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Probing the Sun’s inner core using solar neutrinos: A new diagnostic method
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The electronic density in the Sun’s inner core is inferred from the ®B, Be and pep neutrino flux
measurements of the Super-Kamiokande, SNO and Borexino experiments. We have developed a new
method in which we use the KamLAND detector determinations of the neutrino fundamental oscillation
parameters: the mass difference and the vacuum oscillation angle. Our results suggest that the solar
electronic density in the Sun’s inner core (for a radius smaller than 10% of the solar radius) is well above
the current prediction of the standard solar model, and by as much as 25%. A potential confirmation of
these preliminary findings can be achieved when neutrino detectors are able to reduce the error of the
electron-neutrino survival probability by a factor of 15.
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I. INTRODUCTION

Traveling close to the speed of light and with a very
large mean free path, solar neutrinos provide a unique and
powerful tool to study the properties of the plasma in the
Sun’s core. During the last two decades, the increase in the
number of neutrino detectors, accompanied by a significant
improvement in the accuracy of the measurements, has led
to major progress in the research field of neutrino physics.

Among many breakthroughs in solar neutrino physics,
two are particularly worth mentioning due to their
relevance for this work. In 2001, the Sudbury Neutrino
Observatory (SNO) experiment [1], following in the foot-
steps of previous neutrino experiments (e.g., Ref. [2]),
definitely confirmed the neutrino flavor oscillations in
vacuum and matter. This theoretical model was first sug-
gested by Pontecorvo [3] to explain oscillations in vacuum,
and later extended by Wolfenstein [4], Mikheyev and
Smirnov [5] to include the oscillations of neutrinos in
matter. This is the reason why this last oscillation mecha-
nism is also called the Mikheyev-Smirnov-Wolfenstein
(MSW) effect.

In the following year, another important discovery oc-
curred: the Kamiokande Liquid scintillator Anti-Neutrino
Detector (KamLAND) [6] measured the flux of antineu-
trinos from distant reactors, confirming the oscillation
nature of neutrinos. Furthermore, KamLAND found that
a unique combination of oscillation parameters could
explain the neutrino oscillations data, the so-called large
mixing angle solution. More significantly, for the first
time it was possible to measure the parameters related
with the flavor oscillations of neutrinos in vacuum from a
source of neutrinos that is not the Sun. The three-flavor
neutrino oscillations based only on KamLAND data
analysis [7,8] give Am}, =7.49 £ 0.20 X 1075 eV?
and tan?6,, = 0.436 = 0.102. The two-flavor neutrino
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oscillations data analysis (6,3 = 0) gives identical results,
but the value of tan26,, increases by 11%.

Once the fundamental parameters of neutrino flavor
oscillations are determined independently of the neutrinos
coming from the Sun (at least in the case of the KamLAND
experiment), it is reasonable to use, or at least to discuss the
possibility of using, solar neutrino flux measurements to
probe the Sun’s interior. Although our understanding of
the basic physical mechanisms occurring inside the Sun is
quite robust, there is still a certain number of unknown
processes in the solar core that neutrinos could help to
resolve (see Ref. [9] and references therein). Furthermore,
if we wish to use the Sun as a cosmological tool (e.g.,
Refs. [10-16]) in an identical manner to how neutron stars
(e.g., Refs. [17-21]) are used to constrain the dark matter
particle properties, then this will only be possible if we
have reliable methods to diagnose the solar core.

Most of the progress achieved in describing accurately
the physical processes occurring in the Sun’s interior is
owed to helioseismology (e.g., Ref. [2]): the present seis-
mic data allows the determination of the sound speed and
radial density profiles to be obtained with high accuracy
between the solar surface and the first layers of the nuclear
region [22,23]. Comparing the present Sun’s structure as
predicted by the standard solar model (SSM) with the
helioseismological data, the sound-speed difference is at
most of the order of 2% (mainly in the radiative region),
and the density difference is of the order of 10% (in the
convective zone). The origin of the sound-speed difference
is unknown, probably related to some physical mecha-
nisms occurring during the evolution of the star [9], but
the density difference has been linked to a poor description
of the solar convection [24,25].

