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Abstract. High-energy neutrino astrophysics is developing in-
tensively, and new and exciting results have been obtained in the
last two years. Among them are the confirmation of the exist-
ence of a diffuse flux of astrophysical neutrinos by the new
independent Baikal-GVD experiment, the discovery of neutri-
no emission in our Galaxy, new confirmations of the connection
of some astrophysical neutrinos to blazars, and much more.
This brief review, based on the author’s presentation at the
session of the RAS Physical Science Division, ‘“Gamma quan-
ta and neutrinos from space: what we can see now and what we
need to see more,” summarizes the results obtained since the
publication of the review [P/ys. Usp. 64 1261 (2021)] and can be
considered a companion to it.
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1. Introduction

The study of astrophysical high-energy (TeV to PeV)
neutrinos is presently at the stage of intensive development.
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The IceCube neutrino telescope, currently the largest, has
amassed enough statistics to make conclusions about astro-
physical sources of neutrinos, while Baikal-GVD and
KM3NeT have quickly increased their volumes and have
started to produce their first data. However, in view of the
new results, questions about the origin of these neutrinos are
more abundant than answers.

Here, we attempt to summarize numerous new (published
after Ref. [1], that is, in 2022-2023) results in the field of high-
energy neutrino astrophysics, as well as long-term plans for
the field’s development. A broader review of the subject, and
of the results obtained up to and including 2021, can be found
in [1]. A large part of the results mentioned in [1] are not
discussed here, and references to them are not duplicated in
order not to clutter up the present paper.

2. Experimental news

Let us first focus on significant advances in experiments that
detect high-energy neutrinos. The results on astrophysical
sources will be discussed in the following sections.

2.1 Baikal-GVD

Baikal-GVD, the largest neutrino telescope in the North-
ern Hemisphere, continues to increase its effective volume
by gradually adding new clusters of optical modules (as of
2023, 12 clusters are operating, one of which is partially
complete). Also, additional strings located in space
between clusters were added to the configuration of the
experiment. They should work to improve registration
efficiency and the accuracy of determining neutrino
parameters. In 2022, the first results of the experiment
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Table 1. Parameters of power-law fits (1) of the diffuse astrophysical neutrino spectrum from 2022-2023 analyses.

Analysis Energies D, y
Baikal-GVD, upgoing cascades [2] 15-100 TeV 3.047132 2.5870%
TceCube combined [3] 2.5TeV-6.3 PeV 1.801313 2.5240.04
IceCube, starting tracks [4] 3-550 TeV 1.6840:1 2.58+0.49
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Figure 1. Spectra of diffuse astrophysical neutrinos (one flavor, the sum of
neutrinos and antineutrinos), obtained in 2022-2023 analyses.

working in an incomplete configuration (2018-2021) were
published.

A principal achievement, not only of the Baikal experi-
ment but also of all of neutrino astronomy, was the
confirmation of the very existence of high-energy astrophysi-
cal neutrinos. All previous studies of neutrinos were based on
the results of one experiment, IceCube, which is not free, like
any other, from systematic uncertainties. Based on the
analysis of two samples of Baikal-GVD cascade neutrino
events with the highest probability of an astrophysical origin,
the hypothesis of the absence of astrophysical neutrino flux
was rejected [2] with a statistical significance of 3.05¢. The
first sample included 16 events with reconstructed energies
above 70 TeV (the highest energy was 1200 TeV). For the
second one, the lower energy limit of 15 TeV was used, but
only events with arrival directions from below the horizon
were selected, which significantly reduced the atmospheric
background. Eleven such events were recorded, of which two
had energies above 70 TeV and therefore were included in
both samples. The below-horizon event with the highest
energy, 225 TeV, arrived from a remarkable direction in the
sky (see below in Section 3.1).

Recall that the standard parametrization of the spectrum
of the isotropic diffuse flux of one-flavor neutrinos and
antineutrinos with a power-law function is given by

dFv+V

_ E, o —18 N U S |
iE = @0<100 TeV) x 107° GeV™ cm ™~ s sr( )
1

Traditionally, the analysis assumes equal fluxes of neutrinos
of different flavors, so the total flux is obtained by multiplying
Eqn (1) by three. Parameters @y and 7y, obtained by Baikal-
GVD, are given in Table 1, which can be considered a
supplement to Table 3 of Ref. [1]. There, parameters
obtained in two new IceCube analyses, discussed below, are
also presented.

