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The discovery of solar neutrinos confirmed that the inner workings of the Sun generally match

our theoretical understanding of the fusion process.

Solar neutrinos have also played a role in

discovering that neutrinos have mass and that they oscillate. We combine the latest solar neutrino

data along with other oscillation data from reactors to determine the Sun’s density profile. We
derive constraints given the current data and show the anticipated improvements with more reactor
neutrino data from JUNO constraining the true oscillation parameters and more solar neutrino data
from DUNE which should provide a crucial measurement of hep neutrinos.

I. INTRODUCTION

The standard solar model (SSM), upon which our
knowledge of the interior of the Sun is based, simulates
the infall of gas to form a star until it reaches a steady
state. That is, the density of the Sun is, thus far, only
determined via theoretical models based on the SSM,
matched to observations from the surface of the Sun.

The broad portfolio of neutrino oscillation experiments
have provided key measurements of the fundamental
physics parameters governing the neutrino sector, see
e.g. [1-5]. By combining different classes of oscillation
measurements of the same parameters, it is possible to
use neutrino oscillations to probe environments that are
otherwise inaccessible by easier to detect particles. It
has already been pointed out that measurements of neu-
trino oscillations or absorption with atmospheric, solar,
supernova, and high energy astrophysical neutrinos can
probe the structure of the Earth [6-31]. We will show
here how solar neutrinos can also probe into the physics
happening inside the Sun and derive constraints on the
density profile of Sun using neutrinos. Photons tell us
about the surface of the Sun today and the inner work-
ings of the Sun hundreds of thousands of years ago after
scattering many times through the hot Sun. Neutrinos,
on the other hand, tell us about the nature of the core of
the Sun today and provide a relatively direct probe of its
properties, subject to the physics of neutrino oscillations.

Using neutrinos to probe astrophysical environments is
challenging mainly because neutrinos interact so weakly.
Moreover, neutrinos oscillate from production to detec-
tion so an independent measurement of the oscillation
parameters is, in practice, required to extract informa-
tion about the dense environment probed such as the
inside of the Sun.

Detecting a statistically useful number of neutrinos
requires very large detectors which typically come at
a cost of higher thresholds and poor energy resolution.
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Nonetheless, solar neutrinos have been measured across
a range of energies with < 10% precision [32—16]. We will
show how this data, along with future expected measure-
ments, can be used to probe the density of the Sun.

This process of extracting the density of the Sun from
solar neutrino data requires several interconnected com-
ponents. It leverages the fact that neutrino oscillations
depend on the density of the Sun and that these os-
cillation parameters are independently measured on the
Earth by KamLAND [17]. It also works because neu-
trinos from different nuclear processes in the Sun have
different spectra and are produced in different regions
of the Sun. This allows for a measurement of the den-
sity profile of the Sun, an idea that seems to have first
existed in 1997 in [18]. Some time later, in 2013, it was
pointed out that future improved solar neutrino measure-
ments could potentially constrain the density of the Sun
[19]. More recently, this concept has been investigated in
the context of developing an algorithm to extra informa-
tion about a supernova by demonstrating that consistent
results can be achieved with a subset of the solar data
[50, 51].

In section II we will provide the relevant background
on solar neutrino oscillations and physics, as well as the
role of the theory inputs. We will discuss the data inputs
in section Il and present our results in section V. We
interpret our results in section VI and conclude in section
VII

II. SOLAR NEUTRINO REVIEW

In this section we review the physics of solar neutri-
nos, reactor neutrinos which measure the same oscillation
parameters, and the theoretical prediction for the solar
neutrino flux.

A. Solar Neutrino Oscillations

Solar neutrinos are produced in association with an
electron. Due to the dense environment in the Sun and
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the Wolfenstein matter effect [52], these electron neutri-
nos may not be in a typical flavor eigenstate and, for high
enough energies, asymptotically approach very close to a
propagation eigenstate, vs.