In the last few years, several theoretical models have
been put forward to explain this discrepancy between
theory and helioseismological data. Most of these pro-
posals are able to reduce the sound-speed difference.
Among the various proposals, we choose to mention three
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of them, which are also validated by stellar observations.
This is the case with solar models with no standard
pre-main-sequence evolution, like solar evolution models
that take into account the temporal evolution of the solar
internal rotation [26], and solar models for which during a
certain period of their pre-main-sequence evolution, the
star has its mass changed by a mechanism of mass loss
or accretion [27,28].

Another physical process that has been recently consid-
ered important for Sun-like stars with planetary systems is
the possibility that the star during its formation, or even in
its pre-main-sequence phase, could have its internal met-
allicity increased due to the migration of heavy nuclei from
the planetary disk towards the core of the protostar [29].
This scenario has been suggested by recent high-precision
spectroscopic observations of solar twins with and without
planetary systems [30,31]. In particular, it was found that
the former group of stars presents a larger amount of metals
in the surface than the latter group. Up to now, how exactly
this mechanism operates is still unknown, but it has been
shown to be linked to the formation of Earth-like planets. If
this process occurs, this could increase significantly the
abundances of elements such as carbon, nitrogen and oxy-
gen, increasing the overall metallicity of the stellar interior.
Therefore, the amount of heavy elements like carbon,
nitrogen and oxygen in the Sun’s interior can be well above
the values presently measured in the solar photosphere
[32]. The observations suggest that stars like the Sun could
have a 30% excess of metals in their radiative interior when
compared with current values predicted by the standard
solar model [2,9]. Furthermore, the sound-speed difference
is reduced to a value qualitatively close to the sound-speed
difference obtained with the previous metal abundance
measurements [33]. This issue is particularly relevant for
the neutrinos produced in the nuclear reactions of the
carbon-nitrogen-oxygen (CNO) cycle. If the excess in
abundances occurs for carbon, nitrogen and oxygen ele-
ments, the neutrino fluxes produced in the CNO cycle will
be well above the values predicted by the standard solar
model [29].

As shown, several physical mechanisms are concurrent
with each other towards reducing the sound-speed
difference in the solar interior, but the current solar data
(including helioseismology data) do not allow us un-
equivocally to determine which are the best proposals. A
strategy going forward to resolve this issue is to investigate
new techniques to diagnose the plasma of the solar interior,
including the solar inner core. In particular, this would be
done by constraining quantities other than the sound-speed
profile, such as the electronic density or the plasma density.

Presently, due to the low amount of low-degree acoustic
modes, there is still a large uncertainty in the inversion of
the sound-speed profile in the solar inner core, and con-
sequently, the seismic diagnostic of this region is quite
inaccurate. Even if it is possible to have some information

PHYSICAL REVIEW D 88, 045006 (2013)

about the sound speed in this region, our knowledge about
the local density is much more uncertain. Naturally, the
most reliable hope to probe the density in the Sun’s core is
to use gravity modes, although their existence must still be
confirmed [34]. The solar neutrinos are a natural alternative
for diagnosing the solar interior, provided that the precision
in the measurement of neutrino fluxes is obtained with the
required accuracy. If this experimental goal is succeeded, it
will provide a major contribution to resolving this problem.

A first attempt to obtain the electronic density in the
Sun’s interior was made by Balantekin et al. [35]. In their
work, the authors computed the electronic density as an
expansion in powers of the local density plasma, under
the hypothesis that neutrino oscillations occur with a
small-angle MSW solution. The result obtained allows a
relatively good analytical representation of the electronic
density in most of the radiative region. The method
becomes imprecise only in the core of the Sun below
20% of the solar radius.

