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1. INTRODUCTION

Neutrinos are a unique probe of the high-energy cosmos.Their small interaction cross sections al-

low them to escape the dense regions of astrophysical sources that may be opaque to photons, and

their paths are unaffected by intervening electromagnetic (EM) fields as they are electrically neu-

tral. Neutrinos have been used as astrophysical messengers for decades, including the detection of

MeV neutrinos from the Sun (1, 2) and supernova 1987A (3, 4).

At higher energies, in the GeV–TeV range and above, astrophysical neutrinos are expected to

be produced in the interactions of hadronic particles, either at their acceleration site or during

propagation through interstellar or intergalactic space. Neutrinos may therefore trace astrophys-

ical particle acceleration sites and provide the solution to the cosmic-ray origin mystery. The

discovery of an astrophysical neutrino flux in the 10-TeV to 10-PeV range (5) represents a break-

through toward enabling high-energy neutrino astronomy. With no strong anisotropy observed

in the arrival direction of these astrophysical neutrinos, especially lacking any directional signature

that follows the Galactic Plane, it is likely that this flux is dominated by extragalactic sources. The

observation of the high-energy diffuse flux combined with the tantalizing evidence for neutrino

emission from the active galaxies TXS 0506+056 and NGC 1068 has put us at the doorstep of

extragalactic neutrino astronomy.

We review here recent results from the study of high-energy astrophysical neutrinos and the

implications for the sources of this flux, in particular the potential extragalactic contribution.We

describe the current experimental landscape, introduce the detectors coming online in the near

future, and discuss the connection between the neutrino observations and those in a broader mul-

timessenger context involving photons, cosmic rays, and gravitational waves (GWs).

For the purposes of this review,we define high-energy neutrinos as those with energies starting

in the GeV–TeV range and above. The reader is referred to recent reviews on the detection of
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MeV neutrinos from the Sun (6) and from supernovae (7, 8) that gave birth to neutrino astronomy

as a field.

2. NEUTRINO OBSERVATORIES, PRESENT AND FUTURE

The extremely small interaction cross sections [σ νp ∼ 10−38 (Eν/GeV) cm2] of neutrinos present a

challenge to their detection upon arrival at Earth. Therefore, neutrino detectors have historically

been large. As the neutrino energy increases, so does its cross section, but celestial neutrino emis-

sions follow steeply falling power laws for which the rising cross section cannot compensate. The

end result is a larger detector to target higher-energy neutrinos. Early estimates of the astrophys-

ical neutrino flux level in the TeV–PeV energy range pointed to the necessity of a kilometer-scale

neutrino detector, which would require a naturally occurring detection medium to make its con-

struction economically feasible.

Current high-energy neutrino detectors implement the water Cherenkov technique originally

proposed in 1960 by Markov (9) and independently by Reines (10) and Greisen (11). In this

approach, a large natural body of water such as a deep lake, sea, or glacial ice is instrumented

with a volumetric array of light sensors such as photomultiplier tubes (PMTs). These PMTs

detect the Cherenkov photons emitted by relativistic charged particles produced in neutrino

interactions, which allow the energy, direction, and flavor of the neutrino to be inferred. The first

proposal for a kilometer-scale neutrino detector instrumented with PMTs was put forward by the

DUMAND Collaboration (12), followed by the parallel development of the Baikal, AMANDA,

and ANTARES instruments. The history of the pioneering efforts to make high-energy neutrino

astronomy possible is recounted in Reference 13.

The two fully commissioned neutrino telescopes currently in operation are ANTARES and

IceCube (Figure 1). ANTARES (14) has been operating in its final configuration since 2008 with

885 PMTs instrumenting a volume of about 0.01 km3 of the Mediterranean Sea off the coast of

Marseille, France. ANTARES will be superseded by KM3NeT (15), a neutrino telescope with two

main components: ORCA, dedicated to the study of neutrino properties, and ARCA, optimized

for high-energy neutrino astrophysics. In its final configuration, ARCA will consist of two blocks,

each with 115 detector units (called strings) with 18 optical modules per string, which collectively

will instrument a volume of ∼1 km3. As of 2021, six detector units were operational in the ORCA

site (off the coast of Toulon, France), and six were operational at the ARCA site near Portopalo di

Capo Passero, Sicily, Italy (16).

The Baikal-GVD (Gigaton Volume Detector) (18) is a current effort to build a cubic-

kilometer-scale detector in Lake Baikal, Russia, following the operation of previous detectors at

the site. The detector consists of clusters of 288 PMTs arranged along eight strings each. The first

phase, GVD-1, was deployed in 2021 and consists of eight clusters with 2,304 PMTs covering a

volume of 0.4 km3 (19).

IceCube (20, 21), deployed in the deep Antarctic ice near the South Pole, is the most sensitive

high-energy neutrino telescope currently in operation and the first to reach the cubic-kilometer

scale. The detector was completed in 2010 and consists of 5,160 PMTs distributed over 86 strings.

The IceCube Neutrino Observatory includes IceTop (22), an air-shower array on the ice surface

for cosmic-ray studies, and DeepCore, a denser, deeper array with improved sensitivity to neutri-

nos with energies down to 10 GeV (23). Most of the results discussed in this review come from

IceCube, the preeminent neutrino observatory of the current generation.

