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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 accreted gas by the proto-Sun must have been variable. In this talk, we show that solar
evolutionary models including a realistic planet formation scenario lead to an increased core metallicity of up to 5%, implying
that accurate neutrino fluxmeasurements are sensitive to the initial stages of the formation of the Solar System. We demonstrate
that in addition to macroscopic transport and increased opacities at the base of the convective envelope, the formation history
of the Solar System constitutes a key element to resolve the current crisis of solar models.

1 Introduction
Stars are formed by accretion from a circumstellar disk

where planets are formed. The accretion injects entropy and
materials, which affect the thermal and chemical structures
of stars. In a series of papers (Kunitomo et al., 2017, 2018),
we found that accretion can be crucial for some observational
problems such as luminosity spreads in clusters (Hillenbrand,
2009) and chemical peculiarities in λ Boö stars (Murphy &
Paunzen, 2017), solar twins (Meléndez et al., 2009), and bi-
nary systems (Spina et al., 2021). In this article, we focus on
this process in the early Solar System (Kunitomo & Guillot,
2021; Kunitomo et al., 2022).
There are two key features in the planet formation pro-

cesses in the early Solar System. First, many solids were used
for the planet formation processes. We estimated that the to-
tal amount of the solids is ∼150M⊕, mainly in Jupiter, Sat-
urn, and ejected materials from the outer Solar System (Ku-
nitomo et al., 2018). This is small compared to the total heavy
element mass in the Sun,∼5000M⊕, but still, the planet for-
mation processes can be important for the solar chemical
structure as discussed below.
The other key feature is time variability. Planets are

formed by the coagulation of dust grains (Kobayashi &
Tanaka, 2021). They are initially µm-sized. Once they be-
come cm-sized, which are called “pebbles”, they rapidly fall
onto the proto-Sun due to the frictional force with the disk
gas (Adachi et al., 1976). This leads to the evolution of the
metallicity of accreted materials, Zaccretion (see Fig. 1 of Ku-
nitomo & Guillot, 2021): The pebble drift results in the in-
crease of Zaccretion, and then, once pebbles deplete in the
disk or a large protoplanet is formed, the accretion becomes
metal-poor (Guillot et al., 2014). Therefore, the variable com-
position of the accreted gas is naturally expected and in this
article, we discuss how this affects the chemical structure of
the Sun.

2 Method
We simulated the solar evolution from the protostellar

phase to the present day. We use the one-dimensional stel-
lar evolution codeMESA (Modules for Experiments in Stellar
Astrophysics) version 12115 (Paxton et al., 2011, 2013, 2015,
2018, 2019). We refer the reader to the Paxton et al. papers
and ours (Kunitomo et al., 2017, 2018, 2022; Kunitomo&Guil-
lot, 2021) for the full details of the computational method.
The solution at the present day is compared with con-

straints by spectroscopic and helioseismic observations. We
iteratively optimized the solution using the simplex method
(Nelder & Mead, 1965). We used six constraints: luminos-
ity, effective temperature, surface metallicity, surface helium
abundance, sound speed profile, and thickness of the surface
convective zone (see Table 3 of Kunitomo & Guillot, 2021).
Input parameters include the mixing-length parameter, over-
shooting parameter, initial composition, and parameters re-
lated to the planet formation processes. The reduced χ2

value, indicating how well the observational constraints are
reproduced, decreases by adjusting the input parameters. We
performed this kind of simulation under a variety of settings.
The solar surface composition is still under debate (see,

e.g., Asplund et al., 2021; Magg et al., 2022; Buldgen et al.,
2023). In this study, we adopted the commonly-used low-
metallicity (Z) composition in Asplund et al. (2009, hereafter
AGSS09). For reference, we also used the high-Z composi-
tion in Grevesse & Sauval (1998, hereafter GS98).
We note that we used six constraints (similar to Ayukov &

Baturin, 2017) whereas many standard solar models (SSMs;
solar models constructed with standard input physics)
adopted only three (luminosity, effective temperature, and
surface metallicity; see, e.g., Christensen-Dalsgaard et al.,
1996). The solutions depend on the number of constraints
and thus we stress that the optimization procedure matters
(see Sect. 3.3 of Kunitomo & Guillot, 2021).
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Figure 1: Left panel: metallicity profile in the interior of present-day Sun. The red solid and gray dashed lines indicate the
models with and without planet formation processes (i.e., time-dependent and constant Zaccretion, respectively). The former
has a higher central metallicity but both models have a low surface metallicity that matches the observational constraint by
AGSS09 (green circle with 1σ interval). See “K2-MZvar-A2-12” and “K2-A2-12”models in TableA.1 of Kunitomo&Guillot (2021)
for details. Right panel: a schematic illustration of the protosolar accretion phase. In the early phase (panel (a)), the internal
metallicity of the fully-convective proto-Sun homogeneously increases with time due to the high-Z accretion (i.e., dust drift;
see text). Once protoplanets are formed or dust grains in the protosolar disk are exhausted (panel (b)), the disk metallicity
decreases, and consequently, the solar surface metallicity decreases. However, the radiative core is detached from accretion
and remains metal-rich. The signature of this variable Zaccretion remains in the solar core until the solar age as illustrated in
the left panel.