Specifically, the evolution of solar neutrinos is de-
scribed by a Hamiltonian

1 0 a
H=os|U Am3, Ut + 0 :
Am3, 0
where E is the neutrino energy,

a=2vV2GrN,, (2)

is the strength of the matter potential, G is Fermi’s con-
stant, N, is the electron number density at the produc-

tion point, and U is the PMNS matrix [53, 54] typically
parameterized as
1 13 s13e” " C12 S12
U= C23  S23 1 —S$12 C12
—S$23 (23 —s13€™ €13

3)
where we use the usual notation s;; = sinf;; and ¢;; =
cos 0;; and where the three mass eigenstates are defined

as |Uet|* > |Ue2|? > |Ues|?, see e.g. [55, 56]. Then the
solar neutrino probability is
3
PQ = Ul |Ueil, (4)
i=1

where U is the matrix that diagonalizes the Hamilto-
nian (eq. 1) at the production point of the neutrinos
in the Sun. Eq. 4 leans on two key assumptions. The
first is that neutrinos decohere en route from the Sun to
the Earth. The distance from the Sun to the Earth is
long enough for the wave packets to have separated and
thus we have the incoherent sum of probabilities shown
in eq. The second is that neutrinos transition adi-
abatically from the core of the Sun to its surface [57],
a phenomenon known as the MSW (Mikheyev-Smirnov-
Wolfenstein) effect. The correction to this [58] is known
to be very small for realistic neutrino parameters.

While the full solution to diagonalizing the Hamilto-
nian involves solving a cubic equation which has a no-
toriously complicated solution [59], we can get a fairly
accurate picture of the physics in a two-flavor picture
enhanced by some three-flavor corrections:
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This resonant behavior was identified by Mikheyev and

Smirnov [57]. In the low- and high-energy limits we have
o)1= %sin2 2012 FE <1 MeV (6)
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FIG. 1. Electron neutrino survival probability as a function
of energy. The theory predictions are the solid lines plotted
with cutoffs around their relevant flux dominance due to the
different density associated with each neutrino source. The
current experimental measurements are shown along with the
expected improvements from DUNE.

The transition energy is given by the condition a,es ~
cos 2012 Am3, /c35.

We see that a measurement of the probability at low
energies and high energies measure different functional
forms of the same single parameter and thus one mea-
surement predicts the other under the assumption of the
standard three-flavor oscillation picture and a given SSM.
Thus solar neutrinos provide a valuable internal cross
check of the consistency of the neutrino oscillation pa-
rameters.

B. Long-baseline Reactor Neutrino Oscillations

The same parameters that govern solar neutrino os-
cillations, 12 and Am3,, can also be probed in reactor
experiments using a flux of 7, over long distances. At
leading order, such an experiment measures the proba-
bility

2

Preactor ~ 1 — sin? 265 sin® (%) . (7)
Thus at a given baseline by measuring the depth and
energy of the dip due to the first (highest energy) oscil-
lation minimum, 615 and Am3; can be determined in a
straightforward manner. We note, however, that long-
baseline reactor experiments cannot determine the sign
of Am3,'. Determining this sign requires the matter ef-

1 Alternatively, one can say that long-baseline reactor neutrino
experiments cannot determine the octant of 612. This choice
depends on how one defines the mass eigenstates; see the text
before eq.
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FIG. 2. The expected radial distribution of the production
point of neutrinos from different processes, each of which are
normalized to one, from [63].

fect which has a marginal impact on long-baseline reactor
neutrinos [60, 61], but it plays an important role on solar
neutrinos and is widely accepted to be positive. In this
paper we ignore any degenerate solutions involving the
other sign on Am3,.