The capability of these detectors to determine the energy, incoming direction, and flavor of

the incoming neutrinos relies on the physics of weak interactions and the energy losses of the sec-

ondary particles they produce. Neutrinos and antineutrinos are almost always indistinguishable,
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Figure 1

The current generation of high-energy neutrino telescopes: (a) ANTARES and (b) IceCube. The Eiffel Tower is shown for scale next to
each detector as their scale is different. Panel a adapted from Reference 14 with permission from Elsevier. Panel b adapted with
permission from Reference 17; copyright 2011 by the American Physical Society.

and in this discussion they are interchangeable. In the TeV range and above, neutrino interactions

are dominated by deep inelastic scatterings between the incoming neutrino and quarks in the

nucleon of the detection medium (24). Charged-current (CC) interactions mediated by the

exchange of a W ± boson result in a particle shower accompanied by a charged lepton with

the same flavor as the incoming neutrino (i.e., ν� + N → �− + X). In a neutral-current (NC)

interaction, ν� + N → ν� + X, a particle shower is produced as the neutrino transfers a fraction

of its energy to the nucleon via the exchange of a Z 0 boson. An additional channel is associated

with the resonant production of W − in ν̄ee
− interactions, the Glashow resonance (25), which

dominates over neutrino–nucleon interactions at a neutrino energy of 6.3 PeV.

The main tool for high-energy neutrino astronomy is the detection of νµ + ν̄µ via CC inter-

actions. The low energy-loss rate of muons, with a longer lifetime compared with taus, allows

them to travel for kilometers in water or ice while emitting Cherenkov photons (26). This has a

twofold effect: It increases the effective size of the detector, which is now sensitive to muons

from neutrinos interacting outside the instrumented volume, and it provides good angular resolu-

tion as the long muon tracks provide a long lever arm for muon directional reconstructions. The

kinematic opening angle between the muon and the incoming neutrino is approximately 0.7° ×

(Eν/1TeV)−0.7 (27), which is typically smaller than the uncertainty introduced by our incomplete

knowledge of light propagation in the natural detection medium. Therefore, both are considered

collinear. The muon directional-reconstruction capabilities of current detectors have been vali-

dated through the study of the cosmic-ray Moon shadow (5, 28), which delivers a typical angular

resolution� 1°. For comparison, events resulting fromNC interactions and CC interactions of νe
and ντ have angular resolutions of 5° to 15° (29, 30). These events, called cascades, are neutrino-

induced showers that are <10 m—smaller than the string spacing of the detector—and combined

with short scattering lengths of light, they look like cascades of photons emitted from a single

point in the detector.
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The search for astrophysical neutrinos is conducted in a background-dominated regime,where

the main backgrounds are muons and neutrinos from cosmic-ray interactions in the atmosphere.

These backgrounds have distinctive spectral, directional, and flavor characteristics that allow

their separation from a putative astrophysical signal. In the sky above the horizon (zenith angle

θ < 90°), down-going muons represent the main background, although their soft spectrum above

a few hundred GeV (asymptotically approaching ∝ E−3.7
ν ) limits their energies to �100 TeV. At-

mospheric neutrinos can be detected over 4π sr, with conventional, mostly muon, neutrinos being

produced in pion and kaon decays with a soft spectrum ∝ E−3.7
ν (31). The much-subdominant de-

cay of charmedD ± mesons introduces a predicted (32), but yet undetected, prompt neutrino back-

ground with a harder spectrum ∝ E−2.7
ν at Eν ∼ 100 TeV and equal electron and muon neutrino

contributions. By contrast, an astrophysical neutrino flux is expected to be in near equipartition

of neutrino flavors, as they oscillate during propagation over very long distances (33).

3. DIFFUSE EMISSION

3.1. Diffuse Neutrino Observations

The most significant breakthrough in the last decade for extragalactic neutrinos is their actual

observation.While they had been long hypothesized, the first observation of celestial emission of

neutrinos in the TeV–PeV range occurred in 2013. The identification of PeV-energy neutrinos

by IceCube (34), which were incompatible with the soft atmospheric neutrino background with

2.8σ , led to the development of an analysis targeting high-energy events with their interaction

vertex contained within the IceCube instrumented volume. By defining a veto region in the

outer parts of the detector, atmospheric muon and neutrino backgrounds were suppressed to a

handful per year (35), uncovering the astrophysical spectrum at the highest-energy tail. While

muon neutrinos interacting outside the detector have the advantage of higher statistical power,

they were selected against in the discovery analysis (5) because of the high background expected

in that sample. The resulting data set is dominated by cascade events that have superior energy

resolution at 10–20% as the light deposition is contained in the detector. Despite the limited

angular resolution of the sample, a search for point sources was performed and yielded no

statistically significant evidence of directional clustering. In fact, the all-sky nature of the arrival

direction along with a hard energy spectrum (best-fit flux was ∝ E−2.2
ν ) indicates that extragalactic

neutrino flux dominates this diffuse emission.

The statistical significance of the initial discovery (for which the neutrino spectrum is shown

in Figure 2) was 4.8σ—equivalent to a chance probability of 2 × 10−6 for background fluctua-

tions causing such observations. Since then, the significance of the detection has increased as Ice-

Cube accumulates statistics, and the signal has also been observed in multiple analysis channels.

The diffuse astrophysical neutrino flux is typically characterized using a power law of the form

�ν (Eν ) = �0(Eν/E0)−γ , where the parameters are the spectral index γ and the flux normalization

�0 quoted at the normalization neutrino energy E0. The flux can be quoted as per-flavor or all

flavors combined assuming a 1:1:1 flux ratio among the three flavors (with ν + ν̄ combined), and

usually normalized at E0 = 100 TeV. Fermi shock acceleration of cosmic rays typically predicts the

flux of neutrinos to follow a power law with γ = 2 (36). Most astrophysical objects are, however,

expected to have more complex neutrino emission profiles with an energy-dependent spectral in-

dex. Nonetheless, with statistical limitations of observations—and because an all-sky diffuse flux,

which undoubtedly is the sum of many astrophysical source emissions, is being characterized as

one flux—a single power-law fit remains the first test in characterizing the diffuse astrophysical

neutrino flux.
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Figure 2

Distributions of the deposited energies of the observed events in the IceCube detector compared with model
predictions, from the 2013 discovery paper (5). Figure adapted from Reference 5 with permission from
AAAS. Abbreviations: CL, confidence level; EM, electromagnetic.

