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Abstract: We made a feasibility study for the solar-flare neutrino (SFN) detection with the next-generation
neutrino experiment, Hyper-Kamiokande (HK), using Geant4 toolkit. However, the estimated neutrino event rate
in HK (<∼ 10−3) even for an X10-class flare is too small for the realistic detection of SFN.
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1 Introduction
When a solar flare is triggered, some of the surrounding
protons are accelerated up to the energy of several tens
of GeV. Such energetic protons interact with the solar at-
mosphere, resulting in the creation of solar-flare neutrinos
(SFNs). Those reactions are expressed as follows.

Proton interaction with the solar atmosphere:

p+N → p+N′+ kπ++ kπ−+ rπ0 (1)

p+N → n+N′+(k+1)π++ kπ−+ rπ0 (2)

where N and N′ are the target nuclei, k and r are the
multiplicities of pion generation.

Pion decay:

π+ → µ++νµ (3)

π− → µ−+νµ (4)

(π0 → 2γ)

Muon decay:

µ+ → e++νe +νµ (5)

µ− → e−+νe +νµ (6)

Accelerated protons also create gamma-rays and neu-
trons. These neutral secondary products play significan-
t role in revealing proton acceleration mechanisms because
they are not affected by the solar magnetic field.

SFN fluxes were estimated by Kocharov et al. [1] and
Fargion et al. [2]. While these studies predicted that the
present neutrino experiment, such as Super-Kamiokande
(SK), could detect SFNs, there has been no report on the
detection of SFNs: Kocharov et al. [1] concluded that 0.85
event could be expected by SK at the time of a large solar
flare (While the original event number in [1] was for old
Kamiokande, the event number here is converted to those
expected for SK). Kocharov et al. [1] set Np(>500MeV),
the number of protons with energies greater than 500MeV,
was 3 × 1032, which we argue later is by ∼three-order-
of magnitude overestimated. Fargion et al. [2] estimated
neutrino event number by the interaction between νe and
free proton in the water for SK was 7.5η , where η ≡
Eπ/Eflare is energy conversion rate from total flare energy
Eflare to total pion energy Eπ . In [2] η of the order of unity
was assumed, and the authors concluded that the detection

of SFN by SK was feasible. However, as we will discuss
later, the typical value of η would be ∼ 10−6, so that this
feasibility is questionable.

Since the next-generation neutrino experiment, Hyper-
Kamiokande (HK), will be twenty times more sensitive
than SK, there is a renewed interest on the detectablity of
SFNs. In the present work, we simulated energetic proton
reaction in solar flares and studied the possibility of SFN
detection by HK. We employed Geant4, a Monte Carlo
simulation toolkit which is standard tool in experimental
high energy particle physics.

2 Methods
Our model of the solar atmosphere consists of 50 boxes s-
tacked in vertical direction. Fig.1 shows mass-density pro-
file of our model (red line) with a curve of the “Harvard-
Smithsonian reference atmosphere”[3] (blue line), which
is approximately expressed as
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Fig. 1: The mass-density profile of our solar atmospheric
model (red) compared with the analytical representation
by (7) (blue).
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Fig. 2: Neutrino cross section table [7]. 10 reaction modes
taken into accout are; νe and free proton in the water (red),
νµ and free proton in the water (green), νe and neutron
bound in the water (blue), νµ and neutron bound in the
water (yellow), νe and proton bound in the water (pink),
νµ and proton bound in the water (cyan), νe and electron
in the water (light green), νe and electron in the water
(light blue), νµ and electron in the water (orange), νµ and
electron in the water (violet).

ρ(z) = 3×10−7 exp
(
− z

h

)
(7)

Here, z is the vertical distance measured from the pho-
tosphere, ρ(z) the mass density in units of g/cm3, and h the
scale height, which is ∼400km for z < 0 and ∼110km for
z > 0.

