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Solar flares convert magnetic energy into thermal and nonthermal plasma energy, the latter implying
particle acceleration of charged particles such as protons. Protons are injected out of the coronal
acceleration region and can interact with dense plasma in the lower solar atmosphere, producing mesons
that subsequently decay into gamma rays and neutrinos at O(MeV-GeV ) energies. We present the results of
the first search for GeV neutrinos emitted during solar flares carried out with the IceCube Neutrino
Observatory. While the experiment was originally designed to detect neutrinos with energies between
10 GeV and a few PeV, a new approach allowing for a O(GeV) energy threshold will be presented. The
resulting limits allow us to constrain some of the theoretical estimates of the expected neutrino flux.

DOI: 10.1103/PhysRevD.103.102001

I. INTRODUCTION

While multimessenger astronomy has recently recorded
major breakthroughs such as the first joint observations of
high-energy neutrinos and electromagnetic radiation from a
single source [1], the interior and exterior of the Sun have
been detected through several messengers for decades.
Both the quiescent and the active phases of the corona are
studied through the electromagnetic radiation emitted
across the entire spectrum. However, in the neutrino search
presented in this paper, we only focus on the gamma rays
produced by high-energy protons that are accelerated in
solar flares and subsequently collide with dense layers of
the solar atmosphere. These gamma rays can be detected,
e.g., by the Fermi-LAT satellite [2,3], which significantly
increased the fraction of solar flares detected in the high-
energy range.

So far, solar neutrinos have only been detected in the
MeV range being produced by fusion reactions in the core
of the Sun. Large neutrino telescopes have recently started
to search for solar atmospheric neutrinos [4], which are
created by the collisions of high-energy cosmic rays
colliding with the solar atmosphere [5-8]. While only
upper limits have been established so far, the observation of

“Also at Universita di Padova, I-35131 Padova, Italy.

Also at National Research Nuclear University, Moscow En-
gineering Physics Institute (MEPhI), Moscow 115409, Russia.

*Present address: Université de Paris, CNRS, Astroparticule et
Cosmologie, F-75013 Paris, France.

SAlso at Earthquake Research Institute, University of Tokyo,
Bunkyo, Tokyo 113-0032, Japan.

this flux would allow us to probe solar magnetic field
topology and would constitute a neutrino floor for dark
matter searches in the core of the Sun. The same high-
energy cosmic-ray collisions with the solar atmosphere
create a muon shadow (deficit) in the Sun’s direction. As a
fraction of the cosmic rays are absorbed in the solar
atmosphere or deflected by the solar magnetic field, the
flux reaching the Earth atmosphere is reduced and so is the
subsequent secondary atmospheric muon flux detected by
IceCube [9]. The variations in the shadow can be used to
constrain the solar coronal magnetic field [10].

In addition to the aforementioned emissions that are
expected to be continuous in time, transient neutrino
emissions could be produced by solar flares. Despite several
searches since the late 1980s [11-14], no significant neutrino
signal from solar flares has been confirmed to date. The main
interest in searching for solar flare neutrinos comes from
their hadronic origin: being inherent products of high-energy
proton collisions in the chromosphere, neutrinos represent a
direct probe of the proton acceleration. Theoretical inves-
tigations [15—17] have demonstrated that this neutrino flux
could extend from MeV up to a few GeV in energy. Focusing
on the high-energy component of the solar flare neutrino
spectrum would allow us to probe the proton acceleration up
to the highest energies that can be reached within the solar
flare environment.

This paper describes first the scientific motivation for and
the associated production mechanism of the GeV neutrinos
in solar flares. The IceCube Neutrino Observatory used for
this search was built to detect neutrinos with energies larger
than 10 GeV. A new analysis approach developed for this
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study allows for the measurement of neutrinos at the single
GeV energy scale. In Sec. III, we present the scheme of how
we select a special class of solar flares for this study based on
the tight link existing between gamma rays and neutrinos.
The IceCube Neutrino Observatory used for this neutrino
search is described in Sec. IV and the event selection we
have developed is presented in detail in Sec. V. Finally, the
first results of a solar flare neutrino search carried out with
IceCube are presented in Sec. VI, along with perspectives for
the next solar cycle.