The discovery analysis used 2 years of IceCube data. Since then, this analysis channel has been

updated a few times; the most recent analysis used 7.5 years of data (37). Another approach is to

select for all tracks, not just ones originating within the detector. The track events analysis uses

9.5 years of IceCube events exclusively from the northern sky, thus suppressing astrophysical

muons, and most effectively probes energy scales of hundreds of TeV. Finally, using shower events

exclusively suppresses astrophysical muons almost completely and thus makes it possible to push

the target energies lower. This analysis uses 6 years of all-sky IceCube events and most effectively

probes tens of TeV. These results are summarized inTable 1. Differences between these observa-

tions can be due to many factors. The astrophysical diffuse flux may have different characteristics

at different energy ranges, and the four analyses probe different source components. The flux

is likely to vary depending on the part of the sky observed, and the muon neutrino analysis uses

events only from the northern sky, whereas the others see the whole sky. The flux characterization

Table 1 Diffuse flux summary

Analysis γ �0 at 100 TeV

Discovery updated (37) 2.87 ± 0.20 6.37+1.47
−1.62

Upgoing tracks (38) 2.37 ± 0.09 4.32+0.75
−0.78

Showers (39) 2.53 ± 0.07 4.98+0.75
−0.81

Best-fit single power-law flux parameters of various diffuse flux analysis channels. Values are for an all-flavor combined flux

assuming a 1:1:1 flavor ratio, neutrino and antineutrino combined, where �0 is the flux normalization at 100 TeV in units of

10−18 GeV−1 cm−2 s−1 sr−1.
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may also depend on the neutrino flavor. Different neutrino production mechanisms at astrophysi-

cal sources lead to different neutrino flavor compositions.Neutrino oscillations over cosmological

distances will push toward an even flavor ratio but perhaps not completely.

3.2. Multimessenger Connection

One of the most important conclusions from the IceCube observation of high-energy neutrinos

is that the diffuse neutrino flux in the range of 0.1 to 1 PeV is comparable to those of the diffuse

γ -ray background flux in the sub-TeV range (40) and the ultrahigh-energy cosmic-ray (UHECR;

E � 1018.5 eV) flux. This implies that the energy generation rate densities of high-energy neutri-

nos, high-energy γ -rays, andUHECRs are all comparable to∼1044–1045 ergMpc−3 y−1 (41).This

gives profound constraints on the candidate sources of high-energy neutrinos and may indicate

the possible connection among three cosmic particle channels (42, 43). For grand unified sce-

narios, which aim to simultaneously explain the diffuse fluxes of all three messengers, cosmic-ray

reservoirs are among the most promising candidate source classes (44).

The neutrino and γ -ray connection (Figure 3) is unavoidable because neutrinos should be

accompanied by hadronic γ -rays. Murase et al. (44) confronted the IceCube data above 0.1 PeV

with the isotropic diffuse γ -ray background measured by Fermi and placed constraints on the

dominant sources of high-energy cosmic neutrinos. In particular, if the neutrinos are produced by
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Figure 3

Neutrino and γ -ray connection of all-sky neutrino (39, 49, 50) and γ -ray fluxes (40). For generic models to
explain the IceCube data in the range of 10 to 100 TeV, whether neutrinos are produced via a pp or pγ
process, γ -rays associated with neutrinos violate the nonblazar component of the extragalactic γ -ray
background measured by Fermi. Figure adapted with permission from Reference 46; copyright 2016 by the
American Physical Society. Abbreviations: EHE, extremely high energy; IGRB, isotropic diffuse γ -ray
background.
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pp interactions and the sources are transparent to γ -rays, the spectral index is constrained to be

γ � 2.1–2.2. This also implies that a steep spectrum of the diffuse neutrino flux cannot be readily

reconciled with the diffuse γ -ray flux seen by Fermi. Indeed, the latest shower data in the range of

10 to 100 TeV have deepened the mystery about the origin of high-energy cosmic neutrinos (39).

Detailed multimessenger analyses indicate that the hadronic γ -ray flux associated with the diffuse

neutrino flux in the range of 10 to 100 TeV violates the nonblazar (nonpoint source) contribution

of the diffuse γ -ray flux (45).This suggests the existence of a class of high-energy neutrino sources

that are opaque for GeV–TeV γ -rays, which can be naturally realized if neutrinos are produced

by pγ interactions (46–48).

4. EXTRAGALACTIC SOURCES: EXPERIMENTAL RESULTS

In this section, we highlight significant experimental results of the last decade in searching for

extragalactic sources of neutrino emission.

Searches for correlations between neutrino data and known sources can take place by analyz-

ing source positions one at a time or by stacking sources that belong to the same catalog class

to look for correlations simultaneously. The first method provides clear answers on whether in-

dividual sources are responsible for high-energy neutrino emission, but statistical trials must be

taken into account for the look-elsewhere effect, which can weaken the statistical significance

of observations if many sources are considered. Each collaboration keeps a list of potential neu-

trino sources (51–53) with individual selection criteria based on EM observations, mostly from

Fermi-LAT and TeV source catalogs [e.g., 4FGL (54), 3LAC (55), TeVCat (56)]. Active galactic

nuclei (AGNs) belonging to different subclasses, such as BL Lacertae objects and flat spectrum

radio quasars (FSRQs), dominate this list. The stacking method looks at a class of sources together

and therefore would be the first to see a signal if several weak sources emerged.However, this type

of analysis is sensitive to the relative weighting of the fluxes assumed in the search. For example,

weighting all sources in a catalog equally provides very different outcomes in most stacking analy-

ses compared with, say, weighting them by their γ -ray flux (i.e., assuming that the neutrino flux of

each source in the catalog scales proportionally to its observed γ -ray flux). Thus, stacking analyses

answer hypotheses not only about a particular class of sources being neutrino emitters but also

about the specific relative neutrino fluxes emitted.

Another way to divide these analyses is between time-dependent and time-integrated searches.

