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Abstract We predict the sterile neutrino spectrum of some
of the key solar nuclear reactions and discuss the possibil-
ity of these being observed by the next generation of solar
neutrino experiments. By using an up-to-date standard solar
model with good agreement with current helioseismology
and solar neutrino flux data sets, we found that from solar
neutrino fluxes arriving on Earth only 3—4% correspond to
the sterile neutrino. The most intense solar sources of sterile
neutrinos are the pp and 7 Be nuclear reactions with a total
flux of 2.2 x 10° and 1.8 x 103 cm?s~!, followed by the > N
and 1 O nuclear reactions with a total flux of 1.9 x 107 and
1.7 x 107 cm2s™ L, Moreover, we compute the sterile neu-
trino spectra of the nuclear proton—proton nuclear reactions
— pp, hep and 8B and the carbon—nitrogen—oxygen — 3N,
150 and ' F and the spectral lines of ’ Be.

1 Introduction

The standard neutrino flavour oscillation model with only
three neutrinos has been very successful in explaining most
of observational properties of neutrino fluxes. Nevertheless,
the significant improvement on the experimental methods of
neutrino detection during the past 15 years has revealed the
existence of disagreement between the standard model of
neutrino oscillations and experimental data. These discrep-
ancies usually are referred to as neutrino anomalies. They
have been reported in a number of different type of experi-
ments: the Liquid Scintillator Neutrino Detector (LSND [2]),
the Booster Neutrino Experiment, (MiniBooNE (first phase
of BooNE) [3,4]), reactor experiments [39] and the gallium
experiments [20]. Several generalisations of the standard
neutrino flavour oscillation model have been proposed in the
literature to explain these neutrino anomalies (e.g., [19,36]).
Among other solutions the most successful one is the predic-
tion of the existence of a new type of neutrinos [38], known
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as sterile neutrinos. However, this experimental hint, which
can be explained by the existence of sterile neutrinos, has
been challenged by more recent measurements made by the
NEOS Experiment [33], the Super-Kamiokande detector [1]
and the IceCube Collaboration [24]. Although the parameter
space that allows the sterile neutrinos to explain the neutrino
anomalies has been significantly reduced, their existence can
still be accommodated within the current set of observations.

Sterile neutrinos are very well-motivated elementary par-
ticles and can be obtained from a trivial extension of the
standard model of particle physics.' Their name reflects the
fact that by definition sterile neutrinos are not affected by
any of the known forces of nature except gravity, since these
particles carry no charges and are singlets under all gauge
groups of the standard model. This type of neutrinos, unlike
other particle candidates, provides an unified description of
three major problems in the framework of the standard model:
the origin of the neutrino masses and the flavour oscillation
model [32], the absence of primordial anti-matter in the Uni-
verse and the existence of dark matter [13]. Although many
of the properties of this class of neutrinos are fixed by the
generalised standard model, other properties of sterile neu-
trinos remain undefined, like their masses. Actually, all sorts
of theoretical arguments have been proposed to explain the
existence of sterile neutrinos with a very large range of mass
scales: from neutrinos with very light masses much smaller
than eV [22] up to very heavy neutrinos with masses of 10'°
GeV [37]. Inrecent years, particular attention has been given
to the sterile neutrino candidates with masses of a few eV,
hundred keV and a few GeV [42] as several experiments
are already obtaining data or are under construction with the
goal of probing the existence of sterile neutrinos on these
mass ranges.

The exact number of sterile neutrinos is not known, but
even the simplest of the neutrino flavour oscillation models

! In the remainder of the article, the standard model will always refer
to the standard model of particle physics if not stated otherwise.
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in which only one extra sterile neutrino vy is added up to
the standard active neutrinos (v, v;, v;,) is able to resolve
many of the known experimental discrepancies — the neu-
trino anomalies. This model is the so-called 3 + 1 neu-
trino flavour oscillation model in which the generalised mass
matrix leads to the mixing of four neutrinos (v, V¢, vy, Vs).
This basic model presents very compelling results compat-
ible with experimental data [12,40]. Following the litera-
ture (e.g., [12]), in our study we will focus on the 3+ 1 sterile
neutrino in which two additional parameters are included to
characterise the sterile neutrino flavour oscillations: the mass
splitting |Am%1 | and the mixing angle 614.

