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ABSTRACT

Solar evolutionary models are thus far unable to reproduce spectroscopic, helioseismic, and neutrino constraints consistently, resulting
in the so-called solar modeling problem. In parallel, planet formation models predict that the evolving composition of the protosolar
disk and, thus, of the gas accreted by the proto-Sun must have been variable. We show that solar evolutionary models that include a
realistic planet formation scenario lead to an increased core metallicity of up to 5%, implying that accurate neutrino flux measure-
ments are sensitive to the initial stages of the formation of the Solar System. Models with homogeneous accretion match neutrino
constraints to no better than 2.7σ. In contrast, accretion with a variable composition due to planet formation processes, leading to
metal-poor accretion of the last ∼4% of the young Sun’s total mass, yields solar models within 1.3σ of all neutrino constraints. We
thus demonstrate that in addition to increased opacities at the base of the convective envelope, the formation history of the Solar
System constitutes a key element in resolving the current crisis of solar models.

Key words. neutrinos – Sun: interior – Sun: evolution – accretion, accretion disks – protoplanetary disks –
planets and satellites: formation

1. Introduction

The Sun is a key piece of the puzzle of the theory of stellar
structure and evolution. Due to its proximity, a great wealth of
observational data has been acquired (i.e., spectroscopic, helio-
seismic, and neutrino observations). All these constraints have
been extensively used to model our star theoretically using numer-
ical simulations. Good agreement was achieved in the 1990s
using so-called standard solar models (solar models constructed
with standard input physics; e.g., Christensen-Dalsgaard et al.
1996). In recent years, updates of the solar chemical composition
(Asplund et al. 2009, 2021) have significantly worsened the situa-
tion. This so-called solar abundance problem has been thoroughly
studied in the last two decades, with a clear solution yet to be found
(Montalban et al. 2006; Basu & Antia 2008; Buldgen et al. 2019;
Orebi Gann et al. 2021; Magg et al. 2022). While the abundance
revision triggered the crisis, the issue is actually more of a solar
modeling problem, with multiple ingredients called into question.

Apart from abundances, the main suspect has been radia-
tive opacity, which over the course of the history of stel-
lar evolution theory has been known to require significant
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revisions. A number of studies identified that an increase
of ∼10% in the interior opacity would indeed partly alle-
viate the issue (Bahcall et al. 2005; Ayukov & Baturin 2017;
Kunitomo & Guillot 2021). Recently, experimental measure-
ments of iron opacity in almost the same conditions as the
solar interior (Bailey et al. 2015) have lent further traction to
this hypothesis, even though these results still have to be
explained from a theoretical point of view (see, amongst others,
Nahar & Pradhan 2016; Iglesias & Hansen 2017).

In addition to microscopic ingredients such as opacity, the
recipe of the standard solar model itself is under question.
Recently, Eggenberger et al. (2022) showed that including the
effects of (magneto)hydrodynamic instabilities in evolutionary
computations allows us to simultaneously reproduce the solar
internal rotation profile, the surface lithium abundance, and the
surface helium abundance, a feat impossible for standard solar
models that neglect rotation. This refinement provides only a
partial solution to the issue, as it does not improve the agree-
ment of models in terms of sound speed inversions and neutrino
fluxes.

The first detection of solar neutrinos was surprising because
inferred fluxes were about three times smaller than predicted by
standard solar models. This so-called solar neutrino problem was
an issue due to a change in the flavor of the neutrinos them-
selves and is now resolved (e.g., Christensen-Dalsgaard 2021,
and references therein). Recent experimental studies have mea-
sured neutrinos both from the proton-proton (pp) chain and the
carbon-nitrogen-oxygen (CNO) cycle, and the accuracy has been
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improving (e.g., Agostini et al. 2018; Borexino Collaboration
2020; Orebi Gann et al. 2021). Solar neutrinos are most impor-
tant because they provide direct access to the solar core: pp, 7Be,
and 8B neutrinos provide information on the temperature and
temperature gradient in the core, whereas CNO neutrinos pro-
vide direct access to the core composition (Haxton & Serenelli
2008; Gough 2019). Although many studies have attempted to
account for measured solar neutrino fluxes (e.g., Bahcall et al.
2006), no solar model that uses updated abundances has repro-
duced both neutrino observations and other constraints simulta-
neously (e.g., Vinyoles et al. 2017). Matching the observational
constraints globally is therefore paramount for progress in our
understanding of the composition, evolution, and early history
of the Sun.

In this study we combine solar evolutionary models that
include the early accretion phase with up-to-date knowledge of
planet formation processes to calculate present-day solar mod-
els. These models are then compared to all available observa-
tional constraints.

