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ABSTRACT

Standard solar models (SSMs) constructed in accordance with old solar abundances
are in reasonable agreement with seismically inferred results, but SSNIERITIMICWAOWS

TGN SO R NG GSGAIINNA o rcsults. The constraints of

neutrino fluxes on solar models exist in parallel with those of helioseismic results. The
solar neutrino fluxes were updated by Borexino Collaboration. WElGONSIIGICUROUaug

solar models with new low-metal abundances where the effects of enhanced diffusion
IO 1. A rotating model using OPAL opacities and

the Caffau abundance scale has better sound-speed and density profiles than the SSM
with the old solar abundances and reproduces the observed p-mode frequency ratios
ro2 and r13. The depth and helium abundance of the convection zone of the model
agree with the seismically inferred ones at the level of 1o0. The updated neutrino
fluxes are also reproduced by the model at the level of 1g. The effects of rotation and
enhanced diffusion not only improve the model’s sound-speed and density profiles but
bring the neutrino fluxes predicted by the model into agreement with the detected ones.
Moreover, the calculations show that OP may underestimate opacities for the regions of
the Sun with 7' > 5 x 10% K by around 1.5%, while OPAL may underestimate opacities
for the regions of the Sun with 2 x 106 K <7 <5 x 10° K by about 1 — 2%.

Keywords: Solar abundances — Helioseismology — Solar interior — Solar neutrino

fluxes — Solar rotation

1. INTRODUCTION

The heavy-element abundance Z of the Sun,
derived by Grevesse & Sauval (1998, hereafter
GS98) from photospheric spectroscopy, is 0.017,
whose uncertainty is of the order of 10 percent.
The ratio of the heavy-element abundance to
hydrogen abundance is 0.0231. Since Lodders
(2003) and Asplund et al. (2005) reassessed the
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value of the Z,, it has been revised several times
(Lodders et al. 2009; Asplund et al. 2009; Caf-
fau et al. 2010, 2011; Lodders 2020; Asplund et
al. 2021; Amarsi et al. 2021). The well-known
values of the new Z; are 0.0133 (Lodders 2003),
0.0122 (Asplund et al. 2005), 0.0141 (Lodders et
al. 2009), or 0.0134 (Asplund et al. 2009, here-
after AGSS09). These revised values are obvi-
ously lower than the old one.

The helium abundance, Y, in the solar con-
vection zone (CZ) and thus photosphere can-
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not be inferred directly from spectroscopy, but
can be determined by helioseismology. The
values of seismically inferred Y, and Z, are
0.2485 + 0.0035 (Basu & Antia 2004; Serenelli
& Basu 2010) and 0.0172+0.002 (Antia & Basu
2006), respectively. However, the values given
by Vorontsov et al. (2013) or Vorontsov et al.
(2014) are in the range of Y, = 0.240-0.255
and Z; = 0.008-0.013 or Y, = 0.245-0.260
and Z, = 0.006-0.011. Moreover, the value of
Zs inferred by Buldgen et al. (2017) is in the
range of 0.008-0.014. The radius of the base of
the CZ (BCZ) also can be determined by helio-
seismology. The inferred radius of the BCZ is
0.713 £ 0.003 R (Christensen-Dalsgaard et al.
1991) or 0.7134+0.001 Ry (Basu & Antia 1997).

The standard solar models (SSMs) con-
structed in accordance with the high metal
abundances (old solar abundances, e.g. GS98)
are considered to be in good agreement with
the seismically inferred sound-speed and den-
sity profiles, depth and helium abundance of the
CZ, but the SSMs constructed in accordance
with the low metal abundances (revised solar
abundances) do not completely agree with the
seismically inferred results (Bahcall et al. 2004;
Basu & Antia 2004; Yang & Bi 2007; Basu
et al. 2009; Serenelli et al. 2009, 2011; Zhang
& Li 2012) and the neutrino flux constraints
(Bahcall & Pinsonneault 2004; Turck-Chieze et
al. 2010, 2011; Turck-Chieze & Couvidat 2011;
Yang 2016), which is known as solar modeling
problem or solar abundance problem (Basu et
al. 2015; Christensen-Dalsgaard 2021; Salmon
et al. 2021; Amarsi et al. 2021).

In order to reconcile the low-Z models with he-
lioseismology, many physical effects have been
studied. For example, increased opacity at the
base of the CZ was studied by Bahcall et al.
(2004), Serenelli et al. (2009), and Buldgen et
al. (2019); enhanced neon abundance was sug-
gested by Bahcall et al. (2005); mass accretion
of metal-rich/poor material or helium-poor ma-

terial was investigated by Castro et al. (2007),
Guzik & Mussack (2010), Serenelli et al. (2011),
and Zhang et al. (2019); overshooting below the
CZ was used to recover the CZ depth (Mon-
talban et al. 2006; Castro et al. 2007; Yang 2019;
Zhang et al. 2019).

In order to match the seismically inferred
sound-speed and density profiles (Basu et al.
2000, 2009), the gravitational settling that re-
duces the surface helium abundance by about
11% (~ 0.03 by mass fraction) below its ini-
tial value is required in SSMs. Macroscopic tur-
bulent mixing can reduce the amount of sur-
face helium settling by around 40% (Proffitt
& Michaud 1991). The effects of the turbu-
lent mixing on the diffusion and settling of he-
lium and heavy elements were not considered in
the diffusion coefficients of Thoul et al. (1994).
Asplund et al. (2004) suggested that enhanced
diffusion and settling of helium and heavy ele-
ments might be able to reconcile the low-Z mod-
els with helioseismology. The increased diffu-
sion can significantly improve sound-speed and
density profiles, but leaves the CZ helium abun-
dance too low (Basu & Antia 2004; Montalban
et al. 2004; Guzik et al. 2005; Yang 2019).

Rotational mixing can transport helium out-
ward. It thus can counteract the effect of en-
hanced diffusion on the surface helium abun-
dance (Yang 2019), i.e., it can improve the pre-
diction of the surface helium abundance. The
effects of rotation on the low-Z models were
studied by Yang & Bi (2007), Turck-Chieze et
al. (2010, 2011), and Yang (2016, 2019). How-
ever, the rotating models with AGSS09 mix-
tures (Yang 2019) disagree with the detected
neutrino fluxes of Borexino Collaboration (2018,
2020).

Bahcall & Pinsonneault (2004) and Serenelli
et al. (2009) found that an 11% — 20% increase
in OPAL opacities at the BCZ can reconcile
the low-Z models with helioseismology. Bad-
nell et al. (2005) showed that in the region OP
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opacity is slightly larger than OPAL opacity
but no more than 2.5 percent. Buldgen et al.
(2019) concluded that the solar modeling prob-
lem likely occurs from multiple small contribu-
tors. Opacity could be one of the contributors.

