
From the Dawn of Neutrino Astronomy to a New View of the Extreme Universe

C. A. Argüelles ,1,* F. Halzen ,2,† and N. Kurahashi 3,‡

1Department of Physics and Laboratory for Particle Physics and Cosmology, Harvard University,
Cambridge, Massachusetts 02138, USA

2Department of Physics and Wisconsin IceCube Particle Astrophysics Center,
University of Wisconsin-Madison, Madison, Wisconsin 53706, USA

3Department of Physics, Drexel University, 3141 Chestnut Street, Philadelphia, Pennsylvania 19104, USA

(Received 27 May 2024; published 9 July 2025)

Over the past decade, neutrino astronomy has emerged as a new window into the extreme and hidden
Universe. Current-generation experiments have detected high-energy neutrinos of astrophysical origin and
identified the first sources, opening the field to discovery. Looking ahead, in this Perspective we identify
seven major open questions in neutrino astrophysics and particle physics that could lead to transformative
discoveries over the next 20 years. These multidisciplinary questions range from understanding the vicinity
of a black hole to unveiling the nature of neutrino mass, among other topics. Additionally, we critically
review the current experimental capabilities and their limitations and, from there, discuss the interplay
between different proposed neutrino telescope technologies and analysis techniques. We firmly believe that
achieving the immense discovery potential over the next two decades demands a model of global
partnership and specialized, complementary detectors. This collaborative neutrino telescope network will
pave the way for a thriving multimessenger era, transforming our understanding of neutrino physics,
astrophysics, and the extreme Universe.

DOI: 10.1103/1z9l-kb1d Subject Areas: Astrophysics, Particles and Fields

I. INTRODUCTION

Astronomy views the Universe at wavelengths of light,
reaching from radio waves to gamma rays. The spectacu-
larly successful method of multiwavelength astronomy [1]
eventually fails at the smallest wavelengths or the highest
energies where the Universe turns dark to light [2]. Above
the threshold for pair production γ þ γCMB → eþ þ e−, the
gamma rays interact with microwave photons, 411 cm−3

[3], to produce electron-positron pairs. These shower down
in the cosmic microwave background (CMB) and in other
background electromagnetic fields permeating the Universe
to reach our telescopes as multiple photons of lower energy.
At some point, we barely see the center of our own Galaxy.
In this extreme Universe known to harbor powerful cosmic
particle accelerators, weakly interacting neutrinos are the
only astronomical messengers.
Imagined more than half a century ago [4], high-energy

neutrino astronomy became a reality when a cubic

kilometer of transparent natural Antarctic ice one mile
below the geographic South Pole was transformed into the
largest particle detector ever built [5]. It discovered neu-
trinos in the TeV–PeV energy range originating beyond
our Galaxy, opening a new window for astronomy [6,7].
The observed energy density of neutrinos in the extreme
Universe exceeds the energy in gamma rays [8]; it even
outshines the neutrino flux from the nearby sources in our
Galaxy [9]. The Galactic plane appears only as a faint glow
at the 10% level of the extragalactic flux, in sharp contrast
with any other wavelength of light where the Milky Way is
the dominant feature in the sky. This observation implies
the existence of sources of high-energy neutrinos in other
galaxies that are not present in our own [10].
After accumulating a decade of data with a detector with

gradually improved sensitivity, the first high-energy neu-
trino sources emerged in the neutrino sky: the active
galaxies NGC 1068, NGC 4151, PKS 1424þ 240
[11,12], and TXS 0506þ 056 [13,14]. The observations
point to the acceleration of protons and the production
of neutrinos in the obscured dense cores surrounding the
supermassive black holes at their centers, typically within
a distance of only ∼10 Schwarzschild radii [11,15].
TXS 0506þ 056 had previously been identified as a
neutrino source in a multimessenger campaign triggered
by a neutrino of 290-TeV energy, IC170922, and by
the independent observation of a neutrino burst from the
same source in archival IceCube data in 2014 [13,14];
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see also Refs. [16,17] for hints from water-based neutrino
telescopes.
With indications that neutrinos originate in the vicinity of

the central black hole of active galaxies, which can only be
reached by radio telescopes, neutrino astronomy represents
an extraordinary opportunity for discovery. This includes
resolving the century-old problem of where cosmic rays
originate and how they reach their phenomenal energies.
Since neutrinos originate from the decay of charged pions,
only sources accelerating cosmic rays that interact with
radiation fields or gas surrounding the accelerator to produce
pions can be neutrino sources. With energies exceeding by a
factor of 106 those produced with earthbound accelerator
beams, cosmic neutrinos also present a remarkable oppor-
tunity for studying neutrinos themselves.
In contrast with its exceptional discovery potential,

neutrino astronomy faces the evident lack of statistics
for future progress, not only in neutrinos but also in
identified sources, with only a handful in a decade. A
weakness in the current status represents a future challenge
and opportunity. The sensitivity of IceCube has recently
been significantly enhanced by progress in the characteri-
zation of the optics of ice and by exploiting the rapid
progress in machine learning to collect larger data samples
that are reconstructed in neutrinos with improved energy and
angular resolution. The observations of NGC 1068 and the
Galactic plane directly resulted from these improvements.
Efforts to upgrade the performance of IceCube continue

[18]. The IceCube project, which built on the experience of
its predecessor AMANDA [19], has instrumented a cubic
kilometer of natural Antarctic ice with 5160 light sensors to
configure a Cherenkov detector [5]. IceCube is composed
of 10-in. photomultiplier tubes deployed like beads on 86
one-kilometer-long electric cables, separated by 125 m.
This instrumentation maps the secondary muon tracks and
showers initiated by neutrinos interacting inside or near the
detector to reconstruct their direction, energy, and flavor.
Further progress requires a next-generation instrument with
a sensitivity improved by an order of magnitude. The
design for such an instrument exists [20], and its con-
struction has been strongly endorsed by both the astronomy
[21] and particle physics communities [22].
In parallel, instruments the size of IceCube are under

construction in Lake Baikal [23], the Mediterranean Sea
[24], and the Pacific Ocean [25] off the coast of Canada.
Pioneered by the DUMAND [26] and ANTARES [27]
projects, these new initiatives introduce multiple advan-
tages: as complementary instruments using deep water as
the Cherenkov medium, by collectively adding to the
growth of statistics of IceCube, and by improving our
global field of view of the neutrino sky because of their
different geographic locations; examples of such analyses
can be found in Refs. [28,29]. Projects in China aim for
larger detectors: TRIDENT matches the next-generation
IceCube detector [30] and HUNT envisions a volume of

30 km3 [31]. Additionally, specialized detectors that aim
to find astrophysical tau neutrinos with high purity in the
energy range of IceCube observations are also currently
being developed [32]—notably, TRINITY [33] using
Cherenkov telescopes and TAMBO [34] using particle
detectors at the end point of current astrophysical neutrino
observations. As we will discuss in this Perspective, these
small, relatively low-cost experiments will serve as an
essential complement to the larger optical neutrino
telescopes.
In the future, we anticipate rapid progress with the

collection of larger statistical samples of neutrinos with
superior directional pointing covering a larger energy
range. Further progress will be made possible by multiple
instruments able to cross-check individual results, an
advantage that has been demonstrated over time in
high-energy physics laboratories by the deployment of
several complementary detectors at a single accelerator.
Eventually, we anticipate that data from these multiple
instruments will be combined in real time, as is already
routinely done for the observed strains of the gravitational
wave detectors—LIGO [35], Virgo [36], and KAGRA
[37]—yielding improved sensitivity [38,39].
In parallel, many diverse efforts are underway to develop

novel techniques to extend the IceCube spectrum to EeV
energies [40–46], driven mainly by radio neutrino detection
techniques [47]. Unfortunately, the steeply falling flux and
the slow growth of the neutrino cross section at these
energies require extremely large arrays to obtain a handful
of events for the most pessimistic flux predictions.
Given the lack of overlap in energy with the current
observations—and thus the discovery opportunities they
represent—we will not comment further on these efforts.
In this Perspective, we attempt to anticipate a broad-

brush description of the future of the field, building on the
present results and realizing that the most important impact
of the rapid expansion of neutrino astronomy will result
from unanticipated discoveries. We will start by reviewing
the astronomical discoveries made by the first generation of
instruments and the important measurements they contrib-
uted to neutrino physics. We will discuss how novel
observations raise new scientific questions that are harder
to resolve and how we anticipate that the field will move
from discovery into astronomy in the future by deploying a
new generation of instruments. For the readers that are not
familiar with the experimental details of neutrino telescopes
and the different energy ranges involved, we encourage you
to review Secs. III A and III B.

II. QUESTIONS THAT CAN LEAD TO
TRANSFORMATIONAL DISCOVERIES

In this section, we pose seven questions that we believe
can be answered over the following decades and can yield
discoveries that will significantly impact physics and
astronomy. At the end of each subsection, for each
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question, we have written a short take-home message in
italic font for emphasis. For a reader who wants a first
glance at our vision of the future, we encourage you to read
these short answers and our parting words in Sec. IV.