Figure 1 demonstrates that the spectrum obtained in
the Baikal-GVD analysis agrees well with IceCube’s
results. This result is important, not only because it is
obtained by a different team’s independent analysis, but
also because the two experiments differ significantly in
sensitivity to different regions of the sky (Southern and
Northern Hemispheres) and in methodology (ice and
liquid water; see [1] for details).

2.2 Experiments in the Mediterranean Sea:

ANTARES and KM3NeT

Another group of experiments detects neutrinos in the liquid
water of the Mediterranean Sea. The ANTARES experiment
completed its multi-year operation in 2022, when the working
volume of its upcoming replacement, the large KM3NeT
detector ARCA, exceeded the volume of ANTARES. Final
publications based on the full ANTARES dataset are
expected in the near future: some of the results are mentioned
in Sections 3.1 and 4.1. Although KM3NeT already exceeds
ANTARES by its volume, it is still small compared to
IceCube and Baikal-GVD and has not yet reached sufficient
exposure to detect the astrophysical diffuse neutrino flux. The
experiment is increasing its working volume; at the end of
2022, it started to produce its first astrophysical results.

2.3 IceCube

The IceCube experiment has been in operation since 2008,
and the main astrophysical results on high-energy neutrinos
are still based on its data. In addition to increasing the data
set, the IceCube team is working to improve the quality of
event reconstruction and the accuracy of determining neu-
trino energies and arrival directions. The new reconstructions
are expected to account for ice properties more precisely.
Machine learning techniques have started to be applied for
astrophysical analyses at the stage of reconstruction of
individual IceCube events.

At the ICRC2023 conference, the IceCube experiment
presented two new preliminary analyses of diffuse fluxes of
astrophysical neutrinos (see Table 1 and Fig. 1). In particular,
for the first time, a spectrum was constructed [3], which
combines the information from different observing chan-
nels, including cascades and tracks, selected and processed
in different ways. In contrast to previous analyses, the quality
of the fit of the spectrum by a broken power-law function is
slightly better than that by a single power law.

Another new spectrum [4] is based on the analysis of the
tracks starting in the detector. This method of selection
eliminates atmospheric muons efficiently, although, of
course, it leaves atmospheric neutrinos in the sample. To
isolate the latter contribution, statistical methods are used.
This allows advancing to lower energies in the astrophysical
flux estimation. Note some discrepancy with the combined
spectrum at low energies (see Fig. 1). When the starting-track
spectrum is fitted with a broken power law, it even produces a
break in the opposite direction, although this effect is not
statistically significant. The problem of disagreement of the
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spectra obtained in different analyses, discussed in detail in
[1], retains its relevance.

Recently, several publicly available data sets related to the
arrival directions of IceCube events have been released.

e Catalog of alert and ‘alert-like’ track events, IceCat-1 [5].
Following the publication of its well-known result [6] related
to the coincidence of a high-energy neutrino event with the
gamma-ray flare of the blazar TXS 0506+ 056, IceCube
revised criteria for selecting and reconstructing public alerts,
which are issued to inform the world’s observatories about
high-probability astrophysical neutrinos. The first-genera-
tion alerts were published in 2016-2018, and new ones,
starting in 2019. The catalog [5] presents some of these new
alerts together with results of the reprocessing of earlier
events with the same new procedure. Events which satisfy
the new alert criteria were selected from the old data, so that a
homogeneous sample of 275 events was obtained. An
important innovation is the inclusion of a veto related to the
triggering of a surface-mounted unit that allows certain
events which have a high probability of being atmospheric
to be excluded. The catalog includes events from May 2011
through December 2019 (the experiment has been running
since 2008). It is presumed that information on newer events
will be added to the online version of the catalog.

e Updated arrival directions of high-energy starting events
(HESE) [7]. This is another reprocessing of the entire dataset
using a new reconstruction procedure that should take into
account the properties of ice in the IceCube detector volume
in a more correct way. Best-fit arrival directions and their
(irregularly shaped) uncertainty regions in the sky are given
for 164 events.

e Map of the Northern sky constructed from track events.
The numerical likelihood function used in the work on
searching for neutrinos from the NGC 1068 galaxy ([8]; for
details, see Section 3.2) was presented. As in previous similar
papers, this function, defined on the celestial sphere, is related
to the probability of detecting a local source of astrophysical
neutrinos in this direction. It accounts both for the number of
events coming from this direction and for their energies (the
higher the energies, the higher the probability of an astro-
physical neutrino origin).

o Sky map of cascade events. A similar likelihood function
has also been published in connection with the observation
of the neutrino emission from the Galactic plane ([9]; see
Section 4.1). Cascade events were used for its construction.