The mass splitting and the mixing angle (as defined in the
3 + 1 flavour neutrino oscillation model), which have been
estimated by different research groups using several obser-
vational data sets and different fitting techniques, found very
similar values for both quantities. A global analysis of the
neutrino oscillation data in the 3 + 1 parameter space made
by Giunti et al. [21] found that Amﬁ1 could take a value
between 0.82-2.19 eV? at 99.7% confidence level. Simi-
larly, Ko et al. [33] making an independent analysis have
obtained identical values for |Amil |, specifically mass val-
ues in the range 0.2-2.3 eVZ2. The determination of 64 by
different research groups leads also to similar values. For
instance, Billard et al. [12] and Ko et al. [33], found for the
upper limit of 614 the values 10.6°(0.1855) and 9.2°(0.1582).
These values for 814 differ only slightly from the first determi-
nation made by Palazzo [40] who found 11.7°(0.204). Con-
veniently, for our calculations we choose for the fiducial value
of 614 the most recently determined value: 9.2°(0.1582) or
sin? (2014) = 0.1 [33].

Since sterile neutrinos do not take part in the weak inter-
action, the most obvious way to observe their effect is via
their mixing with the active neutrinos. Therefore, with the
goal of determining the sterile neutrino properties, in this
study we predict the spectra of sterile and electron neutrinos
coming from the Sun, in the hope that this will contribute to
their discovery by “direct” detection by one of the ongoing
experiments, the ultimate silver bullet that will prove their
existence. Specifically, we compute the sterile neutrino and
electron neutrino spectra of some of the key nuclear reac-
tions occurring in the Sun’s core. These two types of neu-
trino spectra, as we will discuss in this work, results from the
conversion of electron neutrinos into sterile neutrinos and
from the survival of electron neutrinos, due to their oscil-
lation between the four neutrino flavours, as these particles
propagate through space (vacuum and matter). Specifically,
we predict the shape of the different solar sterile and elec-
tron neutrino spectra of the key neutrino nuclear reactions of
the proton—proton (PP) chain and carbon—nitrogen—oxygen
(CNO) cycle occurring in the interior of the present Sun. The
calculation will be made for the current solar standard model
which used the most up-to-date physics (equation of state,
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opacities, nuclear reactions rates and microscopic diffusion
of heavy elements). The details of the physics of the solar
model used in this study can be found in Lopes and Silk [30],
Lopes and Turck-Chieze [31]. This solar model predicts the
sound speed profile and solar neutrino fluxes in agreement
with observational data and similar to other models found in
the literature (i.e., [41,43]).

In the next section, we discuss in some detail the 3 + 1
sterile neutrino flavour oscillation model. In the following
section, we present the spectra predictions for sterile and elec-
tron neutrinos of several of the key solar nuclear reactions. In
the last section, we discuss the results and their implications
for the next generation of sterile neutrino experiments.

2 Neutrino flavour oscillation models

This study focuses on the simple and popular 3 + 1 neutrino
flavour oscillation model with four neutrinos: v, v, v; and
vs. The addition of an extra (sterile) neutrino leads to a new
flavour oscillation component on the 3 + 1 neutrino model
defined by a new mass splitting |Am§1| and a new mixing
angle 014. As discussed previously, a recent fit of the exper-
imental data to the 3 4+ 1 neutrino model done by Billard et
al. [12] found sin2 014 = 0.034 (or A14 ~ 10.6°(0.1855)),
Am3, = (7.5£0.14) x 107%eV?2, sin? (012) = 0.300+0.016
and sin? 0;3 = 0.03. In our calculations of the 3 + 1 neutrino
oscillation model we will use these parameters. However, the
value of 614 is replaced by arecent estimation 0of 9.2°(0.1582)
obtained by Ko et al. [33]. This choice of 814 does not change
our conclusions since the difference between the two val-
ues is small enough not to affect our results. It is important
to highlight that the experimental data used by Billard et
al. [12] for the previous fits comprises data from solar detec-
tors like SNO, Super Super-Kamiokande, Borexino, Homes-
take, and Gallium experiments and reactors data from the
very long baseline KamLAND. Effectively, the inclusion
of more experimental data, like the data sets coming from
short baseline detectors such as the DAYA-BAY, RENO, and
Double Chooz reactor experiments changes only slightly the
value of sin” 014 and once again its magnitude variation is too
small to significantly affect our results and conclusions [12].
Actually, although sin” 614 has changed over the years, its
present value is only slightly different from the value orig-
inally found by Palazzo [40]: sin? 614 = 0.041. Moreover,
we observe that the |Am3 || determined by Ko et al. [33] to
be in the mass range of ~ 0.2 to 2.3 eV? is much larger than
the mass splittings, |Am%1| and |Am§2| estimated to be of