The production of solar neutrinos is sensitive
to the central properties of the Sun. The ®B
neutrino flux is strongly dependent on the cen-
tral temperature of the Sun (Bahcall & Ulrich
1988; Turck-Chieze & Couvidat 2011). The de-
terminations of solar neutrino fluxes comple-
ment helioseismology in diagnosing the core of
the Sun. The constraints of neutrino fluxes on
solar models exist in parallel with those of he-
lioseismology and are studied by many authors
(Bahcall & Pinsonneault 2004; Turck-Chieze et
al. 2010, 2011; Turck-Chieze & Couvidat 2011;
Yang 2016, 2019; Zhang et al. 2019). Borexino
Collaboration (2018, 2020) updated solar neu-
trino fluxes and determined the total fluxes of
13N, 150, and '"F neutrinos. Their ®B neu-
trino flux is higher than that determined by
Bergstrom et al. (2016). The low-Z model of
Zhang et al. (2019) with helium-poor accre-
tion and solar-wind mass loss agrees with he-
lioseismic results but disagrees with the neu-
trino fluxes detected by Borexino Collaboration
(2018, 2020). Moreover, Salmon et al. (2021)
showed that the updated solar neutrino fluxes
prefer high-metallicity solar models. The solar
modeling problem has persisted for almost 20
years.

Caffau et al. (2010, 2011) independently anal-
ysed carbon, nitrogen, and oxygen abundances
in the solar photosphere. They found that the
heavy-element abundance of the solar surface is
Zs = 0.0154/0.0153, supplemented with data
from Lodders et al. (2009). The value of Z;/ X
advocated by Caffau et al. (2011) is 0.0209.
These values are larger than those of Lodders
et al. (2009) and AGSS09. Hope et al. (2020)
studied the possible origin of the solar abun-
dance problem. Their result favors the solar Z,

reported by Caffau et al. (2011) rather than the
measurement by AGSS09.

Lodders (2020) reanalysed the solar photo-
spheric abundances and recommended Z, =
0.0149 and Z,/X, = 0.0201. Asplund et al.
(2021, hereafter AAG21) also reassessed the
solar abundances with updated atomic data
and a 3D radiative-hydrodynamical model of
the solar photosphere. They advocated Z, =
0.0139 + 0.0006, Y, = 0.2423 £ 0.0054, and
Zs/Xs = 0.0187 £ 0.0009. Moreover, using
the 3D radiative-hydrodynamical model of solar
photosphere, Amarsi et al. (2021) analysed 408
molecular lines of C, N, and O and obtained so-
lar C, N, and O abundances, which are slightly
larger than their previous results in AAG2I.
With these molecular abundances, the value of
the heavy-element abundance of the solar sur-
face increases from Z, = 0.0139 to Z, = 0.0142
(Amarsi et al. 2021). This increase indicates
that “it may be worthwhile to continue improv-
ing the atomic and molecular data as well as the
model atmospheres and line formation meth-
ods” (Amarsi et al. 2021).

In this work, we mainly focus on whether
the solar models constructed in accordance with
AAG21 mixtures and Caffau et al. (2011) mix-
tures agree with the seismically inferred results
and updated neutrino fluxes. The paper is or-
ganized as follows. Input physics in models are
introduced in Section 2, calculation results are
presented in Section 3, and discussion and sum-
mary are given in Section 4.

2. INPUT PHYSICS IN MODELS

All solar models were calculated by using the
Yale Rotating Stellar Evolution Code (Pinson-
neault et al. 1989; Yang & Bi 2007; Demarque
et al. 2008) in its rotation and non-rotation con-
figurations. The frequencies of p-modes of mod-
els were computed by using the Guenther (1994)
pulsation code. The OPAL equation-of-state
(EOS2005) tables (Rogers & Nayfonov 2002),
OPAL (Iglesias & Rogers 1996) and OP opac-
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ity tables (Seaton 1987; The Opacity Project
Team 1995; Badnell et al. 2005; Delahaye et al.
2016) were used, supplemented by the Fergu-
son et al. (2005) opacity tables at low temper-
ature. The opacity tables were reconstructed
with the GS98, Caffau et al. (2011), and AAG21
mixtures (see Appendix A). The nuclear reac-
tion rates were calculated with the subroutine
of Bahcall & Pinsonneault (1992) and Bahcall
et al. (1995, 2001) (see Appendix B). Convec-
tion was determined by the Schwarzschild cri-
terion and treated according to the standard
mixing-length theory (Béhm-Vitense 1958; Kip-
penhahn et al. 2012). The overshoot region
below the BCZ was assumed to be both fully
mixed and adiabatically stratified (Christensen-
Dalsgaard et al. 1991). The depth of the over-
shoot region is determined by 0o, H, (Demarque
et al. 2008), where d,, is a free parameter and
H, is the local pressure scale height. A convec-
tion overshoot of d,, = 0.1 is required to recover
the seismically inferred depth of the CZ in our
rotating models. The diffusion and settling of
both helium and heavy elements were computed
using the formulas of Thoul et al. (1994). In the
atmosphere, Krishna Swamy (1966) T'— 7 rela-
tion was adopted.

We treated the transport of angular momen-

tum and material mixing as a diffusion process
(Endal & Sofia 1978), i.e.

o0} 1 0

o0}
E—fﬂ

et

for the transport of angular momentum and

it = fefasz 5 (0" DGE)

+(%)nue - p%%(fOPTQXzV;)

(2)

for the change in the mass fraction X; of chemi-
cal species 7, where D is the diffusion coefficient
caused by rotational instabilities including the
Eddington circulation, the Goldreich-Schubert-
Fricke instability (Pinsonneault et al. 1989), and
the secular shear instability of Zahn (1993). The

default values of fo and f, are 1 and 0.03 (Yang
2019), respectively. We applied a straight mul-
tiplier fy to the diffusion velocity V; to enhance
the rates of diffusion and settling, as Basu &
Antia (2004), Montalban et al. (2004), Guzik
et al. (2005), and Yang (2019) have done, de-
spite the fact that there is no obvious physical
justification for such a multiplier. The value
of fy is 1 for standard cases but larger than 1
for an enhanced diffusion model. The angular-
momentum loss from the CZ due to magnetic
braking was calculated with Kawaler’s relation
(Kawaler 1988; Chaboyer et al 1995). More de-
tails of calculation for rotation were described
in Pinsonneault et al. (1989) and Yang (2019).

All models were evolved from a homogeneous
zero-age main-sequence model to the present so-
lar age 4.57 Gyr, luminosity 3.844 x 1033 erg s 7,
radius 6.9598x 10 cm, and mass 1.9891x 1033 g
(Bahcall et al. 1995). The initial metallicity Zp,
hydrogen abundance Xy, and mixing-length pa-
rameter ayr are free parameters. They were
adjusted to match the constraints of luminos-
ity and radius within around 1075 and observed
Zs/Xs. The initial helium abundance is deter-
mined by Yy =1 — Xy — Zy. The value of apypr
changes with input physics, i.e. a new solar cal-
ibration of ayr is performed each time the in-
put physics change. The initial rotation rate, §2;
of rotating models was adjusted to reproduce
the solar equatorial velocity of about 2.0 km
s~!. The values of these parameters are shown
in Table 1.

3. CALCULATION RESULTS

3.1. Solar Models with High Metal Abundances

3.1.1. The Models Constructed with OPAL
Opacity Tables

Using the OPAL opacity tables constructed
with GS98 mixtures, we computed SSM GS98M
and rotating model GS98Mr. The central tem-
perature and density, surface helium and heavy-
element abundances, radius of the BCZ, and
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other parameters of the models are listed in Ta-
ble 1. The fluxes of pp, pep, hep, "Be, 8B, 13N,
150, and 'F neutrinos calculated from the mod-
els are given in Table 2. Table 3 lists some of
the physical configurations of each model.