A. Where are gamma rays produced together
with neutrinos?

The rationale for searching for cosmic-ray sources by
observing neutrinos is straightforward: In relativistic par-
ticle flows, for instance, onto black holes, some of the
gravitational energy released in the accretion of matter is
transformed into the acceleration of protons or heavier
nuclei. These subsequently interact with radiation and/or
ambient matter in the vicinity of the black hole to produce
pions and other secondary particles that decay into neu-
trinos. Both neutrinos and gamma rays are produced with
roughly equal rates; while neutral pions decay into two
gamma rays, π0 → γ þ γ, the charged pions decay into
three high-energy neutrinos (ν) and antineutrinos (ν̄) via the
decay chain πþ→μþþνμ followed by μþ → eþ þ ν̄μ þ νe;
see Fig. 1. Based on this simplified flow diagram, we
expect equal fluxes of gamma rays and muon neutrinos.
The flow diagram of Fig. 1 implies a multimessenger
correspondence between the pionic gamma ray and three-
flavor neutrino flux [48]:

E2
γ
dNγ

dEγ
≈

4

Kπ

1

3
E2
ν
dN
dEν

����
Eν¼Eγ=2

; ð1Þ

where Kπ is the ratio of charged and neutral pions
produced, with Kπ ≈ 2ð1Þ for ppðpγ) interactions.

This powerful relation connects neutrinos and pionic
gamma rays with no reference to the cosmic-ray beam
producing the neutrinos; it simply reflects the fact that a π0

decays into two gamma rays for every charged pion,
producing a νμ þ ν̄μ pair. Also, from the fact that in the
photoproduction process 20% of the initial proton energy is
transferred to the pion (this is referred to as the inelasticity
κpγ ≃ 0.2), we obtain that the gamma ray carries one-tenth
of the proton energy and the neutrino approximately half
of that.
Because high-energy photons inevitably accompany

cosmic neutrinos, neutrino astronomy is a multimessenger
astronomy. Unlike neutrinos, gamma rays interact with
microwave photons and other diffuse sources of extraga-
lactic background light (EBL) while propagating to Earth.
The gamma rays lose energy by eþe− pair production, and
the resulting electromagnetic shower subdivides the initial
photon energy into multiple photons with reduced energy
reaching our telescopes [2,49].
Observing neutrinos as a signature for the acceleration

of cosmic-ray protons or nuclei is powerful because the
alternative possibility of identifying pionic photons has
turned out to be challenging because they must be isolated
from photons radiated by high-energy electrons or upscat-
tered to high energy by inverse Compton scattering.
After accumulating a decade of data, the observed flux of

neutrinos reaching us from the cosmos is shown in Fig. 2. It
has been measured using two different methods to separate
the high-energy cosmic neutrinos from the large back-
grounds of cosmic-ray muons, 3000 per second, and
neutrinos, one every few minutes, produced by cosmic
rays in the atmosphere. The first method identifies muon
neutrinos of cosmic origin in samples of muon tracks
produced by up-going muon neutrinos reaching the South
Pole from the Northern Hemisphere [50,51]; see also
similar analyses with ANTARES [52] and Baikal-GVD
[53] as well as a forecast for KM3NeT [54]. In this case,
Earth is used as a passive shield for the large background of
cosmic-ray muons. By separating the flux of high-energy
cosmic neutrinos from the lower-energy flux of neutrinos
of atmospheric origin, a cosmic high-energy component
dN=dE ∼ E−γ with γ ¼ 2.37� 0.09 is isolated above an
energy of ∼100 TeV [55]; see Fig. 2. Also shown are the
results of a second search that exclusively identifies
showers, often known as “cascades,” initiated by electron
and tau neutrinos that interact inside the detector and can be
isolated from the atmospheric background to energies as
low as 10 TeV [56,57]. Reaching us over long baselines, the
cosmic neutrino flux has oscillated to a ratio νe∶ ντ∶νμ of
approximately 1∶1∶1.
Another important method to search for astrophysical

neutrinos is to select events whose interaction vertex is
contained within the detector’s fiducial volume, called
“starting events.” Starting events have the advantage
of a reduced background from Southern Hemisphere

FIG. 1. Flow diagram showing the production of charged and
neutral pions in pγ interactions. The circles indicate equal energy
going into pairs of gamma rays and muon neutrinos and
antineutrinos. Because the charged pion energy is shared roughly
equally among four particles and the neutral pion energy among
two photons, the photons have twice the energy of the neutrinos.
Unlike the weakly interacting neutrinos, the gamma rays and
electrons may lose energy in the target and will lose additional
energy in the background light (EBL) before reaching Earth.
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down-going muons [59–61]; in particular, the cascade
channel is especially sensitive due to the smaller atmos-
pheric background [62]. This methodology led to the first
observation of astrophysical neutrinos [7,63] using high-
energy starting events (HESE) [64] and has enabled the
study of inelasticity of the muon neutrino interaction [65].
Additionally, IceCube has independently confirmed the

existence of neutrinos of cosmic origin by the observation
of high-energy tau neutrinos [66] and by the identification
of a Glashow resonant event, where a weak intermediate
W− boson is produced in the resonant interaction of an
electron antineutrino with an atomic electron: ν̄e þ e− →
W− → qþ q̄ [58]. Found in a dedicated search for partially
contained showers of very high energy [67], the recon-
structed energy of the Glashow event is 6.3 PeV, matching
the laboratory energy to produce aW− of mass 80.37 GeV.
Given its high energy, the initial neutrino is cosmic in origin
and provides an independent discovery of cosmic neutrinos
at the level of 5.2σ.
As already discussed, unlike neutrinos, gamma rays

interact with photons associated with the extragalactic
background light while propagating to Earth. The gamma
rays lose energy by eþe− pair production, and the resulting
electromagnetic shower subdivides the initial photon

energy into multiple photons of reduced energy reaching
Earth. This significantly modifies the implications of the
gamma-neutrino correspondence, which we illustrate [8] by
first parametrizing the neutrino spectrum as a power law,

dN
dEν

∝ E−γastro
ν ; Eν;min ≤ Eν ≤ Eν;max; ð2Þ

for four recentmeasurements taken fromRefs. [56,64,65,68].
Conservatively, the minimum and maximum energies are
limited to the rangeof neutrino energies theparticular analysis
is sensitive to. For each neutrino fluxmeasurement, we derive
the accompanying gamma-ray flux from the fit to the neutrino
spectrum using the interface of Eq. (1). This pionic gamma-
ray flux is subsequently injected into the EBL, assuming
that the sources follow the star-formation history in a flat
ΛCDM universe [69]. Figure 3 shows the diffuse neutrino
fluxes and those of their accompanying gamma-ray counter-
parts. As the values of the neutrino flux spectral indices are
comparable for the four measurements, the flux of the
showers produced by νe and ντ is essentially determined
by the value of Eν;min where the energy peaks. We conclude
that when Eν;min ≲ 10 TeV, the showers initiated by the
pionic photons contribute up to ∼30%–50% of the diffuse
extragalactic gamma-ray flux between 30 and 300 GeV
and nearly 100% above 500 GeV. The cascade flux exceeds
the observed gamma-ray flux above ∼10 GeV when
Eν;min ≤ 10 TeV, assuming that the measured power-law
distribution continues.
In the end, the room left to accommodate secondary

photons from TeV–PeV gamma rays and electrons is small,
and it is difficult to avoid the conclusion that the extra-
galactic gamma-ray flux accompanying cosmic neutrinos
exceeds the diffuse gamma-ray flux observed by Fermi-
LAT [75], especially because blazars produce ∼80% of the
latter at the highest gamma-ray energies that are not the
main sources of neutrinos [76]. There is no contradiction
here; we infer from the calculations that the pionic gamma
rays already lose energy in the target producing the
neutrinos prior to propagating in the EBL. As a result,
pionic gamma rays emerge below Fermi threshold, at MeV
energies or below. The observed diffuse neutrino flux
originates from gamma-ray-obscured sources. The analysis
presented here reinforces the conclusions of previous
analyses; see Refs. [77–80].
We should emphasize that the fact that powerful neutrino

sources are gamma-ray obscured should not come as a
surprise [81]. The photon and proton opacities in a
neutrino-producing target are related by their cross sections
(up to a kinematic factor associated with the different
thresholds of the two interactions; see Ref. [82]),

τγγ ≃
σγγ

κpγσpγ
τpγ ≃ 103τpγ; ð3Þ

FIG. 2. Current all-sky measurements of the high-energy astro-
physical neutrino emission. The flux of cosmic muon neutrinos
[55] inferred from the 9.5-year up-going-muon track analysis
(solid line) with 1σ uncertainty range (shaded) is compared with
the flux of showers initiated by electron and tau neutrinos [56],
when assuming standard oscillations. The measurements are
consistent with the assumption that each neutrino flavor contrib-
utes an identical flux to the diffuse spectrum. Both are consistent
with the flux derived from the observation of a single Glashow-
resonance event [58] shown in red.
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where κpγ ∼ 0.2 is the inelasticity in pγ interactions. For
instance, we should not expect neutrinos to be signifi-
cantly produced in blazar jets that are transparent to very
high-energy gamma rays. In contrast, the highly obscured
dense cores close to supermassive black holes in active
galaxies represent an excellent opportunity to produce
neutrinos, besides providing opportunities for accelerat-
ing protons.
Understanding the production regions of neutrinos in

astrophysical sources requires the use of multimessenger
data. This does not come as a surprise since neutrino
astrophysics is multimessenger astrophysics, as the pro-
duction of neutrinos is associated with the production of
gamma rays. However, the current data indicate that the
intense neutrino sources are actually gamma-ray opaque.
We predict that upcoming sub-GeV gamma-ray instru-
ments will find correlations with high-energy astrophysical
neutrino sources.