II. THE POTENTIAL PHYSICAL CONSTRAINTS
BROUGHT BY NEUTRINOS

Solar flares convert magnetic energy into plasma heating
and kinetic energy of charged particles such as protons
[18]. As illustrated in Fig. 1, protons are ejected away from
the coronal acceleration region and interact with the dense
plasma in the lower solar atmosphere, producing neutrinos
through the following reactions,

p+porp+n
t+ Xont s pt fuspt s et o, + 0,
>+ X720 -2 (1)

A XonT S uT U e+t
Here, the kinetic energy threshold for this process is
280 MeV for both proton-proton and proton-neutron

interactions.

Inl:errlav\ekm‘j space

<— Magnetic field Lines

e Maghetic reconnection
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«?MtLC\f—Z ‘
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Spiraling
/ accelerated
particle
Chromosphere Sunspot 9 s
Photosphere
FIG. 1. Schematic representation of a solar flare. The cross

represents the magnetic reconnection and the two arrows show
the direction of the subsequent outflow jets.

For the interpretation of our result, we assume that the
accelerated proton flux can be modeled by the functional
form d¢p/dE = AE°H(E,,x — E), where A is a normali-
zation constant, o represents the spectral index, and E,,, is
the upper cutoff in a Heaviside function, as motivated
in [19].

The proton spectral index has been extracted fitting
gamma-ray observations by Fermi-LAT and assuming a
pion decay model for different phases of the solar flare. The
data were provided by the Fermi-LAT Collaboration based
on an analysis similar to the one carried out in [20]. So far,
there are no constraints on the value of the upper cutoff. The
effect of this upper cutoff on the subsequent neutrino flux is
illustrated in Fig. 2, where the colored points show the
average neutrino yield per injected proton when assuming
an initial proton flux following a power law with a spectral
index 6 = 3 and realistic values of E,,, in the (3—10) GeV
region. This result is obtained using a GEANT4-based
simulation of high-energy proton collisions with the solar
atmosphere. The accelerated protons were injected in a
direction tangent to the photosphere as it leads to a better
agreement with gamma-ray observations by Fermi-LAT.
Most of the neutrinos are produced in the Chromosphere at
densities around 1077-107% gcm™ in our simulation.
More details about the simulation can be found in [16].
As it can be seen in Fig. 2, a higher cutoff value leads to a
higher neutrino yield in the GeV energy range and would
thus lead to a larger signal in sensitive neutrino telescopes.
Coupling Fermi-LAT and IceCube observations has there-
fore the potential to constrain both this upper cutoff and the
spectral index by measuring the strength of the detected
neutrino signal in IceCube and the fitted spectral index of
the gamma ray spectrum.
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FIG. 2. Energy distribution for neutrinos depending on the
upper cutoff in the accelerated proton spectrum with a spectral
index 0 = 3. The distributions have been obtained using a
GEANT4-based simulation of proton-proton interactions in the
chromosphere.
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FIG. 3. Gamma-ray light curve of a solar flare recorded above

100 MeV on Sept 10th, 2017 by Fermi-LAT (main plot) and
selected time window for the neutrino search (orange points in the
inset). The dashed line distinguishes the impulsive phase from the
long duration emission. The data points are kindly provided by
the Fermi-LAT Collaboration.

III. SELECTION OF SOLAR FLARES

Following Eq. (1), one finds that pion production
generates both neutrino and gamma-ray emissions. We
focus only on solar flares that must emit neutrinos at some
level and use the gamma-ray observations to pick the
most relevant candidates for our neutrino search. These are
indications that pion-decay products dominate the gamma-
ray spectrum above 100 MeV [21], an energy that Fermi-
LAT has the ability to detect. A spectral analysis confirms
that the major contribution of the Fermi-LAT observations
was indeed consistent with pion decay emissions [22].

We assume that the neutrino emission is coincident in
time with significant pion decay signals detected in Fermi-
LAT during solar flares. This leads to a significant differ-
ence to previous solar flare samples [13,14] that were based
on the x-ray flux. For example, Fermi-LAT only detects
5% of the M- and X-solar flares, i.e., solar flares with
a x-ray brightness in the wavelength range between
1 and 8 Angstroms above 107> and 10~* W/m?, respec-
tively, detected by the Geo-Stationary Operational
Environmental Satellite (GOES) on average1 [24].

