
REVIEW
www.ann-phys.org

High-Energy Neutrinos from the Cosmos

Francis Halzen

The IceCube project transformed a cubic kilometer of transparent natural
Antarctic ice into a Cherenkov detector. It discovered PeV-energy neutrinos
originating beyond our galaxy with an energy flux that is comparable to that of
GeV-energy gamma rays and EeV-energy cosmic rays. These neutrinos
provide the only unobstructed view of the cosmic accelerators that power the
highest energy radiation reaching us from the universe. The results from
IceCube’s first decade of operations, foremost the measurement of the diffuse
neutrino flux from the universe using multiple techniques is reviewed. The
multimessenger data that identified the supermassive black hole TXS
0506+056 as a source of cosmic neutrinos is subsequently reviewed and
attention is drawn to accumulating indications that cosmic neutrinos are
associated with gamma-ray-obscured active galaxies, that is, the energy in
gamma rays that accompanies cosmic neutrinos emerges at MeV energies, or
below. Reaching beyond 10 PeV energy, cosmic neutrinos provide a natural
beam to study neutrinos themselves.

1. Neutrino Astronomy: A Brief Introduction

The shortest wavelength radiation reaching us from the universe
is not radiation at all; it consists of cosmic rays—high-energy nu-
clei, mostly protons. Some reach us with extreme energies ex-
ceeding 108 TeV from a universe beyond our Galaxy that is ob-
scured to gamma rays and fromwhich only neutrinos reach us as
astronomical messengers.[1] Their origin is still unknown but the
identification of a supermassive black hole powering a cosmic-
ray accelerator[2,3] represents a breakthrough toward a promising
path for resolving the century-old puzzle of the origin of cosmic
rays: multimessenger astronomy.
The rationale for searching for cosmic-ray sources by observ-

ing neutrinos is straightforward: in relativistic particle flows
near neutron stars or black holes, some of the gravitational en-
ergy released in the accretion of matter is transformed into the
acceleration of protons or heavier nuclei, which subsequently
interact with ambient radiation or dust, hydrogen, and dense
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molecular clouds to produce pions and
other secondary particles that decay into
neutrinos. For instance, when protons in-
teract with intense radiation fields near
the source via the photoproduction pro-
cesses

p + 𝛾 → 𝜋0 + p and p + 𝛾 → 𝜋+ + n (1)

both neutrinos and gamma rays are pro-
duced with roughly equal rates; while
neutral pions decay into two gamma
rays, 𝜋0 → 𝛾 + 𝛾 , the charged pions de-
cay into three high-energy neutrinos
(𝜈) and antineutrinos (𝜈̄) via the decay
chain 𝜋+ → 𝜇+ + 𝜈𝜇 followed by 𝜇+ →
e+ + 𝜈̄𝜇 + 𝜈e. The fact that cosmic neu-
trinos are inevitably accompanied by
high-energy photons transforms neu-
trino astronomy into multimessenger
astronomy.

A main challenge of multimessenger astronomy is to separate
these photons, which we will refer to as pionic photons, from
photons radiated by electrons that may be accelerated along with
the cosmic ray protons. Another challenge is to identify the elec-
tromagnetic energy associated with the pionic photons because
they do not reach our telescopes with their initial energy but after
suffering losses in the extragalactic background light (EBL), pre-
dominantly in interactions with microwave photons via the pro-
cess 𝛾 + 𝛾cmb → e+ + e−. Importantly, theymay also lose energy in
the source. As is the case for constructing a neutrino beam in a
particle physics laboratory, neutrinos are produced in a so-called
beam dump with a target transforming the energy of the proton
beam into neutrinos. Powerful neutrino sources within reach of
IceCube’s sensitivity require a dense target that is likely to be ob-
scured to pionic gamma rays. Additionally losing energy in the
source, these may reach Earth with MeV energies or below; we
will refer to them as gamma-obscured sources. We will review
the accumulating evidence that this is indeed the case, with mul-
timessenger signals emerging below the detection thresholds of
high-energy gamma-ray satellites and ground-based TeV gamma-
ray telescopes.
After collecting 10 years of IceCube data, the emergence of ac-

tive galaxies as sources of cosmic rays was not unexpected.[4,5]

The detailed blueprint for a cosmic-ray acceleratormustmeet two
challenges: the highest energy particles in the beam must reach
energies beyond 108 TeV for extragalactic sources, and their lumi-
nosity must accommodate the observed flux. Both requirements
represent severe constraints that have guided theoretical specu-
lations toward active galaxies; for a recent review see ref. [6]. In
contrast with our own galaxy hosting a black hole at its center that
is mostly dormant, in an active galaxy the rotating supermassive
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Figure 1. The accretion disk meets the spinning black hole that winds up the disk’s magnetic field lines. Reproduced with permission (2010). Pearson
Education, Inc.

black hole absorbs the matter in the host galaxy at a very high
rate. Fast spinning matter falling onto the active galactic nucleus
(AGN) swirls around the black hole in an accretion disk, like the
water approaching the drain of your bath tub.When the accretion
disk comes in contact with the rotating black hole, its space-time
drags on the magnetic field, winding it into a tight cone around
the rotation axis into a jet of particles; see Figure 1. Not just parti-
cles but huge “blobs” of plasma from the accretion disk are flung
out along these field lines. It is not clear whether it is the rotation
energy of the black hole or the magnetic energy in the rotating
plasma that powers the accelerator. The radio emission reveals
that the plasma in the jets of active galaxies flows with velocities
of 0.99 c. A fraction of a solar mass per year can be accelerated
to relativistic Lorentz factors of order 10, leading to a luminosity
of 1046 erg s−1, close to the Eddington limit where the force of

radiation acting outward interferes with further accretion on the
black hole.
When the jet runs into a target material, for instance the ubiq-

uitous 10 eV ultraviolet photons in some galaxies, neutrinos can
be produced. Production of high-energy neutrinos in the cores of
the active galaxy may also result from the acceleration of cosmic
rays in the high field regions associated with the accretion disk
or the corona surrounding it; for a recent review, see ref. [7].
Two general scenarios have been invoked to accommodate the

level of diffuse cosmic neutrino observed by IceCube: protons
accelerated near the core interact with high-density targets or
strong fields in the vicinity of the black hole,[8,9] or, alternatively,
diffuse through the galaxy to produce neutrinos in collisions with
interstellar matter.[10] We will return to these speculations after
reviewing the status of the neutrino observations.
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Figure 2. Architecture of the IceCube observatory.