2. Calibrating solar models that include disk
accretion

We focused on solar models calibrated to match both helioseis-
mic and spectroscopic constraints using an extended procedure
(see Appendix A.2 and Table A.1) and examined how they fare
against the observed neutrino fluxes (Appendix A.3). We fol-
lowed the approach of our previous work (Kunitomo & Guillot
2021), where we used solar models computed with the Mod-
ules for Experiments in Stellar Astrophysics (MESA) stellar evo-
lution code, taking the progressive accretion of circumstellar
disk material onto the proto-Sun into account (Appendix A.1).
We adopted the spectroscopic abundances from Asplund et al.
(2009, AGSS09 hereafter); this choice did not have an effect
on our conclusions. Our extended calibration procedure aims to
reproduce six constraints: luminosity, effective temperature, sur-
face helium abundance, the surface abundance ratio of metals to
hydrogen, location of the convective-radiative boundary, and rel-
ative differences in the sound speed profile. We calibrated three
different sets of models, refining the input physics each time.
First, standard solar models were considered. Second, we con-
sidered nonstandard models, including an opacity increase near
the base of the convective envelope, diffusive overshooting, and
accretion with a homogeneous composition. Finally, accretion
with a variable composition due to planet formation processes
was considered.

Several studies (Guzik et al. 2005; Castro et al. 2007;
Haxton & Serenelli 2008; Serenelli et al. 2011; Zhang et al.
2019) have indicated that a variation in the accretion metallic-
ity, Zaccretion, would affect the outcome of the calibration. On the
basis of models of the evolution of circumstellar disks and of the
formation and migration of pebbles, planetesimals, and proto-
planets (Garaud 2007), we advocate for the existence of a rapid
drift of pebbles (“pebble wave”) followed by a decrease in the
metallicity of the accreted gas due to both the early accretion
of this dust and the formation of planetesimals and protoplan-
ets (Kunitomo & Guillot 2021). Disk winds, either thermally
or magnetically driven, may also selectively remove hydrogen
and helium and thus limit the extent and duration of the low-
metallicity accretion phase. A comparison of the mass of dust
measured in protoplanetary disks and the mass of solids in
exoplanets (Manara et al. 2018) suggests that dust growth and
the formation of planetesimals must have started early, within
a million years of the formation of the central protostars. In

our Solar System, isotopic anomalies in meteorites are indica-
tive of the formation of Jupiter’s core ∼1 Myr after the first
solids (Kruijer et al. 2020), indicating that an efficient filtering of
incoming dust (Guillot et al. 2014) and low-metallicity accretion
should have begun at that time. We estimate that 97 to 168 M⊕
of solids should be retained in planets or ejected from the Solar
System (Kunitomo et al. 2018). This corresponds to the accre-
tion of ∼2 to 4% of the Sun’s mass in the form of zero-metallicity
gas. The presence of a pebble wave leads to an early accre-
tion of solids and thus an increase in this value. Conversely, the
selective removal of hydrogen and helium by disk winds lowers
this value. Consequently, estimates based on up-to-date simula-
tions of the evolution of disks indicate that between 2 and 5% of
the mass last accreted by the Sun should be characterized by a
low metallicity (Kunitomo & Guillot 2021). In our best model,
the accretion metallicity increases from 0.014 (protosolar mass
≤0.90 M� and time ≤0.7 Myr) to 0.065 (0.96 M� and 2.2 Myr),
0.1 M� metal-free gas is lost by disk winds, and 150 M⊕ of solids
are retained in planets, leading to a 0.04 M� metal-free gas in the
last phase (see Fig. 3b and Appendix A.4 for a detailed descrip-
tion).

3. Results

In Fig. 1 we compare the neutrino fluxes (Φ(7Be), Φ(8B),
Φ(pp), Φ(pep), and Φ(CNO); see Appendix A.3) from obser-
vational constraints to those obtained for standard solar mod-
els and for models that include an opacity increase. Standard
solar models in the literature (Vinyoles et al. 2017; Farag et al.
2020) indicate higher Φ(7Be), Φ(8B), and Φ(CNO) for
models with high-metallicity (Z) Grevesse & Sauval (1998,
GS98 hereafter) abundances compared to models with low-Z
AGSS09 abundances. Our calculations show that this is in fact
a calibration issue, linked to the fact that these standard solar
models used three constraints as usual in a classical calibra-
tion scheme (see Sect. A.2): when using the same approach with
the three calibration constraints, we obtain the same results as
Farag et al. (2020; see our Fig. 1). Conversely, when including
our extended calibration procedure with six constraints (similar
to Ayukov & Baturin 2017), the results obtained for GS98 and
AGSS09 abundances are found to be close to one another and
good matches to the neutrino constraints. However, these mod-
els with the AGSS09 composition are poor fits to the spectro-
scopic and helioseismic constraints (Kunitomo & Guillot 2021),
with values of χ2 significantly above unity, illustrating the well-
known disagreement between the standard solar models with the
AGSS09 abundances and the observations.