The light curve recorded by x-ray devices and by Fermi-
LAT usually shows a short high-intensity peak on top of a
lower baseline flux with an underlying period [21]. An
example of such a flare is shown in Fig. 3. The peak is
referred to as the impulsive phase. The analysis of the
gamma rays detected during these impulsive short phases

'This number has been obtained by counting the number of
solar flares detected by Fermi-LAT between 2011 and 2015
and the number of M and X-class flares. The field of view of
Fermi-LAT allows for solar observations during 20% to 60% of
the time [23] and cannot explain by itself this small fraction
of observations.

reveals a relatively hard initial proton spectrum, with a
spectral index around 3 [20]. In contrast, the long duration
emissions manifest themselves in a softer proton spectral
index (typically between 4 and 6) and a spread of the
gamma-ray emission over several hours. Focusing on the
impulsive phase of bright events of the 24th solar cycle
allows one to minimize the background integrated in the
neutrino telescope and to thus increase the chance of a
neutrino detection in coincidence with solar flares.

These criteria applied to the first Fermi-LAT Solar flare
catalog [3] resulted in a list of 5 promising candidates for
our neutrino search. The details of each analyzed solar flare
are reported in Table I. The choice of the time window and
duration of each solar flare was made in view of maxi-
mizing the signal-to-noise ratio in IceCube. We started
from the maximum flux recorded by Fermi-LAT and
kept integrating until our signal-to-noise ratio started to
decrease. As an example, the result of the time window
selection for the solar flare of Sept 10th, 2017 is shown by
the orange points in Fig. 3. This optimal time window
represents 45% of the observation time window reported by
Fermi-LAT. The observed fraction of the other solar flare
events considered in this work are reported in Table 1.

IV. THE ICECUBE NEUTRINO OBSERVATORY
AND THE SEARCH FOR GeV NEUTRINOS

The IceCube Neutrino Observatory consists of a cubic
kilometer of instrumented ice located at the South Pole,
2 km below the surface [25]. Completed in December 2010,
the detector is made of 86 vertical strings, with 60 digital
optical modules, or DOMs, each. The strings have an
average horizontal spacing of 125 m while the DOMs are
located every 17 m along the instrumented portion of the
string. A subdetector, named DeepCore, is installed at the
center of the array as shown in Fig. 4. Characterized by
smaller spacings between strings (x~70 m) and DOMs
(=7 m), DeepCore offers a lower energy threshold for
neutrino detection, down to 10 GeV [26]. No DOMs were
deployed between depths of 2000 m to 2100 m where the
optical scattering and absorption are significantly increased
due to a dust layer [27]. More details about the DOMs used
as detection units can be found in [25] and references
therein.

In order to reduce the noise rate, trigger conditions
based on coincidences are applied. Different coincidence
criteria classify the signal detected in IceCube [28]: Hard
local coincidence (HLC), when two neighbor or next-to-
neighbor DOMs on the same string record a signal above
threshold within a 1 us time window; and soft local
coincidence when the hit does not qualify for the HLC
criteria. The main trigger for IceCube events is the simple
majority trigger, or SMT-8, which requires at least § DOMs
with HLC pulses within a 5 us time window. A softer
trigger condition, SMT-3, has been implemented for
DeepCore events in order to lower the energy threshold.
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TABLE I. Optimized time window for neutrino searches. We indicate the position of the flare on the solar disk for completeness.
Date Selected time window Duration (minutes) Fraction observed Location on the solar disk
March 7th, 2012 00:41:22-01:21:22 40 85% Centered, North-East quarter
February 25th, 2014 01:07:30-01:32:30 25 97% Limb, South-East quarter
September 1st, 2014 11:07:00-11:21:00 14 95.5% 36° behind the East limb
September 6th, 2017 13:23:03-22:00:37 515 87% Centered, South-West quarter
September 10th, 2017 15:58:54-16:02:52 5.96 45% Limb, South-West quarter

It requires, in analogy to its counterpart in the full IceCube
array, 3 DOMs with HLC pulses within 2.5 us. Considering
the low energy expected for solar flare neutrinos, we focus
on events that have fulfilled the SMT-3 condition.

