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ABSTRACT

Neutrinos associated with solar flares (solar-flare neutrinos) provide information on
particle acceleration mechanisms during the impulsive phase of solar flares. We searched
using the Super-Kamiokande detector for neutrinos from solar flares that occurred dur-
ing solar cycles 23 and 24, including the largest solar flare (X28.0) on November 4th,
2003. In order to minimize the background rate we searched for neutrino interactions
within narrow time windows coincident with y-rays and soft X-rays recorded by satel-
lites. In addition, we performed the first attempt to search for solar-flare neutrinos
from solar flares on the invisible side of the Sun by using the emission time of coronal
mass ejections (CMEs). By selecting twenty powerful solar flares above X5.0 on the
visible side and eight CMEs whose emission speed exceeds 2000 kms~* on the invisible
side from 1996 to 2018. we found two (six) neutrino events coincident with solar flares
occurring on the visible (invisible) side of the Sun, with a typical background rate of
0.10 (0.62) events per flare in the MeV-GeV energy range. No significant solar-flare
neutrino signal above the estimated background rate was observed. As a result we set
the following upper limit on neutrino fluence at the Earth @ < 1.1 x 10° cm™2 at the
90% confidence level for the largest solar flare. [The resulting fluence limits allow us to
constrain some of the theoretical models for solar-flare neutrino emission.

Keywords: Neutrino astronomy (1100) — Solar flares (1496) — Particle astro-
physics (96) — Solar energetic particles (1491)

1. INTRODUCTION

Solar flares are the largest explosive events that occur around the surface of the Sun. This phe-
nomenon is caused by the reconnection of magnetic field lines above sun spots and produces electro-
magnetic radiation from radio to y-rays (Kane 1974). Solar flares sometimes occur associated with
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Figure 1. Typical solar-flare neutrino fluxes from a powerful solar flare (Fargion & Moscato (2003), red
thick and black thick lines) together with other neutrino fluxes, such as atmospheric neutrinos (Battistoni
et al. (2005), blue lines), solar neutrinos (Bahcall et al. (2001), light blue lines), and relic neutrinos (Horiuchi
et al. (2009), light gray line).

coronal mass ejections (CMEs), which are eruptions of the atmospheric plasma into interplanetary
space (Chao & Lepping 1974; Gosling et al. 1975). The frequency of these explosive events is strongly
correlated with the activity of the Sun.

For both types of energetic events, the typical energy released by the explosion is estimated in the
range of 1027-1032 erg (Ellison 1963; Hundhausen et al. 1994; Vourlidas et al. 2010). When a solar flare
occurs, high energy particles that do not normally exist in the solar atmosphere are generated (Chupp
et al. 1973; Datlowe et al. 1974). Solar imaging methods can partially identify the location at which
these particles are generated, such as the magnetic loop-top (Masuda et al. 1994; Krucker et al. 2010),
the loop-foot (Fletcher & Hudson 2008), and the reconnection point (Narukage et al. 2014). This
indicates that these particles are accelerated by solar flares. Although the acceleration mechanisms
remain poorly understood, several theoretical models of solar flares are proposed (Tsuneta & Naito
1998; Karlicky & Kosugi 2004; Liu et al. 2008).

Neutral particles associated with solar flares; such as y-rays and neutrinos, are important to test
theoretical aspects of particle acceleration in the magnetic reconnection because they can escape from
the acceleration site!. Their observation reveals both the spatial and time profile of primary particle
acceleration while primary and secondary charged particles are trapped by the magnetic field.

1 Some of line y-rays cannot escape from the photosphere due to Compton scattering.
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Neutrinos are only produced by accelerated protons above 300 MeV (Ramaty et al. 1975; Hudson &
Ryan 1995), which can generate pions (7* and 7°) by interacting with dense plasma in the lower solar
atmosphere during solar flares. The generated 7% produce neutrinos in their decay chain. Figure 1
shows the typical neutrino fluxes from a powerful solar flare together with other neutrino fluxes, such
as atmospheric neutrinos, solar neutrinos, and supernova relic neutrinos. In this article, we refer to
such neutrinos from solar-flares as solar-flare neutrinos.

Solar-flare neutrinos have been searched for by neutrino detectors since the 1980s. However, no
clear signal has been found in spite of setting a timing gate coincident with soft X-rays from visible
solar flares. Setting a narrow search window, which covers only the period of neutrino production,
de Wasseige (2016) and Okamoto et al. (2020) proposed to open search windows coincident with
~-rays originating from 7° decays and nuclear interactions. These methods are helpful to minimize
the background rate in the neutrino searches.

During the solar cycles 23 (1996-2008) and 24 (2008-2019), the Super-Kamiokande detector (here-
after SK) had been operating since April 1st, 1996 (Fukuda et al. 2003) with five distinct periods,
from SK-I to SK-V with ultra-pure water. Although several neutrino telescopes are running during
those solar cycles, SK is unique in its search for solar-flare neutrinos because its data set covers
almost two cycles of solar activity. The largest solar flare, whose class is X28.0 and which occurred
on November 4th 2003 (Kane et al. 2005), is also included.

This paper is organized as follows. In Section 2 we provide a brief overview of neutrinos associated
with solar flares and the determination of the search windows to find solar-flare neutrinos. In Section 3
we describe the performance of the SK detector and the analysis methods to search for solar-flare
neutrinos within the selected search windows. In Section 4 and Section 5 we present analysis results
and make comparisons to results from other neutrino experiments. In the final section we conclude
this study and give future prospects.

2. SOLAR-FLARE NEUTRINOS
2.1. Particle acceleration and neutrino production in solar flare

In many solar flares, the hard X-ray, (line) ~-ray, and microwave emissions are observed almost
simultaneously (Chupp et al. 1981; Nakajima et al. 1983; Yoshimori 1984). Those observations suggest
that electrons, protons, and ions are accelerated over a short period of time.

The v-ray emissions from solar flares provide information on the processes of proton acceleration
and the subsequent reactions of the protons in the chromosphere. For example, line y-rays from
neutron capture on hydrogen (Chupp et al. 1973) and de-excitation y-rays from ?C and '°0O (Smith
et al. 2003) imply the acceleration and nuclear reactions of protons. The time profile of v-rays from
7¥ decays (7% — 2v) also provides information on the time scale of neutrino production since charged
pions can be generated at the same time as neutral pions. Observations of y-rays from 7° decay have
been performed by several instruments on-board satellites in geostationary and polar orbits (Forrest
et al. 1986; Chupp et al. 1987; Leikov et al. 1993; Debrunner et al. 1997; Kanbach et al. 1993; Kurt
et al. 2010; Ackermann et al. 2017). Those v-ray observations indirectly demonstrate that protons
are accelerated up to relativistic energies and subsequently neutrinos should be produced during solar
flares.

On the theoretical side, several simulations of neutrino emission from solar flares have been de-
veloped in order to estimate the expected event rate in neutrino detectors. Table 1 summarizes the
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Table 1. The summary of theoretical models for solar-flare neutrinos. In each theoretical model, the number
of expected interactions in the SK detector are calculated. For the expected number of events in the SK
detector from Fargion & Moscato (2003), the conversion factor (1 defined in Fargion & Moscato (2003)) is
assumed to be ~0.10 for the visible side and ~1.0 for the invisible side.

Theoretical model Side of the Sun Power index Directional feature of Number of expected
(Reference) of proton generated neutrino  events in SK [flare ™!
Kocharov et al. (1991)  Visible side 3-4 Isotropic 1.36 x 1074
Kocharov et al. (1991)  Invisible side 1 Beam like 0.85
Fargion (2004) Visible side - Isotropic 0.75
Fargion (2004) Invisible side - Beam like 7.5
Takeishi et al. (2013)  Invisible side 3 Isotropic 9.0 x 107°
Takeishi et al. (2013)  Invisible side 1 Beam like 3.8x 107

features of three theoretical models for solar-flare neutrinos by Kocharov et al. (1991), Fargion &
Moscato (2003), and Takeishi et al. (2013).