2. The Discovery of High-Energy Cosmic Neutrinos

Close to the National Science Foundation’s research station lo-
cated at the geographical South Pole, the IceCube project[11]

transformed one cubic kilometer of natural Antarctic ice into a
Cherenkov detector. The deep ice of the Antarctic glacier consti-
tutes the detector, forming both support structure andCherenkov
medium. Below a depth of 1450 m, a cubic kilometer of glacial
ice has been instrumented with 86 cables called “strings,” each of
which is equipped with 60 optical sensors; see Figure 2. Each dig-
ital optical module (DOM) consists of a glass sphere containing a
photomultiplier and the electronics board that captures and digi-
tizes the signals locally using an onboard computer; see Figure 3.
The digitized signals are given a global time stampwith residuals
accurate to 2 ns and are subsequently transmitted to the surface.
Processors at the surface continuously collect the time-stamped
signals from the optical modules, each of which functions inde-
pendently. The digital messages are sent to a string processor and
a global event trigger. They are sorted into the Cherenkov radi-
ation patterns that are emitted by secondary muon tracks pro-
duced by muon neutrinos interacting in the ice, or by particle
showers for the case of electron and tau neutrinos. These reveal
the flavor, energy, and direction of the incident neutrino.[12] Con-
structed between 2004 and 2010, IceCube has now taken 10 years
of data with the completed detector.
The arrival direction of a secondary muon track and of an elec-

tromagnetic shower initiated by an electron or tau neutrino is
determined by the arrival times of the Cherenkov photons at the
optical sensors, while the number of photons is a proxy for the
energy deposited by secondary particles in the detector. Although
the detector only records the energy of the secondary muon in-
side the detector, from Standard Model physics we can infer the
energy spectrum of the parent neutrino.
Tracks resulting from muon neutrino interactions can be

pointed back to their sources with a ≤ 0.4◦ angular resolution
for the highest energy events. In contrast, the reconstruction
of cascade directions, in principle possible to within a few de-
grees, is still in the development stage in IceCube, achieving

Figure 3. Digital optical module showing the down-facing 10 in. photo-
mulitplier and the associated electronics that digitize the light signals.

8◦ resolution.[13,14] On the other hand, determining their energy
from the observed light pool is straightforward, and a resolution
of better than 15% can be achieved. For illustration, we contrast
in Figure 4 the Cherenkov patterns initiated by an electron (or
tau) neutrino of 1 PeV energy (top) and a neutrino-inducedmuon
losing 2.6 PeV energy while traversing the detector (bottom).
IceCube identifies cosmic neutrinos in a background of

muons and neutrinos produced by cosmic rays interacting in
the atmosphere. For neutrino astronomy, the first challenge is
to select a pure sample of neutrinos, more than 100 000 per year
above a threshold of 0.1 TeV, from a background of ten billion
atmospheric cosmic-ray muons. Neutrino energies cover more
than six orders of magnitude, from ≈ 5 GeV in the highly in-
strumented inner core, labeled DeepCore in Figure 2, to extreme
energies beyond 10 PeV. The second challenge is to identify the
small fraction of these neutrinos that is astrophysical in origin.
Atmospheric neutrinos are a background for cosmic neutrinos,
at least at neutrino energies below ≈ 100 TeV. Above this energy,
the atmospheric neutrino flux reduces to a few events per year,
even in a kilometer-scale detector, and thus neutrinos well above
that energy are cosmic in origin.
Soon after the completion of the detector, with 2 years of data,

IceCube discovered an extragalactic flux of cosmic neutrinos[1]

with an energy flux, E2 dN∕dE, in the local universe that is, sur-
prisingly, similar to that in gamma rays.[15,16] Two principalmeth-
ods are used to separate neutrinos of cosmic origin from the
background of atmospheric neutrinos. The first method recon-
structs upgoing muon tracks reaching the detector from direc-
tions below the horizon, the second identifies neutrinos of all fla-
vors that interact inside the instrumented volume of the detector;
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Figure 4. Top panel: Light pool produced in IceCube by a shower initiated
by an electron or tau neutrino of 1.14 PeV, which represents a lower limit
on the energy of the neutrino that initiated the shower. White dots repre-
sent sensors with no signal. For the colored dots, the color indicates arrival
time, from red (early) to purple (late) following the rainbow, and size re-
flects the number of photons detected. Bottom panel: A muon track com-
ing up through the Earth, traverses the detector at an angle of 11◦ below
the horizon. The deposited energy, that is, the energy equivalent of the to-
tal Cherenkov light of all charged secondary particles inside the detector,
is 2.6 PeV.

examples are shown in Figure 4. We will describe these methods
in turn.
Detecting particles from directions below the horizon has the

immediate advantage of eliminating the overwhelming back-
ground of cosmic-ray muons that reach the detector from above.
IceCube thus collected samples of muon neutrinos with high
purity, often above 99%, and measured the atmospheric neu-
trino flux over more than five orders of magnitude in energy
with a result that is consistent with theoretical calculations. The
tracks can be well reconstructed and separated from the back-
ground of atmospheric muons using the Earth as a filter. Muon
neutrinos can be detected even when interacting outside the de-
tector because of the kilometer range of the secondary muons.
More importantly, IceCube also observes an excess of neutrino
events at energies beyond 100 TeV[17–19] that cannot be accounted
for by the atmospheric flux. A recent measurement of the en-

ergy flux covering 9.5 years of data was performed on a sam-
ple of 650 000 neutrinos with 99.7% purity (see Figure 5). The
excess cosmic neutrino flux (red) over the atmospheric back-
ground (blue) is well described by a power law with a spectral
index of −2.37 ± 0.09 and a normalization at 100 TeV neutrino
energy of (1.36+0.24−0.25) × 10−18 GeV−1cm−2sr−1s−1.[20] The residual
atmospheric muon background is small (yellow). For more de-
tails, see ref. [21].
The measured arrival directions of the astrophysical muon

tracks are isotropically distributed over the sky. Surprisingly,
there is no evidence for a correlation to nearby sources in the
Galactic plane; IceCube is recording a diffuse flux of extragalac-
tic sources. Only after collecting 10 years of data[22] did the
first evidence emerge at the 3𝜎 level that the neutrino sky is
not isotropic. The anisotropy results from four sources—TXS
0506+056 among them (more about that source later on)—that
emerge as point sources of neutrinos above the 4𝜎 level (pre-
trial); see Figure 6. The strongest of these sources is the nearby
active galaxy NGC 1068, also known as Messier 77, which, inter-
estingly, also happens to be the most significant source in a list
of about a hundred candidates that were preselected as potential
neutrino sources.
The second method for separating cosmic from atmospheric

neutrinos exclusively identifies high-energy neutrinos interact-
ing inside the instrumented volume of the detector, so-called
starting events. It divides the instrumented volume of ice into an
outer veto shield and a≈ 500-megaton inner fiducial volume. The
advantage of focusing on neutrinos interacting inside the instru-
mented volume of ice is that the detector functions as a total ab-
sorption calorimeter,[13] allowing for a good energymeasurement
that separates cosmic from lower-energy atmospheric neutrinos.
In contrast to the first method, neutrinos from all directions in
the sky and of all flavors can be identified, including both muon
tracks and secondary showers produced by charged-current in-
teractions of electron and tau neutrinos and neutral current in-
teractions of neutrinos of all flavors. A sample event with a light
pool of roughly one hundred thousand photoelectrons extending
over more than 500 m is shown in the top panel of Figure 4.
The starting event samples revealed the first evidence for neu-