Being openly accessible, these data can be utilized by
researchers not affiliated with IceCube for new analyses and
hypothesis testing (see, however, Sections 2.4 and 3.4).

2.4 New data, old challenges

The application of new, refined methods of statistical analysis
of raw data and of reconstruction of track and cascade events
leads to a significant reduction in statistical uncertainties of
the arrival directions, and for cascades, also of the neutrino
energy. With these developments, it is becoming more and
more clear that the accuracy of reconstruction of neutrino
properties is limited by systematic uncertainties. This man-
ifests itself, in particular, in the differences among directions
and energies obtained for the same events using different
reconstructions (see, e.g., illustrations in [1]). For the IceCube
experiment, one of the main sources of the uncertainty is the
lack of knowledge of properties of the ice, that is, of the
medium in which the detected signal is formed and propa-
gates. Recently, IceCube publications started to present

descriptions of how the systematic errors are taken into
account in the data and to discuss approaches to reducing
these uncertainties [10—12]. Presently, arrival directions of
IceCube events with a high probability of an astrophysical
origin are obtained using a simplified algorithm. For only one
event [13] was the reconstruction performed under assump-
tions of different models of ice properties. Obtained for this
particular event, the systematic error was translated, follow-
ing certain rules [10], to all neutrino alerts. The use of this
procedure was motivated by the fact that multiple repetitions
of simulations with different assumptions about the ice
properties, even for a small number of the most interesting
events, required too much computer resources. Relatively
recently, full simulations were performed for several events,
and have predictably shown that the actual reconstruction
uncertainty due to insufficient knowledge of ice properties
may be either smaller or larger than that estimated with the
simplified method [10]. The IceCube team is working on a
solution to this problem [11].

Developing an efficient approach for estimating systema-
tic uncertainties in the reconstruction of individual events
remains a task for the future. Current published properties of
IceCube events, including those in the catalog [5], were
obtained in the simplified way described above. For practical
purposes, additional systematic error can be accounted for by
artificially increasing the statistical uncertainty [14, 15].
Thanks to the greater homogeneity of liquid water than of
ice and to the relative technical simplicity of controlling its
properties, systematic uncertainties are expected to be less
significant for other detectors. However, the same challenges
remain relevant for all instruments.

Issues related to modeling uncertainty become very
serious in the context of the increasing use of machine-
learning techniques for event reconstruction (for more
details, see Section 3.4).

3. Extragalactic neutrinos

Most probably, a large part of astrophysical high-energy
neutrinos come from extragalactic sources. New data and
analyses confirm the origin of a significant fraction of high-
energy astrophysical neutrinos in blazars (Section 3.1). At the
same time, other extragalactic sources (Sections 3.2 and 3.3),
as well as our Galaxy (Section 4), also contribute to the
neutrino flux.

3.1 Neutrinos from blazars

Recall that blazars are powerful active galactic nuclei with
relativistic jets directed at the observer. The radiation
produced in the jet has a larger intensity for the observer
because of the relativistic effects, and this puts blazars among
the brightest sources of non-thermal radiation in the Uni-
verse. The most universal marker of a relativistic jet directed
to the observer is provided by the synchrotron radiation of
relativistic electrons at parsec scales, visible in the radio band
with very-long baseline radio interferometry (VLBI). Not all
blazars are gamma-ray sources, although among extragalac-
tic sources of high-energy gamma rays, they constitute the
dominant population.

3.1.1 Highest-energy neutrinos

New neutrino events: a direct test of the hypothesis. The
statistical relationship between IceCube neutrino events and
the population of blazars from the VLBI-selected sample was
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Figure 2. Probability of the null hypothesis of a random coincidence of
high-energy neutrinos with radio blazars for data sets before 2019 [14] and
before 2022 [16] for various estimated values of additional systematic error
(pre-trial). Horizontal lines indicate significance obtained taking into
account the choice of this value (post-trial).

found in Ref. [14] for events with energies above 200 TeV, the
data on which were published up to and including 2019. The
events collected in 2020-2022 have been analyzed by the same
method in Ref. [14]. The same event selection criteria and the
same procedure of the analysis, established in Ref. [16], were
used. Fifteen new events have been added to the sample of
56 neutrinos used in [14]. The statistical significance of the
association of neutrinos with energies above 200 TeV with
blazars increased from 3.1¢ to 3.60 (Fig. 2). This result is a
direct confirmation of the results of [14]; the proportion of
new blazar associations [16] among neutrinos is consistent
with that expected from [14].