3 Chemical structure of the present-day Sun
Figure 1 shows the metallicity profile of the present-day

Sun in the models with and without planet formation pro-
cesses (i.e., constant and time-dependent Zaccretion, respec-
tively). One finds that the evolving Zaccretion enhances the
central metallicity by∼5% and that the larger compositional
gradient exists in the central region (≲0.2R⊙). This result in-
dicates that the solar core retains a clear signature of planet
formation processes.
Here we discuss how accretion increases central metallic-

ity. First, in the early phase (<1.7Myr), accretion is metal-
rich due to the pebble drift. The proto-Sun has a fully convec-
tive structure in this phase and thus the high-Z accreted ma-
terials are mixed in the entire region (i.e., the central metal-
licity increases).
Next, in the late accretion phase (2–10Myr), the proto-Sun

shrinks due to the Kelvin-Helmholtz contraction leading to
the increasing internal temperature and the development of a
radiative core. The low-Z accretion in this phase (see Sect. 1;
the last 4% of the young Sun’s mass in our best model) de-
creases the metallicity in the surface convective envelope
(i.e., the surface metallicity decreases). On the other hand,
the central radiative region is detached from accretion and
thus the high central metallicity made in the early phase is
preserved. This compositional gradient as an accretion sig-
nature remains until the solar age.
We stress that this accretion signature is closely related to

both the planet formation processes and the thermal struc-
ture of the proto-Sun.

4 Implications for the solar abundance
problem

In the last two decades, SSMs do not reproduce helioseis-
mic and neutrino observations (so-called solar abundance

problem or solar modeling problem; see, e.g., Montalban
et al., 2006; Vinyoles et al., 2017; Buldgen et al., 2019). Here,
we discuss the implications of the compositional gradient of
the present-day Sun due to the planet formation processes
(Fig. 1) on the sound speed profile and neutrino fluxes.

4.1 Sound speed anomaly
The sound speed profile in the solar interior constrained

by helioseismic observations (Basu et al., 2009) is compat-
ible with the SSMs with the old high-Z GS98 abundances.
However, the SSMs with the new low-Z AGSS09 abun-
dances poorly fit the constraints, especially around the base
of the convective zone (BCZ). The gray and black lines in
Fig. 2 show our non-accreting models with the GS98 and
AGSS09 abundances, respectively (see models “noacc-GS98”
and “noacc” in Kunitomo & Guillot, 2021).
Figure 2 shows that the sound-speed profile of the model

with planet formation processes is almost identical to that
of the non-accreting model with AGSS09, indicating that the
variable Zaccretion cannot be the solution of the sound speed
anomaly. This is because the accretion signature remains
only in the central region (≲0.2R⊙) and has no significant
impact around the BCZ (see also Serenelli et al., 2011).
Instead, we consider opacity increase in the solar interior,

onwhichmany theoretical (e.g., Christensen-Dalsgaard et al.,
2009; Serenelli et al., 2009; Villante, 2010) and experimental
(Bailey et al., 2015) studies have focused. Figure 2 shows that,
with a 12% opacity increase, the quality of the fit to the ob-
servational constraints is improved significantly and is even
better than the non-accreting model using the GS98 abun-
dances. The other spectroscopic and helioseismic observa-
tions are also well reproduced (χ2 ≲ 0.5). We obtain the
best results for a 12%–18% opacity increase (see Sect. 4.4 of
Kunitomo & Guillot, 2021).
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Figure 2: Radial profiles of observed minus calculated
sound speed ((cs,obs − cs,calc)/cs,obs). The gray and black
lines show the results of non-accreting models with GS98
and AGSS09 compositions, respectively (see models “noacc-
GS98” and “noacc” in Kunitomo & Guillot, 2021). The red
and blue solid lines with circles show the non-standard mod-
els with the AGSS09 composition: the former includes the
variable Zaccretion (i.e., planet formation processes) and the
latter includes a 12% opacity increase (see models “MZvar”
and “K2-A2-12” in Kunitomo & Guillot, 2021).