B. What does an improved observation
of Galactic neutrinos tell us?

The Milky Way is an ideal observational target to answer
many of the questions raised in the previous decade of
neutrino astronomy. Our own Galaxy is expected to host
high-energy sources of cosmic rays and, thus, neutrinos.
Cosmic-ray propagation, a challenge to model [83] and of
long-standing interest, will enter a new era once diffuse
Galactic neutrinos are measured accurately. Neutrino-
gamma-ray connections can be studied at much closer
distances than by studying extragalactic sources.
High-energy neutrinos are produced when Galactic

cosmic rays interact at their acceleration sites and during
propagation through the interstellar medium. The Galactic
plane has, therefore, long been hypothesized as a neutrino
source, leading to various searches performed over the past
decade [84–86]. In 2023, IceCube announced the first
detection of the Milky Way in neutrinos at a statistical

FIG. 3. Gamma-ray-transparent sources? Cosmic neutrino spectra (gray curves) and γ-ray flux resulting from the accompanying
gamma rays (orange curves). The cosmic neutrino spectra are chosen to be compatible with different power-law (PL) fits to distinct
IceCube datasets. The data points are measurements of the diffuse cosmic neutrino flux [64,70], the extragalactic gamma-ray
background (EGB), the isotropic gamma-ray background (IGRB) [71] from 0.1 GeV to 1 TeV, and the diffuse MeV gamma-ray
background [72–74]. Neutrino spectra correspond to the best-fit single power-law models for the different IceCube analyses. Fluxes
below and above the sensitivity range for the IceCube analyses are not constrained by the data and are shown as dashed curves. Pionic
gamma rays from hadronic interactions are assumed to leave the sources without attenuation, propagate in the EBL, and cascade down to
GeV–TeV energies.
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significance of 4.5σ [9], thus starting the field of Galactic
neutrino astronomy. IceCube’s observation of the diffuse
Galactic plane represents the first nonelectromagnetic
image of our Galaxy as a whole and the first high-energy
neutrino observations from our Galaxy (MeV-scale neu-
trinos and, more recently, lower-energy neutrinos have been
observed for decades from the Sun).
The high-energy neutrino observations from our Galaxy

open a new door to search for Galactic PeVatrons, sources
capable of cosmic-ray acceleration to PeV energies [87].
While gamma rays have led the search for PeVatrons, there
is a strong chance that their interactions in the Galaxy
obscure sources. Using future neutrino observations,
together with cosmic-ray and gamma-ray observations,
we will be able to identify Galactic PeVatrons.
With the Galactic plane observed, the Galactic Center

(GC) emission also becomes interesting. The GC is a region
that promises high activity based on the presence of a
supermassive black hole (SMBH) at the position of Sgr A*.
SMBHs can be sources of cosmic-ray emissions and their
secondaries, neutrinos and gamma rays. Because of the
density of matter in the GC region, future neutrino
observations may be able to probe deeper than any other
observations in cosmic rays, gamma rays, or any other
electromagnetic wavelengths, thanks to their large inter-
action length (i.e., “neutrino depth”).
The pressing question regarding the observed diffuse

flux is how much individual Galactic point sources, below
the current detection threshold, contribute to it. Identifying
many types of individual Galactic sources remains a
challenge. Future detectors with better capabilities will
provide a more complete answer [88]. This is a great
opportunity for the upcoming KM3NeT neutrino observa-
tory in the Mediterranean [89], which is currently under
construction. Future detectors planned in the Pacific Ocean
are also promising as they are water-based detectors, as
discussed in Sec. III.
The 2023 observation of the diffuse Galactic plane was

based on testing templates. The templates of the spatial and
energy distribution of Galactic neutrinos were generated
by models [90,91] that consider the matter distribution in
the Galaxy, Galactic cosmic-ray production, and their
propagation as well as a model template of neutral pion
distribution. Currently, the observational limit in neutrinos
means we are constrained to testing existing models based
on gamma-ray and cosmic-ray observations. Once neutrino
observations become more sensitive, they then inform
the modeling of gamma-ray production and cosmic-ray
propagation.
Beyond model testing, a model-free observation of the

spatial distribution of the neutrino flux in the Galaxy
provides a comparison to the gamma-ray data to shed light
on the gamma-ray-neutrino connection, as described in
Sec. II A. The model-independent observation of the
energy spectrum is also a pressing question for the field.

This can be answered only by collecting larger statistical
and more sensitive observations of the Galactic plane. It
remains to be seen whether there is any energy region
where the Galactic diffuse flux outshines the extragalactic
diffuse flux in neutrinos.
Galactic neutrino astronomy provides an opportunity to

study sources of the closest distance, the closest black hole,
and discover Galactic PeVatrons. Detailed observations of
the Galactic neutrino diffuse flux, and comparison to the
counterpart gamma-ray flux, will lead to understanding the
gamma-ray-neutrino connection, cosmic-ray production
and propagation, and matter distribution in the Galaxy.

C. What will we learn from probing the black hole
environment with neutrinos?

We discussed in Sec. II A that the gamma rays accom-
panying the diffuse cosmic neutrino flux emerge from their
sources at energies below the Fermi-LAT threshold, at MeV
energies, or below. The identification of the first cosmic-
neutrino sources confirms indeed that cosmic neutrinos
originate in sites that are opaque to gamma rays.
The multiwavelength observations of the active galaxy

NGC 1068 represent an interesting case study. The
neutrino flux measured by IceCube is shown in Fig. 4
along with the gamma-ray data. Note that the MAGIC
telescope’s upper limits exclude the presence of the
accompanying pionic gamma-ray flux by more than

FIG. 4. Multimessenger spectral energy distribution of NGC
1068. Dark and light green points indicate gamma-ray observa-
tions at 0.1 to 100 GeV [93,94] and > 200 GeV [95], respec-
tively. Arrows indicate upper limits, and error bars are 1σ
confidence intervals. The solid, dark blue line shows our best-
fitting neutrino spectrum, with the dark blue shaded region
indicating the 95% confidence region. We restrict this spectrum
to the range between 1.5 and 15 TeV, where the flux measurement
is well constrained. Two theoretical predictions are shown for
comparison: the light blue shaded region and the gray line show
the NGC 1068 neutrino emission models from Refs. [96–98],
respectively. All fluxes are multiplied by the energy squared E2.
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one order of magnitude in the TeV energy range; the
source is indeed gamma-ray obscured [92].
Dimensional analysis is sufficient to show that the

observations point to the production of neutrinos in the
obscured dense core surrounding the supermassive black
holes at their centers. A conceptual version of the neutrino
source in Fig. 5 shows the dense core of x-rays confined
to a radius R that converts protons accelerated near the
supermassive black hole into neutrinos. Astronomers refer
to the gamma-ray-obscured core emitting x-rays as a
“corona”.
The opacity of the x-ray target to protons is

τpγ ≃
κpγRtarget

λpγ
≃ κpγRtargetσpγnγ; ð4Þ

which is determined by how often the proton interacts in a
target of size Rtarget given its interaction length λpγ. With
each interaction, the proton loses a fraction κpγ of its
energy, the inelasticity. The interaction length is determined
by the number density of target x-ray photons nγ ≃ nX and
the interaction cross section σpγ:

nX ¼ uX
ϵX

¼ 1

4πR2c
LX

ϵX
; ð5Þ

and therefore,

τpγ ¼
κpγσpγ
4πc

1

R
LX

ϵX
: ð6Þ

We here determined the target density in x-rays in a corona
of size R from the energy density of x-rays uX divided by
their energy ϵX, and we subsequently identified the energy
flux cuX with the measured x-ray luminosity of the source
4πR2LX. In the end, the opacity of the corona to protons is

proportional to the density of target photons, i.e., to the
x-ray luminosity LX, and inversely proportional to the
radius R. The above result can also be rewritten as