Some searches, such as searches of neutrinos coincident with γ -ray bursts (GRBs), naturally have

a time dependence in the analysis. An external event triggers a search window in time. Other

sources that are known to continuously emit γ -rays would be searched for neutrinos in a time-

integrated way aiming to accumulate enough data so that the neutrino signal would surpass

the background expectations.Much like the time-integrated analyses, these bursts or flares can be

searched individually (taking into account trials) or stacked, as described in the paragraph above.

Finally, an inherently multimessenger approach is to issue neutrino alerts of significant

events (57, 58) or to receive alerts from other observatories to follow up on neutrinos in real

time (59–61). In this approach, as described in Section 6, neutrino signals are correlated in space

and time with photons or GWs, improving the sensitivity to joint emitters of these messengers.

Additionally, full-sky scans of neutrino hotspots are performed to search for sources without any

assumptions of counterparts. This can be done by time-integrated hotspot searches (29, 51–53,

62) and untriggered flare searches (63).

Correlation searches between neutrino observations and known extragalactic sources have

been performed for several decades (64). However, to date, only two sources have emerged as

tantalizing neutrino sources: the active galaxies TXS 0506+056 and NGC 1068.
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Figure 4

(a) Position of IceCube-170922A with angular uncertainties and TXS 0506+056. Panel adapted from Reference 68 with permission
from AAAS. (b) Multimessenger spectra of TXS 0506+056. All-flavor neutrino flux upper limits are shown for 0.5 years (solid blue line)
and 7.5 years (dashed blue line). Panel adapted from Reference 110 with permission from AAS.

4.1. Blazars

The IceCube Neutrino Observatory issues real-time alerts to the astronomical community when

high-energy neutrino events of likely astrophysical origin are recorded in the detector (65). On

September 22, 2017, such an alert (66) was issued upon the detection of a neutrino event, IceCube-

170922A. The position of the event was found to be coincident in time and direction with the

γ -ray blazar TXS 0506+056, as shown in Figure 4a, which at the time was flaring in γ -rays

and X-rays. Further investigation of IceCube archival data from this location found evidence of a

neutrino flare fromSeptember 2014 toMarch 2015.The coincidence of such a neutrino alert event

arriving from a flaring source in Fermi-LAT constituted 3σ evidence for neutrino emission from

the direction of TXS 0506+056 (67). Independently, the neutrino flare of 2014–2015 represents a

3.5σ observation (68). This was the first compelling evidence of any high-energy neutrino source

in the history of multimessenger astronomy.

Blazars have been studied using a stacking approach (69–73), but correlations have not been ob-

served, even when TXS 0506+056 is present in the catalog since it becomes one of many sources

considered simultaneously.When neutrino flares are searched over the entire sky (63), the 2014–

2015 flare becomes statistically insignificant because of the look-elsewhere effect. This highlights

the advantage that neutrino source searches gain by having an external trigger from another mes-

senger that singles out a source of interest.

4.2. Other Types of Active Galactic Nuclei

By 2018, IceCube had observed an excess in their source list search at the location of the Seyfert II

galaxy NGC 1068 (51) at the 2.9σ level. This source was also within the extended region of

the most significant hotspot in the Northern Hemisphere in the full-sky scan, as shown in
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(a) Significance map of high-energy neutrinos. The position of NGC 1068 is indicated by the cross. Panel adapted with permission
from Reference 51; copyright 2020 by the American Physical Society. (b) Multimessenger spectra of NGC 1068. Black curves represent
neutrinos, and red curves represent γ -rays. Thick curves correspond to a model for NGC 1068 while thin curves are for a model
explaining the all-sky neutrino flux. Panel adapted from Reference 130; copyright 2020 by the American Physical Society.

Figure 5a. This was the first time that a time-integrated search had resulted in a hotspot at

this level of statistical significance. NGC 1068, at a distance of ∼14 Mpc, is the most luminous

Seyfert II galaxy detected by Fermi-LAT, making it an unsurprising source to emerge this way.

The analysis used 10 years of IceCube data, illustrating that cumulative long-term neutrino data

can deliver evidence of sources, in addition to time-domain search techniques such as those used

to identify TXS 0506+056. As more data accumulate, stronger evidence of more sources is likely

to emerge.

Perhaps comfortingly, another location that emerges as a hotspot in the IceCube full-sky

scan of 10 years of time-integrated data is TXS 0506+056. The data used here encompass the

alert event IceCube-170922A and the 2014–2015 flare period. An assessment of how the time-

integrated significance grows compared with the time-dependent behavior of neutrinos from

sources will become increasingly interesting for many sources.

4.3. Gamma-Ray Bursts and Other Transients

Before neutrino telescopes were operational at their current large scales, the most favorable

sources were considered to be GRBs. However, by 2012, IceCube had established an absence

of energetic neutrinos associated with GRBs (74), but the limits were still consistent with

the standard theoretical predictions (75–77). GRBs are stacked in time and position or analyzed

individually to search for coincident neutrinos, where neutrinos are analyzed to come on time or

with a time shift. The well-localized nature of GRBs in time and position gives neutrino analyses a

nearly background-free opportunity to search for coincident neutrinos. Despite this highly favor-

able search condition and continuous improvements in analysis sensitivities, no correlations have

been found (78–84), which may point to more conservative predictions or other models predicting

lower-energy neutrino emission (85).
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Supernovae, which were established as MeV neutrino emitters, are also promising sources of

high-energy neutrinos. Not only follow-up searches (86) but also stacking searches (87–89) have

been performed for broadline type Ibc and type IIn supernovae, but no significant excess has been

found.

Tidal disruption events (TDEs), where a star is ripped apart by tidal forces in the vicinity of a

supermassive black hole, have recently been suggested to correlate with neutrino emission (90) due

to a neutrino alert event in the vicinity of a very bright TDE.Previous stacking analysis of multiple

TDEs from IceCube (91), however, did not observe a correlation of statistical significance, nor did

a time-integrated search of TDEs from ANTARES (92).