These theoretical models describe neutrino emission from the most powerful solar flares whose
energy is larger than 103! erg. The neutrino fluxes change depending on the assumptions in the
models, such as the proton spectral index, the interaction cross sections between accelerated protons
and nuclei in the chromosphere, the angular distribution of neutrinos with respect to the proton
direction, and the location of the solar flare as summarized in Table 1. Although the absolute fluxes
are quite different, the predicted energy spectrum of solar-flare neutrinos is almost identical to the
atmospheric neutrino energy spectrum. This is because in both cases neutrinos are created through
the same production process.

Fargion (2004) estimated the number of neutrino interactions between neutrinos and the free protons

in the water of the SK detector;
E
Nt = 7.57) (i) : (1)

103! erg

where ny,; is the number of interactions in the SK detector (fiducial volume 22.5 kton), Epy, is
the total energy of the solar flare, and n is an energy conversion factor from the solar flare Epp,
to neutrino energy, as defined in Fargion & Moscato (2003). According to Fargion (2004), several
neutrino interactions are expected in the SK detector when a solar flare classified as the largest
explosion (> 10%? erg) occurs on the visible (invisible) side of the Sun and 7~0.10 (1.0). On the
other hand, Takeishi et al. (2013) argues that the assumed value of 7 is questionable and it is
typically of order 1076, Therefore, experimental searches for neutrinos from powerful solar flares can
test theoretical aspects of neutrino production during the impulsive phase of the solar flares.

2.2. Searches for solar-flare neutrinos using neutrino detectors

The possibility of detecting solar-flare neutrinos with neutrino experiments has been discussed
since the 1980’s (Bazilevskaya et al. 1982; Erofeeva et al. 1983). In 1988, the Homestake experi-
ment reported an excess of neutrino events when energetic solar flares occurred (Davis 1994). This
observation suggested a possible correlation between solar flares and the neutrino capture rate on
37C1 (Bahcall 1988; Bahcall et al. 1987). Soon after the Mont Blanc Neutrino Detector searched for
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solar-flare neutrinos but no significant signal was found in time coincidence with any solar flares that
occurred between 1988 to 1991, including the largest solar flare in 1989 (Aglietta et al. 1991). Since
then various neutrino detectors have searched for solar-flare neutrinos by analyzing different solar
flare samples (Hirata et al. 1988, 1990; Gando et al. 2012; Aharmim et al. 2014; Agostini et al. 2021;
Abbasi et al. 2021; Abe et al. 2022b). However, no significant signal for solar-flare neutrinos has been
found by any of these experiments.

2.3. Search window for solar flares on the visible side of the Sun

Atmospheric neutrinos are continuously produced by collisions between primary cosmic rays and
nuclei in the Earth’s atmosphere (Richard et al. 2016). In neutrino experiments the separation be-
tween atmospheric neutrinos and solar-flare neutrinos is technically difficult since their energy ranges
overlap with each other due to their identical production process. While atmospheric neutrinos are
generated constantly, solar-flare neutrinos are released only during the period of particle acceleration
during the flare. Therefore, a search window that is appropriately narrow in time allows neutrino
detectors to substantially reduce the atmospheric neutrino background rate.

The first proposal to use search windows when searching for solar-flare neutrinos was published by de
Wasseige (2016), which analyzed the detection time of v-rays from 7% decays using the Fermi-Large
Area Telescope (LAT) satellite (Atwood et al. 2009). Following this proposal, the IceCube collabo-
ration searched for neutrinos from solar flares in the energy range from 500 MeV to 5 GeV (Abbasi
et al. 2021) and constrained the integrated neutrino flux emitted during the considered time window
according to the catalog of y-ray flares recorded by Fermi-LAT (Ajello et al. 2021). However, this
catalog covers the period of solar cycle 24 (2008-2019) after the launch of Fermi-LAT in 2008. Hence,
a different method must be used to identify search windows for solar flares that occurred before 2008.

Okamoto et al. (2020) proposed to determine the search window by analyzing 2.2 MeV line v-rays
and the derivative of soft X-rays to improve the signal-to-noise ratio to find solar-flare neutrinos.
The former channel selected three solar flares across solar cycles 23 and 24 with the observation of
line y-rays recorded by the RHESSI satellite? (Lin et al. 2002) on July 23rd 2002 (X5.1), Novem-
ber 2nd 2003 (X9.2), and January 20th 2005 (X7.1). The latter channel selected twenty-three solar
flares (above X5.0) recorded by the GOES® (Lemen et al. 2004) across solar cycles 23 and 24. Note
that this selection set the search window for the largest flare (X28.0) on November 4th, 2003. Al-
though the derivative of soft X-rays extracts the time scale of non-thermal electron acceleration
in general, this channel is still appropriate to improve the signal-to-noise ratio for finding solar-flare
neutrinos because the recent study by Fermi-LAT concluded ions and electrons are accelerated, trans-
ported, and interact with the ambient medium at the same time (Ajello et al. 2021). In the latter
section, we separately searched in the SK detector for neutrinos from selected solar flares occurred
on the visible side of the Sun within these two different search windows.

2.4. Search windows for solar flares on the invisible side of the Sun

Energetic proton flux directed back to the Sun generates a nuclear cascade in the solar atmosphere.
Such flux results in narrow beam of relativistic protons with a rather hard spectrum from solar
flares on the invisible side of the Sun. Hence the searches for neutrinos associated from solar flares

2 The Reuven Ramaty High-Energy Solar Spectroscopic Imager (RHESSI)
3 Geostationary Operational Environmental Satellite (GOES)
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occurring at the invisible side provide information about acceleration mechanism of downward going
proton flux. Fargion & Moscato (2003) argue that the probability of solar-flare neutrino detection
increases when solar flares occur on the invisible side of the Sun due to efficient collisions between
the accelerated protons and the dense plasma at the surface of the Sun. Searching for neutrinos
from solar flares on the invisible side of the Sun allows us to test these proposed neutrino production
models. However, a selection of solar flares that occur on the invisible side of the Sun has never been
performed for this purpose.

To select solar flares that occur on the invisible side of the Sun, the time of CME emission allows one
to infer the occurrence time of solar flares because large energetic solar flares are usually accompanied
by CMEs (Andrews 2003). The observation of CMEs occurring on the invisible side of the Sun has
been performed by the LASCO* coronagraph (Domingo et al. 1995; Brueckner et al. 1995) and the
CME emission times are listed in a catalog maintained by NASA (Yashiro et al. 2004).

From the catalog we selected energetic CMEs whose emission speed is more than 2000 kms™!,
which roughly corresponds to class X2.0 solar flares. This criteria allowed us to select ten CMEs
from 1996 April to 2018 May. The search window for solar flares occurring on the invisible side is
set to 7238 s as explained in Appendix A. The date of the selected CMEs is summarized in Table 9
in Appendix A.