Models that include an opacity increase (parameter A2 corre-
sponds to the relative increase to the standard opacity), shown in
Fig. 1, are characterized by lower χ2 values (Bahcall et al. 2005;
Ayukov & Baturin 2017; Kunitomo & Guillot 2021), but they
depart from the observed neutrino fluxes due to their low central
metallicities. Our best models that minimize χ2 (with A2 = 0.12
to 0.18) have a Φ(8B) flux that is 2.7 to 5.1σ lower than the
observational constraints, whereas both Φ(pp) and Φ(CNO) are
within 1.5 and 1.4σ, respectively. Therefore, although these
models match both helioseismic and spectroscopic constraints,
they do not account for the observed neutrino fluxes. This is
a well-known issue with solar models that led some works to
consider low-metallicity accretion to try to recover a “high-Z”
radiative interior embedded under a “low-Z” convective enve-
lope (Guzik et al. 2005; Castro et al. 2007).

Thus far, we have only considered solar models that either
start with the Sun’s present mass or include the accretion of disk
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Fig. 1. Neutrino fluxes obtained for standard solar models and models with opacity increases. Panels (a)–(c): the neutrino fluxes of Φ(7Be), Φ(8B),
Φ(pp), Φ(pep), and Φ(CNO) = Φ(13N) + Φ(15O) + Φ(17F) (see Appendix A.3). The squares and the upward and downward pointing triangles
show the standard solar models with three calibration constraints (see Appendix A.2), those from Vinyoles et al. (2017), Farag et al. (2020), and
this study, respectively. The open circles show our standard solar models with six constraints. The Φ(pep) and Φ(17F) values are not available
in Farag et al. (2020), and thus Φ(CNO) = Φ(13N) + Φ(15O) is used for their models. The blue and red colors indicate the models with low-Z
AGSS09 and high-Z GS98 compositions, respectively. The filled circles show our models with opacity increase A2 (= 0, 0.04, 0.08, 0.12, 0.15,
0.18, and 0.22), which is shown by the color, with the size χ2, which is .0.5 for A2 ∈ [0.12, 0.18]. The green circles with error bars show the
observed constraints (Orebi Gann et al. 2021).

material with a constant metallicity. Figure 2 compares the mod-
els with the lowest values of χ2 in Fig. 1 (i.e., those with an opac-
ity increase of A2 ∈ [0.12, 0.18] and homogeneous accretion)
with the same models but including accretion with a variable
composition. The values of χ2 are almost independent of our
choice of the accretion model: the planet formation processes
occur while the proto-Sun is still largely convective, implying
that most of the solar internal structure is unchanged. However,
the values of all neutrino fluxes are affected, indicating that the
solar core retains a clear signature of planet formation processes.
Values of Φ(8B), Φ(7Be), and Φ(CNO) increase, whereas Φ(pp)
and Φ(pep) decrease slightly (Serenelli et al. 2011). This results
in models with planet formation processes that fit all the helio-
seismic, spectroscopic, and neutrino constraints. This is the case
for the model with A2 = 0.12, with a worse fit being Φ(pep),
which is only 1.3σ lower than the observational constraint.

The enhancement of the 7Be, 8B, and CNO neutrino fluxes
is directly linked to an increased metallicity and temperature of
the solar core, which are closely related (see Appendix A.3).
As shown in Fig. 3, the pebble wave leads to an initially high
metallicity throughout the solar interior (see Figs. 3a and b). The
following low-Z accretion phase leads to a decrease in the sur-
face metallicity, which, because of the spectroscopic constraints
included in the calibration, becomes indistinguishable from that
in the case with homogeneous accretion (Fig. 3c). However, the
central region retains memory from the initial high-Z phase
because the growth of the central radiative core after 1.7 Myr
halts its mixing with the rest of the star (Figs. 3d and e). Between

30 and 100 Myr, an incomplete CNO cycle leads to a transient
central convective core (also due to out-of-equilibrium 3He burn-
ing) and to a limited increase in the central metallicity. It then
progressively increases on timescales of ∼1 Gyr due to gravita-
tional settling. This results in a central metallicity of the present-
day Sun that is increased by '5% over that of models that do not
account for planet formation processes (see Figs. 3f and A.1).

We stress that the magnitude of this effect cannot be precisely
estimated due to uncertainties in both star and planet formation
processes. The duration of the accretion phase may be shorter
than assumed here (10 Myr), leading to a smaller increase in
the central metallicity (Kunitomo & Guillot 2021). On the other
hand, the release of energy by the accretion shock on the proto-
Sun could lead to a faster growth of the internal radiative zone
after only ∼1 Myr (Kunitomo et al. 2018). Similarly, including
mass loss by solar winds leads to a higher mass of the proto-
Sun and hence also leads to a faster growth of the radiative
zone. Thus, both processes are expected to amplify the change
in the central metallicity and neutrino fluxes due to the planet
formation processes, regardless of the adopted solar chemical
composition.