4.4. Sources of Other Messengers

GW alerts are followed up by neutrino telescopes to search for coincident neutrinos. The fa-

mous multimessenger detection of the event GW170817 associated with a GRB and a kilonova/

macronova was followed up by neutrino telescopes (93–95). Other GW events—GW170104 (96),

GW15226 (97), and GW150914 (98)—were also analyzed in searches for neutrino counterparts,

as well as entire runs of LIGO and Virgo (99–102).No associated neutrino emission was identified

in these searches, and upper limits on the neutrino luminosity of these events were derived.

UHECRs can also be correlated with neutrinos under the assumption that their arrival di-

rections are not completely scattered during propagation by Galactic and intergalactic magnetic

fields. As UHECRs interact with ambient photons and matter at their acceleration sites or dur-

ing propagation, the neutrino emission may trace the positions of their sources, which could be

revealed in a joint analysis (103, 104). No correlation between UHECRs and neutrinos has been

identified so far.

As both GW and UHECR correlation studies have yielded null results, photons remain the

only other messenger for which evidence of a neutrino correlation is observed.

5. EXTRAGALACTIC SOURCES: CANDIDATES

5.1. Active Galactic Nuclei

AGNs are among themost promising candidate sources of high-energy cosmic rays and neutrinos.

They typically host supermassive black holes with masses of ∼106 to 109M�, and the accretion

onto the black hole powers radiation from the accretion disk and its coronae as well as winds. The

black holes are believed to rapidly spin, which also drives powerful relativistic jets.

5.1.1. Blazars and TXS 0506+056. AGNs with powerful jets may point to the Earth; these are

called blazars. Their emission is strongly beamed and nonthermal, and the spectral energy distri-

butions are composed of two humps. The low-energy hump is attributed to synchrotron emission

from electrons accelerated in the jet, while the origin of the high-energy hump has been debated.

In the leptonic scenario, γ -rays are explained as inverse Compton emission. In the hadronic sce-

nario, cosmic-ray-induced cascade emission (105) and/or cosmic-ray synchrotron emission (106,

107) are responsible for the observed γ -rays. In either scenario, not only electrons but also ions

are accelerated, and lepto-hadronic models have been widely investigated.

Accelerated ions produce neutrinos through pp and pγ interactions, and the latter process

is typically more important in blazars. For BL Lacertae objects, target photons are mainly

synchrotron photons from relativistic electrons that are coaccelerated together with ions. Ex-

ternal radiation fields, which can be broadline emission in the ultraviolet range, dust emission

at the infrared band, and scattered disk–corona emission in the ultraviolet and X-ray range, play

dominant roles in neutrino emission from FSRQs. The neutrino spectrum is predicted to be
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hard if the cosmic-ray spectrum follows ∝ E−2 or somewhat steeper. Blazars are typically EeV

neutrino emitters if these are the sources of UHECRs (for a review, see, e.g., Reference 108),

and the limits on extremely high-energy (Eν � 10 PeV) neutrinos (50) have placed important

constraints on the models.

TXS 0506+056 is a blazar with an intermediate luminosity, which may be classified between a

BL Lacertae and an FSRQ, although it may be a masquerade blazar (109). Detailed numeric mod-

eling based on a single emission zone model suggests that it is challenging to build a concordance

picture of multimessenger emission from the optical, X-ray, and γ -ray bands as well as neutri-

nos. For the 2017 multimessenger flare, the Swift and NuSTAR X-ray data clearly show a valley

in the spectrum, by which the neutrino and cosmic-ray luminosities are strongly constrained (see

Figure 4b). This is because γ -rays, electrons, and positrons associated with neutrinos inevitably

initiate EM cascades with a broad spectrum over the wide energy range, which would fill the

valley if the neutrino flux was as high as the upper limit (110–114). The interpretation is more

challenging for the 2014–2015 neutrino flare, which did not show the coincident flare in either

γ -rays or X-rays, and the EM cascade flux associated with the neutrino flux violates the X-ray

and/or γ -ray data (115–118). Alternative models, which include the neutral beam model and two-

zone models with the γ -ray hidden region, have been proposed to avoid the constraints from EM

cascades (115, 119, 120). However, the situation is still controversial. Although a few more co-

incidences have been reported (121–125), further observations and theoretical investigations are

necessary to establish blazars as the source of high-energy neutrinos.

5.1.2. Nonjetted active galactic nuclei and NGC 1068. Most AGNs are radio quiet with-

out possessing powerful jets (although they may have weak jets that are often inferred by ra-

dio observations), and they are typically Seyfert galaxies and quasars. The vicinity of black

holes has been discussed as a possible site of particle acceleration and resulting neutrino emis-

sion (126, 127). Historically, accretion shocks have been considered as possible particle accelera-

tion sites (128), and the diffuse neutrino flux in this scenario has been calculated (129). However,

the existence of accretion shocks is in question, and the model has been constrained by neutrino

observations.

In the standard disk–corona picture,X-ray emission is attributed toComptonized disk photons,

where the high-temperature corona is expected to form around the disk through magnetic dissi-

pation.The coronal region is magnetized and turbulent, where ion acceleration can occur through

magnetic reconnections and stochastic acceleration. For magnetically powered coronae in Seyfert

galaxies and quasars, high-energy neutrinos in the range of 10 to 100 TeV are predicted, which

can account for the all-sky neutrino flux in this medium-energy range (130). Bethe–Heitler pair

production is important as an energy loss process of cosmic rays, andMeV γ -rays are unavoidably

generated through EM cascades.