Finally, it is worth mentioning that there is still some
uncertainty on the basic parameters of neutrino oscilla-
tions, which in turn can introduce some uncertainty in
the total fluxes of neutrinos of different flavors. However,
as was pointed out by Bhat et al. [36], this effect is much
smaller than the MSW effect discussed in this work. In
particular, Balantekin and Malkus [37] have studied the
impact of the third neutrino oscillation mixing angle in
vacuum on the neutrino flavor oscillations related with
matter, and have found that the impact was negligible. A
review of the properties of the propagation of neutrinos
in matter can be found in Balantekin [38].

In this paper, we focus on the inner nuclear region of the
Sun (r = 0.1Ry), and we will present and discuss a new
diagnostic method that constrains the electronic density
that comes from current neutrino flux measurements in this
region. The method is based in determining the electronic
density in the Sun’s inner core, as a linear correction to the
present values of solar neutrino fluxes obtained for the
present standard solar model. What makes this new diag-
nostic particularly appealing is the possibility of constrain-
ing the electronic density at a distance of 5% from the
center of the Sun, a very central region which is very
difficult to probe by any other methods.

II. THE SOLAR NEUTRINO ENERGY SPECTRUM

Neutrinos are produced in the Sun’s interior through
several reactions of the nuclear network, usually known
as proton-proton (PP) chains and the carbon-nitrogen-
oxygen (CNO) cycle. Figure 1 shows the neutrino spectra
of our standard solar model [39], computed with an
updated version of the stellar evolution code CESAM [40].
This version of CESAM has an up-to-date and very refined
microscopic physics (equation of state, opacities, nuclear
reaction rates, and an accurate treatment of the micro-
scopic diffusion of heavy elements), including the solar
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FIG. 1 (color online). The solar neutrino energy spectrum
predicted by our standard solar model. The solid curves corre-
spond to the total (electron-flavor) neutrino fluxes produced in
the various nuclear reactions of the proton-proton chains and
carbon-nitrogen-oxygen cycle. The dashed curves correspond to
electron-neutrino fluxes of the various nuclear reactions after
neutrino flavor conversion. The color curves define the following
neutrino sources from the proton-proton chain reactions: *B
(blue curve), "Be (two red-yellow lines), pep (yellow-red line),
hep (yellow curve) and pp (black curve); and the following
neutrino sources from the carbon-nitrogen-oxygen cycle: N
(green curve), 'O (magenta curve) and "F (cyan curve).
The neutrino fluxes from continuum nuclear sources are given
in units of cm~2s~! Mev~!. The line neutrino fluxes are given
inecm 2571,

mixture of Asplund et al. [32] and nuclear reaction rates
from the NACRE Compilation [41,42]. The solar models
are calibrated to the present solar radius R, = 6.9599 X
10'° ¢cm, luminosity Lo = 3.846 X 103 ergs™!, mass
My=1.989%10% g, and age t, = 4.54 + 0.04 Gyr (e.g.,
Ref. [2]). The models are required to have a fixed value of
the photospheric ratio of metal abundance over hydrogen
abundance in agreement with the used solar mixture. The
total neutrino fluxes (on Earth) predicted by this model
are the following: ¢(pep) = 1.4 X 108, ¢p("Be) = 4.7 X
10%, ¢(®B) = 5.3 X 10°, ¢p(*N) = 5.3 X 103, ¢(1°0) =
4.5 X 108, ¢('"F) = 5.0 X 10° and ¢(pp) = 5.9 X 10'°,
in units of cm 2 s~ !, This solar model is in agreement with
the most current helioseismology data and is identical to
others published in the literature (e.g., Refs. [26-28,43]).
The neutrino fluxes of 3B, "Be and pep are in agreement
with the current solar neutrino experiments. The new
NACRE table [41] presents a set of S factors slightly
different from previous ones [42], but with a smaller error
bar. Therefore, the 8B, 7Be and pep total neutrino fluxes are
almost the same as those found based on previous predic-
tions; the differences are mainly due to the change in the S
factors of a few nuclear reactions like 3He(*He, 2p)*He
and "Be(p, v)®B. Nevertheless, the standard solar model
computed with this new set of laboratory cross-section