A parallel data stream allows IceCube to be sensitive to
Galactic core-collapse supernovae [29]. Individual neutrino
interactions in the MeV range produce a signal too dim to
identify individual events, but the large flux emitted during
a close-by supernova would lead to a detectable coherent
rise in the individual hit rates of the DOMs. In this paper,
we apply the principle used for MeV core collapse super-
nova neutrinos to the GeV energy range in order to search
for neutrinos from solar flares. This is explained in more
detail in the next section.

V. OPTIMIZED SEARCH FOR GeV NEUTRINO
INTERACTIONS

Before this analysis was developed, neutrino searches in
IceCube were possible in the MeV range by the use of the
supernova data acquisition system and starting at around
10 GeV for neutrino oscillation studies in DeepCore [25].
We introduce a novel selection procedure that enables us to
cover part of the gap between these two energy ranges. The
general idea of the analysis is to monitor the rate of GeV-
like events in IceCube and to search for an increase in this
rate during an astrophysical transient, as for example a solar

IceCube Lab.

324 optical sensors

IceCube Array
86 strings including 8 DeepCore strings
5160 optical sensors

1450 m
DeepCore

8 strings—spacing optimized for lower energies
480 optical sensors

Eiffel Tower
324 m

2450 m

2820 m

Bedrock

FIG. 4. Schematic view of the IceCube Neutrino Observatory
with the IceTop surface array and the DeepCore subdetector.

flare. While the principle is similar to the one in use for
MeV supernova neutrino searches, the neutrino flux pro-
duced by solar flares is expected to be several orders of
magnitude below the one of Galactic core-collapse super-
novae. The supernova data acquisition system could not be
used for our purpose; we focus on events that have
triggered the data taking in IceCube.

The new event selection has been developed in a data-
driven way following a blind procedure. We have used
several hours of IceCube data recorded when no solar flare
had been detected on either side of the solar disk. In order to
determine the time period when such data were available,
we compared the observations by the x-ray instrument
GOES [24] and Fermi-LAT [2], which is sensitive to
gamma rays. We have also used the observations of the
STEREO-A and STEREO-B satellites that observe the
hidden side of the Sun and detect, among others, energetic
particles arising from the Sun [30]. In addition to these oft-
time data, we have simulated various classes of events to
understand the behavior of the selection to different types
of events present in data. We use CORSIKA [31] and
GENIE [32] to simulate atmospheric muons and neutrinos
respectively, and a noise event generator based on an
empirical model consisting of three noise components
inherent to IceCube DOMSs: uncorrelated thermal noise,
uncorrelated radioactive noise, and correlated scintillation
noise. Finally, signal-like neutrino interactions were gen-
erated with GENIE by selecting events with an energy
between 500 MeV and 5 GeV that arrive from the observed
declination range of the Sun at the South Pole, i.e.,
[—23, 23] degrees. We note that various neutrino interaction
processes are included in the simulation—deep inelastic
scattering, quasielastic scattering, resonant production—
which all contribute substantially to the total interaction
rate, as well as scattering that contributes only marginally.

The event selection is discussed in detail below. It can be
divided into three main steps: removal of high-energy
events from the sample, reduction of the contribution from
events triggered by noise, and the increase of the purity of
the final sample.

A. Removing high-energy events

The first step of the event selection aims at reducing the
number of high-energy events, in this work understood as
neutrinos with an energy 25 GeV, from the data sample
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because we expect solar flares to produce neutrinos only up
to a few GeV. The main difference between an event with
arbitrarily high energy and a GeV neutrino interaction is the
amount of light emitted in the ice, as shown in Fig. 5. We
use available data streams (‘“‘software filters” that have been
developed to tag specific kind of events such as high energy
muons or cascades. As depicted in Fig. 5(d), our events
activate a small number of DOMs and are thus not expected
to pass any of the filters designed to tag high-energy
interactions. To be part of our event sample, an event
therefore has to pass the filter that selects events contained
in DeepCore and fail all other filter conditions. An
exception is made for two filters: one targeting low-energy
neutrinos coming from the Northern sky, and the one that
uses parts of the detector as veto against incoming muon
events, as both subsequent samples contain low-energy
events [25]. This combination of filters results in a
significant reduction of the number of atmospheric muons:
the event rate after applying this filter selection is of the
order of 15 Hz while the original rate was around 1400 Hz.