The surface heavy-element abundance of
0.0174 of GS98M is in agreement with that de-
termined by GS98. The surface helium abun-
dance and r., of GS98M are also consistent
with the seismically inferred ones (see Table
1). We compared the sound speed and den-
sity of models with those inferred by Basu et
al. (2009) using the data from the Birmingham
Solar-Oscillations Network (Chaplin et al. 1996)
and the Michelson Doppler Imager (Schou et al.
1998). The values of relative sound-speed dif-
ference, dcg/cs, and density difference, dp/p, be-
tween the Sun and GS98M are less than 0.0043
and 0.028, respectively (see Figure 1). More-
over, the ratios of small to large frequency sep-
arations, rg; and r13 (Roxburgh & Vorontsov
2003), of the model agree with those calcu-
lated from observed frequencies of Chaplin et
al. (1999) or Garcia et al. (2011) (see Figure 2).
Table 4 gives the values of x7 |, and x7, ., of
the models.

We compared the neutrino fluxes computed
from models with those determined by different
authors (Bellini et al. 2011, 2012; Ahmed et al.
2004; Bergstrom et al. 2016; Borexino Collabo-
ration 2018, 2020) and ones predicted by the
models BP04 (Bahcall & Pinsonneault 2004)
and SSeM (Turck-Chieze & Couvidat 2011) in
Table 2. The neutrino fluxes of GS98M are
comparable with those of BP04. Some differ-
ences between the nuclear cross-section factors
So (Bahcall 1989) used in BP04 and those used
in GS98M are listed in Table 6 of Appendix
B. The total fluxes of 3N, °0O, and F neu-
trinos calculated from GS98M are ®(CNO) =
10.2x10% cm™2 571, slightly larger than 773 x 108
em~2 s7! detected by Borexino Collaboration
(2020). The pp, pep, hep, "Be, and B neutrino

fluxes of GS98M are in agreement with those
determined by Borexino Collaboration (2018).
However, the fluxes of "Be and ®B neutrinos are
larger than those determined by Bergstrom et
al. (2016) (see Table 2).

Figure 1 shows that the effects of rotation can
significantly improve the sound-speed and den-
sity profiles. The value of the relative sound-
speed difference, dc;/cs, below the CZ can be
decreased by about 50%. Moreover, the cen-
trifugal effect leads to a decrease in the central
temperature. The fluxes of "Be, 8B, ¥N, 150,
and '"F neutrinos are sensitive to the central
temperature. Thus the fluxes calculated from
rotating models are generally lower than those
computed from non-rotating models (see Table
2). The total fluxes of N, 0, and '"F neutri-
nos of GS98Mr are ®(CNO) = 9.5 x 10% cm ™2
s~!, which are in agreement with the detected
value of 773 x 10% cm™2 s~!. The ®B neutrino
flux of 5.29 x 10° cm™2 s~ for GS98Mr is con-
sistent with 5.1670 53 x 10® cm™2 s~ determined
by Bergstrom et al. (2016) and 5.6810%) x 10°
ecm~2 s7! detected by Borexino Collaboration
(2018). However, the surface helium abundance
of 0.2534 of GS98Mr is higher than the inferred
value of 0.2485 £ 0.0035. Thus the high-Z mod-
els constructed with OPAL opacities do not
completely agree with helioseismic results and
updated neutrino fluxes.

3.1.2. The Models Constructed with OP Opacity
Tables

In order to study the effects of opacities, we
constructed SSM GS98op and rotating model
GS98opr by using OP opacity tables. Tables
1 and 2 list the fundamental parameters and
neutrino fluxes of the models, respectively. For
almost the same metallicity, OP opacities are
larger by about 0 — 2% than OPAL opacities
in the region of the Sun with 0.5 Ro < r < 0.8
R but smaller by about 1 — 2% in the region
with 7 < 0.4 Rg (see Figure 3). The sound-
speed and density profiles and frequency sepa-
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Figure 1. Relative sound-speed and density differences, in the sense (Sun-Model)/Model, between the Sun

and models. The solar sound speed and density are given in Basu et al. (2009).
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Figure 2. Distributions of observed and predicted ratios rgo 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. 1999), respectively.

ration ratios of the models are shown in Figures
1 and 2, respectively, which show that OP has
almost no improvement in the reproduction of
the frequency separation ratios in comparison
to OPAL (see Figure 2), but obviously improves
density profile and the sound-speed profile be-
low the CZ where OP opacities are mainly larger
than OPAL opacities. OP slightly worsens the
sound-speed profile in the inner layers of radia-

tive region where OP opacities are lower than
OPAL opacities (see Figures 1 and 3).

In order to obtain the same surface heavy-
element abundance and the solar luminosity and
radius at the age of 4.57 Gyr, the decrease in
opacities requires decreasing the initial helium
abundance and changing ayr.
quence, the surface helium abundances of the
models constructed with OP opacity tables are

As a conse-
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Figure 3. Left panel: comparison of Rosseland mean opacity of different models relative to that of a
reference model constructed with OPAL opacity tables and Z; = 0.0170. Right panel: distributions of
Rosseland mean opacity of the models as a function of radius.

lower than those of the models constructed with
OPAL opacity tables. The surface helium abun-
dance of 0.2414 for GS980p is smaller than the
inferred value of 0.2485 4 0.0035. Therefore,
GS98op is not a good SSM.

Rotational mixing brings hydrogen into inner
layers from outer layers and transports helium
outward, i.e. decreases the hydrogen abundance
in the CZ, but increases the hydrogen abun-
dance in the region with 0.5 Ro < r S 0.7
R (see Figure 4), which changes the distribu-
tion of the mean molecular weight. As a conse-
quence, the density and sound-speed profiles are
significantly improved by the effects of rotation.
The value of the relative sound-speed difference
below the CZ is decreased by about 80% (see
Figure 1). Although OP improves the sound-
speed profile below the CZ, the effects of rota-
tion play a more important role in improving
the sound-speed profile. Moreover, the amount
of the CZ helium settling is reduced by about
34%. The surface helium abundance of 0.2511
for GS98opr is in agreement with the seismi-
cally inferred value of 0.2485 £ 0.0035, and in-

creased by about 0.01 compared to that of the
non-rotating model.

The central temperatures of models con-
structed with OP opacity tables are lower than
those of models constructed with OPAL opac-
ity tables. Therefore, the fluxes of "Be, 8B, ¥N;,
150, and '"F neutrinos computed from GS98op
and GS98opr are smaller than those calculated
from GS98M and GS98Mr. The total fluxes
®(CNO) of GS98op and GS98opr are in agree-
ment with that detected by Borexino Collab-
oration (2020). The ®B neutrino fluxes of the
models are consistent with that determined by
Bergstrom et al. (2016) but lower than one de-
tected by Borexino Collaboration (2018). Thus
the high-Z models constructed with OP opaci-
ties also do not completely agree with helioseis-
mic results and updated neutrino fluxes.

We chose GS98M as the best SSM and
GS98opr as the best rotating model with high
metal abundances and went on to construct the
models with low metal abundances and compare
them with these two models.

3.2. Solar Models with Low Metal Abundances
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Figure 4. Distributions of hydrogen and metal abundances of models as a function of radius.