PHYSICAL REVIEW D 88, 045006 (2013)

measurements [41] predicts solar neutrino fluxes in excel-
lent agreement with experimental data [44]. Moreover,
the impact of this update of the NACRE table on the
Sun’s core electronic density is negligible, because the
ratios of neutrino flavor fluxes are almost independent of
the total neutrino flux for each neutrino source.

Figure 2 shows the different neutrino emission sources
inside the Sun. The nuclear reactions are ordered inside the
Sun according to the temperature required for the fusion
reaction between reacting nuclei to occur. Naturally, the
nuclear reactions between heavy nuclei are located nearer
the center than reactions between lighter nuclei. In Fig. 2,
we show the electron-neutrino source function ®(r) related
to the electron neutrinos produced in the PP chain
(pp, pep, 8B and "Be) and CNO cycle (’N, 150, "F)
nuclear reactions.

The neutrino sources produced by the nuclear reactions
of the PP chain are located between the center and 30% of
the solar radius. The pp neutrino source extends from the
center up to 30% of the solar radius with its maximum
located at 10% of the solar radius. The other PP chain
neutrino sources are pep, 'Be and ®B and have emission
shells with widths of 22%, 18% and 10%, respectively, and
maximums occurring at 8.6%, 5.8% and 4.5% of the solar
radius, respectively. In particular, it is worth noticing that
the pp and pep nuclear reactions are strongly dependent on
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FIG. 2 (color online). The electron-neutrino fluxes produced in
the various nuclear reactions. The ®(r) for which neutrino fluxes
have been measured experimentally (3B, "Be and pep) are
indicated with a shaded area. If the central temperature of the
standard solar model changes by +2.5% (—4%) and density
changes accordingly (+ 7.4% and —12.7%) to keep the ener-
getic balance, the neutrino fluxes change by +70% (— 60%) for
8B, by 30% (—38%) for the "Be neutrino emission lines, and by
13% (—20%) for the pep emission line. The function ®(r) for
these two cases is indicated by dashed curves. The color scheme
is the same as for Fig. 1. In particular, "Be (two red-yellow lines)
and pep (yellow-red line) in Fig. 1 correspond to this figure’s red
and yellow shaded areas, respectively.
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the total luminosity of the star. Similarly, the neutrino
sources related with the CNO cycle of nuclear reactions
(cf. Fig. 2), 50, '"F and "*N neutrinos, occur in emission
shells with a width of 16% of the solar radius. The maxi-
mum neutrino production of these sources occurs at 5% of
the solar radius. >N neutrinos have a second emission shell
located between 12% and 25% of the Sun’s radius, with its
maximum occurring at 16% of the solar radius.

It is important to note that an increase or decrease of the
temperature in the core of the Sun (caused by the presence
of some known or unknown physical process) does not
change much the location of the neutrino emission region
®(r), even if the total neutrino fluxes change significantly
(cf. Fig. 2). This is due to the strong dependence of
neutrino nuclear reactions on the temperature.

In the case of solar models for which the central tem-
perature is changed by a few percent, the neutrino emission
regions (i.e., the ®B,”Be and pep neutrino emission regions
among others) does not change much, although the total
neutrino fluxes are strongly affected. The position of the
maximum of ®(r) of the different neutrino sources
changes by less than 1%.

III. NEUTRINO FLAVOR OSCILLATIONS

The theory of neutrino flavor oscillations (i.e., Ref. [45])
describes the propagation of neutrinos in space [3] and the
interaction of neutrinos with matter [4,5]. Yuksel [46]
showed that the survival probability of solar neutrinos
calculated in a model with two-flavor neutrino oscillations
or three-flavor neutrino oscillations have very close values.