trinos of cosmic origin.[1,23] Events with PeV energies and with
no trace of coincident muons that reveal either the accompany-
ing decay products or the parent atmospheric shower of an atmo-
spheric neutrino are highly unlikely to be of atmospheric origin.
The present 7 year data set contains a total of 60 neutrino events
with deposited energies ranging from 60 TeV to 10 PeV that are
likely to be of cosmic origin. The deposited energy and zenith de-
pendence of the high-energy starting events[19,24] is compared to
the atmospheric background in Figure 7. A purely atmospheric
explanation of the observation is excluded at 8𝜎.
The flux of cosmic neutrinos has by now also been char-

acterized with a range of other methods. Their results agree,
pointing at extragalactic sources whose flux has equilibrated
in the three flavors after propagation over cosmic distances,[26]

with 𝜈e : 𝜈𝜇 : 𝜈𝜏 ≈ 1 : 1 : 1. Figure 8 shows the results of a search
exclusively identifying showers that have been isolated from
the atmospheric background down to energies below 10 TeV.[27]

The energy spectrum of E−2.5 agrees with the measurement
using upgoing muons with a spectral index of E−2.4 above an
energy of ≈ 100 TeV.[19] In general, analyses reaching lower

Ann. Phys. (Berlin) 2021, 533, 2100309 2100309 (4 of 17) © 2021 The Authors. Annalen der Physik published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.ann-phys.org


www.advancedsciencenews.com www.ann-phys.org

Figure 5. The distributions of muon tracks arriving from the Northern Hemisphere, that is, with declination greater than −5◦, for the period 2010-
2018,[20] are shown as a function of reconstructed zenith (left) and muon energy (right). The full data set consists of about 650 000 neutrino events with
a purity of 99.7%. Best-fits to the low-energy atmospheric and high-energy astrophysical components of the neutrino flux are superimposed. Statistical
errors are shown as crosses, the gray bands in the ratio plots show an estimate of the systematic error obtained by varying all fit-parameters within their
uncertainties.

energies exhibit larger spectral indices with the updated 7.5
years starting-event sample [24] yielding a spectral index value of
−2.87 ± 0.2 for the 68.3% confidence interval.
We should comment at this point that there is yet another

method to conclusively identify neutrinos that are of cosmic
origin: the observation of very high energy tau neutrinos. Tau
neutrinos are produced in the atmosphere by the oscillations of
muon neutrinos into tau neutrinos, but only for neutrino ener-
gies well below 100 GeV. Above that energy a tau neutrino must
be of cosmic origin, produced in cosmic accelerators whose flux
will be approximately one third neutrinos of tau flavor. Tau neutri-
nos produce two spatially separated showers in the detector, one
from the interaction of the tau neutrino and the second from the
decay of the secondary tau produced.[28] The mean decay length
of the tau lepton is 𝜆𝜏 = (E𝜏∕m) c 𝜏 ≈ 50 m × (E𝜏∕PeV), where
m, 𝜏, and E𝜏 are the mass, lifetime, and energy of the tau, re-
spectively. Two such candidate events have been identified.[29] An
event with a decay length of 17 m and a probability of 98% of be-
ing produced by a tau neutrino is shown in Figure 9. The energies
of the two showers are 9 and 80 TeV.
Yet another independent confirmation of the observation of

neutrinos of cosmic origin appeared in the form of the Glashow
resonance event shown in Figure 10. The event was identified in
a dedicated search for partially contained showers of very high
energy. The reconstructed energy of the shower is 6.3 PeV, which
matches the laboratory energy for the production of a weak inter-
mediate W− in the resonant interaction of an electron antineu-
trino with an atomic electron[30]: 𝜈̄e + e− → W− → q + q̄. Given
its high energy, the initial neutrino is cosmic in origin; it repre-
sents an independent discovery of cosmic neutrinos at the level
of 5𝜎. Assuming the Standard Model cross section, we expect
1.55 events in the data sample searched, assuming an antineu-
trino:neutrino ratio of 1:1 characteristic of a cosmic source pro-

ducing an equal number of pions of all three electric charges.
Taking into account the detector’s energy resolution, the proba-
bility that the event is produced off resonance by deep inelastic
scattering is only 0.01, assuming a spectrum with a spectral in-
dex of 𝛾 = −2.5. Furthermore, the presence of both muons and
an electromagnetic shower is consistent with the hadronic decay
of aW− produced on the Glashow resonance.
The observation of a Glashow resonance event indicates the

presence of electron antineutrinos in the cosmic neutrino flux.
Its unique signature provides a method to disentangle neutri-
nos from antineutrinos; their ratio distinguishes accelerators that
produce neutrinos via pp and p𝛾 interactions and is also sensitive
to their magnetic field.[30]

Finally, data from the ANTARES experiment are consistent
with the observation of a flux of cosmic origin although with lim-
ited statistical significance.[31]

3. Multimessenger Astronomy

The most important message emerging from the IceCube mea-
surementsmay not be apparent yet: the prominent role of neutri-
nos relative to photons in the extreme universe. To illustrate this
point, we show in Figure 11 the energy fluxes, E2 dN∕dE, of neu-
trinos and gamma rays in the universe. Clearly, the energy flux
of cosmic neutrinos is comparable to the one for gamma rays ob-
served by the NASA Fermi satellite.[15] This may point at a com-
mon origin but, in any case, indicates a more prominent role of
hadronic processes than routinely anticipated. It definitely cre-
ates excellent opportunities for multimessenger studies.
Photons are inevitably produced in association with neutrinos

when accelerated cosmic rays produce both neutral and charged
pions in interactions with target material in the vicinity of the ac-
celerator. While neutral pions decay into two gamma rays, 𝜋0 →
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Figure 6. Top panel: Upper limits on the flux from candidate point sources
of neutrinos in 10 years of IceCube data assuming two spectral indices of
the flux. Adapted with permission.[22] Copyright 2020, American Physical
Society. Also shown as triangles are limits on a preselected list of about 100
candidate sources. Four sources exceed the 4𝜎 level (pretrial) and collec-
tively result in a 3𝜎 anisotropy of the sky map. Bottom panel: Association
of the hottest source in the sky map as well as in the list of preselected
candidate sources with the active galaxy NGC 1068.