3.2.1. Standard and Rotating Models

Using OP opacity tables reconstructed with
AAG21 mixtures, we computed SSM AopOl
and rotating model AopOlr with the surface
heavy-element abundance determined by As-
plund et al. (2021). Although OP opacities and
the effects of rotation can significantly improve
sound-speed and density profiles, the sound-
speed and density profiles of AopO1 and AopOlr
are not as good as those of GS98M (see Figure
5). The models also can not reproduce the ob-
served frequency separation ratios rpy and ri3
(see Figure 6 or Table 4) and inferred helium
abundance. The total fluxes ®(CNO) of Aop01
and AopOlr are in agreement with the detection
of Borexino Collaboration (2020), but their "Be
and ®B neutrino fluxes are too low (see Table
2).

With the heavy-element abundance deter-
mined by Lodders (2020), we constructed SSM
Aop02 and rotating model Aop02r. We also cal-
culated SSM Cop01 and rotating model CopOlr
by using the OP opacity tables reconstructed
with Caffau et al. (2011) mixtures. The SSMs
Aop02 and Cop01 obviously disagree with seis-
mically inferred results and detected ®B neu-
trino flux. For rotating models Aop02r and

Cop01r, the overshoot of convection brings the
depth of the CZ into agreement with the seis-
mically inferred one. The surface helium abun-
dances of Aop02r and CopOlr are 0.2453 and
0.2467, respectively, consistent with the inferred
value of 0.2485 + 0.0035. The total fluxes
®(CNO) predicted by Aop02r and Cop0lr are
7.4 and 7.6 x 108 cm~2 57!, respectively, which
are in good agreement with that detected by
Borexino Collaboration (2020). The sound-
speed profiles of Aop02r and CopO1r are compa-
rable with that of GS98M (see Figure 5). The
observed frequency separation ratios rg and r3
are almost reproduced by the models (see Figure
6). However, the 8B neutrino fluxes of Aop02r
and CopOlr are obviously lower than those de-
termined by Bergstrom et al. (2016) and Borex-
ino Collaboration (2018) (see Table 2). More-
over, their density profiles are not as good as
that of GS98M. These indicate that the effects
of OP and rotation can improve the solar model
but can not completely solve the solar modeling
problem.

3.2.2. Rotating and Enhanced Diffusion Models
Constructed in Accordance with AAG21
Miztures
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The gravitational settling and diffusion re-
duce the surface helium abundance of SSMs by
around 11% (~ 0.03 by mass fraction) below its
initial value (see Table 1), which plays an impor-
tant role in shaping the sound-speed and density
profiles of the models. Rotational mixing re-
duces the amount of the surface helium settling
by about 33% —36%. In order to counteract the
effects of rotational mixing on the settling of el-
ements, we increased the rates of element diffu-
sion and settling by 36%, and then constructed
rotating models Aop12r and Aopall2r by using
OP and OPAL opacity tables. The two models
had the surface heavy-element abundance de-
termined by Lodders (2020). Tables 1 and 2
list their fundamental parameters and neutrino
fluxes, respectively.

The sound-speed and density profiles of
Aopall2r are almost as good as those of GS98M,
but those of Aopl2r are obviously better than
those of GS98M (see Figure 7). The inferred
CZ depth and observed frequency separation
ratios rgo and ry3 are reproduced well by the
two models (see Table 1 and Figure 7). The
total fluxes of ¥ N, °0, and '"F neutrinos are
H(CNO) = 8.37 x 10® cm2 57! for Aopl2r and
®(CNO) = 8.53 x 10® cm~2 s~ ! for Aopall2r,
which are consistent with the detected value
of 775 x 108 ecm™2 s7! (Borexino Collabora-
tion 2020). However, the ®B neutrino fluxes
computed from Aopl2r and Aopall2r are lower
than that detected by Borexino Collaboration
(2018) (see Table 2). The surface helium abun-
dances of Aopl12r and Aopall2r are 0.2413 and
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0.2424, respectively, which are consistent with
0.2423 4+ 0.0054 advocated by Asplund et al.
(2021) but lower than 0.2485 4 0.0035 inferred
by Basu & Antia (2004). Thus these models
also do not completely agree with helioseismic
results and updated neutrino fluxes.

3.2.3. Rotating and Enhanced Diffusion Models
Constructed in Accordance with Caffau
Mixtures

By using OPAL and OP opacity tables re-
constructed with Caffau et al. (2011) mixtures,
we computed rotating models Copalllr and
Copllr. In order to counteract the effects of
rotational mixing on the settling of elements,
same as the cases in models Aopall2r and
Aop12r, the rates of element diffusion and set-
tling were also increased by 36% in models Co-
palllr and Copllr. The surface heavy-element
abundance of 0.01548 for Copalllr is consistent
with that determined by Caffau et al. (2010).
Figure 8 shows that Copalllr has better sound-
speed and density profiles (smaller XES +,) than
GS98M and reproduces the observed frequency
separation ratios rgo and ri3. The relative dif-
ferences dcs/cs and dp/p between the Sun and
Copalllr are smaller than 0.0021 and 0.025, re-
spectively. It also reproduces the seismically in-
ferred surface helium abundance and radius 7.,
at the level of 1o (see Table 1).

The fluxes of pp, pep, hep, "Be, and ®B neu-
trinos and the total fluxes of ¥N, %0, and "F
neutrinos calculated from Copalllr are in agree-
ment with those detected by Borexino Collabo-
ration (2018, 2020) at the level of 1o. The *B
neutrino flux of 5.41 x 10 cm™2 s7! is also in
good agreement with (5.214£0.27)x10% cm ™2 s™!
(Ahmed et al. 2004) but larger than that deter-
mined by Bergstrom et al. (2016) (see Table 2).
Copalllr not only is in agreement with updated
neutrino fluxes but has better sound-speed and
density profiles than GS98M (see Figure 8 or
Table 4). It is thus better than GS98M.

The surface heavy-element abundance of
Copllr is also 0.01548. Copllr has better
sound-speed and density profiles (smaller x? . )
than Copalllr (see Figure 8 and Table 4). It
also reproduces the observed rgp; and 73, in-
ferred radius r.., and updated neutrino fluxes
except the ®B neutrino flux. The B neutrino
flux of Copllr is 5.16 x 10° cm~2 s~ !, which is
lower than 5.6873%) x 105 ecm™2 s~! (Borexino
Collaboration 2018) but in good agreement with
that determined by Bergstrom et al. (2016).
The surface helium abundance of 0.2431 for
Copllr is lower than 0.2485 4+ 0.0035 inferred
by Basu & Antia (2004) but consistent with
0.2423 4+ 0.0054 advocated by Asplund et al.
(2021). OP significantly improves the sound-
speed and density profiles, but leads to the fact
that the ®B neutrino flux and surface helium
abundance are lower than the inferred values.
However, if ®(®B) = 5.1675 % x 10% em™2 s}
(Bergstrom et al. 2016) and Yy = 0.2423+0.0054
(Asplund et al. 2021) are adopted, the ®(*B)
and Y; of GS98op are more consistent with
these values than those of GS98M. In this case,
GS980p is the best SSM with high metal abun-
dances rather than GS98M; and Copllr is bet-
ter than GS98op.

Models Copllr and Copalllr have the same
input physics except opacity tables. The models
constructed with OP opacity tables have bet-
ter sound-speed and density profiles but lower
surface helium abundance and ®B neutrino flux
than those constructed with OPAL opacity ta-
bles. The differences in the sound-speed and
density profiles, surface helium abundances, and
8B neutrino fluxes caused by the discrepancies
in the opacities are marked. The results indi-
cate that a small discrepancy in opacities can
obviously affect the solar model.