3. DETECTOR AND ANALYSIS
3.1. The Super-Kamiokande detector

Super-Kamiokande is a water Cherenkov detector in a cavern beneath Ikeno-yama mountain,
Japan (Fukuda et al. 2003). It is a cylindrical stainless tank structure and contains 50 kiloton (ktons)
of ultra-pure water. The detector is divided into two regions by the tank structure, separated op-
tically by Tyvek sheets: one is the inner detector (ID) and the other is the outer detector (OD).
The ID serves as the target volume for neutrino interactions and the OD is used to veto external
cosmic-ray muons as well as y-rays from the surrounding rock. In the ID, the diameter (height) of
the cylindrical tank is 33.8 m (36.2 m). It contains 32 kton of water and holds 11, 129 inward-facing
20-inch photomultipliers (PMTs)® to observe the Cherenkov light produced by charged particles. The
diameter (height) of the OD tank is 39.3 m (41.4 m). The detector simulation has been developed
using the GEANT3 toolkit (Brun et al. 1994) and tuned to calibration data. The details of the de-
tector configuration, the calibration, and the performance can be found elsewhere (Abe et al. 2014).
In this article, we analyzed the data taken in SK-I through SK-IV (from April 1996 to May 2018) to
cover solar cycles 23 and 24°.

In order to determine the initial neutrino interaction vertex and the trajectories and momenta of
any subsequent charged particles, event reconstruction is performed by analyzing the timing and
the ring pattern of the observed Cherenkov light in the SK detector. Using this water Cherenkov
technique the SK detector has sensitivity to a wide range of neutrino energies, from a few MeV to
tens of GeV. The neutrino events are categorized into two samples depending on the energy of the
reconstructed charged particles after the initial neutrino interaction. A neutrino event reconstructed
with less than 100 MeV of visible energy is categorized as part of the “low energy sample” and is
mainly used for studies of solar neutrinos (Abe et al. 2016) and supernova neutrinos (Abe et al.

4 The Large Angle Spectroscopic Coronagraph (LASCO) on the Solar and Heliospheric Observatory (SOHO)
5 The SK-I detector used 11,149 PMTs while the other phases use 11,129 PMTs except for SK-II, which used 5, 182.
6 During SK-V (from January 2019 to July 2020), no solar flare above X5.0 occurred due to low solar activity.
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2021). In this energy region the reconstruction tool searches for an interaction point because the
track length of the charged particle is at most 30 cm, which is small compared to the reconstructed
vertex resolution (typically more than 50 cm). On the other hand, a neutrino event reconstructed
with more than 100 MeV of visible energy is categorized as part of the “high energy sample” and is
mainly used for the study of atmospheric neutrinos (Richard et al. 2016) and to search for proton
decay (Takenaka et al. 2020). In this energy region the majority of neutrino interactions occur on
nuclei and can produce a number of charged particles. The event reconstruction algorithm then
determines the number of Cherenkov rings in the event, identifies the particle type that created each
ring, locates the interaction vertex and predicts the energy of each charged particle.

3.2. Low energy sample

The SK detector can potentially reconstruct the energies of charged particles down to a few MeV. In
the energy range of the low energy sample, the dominant reaction is the inverse beta decay (IBD) of
electron anti-neutrinos because of its relatively large cross section. Other sub-dominant reactions are
elastic scattering between electrons and electron neutrinos, and the charged current and neutral cur-
rent interactions with oxygen (Kolbe et al. 2002). Even though we set an appropriate search window
for solar-flare neutrinos, the signal-to-noise ratio is still poor below 16 MeV due to solar neutrinos
and background events originated from radioactive isotopes dissolved in the SK water (Nakano et al.
2020) and produced by penetrating muons (Zhang et al. 2016). Hence, we set the energy threshold
to 16 MeV in this analysis, where the total energy of a positron produced by the IBD is considered.
For the energy range above 16 MeV, the possible backgrounds are atmospheric neutrino interactions,
decay electrons originated from invisible muons, and low energy pions. For selecting positrons from
IBD reactions we applied the selection cuts used for supernova relic neutrino searches since these
cut criteria are optimized to maximize the event selection efficiency of the positron. The detailed
analysis method is described in Bays et al. (2012) and Abe et al. (2021).

For evaluating the event selection efficiency in the low energy sample, we first simulated positrons
from IBD reactions. In this simulation, we use the neutrino energy spectrum from Fargion & Moscato
(2003). Then, the positron energy is calculated by considering the cross section of the IBD reaction
from Strumia & Vissani (2003). Note that only the IBD reaction is considered in this simulation
because of its large cross section in this energy range. Figure 2 (left-top) shows the input energy
distribution of positrons from the neutrino interactions and the reconstructed total positron energy
after selection cuts.

Assuming the electron anti-neutrino energy spectrum of Fargion & Moscato (2003), the selection
efficiency, defined as £, *¥°"  in the low energy sample is about 27%, since the energy range covered
by the low energy sample is relatively narrow. We also evaluated the selection efficiency for neutrinos
between 16 and 100 MeV by generating a flat neutrino energy distribution. This produced the model
independent analysis detailed in Section 5.2. That selection efficiency, defined as e[, is about 75%.
Table 2 summarizes the livetime, the selection efficiencies, and the background rate after all reduction
cuts in the low energy sample using all of the SK data sets.

After the installation of new front-end electronics at SK-IV (Yamada et al. 2010), the SK trigger
system allows the detector to tag neutron signals after IBD reactions using the delayed coincidence
technique. However, we did not require the neutron signal to identify electron anti-neutrinos in this
analysis since the trigger system did not allow us to record the neutron signals in SK-I, -II, and -III.
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Figure 2. Energy spectra and selection efficiencies for the low (left) and high (right) energy samples. The
distributions of the reconstructed positron energy and the visible energy calculated using the MC simulation
which uses the energy spectra of solar-flare neutrinos from Fargion & Moscato (2003). The horizontal axis
is reconstructed positron kinetic energy in the left panel (reconstructed visible energy in the right panel),
and the vertical axis shows the number of events. The light-green histograms represent the energy spectra
of the generated events and the red histograms represent the energy spectrum after the selection cuts are
applied. The blue histograms represent the selection efficiencies.

Table 2. The summary of the dates, the livetimes, the selection efficiencies (g 8" and &?Efg}%ion) for the

energy spectrum from Fargion & Moscato (2003), the model-independent selection efficiencies (s{g‘g), and

the background rates of the low energy sample and the high energy sample. The difference in their livetimes
comes from differences in the SK detector data quality between the low and high energy analyses.

Category SK phase SK-I SK-IT SK-IIT SK-IV
Date Start Apr. 1996 Oct. 2002  Jul. 2006  Sep. 2008
End Jul. 2001 Oct. 2005 Aug. 2008 May 2018
Livetime [day] 1497 794 562 2970
Low energy Selection efficiency (siiigion) [%] 26.2 27.1 27.8 28.3
Selection efficiency ([29) [%] 72.3 74.8 76.6 78.1
Background rate [event day~!]  0.20+£0.01 0.1940.02 0.20+0.01 0.19 £ 0.01
Livetime [day] 1489 825 522 3235
High energy Selection efficiency (egfg}%ion) (%] 61.9 62.1 61.8 61.6

Background rate [eventday ']  7.4540.07 7.33+£0.09 7.534+0.12 7.48+0.05

3.3. High energy sample

This sample is further divided into three sub-samples based on the event topology: a fully con-
tained (FC) sample, a partially contained (PC) sample, and an upward going muon (UPMU) sample.
In this study, we only analyzed the FC sample because the energy of solar-flare neutrinos is less than
10 GeV and this results in the tracks of the all charged particles being essentially contained in the
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Figure 3. Angular distribution between the direction of the incident neutrino and the reconstructed direc-

tions of produced charged particles (e*, u*, and 7%) from the MC simulation of the high energy sample.

For multi-ring events, the direction of the neutrino is reconstructed as the momentum weighted sum of the
directions of all the identified rings.

inner tank. In the energy region of the high energy sample different interactions occur depending on
the neutrino energy. For simulating neutrino interactions with hydrogen and oxygen in the detector,
we used the NEUT generator (Hayato & Pickering 2021). Figure 2 (right-top) shows the input energy
distribution of charged particles from the neutrino interactions and the reconstructed energies after
selection cuts. The event selection criteria for the high energy sample are detailed in Ashie et al.
(2005). The selection efficiency for the neutrino spectrum from Fargion & Moscato (2003) is typically
62% after all reduction cuts. Table 2 also summarizes the livetime, the selection efficiency, and the
background rate of the high energy sample for each SK phase.