the order of 107> and 1073 eV?2 [17,33]. We note that in the
3 + 1 neutrino model discussed in our study only the mix-
ing angle 614 is considered to have a value different from
zero [12,40]. We stress that this is a very good approxima-
tion, since a fit to the 3 + 1 neutrino model (with more mix-
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ing angles), besides the new mixing angle 614, has additional
mixing angles like 64 and 034 (associated with other possi-
ble flavour oscillations), found relatively small values for 654
and 634 [34]. Therefore setting these last mixing angles to
zero will not affect our results and conclusions. The exper-
imental facts discussed above justify the analytical neutrino
oscillation model that we will discuss in the next subsection.
Finally, we point out that our 3 4 1 neutrino model has

parameters (excluding Am4; and 041) very similar to the
ones found for the standard three neutrino flavour oscilla-
tion model. For reference, a recent estimation of parameters
made by Gonzalez-Garcia et al. [17] using the standard three-
flavour neutrino oscillation model to fit the combined exper-
imental data set obtained from atmospheric experiments,
solar detectors and particle accelerators found the follow-
ing set of parameters: Am%l ~2.45740.045 103eV? (or ~
—2.449 £0.048 1073eV?), Am3, ~7.500 £0.019 10-%eV?,
sin? 012 =0.304 £0.013, sin? 613 = 0.0218 £:0.001, sin® 63
= 0.562 £0.032 and 6cp = 27 /25n withn =1, ..., 25.
This set of parameters of values is also confirmed by other
authors [9,18].

2.1 The standard and 3 + 1 neutrino flavour models

The neutrino oscillation model with a fourth sterile neutrino
vy is such that the neutrino flavours (v, v, vz, vs) and the
mass eigenstates (v1, vz, V3, v4) are connected through a4 x4
unitary mixing matrix U. We choose for U the parametrisa-
tion proposed by Palazzo [40] which is optimised to study the
solar neutrino sector. It is worth highlighting that this peculiar
parametrisation is somehow between an admixture of flavour
eigenstates and matter eigenstates, as discussed by Cirelli
et al. [14]. Such a U formulation ensures that this 3 + 1
neutrino model has the required sensitivity to the flavour-
type and mass-type admixtures needed to study the solar
data sector. In particular, this 3 + 1 mixing matrix is such
that the standard neutrino model corresponds to 614 = 0.
A detailed account of the properties of this model can be
found in Palazzo [40]. In particular, the electron neutrino v,
oscillation with the (v1, v2) mass eigenstates is only slightly
affected by the decoupled (v3, v4) mass eigenstates for which
the associated mixing angles are very small. In such a neu-
trino model, the MSW effect is computed in the hierarchical
limit Am3,/2E < Am3,/2E < Am?,/2E where E is the
energy of the neutrino, an Aml.z1 = ml2 —
the mass of each neutrino. This 3 + 1 neutrino model is an
obvious generalisation of the standard (three active) neutrino
model [35]. In both cases neutrino oscillations are approxi-
mated by an effective two neutrino oscillation model. As a
consequence the v3 and v4 evolve independently from each
other and completely independent from the doublet, (v, v).

m% where m; is

2.2 The eigenvalues of the mass matrix in 3 4+ 1 model

In the Sun, as the experimental data on neutrino fluxes is
limited, it is sufficient to represent the survival or conver-
sion of neutrino flavour, using a two neutrino flavour oscilla-
tion model [35]. The neutrinos emitted by the solar nuclear
reactions are typically of low energy, since these neutrinos
have always an energy smaller than 20 MeV. Accordingly,
some of the properties of solar neutrinos can be well under-
stood by means of a two active neutrino flavour model: one
electron neutrino v, and a second active neutrino, which we
choose to be v, since the v; mixing angle is very small.
Another way to interpret this approximation is to assume that
v, now means the generic active v, if not stated otherwise.
In this much simpler 2 (active)+1 (sterile) neutrino flavour
model (ve, vy, vs), the properties of the sterile neutrino v
can be computed as an approximation to the (ve, vy, v, vg)
neutrino model. Accordingly, this 241 neutrino model has
the active mass eigenstates v; and v, as well as a sterile
mass eigenstate2 v4 [14,22]. The 2 + 1 flavour model in
the absence of sterile neutrinos has the following eigenvalue
expressions [22].If A; (i = 1, 2) are the correspondent eigen-
values of the mass matrix, they read