τpγ ≃ 102
�
Rs

R

��
1 keV
ϵX

��
LX

LEdd

�
≃ 10−3τγγ; ð7Þ

where Rs and LEdd are the Schwartzschild radius and the
Eddington luminosity of the black hole. For a black hole
mass of approximately 107 solar masses for NGC 1068,
LX∼1043 erg=s at keVenergies [99] yields LX ≃ 10−2LEdd.
Even for a relative modest opacity of τpγ ≳ 0.1, the

above result requires that the x-rays be confined to a radius
of R ≃ 10Rs. Importantly, this will automatically guarantee
the suppression of the pionic photon flux by more than one
order of magnitude relative to neutrinos by Eq. (3).
Detailed modeling of the accelerator and target reinforce

the conclusion that neutrinos originate within R=Rs ∼
10−4 pc of the supermassive black hole [15]. Producing
neutrinos, even at the base of the jet at a distance, will fail
to yield the neutrino flux observed for NGC 1068 and
suppress the appearance of a TeV gamma-ray flux at TeV
energy and below.
Interestingly, high densities of both radiation [100–102]

and matter [103,104] are associated with the core of NGC
1068, and therefore neutrinos are efficiently produced in
both pγ and pp interactions. A second look at the multi-
wavelength data shown in Fig. 4 leads us to conclude that
τpp > τpγ because the pγ threshold for producing neutrinos
on a target of keV-energy photons at the Δ resonance is at
PeV energy. Instead, the typical energy of the neutrinos
observed by IceCube from the direction of NGC 1068 is
closer to ∼10 TeV; see Fig. 4. These neutrinos are
predominantly produced in pp interactions, with a reduced
threshold for producing multiple pions, which results in
neutrinos of lower energy.
From Eq. (4), we calculate the opacity to protons of the

large matter density close to the black hole,

τpp ≃
κppR

λpp
≃ κppRσppnp ≃ κppσppNH; ð8Þ

where we have introduced the line-of-sight density
NH ¼ Rnp, which is sufficiently large for NGC 1068 to
achieve an opacity τpp ≳ 1. In Fig. 4, two such models are
compared to the flux observed by IceCube from NGC
1068. Accelerated protons interact in the corona with both
the dense gas in pp interaction and with the x-ray photons
by pγ → peþe−, the Bethe-Heitler process. The latter
channels the energy stored in the flux of relativistic protons
to relativistic pairs with extended distributions. Contrary to
accelerated leptons, whose maximum energy is limited by
radiative losses, the maximal energy of pairs is determined
by the kinematics of the process and, in this case, populates
the MeV energy region.

FIG. 5. Cosmic neutrino cradle. The core of an active galaxy
combines the ingredients to produce neutrinos, with protons
accelerated by the black hole and/or by the accretion disk and a
target (corona) with a large optical depth in both gamma rays and
hydrogen that converts them into neutrinos.
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From Eq. (8), one may be tempted to conclude that, with
the production of neutrinos in pp interactions depending
only on the line-of-sight density NH, we can evade the
constraint on the size of the production region R≲ 100Rs.
This is not the case because a high density of x-rays in the
corona is still required to suppress the flux of pionic gamma
rays produced in pp interactions to evade the strong upper
limits from the MAGIC telescope shown in Fig. 4.
The suppression of the γ-ray flux by over one order of
magnitude cannot be achieved with interactions with
protons only. Although produced by different mechanisms,
the gamma rays accompanying the neutrinos still emerge at
MeV energies, the characteristic energy at which the x-ray
corona becomes transparent to photons. For a more detailed
review of the models, see Refs. [15,105–107].
Do cosmic neutrinos (and cosmic rays) originate in the

obscured cores of active galaxies? Some do, and with NGC
1068 and NGC 4151, we have identified the first sources of
high-energy cosmic rays since their discovery more than a
century ago. Instead, modeling the multiwavelength spec-
trum of TXS 0506þ 056 represents an unmet challenge.
The source is different: It emits neutrinos in bursts with
Eddington luminosity characterized by a harder neutrino
spectrum, close to E−2.2. The gamma-ray-obscured spectra
at the time of neutrino production [108] may indicate that
the neutrinos are produced in the vicinity of the core as is
the case for NGC 1068 [109], but in association with
catastrophic events hinted at by the observation of a strong
optical flare in 2017 [110].
While any conclusions regarding the origin of the

highest energy cosmic rays may be premature, we feel
that with more and larger instruments, the revelation of a
multitude of sources and the resolution of the puzzle is
within reach. The emission of neutrinos from the few
sources we have identified indicates that they are produced
near supermassive black holes. Thus, neutrino observa-
tions, and their comparison to gamma-ray observations,
provide information about the matter and radiation density
around the black hole.

D. What will we learn about stellar collapse
and neutrino physics from Galactic

and extragalactic supernovae?

A core-collapse supernova radiates the vast majority
of the binding energy of the resulting compact remnant in
the form of neutrinos of all flavors. Information on the
astrophysics of the collapse and subsequent explosion, and
about the physics of the neutrinos themselves, is encoded in
the time, energy, and flavor structure of the neutrino burst.
When supernova 1987A exploded, only a couple of tens of
events provided sufficient information to not only probe the
physics of the explosion but also to shed new light on
neutrino properties, such as their mass, magnetic moment,
and lifetime. Neutrino oscillations produce significant
modifications of the neutrino spectra. Matter transitions

in the expanding remnant modify the time- and energy-
dependent profiles of the spectra of neutrinos and anti-
neutrinos, which depend on the neutrino mixing parameters
and the presently unknown neutrino mass ordering.
Additionally, depending on the type of supernova,
“collective” effects resulting from neutrino-neutrino inter-
actions can result in additional modifications of the spectra;
for recent reviews, see Ref. [111].
Although designed as a high-energy Cherenkov detector

with a nominal threshold of 100 GeV (∼5 GeV in
IceCube’s DeepCore [112], ∼1 GeV in the IceCube
Upgrade [18]), IceCube can identify with high significance
the interactions of below-threshold MeV neutrinos pro-
duced by the passage of the flux resulting from a Galactic
supernova [113]. It is observed as a collective increase in all
photomultiplier counting rates over their very low dark
noise in radioactivity-free ice. The rate increase is caused
by the Cherenkov light from shower particles produced by
supernova electron antineutrinos interacting in the ice,
predominantly by the inverse beta decay reaction. The
secondary positron tracks of about 0.6 cm × ðEν=MeVÞ
length radiate 178 × ðEeþ=MeVÞ Cherenkov photons in the
300–600-nm wavelength range. From the approximate E2

dependence of the neutrino cross section and the linear
energy dependence of the track length, the light yield per
neutrino scales with E3. With absorption lengths exceeding
100 m, photons travel long distances in the ice, so each
photomultipier tube effectively monitors several hundred
cubic meters of ice. A similar detection is also possible in
water-based Cherenkov neutrino telescopes such as
KM3NeT [114], though these suffer from larger radiative
backgrounds compared to the radioactivity-free ice at the
South Pole.
Although the rate increase in a single light sensor, for

this discussion IceCube’s digital optical module (DOM), is
not statistically significant, its significance increases when
recorded collectively in multiple independent sensors.
It reaches over 10σ for a supernova at 10 kpc generating
106 photoelectrons, producing a detailed movie of the time
evolution of the neutrino signal. Whereas DOMs over-
whelmingly record single photons, the frequency of two-
photon coincidences can be used to measure the average
energy of the neutrinos. With a 2-Mton effective volume for
supernova neutrinos, IceCube is the most precise detector
for analyzing their neutrino light curve [113]. This has been
demonstrated by establishing a limit on the frequency of
supernovae using more than 10 years of data [115]. While
the run-time of IceCube and other high-energy neutrino
telescopes is shorter than Baksan [116] and LVD [117], the
larger tonnage of IceCube makes it sensitive to a broader
range of progenitor masses and provides constraints that
are more robust to the different emission models [118].
Thus, neutrino telescopes are complementary to these
smaller, long-running experiments, which are sensitive
only to nearby, high-luminosity supernovae. Finally,
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IceCube participates in the SuperNova Early Warning
System [119], which combines in real time potential signals
recorded in participating neutrino experiments [120].
Besides continuously monitoring the highly stable noise

rate in the DOMs [121], IceCube additionally buffers the
raw data recorded by the detector for several days; i.e., the
information recorded by every single photomultiplier is
saved to disk [122]. This data can be saved for a period of
days but must subsequently be dumped because the size of
the record becomes unmanageable. It is, however, saved
when an interesting astronomical event occurs [122]. The
low-level data, saved when a supernova occurs, provides
several advantages. The complete information is available
over the duration of the supernova without cuts, and the
data—buffered at an early stage of the data acquisition
system on the so-called string hubs—will be available in
the unlikely case that the data acquisition fails or saturates,
for instance, in the case of an extremely close supernova.
The automatized “HitSpooling” has been working reliably
for several years, including the data transfer to the north in
the case of potentially interesting alerts.
The excellent sensitivity to neutrino properties, such

as the neutrino hierarchy, as well as the possibility of
detecting the neutronization burst, a short outbreak of
anti- νe released by electron capture on protons soon after
collapse, are discussed in Refs. [113,121]. In Fig. 6, we
illustrate the sensitivity of IceCube to the neutrino mass
hierarchy for a supernova at the most likely distance of
10 kpc. On the astrophysics side, the oscillations character-
istic of the standing accretion shock instability (“SASI”)
[123] of the standing accretion shock will leave clear
signatures in the high-statistics IceCube observations, as
will the collapse of the star to a black hole.
IceCube supernova data will also represent an extraor-

dinary opportunity for a multimessenger analysis with the

gravitational wave signal [125]. The gravitational wave strain
of a supernova burst is proportional to the second time
derivative of its moment of inertia I, which we can rewrite
in terms of its mass, radius, and characteristic frequency:

h ∼
d2I
dt2

∼MR2f2: ð9Þ

An asymmetry in the breakout shock, required for a non-
vanishing strain, develops because of the rotation of the star
and also results from the SASI oscillations. The same
frequency is visible in the IceCube data and is revealed by
transforming the high statistics time dependence data into the
frequency domain.
IceCube observations also represent an opportunity to

search for the superluminous extragalactic interaction-
powered type IIn supernovae where particles can be accel-
erated to relativistic energies by the ejecta of the star
interacting with the dense circumnuclear medium [126,127].
Neutrino telescopes are in a position to make crucial and

complementary observations to MeV–keV-scale neutrino
detectors for Galactic core-collapse supernovae. Such
observations can not only tell us about the supernovae
themselves but also serve as a particle physics laboratory
to measure phenomena such as neutrino mass hierarchy.
Extragalactic type IIn supernovae are neutrino-bright
source candidates in neutrino astronomy.