Directional information can be used to test whether neutrino signals come from a specific astrophys-
ical source or not. Figure 3 shows the typical distribution of angles between the incoming neutrino
and the direction of the final state charged particles based on the MC simulation. In the energy
region above 1 GeV the direction of the final state charged particles is highly correlated with the
direction of the incoming neutrino and this tendency clearly depends on the neutrino energy.

4. RESULTS
4.1. Results for solar-flare neutrinos coincident with line y-ray observations

As explained in Section 2.1, 2.2 MeV line y-rays are produced by the acceleration of hadrons, their
interactions with nuclei in the chromosphere, and the production of neutrinos. Hence, the signal-to-
noise ratio of solar-flare neutrinos is high when in coincidence with line y-rays. For this reason, we
searched for neutrino candidate events within the search windows determined by the light curve of
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Table 3. Summary of two events observed within the search window for neutrinos associated with a solar
flare on the visible side of the Sun. The estimated background rate is normalized by the duration of the
corresponding search window determined by Okamoto et al. (2020).

Date (UTC) November 4th, 2003 September 6th, 2017
Solar flare class X28.0 X9.4
SK phase SK-IT SK-IV
Observed time (UTC) 19:42:26 12:03:05
Duration of window [s] 1144 521
Event topology 2-ring e-like 1-ring p-like
Reconstructed energy 178.3 MeV 1.2 GeV
Osun 67.1° 39.6°
Estimated background rate [event flare ~!] 0.20 0.12
p-value of the null hypothesis 18.1% 11.3%

line y-rays by Okamoto et al. (2020). As explained in Section 2.3, three solar flares on the visible side
of the Sun are selected by Okamoto et al. (2020). The SK data does not cover the period of the solar
flare that occurred on July 23rd 2002 due to the re-instrumentation of the SK detector following the
implosion accident in 2001. Within the remaining two search windows no signal was found in either
the low or high energy samples.

4.2. Results for solar flares on the visible side of the Sun

We searched for solar-flare neutrinos from the visible side of the Sun within the search windows
determined by the time derivative of soft X-rays recorded by the GOES satellite, as described in
Section 2.3. Okamoto et al. (2020) selected twenty-three solar flares using this channel, with SK
missing three of these (on August 25th 2001, December 13th 2001 and July 23rd 2002) because of
the re-instrumentation work discussed previously. Hence, we searched for neutrinos from twenty solar
flares across solar cycles 23 and 24. No signal was found in the low energy sample while two events
are found in the high energy sample. The first event was observed on November 4th 2003 and the
second event on September 6th 2017, as summarized in Table 3.

Figure 4 shows the time of the observed neutrino events together with the light curves recorded by
the GOES satellite. The event on November 4th 2003 was observed during the impulsive phase of
the solar flare, where particle acceleration is expected to be active. Furthermore, Watanabe et al.
(2006) reported that relativistic neutrons associated with this solar flare were observed by the neutron
monitors on the ground at 19:45 (UTC), which is about 3 minutes after the detection of the neutrino
candidate in SK. This simultaneous observation also indicates that hadrons (ions) were accelerated
to more than 1 GeV during this solar flare. On the other hand, the event on September 6th 2017 was
observed during the dimming phase after the peak of the soft X-ray light curve, when all processes
of particle acceleration are likely to have been completed. The event displays and sky-maps for the
two observed candidates are shown in Figure 13 and Figure 14 in Appendix B.

Figure 5 shows the energies of the two observed events compared to the expected background
energy spectrum. Here, the background spectrum is from events accumulated outside the search
windows and the main component is the interaction of atmospheric neutrinos. The expected number
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Figure 4. The time of observed neutrino events for the solar flare on November 4th, 2003 (left), and
July 6th, 2017 (right). The black vertical line shows the time of neutrino event in the SK detector. The
red (green) plot shows the derivative of the light curves (original light curve) recorded by the GOES satellite.
The shaded region shows the search windows determined by using the derivative of soft X-ray according to
the method developed by Okamoto et al. (2020). In the case of the solar flare on November 4th, 2003 (left),
the instrument on the GOES satellite saturated due to the high intensity of soft X-rays. That resulted in
the satellite not recording data for more than 15 minutes from 19:45 to 20:00.

of background events in the high energy sample in the search window is 0.20 events (0.12 events) for
the solar flare event on November 4th 2003 (September 6th 2017). The p-value of the null hypothesis
is 18.1% (11.3%).

In order to investigate whether neutrino candidate events come from the direction of the Sun or not,
we examined the angular distribution of fg,,, which is defined as the angle between the reconstructed
direction of the charged particles and the direction pointing to the Sun. In the case of a multi-ring
event, the direction of the neutrino is reconstructed as the momentum weighted sum of the directions
of all the identified rings. The value of fs,, of the candidate event on November 4th, 2003 (September
6th, 2017) is 67.1° (39.6°). Figure 6 shows the fg,, of the two observed events together with the
angular distribution derived from the MC simulation.

4.3. Results for solar flares on the invisible side of the Sun

As explained in Section 2.4, we selected ten large CMEs that occurred on the invisible side of the
Sun by setting criteria on their emission speed. However, SK did not take data for the two CMEs
that occurred on July 18th and 19th, 2002 due to the detector re-instrumentation work. Hence, we
searched for solar-flare neutrinos from the remaining eight CMEs that occurred on the invisible side
of the Sun.

There was no signal in the low-energy sample while six events were found in the high-energy sample
as summarized in Table 4. Two neutrino events were identified for the solar flares on November 7th,
2003 and July 24th, 2005 while one event was observed for those on June 4th, 2011 and July 23rd,
2012. The expected number of background events in the high-energy sample is 0.62 event flare™.
The p-value for the null hypothesis finding one (two) events for these solar flares is 10.2% (33.5%).
Figure 7 shows the energies of the observed events together with the background energy spectrum.
The event displays and sky-maps for the two observed candidates are shown from Figure 15 to



14 OKAMOTO ET AL.

1.2 T T T T T T T T T T T T T T T T T T T T T T T T
2 N T T T T T ]
-8 — Solar flare on visible side -
2 B ——#— Nov. 4th 2003 19:42:26 —
5 11— -0~ —@— Sep. 6th 2017 12:03:05 —
g : Background Spectrum :
c — —]
= 0.8— |
5 - ]
i - ]
0.6— |
04— —
02— —
C 1 1 1 1 1 | 4 | 1 L 1 1 I 1 1 1 1 I 1 1 1 1 I ]
0 500 1000 1500 2000 2500 3000

Visible Energy [MeV]

Figure 5. The energy distribution of the simulated neutrino events from solar flares occurring on the visible
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a 2-ring e-like event on November 4th, 2003 while the other (in the magenta circle) was observed as a 1-ring
p-like event on September 6th, 2017. The background spectrum (red histogram) is normalized such that it
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derivative of the soft X-ray light curve by Okamoto et al. (2020).
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Figure 18 in Appendix C.
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Figure 7. The reconstructed energies of the neutrino events from solar flares that occurred on the invisible
side of the Sun and the typical energy distribution of events in the background sample. The green circles,
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Figure 8. The time distributions of neutrino events around the solar flares that occurred on the invisible
side of the Sun on November 7th, 2003 (top-left), July 24th, 2005 (top-right), June 4th, 2011 (bottom-
left), and July 23rd, 2012 (bottom-right). The red points show the times of the neutrino events, which are
summarized in Table 4. The dashed vertical lines show the estimated start time of the particular CME
emission and the shaded regions show the search windows (7238 s) according to the method described in
Section 2.4.

