X), which is still in debate in the community.
The solar abundance problem or solar modeling problem remains a topic of ongoing de-
bate. We constructed rotating solar models in accordance with various abundance scales
where the effects of convection overshoot and enhanced diffusion were included. Among
these models, those utilizing Magg’s abundance scale exhibit superior sound-speed and
density profiles compared to models using other abundance scales. Additionally, they
reproduce the observed frequency separation ratios rgs and r;3. These models also
match the seismically inferred surface helium abundance and convection zone depth
within 1o level. Furthermore, the calculated neutrino fluxes from these models agree
with detected ones at the level of 1o. We found that neutrino fluxes and density pro-
file are influenced by nuclear reactions, allowing us to use the combination of detected
neutrino fluxes and seismically inferred density for diagnosing astrophysical S-factors.
This diagnostic approach shows that Si; may be underestimated by 2%, while S33 may
be overestimated by about 3% in previous determinations. The S-factors favored by
updated neutrino fluxes and helioseismic results can lead to significant improvements
in solar models.

Keywords: Solar abundances — Helioseismology — Solar interior — Solar rotation —
Solar neutrinos — Nuclear reaction cross sections

1. INTRODUCTION and structure of the star. The estimations of the
metal abundance are related to the chemical ele-
ment abundances of the Sun that are still in hot
debate since Lodders (2003) and Asplund et al.
(2005) revised the ratio of metal abundance to
hydrogen abundance of the solar photosphere,
(Z/X)s, from the old 0.023 (Grevesse & Sauval

The metal abundance, the mass fraction of
all elements heavier than helium, of a star is
a key parameter that determines the evolution
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1998, hereafter GS98) to 0.0177 or 0.0165. So
far, the value of the ratio has been revised sev-
eral times (Lodders et al. 2009; Asplund et al.
2009, 2021; Caffau et al. 2010, 2011; Lodders
2020; Amarsi et al. 2021; Magg et al. 2022;
Deshmukh et al. 2022). The helium abundance,
Y, in the solar convection zone (CZ) and thus
photosphere and the radius of the base of the CZ
(BCZ), r.,, are determined by helioseismology.
The surface helium abundance and metallicity
inferred by Vorontsov et al. (2014) are in the
range of 0.245—0.260 and 0.006 —0.011, respec-
tively. The widely accepted values of Y, and r,
are 0.2485 + 0.0035 (Basu & Antia 2004) and
0.713 £ 0.003 R (Christensen-Dalsgaard et al.
1991) or 0.7134+0.001 Ry (Basu & Antia 1997),
respectively.

Standard solar models (SSMs) constructed in
accordance with these revised solar abundances
(low metal abundances) disagree with the seis-
mically inferred surface helium abundance, ra-
dius of the BCZ, sound speed profile, and den-
sity profile (Bahcall et al. 2004; Basu & An-
tia 2004; Yang & Bi 2007; Basu et al. 2009;
Zhang & Li 2012; Basu et al. 2015; Christensen-
Dalsgaard 2021), and the detected neutrino
fluxes (Bahcall & Pinsonneault 2004; Turck-
Chieze et al. 2011; Serenelli et al. 2011; Yang
2016, 2019, 2022; Zhang et al. 2019). In order
to reconcile the low-Z models with helioseismol-
ogy, an enhanced diffusion (Basu & Antia 2004;
Montalban et al. 2004; Guzik et al. 2005) and
the effects of rotation (Yang & Bi 2007; Turck-
Chieze et al. 2010; Yang 2019, 2022), or other
effects, such as increased opacity (Serenelli et
al. 2009; Ayukov & Baturin 2017; Buldgen et
al. 2019; Kunitomo & Guillot 2021) and mass
accretion of helium-poor (Zhang et al. 2019) or
metal-poor material (Kunitomo et al. 2022), are
required.

Recently, Magg et al. (2022) analyzed the
solar photospheric abundances and obtained
(Z/X)s = 0.0225. This ratio is almost 8%

higher than the estimate by Caffau et al. (2011),
(Z/X)s = 0.0209, mainly due to the higher
carbon, nitrogen, and neon abundances. They
claimed that the puzzling mismatch between
the helioseismic constraints on the solar inte-
rior structure and the model can be resolved
thanks to this new chemical composition. More-
over, Deshmukh et al. (2022) derived a pho-
tospheric solar silicon abundance of loges; =
7.57 £ 0.04. Combining this with meteoritic
abundances and photospheric abundances from
Caffau et al. (2011), they obtained (Z/X), =
0.0220 £ 0.0020, which is in agreement with
the result of Magg et al. (2022). However, if
the photospheric abundances of Asplund et al.
(2021) are used, they would obtain a smaller
(Z/X)s. Furthermore, Borexino Collaboration
(2022) first estimated the abundance of C + N
in the Sun by using updated neutrinos. Their
result is also in agreement with those of Magg
et al. (2022) and GS98. However, the analyses
of Li et al. (2021, 2023a,b) found that the abun-
dances of carbon, nitrogen, and oxygen are only
marginally higher than those given by Amarsi et
al. (2021). Pietrow et al. (2023) also obtained
an oxygen abundance that is between the one
of Amarsi et al. (2021) and that of Magg et
al. (2022). Buldgen et al. (2023) argued that
“higher metal abundances do not solve the solar
problem”. Additionally, Buldgen et al. (2024)
inferred that the value of (Z/X) lies in the
range 0.0168 — 0.0205. In fact, the surface he-
lium abundance of 0.2439 of the Magg et al.
(2022) model constructed in accordance with
their mixtures is lower than the inferred value of
0.2485 £ 0.0035 (Basu & Antia 2004) and that
inferred by Vorontsov et al. (2014). The solar
abundance problem or solar modeling problem
is still in debate.

Moreover, Mussack & Déppen (2011) stud-
ied dynamic screening in solar proton—proton
reactions and found that the dynamic screen-
ing does not significantly change the reaction
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rate from that of the bare Coulomb potential.
However, nuclear reaction rates are a fundamen-
tal yet uncertain ingredient in constructing stel-
lar models (Bellinger & Christensen-Dalsgaard
2022). There are usually several estimated val-
ues for a nuclear cross-section factor S(0) (as-
trophysical S-factor) in literatures. For ex-
ample, there exist 0.0243 (Bahcall & Ulrich
1988), 0.0224 (Bahcall & Pinsonneault 1992),
0.0202 (Schramm & Shi 1994), 0.0274 (Liu et
al. 1996), or 0.0208 (Adelberger et al. 2011,
hereafter A11) keV Barns for Si7(0) of "Be(p,
7)®B reaction, and 3.940 x (1 4 0.004) x 10722
(Park et al. 2003), (4.01 4 0.04) x 10722 (Adel-
berger et al. 2011), (3.99 £ 0.14) x 1072* (Chen
et al. 2013), 4.04715922 (Acharya et al. 2016),
(4.100 4 0.037) x 10722 (Park & Rolfs 1991;
Acharya et al. 2023), or (4.14 + 0.07) x 107%
(De-Leon & Gazit 2023) keV Barns for Si;(0)
of pp reaction. The new theoretical predic-
tions of S1;(0) (Acharya et al. 2016, 2023; De-
Leon & Gazit 2023) are 1 — 4% higher than the
previously accepted value of Adelberger et al.
(2011) and differ in their uncertainty estimate
(Chen et al. 2013). This indicates that there is
an uncertainty in the theoretical calculation of
S11(0). Moreover, for *He(*He, 2p)*He reaction,
the value of S33(0) is 5.04+0.3 MeV Barns (Park
& Rolfs 1991), 5.44+0.4 MeV Barns (Adelberger
et al. 1998), 5.214+0.27 MeV Barns (Adelberger
et al. 2011) or 5.11 £+ 0.22 MeV Barns at the
Gamow peak. These values have a large un-
certainty. The Ss33 can affect ppl, ppll, and
pplll reactions and thus all neutrino fluxes by
the feedback effect of solar luminosity calibra-
tion of solar model. Bahcall & Pinsonneault
(2004) argued that extrapolating to the low en-
ergies to obtain S-factors relevant for solar fu-
sion introduces a large uncertainty. The fac-
tor Sp; is not accurately predicted by the chi-
ral effective-field-theory interactions at low chi-
ral orders if the deuteron bound-state proper-
ties are not adequately reproduced (Acharya et

al. 2023). Bellinger & Christensen-Dalsgaard
(2022) showed that when other aspects of the
solar model are improved, then it shall be pos-
sible using helioseismology and solar neutrinos
to improve the precision of measurements of the
nuclear cross-section factors in the pp chains and
CNO cycles. Helioseismology, along with solar
neutrinos, could even be utilized to determine
the S-factors.