Repeated neutrinos from the same blazars. The accumulation
of IceCube statistics, as well as the start of new experiments
Baikal-GVD and KM3NeT, resulted in observations of
several neutrino events with the arrival directions coinciding
with one and the same blazar. Let us focus on a few notable
cases (Fig. 3).

PKS 1741-038. One of the most powerful radio blazars in
the sky, it was highlighted [14] among the four most likely
sources of neutrinos based on the coincidence with the
IC110930 neutrino event! and on high flux density of the
radio emission from a compact component. In 2022, from the
same direction, another neutrino, 1C220205, arrived that
satisfied all the selection criteria used in [14, 16].

TXS 0506+ 056. The association of this blazar with event
I1C170922 (~ 290 TeV) started the history of observational
associations between blazars and neutrinos [6]. Both this
neutrino event and this blazar were included in the sample
of Ref. [14]. At the end of 2022, the Baikal-GVD experiment
reported in [17] a coincidence of the cascade event
GVD210418CA with the same blazar. This is the event with
the highest energy (225475 TeV) among the cascades
coming from directions below the horizon, registered by
Baikal-GVD in 2018-2021. The estimated probability of its
astrophysical origin is 99.67%. Although the uncertainty of
the arrival direction of this event (6.0°, 90% CL) is
significantly larger than that of IceCube tracks, it is several

I Event identifiers indicate the experiment, IC—IceCube, GVD—
Baikal-GVD, and the date of detection. For track events, only the most
probable value of the neutrino energy is given, errors of determination of
which are huge [, 6].
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Figure 3. Arrival-direction error contours for neutrinos associated with
blazars (a) PKS 1741-038, (b) TXS 05064056, (c) PKS 0735+178 (see
text).

times smaller than that of cascades in ice. This allows us to
speak about the beginning of neutrino point-source astron-
omy in the cascade channel.
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PKS 0735+ 178. This source attracted attention after the
IC211208 event (~ 171 TeV). Although the event did not
meet the selection criteria established in [14] (the energy was
below 200 TeV) and therefore has not been used in any
statistical analysis, it coincided with a historical blazar flare,
recorded in all bands, from radio to gamma rays. During the
days of the December 2021 flare, neutrino events were
recorded by all high-energy neutrino telescopes operating on
Earth—in addition to IceCube, they are Baikal-GVD [18,
19], the Baksan Underground Scintillation Telescope (BUST)
[20, 21], and KM3NeT [22]. Neutrinos from this blazar
have been discussed, in particular, in [23-25]. It is worth
noting that, although BUST has a small geometric volume
and detects tracks of upgoing muons from neutrinos with
an energy threshold of 1 GeV, i.e., orders of magnitude
lower than those discussed here, its effective volume
quickly grows with neutrino energy, and the registration
of one event per flare in BUST is consistent with one
IceCube event [21], assuming a steeply falling neutrino
spectrum of the source.

Other samples of IceCube events or blazars. As was discussed
in [1], statistically significant associations of high-energy
neutrinos with blazars were also found in Ref. [26] that used
selection criteria for events and blazars different from [14].
The sample of neutrino events from [26] (2009-2019) was
again used in Ref. [27] to find associations with sources
selected by fluxes in various bands, mostly blazars. The
results of this study confirm the overall trend, including
neutrino connection to flat-spectrum radio sources selected
by the flux at 8 GHz. Unlike other studies, the most efficient
selection criterion of blazars on the basis of VLBI data was
not used here: the sample was selected from the CRATES
catalog constructed on the basis of observations without the
use of radio interferometry. About 4% to 42% of neutrinos in
the sample [26] can be associated with CRATES selected
blazars (90% CL interval), which is consistent with other
estimates.

In 2023, the updated catalog of IceCube events having a
high probability of astrophysical origin, IceCat-1, was
published [5]. It contains events from 2011 through 2019, to
which new reconstruction algorithms, currently used for
alerts, were retroactively applied. Reconstructed arrival
directions and energies of previously published events
changed, in some cases significantly; many new events have
also been added. Using this catalog for an analysis similar to
[14], with direct application of the criteria from [14], results in
a decrease [28] in the significance of associations between
neutrinos and radio blazars compared to the original work
(see discussion below in Section 3.4).