We set two models of initial proton spectra. In the model
A, we set a power law distribution dNp/dE ∝ E−γ with γ
= 3 between 500MeV and 10GeV, and the integrated parti-
cle number Np(> 500MeV) is 1029. Note that these are the
typical parameters of accelerated proton spectra of X10-
class solar flares obtained from gamma ray observation-
s [5,6]. Since the average proton energy < Ep > is 1GeV
for the model A, the total proton energy Np(> 500MeV)<
Ep > is 1026erg. About one-tenths of proton energy is con-
verted to pion energy under pion generation reaction, so
that typical value of η would be ∼ 10−6 assuming the
flare energy is ∼ 1031erg. In the model B, we set a pow-
er law distribution dNp/dE ∝ E−γ with γ = 1 between
500MeV and 100GeV, and the integrated particle number
Np(> 500MeV) is 5.1× 1027 which is so normalized that
protons as a whole have the same total energy as the mod-
el A. Upon the interaction with the solar atmosphere at
z = 10000km, we assume that the magnetic mirror effec-
t has isotropized these protons over the downward hemi-
sphere of the solid angle, 2π Sr. From the outputs from
GEANT4 simulation code, we calculate the neutrino flu-
ences Nν of the three flavors assuming that they experience
the full oscillation before arriving the earth’s orbit.

The event number in HK is expressed as follows [2].

Nev = ∑Nν σν NHK (8)
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Fig. 3: (top) Neutrino fluences on the Earth’s orbit from a
solar flare behind the Sun for the model A. In our analysis,
νe and νµ have almost the same fluences (solid line). νe
and νµ also have almost the same flueneces (dotted line).
(bottom) The same as top panel, but for the model B.

Here σν is the neutrino cross sections (Fig.2 [7]), NHK is
the number of target particles (electrons or nuclei) in HK.
∑ in (8) means to take the sum over all the neutrino flavors
and reactions.

3 Results
Fig.3 shows simulated neutrino fluences on the Earth’s
orbit from a solar flare behind the Sun for the models, A
(top) and B (bottom). In both models, neutrinos have the
peak energies around several tens of MeV. The neutrino
energy spectra in the model B are harder than those in the
model A reflecting the harder energy spectra of parent flare
protons.

Fig.4 represents the SFN event number per unit energy
in HK during a solar flare behind the Sun. The most de-
tectable energy of SFN is hundreds of MeV, and the total
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Fig. 4: (top) The SFN event number per unit energy in HK
during a solar flare behind the Sun for the model A. Each
color represents each reactions followed by Fig.2, besides
”total”, which is the sum over all the reactions (black).
(bottom) The same as top panel, but for the model B.

event number, which is event number integrated over neu-
trino energy, is 6.4×10−4 (model A) and 2.7×10−3 (mod-
el B). Parameters of these results are shown in Table 1.

Fig.5 shows the flare position dependence of the SFN
total event number. The horizontal axis cosθ shows the
cosine of position angles of solar flares from the earth-
sun line. Here cosθ < 0 corresponds to flares in front of
the Sun, cosθ = 0 on the limb, cosθ > 0 behind the Sun.
We expect larger SFN event numbers for the flares further
behind the sun (cosθ > 0) than for those in front (cosθ <
0). However, the event number is less than ∼ 10−3, namely,
far less than unity even at cosθ = 1.

4 Conclusion
From our simulations, it is revealed that the solar flare
neutrino (SFN) event number in HK is less than ∼ 10−3, so
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Fig. 5: The flare position dependence of the SFN total
event number for the model A (green) and for the model B
(red). The horizontal axis represents a flare position on the
Sun.

that the detection of SFN by HK is not feasible. This also
means that HK will be free from the background noise of
SFN even from large solar flares as those ever recorded.
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Ngen Nν (cm−2) < E > (MeV) Nev

Model A 1.1×1029 17.2 (ν), 12.0 (ν) 91.4 (ν), 100 (ν) 6.4×10−4

Model B 5.7×1028 12.8 (ν), 11.3 (ν) 384 (ν), 391 (ν) 2.7×10−3

Table 1: Results for the solar flare neutrino modeling. Here we assume a flare behind the Sun. Ngen is the total neutrino
number generated on the solar surface, Nν is the fluence on the Earth’s orbit, < E > is the average energy of SFN, Nev is
the total event number in HK.