In this work, we mainly focus on whether
the rotating and non-rotating solar models con-
structed in accordance with Magg et al. (2022)
mixtures are in agreement with seismically
inferred results and updated neutrino fluxes
(Bergstrom et al. 2016; Borexino Collaboration
2018, 2020, 2022) and what S-factors are fa-
vored by the seismically inferred results and up-
dated neutrino fluxes. The paper is organized
as follows. Input physics are presented in Sec-
tion 2, calculation results are shown in Section
3, and the results are discussed and summarized
in Section 4.

2. INPUT PHYSICS

We used the Yale Rotating Stellar Evolution
Code (Pinsonneault et al. 1989; Yang & Bi
2007; Demarque et al. 2008) in its rotation and
non-rotation configurations to construct solar
models and the Guenther (1994) pulsation code
to calculate the p-mode frequencies of mod-
els. We utilized the OPAL equation-of-state
(EOS2005) tables (Rogers & Nayfonov 2002)
and OP opacity tables (Seaton 1987; The Opac-
ity Project Team 1995; Badnell et al. 2005; De-
lahaye et al. 2016), supplemented by the Fergu-
son et al. (2005) opacity tables at low tempera-
ture, which were reconstructed with Magg et al.
(2022) mixtures. We employed the subroutine
of Bahcall & Pinsonneault (1992, hereafter B92)
and Bahcall et al. (1995, 2001) to compute the
nuclear reaction rates, including neutrino fluxes.
We calculated the diffusion and settling of both
helium and heavy elements by using the diffu-
sion coefficients of Thoul et al. (1994).
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In the atmosphere, Krishna Swamy (1966) T'—
7 relation rather than Eddington relation was
adopted. Choosing between the Krishna Swamy
(1966) T'— 7 relation or Eddington relation can
not change our results (Yang 2022). The bound-
ary of CZ was determined by the Schwarzschild
criterion, and energy transfer by convection was
treated according to the standard mixing-length
theory (Bohm-Vitense 1958). An overshoot of
convection is required in order to recover the
seismically inferred depth of the CZ in our rotat-
ing models. The overshoot region was assumed
to be both adiabatically stratified (Christensen-
Dalsgaard et al. 1991) and fully mixed. The
depth of the overshoot region was determined
by dovH, (Demarque et al. 2008), where &, is
a free parameter and H, is the local pressure
scale height.

In rotating models, Kawaler’s relation
(Kawaler 1988; Chaboyer et al 1995) was used
to calculate the angular-momentum loss from
the CZ due to magnetic braking and the value
of doy was 0.1. The redistribution processes of
angular momentum and chemical compositions
were treated as a diffusion process (Endal &
Sofia 1978), i.e

aQ 10 09
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for the change in the mass fraction X; of chem-
ical species 7, where D is the diffusion coeffi-
cient caused by rotational instabilities includ-
ing the instabilities described by Pinsonneault
et al. (1989) and the secular shear instability of
Zahn (1993), p the density, and V; the veloc-
ity of microscopic diffusion and settling given
by Thoul et al. (1994). In the rotating mod-
els including the effects of magnetic fields, the
D also includes the diffusion coefficient of mag-
netic fields given by Yang & Bi (2006). The
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parameter fo was introduced to represent some
inherent uncertainties in the diffusion equation,
while the parameter f. was used to account for
how the instabilities mix material less efficiently
than they transport angular momentum. The
default values of fq and f, are 1 and 0.03 (Yang
2019), respectively. The parameter f; is a con-
stant. It was used to enhance the rates of diffu-
sion and settling, as Basu & Antia (2004), Guzik
et al. (2005), and Yang & Bi (2007) have done,
despite the fact that there is no obvious physical
justification for such a multiplier. In SSMs, the
value of fy is 1; but for an enhanced diffusion
model, it is larger than 1.

All rotating and non-rotating models were cal-
ibrated to the present solar luminosity 3.844 x
103 erg s, radius 6.9598 x 10'° cm, mass
1.9891 x 10%% g, and age 4.57 Gyr (Bahcall
et al. 1995). The initial hydrogen abundance
X, metal abundance 7, and mixing-length pa-
rameter ayr are free parameters adjusted to
match the constraints of luminosity and radius
within around 107° and an observed (Z/X)s,.
The initial helium abundance is determined by
Yo = 1 — Xg — Zy. The initial rotation rate,
Q;, of rotating models is also a free parameter
adjusted to reproduce the solar equatorial ve-
locity of about 2.0 km s~!. The values of these
parameters are listed in Table 1.

3. CALCULATION RESULTS

3.1. Solar Models Constructed with the
S-factors of B92

Using the nuclear cross-section factors pro-
vided by B92, which are listed in Table 2, we
constructed an SSM B92S in accordance with
Magg et al. (2022) mixtures. Tables 1 and 3
show the fundamental parameters and central
density and temperature of the model, respec-
tively. Table 4 presents the neutrino fluxes cal-
culated from the model. The predicted neu-
trino fluxes are in agreement with those de-
tected by Borexino Collaboration (2018, 2022)
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except that the “Be neutrino flux of 4.82 x 10?
em~2 s7! is slightly lower than the detected
(4.9940.11) x 10° em ™2 s7! and the total fluxes,
8.8 x 108 cm~2 s, of N, 0, and '"F neutri-
nos are slightly higher than the detected ones
(see Table 4). The value of x7 ,, of B92S is
811 (see Table 5), which is larger than 733 of
the SSM GS98S constructed in accordance with
GS98 mixtures. The sound-speed and density
profiles of B92S are not as good as those of
GS98S (see Figure 1). The CZ base radius
of 0.718 R and the surface helium abundance
of 0.2400 also disagree with the seismically in-
ferred ones. The position of the BCZ is too
shallow and the surface helium abundance is too
low. Thus SSM B92S does not agree with he-
lioseismic results.

The enhanced diffusion and settling can sig-
nificantly improve the sound-speed and density
profiles of solar models, but leaves the surface
helium abundance too low (Basu & Antia 2004;
Guzik et al. 2005; Yang & Bi 2007). Rotational
mixing can bring the helium in the deep interior
of the Sun into outer layers. The gradient of
helium abundance in the deep interior is larger
than that of heavy-element abundances. The
greater the gradient, the larger the impact of ro-
tational mixing on element abundances is. Thus
rotational mixing can more efficiently counter-
act the settling of helium than of heavy-element
abundances. The low-helium problem could
be resolved in rotating models. Thus we con-
structed an enhanced diffusion model B92E and
a rotating model B92R, in which the rates of el-
ement diffusion and settling were increased by
15% (fo = 1.15, see Table 1).

For the enhanced diffusion model B92E, the
amount of the surface helium settling was in-
creased by about 13% (= 0.004 by mass frac-
tion, see Table 1). The surface helium abun-
dance of 0.2373 is too low. However, in the ro-
tating model B92R, rotational mixing partially
counteracted the diffusion and settling of helium

and heavy elements. Thus the amount of the
surface helium settling was reduced by about
33% in comparison with that of B92E, which
is basically consistent with the result of Proffitt
& Michaud (1991), who found that macroscopic
turbulent mixing can reduce the amount of the
surface helium settling by around 40%. As
a consequence, the surface helium abundance
of 0.2484 of B92R is in good agreement with
the seismically inferred value of 0.2485 £ 0.0035
(Basu & Antia 2004). The CZ base radius of
0.711 Rs of B92R is also consistent with the
seismically inferred value of 0.713 £ 0.003 Rs
(Christensen-Dalsgaard et al. 1991).

The relative sound-speed difference, dc/cs,
and density difference, dp/p, between the Sun
and B92R are less than 0.0031 and 0.013, re-
spectively. In radiative region, the absolute
value of dcg /¢ is smaller than 0.0018. The value
of 289 of xZ ., of B92R is obviously smaller
than those of B92S and B92E (see Table 5).
The sound-speed and density profiles of B92R
are noticeably better than those of B92S, B92E,
and GS98S (see Figure 1). Moreover, the ratios
of small to large frequency separations, rgy and
r13 (Roxburgh & Vorontsov 2003), calculated
from the theoretical frequencies of B92R are in
agreement with those computed from observed
frequencies of Chaplin et al. (1999b) or Garcia
et al. (2011) (see panels ¢ and d of Figure 1 or
Table 5).

The enhanced diffusion results in B92E hav-
ing a higher initial metal abundance and more
metals in the radiative region, alongside a lower
helium abundance in the CZ (see Table 1 and
Figure 2). The Rosseland mean opacity in-
creases with an increase in metal abundance.
For a given temperature, density, and Z, it also
increases with an increase in hydrogen abun-
dance. Thus the enhanced diffusion leads to the
fact that B92E has a larger opacity and temper-
ature gradient compared to B92S (see Figure
3). The large opacity significantly improves so-
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relative sound-speed and density differences, in the sense (Sun-

Model)/Model, between the Sun and models. The inferred sound speed and density of the Sun are given by
Basu et al. (2009). Bottom panels (c¢) and (d): distributions of observed and predicted ratios rg2 and r13 as
a function of frequency. The circles and triangles show the ratios calculated from the frequencies observed
by GOLF & VIRGO (Garcia et al. 2011) and BiSON (Chaplin et al. 1999b), respectively.

lar models. This indicates that a higher opac-
ity is required in the radiative zone of low Z
models to reconcile the low-Z models with he-
lioseismology, which can be achieved by having
more metals in the deep layers or by increas-
ing the opacity itself. Rotational mixing en-
hances the helium abundance and density in the
CZ, while it reduces the helium abundance and
thus mean molecular weight p around 0.6 R
(see Figures 1 and 2) compared to B92E. The
changes in the distributions of element abun-

dances alter the opacity and temperature gra-
dient of rotating models. Rotating models have
a steeper temperature gradient at the BCZ. The
squared sound speed is in inverse proportion to
. Thus rotating models has a higher sound
speed around 0.6 R.