In the Sun, the electron-neutrino survival or appearance
probabilities depend only on three fundamental oscillation
parameters: the mass difference Am,, and the angles 6,,
and 6,5. In the absence of the MSW effect caused by the
Earth’s globe, the survival probability during the day of a
three-flavor neutrino oscillation can be reduced to a modi-
fied two-flavor neutrino oscillation model that is accurately
described as

P, (E, r) =cos*03P,, (E, r) +sin*05, (1)

where E, is the energy of the neutrino and P,, (E,, r) is the

probability in the case of a two-flavor oscillation model
(e.g., Refs. [7,45,47]). Py, (E,, r) is given by

Py, (E, 1) = % + % cos (265;) cos (26,,), 2)
where 6, is the mixing angle at the production source
inside the Sun. In the derivation of this formula it was
assumed that the first-order correction to the propagation
of neutrinos in matter is valid once the adiabatic condition
is verified in the radiative region of the solar interior
[47,48]. The phase 6,, is the most important term in this
analysis, since it depends on the electron density of the
Sun’s core. The mixing angle 6,, is given by
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sin (2012)

sin (26,,) = ,
J(V, —cos(26,))* + sin2(26,,)

3)

where V,,, is a function of solar radius. The values of Am?,
and #,; can be solely determined from neutrino experi-
ments (not using the neutrinos coming from the Sun), such
as the KamLAND reactor experiment [6]. V,, is a function
of solar plasma density, given by

Vu(E,, 1) = 242G n,(rE,cos2(613)/Amyy,  (4)

where G/ is the Fermi constant and n,(r) is the electron
density of plasma. The electron density n,(r) =
N,p(r)/ m.(r), where w,(r) is the mean molecular weight
per electron, p(r) is the density of matter in the solar
interior, and N, is Avogadro’s number.

The radial neutrino emission profile of electron neutri-
nos is specific for each nuclear reaction (cf. Fig. 2). It
follows that the average survival probability of electron
neutrinos for each of the emission neutrino sources,
(P, (E,)), is given by

(P, (E,) — A" [ P, (E, N®(Ddmp(r)ridr, (5)

where A = [ ®(r)4mp(r)r’dr is a normalization constant.
In the following, (- - -) defines the ®(r) weight average of a
certain quantity, as defined in the previous equation.

The electron-neutrino survival probability functions
(P, (E,)) for different nuclear reactions are shown in
Fig. 3. The survival probabilities of electron neutrinos
were computed by using the fundamental parameters of
solar neutrino oscillations in vacuum—namely Am;, and
61,, as determined by the KamLAND experiment [7].
Although the contribution related to 63 is minor, we
take its contribution into account by choosing 63 =
9deg, a value that is in agreement with current experimen-
tal measurements, 8.96°2% deg [49] and 9.06733% deg
[50]. Furthermore, Balantekin and Malkus [37] have
shown that the electron-neutrino survival probability func-
tions are not very sensitive to the mixing 6,3 for the
neutrino energy range where the MSW effect is dominant,
at least in the energy range where the neutrino flux mea-
surements are taken.

Since electron neutrinos are produced in nuclear reac-
tions located at different distances from the center, there is
a clear differentiation between the different survival proba-
bility curves (cf. Fig. 3). Nevertheless, for neutrinos with
low or high energy, these curves become indistinguishable,
as low-energy neutrinos are affected only by vacuum
fluctuations, and high-energy neutrinos are affected by a
cumulative effect of vacuum oscillations and matter oscil-
lations. It is worth noticing that the possibility of observing
the MSW effect on solar neutrinos is limited, as the neu-
trino flavor oscillations induced by matter depend on the
neutrino emission spectrum (cf. Fig. 1) and on the location
of the neutrino source in the Sun’s core (cf. Fig. 2).
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FIG. 3 (color online). The survival probability of electron-
neutrinos in function of the neutrino energy. The reference curve
(red dashed curve) defines the survival probability of electron-
neutrinos in the centre of the Sun. The colored parts of the curves
indicate the energy range of neutrinos produced in the Sun’s core
for each nuclear reaction (cf. Fig. 1).