Figure 8 shows the observed neutrino events around the time of the solar flare. Note that the
duration of the search window for solar flares on the invisible side of the Sun is uniform (7238 s) as
detailed in Appendix A.

In the case of the two solar flares on November 7th, 2003 and on July 24th, 2005, we found two
consecutive neutrino events within their search windows. Their time differences are 1131 s and
4065 s, respectively. We analyzed the time difference distribution between consecutive events in the
background sample in order to verify whether their time differences are likely or not. Figure 9 shows
the time difference of the two consecutive events observed within their search windows together
with the time difference distribution of the background sample. Comparing the time difference
distribution of the background sample, we estimated the occurrence probabilities for each solar flare,
which correspond to 10.2% and 34.5%, respectively.

Figure 10 shows the reconstructed angle fg,, together with the typical distribution derived from
the MC simulation. The reconstructed values of fg,, are also summarized in Table 4.

5. DISCUSSION
5.1. solar-flare neutrino fluence derived from the theoretical predictions

We estimated the fluence of solar-flare neutrinos produced by powerful solar flares based on the
number of observed events within their corresponding search window. Here, we calculate the upper
limit of the neutrino fluence using a Bayesian method, in the absence of a significant excess of observed
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Figure 9. The time difference between the two events observed within the search windows for solar flares
on November 7th, 2003 (1131 s, dashed green line) and July 24th, 2005 (4065 s, dotted pink line). The
red histogram shows the distribution of the time difference between consecutive events in the background
sample using the combined data from SK-I to SK-IV.

events above the expected background rate (Roe & Woodroofe 2000). We separately calculate the
upper limits of neutrino fluence for low and high energy samples depending on the neutrino energies.

The neutrino fluence at the Earth @ is calculated using the neutrino flux F(F,) at the Earth in
the search window,

D = tomis / F(E,)dE,, (2)

where ot 1S a time duration of neutrino emissions in a solar flare, which is 100 s according to the
assumption in Fargion & Moscato (2003), E, is the neutrino energy, and F(FE,) is the predicted
neutrino flux without neutrino oscillations in unit of cm=2s~! MeV~!. We note that the duration of
the search windows is sufficient to cover the duration of neutrino emission ;.

For the low energy sample, the expected number of neutrino interactions within the search window S
is calculated using the following equation:

S = Notoms / [F(Ew)Pao + F(Ey, ) Pye] 0150 (B )™ 5% (B, )d By (3)

where IV, is the number of target protons in the SK fiducial volume relevant to the neutrino interac-
tions, P, is the probability for a neutrino produced as flavor « to oscillate to flavor 3 when travelling
from the Sun to the Earth, ogp is the IBD cross section as a function of electron anti-neutrino energy
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Figure 10. The reconstructed angle of the neutrino events in coincidence with solar flares that occurred
on the invisible side of the Sun together with the typical angular distributions from the MC simulation for
signal and background sample. The light green dashed lines show the angle between the reconstructed event
direction and the direction from the Sun to SK, 0gun, at the time when the neutrino candidate was observed.
The red (black) histograms show the angular distributions of the MC (background) sample in the given
energy range.
derived from the theoretical model from Strumia & Vissani (2003) and e} 8" is the event selection
efficiency of the low energy sample defined in Section 3.

Using this expected number of neutrino interactions within the search window, the probability
density function for the number of observed events is defined as follows:

nobs!

]_ _(S+B) S B Mobs ) )
Ron(5 + Blnae) = 5 [[ [ S0 plo)p (f2) PB)dowsndelz™an, (1)
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Table 5. A summary of systematic uncertainties in this analysis. The systematic uncertainties for the event
selection efficiency of the low and high energy samples are estimated from Abe et al. (2021) and Abe et al.
(2018a), respectively. The systematic uncertainty of the neutrino cross section for the low energy sample
simulations has been taken from Strumia & Vissani (2003). For the high energy sample, the difference
between the cross sections from Smith & Moniz (1972) and from Nieves et al. (2004) is assigned as the
systematic uncertainty of the cross section. The deviation of the background rate which is listed in Table 2
has been used as the systematic uncertainty of the background rate.

Valuable Low energy sample High energy sample
SK-I SK-II SK-III SK-IV SK-I SK-II SK-III SK-IV
Selection efficiency (6:) 5.0% 5.3% 3.5% 4.1% 1.5% 04% 1.5% 0.1%
Cross section (d,) 1.0% 20.0%
Background rate (65) 5.0% 10.5% 5.0% 53% 0.9% 12% 1.6% 0.6%

where B is the number of expected background events in the search window, A is a normalization
factor representing the total integral of P(S + Blnps), and neps is the number of observed events in

the search window. To include the effect of systematic uncertainties, P(opp), P (65)??10“), and P(B)

are introduced as the prior probabilities for fluctuations of the IBD cross section, the event selection
efficiency, and the number of expected background events in the search window, respectively. The
priors are assumed to follow a Gaussian distribution,

Glr) = ﬁlw_égexp [—%] , (5)

where = stands for the parameters ogp, €1ow, and B, respectively, z( is their best estimates, and
0, stands for their systematic uncertainties, expressed as dyp,, 0Oc.,, and dp, respectively. For
the systematic uncertainty of the IBD cross section (oigp), we assigned the uncertainty estimated
in Strumia & Vissani (2003). For the systematic uncertainty of the selection efficiency (d., ), the
variation in the number of events after all reduction cuts was evaluated by artificially changing
the reduction parameters as performed in Abe et al. (2021). For the systematic uncertainty of the
background rate (6g), the deviation of the actual background rate is conservatively assigned. Table 5
summarises the values of these systematic uncertainties.

With these definitions, the neutrino fluence at a given confidence level (C.L.) is calculated as
S5 P (S + Blnps)d @

0

CL = 0 )
fO Plow(S + B|n0bs)d¢

(6)

where @j;,;; is the upper limit of the neutrino fluence to be obtained.

Table 6 summarizes the upper limits of neutrino fluence of anti-electron neutrinos for the low
energy sample. Since there are no events observed within the search windows, the upper limits of the
neutrino fluence are 4.0 x 107 ecm™2 (4.1 x 107 cm™2) selected solar flares occurring on SK-T (SK-IT
and SK-IV).

For the high energy sample, we considered interactions of all neutrino flavors because the distance
between the Sun and the Earth is sufficiently long compared with the oscillation length of neutrinos
whose energy is less than 100 GeV (Fogli et al. 2006). The flavor ratio of solar-flare neutrinos at the
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Table 6. A summary of the upper limits of neutrino fluence of anti-electron neutrinos for the low energy
sample. We assumed the neutrino energy spectrum from Fargion & Moscato (2003) and that IBD is the
dominant reaction for reconstructed positron energies below 100 MeV. As described in Okamoto et al. (2020),
for the solar flare on September 9th, 2005, the brightening of its soft X-ray light curve was relatively slow
and the time derivative of the curve was not large enough. Due to this unexpected behavior, the time
window for this solar flare was determined using the soft X-ray light curve directly instead of its derivative.
Owing to such treatment, the duration of the search window is much longer than others and this results in
the higher background rate.