C. Standard Solar Model

The SSM is a method of modeling the Sun’s inte-
rior based on theoretical calculations and simulations of
the dynamics of a spherically symmetric ball of gas con-
strained by various electromagnetic observations. Addi-
tionally, helioseismic data is used as well [62] and there is
generally modest agreement among different approaches,
although some minor tensions exist. Relevant for neu-
trinos, the SSM predicts the energy spectra of neutrinos
from various parts of the fusion chain and the radial dis-
tribution of where in the Sun these neutrinos are pro-
duced which are shown in fig. 2. We take both of those
as described by the theory. The SSM also predicts the
density profile of the Sun, expressed as the actual density
as a function of radius along with the chemical compo-
sition, or as the electron number density, which is the
quantity used in neutrino physics which is related to the
other parameters inside the Sun via the temperature and
pressure distributions. It is this density profile that we
treat as unpredicted and then extract from the neutrino
data.

For the neutrino fluxes and radial profiles, we use that
from [63]. In [64] it was noted that a common, although
somewhat outdated, simple means of estimating the elec-
tron density in the Sun is

N, - em?
logg (ij> - —4.58RL® +239,  (8)

where N4 is Avagadro’s number and Rg is the radius
of the Sun. This approximation is consistent with the-
oretical predictions for much of the Sun. Although it is
quite different from the full model prediction near the
Sun’s surface, neutrinos are not significantly produced
from this region. It also overestimates the density rela-
tive to the full prediction in the innermost region some-
what. Nonetheless, it provides an important benchmark
and a simple functional form to explore.

III. EXPERIMENTAL DATA

The complete set of existing solar neutrino measure-
ments and expected future measurements presented in
this section are shown in fig. | along with the best fit
probability for each separate neutrino flux calculated as-
suming the theoretically predicted density profile. We
note that, even though the density profile and oscillation
parameters are taken to be equal across the entire plot,
we see some nontrivial discontinuities, most notably be-
tween ®B and hep probabilities. This is due to the fact
that 8B neutrinos come from the innermost part of the
Sun where we expect the density is highest and the hep
neutrinos come from larger radii where we expect that
the density is lower. It is exactly this effect that we will
leverage to determine the density profile of the Sun. The
Super-Kamiokande (SK) and SNO measurements of the
8B flux are shown as bands as described by those exper-
iments.

A. °®B data

The most important data set for determining the elec-
tron density profile in the Sun comes from 8B data. These
neutrinos are high enough energy to be significantly mod-
ified by the presence of matter and they come from the
innermost region of the Sun. They are also the best mea-
sured part of the solar neutrino spectrum.

The most precise measurement comes from SK [10]
with an additional good measurement from SNO [/14].
Their results are presented as a constraint on a parame-
terized functional form of the probability and covariance
along with the overall 8B flux and the day-night mea-
surement. We do not include any information about the
day-night effect in our analysis. This is because nighttime
neutrinos provide information about the density profile
of the Earth. Nighttime neutrinos do provide some ad-
ditional information about Am3, and a little bit about
612 but, given that KamLAND measures Am3; well, we
do not include this information in our analysis.

We parameterize their results as shown in table | where
the uncertainties reproduce the full uncertainties includ-
ing both statistical and systematic uncertainties. We
have verified that this reproduces well the expected con-
straints on the standard oscillation parameters when the
electron density profile predicted by the SSM is used.



TABLE I. Our extracted results from SK and SNO data.

SK SNO
E [MeV] P.B E [MeV] P.B
7 |0.354 4+0.024 7 ]0.296 +0.044
9  0.332+0.023 9 0.31240.022
11 [0.3314+0.022|| 11 {0.320 £0.016
13 ]0.3494+0.039| 13 ]0.320 £ 0.029

We also use one data point from Borexino [65]

8B .
P, =0.37£0.08 Borexino, 9)

at an average energy I = 8.1 MeV.

B. The intermediate lines: "Be and pep

Two steps in the fusion process produce neutrinos with
energies that are lines: "Be at E = 0.862 MeV and pep at
E = 1.44 MeV. Borexino has also measured these fluxes
and finds

P Be = 0.534+0.05 Borexino, (10)
PP = 0.43+0.11 Borexino. (11)

While the precision of these measurements is not that
high, they do provide some information as the matter
effect begins to play a small role in neutrino oscillations
at £ ~ 1 MeV.