The parts of the survival probability of electron neutrinos
that can be measured by solar neutrino experiments are
shown in Fig. 3. In particular, we notice that the °B
neutrino flavor oscillation is strongly dependent on the
MSW effect, specially for neutrinos with a higher energy.
However, the ’Be neutrino flux is much less dependent on
the MSW effect, particularly the "Be neutrino flux corre-
sponding to the line of lower energy. Similarly, the pep
neutrino flux is also weakly dependent on the MSW effect.
Accordingly, the constraint obtained in the electronic den-
sity from the B neutrino flux measurement is much more
reliable than the constraint obtained from ’Be and pep
neutrino flux measurements (cf. Fig. 3). Furthermore, it
is worth noticing a second-order effect. The conversion of
electron neutrinos due to matter oscillations depends on the
local electron density n,(r): a decrease of the central
density of n,(r = 0) moves all the (P, (E,)) of different
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FIG. 4 (color online). The core of the Sun: the radial profile of
electronic density (black continuous curve). The points shown
correspond to the values of the electronic density inverted, n,(7),
for the values of 7, 0.045R,, 0.058R, and 0.086R, computed
from the survival probability of electron neutrinos for 3B, "Be
and pep neutrino fluxes (see Table I). (a) 3Be neutrino flux:
Averaged P,,(l(sB) (red sphere), P,,(J(SB) = 0.32 = 0.05 (SNO,
blue sphere), P,, (®B) = 0.32 = 0.12 (Borexino, green square).
(b) "Be and pep neutrino fluxes (Boroxino experiment): (i) The
P, (pep) = 0.62 = 0.17 (yellow square) [53]. (ii) The
P, ('Be) = 0.5270%7 (red square) and P, ("Be) = 0.56701
(cyan square) [51,52]. The electronic densities inverted from
the ®B (red circle) and pep (yellow square) neutrino fluxes were
computed assuming that the current vertical errors of P, (®B)
and P, (pep) were reduced by a factor of 15. In the case of the
"Be (red square) neutrino flux, this was computed using the real
vertical error bar—the thicker bar here corresponds to a reduc-
tion of the current error by a factor of 5.

neutrino sources to the right, and a rapid variation of n,(r)
(possibly caused by a rapid variation of density) with the
radius increases the distance between the consecutive
(P, (E,)) curves (cf. Fig. 3).

Once the fundamental parameters of solar neutrino
oscillations in vacuum are known and determined indepen-
dently from solar neutrino fluxes, in principle, the proba-
bility of survival of electron-flavor solar neutrinos can be
used to infer the radial electronic density profile in differ-
ent locations of the solar core. By perturbation analysis of
Egs. (1)—(5), the value of the electronic n is determined for
each value of the survival probability of electron neutrinos
obtained from the experimental neutrino data [39]. The
procedure is as follows: for neutrinos of a given energy E,,,
the electronic density correction An is computed from the
standard solar model electronic density n, as An/n, =
B,AP/P,, with AP = P — P,, where P, and P are the
survival probabilities of electron neutrinos obtained from
the standard solar model and experimental data. 3, is a
coefficient computed from the standard solar model data.
It follows that the new value of electronic density, 7,, is
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obtained as 71, = n, + An. Figure 4 shows the inverted
electronic density values obtained from the survival proba-
bility of electron neutrinos computed from experimental
data.