Side Date of flare  Observed event Expected background Neutrino fluence
(Channel) [UTC] within window within window [cm™2 flare 1]
Visible 2002 Jul. 23 No SK data - -

(Line ~-rays) 2003 Nov. 2 0 0.0029 < 4.0 x 107
2005 Jan. 20 0 0.0035 < 4.0 x 107

1997 Nov. 6 0 0.0004 < 4.0 x 107

2000 Jul. 14 0 0.0027 < 4.0 x 107

2001 Apr. 2 0 0.0025 < 4.0 x 107

2001 Apr. 6 0 0.0012 < 4.0 x 107

2001 Apr. 15 0 0.0010 < 4.0 x 107

2001 Aug. 25  No SK data - -
2001 Dec. 13 No SK data — -
2002 Jul. 23 No SK data - -

2003 Oct. 23 0 0.0022 < 4.1 x 107
2003 Oct. 28 0 0.0016 < 4.1 %107
Visible 2003 Oct. 29 0 0.0016 < 4.1 %107
(Soft X-ray 2003 Nov. 2 0 0.0019 < 4.1 x 107
derivative) 2003 Nov. 4 0 0.0026 < 4.1 x 107
2005 Jan. 20 0 0.0025 < 4.1 x 107
2005 Sep. 7 0 0.0023 < 4.1 %107
2005 Sep. 8 0 0.0011 < 4.1 x 107
2005 Sep. 9 0 0.018 < 4.1 x 107
2006 Dec. 5 0 0.0016 < 4.1 x 107
2006 Dec. 6 0 0.0008 < 4.1 x 107
2011 Aug. 9 0 0.0007 < 4.1 x 107
2012 Mar. 7 0 0.0029 < 4.1 x 107
2017 Sep. 6 0 0.0012 < 4.1 x 107
2017 Sep. 10 0 0.0024 < 4.1 x 107
2001 Apr. 18 0 0.016 < 4.0 x 107
2002 Jul. 18 No SK data - —
2002 Jul. 19 No SK data — -
2003 Nov. 2 0 0.016 < 4.1 x 107
Invisible 2003 Nov. 7 0 0.016 < 4.1 x 107
2003 Nov. 9 0 0.016 < 4.1 x 107
2005 Jul. 24 0 0.016 < 4.1 x 107
2011 Jun. 4 0 0.016 < 4.1 x 107
2012 Jul. 23 0 0.016 < 4.1 x 107
2014 Dec. 13 0 0.016 < 4.1 x 107




22 OKAMOTO ET AL.

production point is v, : v, : v, = 1:2: 0 due to their origin from 7+ and p* decay while the flavor
ratio at the detector is approximately v, : v, : v, = 1:1:1 (Choubey & Rodejohann 2009), where
we also assume that the ratio of neutrino to anti-neutrino is approximately equal, as v : v =1 : 1.
The fluence upper limit for solar-flare neutrinos using the high energy sample can be obtained using a
similar procedure as for the low energy sample. The difference in the calculation procedure between
them is the definition of the probability density function for the number of observed events. In the
high energy sample it is defined as follows:

~(5+5) S + B)ovs argion argion
Phign (S + Blnons) = — / / / ) P(o(E,))P (eﬁig}% )P(B)da(EV)deEig;‘f dB, (7)

nobs
F(E,)o(E,)s 8" (B,
i=e,,T,E,1,T

where A’ is a normalization factor representing the total integral of P(S + Blneps), Nz is the number
of target nuclei in the detector’s fiducial volume relevant to the neutrino interactions, o(FE,) is the
combined cross section for all interactions, and 5E?Q§i°n(EV) is the event selection efficiency of the high
energy sample as defined in Section 3. The systematic uncertainty of the total cross section (dy(g,))
is estimated by the difference between two theoretical models from Smith & Moniz (1972) and
from Nieves et al. (2004). For the other systematic uncertainties (Jc,,,, and £p), the same procedure
as for the low energy sample was performed.

Table 7 summarizes the fluence limits of all detactable flavors for the high energy sample. The upper
limits of neutrino fluence at 90% C.L. for solar flares occurring on the visible side of the Sun without
neutrino candidates is 7.3 x 10° ecm~2. The upper limit for solar flares with one neutrino candidate,
which occurred on November 4th, 2003 (September 6th, 2017), is 1.1 x 10% ecm™2 (1.2 x 10% cm™2).
For the solar flares occurring on the invisible side of the Sun, the upper limits of neutrino fluence at
90% C.L. are 7.3 x 10° cm ™2, 1.1 x 10° cm~2, and 1.6 x 10° cm~2 for solar flares with zero, one and
two neutrino candidates, respectively.

In order to calculate the upper limit with each theoretical model, F/(E,) in Eq. (8) is replaced by
the other flux predictions from Kocharov et al. (1991) and Takeishi et al. (2013) and the selection
efficiencies are also evaluated with the replaced predictions. Figure 11 shows the comparison between
the upper limits of neutrino fluence and the predicted neutrino fluence from three theoretical models.
From the results, the SK data experimentally excluded the model of Fargion & Moscato (2003) even
though this model expects several interactions in the SK detector when a energetic solar flare occurs
on the invisible side of the Sun as listed in Table 1. However, the upper limits assuming the neutrino
spectra from Kocharov et al. (1991) and Takeishi et al. (2013) are still higher than their predictions.
As a future prospect, the model from Kocharov et al. (1991) will be tested by the next generation
of neutrino detectors with significantly larger target volumes. The model of Takeishi et al. (2013),
however, may be difficult to test even with the next generation of neutrino detectors.

5.2. Model-independent solar-flare neutrino fluences

As explained in Section 2.2, the excess of events reported by the Homestake experiment originally
suggested the existence of solar-flare neutrinos. From this result experimental searches for solar-flare
neutrinos have mainly been made by the neutrino detectors in the energy region below 100 MeV. It
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Table 7. A summary of fluence limits of all detectable flavors for the high energy sample. We assumed
the energy spectrum from Fargion & Moscato (2003) and the neutrino interaction model from Hayato &
Pickering (2021). The higher background rate for the solar flare on September 9th, 2005 is described in the
caption of Table 6.

Side Date of flare  Observed event Expected background Neutrino fluence
(Channel) [UTC] within window within window [cm™2 flare™!]
Visible 2002 Jul. 23 No SK data - -
(Line y-rays) 2003 Nov. 2 0 0.11 <73 x10°
2005 Jan. 20 0 0.14 < 7.3 x10°
1997 Nov. 6 0 0.04 < 7.3 x 10
2000 Jul. 14 0 0.20 < 7.3 x10°
2001 Apr. 2 0 0.20 < 7.3 x10°
2001 Apr. 0 0.10 < 7.3 % 10°
2001 Apr. 15 0 0.08 < 7.3%x10°

2001 Aug. 25 No SK data - -
2001 Dec. 13 No SK data — -
2002 Jul. 23 No SK data - -

2003 Oct. 23 0 0.16 < 7.3 x10°
2003 Oct. 28 0 0.12 < 7.3 x10°
Visible 2003 Oct. 29 0 0.12 < 7.3 x10°
(Soft X-ray 2003 Nov. 2 0 0.14 < 7.3x10°
derivative) 2003 Nov. 4 1 0.20 < 1.1 x 108
2005 Jan. 20 0 0.18 < 7.3 x10°
2005 Sep. 7 0 0.18 < 7.3 x10°
2005 Sep. 8 0 0.08 < 7.3 x10°
2005 Sep. 9 0 0.67 < 7.3 % 10°
2006 Dec. 5 0 0.12 < T7.3x10°
2006 Dec. 6 0 0.06 < 7.3 x10°
2011 Aug. 9 0 0.06 < 7.3 x10°
2012 Mar. 7 0 0.20 < 7.3 x10°
2017 Sep. 6 1 0.12 <1.2x 106
2017 Sep. 10 0 0.18 < 7.3 x10°
2001 Apr. 18 0 0.62 < 7.3x10°
2002 Jul. 18 No SK data - -
2002 Jul. 19 No SK data — -
2003 Nov. 2 0 0.62 < 7.3 x10°
Invisible 2003 Nov. 7 2 0.62 < 1.6 x 106
2003 Nov. 9 0 0.62 < 7.3 x10°
2005 Jul. 24 2 0.62 < 1.6 x 10°
2011 Jun. 4 1 0.62 < 1.1 x 106
2012 Jul. 23 1 0.62 <1.1x 108
2014 Dec. 13 0 0.62 < 7.3 x10°
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Figure 11. The comparison between upper limits of neutrino fluence considering neutrino spectra from
the specific theoretical models of Kocharov et al. (1991), Fargion (2004), and Takeishi et al. (2013), and
their predicted fluences. The black dashed lines with downward arrows (red solid lines) show the upper
limit of neutrino fluence (expected neutrino fluence based on each theoretical model). The upper limits are
conservatively calculated by considering two neutrino candidates detected within the search windows.