B o

(a) PeV neutrino interaction

(b) 10 GeV neutrino interaction

More than 98% of the simulated neutrino events between
500 MeV and 5 GeV pass this filter selection. The number
of HLC hits in IceCube and DeepCore strings is small for
low-energy neutrino events, while background events from
atmospheric muons and neutrinos are typically character-
ized by a large number of HLC hits in the detector. We can
therefore impose a constraint on the maximum number of
HLC hits allowed in DeepCore and the strings outside
DeepCore to remove high-energy events from our sample.
More stringent constraints on the number of HLC hits in
IceCube strings do not improve the signal over noise ratio
of the selection because of noise hits on the considered
strings present in both signal and background events. The
number of hits that share a causal connection inside an
event can also be used as a parameter for the amount of
light emitted in the detector as a consequence of the
neutrino interaction. We use an algorithm designed to
select sets of hits most likely connected to the same
physical interaction and therefore unrelated to dark noise.
The algorithm selects hits that have at least one other hit

(c) Detector noise event

(d) GeV neutrino interaction

FIG. 5.

(e) Focus on the GeV neutrino

interaction

Examples of neutrino interactions as seen in IceCube. A typical GeV neutrino interaction is illustrated in (d) [simulation, with a

focus on the neutrino interaction in (e)] while (a) (data) (b), and (c) (simulation), show a well-known high-energy starting event with PeV
energy, a typical 10 GeV neutrino interaction, and an event triggered by detector noise, respectively (see the text for more details). The
colored points represent the DOMs that have recorded a signal during a time window of about 12 us around the event. The size of the

points represent the intensity of Cherenkov light that was detected.
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TABLE II.

Summary of the cuts applied in the event selection.

Variable

Passing conditions

Initial data rate: 1400 Hz

Passing filters

Events contained in DeepCore and failing every other software filters
except two targeting low-energy events

Data rate: 15 Hz—Passing signal events: 98%

Number of HLC in IceCube w/o DeepCore, Ny,
and number of HLC in DeepCore, N,
Number of SRT hits

N1=0andN2§9ORN1§6andN2$7

<10

Data rate: 5.5 Hz—Passing signal events: 93%

Noise algorithm variables
Step 1
[W’ N, Umin’vmax]

Noise algorithm variables
Step 2
[W: N’ Uminavmax]

[100 s,2,0.20 m/ns, 0.90 m/ns] = TRUE
[100 s,0,0.20 m/ns, 0.90 m/ns] = TRUE
AND [1000 s,0,0.00 m/ns,0.10 m/ns] = FALSE

[300 s,2,0.20 m/ns, 0.40 m/ns] = TRUE
[300 s,2,0.10 m/ns, 0.90 m/ns] = TRUE
AND [800 s,0,0.00 m/ns, 0.10 m/ns] = FALSE
[500 s,2,0.20 m/ns, 0.30 m/ns] = TRUE

Data rate: 0.2 Hz—Passing signal events: >55%

Charge ratio
Depth of the first HLC in DeepCore

Distance and delay between
Ist and 2nd HLC in DeepCore

Total charge

>0.26
[—2453 m, —2158 m]

<70 m
<50 ns

<60 photoelectrons

Data rate: 0.02 Hz—Passing signal events: >35%

within a sphere of radius R = 150 m and within a time
window of AT = 1000 ns called Single R-T hits, or SRT
hits hereafter. The constraints listed in Table II lower the
data rate to about 5.5 Hz while keeping 98% of the
simulated signal events in the sample.