IV. SOLAR NEUTRINO FLUXES

Usually, the fluxes of the different neutrino flavors are
represented by ®, for the total neutrino flux, ®, for the
electron-neutrino flux, and (I)w for the nonelectron flavor
component of neutrinos, corresponding to the experimen-
tally indistinguishable flavors of 7 and w neutrinos [45].
It follows that &, = ®, + ®_,. Such quantities are com-
puted from the measured neutrino fluxes that result from
the interaction of neutrinos with the detector, which occur
through three different interaction processes. As for the
charged-current reaction (CC) of neutrinos with a deute-
rium nucleus and the elastic scattering (ES) of neutrinos off
electrons, both processes are observed through the detec-
tion of the Cherenkov light produced by electrons in the
heavy water. A third process known as neutral-current
(NC) reaction is observed via the detection of neutrons.
Conveniently, such neutrino fluxes are called ®cc, Pgg
and ®yc. D, is determined as @, = Dy, once the neutral-
curent reaction is sensitive to all flavors of neutrinos. The
flux of electron-neutrinos is measured by the charged-
current reaction @, = P, or alternatively it can be mea-
sured by the neutrino-electron scattering (ES), for which
@, is computed as , = 1.2PDgg — 0.20D .

Among current solar neutrino experiments, the measure-
ments of 8B neutrino flavors are the most compelling
because for 8B neutrinos, unlike in the case of "Be and
pep neutrinos [51-53], the measurements allow the com-
putation of @, and ®, for different and independent solar
experiments. Furthermore, ®B neutrino flux is much more
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sensitive to the density stratification of the solar core—i.e.,
the neutrino flavor oscillation induced by the MSW
effect—than other sources of neutrino fluxes such as 'Be
and pep neutrinos. This allows us to make an estimation of
the survival probability of electron-neutrino flavors inde-
pendent of solar models and neutrino oscillation models
(see Table I). @,(®B) is estimated by the Sudbury Neutrino
Observatory (SNO phase III) experiment [54] from
®\c(®B), a value 7% larger than the previous SNO mea-
surement [58]. The SNO Collaboration have performed
another measurement [59] of ®yc(®B) by enhancing the
sensitivity of heavy water to neutral current interaction
(Enhanced NC).

In Table I we show the electron-neutrino flux ®,(®B)
estimated from the SNO, Super-Kamiokande and Borexino
measurements [55-57]. Although the errors in most of the
neutrino-measured fluxes are still quite significant, it is
encouraging to observe that the different experiments
lead to quite identical values of ®,(®B). The ®gs(®B)
computed in the case of SNO phase III predicts a value
4% lower that in the case of SNO enhanced NC. The
survival probability of electron neutrinos P, (®B) was
computed as the ratio ®,(3B)/®,(®B) [60]. The error is
obtained by adding up the errors quadratically. The values
of P, (®B) are quite similar for all experiments with a
difference smaller than 17% (cf. Table I). In particular,
the value of the Borexino data (SNO phase III), P, (®B) =
0.32 £ 0.12, is 9% higher than the estimation made by the
Borexino Team [56], which obtained a value P, (*B) =
0.29 = 0.1 at the mean energy of 8.9 MeV. The averaged
value of all the experiments, P, (®B), is estimated to be
0.32 = 0.20. Figure 4 shows the inverted electronic density
fi,(= n,(7)) at different locations of the solar radius, com-
puted as described in the previous section. The theoretical

TABLE 1. ®B neutrino fluxes and electron-neutrino survival probabilities.
Experiment [®nc] 10° ecm 257! de or Pgg 106 cm™2s™! @, 10° cm 257! P,
SNO (Phase III)

5.54 £ 0.69

SNO (Phase II)* CC: 1.67 £0.12 1.67 = 0.12 0.30 = 0.04
SNO (Phase II)° CC: 1.76 £ 0.14 1.76 = 0.14 0.32 = 0.05
Borexino® ES:24*0.5 1.77 = 0.62 0.32 +0.12
SK (Phase III) ES: 2.32 = 0.09 1.67 = 0.18 0.30 = 0.05
SNO (Enhanced NC)