C. pp data

Detecting the low energy £ < 0.5 MeV pp neutrinos
is challenging. Nonetheless, SAGE, GALLEX, and GNO
have detected this flux by the use of gallium detectors
[66-70]. Borexino has also detected the pp flux [71]. All
together, we use two data points for pp neutrinos, one
combined from the gallium experiments and the other
from Borexino [65]:

gallium

- {0.5610.15 12)

« 0.57 +£0.09

Borexino

We take the measurements as at £ = 0.267 MeV, the
mean energy for Borexino’s pp measurement. As the
probability is expected to be quite flat in the region, we
expect no significant impact due to the slightly different
energies probed in each distinct kind of measurement of
this flux. The pp data has little impact on constraining
the density of the Sun directly, but does provide some in-
formation about 615 which affects the higher energy solar
neutrinos as well.

D. Future DUNE solar hep data

Future neutrino detectors are expected to improve
measurements of solar neutrino parameters.  While
Hyper-Kamiokande (HK) will have a significantly larger
volume than SK, as well as improved PMTs, the smaller
over burden weakens its sensitivity to solar neutrinos
[72, 73]. The biggest improvement in solar neutrino data
is expected to come from DUNE [74, 75]. We anticipate
that HK and JUNO will also add useful information on
solar neutrinos in the future and a combined analysis in-
cluding all future experiments will be valuable to best
determine the density profile of the Sun with neutrinos.
While a complete analysis from the experimental collabo-
ration does not yet exist, we follow the analysis from [7/]
which should be approximately correct depending on the
far detector details and total exposure.

DUNE is expected to be able to make an unprece-
dented measurement of B flux and the first measurement
of the hep flux. Specifically, we assume that DUNE mea-
sures the probability expected by the best fit to the solar
oscillation parameters and the SSM prediction for the
electron neutrino density with the quoted uncertainties
to find

PB=0340+0.010 DUNE sensitivity  (13)
PP = 0348+ 0.052  DUNE sensitivity ~ (14)

where we assign energies £ = 8.1 MeV and F = 15 MeV
for the 8B and hep fluxes, respectively. The exact preci-
sion and effective energies will depend on a more sophisti-
cated experimental treatment of the detector capabilities
and backgrounds than currently exists, but we do not
anticipate that it will significantly affect our sensitivity
study.

E. KamLAND and future JUNO data

The approach described in section to measure the
solar oscillation parameters using long-baseline reactor
neutrinos was used by KamLAND [17] and will be used
by JUNO in the coming years [76]. The current measure-
ment from KamLAND provides a measurement of Am3;
that is more precise than that extracted from all solar
data, but the value of 015 is less precise than that from
solar data.

As JUNO aims to not only measure these same solar
parameters with reactor neutrinos, but also measure the
higher order frequencies at good precision, their precision
on Am3; and 012 will be well below the percent level
and will easily be world leading both parameters in the
coming years. In fact, we have verified that it is not
necessary to minimize the y? over these parameter as
including the expected precision after six years of JUNO
does not change our numerical results.

To summarize our discussion of the data, we will con-
sider three classes of data sets.
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FIG. 3. Current measurements (left) and expected future constraints (right) of the Sun’s density using the binned model along
with the theory prediction from the SSM. The shaded bands represent the 1o uncertainties in each bin.

e Current: This contains all relevant existing data,
notably SK and SNO’s 8B data, all Borexino solar
neutrino data, and the various gallium experiments
measuring pp neutrinos. This also contains Kam-
LAND data which provides an independent con-
straint on the solar neutrino oscillation parameters.

e Current+JUNO: The above data sets plus im-
proved reactor measurements essentially fixing the
solar oscillation parameters.

e Current+JUNO+DUNE: The above data sets
plus the expected improvements from DUNE’s pre-
cise measurement of 8B neutrinos and their first
measurement of hep neutrinos.