4. Conclusion

We simulated the evolution of the Sun from the protostellar
phase to the present day using all available constraints. Our study
demonstrates that planet formation processes have a significant
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Fig. 2. Neutrino fluxes obtained for the models with an opacity increase and planet formation. Shown are the models with an opacity increase
(circles; see also Fig. 1) and with both an opacity increase and a variable Zaccretion (i.e., planet formation processes; star symbols). The colors show
the opacity increase A2 ∈ [0.12, 0.18]. The opacity increase in this range leads to a better match with spectroscopic and helioseismic observations
(χ2 . 0.5 indicated by the size). A higher opacity increase leads to lower Φ(8B), Φ(7Be), and Φ(CNO) values, whereas the planet formation
processes lead to higher values. Consequently, our best model with both an opacity increase of A2 = 0.12 and planet formation processes (i.e., star
symbol with white color) reproduces not only the observed constraints of neutrino fluxes (green circles with error bars) but also the spectroscopic
and helioseismic observations. (See “K2-MZvar-A2-12” and “K2-A2-12” in Table A.1 and the CDS table for more details about the models with
A2 = 0.12 and with and without planet formation processes, respectively.)
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contribution to present-day solar neutrino fluxes. The main con-
clusions are summarized as follows:

– The solution depends on the calibration procedure: our
models calibrated with six helioseismic and spectroscopic
constraints are different from standard solar models cali-
brated with three constraints.

– Models that include a localized opacity increase, as indicated
by experimental results, match all the helioseismic and spec-
troscopic constraints. However, due to their low central tem-
perature, they match the neutrino constraints to no better than
2.7σ.

– The variable composition of accreted gas resulting from
planet formation processes induces a higher central metal-
licity of the present-day Sun by up to 5%, which increases
Φ(8B), Φ(7Be), and Φ(CNO) and lowers Φ(pp) and Φ(pep),
in agreement with observational requirements. Our best
model reproduces all the observed neutrino fluxes within
1.3σ.
In conclusion, despite the uncertainties related to planet for-

mation scenarios, our work shows that neutrino fluxes are intrin-
sically tied to the evolutionary history of the Sun and that the
effects of planet formation should be considered when interpret-
ing these measurements. In our best models, pebble waves and
the formation of planets led to a metal-poor accretion of the last
4% of the young Sun’s mass. More accurate neutrino fluxes mea-
surements and constraints on the input physics that affect neu-
trino fluxes are thus highly desirable.
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Appendix A: Methods

A.1. Calculation of solar structure and evolution models

This section describes how we simulated the formation and evo-
lution of the Sun. We followed Sect. 3 of Kunitomo & Guillot
(2021) for the modeling unless otherwise noted. For
more details, we refer readers to Kunitomo et al. (2017),
Kunitomo et al. (2018), and Paxton et al. (2011, 2013, 2015,
2018, 2019). Our models were calculated using the MESA stellar
evolution code (Paxton et al. 2011, 2013, 2015, 2018, 2019). The
models of nuclear reactions and accretion are discussed below.
We modeled the opacity increase as a function of temperature.
Since the contribution of iron to the Rosseland-mean opacity
has a Gaussian form with temperature (Le Pennec et al. 2015),
we adopted the Gaussian function centered at T = 106.45 K
with varying amplitude, A2 (see Eq. 5 of Kunitomo & Guillot
2021). Convection is modeled with the mixing-length theory
from Cox & Giuli (1968). Diffusive convective overshooting is
also considered with the model in Herwig (2000) both below
a convective envelope and above a convective core. Element
diffusion is calculated with the formalism in Thoul et al. (1994).

There are four differences from standard solar models (e.g.,
Vinyoles et al. 2017; Farag et al. 2020): namely, the calibra-
tion procedure, diffusive overshooting, opacity increase, and
accretion that has a variable composition. We included planet
formation processes based on recent progress, which dif-
fers from previous studies, including low-metallicity accretion
(see below). We note that although Eggenberger et al. (2022)
recently showed the impact of (magneto)hydrodynamic instabil-
ities driven by rotation on the internal rotation and lithium abun-
dance, they do not improve sound speed inversions and neutrino
fluxes, and thus, we do not account for these instabilities.

A.2. Calibration procedure

In each model, input parameters are calibrated to minimize the
reduced χ2 value defined as χ2 =

∑N
i=1

[
(qi − qi,target)/σ(qi)

]2
/N,

where N is the number of constraints, qi is the simulation result,
and qi,target and σ are the observational constraint and its uncer-
tainty, respectively. We adopted N = 6 for the models with an
“extended” calibration procedure (similar to Ayukov & Baturin
2017) and N = 3 (i.e., (Z/X)surf , L?, Teff ; see below) for
the standard solar models. Using the downhill simplex method
(Nelder & Mead 1965), we searched for a set of input parameters
that minimizes χ2. We assumed that the solar age is 4.567 Gyr
(Amelin et al. 2002). The input parameters include two parame-
ters for convection (mixing length and overshooting) and param-
eters for the initial composition, opacity increase, and accretion,
which vary from model to model.