𝛾 + 𝛾 , the charged pions decay into three high-energy neutrinos
(𝜈) and antineutrinos (𝜈̄) via the decay chain 𝜋+ → 𝜇+ + 𝜈𝜇 fol-
lowed by 𝜇+ → e+ + 𝜈̄𝜇 + 𝜈e and the charged-conjugate process.
On average, the four final state leptons equally share the energy
of the charged pion.With these approximations, gamma rays and
neutrinos carry on average 1/2 and 1/4 of the energy of the par-
ent pion.
The neutrino production rate Q𝜈𝛼

(with typical units GeV−1s−1

and with the subscript 𝛼 labeling the neutrino flavor) can be re-
lated to the one for charged pions Q𝜋 by∑
𝛼

E𝜈Q𝜈𝛼
(E𝜈) ≃ 3

[
E𝜋Q𝜋± (E𝜋)

]
E𝜋≃4E𝜈

(2)

while, similarly, the production rate of pionic gamma rays is re-
lated to the one for neutral pions by

E𝛾Q𝛾 (E𝛾 ) ≃ 2
[
E𝜋Q𝜋0 (E𝜋)

]
E𝜋≃2E𝛾

(3)

Pion production in the interactions of cosmic rays with photon
fields proceeds resonantly via the processes p + 𝛾 → Δ+ → 𝜋0 + p
and p + 𝛾 → Δ+ → 𝜋+ + n. These channels produce charged and
neutral pions with probabilities 2/3 and 1/3, respectively. How-
ever, the additional contribution of non-resonant pion produc-
tion changes this ratio to ≈1/2 and 1/2. In contrast, cosmic rays
interacting with matter produce equal numbers of pions of all
three charges: p + p → n𝜋 [𝜋

0 + 𝜋+ + 𝜋−] + X , where n𝜋 is the
pionmultiplicity. We thus obtain a charge ratio K𝜋 = n𝜋±∕n𝜋0 ≃ 2
and 1 for pp and p𝛾 interactions, respectively.
Equations (2) and (3) can now be combined to obtain a direct

relation between the gamma-ray and neutrino production rates:

1
3

∑
𝛼

E2
𝜈
Q𝜈𝛼

(E𝜈) ≃
K𝜋

4

[
E2
𝛾
Q𝛾 (E𝛾 )

]
E𝛾=2E𝜈

(4)

where the factor 1∕4 accounts for the fact that two gamma rays
are produced in the neutral pion decay with twice the energy of
the accompanying neutrino, ⟨E𝜈⟩∕⟨E𝛾⟩ ≃ 1∕2. Note that the rela-
tive production rate of gamma rays and neutrinos only depends
on the ratio of charged-to-neutral pions producedwithout any ref-
erence to the cosmic-ray beam that initiates their production in
the target. This powerful relation follows from the fact that pion
production conserves isospin, and nothing else.
Before applying this relation to data, one must recall that the

universe is not transparent to PeV gamma rays. These will inter-
act with microwave photons and other components of the EBL to
initiate an electromagnetic cascade that reaches Earth in the form
ofmultiple photons of lower energy. The electromagnetic shower
subdivides the initial PeV photon energy, resulting in a shower of
multiple photons with GeV to TeV energies by the time it reaches
Earth.[32,33] If the source itself is opaque to gamma rays, the high-
energy gamma rays will lose energy even before reaching the EBL
to possibly emerge at Earth below the threshold of Fermi, at MeV
energies and below.
As discussed in the introduction, production of neutrinos re-

quires a beam and a target, and a powerful neutrino source re-
quires a dense target that will render the source opaque to high-
energy gamma rays. While the beam loses energy in the target
producing high-energy neutrinos, the energy of the accompany-
ing photons may be spread over a wide range of the electromag-
netic spectrum before reaching our telescopes. This is very likely
to be the case for the most powerful neutrino sources, which ex-
ceed the sensitivity of IceCube at this time. The energy of the
photons associated with cosmic neutrinos may thus emerge be-
low the threshold of our gamma-ray instruments, for instance the
NASA Fermi gamma-ray satellite; we refer to these as gamma-
obscured sources.
In order to underscore the power of the multimessenger

connection between photons and neutrinos, we calculate the
gamma-ray flux accompanying the diffuse cosmic neutrino flux
observed by IceCube, which we describe by a power law with
spectral index of −2.15, consistent with the neutrino data above
an energy of 100 TeV. The result is shown in Figure 11 assuming
transparent sources and equal multiplicities of all three pion
charges, that is, K𝜋 = 2. The cascaded gamma-ray energy flux
resulting from the pionic photons accompanying the neu-
trino flux matches the energy flux of extragalactic gamma rays
measured by Fermi. This exercise illustrates that, rather than
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Figure 7. Left panel: Deposited energies, by neutrinos interacting inside IceCube, observed in 6 years of data.[19] The gray region shows uncertainties
on the sum of all backgrounds. The atmospheric muon flux (blue) and its uncertainty is computed from simulation to overcome statistical limitations
in our background measurement and scaled to match the total measured background rate. The atmospheric neutrino flux is derived from previous
measurements of both the 𝜋, K, and charm components of the atmospheric spectrum.[25] Also shown are two fits to the spectrum, assuming a simple
power-law (solid gray) and a broken power-law (dashed gray). Right panel: The same data and models, but now show the distribution of events with
deposited energy above 60 TeV in declination. At the South Pole, the declination angle 𝛿 is equivalent to the distribution in zenith angle 𝜃 related by the
identity, 𝛿 = 𝜃 − 𝜋∕2. It is clearly visible that the data is flat in the Southern Hemisphere, as expected from the contribution of an isotropic astrophysical
flux.

Figure 8. The flux of cosmic muon neutrinos[19] inferred from the 8 year upgoing-muon track analysis (red solid line) with 1𝜎 uncertainty range (shaded
range; from fit shown in upper-right inset) is compared with the flux of showers initiated by electron and tau neutrinos.[27] The measurements are
consistent assuming that each neutrino flavor contributes an identical flux to the diffuse spectrum.

detecting some exotic sources, IceCube observes to a large extent
the same universe astronomers do. The finding implies that a
significant fraction of the energy in the nonthermal universe
originates in hadronic processes, indicating a larger role than
previously thought.
Clearly, in this exercise, the slope and overall normalization

of the neutrino spectrum has been adjusted to not exceed the

isotropic extragalactic gamma-ray background observed by the
Fermi satellite. We conclude that the high-energy cosmic neu-
trino flux above 100 TeV shown in Figure 11 saturates the Fermi
measurement for the highest photon energies; higher normal-
ization and larger spectral index of the neutrino flux will result
in a gamma-ray result that exceeds the Fermi data as shown in
Figure 12. Fitting the IceCube data with a E−2.5 spectral index,
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Figure 9. Event view of a tau neutrino.[29] The Cherenkov photons associated with the production and subsequent decay of the tau neutrino are identified
by the double-peaked photon count as a function of time for the bright DOMs, for instance, the one shown in the top-right corner. The best fit (solid
line) corresponds to a 17 m decay length and is far superior to fits assuming a single electromagnetic or hadronic shower (dashed lines).