The association of high-energy neutrinos with NGC 1068 is intriguing in several aspects

(Figure 5b). First, NGC 1068 is a starburst coexisting with an AGN. Second, NGC 1068 is

a Compton-thick Seyfert galaxy, in which X-rays are largely absorbed. The IceCube observa-

tion of NGC 1068 is consistent with either an accretion shock or magnetically powered corona

model (130–132). In the disk–corona model, NGC 1068 is predicted to be the brightest neutrino

source in the northern sky, and the model can critically be tested by IceCube and IceCube-Gen2;

a few brighter sources in the southern sky are also expected to be observed by KM3NeT and

Baikal-GVD (133). Multimessenger observations are important as well, and in particular MeV

γ -ray observations will serve as a complementary probe of particle acceleration in the vicinity of

supermassive black holes.
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5.2. Violent Transients

The high-energy sky is extremely dynamic, with violent astrophysical events occurring over very

short timescales, down to a few seconds in the case of γ -ray bursts. The high EM luminosities

of these events, combined with their capability to accelerate particles to very high energies, make

them promising neutrino sources, and their short duration significantly reduces the atmospheric

background against which an astrophysical signal may be identified.

5.2.1. Tidal disruption events. As a star is torn apart by a supermassive black hole causing a

TDE, about half of its mass is unbound, while the other half is expected to accrete onto a black

hole or go outward as winds. TDE thermal emission, which can be produced by accretion disks,

interactions of tidal streams, and winds (through reprocessing), has been observed in the opti-

cal and X-ray bands. Some of the TDEs are believed to have powerful jets; Sw 1644+57 is an

example of a powerful TDE with strong X-ray emission (134). Since then, jetted TDEs have been

actively discussed as the sources of high-energy neutrinos (135–138). Nonjetted TDE neutrino

emission has also been considered, where neutrinos may come from accretion disks, coronae, and

subrelativistic outflows interacting with the TDE debris or clouds (139, 140).

AT 2019dsg was a luminous TDE and was associated with IceCube-191001A (90). The optical

luminosity at the peak is LOUV ∼ 1044 erg s−1, and the neutrino event was observed 150 days

after the peak. This TDE was detected in the radio and X-ray bands and was accompanied by

infrared echo emission. AT 2019fdr was another very luminous optical transient; it was associated

with IceCube-200530A (141). The optical luminosity at the peak is LOUV ∼ 1045 erg s−1, and the

neutrino was seen 320 days after the peak.This TDEwas also accompanied by a radio counterpart.

These detections may hint at TDEs as one of the contributors to the all-sky neutrino flux.

5.2.2. Long gamma-ray bursts and supernovae. A massive star with a mass of �8 M� ends

its life with a violent explosion, which is a supernova. It is accompanied by emission of thermal

neutrinos in the 10-MeV range, and a fraction of the released gravitational binding energy is trans-

ferred to the kinetic energy, which is typically ∼1051 erg. The ejecta typically expands with a high

velocity of ∼3,000 to 10,000 km s−1, forming a strong shock, where the diffusive shock acceler-

ation mechanism operates. Supernova remnants are believed to be primary candidate sources of

Galactic cosmic rays, and they have been observed in γ -rays.

Supernovae are natural sources of optical photons that originate from radioactive nuclei, shock

heating, and perhaps energy injection by the central engine. Recent optical surveys revealed that

it is common for supernova progenitors to be accompanied by the massive eruption of circum-

stellar material or inflation of the stellar envelope. It has been suggested that such a system is

a promising source of high-energy neutrinos (142–144). For ordinary type II supernovae, Ice-

Cube, KM3NeT, and Baikal-GVD may detect ∼100–1,000 neutrinos in the TeV range, and even

millions of sub-TeV neutrinos can be detected if Betelgeuse explodes (144). Type IIn supernovae

are powered by collisions with their circumstellar medium, and neutrinos from nearby supernovae

are detectable (142, 145). Detecting high-energy neutrinos is important to reveal ion acceleration

in the early stages of supernovae and to reveal the origin of PeVatrons.

GRBs are among the brightest explosive phenomena in the universe. For long GRBs,

their prompt emission lasts ∼10–1,000 s and is believed to originate from relativistic jets that

are launched by a black hole or magnetar. Ions can be accelerated by jets, and high-energy

neutrinos can be produced mainly via pγ interactions (146). The predicted fluxes have large

uncertainties (76, 77, 147), and the current limits start to give stringent constraints on the

models. In the classical scenario, prompt γ -ray emission is attributed to synchrotron radiation

from relativistic electrons that are accelerated at internal shocks. However, recent observations
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and theoretical studies led to alternative scenarios, such as photospheric emission and magnetic

dissipation scenarios. In the photospheric emission scenario, GeV–TeV neutrinos may be more

promising (148–150). This is because cosmic-ray acceleration via the diffusive shock acceleration

mechanism is suppressed when the shocks are radiation mediated, although ions can still be

accelerated through the neutron conversion.

Ions can be accelerated up to ultrahigh energies at the external reverse shock during the

afterglow phase, in which EeV neutrinos can be produced (151–153). A significant fraction

of GRBs have X-ray and ultraviolet flares, which may also dominate neutrino emission from

GRBs (154, 155).

Low-luminosity GRBs and transrelativistic supernovae are regarded as intermediate objects

between GRBs and supernovae, and they can be major sources of high-energy neutrinos and

UHECRs (156–159). They are less luminous but more common. Recent studies have indicated

that some supernovae are powered by jets and/or magnetar winds, which may also be promising

sources of high-energy neutrinos and UHECRs (160–165). In particular, choked jets have been

suggested as the source of the all-sky neutrino flux in the range of 10 to 100 TeV (160, 166).

5.2.3. Short gamma-ray bursts and compact binary mergers. Binary neutron star mergers,

neutron star–black hole mergers, and binary black hole mergers, which are powerful sources of

GWs, have been discussed as potential sources of high-energy neutrinos. In particular, double

neutron star mergers are widely believed to be the progenitors of short GRBs, and the detection

of GW170817 associated with GRB 170817A supported this hypothesis. High-energy neutrinos

from short GRBs have been investigatedmostly in light of the jet scenario (167–169), and neutrino

emissions during the extended and plateau emission phases are likely to be dominant (167). High-

energy neutrinos may also be produced in choked jets (170), as well as by winds from the remnant

black hole or magnetar (171, 172). Black hole mergers could also be neutrino emitters if there is

matter around the binaries (for a review, see, e.g., 85).