E. What will we learn about the nature
of dark matter with neutrino telescopes?

A neutrino observatory is a powerful tool for searching
for the particle nature of dark matter and provides unique
capacities to study dark matter complementary to Earth-
based experiments. For example, if “weakly” interacting
massive particles (WIMPs) make up dark matter, they have

FIG. 6. Supernovae neutrino events in a neutrino observatory. Simulated photoelectrons in IceCube from the interactions of electron
antineutrinos produced by the collapse of a 13-solar-mass progenitor 10 kpc from Earth [124]. Different bin sizes are chosen to illustrate
time features in different phases of the star’s collapse. Left: the deleptonization peak; center: a ∼0.5-sec plateau as matter accretes onto
the core forming a proto-neutron star; right: ∼10 sec of exponential decay as the proto-neutron cools. Contrasted are the results
assuming neutrino oscillations for normal and inverted hierarchy of the masses. Here, the acronym PNS corresponds to proto-neutron
star, while NH and IH refer to the normal and inverted neutrino orderings, respectively.
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been swept up by the Sun for billions of years as the Solar
System moves about the Galactic halo [128]. Though
interacting weakly, they will occasionally scatter elastically
with nuclei in the Sun and lose enough momentum to
become gravitationally bound; see Ref. [129] for a recent
review on the dark matter electron scattering scenario. Over
the Sun’s lifetime, a sufficient density of WIMPs may
accumulate in its center so that an equilibrium is established
between their capture and annihilation. The annihilation
products of these WIMPs represent an indirect signature of
halo dark matter, their presence revealed by neutrinos,
which escape the Sun with minimal absorption for sub-100-
GeV masses. The neutrinos are, for instance, the decay
products of heavy quarks and weak bosons resulting from
the annihilation of WIMPs into χχ → τþτ−, bb̄, or WþW−.
Neutrino telescopes are sensitive to such neutrinos because
of their relatively large neutrino energy, reflecting the mass
of the parent WIMP, making them distinct from neutrinos
produced in nuclear processes in the Sun.
The beauty of the indirect detection technique using

neutrinos originating in the Sun is that the astrophysics of
the problem is understood. The source in the Sun has built
up over solar time, sampling the dark matter throughout the
Galaxy; therefore, any unanticipated structure in the halo
has been averaged out over time. Other astrophysical
uncertainties, such as the dark matter velocity distribution,
have little or no impact on the capture rate of dark matter in
the Sun [130,131]. Given a WIMP mass and cross section
(and the assumption that the dark matter is not exclusively
matter or antimatter), one can unambiguously predict the
signal in a neutrino telescope. If not observed, the model
will be ruled out; see, e.g., Fig. 7 for a recent result. This is
in contrast to indirect searches for photons from WIMP
annihilation, whose sensitivity depends critically on the
structure of halo dark matter. Observation requires cuspy
structure near the Galactic Center or clustering on

appropriate scales elsewhere, and observation necessitates
not only appropriate WIMP properties but also favorable
astrophysical circumstances.
Beyond WIMP dark matter, neutrino telescopes can also

search for light dark matter through its effect in various
astrophysical observables. One well-motivated scenario of
light dark matter is that of the axion, which is posed to solve
the strong CP problem in QCD [138–141] but also appears
in many realizations of string theory [142]. Neutrino
telescopes are sensitive to axionlike dark matter through
their effects in supernovae cooling [143–145], modifying
the duration of the Galactic neutrino signal in the neutrino
telescope. Additionally, neutrino telescopes can probe the
interactions of ultralight dark matter with neutrinos through
the imprint of this interaction on the flavor of astrophysical
neutrinos [146–151]. The latter constraints are among the
strongest constraints between ultralight dark matter and
neutrinos. In general, these astrophysical searches are
complementary to laboratory searches for ultralight dark
matter such as axionlike particles.
Finally, there are two other unique ways in which

neutrino telescopes can search for dark matter. First, if
dark matter is very heavy, e.g., when its masses are above
100 TeV, the photons produced from the decay or annihi-
lation of dark matter in our halo do not reach Earth
unscattered. Instead, they interact with the extragalactic
light or the cosmic microwave background [49,152]. In this
scenario, neutrino telescopes provide the most direct and
effective probe of very heavy dark matter annihilation and
decay [153–160]. Neutrino telescopes may find this signal
by looking for neutrinos from concentrations of WIMPs in
the MilkyWay [161–165] and nearby galaxies [166]. These
searches are especially important since neutrinos are the
final channel to test the WIMP miracle in a model-
independent way [167], where dark matter interaction with
the standard model is at the weak scale. Second, neutrinos
can interact with dark matter from their sources to Earth.
Interactions between neutrinos and dark matter are moti-
vated by the scotogenic neutrino mass generation mecha-
nism [168–173], where the neutrino mass is produced by
these interactions, and recent cosmological observations
[174–178]. The study of the opacity of the Universe to
high-energy neutrinos yields constraints on the neutrino-
dark-matter interaction [179–182] that are comparable with
cosmological studies. Additionally, the intensity of neu-
trino emission from the sources provides information about
the hadronic environments where these neutrinos are
produced. This observation can place constraints on the
proton-dark-matter interaction, which is probing the same
coupling as direct-detection experiments on Earth [183].
Neutrino telescopes, given their broad energy range

from tens of GeV to multiple PeV, offer a unique way to
discover dark matter. They are the most effective probes for
very heavy dark matter, and they offer a way to test, in a
model-independent way, one of the last remaining channels

FIG. 7. Upper limits at 90% confidence level on the spin-
dependent dark-matter-proton cross section assuming that the
neutrinos are produced by νν̄, bb̄, and WþW− annihilation [132].
Limits from Super-Kamiokande [133], ANTARES [134], and a
direct-detection experiment (PICO) [135] are shown for com-
parison. For higher-mass constraints using neutrino telescopes,
see Refs. [136,137].
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of the WIMP miracle: dark matter annihilation to neu-
trinos. Additionally, the Universe’s transparency to high-
energy neutrinos allows for the potential discovery of
neutrino-dark-matter interactions.

F. What will astrophysical neutrinos tell us about
neutrino properties?

The discovery of nonzero neutrino masses [184–187] has
been one of the most significant observations of the past
century [188–190]. This measurement implies that the
standard model particle content is incomplete and that
new physics is responsible for the neutrino masses [191].
So far, we have only been able to learn about neutrino
masses by studying the change in neutrino flavors over long
distances. In fact, two naturally occurring neutrino sources
were used to discover this phenomenon: solar neutrinos
[184–186] and neutrinos produced in cosmic-ray collisions
in Earth’s atmosphere [187]. As we will discuss in this
section, the study of high-energy astrophysical neutrinos
with neutrino telescopes can address three fundamental
questions in neutrino physics: the nature of neutrino
masses, the lifetime of the neutrino, and the unitarity of
the neutrino mixing matrix. Of these three questions, the
latter two require new physics beyond the existence of
massive neutrinos to yield observable signatures in neutrino
observatories; however, the first question is already invited
by the observation of nonzero neutrino masses.
Shedding light into the origin of neutrino masses. With

more than 20 years of measurements using natural and
anthropogenic neutrino sources, the parameters that dictate
neutrino flavor transition have now been measured to the
few-percent level [192,193]. Despite these improved mea-
surements, we still do not know the mechanism responsible
for neutrino masses. Models that aim to explain neutrino
masses [191] can be broadly organized into scenarios
where neutrinos are Majorana particles and where they
are predominantly Dirac fermions. Much attention has been
placed on the former scenario, where theWeinberg operator
describes neutrino masses at low-energy scales. This
operator can be UV completed to high-energy scales
by introducing additional heavy neutrino states in what is
known as the seesaw mechanism, where the smallness
of neutrino masses is explained by the smallness of the
Dirac-like mass term compared to the larger Majorana-
like term associated with these heavy neutrinos.
A prediction of this scenario is that neutrinoless double
beta decay should be observed, pending accidental
cancellations due to neutrino Majorana phases [194,195].
This has led to a vibrant experimental program aimed at
observing this process [196].
The other possibility is that neutrinos are Dirac-like in

nature. In this case, new, right-handed neutrinos are added
to the standard model particle content. These can yield
neutrino masses similar to the case of charged leptons
through yL̄ H̃ NR, where H is the Higgs double, y the