The fluxes of pp, pep, hep, "Be, and 8B neu-
trinos computed from B92R are in good agree-
ment with those detected by Borexino Collab-
oration (2018), while the pp and pep fluxes
are also consistent with those determined by
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Figure 2. Panels (a) and (b): distributions of helium abundance and metal abundance of different models

as a function of radius. Panels (¢) and (d):

surface helium and metal abundances as a function of age.

Panels (e) and (f): temperature and density as a function of radius.

Bergstrom et al. (2016) at the level of 1o (see
Table 4). However, the total fluxes of 13N, 1°0,
and '"F neutrinos calculated from B92R are
P(CNO) = 9.3 x 10® em ™2 s~!, which are larger
than the detected 6.675 x 10 cm™2 s™! (Borex-
ino Collaboration 2022). This could be due to
overestimating the factor S;i4 of p+'N reac-
tion. The value of S714 adopted by B92 is 3.32
keV Barns. But that given by Angulo & De-
scouvemont (2001) and Adelberger et al. (2011)
is 1.77 £ 0.20 and 1.66 £+ 0.12 keV Barns, re-
spectively. When the value of Si14 is decreased
from 3.32 keV Barns to 1.77 keV Barns, the to-
tal fluxes ®(CNO) of B92R are 7.25 x 10® cm ™2
s~!, which are consistent with the detected one
at the level of 1. Thus rotating model B92R is
able to reproduce the updated neutrino fluxes

at the level of 1o. It is better than the SSMs
GS98S and B92S.

However, panel (b) of Figure 1 displays that
the predicted density is larger than the seis-
mically inferred one in the central region with
r < 0.2 Rg but smaller than the inferred one
in the region with » 2 0.4 R,. Figure 4 shows
the distributions of helium abundance and den-
sity of model B92R at different ages as a func-
tion of radius or mass, which reveals that he-
lium abundance in the central region increases
rapidly with an increase in age mainly due to
nuclear fusion reaction, and that density in-
creases with age in the central region but de-
creases with age in outer layers (the outer lay-
ers expand with age). The discrepancies be-
tween the seismically inferred density and the
predicted one imply that both the contraction of
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Figure 3. Left panels: comparison of the Rosseland mean opacities of different models relative to that of
a model. Right panels: distributions of temperature gradient of the models as a function of radius.

core and the expansion of envelope of the mod-
els exceed what is needed to match those of the
Sun. In the central region, the change of helium
abundance caused by nuclear reaction is much
larger than those deriving from element settling
and rotational mixing. Additionally, the cen-
tral abundances of solar models are influenced
by the feedback effect on the initial conditions
of models for solar calibration. Rotational mix-
ing mainly affects the density profile in the CZ
and at the base of the CZ (see Figures 1 and
2). The effects of element settling and mixing
do not eliminate the discrepancies.

According to the definition of Bahcall (1989),
an increase in an S-factor must result in an
increase in fusion cross section and make the
corresponding nuclear fusion reaction take place
more easily or generate more energies and neu-
trino fluxes under the same conditions (the same

temperature and density). Due to the fact that
the luminosity of the Sun is dominated by the
energy generated by ppl branch and the burn-
ing of "Be through electron capture, an increase
in S11, Ss3, and Sz4 (for *He+*He reaction) will
lead to the fact that the solar luminosity can
be reproduced by a model with a lower temper-
ature and density in the region with » < 0.2
R where nuclear reactions take place. If the
values of Si1, S33, and S3; are underestimated,
the fusion cross sections will be underestimated,
the solar model will need a higher density (more
constraction) in the nuclear reaction region to
reproduce the solar luminosity at the age of 4.57
Gyr. The more the core contracts, the more pro-
nounced the expansion of outer layers becomes
(see panel b of Figure 4). As a consequence, the
density is too high in the central region but too
low in outer layers. Thus the improper nuclear
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cross-section factors can lead to the density pro-
files of models deviating from the seismically in-
ferred one.

An increase in the energy released by a reac-
tion must lead to a relative decrease in the ener-
gies in conjunction with neutrino fluxes gener-
ated by other nuclear fusion reactions because
the solar luminosity is constant at the age of
4.57 Gyr. In ppl branch, the energy generated
by *He+3He reaction is approximately equal to
those released by pp and *H+p reactions. In
other words, the luminosity L,, is dominated
by the energy generated by *He+3He reaction.
The 3He-+3He reaction does not produce any so-
lar neutrinos. Thus increasing S33 must lead to
a decrease in the fluxes of pp, pep, hep, "Be,
8B, 13N, %0, and '"F neutrinos and a reduction
in density in the central region with r» < 0.2
Rg. Increasing Sp; will result in an elevation

in pp and pep neutrino fluxes and a reduction
in other neutrino fluxes and density in the cen-
tral region. Similarly, an overestimate of Ss4
will induce an increase in "Be and ®B neutrino
fluxes while causing a decrease in other neutrino
fluxes and density in the central region. Other
S-factors primarily influence neutrino fluxes di-
rectly associated with their respective S-factors.

The impact of overestimating S33 on neutrino
fluxes can be counteracted by the effects of
overestimating other S-factors. However, these
overestimations inevitably result in a density in
the central region that is too low. Conversely,
underestimations would lead to the density in
the central region being too high. The den-
sity profile of the Sun can be inferred through
helioseismology (Basu et al. 2009). These dis-
tinctive characteristics make the combination
of detected neutrino fluxes and seismically in-
ferred density a potential tool for diagnosing the
nuclear cross-section factors. The densities in
the central regions of B92S, B92E, and B92R
are lower than the inferred ones (see Figure 1),
which may stem from underestimating the val-
ues of SH, 533, and 534.

3.2. Solar Models Constructed with the
S-factors of A1l

The values of Si1, S33, and S34 given by Adel-
berger et al. (2011) are (4.01 & 0.04) x 10722
(5.21+0.27) x 103, and 0.56+0.03 keV Barns, re-
spectively, which are larger than those adopted
by B92, despite the fact that they agree with
each other at the level of 1o (see Table 2). Us-
ing these factors and the Si4 given by Angulo
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& Descouvemont (2001), we constructed a ro-
tating model A11R.

The surface helium abundance and the CZ
base radius of A11R are 0.2501 and 0.712 R,
respectively, which agree with the seismically
inferred ones at the level of 1o. Figure 5 ex-
hibits the distributions of dcg/cs, dp/p, ro2, and
r13 of the model, which shows that the increases
in the S-factors (Ss3 and S34) markedly improve
the density profile, but they slightly worsen the
ratios rgo and ri3 in comparison to those of the
model B92R. Model A1IR has a smaller x7
but a larger X7, - than B92R (see Table 5).
This indicates that even a small change (within
1o) in the S-factors can lead to a marked change
in solar models.

The total fluxes ®(CNO) predicted by A11R
are 6.4 x 10® cm~2 s7!, which are in good agree-
ment with those detected by Borexino Collabo-
ration (2022) but lower than those predicted by
B92R due to the fact that the value of S114 given
by Angulo & Descouvemont (2001) is smaller
than that adopted by B92. However, the fluxes
of pp and pep neutrinos predicted by A1lR
are obviously lower than those determined by
Bergstrom et al. (2016) (see Table 4), despite
the fact that the fluxes are consistent with those
detected by Borexino Collaboration (2018) at
the level of 1o. Moreover, the flux of 5.02 x 10°
cm? s71 of ®B neutrino predicted by the model
is lower than that reported by Bergstrom et al.
(2016) and the one detected by Borexino Col-
laboration (2018).

The pep reaction rate is proportional to the
pp reaction rate (see Equation (3.17) of Bah-
call (1989)). The fluxes of pp and pep neutri-
nos calculated from A11R are lower than those
determined by Bergstrom et al. (2016), which
may result from underestimating S7;. However,
if the values of S33 and Sz are overestimated,
the 3He+?He and *He+*He reactions will take
place more easily. Due to the fact that the lumi-
nosity of the Sun is constant at the age of 4.57

Gyr, the overestimate will lead to a decrease
in the energy and neutrino fluxes generated by
other reactions. Therefore, the low pp and pep
neutrino fluxes could also derive from overesti-
mating the values of S33 and Ssy.