3.3. Possible Problems in Opacities

In order to understand the effects of the dif-
ferences in opacities on models, we constructed
model Aopl2ri with OP opacity tables and Co-
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and BiSON (Chaplin et al. 1999), respectively.

palllri with OPAL opacity tables. The OP
opacities in the regions of Aopl2ri with 7" 2
4.5 x 10° K (r < 0.45 Ry) were increased by
about 1.5% (ko < 1.015, see Appendix A) to ap-
proximately match OPAL opacities in the same
regions. The OPAL opacities for the regions of
Copalllri with 2 x 10° K < T <5 x 10° K were
increased by about 1 — 2.3% (ky < 1.023) to
roughly match OP opacities (see Figure 9). The
fundamental parameters and neutrino fluxes of

these two models are also listed in Tables 1 and
2, respectively.

Aopl12ri is in good agreement with helioseis-
mic results and updated neutrino fluxes except
the surface helium abundance and ®B neutrino
flux. The surface helium abundance of Aop12ri
is 0.2436, which is lower than the seismically
inferred value of 0.2485 + 0.035. Moreover,
the ®B neutrino flux of Aopl2ri is 5.19 x 10°
cm~2 s71, which is lower than that detected by
Borexino Collaboration (2018). But they are
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Figure 9. Left panel: comparison of Rosseland mean opacity of different models relative to that of Aopall2r.
Right panel: distributions of Rosseland mean opacity of the models as a function of radius.

higher than those of Aopl2r. The increase in
OP opacities mainly improves the predictions of
surface helium abundance and 8B neutrino flux
but slightly worsens the sound-speed and den-
sity profiles in comparison to those of Aopl2r
(see Table 4 or Figures 8 and 10). However, the
sound-speed and density profiles of Aopl2ri are
still better than those of GS98M.

The increase in OPAL opacities has almost no
effect on surface helium abundance and neutrino
fluxes (see Table 2) but significantly improves
the sound-speed and density profiles (see Figure
10). The relative differences dcg/cs and dp/p
between Sun and Copalllri are smaller than
0.00117 and 0.0178 near the BCZ, decreased
by about 46% and 29% in comparison to those
of Copalllr, respectively. Copalllri reproduces
the observed ratios 72 and r13 (see Figure 10)
and the inferred helium abundance and r., at
the level of 1o. The neutrino fluxes calculated
from Copalllri also agree with those detected
by Borexino Collaboration (2018, 2020) at the
level of 1. Copalllri is the best rotating model
for the heavy-element abundance determined by
Caffau et al. (2010). It is better than Copalllr

and in good agreement with helioseismic results
and updated neutrino fluxes.

The increase in OPAL opacities works well.
The changes in OP opacities would have the
same effect. In order to test this case, we con-
structed model Copllri. The OP opacities for
the regions of Copllri with T' > 4.5 x 105 K
were increased by about 1.5% to approximately
match OPAL opacities in the same regions. The
calculations show that models Cop11ri and Co-
palllri have almost the same sound-speed and
density profiles (see Figure 10), surface helium
and heavy-element abundances (see Table 1),
and neutrino fluxes (see Table 2). They also
have almost the same Zj, Y, and aypr. The
modified OP and OPAL opacities produce al-
most the same rotating models. These imply
that the differences between Copllr and Co-
palllr result from discrepancies in opacities,
and that OPAL might underestimate opacities
for the regions of the Sun with 2 x 10° K
< T <5 x10° K by about 1 — 2%, or that
OP might underestimate opacities in the regions
of the Sun with 7' > 4.5 x 10° K by around
1.5%. The possible underestimate in OP leads
to the fact that the models constructed with
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OP opacity tables have a lower surface helium
abundance and 8B neutrino flux than those con-
structed with OPAL opacity tables, while the
possible underestimate in OPAL results in the
fact that the sound-speed and density profiles
of the models constructed with OPAL opacity
tables are not as good as those of the models
constructed with OP opacity tables.

With the modified opacities, only the models
with the metal abundance determined by Lod-
ders (2020) agree with the ®B neutrino flux de-

termined by Bergstrom et al. (2016) and the
helium abundance advocated by Asplund et al.
(2021), but the models with the metal abun-
dance determined by Caffau et al. (2010) are in
agreement with the 8B neutrino flux detected by
Borexino Collaboration (2018) and the seismi-
cally inferred helium abundance. Thus precisely
determining ®B neutrino flux aids in solving the
solar abundance problem.

4. DISCUSSION AND SUMMARY
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Although GS98M was chosen as the best
SSM with high metal abundances, the value of
®(CNO) of GS98M is slightly larger than the
detected value of 775 x 10% em™2 s7! (Borex-
ino Collaboration 2020). That of GS98opr is
in agreement with the detected one, but its ®B
neutrino flux is lower than that updated by
Borexino Collaboration (2018). Thus the up-
dated neutrino fluxes do not favour the high-Z
models. Moreover, the values of ®(CNO) calcu-
lated from the models with the heavy-element
abundance determined by Asplund et al. (2021)
are consistent with the detected value, but the
"Be and ®B neutrino fluxes predicted by the
models are much lower than those determined
by Bergstrom et al. (2016) and ones detected
by Borexino Collaboration (2018). Therefore,
the updated neutrino fluxes also do not prefer
the models with the heavy-element abundance
determined by Asplund et al. (2021). For the
same input physics, the fluxes of "Be, 8B, 3N,
150, and '"F neutrinos predicted by models in-
crease with an increase in metallicity. These
imply that the updated neutrino fluxes prefer a
heavy-element abundance between that deter-
mined by GS98 and one advocated by Asplund
et al. (2021).

Convection was treated according to the
standard mixing-length theory (Bohm-Vitense
1958) in this work. The treatment of convection
is one of the sources of uncertainty in model-
ing of stars. Different treatments of convection,
such as Joyce & Chaboyer (2018), Spada et al.
(2018, 2019), and Jermyn et al. (2022), could
affect solar models and deserve more detailed
study.

There are many T'— 7 relations for solar atmo-
sphere (Krishna Swamy 1966; Ball 2022). The
temperature, T reaches Tog at 7 = 2/3 for the
Eddington approximation but 7 = 0.312156330
for the Krishna Swamy (1966) 7' — 7 relation,
i.e. the solar radius R is defined at an outer
layer for the Krishna Swamy (1966) 7" — 7 re-

lation. As a consequence, the Krishna Swamy
(1966) T' — 7 relation requires a larger aypr
to reproduce solar radius than the Eddington
approximation (Demarque et al. 2008; Joyce &
Chaboyer 2018; Spada et al. 2018). In order
to study the effect of the T — 7 relation on
our results, we computed the solar models with
the Eddington approximation. The calculations
show that the 7" — 7 relation has hardly any
influence on neutrino fluxes, frequency separa-
tion ratios, and sound-speed and density pro-
files in the radiative region, but slightly affects
the sound-speed and density profiles in the CZ
(lead to a slight increase in x7 | ). Choosing be-
tween the Eddington approximation or Krishna
Swamy (1966) T'— 7 relation does not change
our results.