closer to the present observations, results in larger neutrino
energy fluxes at energies below 100 TeV for both neutrinos and
their accompanying photons. After cascading in the EBL, the
latter exceeds the Fermi observations. There is no conflict here,
we conclude that the assumption that the sources are transparent
is untenable. The resolution is that the sources themselves are
opaque to photons that lose energy in the source even before
entering the EBL and, as a result, reach Earth with energies that
are below the detection threshold of the Fermi satellite, at MeV
energy or below.
Alternatively, the target for producing the neutrinos may be

photons. This changes the value of K𝜋 and, more importantly,
the shape of the energy spectrum; for a detailed discussion see,
for instance, ref. [37]. Yielding an energy spectrum that peaks
near PeV energies as shown in Figure 13, the contribution to the
Fermi flux is suppressed at lower energies relative to the power
law assumed in Figures 11 and 12.However, as was the case for pp
interactions, fits that do not exceed the Fermi data tend not to ac-
commodate the cosmic neutrino spectrum below 100 TeV. This is
shown in Figure 13 where a neutrino spectrum below the Fermi
observation fails to describe the neutrino data. If sources of the
TeV–PeV neutrinos are transparent to gamma rays with respect
to two-photon annihilation, tensions with the isotropic diffuse
gamma-ray background measured by Fermi seem unavoidable,
independently of the production mechanism.[36]

The conclusion is inescapable that the energy fluxes of neutri-
nos and gamma rays in the extreme universe are qualitatively the

same. To the extent that the IceCube observations favor steeper
energy spectra than E−2.15, we anticipate contributions to the dif-
fuse flux from gamma-hidden sources. Interestingly, the com-
mon energy density of photons and neutrinos is also comparable
to that of the ultra-high-energy extragalactic cosmic rays.[38] We
therefore anticipate that multimessenger studies of gamma-ray
and neutrino data will be a powerful tool to identify and study
the cosmic ray accelerators that produce cosmic neutrinos. Ac-
cordingly, IceCube developed methods, most promising among
them real-time multiwavelength observations with astronomical
telescopes, to identify the sources and build on the discovery of
cosmic neutrinos to launch a new era in astronomy.[39,40]

An important lesson for multiwavelength astronomy is that
strong high-energy gamma-ray emitters may not be the best can-
didate neutrino sources. For instance, IceCube does not observe
neutrinos from gamma-ray bursts, but it has exclusively followed
up long bursts that emit gamma rays.[41] A handful of gamma-ray
bursts have been identified that are obscured in gamma rays and
may instead provide the key to detecting a neutrino signal.

4. Identifying Neutrino Sources: The Supermassive
Black Hole TXS 0506+056
Phenomenological studies[42,43] and recent data analyses[44–46]

have converged on the fact that Fermi’s extragalactic gamma-
ray flux shown in Figure 11 is dominated by blazars, AGN with
jets pointing at Earth. It is tempting to conclude, based on the
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Figure 10. Particle shower created by the Glashow resonance.[30] Its en-
ergy is reconstructed at the resonant energy for the production of a weak
intermediate bosonW− in the interaction of an antielectron neutrino with
an atomic electron in the ice. The properties of the secondary muons pro-
duced in the particle shower are consistent with the hadronic decay of a
W− boson.

Figure 11. An early calculation illustrating that the photon flux that accom-
panies the neutrino flux (black line) measured by IceCube matches the
gamma-ray flux (red line) observed by Fermi. We assume a E−1.5 energy
spectrum, star-formation redshift evolution and, importantly, gamma-ray
transparent sources, that is, pionic photons cascade in the EBL only. The
black data points are early IceCubemeasurements[34,35] and the blue band
is a best fit to the flux of high-energy muon neutrinos.[17–19] The result
suggests that the decay products of neutral and charged pions from pp in-
teractions may be significant components of the nonthermal radiation in
the extreme universe.[36] (Introducing the cutoff on the high-energy flux,
shown in the figure, does not affect the result.)

matching energy fluxes of photons and neutrinos discussed in
the previous section, that the unidentified neutrino sources con-
tributing to the diffuse neutrino flux have already been observed
as strong gamma-ray emitters. This is not the case. A dedicated
IceCube study[47] correlating the arrival directions of cosmic neu-
trinos with Fermi blazars shows no evidence of neutrino emis-
sion from these sources. The limit leaves room for a contribution

Figure 12. Same calculation as in Figure 11 with the spectral index of
−2.15 replaced by −2.5, closer to what is suggested by the present Ice-
Cube measurements. The predicted gamma ray flux exceeds the Fermi ob-
servations implying that the assumption that the sources are transparent
to 𝛾𝛾 interactions is not tenable. The excess flux is shifted below the Fermi
threshold, to MeV energies or below, by cascading of the pionic gamma
rays in the source before reaching the EBL. (Introducing the cutoff on the
high-energy flux, shown in the figure, does not affect the result.)

Figure 13. The calculation in Figure 11 is compared to an identical calcula-
tion adopting a spectral shape characteristic for the production of cosmic
neutrinos on a gamma ray target in the source. While the pionic gamma
ray energy flux is now suppressed relative to the Fermi observations, the
neutrino energy spectrum does not fit the IceCube observations and the
conclusion that the sources are likely obscured is recovered after correct
normalization to the most up to date measurements.[36]

of Fermi blazars to the diffuse cosmic neutrino flux below the
10% level. Surprisingly, the multimessenger campaign launched
by the neutrino alert IC-170922A[2] identified the first source of
cosmic neutrinos as a Fermi “blazar;” we will discuss how the
multiwavelength data shed light on the apparent contradiction.
Since 2016, the IceCube multimessenger program has grown

from issuingGalactic supernova alerts[48] and common data anal-
yses matching neutrinos with early LIGO/Virgo gravitational
wave candidates to a steadily expanding set of automatic filters
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that selects in real time rare, very high energy neutrino events
that are likely to be cosmic in origin.[49] Within less than aminute
of stopping in the instrumented Antarctic ice, the arrival direc-
tions of the neutrinos are reconstructed and automatically sent
to the Gamma-ray Coordinate Network for potential follow-up by
astronomical telescopes.