B. Minimizing the contribution of pure noise

Noise triggers occur with relatively few hits and no
preferred direction. Figure 5(c) represents a typical noise
event satisfying the SMT-3 trigger condition and passing
the filter selection previously described. Accidental triggers
by pure noise constitute a significant background for low-
energy interactions such as the ones illustrated in Fig. 5(d).
The IceCube Collaboration has developed an algorithm
able to identify and eliminate noise signals. The algorithm
searches for a preferential direction in pairs of hits to
classify the event as being of physics origin. In practice, an
event is classified as physics if it contains, during a certain
time window (W), a minimum of N pairs of hits with an
effective particle velocity contained in a [vpn,Vmax] M/NS
interval pointing in excess toward a certain direction. If this
is not the case, the event is classified as noise.

The default set of these four parameters ([W,N, vy,
Umax] = [500 s,7,0.05 m/ns, 0.5 m/ns]) is implemented
in the IceCube software and regularly used for data
analyses (see, e.g., [33]). The algorithm has a Boolean

output with TRUE attributed to physicslike events and a
likely noise event corresponds to FALSE. This optimiza-
tion allows one to differentiate noise from 10-100 GeV
neutrino interactions. In order to be effective for our lower
energy events, we have reoptimized the method. We have
applied the algorithm for each possible set of parameters
and constructed combinations of these sets that maximize
the signal to noise ratio. We request an output FALSE for
sets of variables specifically targeting small apparent
speed in a long time window (e.g., [800 s,0,0.00 m/ns,
0.10 m/ns]) as these parameters correspond to scattered
hits. On the contrary, the sets for which a TRUE output is
required to pass the selection lead to a sample dominated by
high apparent speed in a short time window, i.e., unscat-
tered hits (e.g., [100 s, 2,0.20 m/ns, 0.90 m/ns]). The data
rate is about 0.2 Hz after applying the two combinations of
parameter sets shown in Table II. For comparison, the noise
rate is estimated to be around 0.12 Hz. More than 55% of
simulated signal events survive these cuts.

C. Increasing the purity

With most of the noise events removed from the sample,
we continue to increase its purity. Several selection criteria
are applied:

(1) Charge distribution: cut on the ratio of the charge

deposited in DeepCore during the first 600 ns after
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the first HLC hit in DeepCore and the total charge in
the event. This cut allows one to remove remaining
low-energy tracks created by atmospheric muons
that travel across the detector. To be kept in the
sample, an event is requested to have a charge
ratio < 0.26.

(i) Depth: cut on the depth of the first HLC hit in
DeepCore. Low-energy atmospheric muons will
leave more energy in the top of the detector rather
than in deeper DOMs. The optimal depth for the
selection of GeV neutrino events has been defined as
[—2453 m, —2158 m], which corresponds to the part
of DeepCore located below the dust layer.

(iii) Centroid of the event: cut on the distance and the
time delay between the first and the second HLC hits
in DeepCore. Since our events are of low energy,
the DOMs able to record the events are close to each
other and the hits happen within a short time
window. We requested the distance between these
two hits to be smaller than 70 m with a time delay
not more than 50 ns.

(iv) Total charge: the total deposited charge inside the
detector must be lower than 60 photoelectrons.

A summary of the cuts applied for the final selection is
presented in Table II. The data rate, constant over time, is
20 £ 2 mHz, which can be compared with the simulated
rates of 18 mHz for pure noise events, less than 5 mHz for
atmospheric muons, 0.3 mHz and 0.8 mHz for v, + ¥, and
v, + Uy, respectively. A study of these off-time data showed
that the number of events recorded in short time windows
were consistent with a Poisson distribution.

The leading systematic uncertainties in this analysis
arise from our limited understanding of the optical
properties of the surrounding ice. We studied in particular
the impact of the DOM efficiency and the scattering
length in the ice directly surrounding the DOM. This is
the ice in the approximately 60 cm diameter bore hole
that refroze after the DOMs were deployed. The DOM
efficiency impact study was carried out using a
conservative variation of +10% of the quantum efficiency
of the photocathodes in the simulation of low-energy
neutrino interactions. Two different scattering lengths
(namely, 100 cm and 50 cm) were used in simulations to
assess the corresponding effect on low-energy interaction
detection. We concluded that the uncertainty on each
parameter would lead to a number of low energy events
within 20% of the nominal value. As a GeV neutrino
interaction needs to happen close from a DOM to trigger
the data taking, the uncertainties on the light absorption
and scattering in the bulk ice will have a negligible impact
compared to the two other systematic effects previously
mentioned.