Rotational mixing can more efficiently inhibit
the settling of helium than of heavy-element
abundances because the mixing depends on the
gradient of elements (Yang 2019). It can re-
duce the amount of the surface helium settling
by about 33 — 36% in our models, which is con-
sistent 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%. It leads to the
fact that the surface helium abundances of ro-
tating models are obviously higher than those of
non-rotating models. In the enhanced diffusion
models, the velocity of diffusion and settling
was increased by 36%. However, we have no
obvious physical justification for the multiplier.
In non-rotating models, the enhanced diffusion
leaves the surface helium abundance too low.
However, rotational mixing completely counter-
acts the effect of the enhanced diffusion on the
surface helium abundance in rotating models.
Thus the surface helium abundances of the ro-
tating models with the enhanced diffusion are
higher than those of non-rotating models. The
effects of rotation and enhanced diffusion bring
low-7Z models into agreement with helioseismic



ROTATING SOLAR MODELS 17

results (Basu & Antia 2004; Basu et al. 2009)
and updated neutrino fluxes (Borexino Collab-
oration 2018, 2020). However, the calculations
show that the same effects can not bring high-
7 models into agreement with the helioseismic
results and the updated neutrino fluxes at the
same time.

The effects of rotation and enhanced diffusion
were studied by Yang (2019), where the value of
multiplier (fy) was larger than or equal to 1.5
and OPAL opacity tables constructed in accor-
dance with AGSS09 mixtures were used. The
flux of “Be neutrino and the total fluxes of 13N,
150, and '"F neutrinos predicted by the best
model of Yang (2019) are larger than those de-
tected by Borexino Collaboration (2018, 2020).
The "Be neutrino flux is also higher than that
determined by Bergstrom et al. (2016). Dif-
ferent from the earlier models of Yang (2019),
Copalllr and Copalllri, in which the value of
multiplier is 1.36 and opacity tables are recon-
structed in accordance with Caffau et al. (2011)
mixtures, are in good agreement with the de-
tected neutrino fluxes at the level of 1o.

The differences between OPAL and OP opaci-
ties are small but can obviously affect the prop-
erties of solar models. The ®B neutrino fluxes
computed from models constructed with OP
opacity tables are lower than those calculated
from models constructed with OPAL opacity ta-
bles, which derives from the fact that OP un-
derestimates opacities for the regions of the Sun
with T 2> 5 x 105 K by about 1.5% compared
to OPAL, especially in the core. As a conse-
quence, the models constructed with OP opac-
ity tables disagree with the ®B neutrino flux
detected by Borexino Collaboration (2018) but
can agree with that determined by Bergstrom
et al. (2016). Thus precisely determining the
8B neutrino flux aid in diagnosing the opacities
in the solar core.

Moreover, the sound-speed and density pro-
files of models constructed with OPAL opac-

ity tables are obviously not as good as those
of models constructed with OP opacity tables,
which results from the fact that OPAL under-
estimates opacities for the regions of the Sun
with 2 x 10 K < T < 5 x 10° K by about
1 — 2% compared to OP. If OPAL opacities in
the regions are increased by about 1 — 2% to
approximately match OP opacities for the same
regions, the models constructed with the OPAL
opacities will produce better sound-speed and
density profiles. If OP opacities for the regions
of the Sun with 7" > 5 x 10° K are increased
by about 1.5%, the model constructed with the
OP opacities will be almost the same as that
constructed with the modified OPAL opacities.
These imply that the discrepancies between the
sound speed and density of the Sun and those
of the models could partly derive from opacity.
The small differences between OPAL and OP
opacities can obviously affect sound-speed and
density profiles, surface helium abundance, and
neutrino fluxes of models, which do not depend
on mixture patterns. But the effect on neutrino
fluxes slightly relies on the value of Zy. In or-
der to improve the solar model, the discrepan-
cies between OPAL and OP may deserve more
studies.

In this work, by using OP and OPAL opacity
tables reconstructed with AAG21 and Caffau’s
mixtures, we constructed rotating solar mod-
els in which the effects of convection overshoot
and enhanced diffusion were included. We ob-
tained a rotating model, Copalllr, that is bet-
ter than the SSM GS98M and the earlier ro-
tating models of Yang (2016, 2019). The sur-
face heavy-element abundance of Copalllr is
0.01548, which is consistent with the value of
0.0154 determined by Caffau et al. (2010) and
that inferred by Basu & Antia (2004). The sur-
face helium abundance of 0.2450 and the radius
of the BCZ of 0.714 R are in agreement with
the seismically inferred values at the level of 1o.
The initial helium abundance is 0.2718, which
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is consistent with the value of 0.273 4 0.006 in-
ferred by Serenelli & Basu (2010). The ratios
roe and 713 of Copalllr agree with those cal-
culated from observed frequencies. The sound-
speed and density profiles of Copalllr are bet-
ter than those of GS98M. Moreover, the fluxes
of pp, pep, hep, "Be, and ®B neutrinos and the
total fluxes of 13N, %0, and '"F neutrinos calcu-
lated from Copalllr agree with those detected
by Borexino Collaboration (2018, 2020) at the
level of 10. The fluxes of "Be and ®B neutri-
nos are also consistent with those determined by
Bellini et al. (2011) and Ahmed et al. (2004). To
recover the seismically inferred depth of the CZ,
a convection overshoot of d,, ~ 0.1 is required
in rotating models. Rotation or enhanced diffu-
sion alone can improve sound-speed and den-
sity profiles, but the combination of rotation
and enhanced diffusion is required to bring the
rotating model into agreement with seismically
inferred results and detected neutrino fluxes.
More details of Copalllr are given in Appendix
C.

If the surface helium abundance of 0.2423 +
0.0054 advocated by Asplund et al. (2021) and
the ®B neutrino flux determined by Bergstrom
et al. (2016) are adopted, we can obtain an-
other rotating model, Copllr, that is better
than GS98op. The models constructed with
OP opacity tables have obviously better sound-
speed and density profiles but lower surface he-
lium abundance and "Be, ®B, 3N, 0, and
I"F neutrino fluxes than those constructed with
OPAL opacity tables. The calculations show
that OPAL may underestimate opacities for the
regions of the Sun with 2x10° K < T < 5x 10°
K by about 1 — 2%, and that OP may un-
derestimate opacities in the regions of the Sun
with T > 5 x 10 K by around 1.5%. If the
possible underestimate of OPAL or OP were
corrected, the model better than Copalllr or
Copllr would be obtained.

The author thanks the anonymous referee for
helpful comments that helped the author im-
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Table 1. Fundamental Parameters of Solar Models Constructed in Accordance with Different Mixtures.