4.1. Observation of a Cosmic Neutrino Source: TXS 0506+056

On September 22, 2017, the tenth such alert, IceCube-
170922A,[50] reported a well-reconstructed muon that deposited
180 TeV inside the detector, corresponding to a most proba-
ble energy of the parent neutrino of 290 TeV. Its arrival direc-
tion was aligned with the coordinates of a known Fermi blazar,
TXS 0506+056, to within 0.06◦. The source was “flaring” with a
gamma-ray flux that had increased by a factor of seven in recent
months. A variety of estimates converged on a probability on the
order of 10−3 that the coincidence was accidental. The identifi-
cation of the neutrino with the source reached the level of evi-
dence, but not more. What clinched the association was a series
of subsequent observations, culminating with the optical obser-
vation of the source switching from an “off” to an “on” state 2
h after the emission of IC-170922A, conclusively associating the
neutrino with TXS 0506+056.[51] The sequence of observations
can be summarized as follows:

1) The redshift of the host galaxy, a known blazar, was measured
to be z ≃ 0.34.[52] It is important to realize that nearby blazars
like the Markarian sources are at a distance that is ten times
closer, and therefore TXS 0506+056, with a similar flux de-
spite the greater distance, is one of themost luminous sources
in the universe. This suggests that it belongs to a special class
of sources that accelerate proton beams in dense environ-
ments, revealed by the neutrino. That the source is special
eliminates any conflict between its observation and the lack
of correlation between the arrival directions of IceCube neu-
trinos and the bulk of the blazars observed by Fermi.[47] Such
limits implicitly assume that all sources in an astronomical
category are identical, and this is a strong, unstated assump-
tion as underscored by this observation.

2) Originally detected by NASA’s Swift[53] and Fermi[54] satel-
lites, the alert was followed up by ground-based air Cherenkov
telescopes.[55] MAGIC detected the emission of gamma rays
with energies exceeding 100 GeV starting several days after
the observation of the neutrino.[56] Given its distance, this es-
tablishes the source as a relatively rare TeV blazar.

3) Informed where to look, IceCube searched its archival neu-
trino data up to and including October 2017 for evidence of
neutrino emission at the location of TXS 0506+056.[3] When
searching the sky for point sources of neutrinos, two anal-
yses have been routinely performed: one that searches for
steady emission of neutrinos and one that searches for flares
over a variety of timescales. Evidence was found for 19 high-
energy neutrino events on a background of fewer than six in
a burst lasting 110 days. This burst dominates the integrated
flux from the source over the last 9.5 years of archival IceCube
data, leaving the 2017 flare as a second subdominant feature.

Figure 14. TXS 0506+056 radio light curve from Owen Valley Radio Ob-
servatory (OVRO) at 15 GHz (red). The dashed line illustrates the pattern
of the radio flux density. The 2014/15 110-day neutrino flare (yellow band)
and the IceCube-170922A episodes are shown. Radio data suggest that
the neutrinos arrive during extended periods of enhanced radio emission.

We note that this analysis applied a published prescription to
data; no new data analysis was involved, and thus the chance
that this observation is a fluctuation is small.

4) Radio interferometric images[57,58] of the source revealed a jet
that loses its tight collimation beyond 5 milliarcseconds run-
ning into material or intense radiation fields that are likely
to be the target for producing the neutrinos. The nature of
the target is still a matter of debate. Speculations include the
merger with another galaxy that may supply plenty of mate-
rial to interact with the jet of the dominant galaxy. Alterna-
tively, the jet may interact with the dense molecular clouds
of a star-forming region or simply with supermassive stars in
the central region of the host galaxy.[57,58] Also, in a so-called
structured jet, the accelerated protons may catch up and col-
lide with a slowermoving and denser region of jetted photons.
Additionally, the VLBA data reveal that the neutrino burst oc-
curs at the peak of enhanced radio emission at 15 GHz, which
started 5 years ago; see Figure 14. The radio flare may be a
signature of a galaxy merger; correlations of radio bursts with
the process of merging supermassive black holes have been
anticipated.[59]

5) The MASTER robotic optical telescope network has been
monitoring the source since 2005 and detected its strongest
time variation in the last 15 years to occur 2 h after the emis-
sion of IC170922, with a second variation following the 2014-
15 burst.[51] The blazar switches from the “off” to the “on” state
2 h after the emission of the neutrino. After an episode of
monitoring the uniformity of their observations of the source
in the first quarter of 2020, they argue that the time variation
detected on September 22, 2017 conclusively associates the
source with the neutrino.[51]

Additionally, it is important to note the fact that the high-
energy photon and neutrino spectra covering the 2014 burst are
consistent with a hard E−2 spectrum, which is expected for a cos-
mic accelerator. In fact, the gamma-ray spectrum shows a hint
of flattening beyond E−2 during the 110-day period of the 2014
burst.[60,61]

In summary, both the multiwavelength campaign[2] and the
observation of an earlier burst of the same source in archival neu-
trino data provide statistically independent[3] evidence for TXS
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0506+056 as a source of high-energy neutrinos.When combined,
the two observations reach a statistical level of 4.4𝜎. It is how-
ever challenging to evaluate the final combined significance be-
cause of the a posteriori nature of some considerations, but we
conclude that the association of neutrinos with the source sum-
marized above is totally compelling. However, the significance
contributed by the optical and TeV associations on timescales of
hours and days, discussed above, are not taken into account in
this estimate.
Other IceCube alerts have triggered intriguing observations.

Following up on a July 31, 2016, neutrino alert, the AGILE col-
laboration, which operates an orbiting X-ray and gamma-ray tele-
scope, reported a day-long blazar flare in the direction of the neu-
trino one day before the neutrino detection.[62] A tentative but
very intriguing association of an IceCube alert[63] has been made
with a tidal disruption event, an anticipated source of high-energy
neutrino emission. Even before IceCube issued automatic alerts,
in April 2016, the TANAMI collaboration argued for the associ-
ation of the highest energy IceCube event at the time, dubbed
“Big Bird,” with the flaring blazar PKS B1424-418.[64] Interest-
ingly, the event was produced at a minimum of the Fermi flux,[65]

as expected for a neutrino source and as was also the case for
PKS 1502+106, which we will discuss further on. AMANDA, Ice-
Cube’s predecessor, observed[66] three neutrinos in coincidence
with a rare flare of the blazar 1ES 1959+650 detected by the
Whipple telescope in 2002.[67] However, none of these identifica-
tions reach the significance of the observations triggered by IC-
170922A.