The passing rate of GeV neutrino events is of the order
of 40% and shows only a small zenith dependence (see
Fig. 6). Therefore, the event selection previously described

' '
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FIG. 6. Effective areas for GeV-like neutrino events (500 MeV-
5 GeV) as function of their zenith coordinate. The colored vertical
lines show the location of the solar flares studied in this work.
The white region highlights the zenith range covered by the Sun
at the South Pole.

can be used to search for transient events at an arbitrary
position in the sky. Figure 6 shows the effective areas for
events as function of the zenith. We highlighted the position
of the solar flares that are considered in this work by
colored vertical lines.

D. Searching for a statistical fluctuation

We use the statistical test by Li and Ma [34] to quantify a
possible excess of events. This method has been developed
to estimate the significance of events in a certain time
region, with the null-hypothesis defined as the nonexist-
ence of a signal source. Three parameters are used and their
description in the framework of our analysis is

(i) N,, the number of events in our final sample during

the optimized solar flare time window.
(i1) N,g: the number of events in our final sample during
8 hours prior to the solar flare onset.
(iil)) @ = ton /o, Where oy is the duration of the time
window considered prior to the solar flare, i.e.,
8 hours, and ¢,,, the selected time window during
the solar flare.
The estimate of the significance S proposed in [34] can
be used under the conditions that the counts (N,, Nyg)
were obtained by a single observation, where N, and N
are not too few. If these conditions are fulfilled, S refers to
the number of standard deviations of the event (N, Ng).
This approach is particularly interesting when, as it is the
case in this analysis, there are two unknown parameters:
(i) N,: the number of signal events, equivalent to
N on_aN off

(i) Ng: the number of background events, during
the time window of the search that is now precisely
known.
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TABLE III.

Number of off-source and on-source IceCube events as well as the corresponding significance and

flux upper limit obtained for each solar flare. For comparison, we show the expected number of events from the null
hypothesis of no signal (Expected N, ) that depends on the data rate and the considered duration for each solar flare.

Spectral ~ Upper limit 90%

Event ton (min) Ny Ny Expected N,  Significance S index 6, CL. (m™)
Mar 7th, 2012 40 761 67 62 0.430 4 26

6 38
Feb 25th, 2014 25 611 27 32 0.860 4 23

6 33
Sep l1st, 2014 14 621 21 18 0.65¢ 4 16

6 23
Sep 6th, 2017 517 569 639 620 0.79¢ 4 131

6 192
Sep 10th, 2017 5.96 529 5 6 0.640 4 10

6 14

VI. RESULTS AND OUTLOOK

Table III shows the number of off-source and on-source
IceCube events as well as the corresponding significance S,
calculated using Eq. (2) following the Li and Ma

approach [34]
l+a
S=+v2(N,,In
< ’ |: a <Non+Noff):|
Noff

N0+ ()@

We observe no significant signal. We can therefore derive
upper limits on the potential number of signal events solving
N, = Ny,—aN . and using Eq. (3), which links the number
of observed events and the neutrino fluence ®:

Non

m:/%wmww, 3)

where A is the effective area shown in Fig. 6. The final
upper limits presented in Table III take into account the
flavor ratio at Earth after oscillations, assumed as v,: v,:
v, = 1: 1: 1, and the effective area expected for each flavor
and interaction type. As shown in Table I, the optimized time
window for our neutrino search only contains a fraction
of the observed gamma-ray light curve. Since this analysis
assumes that the neutrinos are emitted jointly with the
gamma rays, we assume our time windows contain the
same fractions of the total neutrino emission. We therefore
take these fractions into account when comparing with
theoretical predictions. The limits presented in Table III
constrain the integrated neutrino flux emitted during the
considered time window.

We note that similar number of events and fractions of
the light curves are observed for the events of March 7th,

February 25th, and September 1st (see Table III). This is
reflected in the similar upper limits set for these events.
Approximatively half of this fraction is contained in the
short flare of September 10th, which explains the apparent
lower upper limit. Finally, the September 6th flare targets
the long duration emission that lasted for several hours,
as previously mentioned. The origin of such a temporally
extended emission is still under investigation [3], and
therefore cannot, at the moment, be compared with the
neutrino upper limits set for the other solar flares.