Model Yo Zo amrr dov Jo Pe Tes Y Zs (Z/X)s AY Q;
Opacity Tables Constructed with GS98 mixtures

GS98M 0.2761 0.01940 2.1223 0 1.0 154.59 0.716 0.2455 0.0174 0.0237 0.0306 O

GS98Mr  0.2735 0.01896 2.0754 0.05 1.0 154.11 0.715 0.2534 0.0170 0.0234 0.0201 10

GS98op  0.2713 0.01894 2.1352 0 1.0 154.25 0.716 0.2414 0.0170 0.0230 0.0299 O

GS98opr  0.2711 0.01890 2.0979 0.05 1.0 154.16 0.714 0.2512 0.0170 0.0232 0.0199 10

Opacity Tables Constructed with AAG21 mixtures
Aop01 0.2583 0.01557 2.0722 0 1.0 151.98 0.725 0.2283 0.0139 0.0184 0.0300 O
Aop02 0.2648 0.01661 2.0954 0 1.0 152.89 0.722 0.2347 0.0149 0.0199 0.0301 O
AopO1r 0.2582 0.01554 2.0383 0.15 1.0 151.86 0.716 0.2389 0.0140 0.0187 0.0193 10
Aop02r 0.2648 0.01659 2.0596 0.15 1.0 152.88 0.713 0.2453 0.0149 0.0202 0.0195 10
Aopl2r 0.2675 0.01717 2.1055 0.10 1.36 154.42 0.714 0.2413 0.0149 0.0201 0.0262 10
Aopall2r 0.2690 0.01720 2.0872 0.10 1.36 154.27 0.714 0.2424 0.0149 0.0201 0.0266 10
Aopl2ri  0.2702 0.01722 2.0918 0.10 1.36 154.34 0.715 0.2436 0.0149 0.0202 0.0266 10

Opacity Tables Constructed with Caffau mixtures
Cop01 0.2666 0.01719 2.0924 0 1.0 152.87 0.720 0.2365 0.0154 0.0206 0.0301 O
CopOlr 0.2664 0.01714 2.0582 0.12 1.0 152.76 0.714 0.2467 0.0154 0.0209 0.0197 10
Copllr 0.2695 0.01780 2.1056 0.10 1.36 154.42 0.711 0.2431 0.01548 0.0209 0.0264 10
Copllri  0.2717 0.01777 2.0883 0.10 1.36 154.29 0.714 0.2450 0.0154 0.0209 0.0267 10
Copalllr 0.2717 0.01784 2.0817 0.10 1.36 154.25 0.713 0.2450 0.01548 0.0209 0.0267 10
Copalllri 0.2720 0.01774 2.0865 0.10 1.36 154.46 0.712 0.2453 0.0154 0.0209 0.0267 10

NoTE—The central density p., CZ radius r.., and initial angular velocity €; are in units of g cm™3, R,
and 107 rad s™!, respectively. The quantity AY = Yy — Y is the amount of surface helium settling.




22 WUMING YANG

Table 2. Predicted and Measured Solar Neutrino Fluxes.

model T, pp pep hep "Be 8B BN BO 1TF
BP04 5.94 1.40 7.88 4.86 5.79 571 503 5091
SSeM 5.92 1.39 4.85 4.98 577 497 3.08
Measured ..  6.061002*  1.6+0.3" . 4.8440.24° 5.2140.27°
B16? e 59TTO0Y 1.44840.013 19737 4.80703; 5167003 <13.7 <2.8 <85
Borexino® ... 6.14£0.5  1.39+£0.19 <220 4.9940.11  5.68753) 7t

GS98M 15777 5.95 1.40 9.69 5.09 5.59 540 477 5.52
GS98Mr  15.733  5.96 1.41 9.73 4.95 5.29 508 445 5.14
GS980p  15.706  5.98 1.42 9.81 4.92 5.18 4.97 435 5.02
GS98opr  15.693  5.97 1.41 9.78 4.86 5.07 490 4.28 4.93
Aop0l 15513  6.05 1.45 10.19 4.42 4.12 343 291 3.32
Aop02 15604  6.02 1.43 9.79 4.66 4.60 3.97 343 3.93
Aop0Olr 15498  6.03 1.44 10.15 4.36 4.01 3.37 285 3.25
Aop02r 15598  6.01 1.43 9.99 4.63 4.55 3.94 340 3.89
Aopl2r 15.680  5.97 1.42 9.84 4.82 4.98 445  3.88 447
Aopall2r 15.706  5.97 1.42 9.81 4.87 5.09 4.54  3.96 4.57
Aopl2ri 15.715  5.96 1.41 9.77 4.91 5.19 4.61  4.04 4.66
Cop0l  15.645  6.00 1.42 9.95 4.75 4.82 4.25 3.69 4.24
CopOlr  15.623  5.98 1.42 9.92 4.66 4.65 416 3.59 4.12
Copllr 15716  5.95 1.41 9.77 4.89 5.16 473 415 479
Copllri 15.751  5.94 1.40 9.70 4.99 5.38 4.90 4.32 4.99
Copalllr 15.761  5.95 1.41 9.71 4.99 5.41 4.93 434 5.03
Copalllri 15.764  5.95 1.41 9.72 5.00 5.44 492  4.34 5.02

NOTE—The table shows the predicted fluxes, in units of 10'%(pp), 10°("Be), 10%(pep,'* N, 0),
109(8B,'"F), and 103(hep) cm? s~!. The central temperature T, of models is in unit of 10° K.
The BP04 is the best model of Bahcall & Pinsonneault (2004) and has the GS98 mixtures. The
SSeM is the best seismic model with high metal abundances that can reproduce inferred sound speed
(Turck-Chieze & Couvidat 2011).

9Bellini et al. (2011).
OBellini et al. (2012).
€Ahmed et al. (2004).
dBergstr('jm et al. (2016).

€The total fluxes produced by CNO cycle are given in Borexino Collaboration (2020), other neutrino
fluxes are given in Borexino Collaboration (2018).
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Table 3. Physical Configurations of Models.

Model Name Mixtures Opacity Enhanced Diffusion Zs value Rotation Increased Opacity (ko)®

GS98M GS98 OPAL No GS98 No No
GS98Mr GS98 OPAL No GS98 Yes No
GS98op GS98 op No GS98 No No
GS98opr GS98 0] No GS98 Yes No

Aop01 AAG21° OP No AAG21 No No

Aop02 AAG21 OoP No Lodders 2020 No No

AopOlr AAG21 (0] No AAG21 Yes No

Aop02r AAG21 oP No Lodders 2020 Yes No

Aopl2r AAG21 OP Yes Lodders 2020 Yes No
Aop12ri AAG21 OP Yes Lodders 2020 Yes Yes(1 < kg < 1.015)
Aopall2r AAG21 OPAL Yes Lodders 2020 Yes No

Cop01 Caffau® opP No Caffau No No

Cop01r Caffau op No Caffau Yes No

Copllr Caffau OoP Yes Caffau Yes No

Copll1ri Caffau oP Yes Caffau Yes Yes(1 < kg < 1.015)
Copalllr Caffau OPAL Yes Caffau Yes No
Copalllri Caffau  OPAL Yes Caffau Yes Yes(1 < kg < 1.023)

NOTE—® See the Appendix A. ?See the Table 5 in Appendix A and Asplund et al. (2021). “See the Table 5
and Caffau et al. (2010, 2011).
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Table 4. The Values of x? of Different Models.

Model ngip X?lol;Hg XBerexino—neutrino X%le(liium
GS98M 882.4 1.2 0.53 0.7
GS98Mr  799.2 14 0.49 2.0
GS98op 578.2 1.8 0.61 4.1
GS98opr  369.6 1.5 0.88 0.6
Aop01 6244.7 19.0 7.08 33.3
Aop02 3144.1 16.2 2.85 15.5
AopOlr 4424.0 9.0 8.43 7.5
Aop02r 1983.0 7.0 3.23 0.8
Aopl2r 389.1 1.7 1.11 4.2
Aopall2r 9174 1.6 0.78 3.0
Aopl2ri 524.3 2.0 0.57 2.0
Cop01 2440.7 8.3 1.72 11.8
Cop01r 1402.2 6.5 2.75 0.3
Coplir 323.7 1.6 0.67 2.4
Copl1ri 369.7 1.8 0.38 1.0
Copalllr  590.6 1.5 0.37 1.0
Copalllri 342.6 1.6 0.35 0.8

NoTE—The function x2? defined as x? =
%Zf\;l (q‘)b‘i;#, where gop; and g are the ob-
served/inferrezd and theoretical values of quantities g¢;,
respectively; o; are the errors associated to the corre-
sponding observed/inferred quantities; N is the number
of the quantities.