4.2. The Blueprint of the TXS 0506+056 Beam Dump?

The gamma ray community has developed a routine procedure
for modeling the spectrum of blazars with two contributions: a
lower energy component produced by synchrotron radiation by
the electron beam and a high-energy component resulting from
the inverse Compton scattering of (possibly the same) photons
by accelerated electrons; for a recent discussion see ref. [68]. This
model cannot accommodate the TXS observations for two rea-
sons: an electron beam does not produce pions that decay into
neutrinos and, even in the presence of a proton beam, a target is
required to produce the parent pions. It is evident that a source
that emits high-energy gamma rays is transparent to 𝛾𝛾 absorp-
tion and is unlikely to host the target material to produce neutri-
nos. The opacity for 𝛾𝛾 interactions to absorb photons is typically
two orders ofmagnitude larger than the one for p𝛾 interactions to
produce pions and neutrinos.[69] The photon spectra themselves
strongly indicate that TXS 0506+056 is not a high-energy photon
blazar at the times of neutrino emission. It belongs to a special
class of sources, is reinforced by the fact that attempts at con-
ventional blazarmodeling of themultiwavelength spectrum have
been unsuccessful despite the opportunity for tuning 14 free pa-
rameters; see for example, refs. [68, 70].
In what follows, we will scrutinize the multiwavelength data

rather than try to match it to, or model it as, a known class of
astronomical objects. Our conclusion will be that the source is
special, with properties unlikely to match any astronomical clas-
sification, which should not be surprising[69] given that it emits

neutrinos. Astronomical data catalogues accelerators, not neu-
trino “beam dumps.”
First, we would like to draw attention to amore recent alert, IC-

190730A, sent by IceCube on July 30, 2019. A well-reconstructed
300-TeVmuon neutrino was observed in spatial coincidence with
the blazar PKS 1502+106.[71] With a reconstructed energy just
exceeding that of IC-170922A, it is the highest energy neutrino
alert so far. OVRO radio observations[72] show that the neutrino
is coincident with the peak flux density of a flare at 15 GHz that
started 5 years prior,[73] matching the similar long-term radio out-
burst of TXS 0506+056 at the time of IC-170922A; see Figure 14.
Evenmore intriguing is the fact that the gamma-ray flux observed
by Fermi shows a clear minimum at the time that the neutrino is
emitted; see Figure 15. We infer that at this time the jet meets the
target that produces the neutrino. Inevitably, the accompanying
high-energy gamma rays will be absorbed and their electromag-
netic energy cascade down to energies below the Fermi threshold,
that is, MeV or X-rays. For a discussion, see ref. [65], where we ar-
gue that cosmic neutrinos are produced by temporarily gamma-
suppressed blazars, or, more likely, any other category of AGN.
In fact, this is also the case for TXS 0506+056, with no flaring ac-
tivity coincident with the 2014-15 neutrino burst and IC170922
produced at a local minimum of the gamma ray flux.[74]

The coincidence of the two highest energy alerts to date with
extended periods of radio emission has led to the speculation that
all [75], or at least some,[76] cosmic neutrinos originate in radio-
bright radio galaxies. The significance of the correlation and its
physical origin, if any,[77] are hotly debated.
We have already pointed out that the large distance of TXS

0506+056 suggests that the source is special. So does the large
neutrino flux observed: we will underscore this by showing that
a subset of≈ 1 − 10% of sources with a density similar to blazars,
bursting at the level of TXS 0506+056 in the period of 10 years
covered by the IceCube observations, is sufficient to accommo-
date the total diffuse flux observed by IceCube.
The diffused neutrino flux from a population of neutrino

sources with source density 𝜌 and neutrino luminosity L𝜈 , is
given by [69,78]

E2 dN
dE

= 1
4𝜋 ∫ d3r

L𝜈
4𝜋r2

𝜌 (5)

which can be simplified to

E2 dN
dE

= c
4𝜋

tH 𝜉 L𝜈 𝜌 (6)

where 𝜉 is the result of the integration over the redshift history of
the sources and tH is the Hubble time corresponding to a Hubble
distance RH ≃ 4.3Gpc. For instance, for a spectral index of 𝛾 ≃
2 and no source evolution in the local universe, 𝜉z ≃ 0.5, while
for sources following the redshift history of star formation, 𝜉z ≃
2.6.[78] The above relation can be adapted for the case of sources
that flare for a duration Δt in a total time of observation Tobs:

E2 dN
dE

= c
4𝜋

tH 𝜉 L𝜈 𝜌
Δt
Tobs

 (7)
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Figure 15. Temporal variation of the 𝛾-ray and radio brightness of PKS 1502+106. Top panel: Fermi-LAT likelihood light curve integrated between 100MeV
and 300 GeV (marked by black dots with error bars). Bottom panel: OVRO flux density curve of PKS 1502+106 plotted with light blue dots, which are
superimposed by the radio flux density curve binned to the Fermi-LAT light curve (marked with dark blue squares). The detection time of the neutrino
IC-190730A is labeled by a vertical purple line.

Assuming that blazars are the sources of the diffuse flux we con-
clude that

3 × 10−11 TeVcm−2s−1sr−1

= 
4𝜋

(
RH

3Gpc

)(
𝜉

0.7

)(
L𝜈

1.2 × 1047 erg s−1

)

×
(

𝜌

10−8 Mpc−3

)(
Δt

110 d
10 yr
Tobs

)
(8)

which results in  = 0.05, where  is the fraction of some astro-
nomical category of sources that emit neutrinos.We here normal-
ized  to the density of blazars, but we could have normalized to
a smaller fraction of all AGNs. Clearly, if TXS 0506+056 were a
source typical of all blazars, it would overproduce the diffuse flux
observed by IceCube. Attempts by IceCube and others to find a
correlation between the directions of high-energy neutrinos and
all Fermi blazarsmust inevitably be unsuccessful, as was the case
in ref. [47].
It is interesting that the energy flux in neutrinos is consistent

with their production by the sources of the highest energy cosmic
rays with[69]:

E2 dN
dE

≃ c
4𝜋

(
1
2
(1 − e−𝜏p𝛾 ) 𝜉 tH

dE
dt

)
(9)

a relation referred to as theWaxman–Bahcall “bound”[79,80] in the
limit 𝜏p𝛾 → 1. From the total cosmic ray injection rate dE∕dt =≈
(1 − 2) × 1044 ergMpc−3yr−1 of extragalactic cosmic rays into the
universe, we can determine the average opacity of the neutrino
producing sources to protons 𝜏p𝛾 that matches the observed dif-

fuse neutrino flux: Equation (8)

(
L𝜈

1.2 × 1047 ergs−1

)(
𝜌

10−8 Mpc−3

)(
Δt

110 d
10 yr
Tobs

)( 
0.05

)

≃ 1
2
(1 − e−𝜏p𝛾 )

dE∕dt
(1 − 2) × 1044 ergMpc−3yr−1

(10)

We find that 𝜏p𝛾 > 0.8. This can be achieved with a proton beam
with low boost factor interacting with the intense photon fields
near the core of an active galaxy.With the opacity to photons about
two orders of magnitude larger, the target producing the neutri-
nos is not transparent to TeV photons, only to photons with tens
of GeV energy, and that is indeed what is observed by Fermi at
the time of the 2014 flare.
There is also evidence that, temporarily, TXS 0506+056 was

a gamma-ray-obscured source at the time the IC-170922A neu-
trino was emitted; see ref. [74]. Recall that the optical observa-
tions show a dramatic transition of the blazar from the “off” to
the “on” state 2 h after the emission of the neutrino, resulting ad-
ditionally in the doubling of its total optical luminosity.[51] Also,
the atmospheric gamma-ray telescopes observe rapid variations
in the flux around the time of the neutrino emission,[2] with the
gamma-ray emission observed by MAGIC only emerging after
several days.[56]