The 3He-+*He reaction produces "Be + ~, and
then "Be electron capture produces "Li+ v, and
"Be proton capture produces B + ~. Thus the
fluxes of both "Be and ®B neutrinos are pro-
portional to the ambient density of "Be ions,
i.e. the value of S34 can affect the fluxes of both
"Be and ®B neutrinos at the same time. The "Be
neutrino flux of A11R is in agreement with that
determined by Bergstrom et al. (2016) and the
one detected by Borexino Collaboration (2018),
but the ®B neutrino flux of A11R is lower than
those determined by Bergstrom et al. (2016) and
Borexino Collaboration (2018). These suggest
that the factor Ss4 could not be overestimated
but the factor Si7 of "Be proton capture could
be underestimated by A1l. As a consequence,
the low pp and pep neutrino fluxes could de-
rive from underestimating the value of S7; and
overestimating the value of Ss3; and the low 8B
neutrino flux could result from underestimating
the value of Si7.

In order to reproduce the pp and 8B neutrino
fluxes of Bergstrom et al. (2016), the values of
S11 and Sy of Adelberger et al. (2011) should be
increased to about 4.13 x 107?? (an increase of
about 3%) and 22.4 x 1073 (an increase of about
8%) keV Barns, respectively, which are in good
agreement with the new value of Si; given by
De-Leon & Gazit (2023) and the value of Si7
of Bahcall & Pinsonneault (1992). The change
in S7; is much larger than the uncertainty of
S11 recommended by Adelberger et al. (2011).
However, the density in the central region with
r < 0.2 R of this model is too low compared to
the seismically inferred one and the "Be and 8B
neutrino fluxes calculated from this model are
obviously low than those detected by Borexino
Collaboration (2018). The helioseismic results
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and updated neutrino fluxes are not in favour
of S11 = 4.13 x 10722 keV Barns and S35 = 5.21
MeV Barns. Reducing the value of Ss33 by about
2% would result in significant improvements to
both the predicted neutrino fluxes and density
profile. The value of S33 of Adelberger et al.
(2011) has a large uncertainty. Extrapolating
to the low energies to obtain S-factors of the
solar fusion could introduce a large uncertainty.
The value of Sj; of Bahcall (1989) is larger
than that of Adelberger et al. (2011) and in
good agreement with the new theoretical results
of Acharya et al. (2016, 2023) and De-Leon &

11
S
o- I I ' I I ('b)

[ _ _ Bo2R 1
SLo A11R i
o

[ _/'/..\\-/'—~’
O A A .

/s T
|/
N
o N R N B B
o 0.2 04 06 0.8 1
r/Re

s T T T T T T T T T

K ®\®<@ (d) -
<+ o .

- | B o Garcia -
© e, a Chaplin

I . ¥
~| - - B92R s,
el - A11R A .

I &

- ¥
S -
1 1 l 1 1 1 1 l 1 1 1 Igl
2000 3000 4000
v (uHz)

relative sound-speed and density differences, in the sense (Sun-
Model)/Model, between the Sun and models. Bottom panels (c) and (d):

distributions of observed and

Gazit (2023). And the value of 5.15 MeV Barns
of S33 of Bahcall (1989) is lower than that of
Adelberger et al. (2011). Thus using the S-
factors of B89 (see Table 2), we constructed a
rotating model B89R.

3.3. Solar Models Constructed with the
S-factors of B89

The surface helium abundance of 0.2499 and
the CZ base radius of 0.712 R of B89R are
in good agreement with the seismically inferred
values. Figure 5 shows that B89R exhibits su-
perior sound-speed and density profiles (smaller
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Xi+p) compared to GS98S and B92R. The ab-
solute values of dcs/cs and dp/p between the
Sun and B89R are less than 0.0029 and 0.0074,
respectively. The values of Xzs +p and Xz(m ., of
B89R are 215 and 2.4, which are almost equal to
those of A11R (see Table 5). B89R and A11R
have almost the same ratios rgo and r3, and
sound-speed and density profiles.

The fluxes of pp and pep neutrinos calculated
from B89R are obviously larger than those com-
puted from A11R and in agreement with those
determined by Bergstrom et al. (2016) at the
level of about lo (see Table 4). The total
fluxes ®(CNO) predicted by B8IR amount to
8.6 x 10® cm™2 s71, aligning with the detected
6.6759 x 108 cm™2 57! at the 1o level.

However, the "Be and ®B neutrino fluxes cal-
culated from B89R fall short of simultaneously
matching those determined by Bergstrom et al.
(2016) or Borexino Collaboration (2018). The
"Be neutrino flux of 4.73 x 10° ecm~2 s~! of BS9R
is notably lower than that detected by Borexino
Collaboration (2018). This can be attributed
to the fact that the value of S;; of BR9R was
underestimated by about 3 — 4%. The 8B neu-
trino flux of 5.65 x 10° cm™2 s™! of B8IR is
in agreement with that detected by Borexino
Collaboration (2018) but obviously larger than
the one determined by Bergstrom et al. (2016).
The predicted fluxes of both "Be and ®B neu-
trinos are proportional to the value of S34. The
increase in S3y must lead to the fact that the
predicted 8B neutrino flux is much larger than
those determined by Bergstrom et al. (2016) and
Ahmed et al. (2004). Thus the value of Si7 of
B89 could be overestimated by about 7%.

The value of Sy14 of Bahcall (1989) is twice
as much as that of Adelberger et al. (2011).
Extrapolating to the low energies to obtain S-
factors relevant for solar fusion could introduce
a large uncertainty. Thus we tested both the
S-factors of CNO cycles of Bahcall (1989) and
those of Adelberger et al. (2011). Due to the

fact that detected fluxes of N, %0, and '"F
neutrinos have a large uncertainty, both the
CNO S-factors of Bahcall (1989) and those of
Adelberger et al. (2011) can reproduce the de-
tected fluxes at the level of 1o. The detected
fluxes can not provide a rigorous constraint on
the S-factors of CNO cycles. But the CNO
S-factors of Adelberger et al. (2011) are more
favored by the detected fluxes. More precise
measurements are necessary to effectively utilize
neutrino fluxes for constraining the S-factors of
CNO cycles, which could be achieved by the
Jiangmen Underground Neutrino Observatory
(JUNO) (Abusleme et al. 2023). In following
calculations, we will adopt the S-factors of CNO
cycles of Adelberger et al. (2011).

An increase in S;7 affects only the 8B neutrino
flux. However, the increases in Si;, Ss3, and
S34 will lead to the fact that the solar luminos-
ity can be reproduced by a model with a lower
temperature and density in the nuclear reaction
region. Thus the temperatures and densities of
A11R and B89R are lower than those of B92R
in the central region with r < 0.2 R (see Table
3 and Figure 6). The lower the density in the
central region, the higher the density in outer
layers is, i.e the less the core contracts, the less
pronounced the expansion of outer layers be-
comes (see Figures 4 and 6). Thus the increase
in 511, S33, and S34 markedly improved the den-
sity profiles of A11R and B89R in comparison
to that of B92R. The density profile of B89R
is almost as good as that of A11R but the neu-
trino fluxes calculated from B89R are more con-
sistent with the detected ones than those com-
puted from A11R. The value of Ss33 of B89 is
smaller than that of A11. This further indicates
that the value of S33 may be overestimated by
All.

3.4. The Nuclear Cross-section Factors with
the Constraints of Detected Neutrino
Fluzes and Helioseismic Results
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Figure 6. Density and temperature distributions of solar models with different nuclear cross-section factors.
The higher the density in the central region, the lower the density in outer layers is.

Model A11R shows that Adelberger et al.

(2011) might overestimate the value of S33 and
underestimate the values of Si; and Si7;. But
B89R shows that Bahcall (1989) might un-
derestimate the value of Ss4 and overestimate
the value of Si7. Using Ss3 of Bahcall (1989)
and Si7 of Bahcall & Pinsonneault (1992) to
replace the corresponding S-factors of A11R
(see Table 2), we constructed a rotating model
BARI1. In order to reproduce the pp and pep
neutrino fluxes determined by Bergstrom et al.
(2016), the value of Si; need to be increased
to 4.13 x 10722 keV Barns, which is in consis-
tent with the new results of De-Leon & Gazit
(2023) and Acharya et al. (2023) at the level of

lo. The surface helium abundance and radius
re, of BARI agree with the seismically inferred
ones at the level of 1o (see Table 1). Due to
the fact that the impact of the increase of Si;
on density is partially counteracted by the ef-
fect of the decrease of Ss3, the changes in the
S-factors have a comparatively small effect on
sound-speed and density profiles in comparison
to those of A11R. Thus BAR1 and A11R have
almost the same x2 |, and x7 .. (see Table 5).
But they have different neutrino fluxes (see Ta-
ble 4) due to the fact that both a decrease in Ss3
and an increase in S;; can lead to an increase
in pp and pep neutrino fluxes.
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Table 4 shows that the fluxes of pp, pep, "Be,
and ®B neutrinos calculated from BAR1 are con-
sistent with those determined by Bergstrom et
al. (2016) at the level of 1o. The total fluxes of
13N, 10, and "F neutrinos of BAR1 amount to
6.17 x 10% em™2 s7!, which are in good agree-
ment with the 6.6759x10% cm~2 s7! detected by
Borexino Collaboration (2018). However, the
"Be and ®B neutrino fluxes of BAR1 are ob-
viously lower than those detected by Borexino
Collaboration (2018).