In the calibration procedure, simulation results were com-
pared with the six constraints from spectroscopic and helioseis-
mic observations summarized in Table A.1 (see also Table 3 of
Kunitomo & Guillot 2021): surface abundance ratio of metals to
hydrogen (Z/X)surf , surface helium abundance Ysurf , location of
the convective-radiative boundary RCZ, root-mean-square sound
speed rms(δcs), luminosity L? (= L� ± 0.01 dex), and effective
temperature Teff (= 5777±10 K). We note that the current uncer-
tainty in the surface metallicity of the Sun (Asplund et al. 2021;
Magg et al. 2022) does not affect the conclusions of our study;
a thorough discussion is beyond the scope of this work, which
instead focuses on the effect of planet formation processes.

Table A.1 also summarizes the results of our models and pre-
vious studies. The SSM-AGSS09 and SSM-GS98 models are

our standard solar models following Farag et al. (2020) (i.e.,
N = 3) with the AGSS09 and GS98 abundances, respectively.
The noacc-noov and noacc-GS98-noov models (open circles in
Figs. 1 and A.4e) are the models with the extended calibration
(N = 6) without overshooting. The model with opacity increase
(A2 = 0.12) and overshooting is denoted K2-A2-12 (filled cir-
cles in Figs. 1 and 2), whereas the same model but with planet
formation processes is denoted K2-MZvar-A2-12 (star symbols
in Fig. 2). Additional supplemental materials showing the details
of the results of the optimized models are available at the CDS
and Zenodo (see the links provided in the footnote on the first
page).

We note that Haxton & Serenelli (2008) investigated the
dependence of neutrino fluxes on parameters by using the results
of standard solar models and derived their relations assuming
the linearity of the dependence. In contrast, we performed evo-
lutionary simulations with the iterative calibration procedure in
order to self-consistently track the evolution history, including
the effects of planet formation processes in the early phase,
and to obtain a global structure of the present-day solar inte-
rior model that matches all the spectroscopic, helioseismic, and
neutrino constraints.

A.3. Nuclear reactions and neutrinos

Solar neutrinos are emitted by two types of thermonuclear reac-
tions, namely the pp chain and the CNO cycle. The pp chain is

p(p, e+ν1)d
p(e−p, ν2)d

}
d(p, γ)3He


3He(3He, 2p)4He

3He(4He, γ)7Be
{ 7Be(e−, ν3)7Li(p, 4He)4He

7Be(p, γ)8B(e+ν4)8Be(4He)4He,
(A.1)

where p is a proton and d is a deuterium atom. Another known
neutrino-emitting reaction is 3He(p, e+ν)4He, but it is extremely
rare in the current Sun (Vinyoles et al. 2017; Agostini et al.
2018). The fluxes of neutrinos ν1, ν2, ν3, and ν4 observed
on Earth are denoted by Φ(pp), Φ(pep), Φ(7Be), and Φ(8B),
respectively. The two branches of the CNO cycle are

12C(p, γ)13N(e+ν5)13C(p, γ)14N(p, γ)15O(e+ν6)15N(p, 4He)12C ,
(A.2)

15N(p, γ)16O(p, γ)17F(e+ν7)17O(p, 4He)14N . (A.3)

The fluxes of ν5, ν6, and ν7 are Φ(13N), Φ(15O), and Φ(17F),
respectively. We define Φ(CNO) as Φ(13N) + Φ(15O) + Φ(17F)
unless otherwise noted.

Neutrino fluxes depend on abundances and temperature.
The following fluxes are in particular strongly sensitive to
temperature as Φ(7Be) ∝ XcenterZcenterTcenter

11, Φ(8B) ∝

XcenterZcenterTcenter
25, and Φ(13N), Φ(15O) ∝ XcenterZcenterTcenter

20

(Bahcall & Ulmer 1996). In contrast, Φ(pp) is more sensitive
to the hydrogen abundance and less sensitive to temperature as
∝ Xcenter

2Tcenter
4 (Kippenhahn & Weigert 1990). Therefore, in

the models with a higher Zcenter and Tcenter, Φ(7Be), Φ(8B), and
Φ(CNO) are higher, whereas such models have a lower hydrogen
abundance Xcenter and thus a lowerΦ(pp) to satisfy the constraint
L? = L� at the solar age (see Figs. 1 and 2).

We note that Zcenter and Tcenter are closely related, as follows.
A higher Zcenter leads to a higher central opacity, κcenter, because
metals dominantly contribute to the opacity. With a higher κcenter,
the temperature gradient needs to be higher to flow out the lumi-
nosity in the radiative core (Kippenhahn & Weigert 1990), and
thus Tcenter is higher.
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Table A.1. Results minimized by the chi-squared simulations and observational constraints.