Yukawa couplings, and NR the new, right-handed neutrino
field. In this case, to achieve the right scale for the neutrino
masses, the Yukawa couplings are distinctly small com-
pared to those associated with other fermions. The lack
of an explanation for the smallness of the Yukawa in
this scenario and the lack of experimental signatures to
promptly confirm this have generally made this scenario
less appealing. However, recent advancements in quantum
gravity [197,198], within the swampland program, point to
the fact that neutrinos should be Dirac-like in nature [199].
These results coupled with the recent discovery of high-
energy astrophysical neutrino sources, which, as we will
discuss, provides new avenues to discover Dirac-like
neutrinos, make revisiting this scenario timely.
If the masses of neutrinos are predominantly due to a

Dirac-like mechanism, as suggested by recent work
[197,198], or by plain similarity to how the other fermions
acquire masses in the standard model, then, in the context
of quantum gravity, we expect that neutrinos are quasi-
Dirac particles [200]. This is because the value of the right-
handed neutrino mass term is proportional to the amount of
lepton number violation, which is expected to be broken at
the Planck scale, as no global symmetries are expected to
be preserved by quantum gravity. In the scenario of a small
Majorana mass term compared to the Dirac mass term, one
produces ultrasmall mass splitting between the left- and
right-handed neutrinos. As we will discuss below, this can
produce the disappearance of neutrinos, with oscillation
frequencies that scale like L=E on galactic [201] or
extragalactic scales [202–207]. Finally, even when we
ignore the motivation of quantum gravity and pose that
neutrinos are Dirac-like particles, studying extremely long
baseline oscillations is of fundamental importance. This is
because, in the Dirac-like scenario, the right-handed
neutrino mass term (1

2
mRN̄c

RNR) presents a fundamental,
unconstrained parameter of the new standard model.
Determining if this parameter is nonzero but small would
have profound implications in fundamental physics as it
proves new, ultrasmall energy scales.
As proposed in Ref. [207], one can use the observation of

multiple high-energy neutrino sources to search for the
disappearance of neutrinos in the Dirac-like scenario. This
technique has the advantage over prior proposals—see,
e.g., Refs. [203–206]—in that it is within experimental
capabilities and mitigates the astrophysical source model-
ing uncertainties by correlating neutrino observations from
different sources at the same L=E. The oscillation prob-
ability in this scenario is given by

Pαβ ¼
1

2

X3
j¼1

jUβjj2jUαjj2
�
1þ cos

�
δm2

jLeff

2Eν

��
; ð10Þ

where Leff is the effective distance to the source after
correcting for cosmic expansion, and U is the mixing matrix
measured in terrestrial experiments. The disappearance is
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expected to be the same strength for all flavors in the
minimal model scenario. This has critical phenomenological
implications since this implies that the effect should be
present in tracks, produced predominantly by muon neu-
trinos, and cascades, produced by all flavors.
Given the current experimental capabilities, this implies

that searches for extraterrestrial sources will be restricted
to searching for distortions in the muon spectra energy
distribution since we do not currently expect to establish
high-significance correlations between cascade and point-
like neutrino sources. The signature of this scenario is thus
the disappearance of muon neutrinos at sources that share
the common value of L=E; see Fig. 8 (left). Figure 8 (right)
shows the sensitivity that is expected from the combination
of multiple extraterrestrial neutrino sources as a function
of the ultrasmall mass-square difference δm2 for IceCube-
Gen2. As can be noticed, the sensitivity can reach
discovery-level significance due to the combination of
multiple sources that probe the same values of L=E even
when the astrophysical fluxes are marginalized over all
multiple shapes of the neutrino spectra; see the dashed line
in Fig. 8 (right). However, understanding the neutrino fluxes
of these sources would yield significant improvement in the
sensitivity. For example, if the fluxes were to be modeled
by an unbroken power law in energy, the sensitivity would
scale to match the shaded region demarcated by the solid
line. Thus, the change in significance between the dashed
and solid lines in this figure provides a proxy for the impact
of extraterrestrial astrophysical source modeling in this
scenario. Additionally, as noted in Ref. [201], high-energy
neutrinos produced in the Galaxy are also sensitive to mass-
squared differences on the order of 10−14eV2, which offers a
complementary source to look for this effect.
Probing the neutrino lifetime and the unitarity of the

neutrino mixing matrix. Other properties of the neutrino
can be studied by measuring high-energy astrophysical
neutrinos. These are the lifetime of the neutrino and the
number of neutrino species. The extremely long baselines
that astrophysical neutrinos travel made them especially
sensitive to the neutrino lifetime. Given the unknowns
in the order of neutrino mass states, i.e., our lack of

understanding of which of the neutrinos is less massive,
we can consider two scenarios. In one scenario, the
neutrino mass state with the most electron-neutrino content
is the lightest; this is known as the normal ordering. In
the other, the neutrino with the least electron fraction is the
lightest, known as the abnormal or inverted ordering.
The neutrino ordering problem is expected to be resolved
over the next several years as new data are gathered from
terrestrial neutrino oscillation experiments. In particular,
neutrino telescopes are expected to be important in
establishing neutrino ordering [208–211] by performing
precise measurements of the oscillation parameters using
large datasets.
The standard model expectation is that all known neu-

trinos are stable over cosmological distances [212–214];
however, new physics scenarios [215,216] can significantly
reduce the heavier neutrino lifetime, allowing them to decay
into their lighter partners. This directly affects the ratio of
neutrino flavors detected at Earth [217–222]. The neutrino
ordering above leads to two extreme scenarios, where the
neutrino with either the most or the least electron content
remains at Earth. These two scenarios lead to dramatically
distinct fractions of electron neutrinos at Earth; in one case,
one expects jUe3j2 ≃ 0.67% of the neutrinos to be electron
flavored, while in the other scenario, only jUe1j2 ≃ 0.02%
are electron flavored [218]. Current observations by IceCube
[57,223] already disfavor the large-electron-fraction scenario
at the 2σ level, placing constraints on the lifetime of the
neutrino that is significantly stronger than Earth-based
experiments under the assumption of normal neutrino order-
ing, which is currently preferred by neutrino oscillation
measurements [192]. Thus, further measurements of the
fraction of electron neutrinos at Earth in the astrophysical
beam and their energy dependence [222] will help to further
constrain scenarios that reduce the neutrino lifetime. Finally,
the number of neutrino states can also affect the expected
distribution of astrophysical neutrino flavors at Earth
[224,225]. Currently, terrestrial neutrino oscillation experi-
ments constrain the unitarity of the neutrino mixing matrix to
only 20% at the 3σ level [226,227], leaving space for
additional heavier neutrino states to exist. The existence

FIG. 8. Neutrino oscillations at cosmic scales and the sensitivity to extremely small energy differences. Left: artistic rendition of
ultralong baseline neutrino oscillations from astrophysical sources. Right: expected sensitivity of IceCube-Gen2 to quasi-Dirac
neutrinos. Figures reproduced from Ref. [207].
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of additional neutrino states has been suggested by anoma-
lies in accelerator [228,229], radioactive source [230–232],
and neutrino reactor experiments [233], though these have
not been confirmed in other neutrino experiments [234,235]
with similar reach. Beyond the experimental motivation, the
search for additional neutrino states is of significant interest
in fundamental physics as it is predicted in scenarios that aim
to resolve the hierarchy problem, e.g., the dark dimension
solution [236]. The current sensitivity of the astrophysical
neutrino flavor ratio is insufficient to shed light on the
existence of new neutrino states [220,225,237], but future
measurements could enable the indirect detection of these
additional neutrinos.
The observation of astrophysical neutrinos from

Galactic and extragalactic sources can uncover the nature
of neutrino masses. By observing the transformation of
neutrinos into new, invisible neutrino states, they can
establish that neutrinos are Dirac-like particles, which
would have profound implications in particle physics.
Their detailed study can yield new insight into the stability
of neutrinos and additional neutrino states.

G. What new findings in fundamental and
particle physics can be done with super-high-energy

neutrino beams?