Increasing S34 of BAR1 alone can bring the
"Be and B neutrino fluxes into better agree-
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ment with those detected by Borexino Collab-
oration (2018) but will worsen the density pro-
file in the central region with r < 0.2 Ry. In
addition, Figure 7 reveals that the density in
the central region of BARI is lower than that
inferred by Basu et al. (2009). This indicates
that the values of S1; and S33 are not favored
by helioseismic results. The values of S;; and
S33 are overestimated by BARI.

Decreasing S33 can lead to an increase in all
neutrino fluxes and a rise in density in the cen-
tral region. In order to keep the pp neutrino flux
agreeing with the one determined by Bergstrom
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et al. (2016), the value of Sy also should be de-
creased at the same time. Decreasing Si; from
4.13 x 10722 keV Barns of BARI to 4.07 x 10722
keV Barns and Ss3 from 5.15 MeV Barns to 5.05
MeV Barns, we constructed the rotating model
BAR2. The values of other S-factors of BAR2
are same as those of BAR1 and shown in Table
2. The surface helium abundance and the radius
of the BCZ of BAR2 are 0.2495 and 0.712 R,
respectively, which agree with the seismically
inferred ones at the level of 1. The values of
Xz, and X2, - of BAR2 are 217 and 1.8, re-
spectively. Figure 7 shows that BAR2 has bet-
ter sound-speed and density profiles than GS98S
and B92R, and reproduces the distributions of
ratios rge and ri3 calculated from observed fre-
quencies. The changes in Siy, S33, and S34 sig-
nificantly improve the density profile in the re-
gion with r < 0.2 R in comparison to those of
B92R and BARI.

The neutrino fluxes calculated from BAR2
are ®(pp) = 5.97 x 101% cm™2 571, ®(pep) =
1.441 x 108 em™2 s !, ®(hep) = 9.67 x 10% cm 2
s7h ®("Be) = 4.98 x 10° em™? 571, ®(®B) =
5.58 x 10¢ em=2 7!, and ®(CNO) = 6.55 x 10®
cm~? s71.  These fluxes are in good agree-
ment with those determined by Bergstrom et al.
(2016) and Borexino Collaboration (2018, 2022)
at the level of 1o except the hep neutrino flux
that has a large uncertainty in detection (see
Table 4). Thus the values of the S-factors of
BAR2 are favored by helioseismic results and
updated neutrino fluxes.

3.5. Rotating Model Including the Effects of
Magnetic Fields

The surface lithium and beryllium abun-
dances of the Sun are 1.0440.10 and 1.38+0.09
dex (Lodders et al. 2021), respectively. At
the time of the birth of the Sun, the Li and
Be abundances are about 3.30 and 1.48 dex,
respectively. The solar Li depletion is about
0.6 — 1.2 dex in the pre-main-sequence stage,
depending on whether the convection overshoot

or other mechanism is included. There is almost
no depletion for Be in the pre-main-sequence
stage. The typical temperatures for "Li and *Be
proton-capture reaction are about 2.5 x 10°¢ K
and 3 x 10° K, respectively, which are higher
than the temperature of the BCZ of a solar
model. Thus the Li and Be elements in the CZ
of an SSM cannot be destroyed in main sequence
stage. As a consequence, the Li abundances pre-
dicted by GS98S and B92S are about 10 times
as large as the observed one.

Rotational mixing can bring the helium in the
radiative region into the CZ and transport the
material in the CZ into the radiative region.
Thus it can simultaneously enhance the sur-
face helium abundance and decrease the surface
Li and Be abundances. The Li and Be abun-
dances predicted by rotating models B92R and
BAR2 are 1.13 and 1.31 dex, respectively, which
are consistent with the results of Lodders et al.
(2021). However, the rotating models cannot
reproduce the seismically inferred flat rotation
profile in the external part of the radiative re-
gion (see Figure 8). These indicate that B92R
and BAR2 nearly mimic the material mixing
processes but do not mimic angular momentum
transport of the Sun.

In order to obtain a flat rotation profile, we
considered the effects of magnetic fields that
were described in detail by Yang & Bi (2006)
and Yang (2016), where an adjustable parame-
ter foar was introduced to represent some inher-
ent uncertainties in diffusion equation and f.,,
was used to account for how the magnetic fields
mix material less efficiently than they trans-
port angular momentum. With the S-factors of
BAR2 and four = 0.001 and f.r = 2x 1074, we
constructed a rotating model BAR2MO0. This
model has a flat rotation profile. But the sur-
face helium abundance of 0.2531 is too large,
and the surface Li and Be abundances of A(Li)
= 0.11 and A(Be) = 0.98 are too low (see Table
1), indicating that there is too much material
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exchanged between the radiative region and the
CZ of BAR2MO, i.e. the efficiency of mixing is
too high.

In order to simultanecously obtain a nearly
flat rotation profile and the observed Li and
Be abundances, with fon = 2 x 107* and

. = 4 x 107, we constructed rotating mod-
els B92RM and BAR2M. These models predict
both a nearly flat rotation profile in the exter-
nal part of the radiative zone and an increase
in the rotation rate in the solar core (see Figure
8), which are in good agreement with the pre-
dictions of the magnetic model of Eggenberger
et al. (2019) and that inferred by helioseismol-
ogy (Thompson et al. 2003). Both B92RM and
BAR2M reproduce the inferred surface He, Li,
and Be abundances and CZ depth (see Table
1). But the sound-speed and density profiles
of BAR2M are in better agreement with seis-
mically inferred ones than those of B92RM and
GS98S (see Figure 9). The neutrino fluxes cal-
culated from BAR2M are almost the same as
those computed from BAR2, and are more con-
sistent with ones determined by Bergstrom et al.
(2016) and Borexino Collaboration (2018, 2022)

than those computed from B92RM (see Table
4). Thus the effects of magnetic fields solve
the problem of rotation profile of BAR2 but do
not change the results obtained from B92R and
BAR2.

The value of 4.07 x 10722 keV Barns of Sy; is
slightly lower than the central value of 4.10 x
10722 keV Barns given by Acharya et al. (2023)
and 4.11 x 10722 keV Barns given by De-Leon
& Gazit (2023). With Sy = 4.10 x 10722 and
Sss = 5.05 x 10® keV Barns, we constructed
a rotating model BAR3M. Other S-factors are
same as those of BAR2M and shown in Table 2.
The pp neutrino flux calculated from this model
is 6.00 x 10'° cm? s=!'. The predicted neutrino
fluxes are in agreement with the detected ones
at the level of 1o (see Table 4). The sound speed
and density profiles of this model are as good as
those of BAR2M (see Figure 9). The values of
S11 supported by helioseismic data and updated
neutrino fluxes align well with recent theoretical
findings (Acharya et al. 2016, 2023; De-Leon &
Gazit 2023) but larger than the previously ac-
cepted value of Adelberger et al. (2011). The
increase in Sy is much larger than the uncer-
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tainty of the Si; recommended by Adelberger
et al. (2011). This indicates that Adelberger et
al. (2011) underestimated the value of Sy; by
about 2% and overestimated the value of S33 by
about 2 — 3%.

An increase in S33 would reduce the predicted
"Be neutrino flux and decrease the density in
the central region. For example, the “Be neu-
trino flux calculated from a model with S;; =
4.10 x 10722 and Ss3 = 5.10 x 103 keV Barns is
4.89x10” cm? s7!. And a model having a larger
Ss3 generally exhibits having a larger x?2 vor1s A0d
a lower density in nuclear reaction region. Thus
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the "Be neutrino flux detected by Borexino Col-
laboration (2018) and helioseismic results do
not favor a model having S;; > 4.10 x 10722
and Ss3 > 5.10 x 10® keV Barns at the same
time.

3.6. Solar Models Constructed with Other
Miztures

Using the S-factors of BAR2, we also con-
structed magnetic models BAR2Mc in accor-
dance with the Caffau et al. (2011) mixtures
and BAR2Mg in accordance with GS98 mix-
tures. The changes in metallicity can affect
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the fluxes of N and 'O neutrinos (see Table
5). The total fluxes of N, %0, and "F neu-
trinos are ®(CNO) = 6.42 x 10® cm™2 s™! for
BAR2Mc, ®(CNO) = 6.55 x 10® em™2 s™! for
BAR2M, and ®(CNO) = 6.82 x 10® cm™2 s7!
for BAR2Mg. The total fluxes increase with
an increase in metal abundances but they are
all in agreement with the detected ones at the
level of 1o. The relative differences between the
predicted fluxes are about 2% —5%. If the preci-
sion of measurements of the fluxes can reach the
level of about 2%, the solar models constructed
in accordance with different abundance scales
would be distinguished by the fluxes of 13N and
150 neutrinos.