2
:F\/<Ac - %) +A2 )

where M? = m? 4+ m3, Ac = Am3, cos (2621)/(4E) and
As = Am%1 sin (2012)/(4E), V, = v2G (ne — n,/2) and
V., = -V2G Fhn/2, where G is the Fermi constant and
n.(r) and n, (r) are the profile of electron and neutron densi-
ties of the solar interior. The electron density n.(r) is given
by Nop(r)/1te(r), where i, (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 density of neutrons n,, (r)
is computed in a manner similar to n.(r) where the mean
molecular weight per electron . (r) is replaced by the mean
molecular weight per neutron i, (r).

Figure 1 shows the current abundances of electrons and
neutrons inside the Sun (as a function of the solar radius)
for its present age as predicted by an up-to-date standard
solar model [30]. The large value of n,(r) in the centre of
the Sun results from the fact that the Sun’s core is made
of more than 70% of *He. This occurs as a result of this
element being continuously produced (nucleosynthesis) by
the conversion of four protons (zero neutrons) into an ion of
4 He (two neutrons). This process has being occurring since
our star arrived to the main sequence 4.5 Gyr ago and will
continue to do it for the next 5 Gyr (until the Sun leaves
the main sequence). As a consequence, at the present age

M?  V.+V,

A = ——
' 4E+ 2

2 The option to use the subscript 4 for the mass eigenstate of the sterile
neutrino is motivated by the fact of maintaining a simple correspondence
between the 2 4 1 and 3 + 1 neutrino flavour models.
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Fig. 1 The plasma of the Sun’s core is made of ions and free elec-
trons. The plot shows the variation of the number density of electrons
ne(r) (red curve) and neutrons n,, (r) (blue curve). In the computation
of this quantities we used the solar standard model which is in excel-
lent agreement with the helioseismic data. See Lopes and Silk [30] for
details
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Fig. 2 Thelevel crossing scheme: The mass eigenvalues A1 (red curve)
and X, (magenta curve) as a function of the solar radius (cf. Eq. (1)).
These A values correspond to a neutrino with an energy E = 3.5 MeV

the core of the Sun has a larger amount of neutrons than the
more external layers, leading to a decrease of n,, () from the
centre towards the surface of the star. This important point is
illustrated in Fig. 1 where we show for electrons and neutrons
the relative density and mean molecular weight per particle
inside the Sun.

For illustrative purposes we assume that ml2 ~ Amizl (with
i # 1). Specifically, m? ~ 0, m3 ~ 7.5 x 107 eV? (with
012 ~ 0.6), m3 ~ 2.4 x 1073 eV? (with ;3 ~ 0.13), and
m3 ~ 1.0 eV* (with 614 ~ 0.16). The A; (i = 1,2) can be
seenin Fig. 2. Inthis model, for whichm| < m> < m3 < my,

@ Springer
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Fig. 3 The neutrino probability functions: Pz (E) corresponds to the
probability of conversion of v, to vs neutrinos given by Eq. (2) (bottom
set of curves); and P, (E) corresponds to the survival probability of
v given by Eq. (3) (top set of curves). The red, green and blue curves
correspond to neutrinos with energy of 0.1, 5 and 15 MeV, which corre-
spond to typical values of neutrino energies produced inside the Sun’s
core. In the computation of these quantities we used the standard solar
model (see Lopes and Silk [30] for details)
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P
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Fig. 4 The neutrino probability functions as a function of the neutrino
energy: Pz (E) corresponds to the probability of conversion of v, to v
neutrinos (blue curve); P, (E) corresponds to the survival probability
of v, neutrinos (red curve). See Fig. 3 for details