Two important features of high-energy astrophysical
neutrinos make them unique probes of new physics
[238,239]: the extremely long lengths traversed from
neutrino emission to detection and their high energy.
The extremely long distance from production to detec-

tion makes high-energy astrophysical neutrinos one of the
longest naturally occurring “interferometers” [240] avail-
able to search for new phenomena. This can be exploited by
studying the relative ratio of astrophysical neutrino flavors

[241–243]. First, it is an observable that is well predicted
within the standard model with massive neutrinos and is
robust under various production mechanisms, thus unam-
biguously revealing new physics when deviations are
observed [206,220]. However, if the astrophysical envi-
ronments where neutrinos are produced are very dense, the
presence of strong neutrino-matter interactions can produce
small, energy-dependent flavor ratios that deviate from
democratic flavor composition [244]. Second, the long
lever arm from production to detection serves as an
extremely long-lever-arm interferometer allowing for the
observation of extremely small effects [242,245]. Namely,
as neutrinos travel from their sources to Earth they can
coherently interact with the medium they traverse, leaving
an imprint on the observed flavor ratio at Earth. For
example, in some theories of quantum gravity, Lorentz
symmetry is spontaneously broken at high scales, leaving a
remnant Lorentz-violating field throughout space.
Neutrinos can interact with this field modifying their flavor
composition; see Fig. 9 (left). The strength and type of
this hypothetical interaction are unknown, but it is usually
described by a theory known as the standard model
extension, which includes effective Lorentz-violating terms
[246]. Within this framework, the interactions of neutrinos
with this field are expected to be suppressed by powers of
the Planck scale. Currently, high-energy astrophysical
neutrinos provide the best way to search for these minute
interactions, which accumulate as the neutrinos travel from
their source to Earth. This yields constraints on the
coupling strengths of these new, space-time forces that
are well beyond the Planck scale [245]; see Fig. 9 (right).
Although, for most of the parameters, they are dependent
on the flavor structure of the interaction and the
flavor composition at the source. Other effects that can
be probed by studying astrophysical neutrino flavor are

FIG. 9. Quantum gravity effects on the flavor triangle and constraints from IceCube. Left: trajectories in the astrophysical neutrino flavor
triangle for different dimension-six flavor operators. Right: constraints on dimension-six operators that parametrize the interaction of
neutrinoswith a Lorentz-violating field. Figures reproduced fromRef. [245]. On the right side of the figure, BF is shorthand for Bayes factor.
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coherent interactions between neutrinos and dark matter
[148,247,248] and extremely long-range forces [249]; see
Ref. [151] for a recent recast of these constraints in various
scenarios. Additionally, the study of neutrino flavor can
provide information about the dense environments in which
neutrinos are produced [244] and information on new,
secret neutrino-nucleon interactions [250].
The high energies and extremely large detectors required

to measure high-energy astrophysical neutrinos provide a
second opportunity for discovery. These large detectors
measure a large fraction of high-energy astrophysical
neutrinos, which can achieve statistics on the order of
hundreds of thousands [251,252]. These high-energy
atmospheric neutrinos have been shown to be one of the
most sensitive probes of light sterile neutrinos [251,252],
Lorentz symmetry breaking [253], decoherence and fun-
damental tests of quantum mechanics [254–257], and
nonstandard neutrino-nucleon interactions [258,259].
These searches are ultimately limited by uncertainties in
the atmospheric neutrino flux [260] and the unknown shape
of the astrophysical neutrino spectra. Additionally, neutrino
interactions at energies above an EeV probe increasingly
inelastic regimes where the proton structure function has
yet to be studied. These high-energy neutrinos probe
regions within the proton where the number of partons
is increasingly large, and color shadowing is expected
[261], yet directly unobserved in collider experiments to
date. The so-called darkening of the proton at high energies
is expected to reduce the neutrino-nucleon interaction cross
section [262]. The deeply inelastic component of the
neutrino-nucleon cross section can be measured by study-
ing the transparency of Earth to neutrinos [263–268], while
the mostly elastic component can produce new morpho-
logical features [269]. Finally, new particles can be dis-
covered at these high energies by their impact in the
neutrino cross section [270–272]. The physics of some
of these latter scenarios can degenerate with certain
astrophysical uncertainties, such as the energy distribution
of astrophysical neutrinos. Although, if the astrophysical
neutrino flux is dominated by an isotropic source emission,
the angular distribution can be used to break this degen-
eracy to a certain extent [268].
The study of the relative flavors of neutrinos at Earth

allows us to measure the smallest interactions having
sensitivity to Planck-scale physics, potentially enabling
the observation of Planck-scale physics for the first time.
Additionally, the measurement of Earth’s transparency to
high-energy neutrinos through various layers of Earth will
provide insights into uncharted depths of the proton,
potentially allowing us to observe gluon shadowing.

III. ENABLING TECHNOLOGIES

The fundamental challenge of neutrino astronomy is the
enormous number of background particles, the neutrinos
and muons created in Earth’s atmosphere, that the neutrino

telescopes encounter. The overburden of water or ice above
the detector is usually on the order of a kilometer. Thus,
atmospheric muons penetrate through to the detector to
produce many orders of magnitude more events compared
to neutrinos. Atmospheric neutrinos, while lower in rate
compared to muons, are background events that are larger
in rate than astrophysical neutrinos and in almost all cases
indistinguishable from them at an event-by-event level.
To combat the disproportionate background rate, many

statistical techniques are employed. They are usually in the
form of data filtering, which aims to cut out background
events while retaining as many signal events as possible.
While every event observed in a detector usually corre-
sponds to a single particle detection, noise and multiple
particles in the detector at the same time can make event
classification challenging. Furthermore, classifying events
as “signal” or “background” is a statistical process. It is
usually not possible to definitively distinguish each event as
one or the other, so only probabilistic statements can be
made based on the event’s characteristics. This can be as
simple as using the particle’s estimated energy as a
characteristic to cut on, as it accounts for the fact that
atmospheric components have a softer spectrum, or filtering
for Earth-penetrating events to reduce muon rates. More
sophisticated techniques are also used, such as veto-based
event selections, which aim to keep only events with
neutrino interaction vertices contained within the detector,
and event selections targeting unique interactions or flavors,
such as showers, identifiable tau events, or Glashow events,
as discussed in Sec. II A. Generally, a combination of many
techniques leads to a final analysis-ready event sample.
In every case, though, the final event samples, while

higher in signal-to-noise ratio, become statistically limiting
in astrophysical neutrinos. Either they are still background
dominated or become extremely reduced event samples
with a handful of events each. Thus, the main key to
unlocking more results in neutrino astronomy in the
coming decades is statistical power. More astrophysical
neutrinos are obtained by collecting more data, and more
data are collected faster with more detectors around the
globe. This means more deployed photomultiplier tubes
in water and ice. Thus, the metric of success, to first order,
for the next generation of detectors is more instrumented
volume around the world.
Beyond this crude metric, optimization of new neutrino

telescopes that are coming on-line and their complemen-
tarities to each other and existing telescopes becomes
important. While the original neutrino telescopes imagined
decades ago aimed for one globally optimized design, in
the last decade, with multiple discoveries emerging, it has
become clear that different detector configurations are
becoming important in targeting different fluxes of astro-
physical neutrinos. We have entered the era of divergent
detector needs. This is to be celebrated as a sign of a
maturing field.
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A. Astrophysical neutrino fluxes

In the TeV–EeV range, the neutrino fluxes can be
described by four principal components, as shown in
Fig. 10. Here, we reduce the discussion to describing each
component as described in Eq. (2), a single power-law flux
with spectral index γastro, to focus on broader observational
needs. It is clear from recent observations that the diffuse
fluxes and the sources that possibly contribute to the fluxes
could have more complicated energy spectra.
Starting from the lowest part of this energy range, the

atmospheric neutrino flux dominates with a level that is
many orders larger than any astrophysical fluxes. This is
the background to any astrophysical observations and has
the steepest spectrum at a spectral index of ∼3.7.
The next observable component in energy is the diffuse

Galactic flux. As described in Sec. II B, it is possible that,
within a narrow energy range, this flux dominates in the
Galactic plane region of the sky. While its spectral index
is expected to be harder at ∼2.7, the discrimination of
this flux against the atmospheric background using energy
measurements of events will not be so effective since
the fluxes have the closest spectral indices. The crucial
observational metric for targeting Galactic neutrinos is thus
angular resolution. Localizing the diffuse plane or Galactic
point sources with good angular resolution allows dis-
crimination against a directionally uniform background,
where energy has limited discrimination power.
Neutrinos of extragalactic origin are expected to have

spectral indices of ∼2. The flux is now much harder
compared to the atmospheric background, so angular
resolution requirements can be loosened by relying more
on the observed energy of the events. The distribution of

energies of the signal events is sufficiently different to the
background for identifying sources.
Finally, at the highest energies or extremely high-energy

(EHE) region, cosmogenic neutrinos, also known as
GZK (Greisen-Zatsepin-Kuzmin) neutrinos [273,274], are
expected to dominate. Because this flux is at the tail end of
steeply falling fluxes in power law, cosmogenic neutrinos
are exceedingly rare.