Figure 9 shows that the sound-speed and den-
sity profiles of BAR2M are slightly better than
those of BAR2Mc and BAR2Mg. Calculations
also show that the value of x7 |, of BAR2M is
smaller than those of BAR2Mc¢ and BAR2Mg
(see Table 5). This indicates that the model
constructed in accordance with Magg’s mix-
tures is slightly better than those constructed
in accordance with the Caffau et al. (2011) or
(GS98 mixtures.

4. DISCUSSION AND SUMMARY

In enhanced diffusion models, the velocities of
diffusion and settling were increased by 15%.
In non-rotating models, the enhanced diffusion
worsens the surface helium abundance. But
in rotating models, the effect of the enhanced
diffusion on the surface helium abundance was
completely counteracted by rotational mixing
(see Figure 2). However, we have no obvious
physical justification for the increase. Moreover,
the effects of radiative accelerations on settling
were not included in our models. The radiative
effects can lead to the heavy-element abundance
and the mixture of the heavy elements vary as
a function of stellar age and position in the Sun
(Turcotte et al. 1998). The radiative accelera-
tion effect could be counteracted by the effects
of rotation and magnetic fields.

The rotational history of the Sun is still un-
known. We only considered the slow rotating
case and the angular momentum loss mecha-
nism of Kawaler (1988) in this work. Faster
rotation and more efficient angular momentum
loss could accompany by more efficient mate-
rial mixing that can lead to Li and Be deple-
tion. Different magnetic winds, such as that of
Matt et al. (2015), could affect the values of four
and f.); that depend on Li and Be abundances
and derserve more detail study. The rotating
model of Eggenberger et al. (2019) has a larger
initial velocity and a higher angular momen-
tum loss rate than ours. The surface He abun-
dance of Buldgen et al. (2023)’s model including
macroscopic mixing and convection overshoot is
0.2516, which is slightly higher than 0.2496 of
BAR2M. The surface Li and Be abundances of
the Buldgen et al. (2023) model are about 0.9
and 1.0, respectively, which are lower than 1.1
and 1.3 of BAR2M. This indicates that the mix-
ing of Buldgen et al. (2023) models is more ef-
ficient than that of our models. In the deep
layers, our models have a higher metal abun-
dance than the Buldgen et al. (2023) model.
The lithium abundance of the Sun determined
by Wang et al. (2023) is 0.9640.05. The lithium
abundances predicted by our models are 20 — 30
higher than the reported value. Additionally,
the models show that there is some beryllium
depletion with respect to the initial value. This
depletion could offer a more stringent constraint
on material mixing during the main sequence
stage, as beryllium depletion occurs during this
phase as well.

The enhanced diffusion models have a higher
initial metal abundance and more metals in the
radiative region. Thus they have a larger opac-
ity. The rotating model BAR2Mn without en-
hanced diffusion has a lower initial metal abun-
dance and less metals in the radiative region.
The values of X2, and 2, .. of BAR2Mn
are larger than those of B92E. The calculations
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show that a non-rotating model with enhanced
diffusion is better than a rotating model with-
out enhanced diffusion except the surface he-
lium abundance. Thus a higher opacity is re-
quired in the radiative zone of low Z models to
reconcile the low-Z models with helioseismology,
which can be achieved by having more metals in
the deep layers or by increasing the opacity it-
self. The almost same conclusions about the S-
factors can also be obtained from non-rotating
models with enhanced diffusion. Therefore, the
results about S-factors can not be changed by
the uncertainty of mixing.

Kunitomo & Guillot (2021) and Kunitomo
et al. (2022) shows that accretion with a vari-
able composition due to planet formation pro-
cesses induces a higher central metallicity of the
present-day Sun by up to 5%, which also can im-
prove solar model and predicted neutrino fluxes.
The effects of the accretion is not considered in
our models. The enhanced diffusion in our mod-
els leads to an increase of about 2% in the cen-
tral metallicity in comparison to that of SSM
(see Table 3).

Figure 6 shows the density distributions of
models. The differences in the densities have
nothing to do with the variations in radii of the
models. Taking a smaller radius, such as that
inferred by Takata & Gough (2024), mainly af-
fects the density and sound speed above ~ 0.9
R and leads to a larger XES +p» Which can not
change our results.

OP opacity is slightly larger than OPAL opac-
ity at the base of the CZ, but no more than
2.5% (Badnell et al. 2005). The solar models
constructed by using OPAL opacity tables are
not as good as those constructed by using OP
opacity tables unless OPAL opacities for the re-
gions of the Sun with 2x 108 K <7 <5x10° K
are increased linearly by no more than 2.5% cen-
tered at T = 3 x 10° K (Yang 2022). By using
this increased OPAL opacity, we constructed a
magnetic model BAR2Mi with Z, = 0.0165,

Y, = 0.2510, r, = 0.713 Ry, X2 = 0.27,
X72"02+13 = 1.5, and X35+p = 206. This model
is slightly better than BAR2M. The small in-
crease in OPAL opacity improved solar models
but did not change our results. The effects of
an increase in opacity on solar models were also
studied by Ayukov & Baturin (2017) and Kunit-
omo & Guillot (2021). They concluded that an
increase in opacity is required to reconcile the
low-Z models with helioseismology. The solar
model constructed by using OPAL opacity gen-
erally has a slightly higher helium abundance
in the CZ than that constructed by using OP
opacity. An increase of OP opacity in the deep
layers can also lead to an increase of helium in
the CZ (see model Copllri of Yang (2022)).

The fluxes of ®(hep) predicted by models are
lower than that determined by Bergstrom et al.
(2016). If the value of Shep, = 15.3 x 1072
keV Barns (Wolfs et al. 1989) is adopted, the
values of the hep fluxes predicted by BAR2M
and BAR3M are about 14.3 x 10 cm™2 s7!,
which are in agreement with that determined
by Bergstrom et al. (2016) at the level of 1o.
The flux of ®B neutrino predicted by BAR2M
is in good agreement with that detected by
Borexino Collaboration (2018) but not consis-
tent with that determined by Bergstrom et al.
(2016). The value of Si; given by Adelberger
et al. (2011) is 0.0208 + 0.0016 keV Barns. If
the value of S17 = 0.0208 keV Barns is adopted,
the 8B neutrino flux of BAR2M is 5.16 x 10°
cm~2 57!, which is in good agreement with the
one determined by Bergstrom et al. (2016). The
changes in Syep and Sy7 affect only the hep and
8B neutrino fluxes, respectively. They can not
affect the sound-speed and density profiles and
thus can not change our results. Thus BAR2M
is able to reproduce all neutrino fluxes at the
level of 1o.

Simultaneously increasing S71, S33, and Ssy
has almost no effect on the predicted fluxes of
pp, pep, 'Be, and 8B neutrinos. But the in-
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creases can lead to a reduction in the predicted
fluxes of hep, 13N, 150, and '"F neutrinos and a
decrease of density in the central region. How-
ever, the detected fluxes of hep, *N, %0, and
F neutrinos can not provide a constraint on
the changes in S71, S33, and S34 due to the
large uncertainties in current detections. Thus,
the neutrino fluxes alone cannot be used to con-
strain the changes in the S-factors. If the uncer-
tainties of the fluxes of ¥*N, %0, and '"F neu-
trinos are less than ~ 4%, they will impose a
solid constraint on Si1, S33, and Ssy.

The predicted fluxes of both "Be and ®B neu-
trinos are dependent on the value of S34, while
the 8B neutrino flux also depends on S;7. They
are also affected by S7; and S33. An increase in
either Si; or Ss3 will lead to a decrease in the
fluxes of predicted "Be and B neutrinos. Model
BARI1 and BAR2 share the same values for S34
and S;7 but have different “Be and ®B neu-
trino fluxes, which results from the differences in
S11 and Ss3. The fluxes calculated from BAR1
agree with those determined by Bergstrom et
al. (2016). However, if Sy7 = 20.8 eV Barns
is taken, the 8B neutrino flux calculated from
BARI1 is about 4.8 x 10 cm™2 s7!, which is
lower than that determined by Bergstrom et al.
(2016). This indicates that the Sy; and Ss3 of
BARI1 are too large.