5.21 = 0.65

SNO (Phase III) CC: 1.67 £0.12 1.67 £0.12 0.32 = 0.05
SNO (Phase 1I) CC: 1.76 £0.14 1.76 = 0.14 0.34 = 0.05
Borexino ES:24=*0.5 1.84 = 0.61 0.35+0.13
SK (Phase III) ES: 2.32 = 0.09 1.74 = 0.17 0.33 = 0.05
Mean value e s 0.32 = 0.20

dAharmim et al. [54].
®Aharmim et al. [55].
“Bellini et al. [56].
dAbe er al. [57].
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value P, was estimated for neutrinos with energy above
5 MeV in the case of ®B neutrinos, and for the values of
0.862 and 1.44 MeV for "Be and pep neutrinos. In Fig. 4,
for reasons of clarity, the error bars are shown only in three
cases. In all these data points, the length of the horizontal
error bar of each inverted data point 71, (of a specific 7)
defines the radial interval where 68.2% (equivalent to
one o, in a normal distribution) of the neutrino flux is
produced.

The mean value of P, (®B) and most of the individual
values suggest that the electronic density in the core of the
Sun is at least 25% higher than in the current solar model
(cf. Table I and Fig. 4). The high value of P, (pep)
obtained by the Borexino Team reinforces the high value
of n,(r) in the core. Although the present value of P, ("Be)
is in agreement with the standard solar model, the previous
determination P, ("Be) also suggests a high value of n,(r)
in the core. Nevertheless, it should be noticed that both
electronic density values obtained from pep and "Be
survival electron-neutrino probabilities depend on the solar
model (contrarily to 8B), and therefore have a limited
diagnostic capability.

A potential confirmation of our findings can be achieved
as the experimental error in the neutrino measurements
decreases and levels of accuracy significantly increase.
As per Fig. 4, a clear insight will be possible if the error
in the determination of the electron-neutrino survival
probability obtained from the present measurements can
be reduced by a factor of 15.

V. SUMMARY AND CONCLUSION

We show that if the fundamental parameters of neutrino
oscillations are determined from Earth’s neutrino detector
flux measurements, as per the KamLAND experiment,
then the solar neutrino fluxes can be used to invert
the electronic density in the Sun’s inner core. In this
work we have developed a new method to infer the
electronic density based in this principle. The method

PHYSICAL REVIEW D 88, 045006 (2013)

consists in determining the real electronic density of the
solar core (in function of the radius) as a small correction
to the electronic density predicted by the standard solar
model.

All the observed neutrino fluxes, i.e., the 8B, "Be and
pep neutrino fluxes, have neutrino emission sources
located within 10% of the solar radius. Although the
accuracy of the current neutrino flux measurements is
low, we have found that a significant improvement in the
accuracy of these measurements will allow the determina-
tion of the electronic density in the Sun’s inner core with an
error smaller than a few percent. In particular, the reduc-
tion of the error bar of the "Be electron-neutrino survival
probability by a factor of 5 allows the determination of the
electronic density with an error of 3% (cf. Fig. 4). The
measurements of hep, 3N, O and '"F neutrino fluxes
will also contribute significantly to improve the quality of
inversion of the electronic density in the Sun’s core. In
particular, ®B and hep high-energy neutrino fluxes are very
sensitive to matter oscillations (cf. Fig. 3). Therefore,
accurate measurements of these neutrino fluxes will also
put stringent constraints on the electronic density in the
Sun’s core.

This diagnostic of the electronic density of the Sun’s
inner core combined with the accurate determination of the
abundances of heavy elements such as carbon, nitrogen
and oxygen from the neutrino fluxes produced in the CNO
cycle provides presently the best way to probe the physics
of the Sun’s inner core. This possibility will become fea-
sible with the upgrade of experiments such as Borexino and
the Sudbury Neutrino Observatory (SNO +) [61], as well
as the new solar neutrino detector Low Energy Neutrino
Astrophysics (LENA) [62].
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