there is only a relevant resonance in the system associated
with 1-2 level crossing. The 1-2 resonance energy is given
by the expression E1y = Am%lcos (26]2)/(2\/§GF7£€). As
the electron neutrino moves outwards, the electronic density
decreases and the neutrino eventually go through the reso-
nance region E1»(r) and beyond. However, since the electron
density n.(r) in the Sun’s core varies slowly, i.e., dn.(r)/dr
is small, the propagation is adiabatic, the neutrino state will
remain in the same mass eigenstate, and then the v, will
emerge associated with v;. The flavour composition of v; is
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Fig. 5 Neutrino spectrum of pp nuclear reaction: the @, (E) (red area)
is the electron neutrino spectrum inside the Sun. @ 2 (E) (blue area) and
[} 2. (E) (green area) are the survival electron and sterile solar neutrino
spectra for the PP neutrinos 3 + 1 neutrino flavour oscillation model

o

~

a o

N W s

¢ (E) [10°cm?s™ Mev™]

—
T
L

o

10 15 20
Energy (MeV)

o
(&)

Fig. 6 Neutrino spectrum of iep nuclear reaction. The colour scheme
is the same used in Fig. 5

now determined by the mixing angle in the vacuum and v,
is now mostly v,.

We notice that for other neutrino models the eigenvalues
can have additional resonances. For instance, de Holanda and
Smirnov [22] have shown that, for a 2 + 1 neutrino flavour
model (ve, vz, V) Withm| < my4 < m, the sterile neutrino
level A4 crosses Ap. In this model, the A, essentially decou-
ples; therefore, it is not affected by the s-mixing. However,
in such a neutrino model, due to the variation of the n,(r)
in the Sun’s core, the eigenvalues have two resonances: one
related with the active neutrinos, the 1-2, i.e., the same reso-
nance mentioned previously; and a new resonance, the 1-4,
which corresponds to A4 crossing A; in a region at the right
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Fig. 7 Neutrino spectrum of 3 B nuclear reaction. The colour scheme
is the same used in Fig. 5
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Fig. 8 Neutrino of the two line spectra of 7 Be nuclear reaction. The
colour scheme is the same used in Fig. 5
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of the 1-2 resonance.? However, this case does not occur in
our study, since in our 2 + 1 model A4 is much larger than A4
and XA, and consequently does not cross any of them.

2.3 The conversion of sterile neutrino in electronic
neutrinos

The goal of this work is to predict the spectra of sterile and
electronic neutrinos emitted by the Sun for which their spe-
cific shapes strongly depend on the properties of the plasma
of the solar interior. As such, in the following we start to
compute the probabilities of conversion of electron neutrino
to sterile neutrino P,y [= P(v, — V] arriving on Earth.
Equally we also compute the survival probability of electron
neutrino P,, [= P(v, — v.]. In this 3+1 neutrino flavour
oscillation model like in the standard three-flavour oscilla-
tions (e.g., [11]), the neutrino oscillates between the available
flavours due to oscillations in vacuum and matter (Mikheyev—
Smirnov—Wolfenstein (MSW), e.g., [47]). The survival and
conversion probabilities of a four-flavour neutrino oscillation
can be reduced to a modified three-flavour and two-flavour
neutrino oscillation model. These simplifications result from
the difference of magnitude between mass splittings and mix-
ing angles. A detailed discussion as regards the neutrino
flavour oscillation model can be found in Gonzalez-Garcia
and Maltoni [19].

Since the evolution of neutrinos in matter is adiabatic, their
contribution for P, and P, can be cast in the form of simple
expressions [40]. Following the usual parametrisation of the
neutrino mixing matrix this leads to the following expression
for P,s (probability conversion from v, to vy):

22 4 B 204 2 2
Pes = 51414613 Pe + 514C14513 + 514145 (2)

where ¢;; = cos6;; and s;; = sin0;;. Equally the survival
probability of electron neutrinos P, reads

4 45w A4 4
Pee = ci4c3 P + C1u813 + 514 3)

In the previous equations P2 is the electron neutrino survival
probability in a two-flavour neutrino oscillation model. It
reads

P = chh () + s (sTh)?, &

where 67} is the matter angle that depends equally of the

fundamental parameters of neutrino flavour oscillations and

the properties of solar plasma. 6{, can be equally determined

from one of the following expressions:

cos (20) = cos (2012) — Vi, (r) 5)
Vlcos (2612) = Vi (1 + [sin (2612)