The reaction rate between two nuclear species
is proportional to the number densities of par-
ticles (nuclei) and the average product of inter-
action cross section of the particles times veloc-
ity. The density p is proportional to the number
densities of nuclei. The average product can be
written as a formula that is proportional to the
nuclear cross-section factor S (see the Equations
(3.5), (3.12), and (3.13) of Bahcall (1989)). The
solar luminosity is constant at the age of 4.57
Gyr. And the solar energy is mainly generated
by ppl and ppll branches. The larger the nu-
clear cross-section factors, the more easily the
corresponding nuclear reactions occur under the

same conditions. Overestimating S71, S33, and
S34 would necessitate a lower density to main-
tain the total energy generation rate unchanged
at the age of 4.57 Gyr. This would consequently
lead to the density of models being lower than
the seismically inferred one in the region where
nuclear fusion reactions take place. Conversely,
underestimating Si1, Ss3, and S34 would result
in the density being too high. The solar density
can be constrained down to about 0.05 R by
helioseismology. As a consequence, the combi-
nation of detected neutrino fluxes and seismi-
cally inferred density profile in the region with
r < 0.2 Ry imposes a solid constraint on the
values of Si1, S33, and Ss4.

Ayukov & Baturin (2017) concluded that the
value of Sy of Adelberger et al. (2011) should be
increased by several percent, in order to obtain a
solar model with low Z that is in agreement with
the results of helioseismology and detected solar
neutrino fluxes. However, the updated neutrino
fluxes and seismically inferred density do not fa-
vor an Sp; larger than 4.13 x 10722 keV Barns or
smaller than 4.0 x 1072 keV Barns and an Sss
larger than 5.15 MeV Barns or smaller than 5.00
MeV Barns. The calculations show that the up-
dated neutrino fluxes and seismically inferred
density favor an S;; = (4.07 £ 0.04) x 10722
keV Barns and an Ss3 between about 5.05 and
5.10 MeV Barns. The value of the Sy; favored
by helioseismic results and updated neutrino
fluxes is in good agreement with the new value
of (4.10£0.024+0.013) x 10722 keV Barns pre-
dicted by chiral effective field theory (Acharya
et al. 2023) and 4.11 x 10722 keV Barns pre-
dicted by pionless effective field theory (De-
Leon & Gazit 2023). The increase of Si; pre-
dicted by theories compared to previous calcu-
lations is mainly driven by an increase in the
recommended value for the axial coupling con-
stant (Acharya et al. 2023). The precise Sy
from the Sun may be useful in driving down
the uncertainties in the constants of the the-
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ories and hence improve our understanding of
the relevant theories (Bellinger & Christensen-
Dalsgaard 2022).

In this work, using the S-factors provided by
B92, Al11l, and B89, we constructed standard
and rotating solar models in accordance with
Magg’s mixtures. The surface helium abun-
dance and the CZ depth of the SSMs do not
agree with the seismically inferred ones. The
SSMs are not as good as the SSM GS98S con-
structed in accordance with GS98 mixtures. In
the rotating models, we included the effects of
convection overshoot and enhanced diffusion. A
convection overshoot of d,, ~ 0.1 is required in
rotating models to recover the seismically in-
ferred CZ depth. The combination of enhanced
diffusion and rotation brings the surface helium
abundance into agreement with the seismically
inferred value at the level of 1o, and make rotat-
ing models have better sound-speed and density
profiles than SSMs. However, in order to obtain
a nearly flat rotation profile in the external part
of the radiative region (above 0.2 Rg), the ef-
fects of magnetic fields are required. As a conse-
quence, we obtained a rotating model, B92RM,
which is better than the earlier SSMs and ro-
tating models constructed in accordance with
GS98 or Caffau’s mixtures. Model B92RM has
better sound-speed and density profiles (smaller
X2, +p) than the earlier models. The surface
helium abundance and radius of the BCZ of
B92RM agree with the seismically inferred ones
at the level of 1o. Additionally, the neutrino
fluxes calculated from B92RM are consistent
with those updated by Bergstrom et al. (2016)
and Borexino Collaboration (2018, 2020) at the
level of 1o.

A small increase or decrease (around lo) in
nuclear cross-section factors Sii, S33, and Sz
can result in a significant change in the pre-
dicted neutrino fluxes and density profile, par-
ticularly affecting the density in the central re-
gion with »r < 0.2 Rs. An increase in Ss3

may decrease the density in the central region
and reduce the fluxes of pp, pep, hep, "Be, ®B,
13N, 150, and '"F neutrinos. An increase in Sy,
would raise the fluxes of pp and pep neutrinos
but decrease other neutrino fluxes and the cen-
tral density. Similarly, an increase in S34 would
elevate the fluxes of “Be and ®B neutrinos but
diminish other neutrino fluxes and the central
density. The effects of an increase in S33 on the
fluxes of pp, pep, "Be, and ®B neutrinos can be
counteracted by the effects of an increase in Sty
and S34. However, these increases must lead to
a decrease in density in the region where nu-
clear fusion reactions take place. Conversely, if
S11, Szz, and S34 are underestimated, the un-
derestimation must result in the central density
being too high. These distinctive characteris-
tics make the combination of updated neutrino
fluxes and seismically inferred density profile a
powerful tool for diagnosing the S-factors.
Using this diagnostic approach, we found that
Bahcall & Pinsonneault (1992) could under-
estimate the values of Sy, S33, and Ss4 by
about 2 — 4%, while Adelberger et al. (2011)
could overestimate the value of S33 by about
2 — 3% but underestimate the value of S;; by
around 2%. The updated neutrino fluxes and
the seismically inferred density profile favor the
S-factors: Sy = (4.0740.04) x 10~%? keV Barns,
S33 >~ 5.05 —5.10 MeV Barns, S34 = 0.56 £0.02
keV Barns, and Sy; ~ 22.4 — 20.8 ¢V Barns.
These factors agree with different measurements
at the level of 1o. Using these factors, we ob-
tained a rotating model, BAR2M or BAR3M,
that is better than B92RM and the earlier mod-
els. The sound-speed and density profiles of
this model are better than those of B92RM
and thus better than those of the models con-
structed in accordance with GS98 or Caffau et
al. (2011) mixtures. The surface metal abun-
dance of BAR2M is 0.0165. The surface helium
abundance of 0.2496 and the radius of the BCZ
of 0.712 R are consistent with the seismically
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inferred values at the level of 1o. The initial
helium abundance is 0.2722, which is consis-
tent with the value of 0.273 £ 0.006 inferred by
Serenelli & Basu (2010). The ratios rop and 73
of BAR2M agree with those calculated from ob-
served frequencies. Moreover, the fluxes of pp,
pep, hep, "Be, and ®B neutrinos and the total
fluxes of N, 1?0, and '"F neutrinos computed
from BAR2M agree with those determined by
Bergstrom et al. (2016) and Borexino Collabo-
ration (2018, 2020, 2022) at the level of 1. This
model predicts both a nearly flat rotation pro-
file in the external part of the radiative region
and an increase in the rotation rate in the solar

core, which are in good agreement with the re-
sults of Eggenberger et al. (2019). The results
about the S-factors are not affected by choos-
ing OPAL or OP opacity tables and choosing
Magg’s or Caffau’s mixtures.
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opacity tables and acknowledge the support
from the NSFC 11773005.
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Table 1. Fundamental Parameters of Models.

Model Y, Zo  owmur Oow  fo T Y Z,  (Z/X), AY € A(Li), A(Be),
GS98S®  0.27562 0.01940 2.1274 0 1.0 0.716 0.2451 0.0174 0.0236 00305 0 214  1.48
B92S 0.26994 0.01835 2.1010 0 1.0 0.718 0.2400 0.0165 0.0222 0.0299 0 215  1.48
B92E 0.27107 0.01860 2.1245 0 1.15 0.715 0.2373 0.0165 0.0221 0.0337 0 215  1.48
B92R 0.27097 0.01855 2.0821 0.1 1.15 0.711 0.2484 0.0165 0.0224 0.0226 10 1.13  1.31
AlIR 0.27272 0.01857 2.0818 0.1 1.15 0.712 0.2501 0.0165 0.0225 0.0226 10 1.13  1.31
BS9R 0.27255 0.01855 2.0818 0.1 1.15 0.712 0.2499 0.0165 0.0225 0.0227 10 1.13  1.31
BARI 0.27322 0.01855 2.0833 0.1 1.15 0.712 0.2509 0.0165 0.0225 0.0223 10 1.13  1.31
BAR2 0.27215 0.01855 2.0823 0.1 1.15 0.712 0.2495 0.0165 0.0225 0.0226 10 1.13  1.31

BAR2MO 0.27231 0.01855 2.0642 0.1 1.15 0.713 0.2531 0.0165 0.0226 0.0192 10 0.11 0.98
B92RM 0.27104 0.01855 2.0804 0.1 1.15 0.711 0.2486 0.0165 0.0224 0.0224 10 1.09 1.29
BAR2M 0.27217 0.01855 2.0806 0.1 1.15 0.712 0.2496 0.0165 0.0225 0.0226 10 1.08 1.29
BAR2Mcb 0.27064 0.01779 2.1016 0.1 1.36 0.712 0.2446 0.01548 0.0209 0.0260 10 1.05 1.27
BAR2Mg® 0.27272 0.01906 2.1147 0.05 1.15 0.714 0.2501 0.0169 0.0231 0.0226 10 1.09 1.29
BAR2Mn? 0.27102 0.01830 2.0624 0.1 1.0 0.712 0.2513 0.0165 0.0225 0.0197 10 1.11 1.29
BAR2Mi¢ 0.27370 0.01855 2.0700 0.1 1.15 0.713 0.2510 0.0165 0.0225 0.0227 10 1.10 1.29
BAR3M 0.27238 0.01855 2.0779 0.1 1.0 0.712 0.2498 0.0165 0.0225 0.0226 10 1.09 1.29

Notes. The CZ radius r, and initial angular velocity €; are in units of Ry and 1076 rad s=', respectively. The
quantity AY = Yy — Y; is the amount of surface helium settling. The abundance A(E) for an element E is defined as
A(E) =12 + log(n(E)/n(H)). The structures of these models are available at https://github.com/yangwuming/SUN/
tree/main/2023sunmodels.