3.1.2 All observed neutrinos

Radio blazars as TeV to PeV neutrino sources. The relation
between lower-energy neutrinos and radio blazars from the
same VLBI-selected sample was established statistically [29]
on the basis of the published likelihood-function map
containing generalized information about the arrival direc-
tions of all IceCube track events for the first 7 years of work.
It was demonstrated that about 25% of the flux of astro-
physical muon neutrinos is associated with the population of
blazars with a radio bright compact component. Separate
events have been published for the 10-year dataset in another
reconstruction. For this catalog, and using another analysis
procedure, no directional correlations between neutrinos and

blazars were found [30], so that the upper limit on the fraction
of neutrinos from blazars was set at < 30%. This is in
agreement with [29]; see also the discussion in [31] and
Section 3.4 below.

Therefore, statistical analyses indicate that neutrinos,
both of the highest and of somewhat lower energies, are
related to one and the same population of blazars. The
number of blazars in the sample is large, and individual
sources are quite different. To understand the mechanisms
of neutrino production, it is important to identify whether
neutrinos with a broad energy spectrum are born in the same
blazars, or different source populations are responsible for
different neutrino energy ranges. Some progress in addressing
this issue comes from Ref. [32], which established a statisti-
cally significant (3.60) correlation between matching a high-
energy neutrino from the sample [16] to a radio blazar and the
presence of additional lower-energy neutrinos arriving from
the same direction at the same time (41 day). It is likely that
the same blazars can produce neutrinos of significantly
different energies.

Analyses based on other samples. The relation between all
events registered by large neutrino telescopes and blazars is
being confirmed using other data. Specifically, the
ANTARES collaboration obtained in [33] indications (2.2¢
significance) of the presence of a spatial correlation of arrival
directions of events registered during the operation period of
the experiment, with the same catalog of radio blazars that
was used in [14, 16, 29]. In addition to this, a search was also
conducted for neutrino flares from the directions of these
blazars. The most notable one was the excess of events from
the blazar PKS 024241101 in 2013: a high-energy neutrino
registered by IceCube came at the same time from the same
direction, and the blazar experienced a powerful flare both in
gamma rays (Fermi LAT) and in the radio band (OVRO).

Other selection criteria, primarily based on optical
spectra, formed the basis of the BZCAT catalog of blazars
used in [34, 35]. Although this sample is not complete by any
criterion (in particular, sources are distributed unevenly
across the sky), it is expected to have a very low level of
contamination by non-blazar objects. Reference [34] consid-
ered track events from the Southern sky, i.e., those which, for
IceCube, come from directions above the horizon. The
likelihood function map based on 7 years of IceCube data
was used — the same as was used in [29] for the Northern sky.
The level of atmospheric muon contamination for events
coming above the horizon is very high, so the maps for the
Northern and Southern skies were constructed in different
ways: for the Southern part, higher weight was given to the
most energetic events, for which the probability of an
astrophysical origin is higher. In [34], a rather involved
method was applied in which ‘hot spots,” that is, several
directions with a high probability of the location of the
neutrino source, were first identified in the Southern
neutrino sky, and then those directions were tested for the
presence of blazars. The association of neutrino ‘hot spots’
with blazars was established at a confidence level of 4.75. As
for the Northern sky, the same authors used a different
dataset [35], namely, the updated likelihood map published
along with the result [8]. The same conclusion was reached but
with a significance of 2.7¢. Note that using one and the same
dataset for the Southern and Northern skies does not bring
significant results for the latter [36] (see Section 3.4 for more
details).
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Theoretical implications. Production of neutrinos with ener-
gies ranging from TeV to PeV in the same sources, radio-
bright blazars, is probably related to the interaction of
protons, accelerated to energies about 20 times those of
neutrinos, with X-ray photons (for more details, see [1]).
The maximal probability of the birth of neutrinos with ~ PeV
energy corresponds to the interaction of protons with
photons of ultraviolet light, but, for lower energies of
neutrinos, hard X-ray photons are required. Thus, observa-
tional results suggest that neutrinos are born in those parts of
blazars where photons with energies in a wide range are
sufficiently abundant. On the other hand, the connection
between neutrino detection and the flux of a compact radio
source, monitored by VLBI, indicates that neutrinos are
produced within a few parsecs from the central black holes
of blazars.