Model name χ2 rms(δcs) (Z/X)surf Ysurf RCZ Φ(pp) Φ(pep) Φ(7Be) Φ(8B) Φ(13N) Φ(15O) Φ(CNO)
[%] [R�] [1010] [108] [109] [106] [108] [108] [108]

[Previous studies]
V+17-AGSS09a 4.72 0.2 0.0178 0.232 0.722 6.03 1.46 4.50 4.50 2.04 1.44 3.48
V+17-GS98a 0.52 0.05 0.0230 0.243 0.712 5.98 1.44 4.93 5.46 2.78 2.05 4.83
F+20-AGSS09b – N/A 0.0181 0.240 0.726 6.01 N/A 4.71 4.62 2.25 1.67 3.92
F+20-GS98b – N/A 0.0229 0.246 0.718 5.98 N/A 4.95 5.09 2.91 2.21 5.12
[This study]
SSM-AGSS09c 4.70 0.45 0.0181 0.240 0.726 6.013 1.398 4.713 4.618 2.248 1.672 3.953
SSM-GS98c 0.67 0.18 0.0229 0.246 0.718 5.979 1.381 4.949 5.088 2.914 2.214 5.176
noacc-noov 2.81 0.32 0.0204 0.247 0.723 6.003 1.422 4.858 5.346 2.973 2.342 5.359
noacc-GS98-noov 0.62 0.16 0.0239 0.248 0.717 5.989 1.418 4.843 5.274 3.352 2.636 6.043
K2-A2-12 0.36 0.099 0.0190 0.246 0.715 6.019 1.441 4.686 4.915 2.588 2.008 4.633
K2-MZvar-A2-12 0.39 0.11 0.0190 0.247 0.716 6.006 1.431 4.758 5.125 2.785 2.188 5.014
[Adopted constraints]
Value – 0 0.0181 0.2485 0.713 5.971 1.448 4.80 5.16 ≤ 13.7 ≤ 2.8 7.0+3.0

−2.0
Uncertainty, σ – 0.1 0.001 0.0035 0.01 +0.037

−0.033 0.013 +0.24
−0.22

+0.13
−0.09

0.02292
0.001

References – 1 2, 3 4 5, 6 7, 8 7, 8 7, 8 7, 8 9 9 9

Notes. Neutrino fluxes on Earth, Φ, are in units of cm−2s−1. The numbers highlighted in bold indicate the values that satisfy the constraints or have
χ2 < 1. The K2-MZvar-A2-12 model is our best model with a variable accretion metallicity. Two constraints of (Z/X)surf are shown for the models
with the AGSS09 (top) and GS98 (bottom) compositions. See Sect. A.2 for the description of models. This table is available in electronic form
at the CDS and Zenodo. aV+17 refers to Vinyoles et al. (2017, see their Tables 4 and 6). We derived the χ2 of their models assuming a perfect
matching of the luminosity and effective temperature. bF+20 refers to Farag et al. (2020, see their Tables 1, 2, and 3). We note that rms(δcs),
Φ(pep), and Φ(17F) are not available; thus, Φ(CNO) = Φ(13N) + Φ(15O) for their models. cOur simulations with the same settings as Farag et al.
(2020). References. (1) Basu et al. (2009), (2) AGSS09, (3) GS98, (4) Basu & Antia (2004), (5) Bahcall et al. (2005), (6) Kunitomo & Guillot
(2021), (7) Bergström et al. (2016), (8) Orebi Gann et al. (2021), (9) Borexino Collaboration (2020).

In the main branch of the CNO cycle (Eq. A.2), the bottle-
neck reaction is 14N(p, γ)15O. Although the CNO cycle produces
only a small fraction (≈1%) of energy in 1 M� stars because of
a slightly low Tcenter, a tentative “incomplete CNO cycle” occurs
from 30 to 100 Myr. This leads to the conversion of preexisting
12C and 2p into 14N, and thus, the central metallicity, Zcenter, is
increased (see Eq. A.2 and Fig. 3d). The CNO cycle has another
important implication: it leads to a sharp temperature gradient
in the core and thus results in the presence of a convective core
(Iben 1965). In our best model, the central region has a compo-
sition gradient in the pre-main-sequence phase, and thus, mix-
ing in the core leads to an increase in metallicity at 30 Myr (see
Figs. 3d and A.1), whereas this Zcenter modification at 30 Myr
does not appear in our model with a homogeneous Zaccretion.

We adopted the nuclear reaction rates from NACRE
(Angulo et al. 1999) and Imbriani et al. (2005) for the reac-
tion rate of 14N(p, γ)15O. To output neutrino fluxes, we
used the subroutine provided in Farag et al. (2020) with a
minor update to output Φ(17F). The electron screening for-
malism of Chugunov et al. (2007) was used. We also men-
tion that the neutrino fluxes are sensitive to the uncertainties
in the nuclear reaction rates, as well as electron screening,
opacity tables, and the transport of chemical elements over
the course of solar evolution (Boothroyd & Sackmann 2003;
Salmon et al. 2021; Vescovi et al. 2019; Villante & Serenelli
2021; Eggenberger et al. 2022), and thus could be affected by
potential future revisions of these ingredients.