%The SSM is constructed by using OPAL opacity tables (Iglesias & Rogers 1996).

bThis model is constructed in accordance with Caffau et al. (2011) mixtures, corresponding to the model Copllr of
Yang (2022), but reconstructed by using different nuclear cross-section factors.

©This model is constructed in accordance with GS98 mixtures.
dThis model is same as BAR2M but with fo=1.
€This model is same as BAR2M but constructed by using the increased OPAL opacity.


 https://github.com/yangwuming/SUN/tree/main/2023sunmodels
 https://github.com/yangwuming/SUN/tree/main/2023sunmodels
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Table 2. Some of the Nuclear Cross-section Factors S(0) Used in Different Models (keV
Barns).

Reaction B92’s® Al11sb B89’s® BAR1 BAR2 BAR3
'H(p, etre )2H (x10722)  4.001005 4.01+£0.04 4.07 4.13 4.07 4.10
SHe(*He, 2p)*He (x10%) 5.00 5.2140.27 5.15 5.15 5.05 5.05
SHe(*He, v)"Be 0.533 0.56 £0.03 0.54 0.56 0.56 0.56
2C(p, v)N 1.45 1.344+0.21 1.45 1.34 1.34 1.34
BC(p, v)N 5.50 7641 5.50 7.6 7.6 7.6
UN(p, v)150 3.32 1.77 4+ 0.20¢  3.32 1.77 1.77 1.77
160 (p, y)I'F 9.4 10.6+08 94 10.6 10.6 10.6
H(p + e, ve)*H Eq.(17)¢ Eq.(17) Eq.(17) Eq.(17) Eq.(17) Eq.(17)
"Be(e™, v)"Li Eq.(18)7 Eq.(18) Eq.(18) Eq.(18) Eq.(18) Eq.(18)
"Be(p, 7)®B (x107?) 22.4 20.8+1.6 24.3 22.4 22.4 22.4
3He(p, etre )*He (x1072%) 10.359  10.35 10.35 1035  10.35  10.35
Notes.

9These factors are given in Bahcall & Pinsonneault (1992).
bGiven by Adelberger et al. (2011).
€Given by Bahcall & Ulrich (1988) and Bahcall (1989).

dThis value is given by Angulo & Descouvemont (2001); the value of S114(0) given by Adel-
berger et al. (2011) is 1.66 £ 0.12.

€The Eq.(3.17) of Bahcall (1989), but the factor of 1.102 was replaced by the factor of 1.130
(Adelberger et al. 2011).

JThe Eq.(3.18) of Bahcall (1989), but the factor of 5.54 was replaced by the factor of 5.60
(Adelberger et al. 2011).

9The value of S13(0) given by Schiavilla et al. (1994) is 2.30 x 1072, which should be multiplied
by a factor of 4.5 (Marcucci et al. 2000); the value is (8.6 4 2.6) x 1072% in Adelberger et al.
(2011) or 8 x 10720 in Bahcall (1989).
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Table 3. The Central Temperature, Density,
Helium Abundance, and Metallicity of Models.

Model T. Pe Y. Z.
GS98S 15.770 154.2 0.6450 0.02045
B92S 15.676 153.7 0.6381 0.01933
B92E 15.714 154.4 0.6416 0.01975

B92R 15.712 154.5 0.6412 0.01969
Al11R 15.643 151.7 0.6360 0.01971
B8IR 15.643 151.7 0.6360 0.01969
BAR1 15.615 150.6 0.6340 0.01969
BAR2 15.666 152.5 0.6378 0.01969
BAR2MO 15.668 152.7 0.6383 0.01969
B92RM  15.713 154.6 0.6415 0.01969
BAR2M  15.666 152.6 0.6380 0.01969
BAR2Mc 15.687 152.4 0.6396 0.01909
BAR2Mg 15.680 152.8 0.6387 0.02023
BAR2Mn 15.629 151.9 0.6345 0.01927
BAR2Mi 15.693 152.5 0.6395 0.01969
BAR3M  15.654 152.1 0.6370 0.01969

Notes. The central temperature 7, and den-

sity pe are in units of 10° K and g cm™3, re-

spectively.
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Table 4. Measured and Predicted Solar Neutrino Fluxes (cm? s™1).

Model pp pep hep "Be 8B 13N o TR
x 1010 x108 x103 x10° %108 x108  x108 x10°
Measured 6.067002"  1.640.3° .o 4.8440.24° 5.21+0.27°
B16% 5971003 1.448+0.013 197¢*  4.80103) 5167008  <13.7 <28 <85
Borexino®  6.140.5  1.39+0.19 <220 4.994+0.11  5.6870% 6.620
GS98S 5.92 1.428 9.65 5.02 6.01 564 4.91 451
B92S 5.96 1.449 9.82 4.82 5.45 470  4.06 5.13
B92E 5.95 1.444 9.76 4.91 5.68 495 431 545
B92R 5.96 1.448 9.76 4.90 5.66 494 429 543
AlIR 5.86 1.409 9.64 4.91 5.02 424 210 5.60
B89R 5.95 1.432 9.64 4.73 5.65 4.58  3.93  4.96
BARI 5.98 1.435 9.59 4.81 5.20 410 202 5.39
BAR2 5.97 1.441 9.67 4.98 5.58 433 216 5.75
BAR2MO  5.98 1.444 9.67 4.98 5.58 434 216 5.77
B92RM 5.96 1.448 9.76 4.90 5.66 494 430 5.43
BAR2M 5.98 1.442 9.67 4.98 5.58 433 216 5.76
BAR2Mc  5.97 1.441 9.68 5.01 5.69 4.24 212 5.67
BAR2Mg  5.97 1.441 9.65 5.01 5.66 451 225 6.02
BAR2Mn  5.99 1.446 9.73 4.89 5.35 410 203 5.42
BAR2Mi 5.97 1.439 9.65 5.03 5.71 441 220 5.89
BAR3M 6.00 1.447 9.65 4.94 5.48 428 213 5.67

%Bellini et al. (2011).
bBellini et al. (2012).
€Ahmed et al. (2004).
dBergstrém et al. (2016).

€Borexino Collaboration (2018). The total fluxes, ®(CNO), produced by CNO cycle are given
by Borexino Collaboration (2022).
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Table 5. The Values of x? of Different Models.

b c d

a 2 2 2
Xr02+13 Xneutrino  Xhelium

Model ng +p

GS98S 733 1.2 1.83 0.94
B92S 811 2.3 0.85 5.90
B92E 376 1.4 0.66 10.24
B92R 289 1.5 0.61 0.00
Al1R 219 24 4.45 0.21
B89R 215 2.4 1.60 0.16
BAR1 220 3.3 1.07 0.36
BAR2 217 1.8 0.24 0.08
BAR2MO 251 2.0 0.22 1.73
B92RM 310 1.4 0.61 0.0

BAR2M 237 2.0 0.24 0.10
BAR2Mc 285 2.3 0.24 1.24
BAR2Mg 289 1.7 0.24 0.24
BAR2Mn 404 3.7 0.50 0.64
BAR2Mi 206 1.5 0.28 0.51
BAR3M 229 2.1 0.35 0.14

Notes.  The function x? defined as x> =
% Zf\il (q‘)b’i;#, where gop; and g are the
observed/ inferred and theoretical values of quan-
tities g;, respectively; o; are the errors associated
to the corresponding observed/inferred quanti-
ties; NV is the number of the quantities.

AThe inferred ¢, and p are given in Basu et al.
(2009).

bThe observed ro2 and rq3 are calculated from the
frequencies given by Chaplin et al. (1999b).

¢The values of xgeutrino were calculated by using
the fluxes ®(pp), ®(pep), and ®(hep) determined
by Bergstrom et al. (2016) and ®(Be), ®(B),
and ®(CNO) detected by Borexino Collaboration
(2018, 2022).

dThe inferred helium is 0.2485 £ 0.0035 (Basu &
Antia 2004).
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