should be noted that past studies by the SNO (Aharmim et al. 2014), Borexino (Agostini et al. 2021),
and KamLAND (Abe et al. 2022b) experiments searched for neutrinos from solar flares in coincidence
with the soft X-ray light curves recorded by the GOES satellite, including solar flares with smaller
intensity, such as M-class flares. Due to the different assumptions and samples of selected solar flares,
we cannot directly compare previous experimental results with the results presented in this article.
To compare these results with those from other experiments, the upper limit of neutrino fluence
without considering a specific model was also calculated using the low energy sample. In this case,
the probability density function at a neutrino energy E is defined as follows:

E _|_ B Nobs o o
Piow (S + Blnows) (E /// - (5t ,) ) P(o1ep) P (i0) P(B)dowmndeigydB, (9)
obs-
and S(E) :Nptemit / F(E,/)Q(E, EV)OIBD( )EloddE (10)
where 24 is the selection efficiency listed in Table 2, §(E, E,) is a step function which is defined as,

1 (E-5MeV < E, <E+5MeV),
0 (otherwise),

0(E.E,) = { (11)

and the other variables and functions are the same as those used in Eq. (4). To convert from the
reconstructed positron energy to the incoming electron anti-neutrino energy the theoretical model
of Strumia & Vissani (2003) is used. To address the effect of energy resolution and the energy of the
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Figure 12. The upper limit of neutrino fluence from the data taken by SK-I, II, ITI, and IV (red thick-solid)
together with the other experimental results. The orange contour shows the allowed parameter region from
the Homestake experiment (Davis 1994). Black long-dashed-dotted, blue dotted, green thin-solid, and pink
dashed lines show the upper limits from Kamiokande (Hirata et al. 1988), SNO (Aharmim et al. 2014),
Brexino (Agostini et al. 2021), and KamLAND (Abe et al. 2022b) experiments, respectively.

simultaneously produced neutron, the data in the neutrino energy range from 20 to 110 MeV was
analyzed and the upper limit of neutrino fluence calculated every 10 MeV.

Figure 12 shows the SK result for the upper limit of neutrino fluence without considering a specific
theoretical model, together with other experimental results (Davis 1994; Hirata et al. 1988; Aharmim
et al. 2014; Agostini et al. 2021; Abe et al. 2022b). Comparing to other experimental limits of neutrino
fluence, the SK limit is improved by at least an order of magnitude in the energy region from 20
to 110 MeV. The SK limit fully excludes the allowed parameter region which was favored by the
Homestake experiment (Davis 1994) and gives a strong constraint for neutrino fluence from powerful
solar flares.

5.3. Energy conversion factor

As explained in Section 2.1, Fargion & Moscato (2003) estimated the number of interactions in the
SK detector by introducing the conversion factor 7 in Eq. (1). The experimental search for solar-flare
neutrinos by the SK detector gives a constraint on this parameter. However, estimating the total
energy of a solar flare is difficult because the magnetic energy released in a solar flare is converted
into a variety of different forms. Accordingly, the estimation of total energy is performed for a limited
number of solar flares.

By considering the selection efficiencies of each sample and the energies of powerful solar flares, the
conversion factor is calculated based on the number of observed events in each sample. For the high
energy sample, we used Eq. (1) as the number of interactions. For the low energy sample, we used
the following equation, since Fargion (2004) also estimated the number of interactions only using the
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Table 8. A summary of the upper limits of the conversion factor 7. The estimated energies of selected
solar flares are taken from Emslie et al. (2004), Kane et al. (2005), Aschwanden et al. (2014), Aschwanden
et al. (2015), and Motorina et al. (2020). Note that their flare energies are estimated using different forms
of energy, i.e. magnetic energy in Emslie et al. (2004) and Motorina et al. (2020), total released energy by
electrons more than 20 keV in Kane et al. (2005), thermal energy in Aschwanden et al. (2015), and magnetic
potential energy in Aschwanden et al. (2014), respectively.

Date of flare Estimated energy Reference NMow Thigh
of solar flare [erg] for estimated energy

2002 Jul. 23 10323 Emslie et al. (2004) No SK data

2003 Oct. 28 10323 Emslie et al. (2004) <0.16  <0.025

2003 Nov. 4 1.3 x 103 Kane et al. (2005) < 0.0025 < 0.0006

2011 Aug. 1.29 x 1032 Aschwanden et al. (2015) < 0.095 < 0.038

9
2012 Mar. 7 1.74 x 1033 Aschwanden et al. (2014) < 0.018 < 0.0028
2017 Sep. 6 5.6 x 1032 Motorina et al. (2020) < 0.022 < 0.014

IBD reaction,

E; E

IBD Ve FL

it = [0.63 | ——— 1.58 — 12
Mint { (35 Me\/) " 1 1 (1031 erg) ’ (12)
where niEP is the number of IBD interactions in the SK detector, E, is the average energy of the

electron anti-neutrino spectrum derived from Fargion (2004), the first, and the second terms in the
square bracket are the number of interactions in the energy range of 10-100 MeV, and 100 MeV-
1 GeV, respectively’. Table 7 summarizes the 90% C.L. upper limits of the conversion factors, niy
for the low energy sample and 7y, for the high energy sample, from the most powerful solar flares
during solar cycle 23 and 24.

In the case of the solar flare that occurred on November 4th, 2003, Kane et al. (2005) estimated
the total energy released as 1.3 x 103* ergs by analyzing electrons above 20 keV. By analyzing the
high (low) energy sample the conversion factor n was found to be < 0.0006 (< 0.0025) at 90% C.L.
These conversion factors are at least 10% smaller than the assumption from Fargion & Moscato (2003).
Hence, this result suggests that the conversion factor introduced in Fargion & Moscato (2003) is too
optimistic an assumption for the energy transfer that produces neutrinos during the solar flare.

6. SUMMARY AND FUTURE PROSPECTS

Neutrinos from solar flares are necessary to understand the mechanisms of proton acceleration at
the astrophysical site. For solar flares that occurred on the visible and invisible sides of the Sun,
we first estimated the time of neutrino emission using optical light curves and CME observations by
solar satellites. We then searched for neutrino events in the Super-Kamiokande detector coincident
with these solar flares. Two neutrino events were observed coincident with solar flares that occurred
on the visible side of the Sun while six neutrino events were observed coincident with solar flares that
occurred on the invisible side of the Sun. All of them are consistent with the background rate under

" The expected number of interactions above 1 GeV is estimated to be 4.9% by calculating the anti-electron neutrino
spectrum from Fargion & Moscato (2003) and the IBD cross section from Strumia & Vissani (2003). We ignored
this contribution because other uncertainties, such as the total energy of the solar flare, and the fluctuation of the
background event rate in the low energy sample exist in this analysis.
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the usual operation of the SK detector. Based on the observed events within the search window
we obtained upper limits of the neutrino fluence depending on the assumed theoretical neutrino
production model. For example, the fluence limit for the largest solar flare of class X28.0 that
occurred at the visible side of the Sun on the November 4th, 2003 is 1.1 x 10°® cm~2. In addition,
the fluence limit for the solar flare that occurred on the invisible side of the Sun on November 7th,
2003, which followed the largest solar flare, is 1.6 x 10° cm~2. From the obtained fluences, the upper
limits on the energy conversion factor were estimated based on Fargion & Moscato (2003). In the
case of the largest solar flare on November 4th, 2003, n < 0.0006 at 90% C.L., which is two orders
of magnitude smaller than the estimate of Fargion & Moscato (2003). Therefore, this experimental
result suggests that the theoretical assumption of energy conversion during solar flares should be
reconsidered.