The calibrated models are compared with observed neutrino
fluxes in Figs. 1 and 2. Much effort has been made in experi-
ments around the world to constrain the solar neutrino fluxes.
We adopted the Φ(pp), Φ(pep), Φ(8B), and Φ(7Be) values from
Bergström et al. (2016) and Orebi Gann et al. (2021), which
were derived using all the data available up to 2016, whereas

we adopted the recent constraint in Borexino Collaboration
(2020) for Φ(CNO). We note that there remain relatively large
uncertainties in the observed fluxes (partially originated from
the uncertainties in the neutrino oscillation model) and that
a disagreement between various works is still being debated
(Particle Data Group et al. 2020; Orebi Gann et al. 2021, see
Fig. A.2). However, discussing these uncertainties is beyond the
scope of our work. Nevertheless, future experiments to constrain
the fluxes more precisely are thus highly encouraged.

A.4. Planet formation processes

We followed Kunitomo & Guillot (2021) for accretion processes
onto the proto-Sun: we started with calculations from a pro-
tostellar phase with a seed of mass Mseed = 0.1 M� and
metallicity Zseed = 0.02. We adopted the accretion rate, Ṁacc,
based on observations (Hartmann et al. 1998): it decreases with
time and stops at 10 Myr. We considered heat injection by
accreted materials (Kunitomo et al. 2017; Kunitomo & Guillot
2021). We did not consider mass loss by solar winds in the main-
sequence phase (Guzik et al. 1987; Sackmann & Boothroyd
2003; Wood et al. 2005; Zhang et al. 2019).

In the models with planet formation processes, the compo-
sition of the accreted materials (Xaccretion, Yaccretion, and Zaccretion
for the mass fractions of hydrogen, helium, and metals, respec-
tively) vary with time. In the models without them, we adopted a
constant composition with time as Xaccretion = Xproto, Yaccretion =
Yproto, and Zaccretion = Zproto.

We modeled planet formation processes as a time-dependent
Zaccretion based on recent planet formation theory following
Kunitomo & Guillot (2021) (see also Fig. 3b). In the earliest
phase, the disk gas has a primordial composition (i.e., Xproto,
Yproto, and Zproto). Then, we considered a high Zaccretion value due
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Fig. A.1. Evolution of the metallicity profile with mass coordinate. The solid blue and dashed gray lines show the K2-MZvar-A2-12 and K2-A2-12
models, respectively, at 10 Myr (end of the accretion phase; panel a), 100 Myr (b), 1 Gyr (c), and 4.567 Gyr (solar age; d). Animations showing
the metallicity profile in the solar interior of these models are available online and at Zenodo.

to dust drift (Appelgren et al. 2020; Elbakyan et al. 2020) and/or
disk winds (Guillot & Hueso 2006; Kunitomo et al. 2020). In the
last phase, Zaccretion = 0 due to the depletion or filtration of peb-
bles by a planetary gap (Guillot et al. 2014; Sato et al. 2016). In
the models with planet formation, three input parameters are cal-
ibrated in addition to those for the primordial composition and
convection: namely, the stellar masses when Zaccretion increases
and decreases (M1 and M2, respectively) and the maximum value
of Zaccretion, Zacc,max.

We note that Zaccretion must be consistent with the observa-
tions of the Solar System planets and planet formation theory.
The total mass of metals in the Solar System planets, MZ,planet, is
estimated to be between 97 and 168 M⊕ (Kunitomo et al. 2018).
Recent studies have suggested that dust grains grow in the pro-
tostellar phase (Manara et al. 2018; Tsukamoto et al. 2017) and
a proto-Jupiter was formed early, ∼1 Myr after the Ca-Al-rich
inclusions (CAIs) condensed (Kruijer et al. 2020), implying low
M1 and M2 values. The total mass lost by disk winds, MXY,lost,
is still uncertain, but a recent study (Kunitomo et al. 2020) sug-
gested that it can be ∼0.1 M� around a 1 M� star. If we neglect
the early high-Z accretion phase (pebble wave) and assume
Zproto ≈ 0.015, this leads to a ≈0.03 M� low-Z accretion in
the late phase (i.e., M2 ≈ 0.97 M�). Under the fixed value of
Zproto, the pebble wave leads to a lower M2, whereas metal-poor
disk winds lead to a higher M2. In our best model (see “K2-
MZvar-A2-12” in Table A.1 and the CDS table), Zproto = 0.014,
Zacc,max = 0.065, M1 = 0.90 M�, M2 = 0.96 M�, MXY,lost =
0.10 M�, and MZ,planet = 150 M⊕.