5.3. Cosmic-Ray Reservoirs

Magnetized environments, in which cosmic rays are confined, provide natural sites for the produc-

tion of high-energy neutrinos and γ -rays. If cosmic-ray accelerators (e.g., supernovae, AGNs) are

embedded in such environments, cosmic rays escaping from the accelerators may diffuse and cause

pp and pγ interactions. In extragalactic space, the most promising sources, which are regarded as

cosmic-ray reservoirs, are galaxies and galaxy groups.

5.3.1. Galaxy clusters and groups. Galaxy clusters are known to have magnetic fields with a

strength of ∼0.1 to 1 µG,which can confine cosmic rays over cosmological timescales. It has been

suggested that galaxy clusters and groups are the sources of high-energy cosmic rays around the

“second knee” at ∼1017 eV, a softening in the cosmic-ray spectrum, or even UHECRs. There are

two potential acceleration sites. The first is shocks associated with large-scale structure formation,

which involve accretion shocks and merger shocks. Second, cosmic rays may be accelerated by

AGNs and/or supernovae that are embedded in clusters and groups. Low-energy cosmic rays

are expected to lose their energies via adiabatic losses, while sufficiently high-energy cosmic

rays above PeV energies can escape into the intracluster mediumwithout significant energy losses.

Interestingly, the IceCube data above 100 TeV are consistent with earlier theoretical predictions

for neutrino emission from galaxy clusters and groups (173, 174). However, the accretion shock

model, where cosmic rays are produced at accretion shocks around the virial radius, is already

disfavored because of constraints from neutrino anisotropy and radio observations (42, 175, 176).

In contrast, the AGN model is still viable, where cosmic rays are supplied by AGNs including
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radio galaxies, and low-mass clusters at high redshifts make a significant contribution to the

all-sky neutrino flux (44, 177).

The fact that the energy generation densities of three messenger particles are all comparable

suggests that their sources may be physically connected. Indeed, galaxy clusters can trap cosmic

rays, by which high-energy neutrinos below a few PeV can be explained with a hard spectrum (177,

178). The nonblazar component of the isotropic diffuse γ -ray background is also explained simul-

taneously, in which cosmogenic γ -rays give a significant contribution. High-energy cosmic rays

above 100 PeV may escape, and it has been suggested that cosmic rays around the second knee

may come from AGNs or galaxy clusters (173). The hard spectrum of UHECR nuclei can be re-

produced through the magnetic confinement and photodisintegration during the escape from the

intracluster medium.

5.3.2. Star-forming galaxies. Star-forming galaxies showing the most active star formation are

often called starburst galaxies, and they typically have high column densities and strong magnetic

fields with ∼0.1–1 mG. Cosmic rays supplied by supernovae or other transients related to mas-

sive stars can be confined for millions of years and produce neutrinos and γ -rays (179, 180). For

galaxies like the Milky Way, the cosmic-ray diffusion is so effective that the cosmic-ray spectrum

on Earth, ∝ E−2.7, is steeper than the injected spectrum. In starburst galaxies, the gas density is so

high that cosmic rays can lose their energies via pp interactions or adiabatic cooling before they

diffusively escape, where the spectrum of neutrinos and γ -rays can be as hard as the observed

neutrino spectrum. For starburst galaxies to be a major contributor of IceCube neutrinos in the

PeV range, cosmic rays need to be accelerated beyond 100-PeV energies. This could be achieved

by hypernovae or other energetic transients, stronger magnetic fields, galactic winds, and AGNs

embedded in highly star-forming galaxies (44, 181–184). Recent studies have shown that star-

forming galaxies give a significant contribution to the isotropic diffuse γ -ray background (185,

186). However, their contribution to the all-sky neutrino flux is likely to be subdominant at least

below 100 TeV, although they can still make a sizable contribution above 100 TeV given that the

cosmic-ray spectrum is harder than ∝ E−2.2.

6. EXTRAGALACTIC NEUTRINOS AND THEIR MULTIMESSENGER
SYNERGIES IN THE COMING DECADE

The coming decade holds the promise of fully enabling extragalactic neutrino astronomy thanks

to significant advances in our observational capabilities. Efforts are currently underway that aim

to increase the number, sensitivity, and energy reach of neutrino telescopes and to establish new

multimessenger studies as additional EM and GW observatories come online.

6.1. Improving Neutrino Observations

As described in Section 4, detection of extragalactic neutrino sources via time-integrated analyses,

such as the one that provided evidence for NGC 1068, is performed in a background-dominated

regime but with high neutrino event rates. Enough data must accumulate before such a signal

emerges. Associating individual neutrino events with extragalactic sources, as with real-time alerts,

is also possible if the neutrino energy is sufficiently high (�100 TeV) as the atmospheric back-

ground becomes subdominant at those energies; such is the case with the association between

TXS 0506+056 and the IceCube-170922A event. A cubic-kilometer telescope such as IceCube

may detect only O(10) events per year across the entire sky for such individual-alert events. Both

approaches are limited by how quickly detectors can accumulate high-energy events.

Other approaches rely on shower or cascade events. Their primary advantage is the ab-

sence of atmospheric muons and atmospheric muon neutrinos detected via CC interaction as
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backgrounds. This makes them suitable for analyses of sources above the local horizon, where

using track events would include atmospheric muon backgrounds many orders of magnitude

above the neutrino signal. They are also suited for extended regions of neutrino emission, given

their limited angular resolution, and for correlation studies with short EM transients as the

background can be significantly reduced owing to the short duration of these events. The main

limitation for cascade events is their angular resolution, which is limited by understanding the

local optical properties of the detector media.