The observation that the energy flux in neutrinos and very high
energy cosmic rays are similar supports the fact that the cosmic
rays must be highly efficient at producing neutrinos, requiring
a large target density that renders them opaque to high-energy
gamma rays. A consistent picture emerges with the source opac-
ity 𝜏p𝛾 exceeding a value of 0.8,

[69] resulting in a gamma-ray cas-
cade where photons lose energy in the source before cascading to
yet lower energies in the extragalactic background light. Some of

Ann. Phys. (Berlin) 2021, 533, 2100309 2100309 (12 of 17) © 2021 The Authors. Annalen der Physik published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.ann-phys.org


www.advancedsciencenews.com www.ann-phys.org

their energy emerges below the Fermi threshold by the time they
reach Earth. This is consistent with the discussion in the previ-
ous section that the multimessenger relation between neutrinos
and gamma rays points at obscured sources.
The nature of this special class of sources has not been set-

tled. One straightforward explanation could be that a subclass of
blazars or, more likely, a smaller fraction of all AGNs, selected
by redshift evolution, are powerful proton accelerators producing
neutrinos in the past but are no longer active today. This accom-
modates the large redshift of TXS 0506+056, which would be the
closest among a set of sources that only accelerated cosmic rays
at early redshifts.[81]

Alternatively, in merging galaxies there is plenty of material
for accelerated cosmic rays to interact with the jet of the domi-
nant galaxy. Merger activity in active galaxies in not uncommon.
The fresh material provides optically thick environments and al-
lows for rapid variation of the Lorentz factors. A cursory review
of the literature on the production of neutrinos in galaxy mergers
is sufficient to conclude that they can indeed accommodate the
observations of both the individual sources discussed above and
the total flux of cosmic neutrinos.[82–84] Besides mergers, some
form of structured jet where the accelerated protons collide with
a slower moving and denser region of jetted photons is a possi-
bility. The jet could also interact with dense molecular clouds of
a star-forming region or simply with supermassive stars near the
central region of the host galaxy.[57,58]

We previously mentioned the evidence emerging from 10
years of IceCube data that the arrival directions of cosmic neutri-
nos are no longer isotropic.[85] The anisotropy results from four
sources—TXS 0506+056 among them—that show evidence for
clustering above the 4𝜎 level. The strongest of these sources is the
nearby active galaxy NGC 1068. There is evidence for shocks near
the core and for molecular clouds with column density reach-
ing ≈ 1025 cm−2.[86] Similar to TSX 0506+056, a merger onto the
black hole is observed — either with a satellite galaxy or, more
likely, with a star-forming region[87] accounting for the molecu-
lar clouds. This major accretion event may be the origin of the
increased neutrino emission.
Although it is obviously challenging to provide a final conclu-

sion on the origin of neutrinos and cosmic rays, we should not
lose sight of the fact that high-energy neutrino astronomy exists
and that IceCube has demonstrated it has the tools to reveal the
extreme universe with more data, or, more realistically, with a
larger detector.

5. From Discovery to Astronomy: Larger Neutrino
Telescopes with Better Angular Resolution

Following the pioneering work of DUMAND,[88] several neutrino
telescope projects were initiated in the Mediterranean Sea and
in Lake Baikal in the 1990s.[89–92] In 2008, the construction of
the ANTARES detector off the coast of France was completed.
It demonstrated the feasibility of neutrino detection in the deep
sea and has provided a wealth of technical experience and design
solutions for deep-sea components. An international collabora-
tion has started construction of a multi-cubic-kilometer neutrino
telescope in the Mediterranean Sea, KM3NeT.[93] They developed
a digital optical module that incorporates 31 3-inch photomulti-
pliers instead of one large photomultiplier tube; see Figure 16.

Figure 16. The KM3NeT optical module.[93] The optical module consists
of a glass sphere with a diameter of 42 cm, housing 31 photosensors. The
glass sphere can withstand the pressure of the water and is transparent to
the faint light that must be detected to see neutrinos.

The advantages are a tripling of the photocathode area per op-
tical module, a segmentation of the photocathode allowing for
a clean identification of coincident Cherenkov photons, some di-
rectional sensitivity, and a reduction of the overall number of pen-
etrators and connectors, which are expensive and prone to failure.
KM3NeT in its second phase[93] will consist of two units for as-
trophysical neutrino observations, each consisting of 115 strings
carrying more than 2000 optical modules.
A parallel effort is underway in Lake Baikal with the construc-

tion of the deep underwater neutrino telescope Baikal-GVD (Gi-
gaton Volume Detector).[94] The first GVD cluster was upgraded
in the spring of 2016 to its final size: 288 optical modules, a ge-
ometry of 120 meters in diameter and 525 meters high, and an
instrumented volume of 6 Mton. Each of the eight strings con-
sists of three sections with 12 optical modules. At this time, seven
of the 14 clusters have been deployed, reaching a sensitivity close
to the diffuse cosmic neutrino flux observed by IceCube.
IceCube itself is deploying seven new strings at the bottom

of the detector array that have been designed as an incremental
extension of the DeepCore detector and as a test bed for the tech-
nologies of a next-generation detector. The new instrumentation
will dramatically boost IceCube’s performance at the lowest ener-
gies, increasing the samples of atmospheric neutrinos by a factor
of ten. New calibration devices will advance our understanding of
the response of the light sensors in both current and new strings,
resulting in improved reconstructions of cascade events, better
identification of tau neutrinos, and an enhanced pointing resolu-
tion of muon neutrinos that could approach the 0.1 degree level
for the highest energy events of cosmic origin. The improved cal-
ibration of the existing sensors will also enable a reanalysis of
more than 10 years of archival data and significantly increase the
discovery potential for neutrino sources before the construction
of a second-generation instrument.
Further progress requires a larger instrument. Therefore, as a

next step, IceCube proposes to instrument 10 km3 of glacial ice
at the South Pole, capitalizing on the large absorption length of
light in ice to thereby increase IceCube’s sensitive volume by an
order of magnitude.[95] This large gain is made possible by the
unique optical properties of the Antarctic glacier revealed by the
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construction of IceCube. Exploiting the extremely long photon
absorption lengths in the deep Antarctic ice, the spacing between
strings of light sensors will be increased from 125 to close to 250
m without significant loss of performance of the instrument at
TeV energies and above. The instrumented volume can therefore
grow by one order of magnitude while keeping the instrumen-
tation and its budget at the level of the current IceCube detec-
tor. The new facility will increase the rates of cosmic events from
hundreds to thousands over several years. The superior angular
resolution of the longer muon tracks will allow for the discovery
of cosmic neutrino sources, currently seen at the ≈ 3𝜎-level in
the 10-year sky map; see Figure 6.
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