3 As explained by de Holanda and Smirnov [22], in principle 14 could
cross A1 twice: on the one hand above and on the other hand below the
1-2 resonance.
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or
sin (2912)
VIcos (2012) — Vi ()% + [sin 20121

In the previous expressions V,,(r) is the effective matter
potential given by

6)

sin (263) =

2EN2G Fn.(r)
Var) = el (4 + funrshy) =252 @)
Amj,
The factor f,,(r) in a function, which gives the ratio of the
neutron density 7, (r) in relation to the electron density n,(r)
at each radius of the solar interior, reads
1 n,(r)

Sm(r) = Ene(r)'

®)

The variation of V,,, (r) (cf. Eq. (7)) depends on the radial
variation of neutrons as well as electrons inside the star.
We notice that in the particular case that 6;4 = 0, the
3 + 1 neutrino oscillation model becomes identical to the
standard three neutrino oscillation model (for oscillations
in vacuum and matter). Consequently, in this case V,,(r)
is reduced to a much simpler expression [11]: V,,(r) =
¢33 2EN2GFne(r)/Am3,. These quantities (cf. Eq. (7))
have a major impact on the formation of the sterile and elec-
tronic neutrino spectra. Figures 3 and 4 show the P, and P,
for the current standard solar model.

2.4 Emission of electron neutrino spectra from solar
nuclear reactions

Since neutrinos are produced by nuclear reactions (either the
PP chains or the CNO cycle) in different locations of the
Sun’s core, consequently, the survival probability of electron
neutrinos will depend on the distance of the nuclear reaction
to the centre of the Sun [28,29]. This will also affect indirectly
the probability of conversion of electron neutrinos into sterile
neutrinos. The average probability P,, x of electron neutrinos
of energy E produced by a k nuclear reaction region is given
by

R
Puer(E) = A7 /O " Pl B e(rdnp(rridr, (9)

where Aj is a normalisation constant that is equal to
fORG ¢r(r)dmp (rHrtdr. ¢r (r) is the electron neutrino emis-
sion function for the following k nuclear reactions: pp, hep,
8B,7Be, 3N, 20 and V" F. In this study, we consider that all
neutrinos produced in the solar nuclear reactions are of elec-
tron flavour as predicted by standard nuclear physics; there-
fore, the local density of neutrons only affects the P, i (E)
by affecting the flavour of electron neutrinos due to the exis-
tence of a new sterile neutrino vg. It is important to note
that ¢ (r), the neutrino source of each nuclear reaction, is
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Fig. 9 The solar neutrino spectra for CNO neutrinos: Neutrino spectra
of the cno nuclear reactions. N13v (top), O15v (middle) and F17v
(bottom). The colour scheme is the same as used in Fig. 5

sensitive to the local values (radius r) of the temperature,
molecular weight, density, neutron and electronic densities.

In a 3 4+ 1 neutrino flavour oscillation model, as neutrinos
propagate in the Sun’s interior, the neutrino flavours oscil-

late between the four flavour states v, v, v, and vy either
due to vacuum or to matter oscillations. Although in outer
space (between the Sun and the Earth) the flavour oscillations
due to matter effects are expected to be small, the high den-
sity of the solar interior medium will enhance the scattering
of neutrinos with other elementary particles, like electrons
and neutrons, leading to the increase of the probability of
the neutrino oscillating between different flavour states. The
particular distribution of electrons and neutrons in the solar
interior leads to characteristic shapes of neutrino spectra (of
electron neutrinos and sterile neutrinos) for each of the neu-
trino nuclear reactions occurring in the Sun’s interior, as we
will discuss in the next section (see Figs. 5, 6, 7, 8, 9).

3 Prediction of the solar sterile and electron neutrino
spectra

The spectra of electron neutrinos from any specific nuclear
reaction, like the S-decay processes occurring in the Sun’s
core, are known to be essentially independent of the proper-
ties of the solar plasma. Actually, the neutrino spectra emit-
ted by these nuclear reactions occurring inside the Sun are
identical to the same spectra emitted by the seminar nuclear
reactions tested on many laboratories on Earth. Therefore, it
is reasonable to assume that the neutrino emission spectra are
the same in the two cases [28]. Since the 8-decay processes
only produce electron neutrinos, using the theory of neutrino
flavour oscillation, it is possible to predict in detail the spec-
trum shapes of sterile and electronic neutrinos arriving on
Earth.