The exact spectral index 9, of the neutrino spectrum is
not precisely known but could be estimated to lie between
4 and 6 using a GEANT4 [35] simulation of proton-nucleus
interaction in a solar environment as described in [16]. The
neutrino upper limits are presented as a function of the
parameter space (8,, C), where C is the integrated neutrino
flux between 500 MeV and 5 GeV. The upper limit obtained
from the Sept 10th, 2017 event is shown in Fig. 7 together
with its systematic uncertainties. In Fig. 7, the obtained
upper limit is compared to two predictions [16,17]. The
difference between these two predictions comes from
different assumptions on the proton flux accelerated by
the solar flare: the total energy released by the magnetic
reconnection is converted into protons that subsequently
produce pions producing neutrinos is considered in [17],
while only a small fraction of the released energy, con-
sistent with the estimates based on Fermi-LAT observa-
tions, is used in [16]. To put the result into context, we
estimated the corresponding normalization factor if more
energy should go to the accelerated proton flux for the latter
model. The experimental upper limit constrains the pre-
diction made in [17] when assuming an average neutrino
energy of 140 MeV. The still optimistic 500 MeV line is
slightly below the reach of the current sensitivity. The
second prediction [16], however, is far below the current
reach of IceCube, even when assuming the entire energy
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FIG. 7. Comparison of the experimental upper limit derived
for the September 10, 2017 solar flare and the corresponding
theoretical predictions. The orange points are derived from [16],
using a simulation assuming a proton spectral index of 3.4,
derived from gamma-ray observations. The three sets of points
are obtained assuming a different amount of energy going to
accelerated protons, namely 10°% erg (100% of the maximum
magnetic energy available is converted into accelerated protons),
10 erg (1% of the magnetic energy is converted into accelerated
proton), and 10?° erg, which is compatible with gamma-ray
observations. The red line shows the predictions from [17], with
Egre = 10°2 erg and (E, ) = 140 MeV (dashed) and 500 MeV
(dotted).

released during the solar flare goes to protons that sub-
sequently produce pions. Similar results have been
obtained for the other solar flares in Table I and are
discussed in [16,36].

VII. OUTLOOK

In this paper, we presented the first results from a search
for neutrinos coincident with solar flares using IceCube.
This was possible with the development of a new low-
energy selection that allows IceCube to be sensitive to
<5 GeV neutrinos. We note that similar analyses may be
carried out on other types of transient sources, such as
compact binary mergers, fast-radio bursts, or novae. The
limitation of this analysis is given by the current effective
area of the IceCube detector for GeV neutrinos. Besides the
small cross section of GeV neutrinos with the surrounding
matter that limits the number of interactions, each of these
interactions needs to trigger the detector to be recorded.
As previously described, the minimal requirement to be
considered as an event is 3 DOMs with HLC pulses
within 2.5 ps.

A future option may be to utilize the HitSpooling data,
which saves every single hit occurring in the detector,

independent of trigger condition [25]. This means that
subthreshold neutrino interactions, lost in regular IceCube
data, can be saved and studied. Using such a data stream
would directly result in an increase of the sensitivity.
HitSpool data structures have a significantly larger size
than regular IceCube data, and cannot therefore be con-
tinuously saved. To take advantage of this new data stream
and the increased sensitivity it offers, we have created an
alert system based on Fermi-LAT data. The system is
continuously searching for significant solar flare events in
Fermi-LAT data in view of triggering the IceCube HitSpool
data stream [25]. This system has been running since
September 2015 and successfully saved data for the bright
solar flares of September 2017. A dedicated analysis of
solar flares using HitSpooling is currently ongoing.

The landscape of large neutrino telescopes is expected to
widen in the coming years, with among others, the deploy-
ment of the IceCube Upgrade [37] within IceCube. This
detector will demonstrate a lower detection threshold
together with enhanced reconstruction capabilities because
of the multi-photomultiplier geometry of its sensors. We are
exploring how the analysis of the upcoming 25th solar
cycle would benefit from the dense instrumentation and the
new Sensors.
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