9The inferred cs and p are given in Basu et al. (2009).

bThe observed doo and di3 are calculated from the frequen-
cies given by Chaplin et al. (1999).

®In order to calculate the value of X3, . io neutrinos the
®(hep) < 220 x 10% cm? s~1 of Borexino Collaboration
(2018) was replaced by ®(hep) = 1973% x 10% cm? s~ of
Bergstrom et al. (2016).

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

A. OPACITY TABLES

The low-temperature opacity tables with the mixtures listed in Table 5 were downloaded
from  https://www.wichita.edu/academics/fairmount_college_of liberal arts_and_sciences/physics/
Research /opacity.php. The OPAL and OP opacity tables with the same mixtures were computed
from https://opalopacity.llnl.gov/typelinp.html and http://op-opacity.obspm.fr/opacity/, respec-
tively. The OP opacities did not consider the contributions of P, Cl, K, and Ti compared to OPAL
opacities. The contributions of the missing elements (P, Cl, K, and Ti) were automatically trans-
ferred to other elements (see the note of the website of OP). The opacity tables, used in this work,
are also available at the author’s github repository at https://github.com/yangwuming/SUN.

The low-temperature opacity tables were used in the low-temperature region with 1g7 < 4.0,
and OPAL or OP tables were used in the high-temperature region with lg7" > 4.1. In the region
with 4.0 < lgT < 4.1, the opacity was linearly interpolated between the high-temperature and
low-temperature opacities. Moreover, we corrected the wrong CALL YALO2D in the subroutine
YALO3D2 of YREC, which mainly affects the value of mixing-length parameter ayyr (lead to a small
decrease in ayypr). For models Aopl2ri, Copalllri, and Copllri, we applied a straight multiplier kg

to opacity k to enhance the opacity in a given region (see Section 3.3).

B. NUCLEAR REACTIONS

The nuclear reaction rates in conjunction with
the corresponding energy release of three alter-
native pp branches (ppl, pp2, pp3), CNO cycle,
and helium burning are calculated in YREC.
The sequence of the reactions is explicitly listed
in Demarque et al. (2008). The standard reac-
tion rates implemented are identical to the rates
published in Bahcall (1989). The calculated
energy generation and neutrino fluxes are de-
pendent on Q-values and nuclear cross-section
factors Sy, respectively. The default Q-values
are taken from the Table 21 of Bahcall & Ul-
rich (1988) and not changed. The default val-
ues of nuclear cross-section factors Sy are taken
from the Tables 3.2 and 3.4 of Bahcall (1989).
Compared with the default and those adopted
by Bahcall & Pinsonneault (1992), we adopted
different Sy(hep) and Sy("Be + p), which are
shown in Table 6. The value of 0.0202 keV
barns of Sy("Be + p) (Schramm & Shi 1994) is

in agreement with 0.0205 £ 0.0007 keV barns
of Baby et al. (2003) and 0.0208 4+ 0.0007 keV
barns of Adelberger et al. (2011). Moreover,
if Sy(hep) = 15.3 x 1072 keV barns (Wolfs et
al. 1989) is adopted, the value of hep flux of
model Copalllr is 14.4 x 10® ¢cm? s~!, which
is in better agreement with that determined by
Bergstrom et al. (2016). The changes in Sy(hep)
and Sy("Be+p) affect, respectively, only the hep
and ®B fluxes (Bahcall & Pinsonneault 2004).
All models were computed by using the same
Q-values and Sy.

C. NUMERICAL SOLAR MODEL AND
DATA AVAILABILITY

Table 7 presents a basic numerical descrip-
tion of model Copalllr. All models and data
used in this work are availabe at the au-
thor’s github repository at https://github.com/
yangwuming/SUN. In the old YREC, opacity
was calculated by linearly interpolating between
the opacity of a given Z; and that of another


https://www.wichita.edu/academics/fairmount_college_of_liberal_arts_and_sciences/physics/Research/opacity.php
https://www.wichita.edu/academics/fairmount_college_of_liberal_arts_and_sciences/physics/Research/opacity.php
https://opalopacity.llnl.gov/type1inp.html
http://op-opacity.obspm.fr/opacity/
https://github.com/yangwuming/SUN
https://github.com/yangwuming/SUN
https://github.com/yangwuming/SUN
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Table 5. Fractional Abundances of Heavy Elements
Used to Construct Opacity Tables.

Element  Number fraction Number fraction
(Caffau’s mixtures) (AAG21 mixtures)
C 0.260408 0.266509
N 0.059656 0.062476
O 0.473865 0.452597
Ne 0.096751 0.106099
Na 0.001681 0.001534
Mg 0.029899 0.032788
Al 0.002487 0.002487
Si 0.029218 0.029903
P 0.000237 0.000238
S 0.011632 0.012182
Cl 0.000150 0.000189
Ar 0.002727 0.002217
K 0.000106 0.000109
Ca 0.001760 0.001844
Ti 0.000072 0.000086
Cr 0.000385 0.000385
Mn 0.000266 0.000243
Fe 0.027268 0.026651
Ni 0.001431 0.001465

NOTE—The number fraction of Caffau’s mixtures
were listed by Ferguson in the WSU low tempera-
ture opacities, while those of AAG21 mixtures were
calculated by using the data in Table 2 of Asplund
et al. (2021).

given Z, for heavy-element diffusion. We mod- heavy-element diffusion. The amended YREC
ified the code to linearly interpolate between a package, including pulsation code, are available
series of Z values (with 6Z = 0.001) for the from the author at yangwuming@bnu.edu.cn.
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Table 6. Some of Nuclear Cross-section Factors Sy (keV barns).

Reaction Default® BP92 BP04 This work

H(p, etrve ) 2H  4.07 x 1072 4007098 x 10722 3.94(1 £0.004) x 10722 4.00 x 1022
Hp+e, ve) 2H Eq. (3.17)¢ Eq. (3.17)° Eq. (3.17)® Eq. (3.17)°
SHe(®*He, 2p) “He 5.15 x 10> 5.00(1 £0.06) x 10 5.4 x 103 5.00 x 10°
SHe(*He, ) "Be  0.54 0.533(1 4 0.032) 0.533 0.533

"Be(e™, ve) 'Li  Eq. (3.18)* Eq. (3.18)¢ Eq. (26)° Eq. (3.18)°

"Be(p, 7) B 0.0243 0.0224(1 £0.093)  0.02064-0.0008¢ 0.0202¢

SHe(p, etre )*He 8 x 10720 1.30 x 10=%0 (8.6 +1.3) x 10720 2.30 x 4.5¢ x 10~

NoOTE—“Bahcall (1989). ®*The equation of Adelberger et al. (1998). Sy kev("Be+p) given by Junghans
et al. (2003). 9The value given by Schramm & Shi (1994). ®The value of So(hep) 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).
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panuLuod ), S[qel,
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