Here we make predictions of the sterile neutrino spectra
of the main nuclear reactions occurring in the Sun, in the
hope that this can be used as a guide for the future generation
of neutrino detectors, which could help to establish (or rule
out) the existence of sterile neutrinos. Once that the neutri-
nos emitted in the solar nuclear reactions are all of electron
flavour, v,, the existence of other neutrino flavours in the solar
neutrino spectrum (as it is possible to observe on solar neu-
trino detectors) is uniquely related with the nature of neutrino
flavour oscillations, which leads to the convection of v, on
other neutrino flavours: v, v; and vs. Accordingly, the elec-
tron neutrino spectrum of the k nuclear reaction is defined
as @i ;(E) (with the subscript ¢ referring to the emission
electron neutrino spectrum of the nuclear reaction k), and
Dy so(E) and @i (o (E) are the sterile neutrino spectrum and
the electron neutrino spectrum arriving on Earth. The func-
tion @y ,(E) corresponds to the electron neutrino spectrum
of a specific nuclear reaction computed theoretically, and in
many cases measured in the laboratory. The 8B neutrino spec-
trum is a very good example. The ®B neutrino spectrum [6]
has been shown to fit the experimental data with a high degree
of accuracy (e.g., [46]). Hence, the sterile neutrino spectrum

@ Springer
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Table 1 Solar neutrino sources

of sterile neutrinos

Neut. source D, cm2g! ®,, cm 257! @, cm 2s7!

pp chain
pp 5.94 x 1010 3.09 x 10'0 (52%) 2.22 x 10° (3.7%)
hep 7.88 x 103 2.88 x 10° 37%) 2.64 x 10% (3.4%)
8B 5.27 x 100 1.91 x 10° (36%) 1.76 x 10° (3.3%)
7Be 861.3 keV 4.75 x 10° 2.38 x 10° (50%) 1.76 x 103 (3.7%)
7Be 384.3 keV 4.75 x 10° 2.44 x 10° (51%) 1.77 x 108 (3.7%)

cno cycle
BN 5.32 x 108 2.69 x 108 (51%) 1.97 x 107 (3.7%)
50 4.49 x 108 2.21 x 108 (49%) 1.65 x 107 (3.7%)
TF 5.01 x 100 2.47 x 10° (49%) 1.84 x 105 (3.7%)

4 The electronic neutrino fluxes predicted for the current solar model as in reference Lopes and Silk [30]
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Fig. 10 Normalised sterile neutrino spectra for the Sun: pp (yellow
curve), 8B (cyan curve), Be7 (red curve) hep (magenta curve) N13
(blue curve), O15 and F17 (green curve)

Py so(E) is computed as
D s0(E) = Pes k (E) Py 1 (E), (10)

where k is equal to one of the following values: pp, hep,
8B,7Be, 3N, 50 and ' F. Similarly the electron neutrino
spectrum @y .o (E) is given by

qDk,e@(E) = Pee,k(E)¢k,t(E)- (11)

Figures 5, 6, 7, 8 and 9 show the conversion of the emission
neutrino spectra @ ;o (E) in the two other spectrum flavours
P o (E) and @y 5o (E). Moreover, Table 1 shows the total
neutrino fluxes computed for the present-day standard solar
model [30]. For each nuclear reaction, @; is the total neu-
trino flux emitted by the nuclear reaction, and @, and @;
correspond to the flux fractions of @; that arrive at the solar
detector as electron neutrinos or sterile neutrinos.