In order to compare these results with other experimental searches, the fluence limit below 100 MeV
was also obtained without considering a specific theoretical model. The SK result is the most stringent
constraint on the neutrino fluence from solar flares in the MeV region to date.

In July 2020, 13 tonnes of Gdz(SOy4); - 8H,O (gadolinium sulfate octahydrate) were dissolved into
the SK water tank in order to improve its neutron detection efficiency (Abe et al. 2022a), followed by
an additional 26 tonnes in June 2022. The main motivation for the gadolinium loading is to increase
the detector’s sensitivity to diffuse supernova electron anti-neutrinos. This technique also enhances
the sensitivity to solar-flare neutrinos as well. In addition to the SK phases with Gd, further searches
to understand the production of solar-flare neutrinos should be performed by large scale neutrino
detectors such as Hyper-Kamiokande (Abe et al. 2018b), IceCube gen-2 (Aartsen et al. 2021), and
JUNO (Adam et al. 2015) during solar cycle 25 that started from late 2019.
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APPENDIX

A. SEARCH WINDOWS FOR NEUTRINOS FROM INVISIBLE SIDE OF THE SUN

As discussed in Section 2.4, the searches for neutrinos associated from solar flares occurring at
the invisible side provide information about acceleration mechanism of downward going proton flux.
However, no satellite, except for a limited number of planet explorers, directly monitors an explosive
phenomenon at the invisible side before the launch of STEREO® satellites on 2006 (Kaiser et al.
2008).

Andrews (2003) found the association rate of CMEs with solar flares clearly increases with the
flare’s peak flux of soft X-rays, fluence, and time duration. Hence, an occurrence time of CMEs is
helpful to estimate the time of powerful solar flare occurring on the invisible side of the Sun instead
of the data taken by limited number of planet explorers.

The catalog of CMEs observed by the SOHO spacecraft are maintained by NASA (Yashiro et al.
2004)? and this catalog summarizes the time of CMEs emission and its location.

Moon et al. (2002) and Yashiro & Gopalswamy (2009) statistically examined a possible correlation
between the kinetic energy of CMEs and the intensity of the solar flare monitored by GOES satellite
and found the weak positive correlation between them. Based on that studies, we conservatively
determined the threshold as 2000 kms~! in order to select solar flares classified to X class. This
criterion roughly corresponds to solar flares with X2.0'°. By this method, ten CMEs across solar
cycles 23 and 24 were selected and Table 9 summarizes their dates, times, locations, and speeds of
CMEs.

Yashiro & Gopalswamy (2009) also investigated the time difference between the CMEs and the solar
flares. That study found the standard deviation of their time difference is 1020 s from its distribution.
For covering the time of neutrino production during solar flares, we set the start time as 3060 s before
the time of CMEs, which corresponds to three standard deviations of their time difference. For the
end time, we conservatively set the duration of 4178 s after the time of CMEs, where this duration
is determined in Okamoto et al. (2020) from the light curve of soft X-ray recorded by the GOES
satellite since all processes, such as acceleration, energy release, and etc, occurring during a solar
flare, is likely to complete within this time duration. Finally, the search window for all solar flare
occurred on the invisible side of the Sun is 7238 s in total. Table 9 also summarizes the times of
corresponding search window for solar-flare neutrinos from the invisible side of the Sun.

B. EVENT DISPLAY AND SKYMAP OF THE OBSERVED EVENTS FROM SOLAR FLARES
ON THE VISIBLE SIDE

The SK event displays of neutrino candidates from solar flares on the visible side of the Sun and
sky maps together with the location of the Sun are shown in Figures 13 and 14.

8 Solar Terrestrial Relations Observatory
9 https://cdaw.gsfc.nasa.gov/CME list /
10 Note that some flares without CMEs are reported when its class is less than X1.6 (Gopalswamy et al. 2009).
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Table 9. The summary of the search windows estimated in this study for energetic CMEs occurred at
the invisible side of the Sun. The date, time, and active region (AR) are taken from SOHO LASCO CME
CATALOG (Yashiro et al. 2004).

Date Time [UTC|]  tstart tend AR location Speed [kms™!]
2001 Apr. 18 02:06:24 01:15:24 03:16:02 SW90b 2464.2
2002 Jul. 18 18:58:20 18:07:20 20:07:58 E90b 2191.3
2002 Jul. 19 16:04:34 15:13:34 17:14:12 S15E90 2046.6
2003 Nov. 2 09:00:23 15:13:34 17:14:12 SW90b 2036.0
2003 Nov. 7 15:32:19 14:41:19 16:41:57 W90b 2237.0
2003 Nov. 9 05:57:57 05:06:57 07:45:29 E90b 2008.1
2005 Jul. 24 13:35:51 12:44:51 14:45:29 E90b 2527.8
2011 Jun. 4 21:42:42 20:51:42 22:52:20 N16W153 2425.5
2012 Jul. 23 02:10:07 01:19:07 03:19:45 S17TW132 2003.2
2014 Dec. 13 13:57:34 13:06:34 15:07:12  S20W143 2221.6

Super-Kamiokande Il
November 4th 2003
19:42:26 (UTC)

Visible Energy : 178.3 MeV
e-like 2ring

November 4th 2003

Charge(pe)
A >26.7

sermw
PNty

2003 November 4th
Time 19:42:26
Evis : 178.3 MeV.
2ring
-like

L L L
500 1000 1500 2000
Times (ns)

Figure 13. The event display and the sky-map of the observed event within the search window for the
solar flare on November 4th, 2003 together with the location of the Sun at that time. The gray contour in
the skymap represents the angular resolution for the observed event.

C. EVENT DISPLAY AND SKYMAP OF THE OBSERVED EVENTS FROM SOLAR FLARES
ON THE INVISIBLE SIDE

The event displays of neutrino candidates from solar flares on the invisible side and sky maps
together with the location of the Sun are shown from Figure 15 to Figure 18.
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Figure 14. The event display and the sky-map of the observed event
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solar flare on September 6th, 2017 together with the location of the Sun at that time. The gray contour in
the skymap represents the angular resolution for the observed event.
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Figure 15. The event displays and the sky-map of the observed events within the search window for the
CME occurring on the invisible side of the Sun on November 7th, 2003 together with the location of the Sun
at that time. The gray contours in the skymap represent the angular resolutions for each observed event.
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Figure 16. The event displays and the sky-map of the observed events within the search window for the
CME occurring on the invisible side of the Sun on July 24th, 2005 together with the location of the Sun at
that time. The gray contours in the skymap represent the angular resolutions for each observed event.
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Figure 17. The event display and the sky-map of the observed event within the search window for the
CME occurring on the invisible side of the Sun on June 4th, 2011 together with the location of the Sun at
that time. The gray contour in the skymap represents the angular resolution for the observed event.
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Figure 18. The event display and the sky-map of the observed event within the search window for the
CME occurring on the invisible side of the Sun on July 23rd, 2012 together with the location of the Sun at
that time. The gray contour in the skymap represents the angular resolution for the observed event.
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