IV. MODIFICATIONS TO THE SUN’S
DENSITY PROFILE

The current understanding of the Sun’s density profile
comes from the SSM, a theoretical spherically symmetric
model about the growth of stars fit to the current ex-
isting electromagnetic data. We consider two means of
quantifying the density profile in the Sun.

The first form of the density profile in the Sun that we
consider is a binned profile of constant density in each of
three bins. The bins are defined as,

0,0.05)  Bin1l
.
— €{[0.05,0.1) Bin?2. (15)
© {[0.1,05 Bin3

There is no significant neutrino production for radii RT_@ >
0.5. The bin selections here are motivated by the fact
that the 8B flux peaks at around RT—Q ~ 0.04 — 0.05 while

the pep and hep fluxes peak at higher radii. Above RT—Q ~

0.1 the ®B flux is quite small and only the harder to
measure fluxes are significantly contributing.

One potential issue with this binned approach is that,
in principle, at each boundary the neutrino oscillation
probability would experience a jump due to the sudden
sharp transition. We ignore this in our computations
as the data does not support the existence of such a
jump. The density profile can be thought to be contin-
uous by connecting sigmoid functions between the bins
which would easily smooth away any deviations from adi-

abaticity.
The second means of quantifying the density profile
in the Sun is a parametric fit in the form of eq. 8. We

recall that the density at the origin and the derivative
of the logarithm of the density are -4.58 and 2.39 in a
simple fit to the SSM [(4], although this does slightly
overestimate the density in innermost part of the Sun:
r/Ro S 0.05. We use this functional form and fit the two
parameters to the current neutrino data and expected
future sensitivities.

V. RESULTS

In order to constrain the density profile of the Sun,
we construct a 2 test statistic containing all the data
described above for different models of the Sun’s den-
sity. We fix the non-solar oscillation parameters to best
fit values [1]. The only non-solar parameter that plays
any appreciable role in solar neutrino oscillations is 613,
but as that is measured extremely well [77-79] by solar
standards, it is not necessary to consider it as a nuisance
parameter. We have validated that our implementation
of 8B data from SNO and SK reproduce the expected
constraints on the standard solar parameters well when
assuming the Sun’s density profile is as expected.

First, we consider the binned form. In this scenario,
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FIG. 4. The current measurements and expected future constraints in the binned model in the three different 2D projections
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as discussed above, the density is constant across three
bins: r/Rg € [0,0.05], r/Rs € [0.05,0.1], and r/Rg €
[0.1,0.5]. There is no significant flux of neutrinos ex-
pected from larger radii. Our results are shown in fig.
across three different epochs: 1) current data including
all solar data and KamLAND, 2) the addition of JUNO
which is expected to come online soon, and 3) the addi-
tion of DUNE as well which is expected to come online
after JUNO.

We see that current data has already measured the
density profile of the inner part of the Sun but in the
larger radii /Rg € [0.1,0.5] there is nearly no informa-
tion on the density of the Sun from oscillations. The
addition of JUNO data will provide some improvement
and the addition of DUNE solar data will significantly
improve the picture due to the measurement of hep neu-
trinos at high energy and at larger radii.

To better understand some of the more unusual aspects

of the fit, we also show the preferred regions projected
to two dimensions in fig. 4 highlighting the non-trivial
correlations among the different regions of the Sun. We
see that already with existing data there is a strong non-
linear correlation between the preferred densities in the
two inner regions.

Next we perform a fit to the functional form of the
density profile of the Sun varying the slope in log space
and the density at the center of the Sun. Our results are
shown in fig. 5. We note that this parameterized predic-
tion overestimates the density at small radii compared
to the SSM, so it should be considered as a benchmark
only. We also show the preferred ranges of the parame-
ters to the functional fit in fig. 6 along with the simple
prediction, where we notice that we find a closed region
with future JUNO and DUNE data, but not before then.
We also see that the somewhat unexpected case of an in-
creasing density profile will not be ruled out by neutrino
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data, something that can also be seen in fig.