We start to notice that due to neutrino oscillations the elec-
tron neutrino spectra arriving on Earth detectors for all the

@ Springer
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Fig. 11 The total sterile neutrino energy spectrum predicted by our
standard solar model. The individual solar neutrino fluxes are shown in
Table 1

solar nuclear reactions (considered in this study) are very dif-
ferent from the neutrino spectra emitted by the solar nuclear
reactions (without neutrino oscillations). In particular, it is
possible that the next generation of solar neutrino detectors
will be able to measure @ . (E). The sterile neutrino spec-
trum of all nuclear reactions have very small amplitudes and
have identical spectral shapes although occurring at differ-
ent neutrino energy ranges. In Table 1 we show the predicted
neutrino fluxes for the leading solar nuclear reactions for the
current solar standard model as well as the predicted ratios
of sterile neutrino fluxes and electronic neutrino fluxes. The
small values of sterile neutrinos are due to the very small
mixing angle 014. Only 4% of neutrinos arriving on Earth
have a sterile flavour. This value is almost constant across all
solar nuclear reactions. Nevertheless there is a small increase
for the sterile neutrinos from the pp reaction and a small
decrease for sterile neutrinos from the 8B reaction. This is
a consequence of the fact that the pp and 8 B nuclear reac-
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tions produce neutrinos with the smallest and the largest ener-
gies, which is due to the specific dependence sterile neutrino
flavour oscillations with the local distribution of electrons and
neutrons in the solar core leading to these specific variations.
It is interesting to note that all sterile neutrinos in the solar
neutrino spectrum have unique shapes related with the spe-
cific solar nuclear reactions on its origin. For instance, the two
spectral lines of 7 Be have strong asymmetry in their shape,
which could be helpful to look for hints related with sterile
neutrinos in the solar neutrino spectrum. The strongest source
of solar sterile neutrinos are the pp and ” Be nuclear reactions
with a total flux of 2.22 x 10 and 1.76 x 108 cm?s~1, fol-
lowed by the 13N and !> O nuclear reactions with a total flux
of 1.97 x 107 and 1.65 x 107 cm? s~ ! (cf. Table 1). Figure 11
shows the cumulative sterile neutrino spectrum coming from
the Sun. The maximum emission of sterile solar neutrinos
corresponds to an energy of 0.307 MeV and a neutrino flux
9.0 x 10° cm?s™ 1.

4 Conclusion

Sterile neutrinos are among the best candidates to resolve
some of the leading problems in particle physics. At the same
time these are very viable candidates for dark matter. Nev-
ertheless, the hint of its existence has been questioned by
a recent group of new experiments. The final proof beyond
doubt of the existence of a sterile neutrino will pass by its
direct detection.

In this study we have computed for the first time the sterile
spectrum of several key solar nuclear reactions. We found
that from the solar neutrino flux arriving on Earth only 3—4%
corresponds to sterile neutrinos. As expected, the strongest
source is the pp nuclear reaction with a total flux of 2.22 x
10° cm?s ™! followed by the 7 Be nuclear reaction with a total
flux one order of magnitude smaller. Equally, we have also
predicted in detail the spectral shape of the sterile neutrino
spectrum associated to the different solar nuclear reactions.
In particular as shown in Fig. 10 the shape of these sterile
neutrino spectra are quite distinct (Fig. 11).

A final point we should mention is that the Sun pro-
duces a significant amount of sterile neutrinos in the spec-
tral range from 10 KeV to 10 MeV, mostly coming for
the pp nuclear reaction (in the neutrino energy range from
0.01 up to 0.4 MeV), and ”Be (spectral lines 0.861 and
0.384 MeV) that can affect experiments which are looking
for relic (non-relativist) active and sterile neutrinos like the
KATRIN and PTOLEMY Collaborations [8,10]. Indeed sev-
eral experiments based on different principles have been pro-
posed to detect such relic neutrinos (both components active
and sterile neutrinos) [5,15]: electron capture of decaying
nuclei [25,26], annihilation of high-energy cosmic neutrinos
at the Z-resonance, atomic de-excitation [7,45] and neutrino

capture using radioactive beta-decaying nuclei [44]. The lat-
ter seems to be the most promising technique with a few
experiments already planned to that end like the KATRIN
and PTOLEMY projects [7,10,16,23,24]. In a typical S-decay
process like the one expected to be found in the PTOLEMY
experiment, the relic neutrinos (cosmic neutrino background)
will be shown as two independent kinks in the continuous -
spectrum, one due to the active neutrinos and a second small
peak at higher energy associated to the admixture of sterile
neutrinos [27]. The exact location of the energy peaks on the
spectrum will depend on the masses of the active and sterile
neutrinos.

In conclusion, we have computed the total flux of sterile
neutrinos emitted by the Sun, as well as the solar sterile neu-
trino spectrum; this could be helpful in looking for sterile
signatures by the next generation of solar neutrino detectors.
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