B. Ice and water optical neutrino detectors

A neutrino telescope optimized to the three fluxes
described above will naturally act as three different detec-
tors. In any steeply falling power-law flux, the higher the
energy one targets, the lower the expected number of
neutrinos. Thus the size of the detector will need to be
larger for higher-energy fluxes. For the GZK flux, this
necessitates such a large detector volume that optical
signals become challenging to instrument. A neutrino
telescope must have sensors at a smaller spacing than
the attenuation length of the signal for requiring coinci-
dence in multiple sensors. Therefore, signals that travel
farther without attenuating, such as radio pulses, allow a
larger detector volume to be instrumented by using the
same number of sensors but spaced farther apart. Many
future radio-based neutrino telescopes [20,40,275–277]
are planned, but this section will focus on optical-based
detectors in keeping with the motivations in Sec. II.
Neutrino telescopes with optical sensors collect

Cherenkov photons from charged particles that result from
neutrino interactions. The optical properties of the detector
media therefore naturally informs the optimization of its
detector. Water generally has a shorter attenuation length of
optical and UV light, but a longer scattering length. Ice
generally has the opposite, where the attenuation length is
longer but the scattering length is shorter. Figure 11
compares a high-energy muon traversing the entire detector
length for detectors using ice and water as media. The
Cherenkov photons are shown as lines coming out of the
muon track. Color denotes the time difference, with red
indicating earlier and blue indicating later. The photons in
ice can be seen covering a larger volume around the track,
owing to the longer absorption length. However, the
photons do not travel as straight as those in water because
of the short scattering length.
The nondirect path of photons in ice creates the largest

systematic effect in the reconstruction of the muon track
and, thus, in the direction of the neutrino that created the
muon. Water, with all else held equal, is a superior medium
for directional reconstruction of neutrinos in the sky.
However, the distance photons travel in water is a

disadvantage, especially when the event is not a high-
energy muon track traversing the entire detector. When the
effective distance the photon traverses from the charged
particle is limited, the sensors must be placed closer
in order to obtain coincidence detection of many sensors.

FIG. 10. Different detector technologies and their dominant
energy region. The colored lines show the different neutrino
components of interest as a function of energy, where the ranges
should be taken as order of magnitude estimations. The leading
technologies for high-energy astrophysical neutrino detection are
illustrated: water Cherenkov, ice Cherenkov, Earth skimming,
and radio. As discussed in this Perspective, the former three
detection methods are synergic as they provide complementary
information on the same Galactic and extragalactic neutrino
sources. On the other hand, radio is expected to reach out toward
new, unexplored energy domains.
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This means that for the same number of sensors, if the same
coincidence level is required, the water detector must be
made smaller with shorter sensor distances.
This naturally points to ice-based detectors as better

suited for higher-energy fluxes, such as extragalactic
fluxes. The larger spacing of sensors allows a larger
instrumented volume which is more suitable for detecting
lower fluxes of neutrinos. The less-optimized directional
resolution of the neutrinos is better tolerated as the
extragalactic flux is much harder than background, as
previously described. Conversely, the water-based detec-
tors are better suited for softer fluxes, such as Galactic
neutrinos and extragalactic sources with softer emission.
By leveraging the superior directional pointing, discrimi-
nating from the soft background becomes possible, and
higher fluxes at lower energies compensate for the rela-
tively smaller instrumented volume, again, as described
previously.

C. Complementarity in the global landscape

The need for differently optimized telescopes to target
different astrophysical neutrino fluxes is not surprising.
Much like how electromagnetic astronomy developed
different telescopes targeting different wavelengths and
has matured into multiwavelength astronomy, the field of
neutrino astronomy is maturing rapidly. Differently opti-
mized detectors operating simultaneously is the second key
to a continuing boom in neutrino astronomy in the coming
decades, second only to the first metric of globally
increased instrumented volume as discussed earlier.
One can argue then that the third key in global opti-

mization is the locations of neutrino telescopes. Multiple
telescopes operating at different locations in the world,

covering different areas of the sky at any given time, ready
for real-time multimessenger astronomy, is not a new
concept in astronomy. This is indeed also the case for
neutrino astronomy, as shown in Fig. 12. While neutrino
telescopes have 4π coverage, sensitivities depend heavily
on the zenith angle of the source at the detector. The
optimized regions of the sky for telescopes in the
Mediterranean Sea and the Pacific Ocean as well as at
the South Pole show complementary instantaneous cover-
ages that together span the entire sky.
A final optimization in the neutrino telescope ecosystem

is the relative signal-to-background ratio. Water and ice
Cherenkov neutrino telescopes can differentiate only
between atmospheric and astrophysical neutrinos for very
specific events. For example, most of the muon neutrinos
observed in these experiments cannot be claimed to be of
astrophysical origin since many of them are produced in
Earth’s atmosphere. This is not the case for tau neutrinos,
where their observation implies that they have a high
probability of being astrophysical in nature [278,279].
Thus, the dominant sample of neutrinos detected in these
experiments has low astrophysical neutrino purity. On the
other hand, Earth-skimming tau-neutrino detectors have a
high astrophysical-neutrino purity, though they suffer from
high-energy thresholds and, thus, limit sample sizes.
Currently, lower-energy Earth-skimming experiments, such
as TAMBO or TRINITY, are being developed as individual
neutrino telescopes, which complement existing ultra-high-
energy Earth-skimming experiments such as Auger [280].
However, the vision of the authors is to think about neutrino
telescope development within a network of telescopes
rather than in isolation. Thus, we envision arrays of
Earth-skimming neutrino telescopes, whose energy thresh-
old can match the energy range of current and future water
or ice Cherenkov neutrino telescopes. These will provide a

FIG. 12. Instantaneous regions of highest detection efficiency
for various existing and proposed water- and ice-Cherenkov
neutrino observatories. The color regions show the largest source
discovery potential when assuming an unbroken E−2 energy
spectra. The edges of the bands are defined by the discovery
potential dropping by a factor of 2 with respect to its maximum
value. This is an instantaneous snapshot, and the bands move as
Earth rotates. Figure courtesy of L. Schumacher (FAU Erlangen-
Nürnberg, ECAP).

FIG. 11. Difference between light emission in water and ice. A
muon-neutrino-induced muon traversing an ice detector (above)
and a water detector (below). Lines emitted from the muon track
show the path of Cherenkov photons emitted from the muon.
Figure courtesy of C. Kopper (FAU Erlangen-Nürnberg, ECAP).
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high-purity astrophysical sample that can be instrumental in
finding neutrino sources.
If the past two decades of neutrino astronomy can be

characterized as the race for becoming “the” globally opti-
mized telescope, then the key to continued success in the next
two decades is multiple complementary neutrino telescopes,
each targeting different neutrino fluxes and flavors, using
different media, in different locations around the world, all
summing up to a substantial increased instrumented volume
globally, operating simultaneously and cross-checking neu-
trino signals from the sky. Neutrino astronomy deserves to be
a strong partner in multimessenger astronomy, as discussed
in the science cases presented above. One or two neutrino
telescopes alone cannot accomplish this. In contrast to the
competition of the previous decades, specialization, co-
operation, and many complementary telescopes are needed
for a truly multimessenger era.

D. Additional supporting technologies

The experiments discussed above, which are currently
either being deployed or constructed, or are in design
stages, will operate in an era where machine learning and
artificial intelligence will have more than a decade of well-
established techniques. Already in the past three years, we
have seen significant impacts on the scientific performance
of neutrino telescopes such as IceCube [281], Baikal-GVD
[282], and KM3NeT [283] due to the use of artificial
intelligence. For example, the improvement in cascade
reconstruction and selection efficiency by means of con-
volutional neural networks transformed a statistical hint
into a firm observation of the Galactic plane. These initial
approaches were promptly superseded by approaches that
allow for general detector geometries [284], improve the
execution speed [285,286], or operate in power-constraint
environments [287]. A recent Kaggle challenge [288] on
IceCube simulation brought our community’s problems to
the machine-learning ecosystem, leading to improved event
reconstructions. The advancement of these methods has
also led to the synergistic development of open-source
simulation tools [289] and common data formats among
experiments. All of these improvements and community-
building activities will have a significant impact in the
development of next-generation neutrino telescope simu-
lation and reconstruction. We expect that the speed of
development will grow very rapidly. The steady growth in
the capacity of commercially available quantum computers
heralds a new era of enhanced simulations and event
reconstructions. Demonstrated recently [290], even today’s
quantum resources are capable of facilitating the study of
neutrino events.

IV. CONCLUSION AND PARTING WORDS

Neutrino astronomy needs greater signal above back-
ground and more astrophysical sources. A “neutrino

sources catalog” is desperately needed in the near future
to make the transformational discoveries that we believe are
possible within the next decade. The potential discoveries
will provide insight into the Universe’s more extreme
environments and also promise to significantly impact
neutrino physics and, more broadly, particle physics.
This requires differently optimized telescopes, in different
parts of the world and using different approaches, to make
simultaneous observations of sources, by combining data,
that yield discoveries to push forward multimessenger
astronomy and particle physics through astronomical neu-
trinos. Currently, neutrino telescope collaborations operate
independently with limited crosstalk, such as joint confer-
ences like VLVnT [291] and NuTel [292] and the Global
Neutrino Network (GNN) [293], where ongoing efforts are
presented. However, it does not make sense to reinvent
techniques, tools, and observational strategies. The authors
strongly believe that a fundamental partnership of many
neutrino telescope collaborations, beyond what is imagined
within the current efforts, is the path to a thriving field in
the next decade.
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