VI. DISCUSSION

We see that while the improvements from additional
detector information shown in fig. 3, seems to be modest
in the binned density profile scenario, the 2D projection
in fig. 4 shows clearly that the new information does add
additional information about the inner two bins disfavor-
ing the scenarios where both bins are large.

The larger radii are only dominantly constrained with
the addition of DUNE data, driven primarily from the

hep measurement. The DUNE measurement significantly
increases the lower limit on the density in the larger ra-
dius bin, but does not significantly change the upper limit
from that without DUNE data. This is because at densi-
ties larger than log;o (N, - cm?/N4) ~ 3 neutrinos expe-
rience the next higher resonance due to the atmospheric
mass splitting. Thus the upper limit is not significantly
affected by the new DUNE hep data but rather is ulti-
mately constrained by the non-solar oscillation parame-
ters and the fact that all the solar neutrino measurements
are generally consistent with the regular single resonance
picture.

We also see that there are degenerate solutions with
the addition of the JUNO data. In reality, the degen-
erate solutions are always present for all data sets, but
they are very close to the given x? threshold. Thus, the
degenerate solution can be seen as a result of an increase
in the minimum x? as the solar and reactor data slightly
disagree, mainly in Am3,. However, this increase in the
minimum y? does not affect the degenerate solutions.

While we have chosen to fix some of the properties of
the Sun to the SSM and let the electron number density
vary, we could have asked different but related questions
about the nature of the interior of the Sun. For example,
we could have instead assumed the theory prediction for
the density profile, but considered different radial distri-
butions of the production regions for each components
of the Sun. We could have also considered new physics
scenarios that would affect the solar neutrino production
in various non-trivial ways, see e.g. [80, 81] for some ex-
amples. Finally, we could also consider other exotic sce-
narios where dark matter could be captured in the Sun
and contribute to the neutrino potential modifying solar
neutrino propagation, possibly in an energy dependent
way.



VII. CONCLUSIONS

The interior of the Sun is not possible to directly probe
with photons or charged particles. The fusion chain that
powers the Sun produces neutrinos of different energy
spectra and at different radii inside the Sun. This alone,
however, is not enough to directly probe the density of
the Sun with neutrinos. Since neutrinos change flavor
during propagation and that process depends on the lo-
cal density through the MSW effect, by measuring the
flux of v, at the Earth compared to the unoscillated pre-
dicted flux (which does not depend on the density of the
Sun), it is possible to determine the strength of the mat-
ter potential where the neutrinos were produced and thus
the density in that region. This also requires, in practice,
an independent measurement of the neutrino oscillation
parameters which is provided by reactor neutrino exper-
iments.

The constraints are driven by neutrino fluxes with en-
ergies near or above the transition region and those pro-
duced at different radii. For this reason 8B neutrinos play
an important role, as do the largely unmeasured hep neu-
trinos. Measuring each of those processes separately are
important as they are both high enough energy to be
significantly affected by the matter effect (unlike e.g. pp
neutrinos) but come from quite different regions in the
Sun.

Solar neutrino experiments have made good measure-
ments of several different fluxes at the < 10% level span-
ning pp, pep, "Be, and 8B processes. The oscillation pa-
rameters have been independently measured with reac-
tor neutrinos by KamLAND. In the future we can expect
that JUNO will dramatically improve the reactor mea-
surement to be essentially perfect on the level of precision
of current and future measurements of solar neutrinos.
Beyond JUNO, we will also get significantly improved
measurements of solar neutrinos from DUNE, notably
an improved ®B measurement and likely the first highly
significant hep measurement.

We have shown that the existing data alone already
provides some constraints on the density profile of the
Sun, that it is consistent with the theoretical prediction
of the SSM, and that future data from JUNO and DUNE
will further improve this.
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