Figure A.1 shows how the signature of planet formation
processes remains in the metallicity profile of the present-day
Sun (especially .0.2 M�). At the end of the accretion phase
(=10 Myr), a nonhomogeneous metallicity profile due to the
time-dependent Zaccretion exists in the radiative core (.0.5 M�).
In particular, high-Z accretion is imprinted below 0.05 M�. The

central region (.0.1 M�) is subject to an incomplete CNO cycle
between 30 and 100 Myr that leads to the convective mixing and
a metallicity increase of ∼5×10−4. Gravitational settling takes
effect on a timescale of ∼1 Gyr leading to an increase in the cen-
tral metallicity of ∼5×10−4. Therefore, the central composition
of the present-day Sun is determined by accretion, convective
mixing, nuclear reactions, and element diffusion.

We note that MXY,lost, MZ,planet, Zproto, and Zacc,max are linked
by mass conservation (Kunitomo & Guillot 2021):

Zproto(1 M� + MXY,lost) = Zproto M2 (A.4)

+
1
2

(Zacc,max − Zproto)(M2 − M1) + MZ,planet .

In the early phase in which the proto-Sun is fully convective
(i.e., when the protosolar mass M? < 0.95 M�), the accretion
history is lost. This implies that solutions are highly degenerate:
an increase in the metallicity due to a pebble wave that occurs
during that phase is indistinguishable from the accretion of gas
with a constant metallicity, as long as the total amount of heavy
elements accreted over the period is identical (see Fig. A.3). For
example, our best model (MXY,lost = 0.1 M�, Zacc,max = 0.065,
Zproto = 0.014) is approximately equivalent to a simplified model
with M1 = M2 = 0.96 M�, Zproto = 0.016, and MXY,lost ' 0.
Therefore, a large variety of solutions that lead to an increased
central metallicity and neutrino fluxes agreeing with observa-
tions are possible.

To quantify the magnitude of the increased Zcenter by
planet formation processes, we performed additional simula-
tions (model “M2var”) for various M2 values. For simplicity,
we neglected the high-Z accretion phase (i.e., Zaccretion = Zproto
for M? < M2 and Zaccretion = 0 for M? > M2) and investi-
gated the dependence of Zcenter on M2 ∈ [0.92 M�, 1 M�]. In
addition, we neglected overshooting and fixed A2 = 0.12.
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Fig. A.2. Observational constraints on the Φ(8B) and Φ(7Be) val-
ues. The green open circle with error bars shows the constraints
derived using all experimental neutrino data available up to 2016
(Bergström et al. 2016; Orebi Gann et al. 2021), which is used in this
study. The orange ellipses show the constraints in Agostini et al. (2018)
from the Borexino experiments only (right) and from using available
experimental data (left). The gray, blue, and pink shaded regions indi-
cate the constraints from the KamLAND experiments (Gando et al.
2015), from Aharmim et al. (2013) with the Sudbury Neutrino Obser-
vatory (SNO), and from Anderson et al. (2019) with the SNO+, respec-
tively.

Figure A.4 shows that a lower M2, which corresponds to a higher
mass retained in planets, leads to a higher Zcenter and higher
fluxes of Φ(8B), Φ(7Be), and Φ(CNO). However, this effect
saturates at M2 = 0.96 M�. This mass approximately corre-
sponds to the timing when a radiative core develops (1.7 Myr).
In the models with a lower M2 < 0.96 M�, a higher Zproto value
is needed to reproduce the (Z/X)surf constraint, and thus, the
total metal mass in the proto-Sun at 1.7 Myr does not depend
on M2. Therefore, the formation of giant planets in the early
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Fig. A.3. Time evolution of the metallicity of accreted gas. The blue
line indicates our fiducial Zaccretion model, where it increases from Zproto
at M? = M1 to Zacc,max at M2 followed by a metal-poor accretion
phase. The black line indicates the simplified model (model M2var;
see Fig. A.4), which has the same M2 and the total amount of accreted
metals as the blue line. If this M2 value is lower than 0.96 M� (which
approximately corresponds to when the radiative core develops), then
these two models lead to the same Zcenter.

phase (.2 Myr), suggested by recent studies, is preferable to
induce a high Zcenter value and explain the observed neutrino
fluxes. From a linear regression analysis, we obtain the empirical
relation

Zcenter = min [0.01727, 0.01727 − 0.0212 (M2/M� − 0.960)] . (A.5)

In our M2var model, Φ(CNO) has a positive correla-
tion with Zcenter. Recently, Gough (2019) suggested a rela-
tion Φ(CNO)/(108cm−2s−1) = 250 Zcenter based on standard
solar models (Vinyoles et al. 2017). Our models follow a dif-
ferent relation (Φ(CNO)/(108cm−2s−1) = 463 Zcenter − 2.88; see
Fig. A.4e) due to the different calibration procedures and the
accretion history, which are not taken into account in the evo-
lution of standard solar models.
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Fig. A.4. Neutrino fluxes and central metallicity of the models with different planet formation scenarios. The color of the filled circles (model
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