4.2 Metal-rich solar core compatible with observed
neutrino fluxes

Recently, much effort has been made in the world for
the measurement of solar neutrinos both from the proton-
proton (pp) chain and the carbon-nitrogen-oxygen (CNO) cy-
cle (Agostini et al., 2018; Borexino Collaboration et al., 2020;
Orebi Gann et al., 2021; Appel et al., 2022). Solar neutrinos
are important because they provide direct access to the so-
lar core: the neutrino fluxes provide information about the
temperature, temperature gradient, and composition in the
core (Haxton & Serenelli, 2008; Gough, 2019). Similar to
the sound speed, the high-Z GS98 SSMs better match the
observed fluxes and no solar model that uses more recent
AGSS09 abundances has reproduced both neutrino observa-
tions and other constraints simultaneously (see, e.g., Bahcall
et al., 2006; Vinyoles et al., 2017).
Figure 3 shows the fluxes of Φ(7Be) and Φ(8B) neutrinos

of the models with an opacity increase (model “K2”; circles)
and with both an opacity increase and a variable Zaccretion

(model “K2-MZvar”; star symbols). The K2 models indicate
that a larger opacity increase leads to a lower internal metal-
licity and thus lower neutrino fluxes. The lower metallicity
in the central region results in lower opacity and therefore
lower central temperature. Since neutrino fluxes (i.e., nuclear
reaction rates) depend on both composition and temperature
(Bahcall & Ulmer, 1996), central metallicity is critical to de-
termine the neutrino fluxes. The K2 models with a 12%–18%
opacity increasematch spectroscopic and helioseismic obser-
vations but the neutrino fluxes are not reproduced.
Themodels with a 12%–18% opacity increase and a variable

Zaccretion have a low χ2 (≲0.5) value and higher neutrino
fluxes because planet formation processes lead to a higher
metallicity in the central region (Fig. 1). The higher cen-
tral metallicity by up to 5% increases Φ(7Be), Φ(8B), and

Obs.
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Figure 3: Neutrino fluxes obtained for the models with an
opacity increase and planet formation. Shown are the mod-
els with an opacity increase (circles) and with both an opac-
ity increase and a variable Zaccretion (star symbols). See “K2”
and “K2-MZvar”models in Table A.1 of Kunitomo et al. (2022)
for details. The colors show the opacity increase (12%, 15%,
and 18%). The opacity increase in this range leads to a bet-
ter match with spectroscopic and helioseismic observations
(χ2 ≲ 0.5). A higher opacity increase leads to lower Φ(8B)
and Φ(7Be) values, whereas the planet formation processes
lead to higher values. Our best model with both a 12% opac-
ity increase and planet formation processes reproduces not
only the observed constraints of neutrino fluxes (green cir-
cles with error bars; Orebi Gann et al., 2021) but also the spec-
troscopic and helioseismic observations.

Φ(CNO) and lowersΦ(pp) andΦ(pep). In addition to a good
fit to the Φ(7Be) and Φ(8B) constraints shown in Fig. 3, our
best model (with a 12% opacity increase; see “K2-MZvar-A2-
12” model in Table A.1 of Kunitomo et al., 2022) reproduces
the other fluxes as well within 1.3σ. Therefore, our models
with planet formation processes fit all the helioseismic, spec-
troscopic, and neutrino constraints.

5 Future prospects
We simulated the formation and evolution of the Sun fo-

cusing on the effect of planet formation processes on the
solar structure. We found that opacity increase is needed
to reproduce helioseismic constraints but decreases neutrino
fluxes. On the other hand, planet formation processes can
increase the central metallicity by up to 5% and affect neu-
trino fluxes. Models including both planet formation pro-
cesses and opacity increase reproduce all the observational
constraints (i.e., spectroscopic, helioseismic, and neutrino).
More accurate neutrino fluxes measurements may lead to

constraining the planet formation processes in the early So-
lar System (see Fig. A.4d of Kunitomo et al., 2022) and are
thus highly desirable (Orebi Gann et al., 2021). We adopted a
simplified model of Zaccretion but a realistic Zaccretion model
in the early Solar System that matches the observations of
Solar-System bodies is crucially important (see, e.g., Kruijer
et al., 2017; Kobayashi & Tanaka, 2021; Guillot et al., 2022).
Other input physics that affect neutrino fluxes (e.g., rota-
tional mixing and solar wind mass loss; Eggenberger et al.,
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2022; Zhang et al., 2019) should also be constrained. The ob-
served surface lithium abundance and rotation profiles are
also key to constructing realistic solar models (Eggenberger
et al., 2022).
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