Not many mechanisms have been described in the
literature that satisfy these requirements, the most stringent
of which is the presence of a sufficient amount of X-ray
photons. Hard X-ray radiation from blazars is often
associated with Compton scattering of relativistic electrons
on the photons of their own synchrotron radiation, exactly
the kind of radio emission that is responsible for the VLBI
flux; so, it has been suggested [29] that the region of neutrino
production coincides with the region where the compact radio
emission comes from. Further development of this mechan-
ism allowed constructing [37] a realistic two-zone model in
which protons are accelerated near black holes but interact
with Compton photons in the so-called millimeter blazar
core, an area near the base of the jet that makes the main
contribution to the VLBI flux in the millimeter band [38]. In
such a mechanism, the neutrino flux from a single blazar turns
out to be relatively small, which agrees well with the estimates
of the number of high-energy neutrino sources and with the
lack of correlations between neutrinos and high-energy
gamma-ray emission from blazars, discussed in [1].

One of the predictions of models in this class is the large
flux of hard X-ray emission of those blazars which are
associated with neutrinos, in particular with those of the
highest energies. This prediction has recently received
observational confirmation [39].

3.2 Neutrinos from Seyfert galaxies

Another isolated individual neutrino source was associated
with the M 77 galaxy, aka NGC 1068. This galaxy combines
signs of nuclear activity (Seyfert type 2) and intense star
formation. In [8], the IceCube collaboration rejects the
hypothesis of the absence of neutrino association with this
galaxy at a statistical significance of 4.2¢. Interpretation of
this value is not straightforward because of the fact that, by
itself, the significance of a neutrino hot spot in the direction
close to NGC 1068 in a full-sky scan is [8] 2.06. The
significance increases if the scan across the whole sky is
replaced by a catalog of 110 ‘probable sources’ compiled
following rather arbitrary rules (for a more detailed discus-
sion of this approach, see [1]). IceCube has been using such
catalogs for some time, but it should be noted that the list has
been significantly expanded when moving from the 2016
analysis [40] to the 2019 analysis [41]. In particular, in
Ref. [41], NGC 1068 has been added to the list, along with
7 other galaxies with intense star formation, and in the very
same paper, an excess of events from this direction in a full-
sky scan was first detected. Since the events from 2011 to 2020
were used in [8], the use of the term ‘a priori fixed catalog’ in

the context of the NGC 1068 source, included in 2019, is
perhaps not fully justified.

Another unexpected difference between this and other
sources, a very soft spectrum, is worth noting. It is well known
that isolating the contribution of astrophysical neutrinos
from the atmospheric background is possible only statisti-
cally and is based on the distributions in the zenith angle and,
most importantly, the energy (see [1]). Most atmospheric
events have a soft spectrum with the power-law index = 3.7,
while, for astrophysical neutrinos, one expects values of the
index between about 2.0 and 2.7. In the analysis of events
from NGC 1068, a value of the power-law index of 3.2 0.2
was obtained [8], that is, the astrophysical origin of the
neutrino excess is deduced mainly from the concentration of
the neutrinos’ arrival directions in a small region of the sky,
not from their high energies.

Seyfert galaxies, as well as galaxies with intense star
formation, are numerous, and the natural question arises
about the contribution of other representatives of the same
source classes to the neutrino flux. There are, for example,
other similar nearby galaxies—are they neutrino sources?
This question is explored in Ref. [42]. There, a list of nearby
galaxies similar to NGC 1068 was constructed and their
expected neutrino luminosities were estimated. Taking into
account these luminosity estimates and positions in the sky, it
was found that IceCube’s current sensitivity should be
sufficient to detect a neutrino signal only from two more
galaxies (besides NGC 1068 itself), NGC 4151 and NGC 3079.
The authors analyzed a 10-year public catalog [43] of IceCube
events and found excesses of neutrinos from these sources
with statistical significances of 3.0¢ and 3.90, correspond-
ingly. Note that, according to [42], both these sources also
have a soft spectrum, though the values of power-law indices
are not given in the paper.

3.3 Neutrinos from tidal disruption events

In the framework of an observational follow-up program
triggered by IceCube neutrino alerts, a coincidence was found
in [44] of a high-energy IceCube event with an optical flare,
probably associated with the tidal destruction of a star by the
gravitational field of a supermassive black hole in the center
of one of the galaxies. Shortly afterward, another similar
coincidence was found [45]. In both cases, a comparison of
optical and infrared observa