For neutrino astronomy, the main improvements to these searches therefore involve increas-

ing data collection through the construction of additional neutrino telescopes (or the expansion

of existing ones), improving the angular resolution of the detectors, and further integrating the

neutrino telescopes with themultimessenger astronomy community to discover more correlations

in near-real time.

The increase in high-energy event rates will be delivered by next-generation instruments

such as IceCube-Gen2 (187), which aims to increase the instrumented volume of the current-

generation IceCube to ∼8 km3. In 10 years of operation IceCube-Gen2 will reach a 5σ energy

flux sensitivity of the order of 10−12 erg cm−2 s−1 in the range of 0.1 to 1 PeV, a similar level as

that achieved at current very-high-energy (VHE) γ -ray observatories in the EM domain. Addi-

tional sensitivity will be provided by KM3NeT-ARCA (15), Baikal-GVD (18), and the recently

proposed P-ONE telescope (188), which are expected to reach the cubic-kilometer scale in the

coming decade. In the Eν � 100 TeV energy range, neutrino absorption in the Earth becomes

significant, reducing the detector’s effective areas to neutrinos passing through the Earth (i.e., up-

going in the horizontal coordinate frame of the detector). Because of the high muon background

for downgoing neutrinos, and absorption effects for upgoing ones, the peak sensitivity for neutrino

telescopes in this energy range is near the local horizon. For midlatitude detectors like KM3NeT

and Baikal-GVD, this means that the region of maximum instantaneous sensitivity sweeps the sky

as the Earth rotates, which is relevant for transient searches, while for IceCube and IceCube-Gen2

it will remain near the celestial equator. Given these instruments’ different locations and differ-

ent capabilities, searches for extragalactic neutrino sources may benefit from a joint effort that

combines data from all neutrino telescopes (189).

Improvements in the angular resolution of neutrino telescopes will also enable more sensitive

and critical searches for extragalactic sources (42), especially given their large number and

the possibility of source confusion. The sensitivity of point-source searches scales roughly with

the inverse of the point-spread-function radius of the instrument, while the probability of chance

correlations for single events scales with the radius squared (i.e., it is proportional to the solid angle

of the uncertainty region of the neutrino event). This means that even modest improvements in

angular resolution could deliver significant sensitivity enhancements that are equivalent to longer

exposure times for steady sources and could also prove vital in pinpointing neutrinos coincident

with rare transient events.Detailed characterization of light propagation in the very local detector

media throughout the instrumented volume will be critical for neutrino telescopes. Furthermore,

increasing sampling of the Cherenkov radiation emitted by each event,made possible in a detector

with more PMT instrumentation, will deliver significant improvements of angular resolution

to current instruments. It is expected that next-generation telescopes will be able to reach a

resolution of ∼0.2° at 1 PeV for muon tracks, and few-degree resolution for cascades, enabling

more precise searches for multimessenger counterparts to astrophysical neutrinos (190, 191).

6.2. The Multimessenger Landscape in the Coming Decade

Understanding the physical processes at work in neutrino sources relies on the combined study

of their neutrino and EM emission as a function of both time and energy. As neutrino telescopes
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are wide-field instruments with nearly 4π sky coverage, these correlated studies require wide-field

EM instruments, or pointed instruments that survey large swaths of the sky with high cadence.

Prompt target-of-opportunity (ToO) observations, or long-term monitoring programs, of poten-

tial neutrino emitters may provide a similar temporal coverage over different timescales for a large

collection of sources across the sky.

6.2.1. New instruments and expanded capabilities. High-energy extragalactic emitters such

as AGNs that are potential neutrino sources display broadband emission features spanning the

entire EM spectrum, from radio to VHE γ -rays. As discussed in Sections 4 and 5, EM tracers

of hadronic emission may appear at different energy ranges depending on the properties of the

source region, so their characterization requires broadband energy coverage. These observational

campaigns, such as the one following the detection of IceCube-170922A and subsequent mon-

itoring of TXS 0506+056 (67), are expected to continue in the coming years as more potential

neutrino sources are identified, and they will be possible only if existing and upcoming EM fa-

cilities are in operation simultaneously. In the VHE (E � 100 GeV) γ -ray band, the upcoming

CherenkovTelescope Array (192, 193) will perform follow-up observations of neutrino alerts (194,

195), continuing the effort of current-generation instruments like H.E.S.S., MAGIC, and VERI-

TAS (196) while also carrying out the most sensitive studies of extragalactic sources in the energy

range between a few tens of GeV up to tens of TeV. These pointed observations will be sup-

plemented by the monitoring capabilities of wide-field instruments currently in operation in the

Northern Hemisphere, such as HAWC (197) and LHAASO (198), and the proposed SWGO in

the Southern Hemisphere (199), where no such capability currently exists. For the foreseeable fu-

ture,Fermi-LAT will remain the most sensitive instrument in the GeV band with all-sky coverage.

A potential situation that should be avoided is an observational gap if Fermi stops operation before

future missions, currently in their concept phase (e.g., 200), are launched.

As previously discussed, an important energy range for hadronic EM studies is the hard X-ray

(>10 keV) to MeV band. For hard X-rays,NuSTAR (201) is the most sensitive telescope in oper-

ation while a gap exists in the MeV range, which is expected to be closed by upcoming missions

in the next decade [e.g.,AMEGO (202),AMEGO-X (203),COSI (204)]. For soft X-rays (<10 keV),

the Neil Gehrels Swift observatory has been the main instrument for neutrino follow-up observa-

tions given its fast repointing capability (205), whileMAXI/GSC (206) and INTEGRAL (207) offer

larger sky coverage but with lower sensitivity. In this band, the eROSITA all-sky survey (208) will

be key in providing a reference catalog against which flaring states of new or known extragalactic

sources detected in neutrino ToO observations can be compared. Missions like SVOM (209) (to

be launched in 2023) will also perform rapid neutrino follow-ups, while more sensitive telescopes

like Athena will be used for detailed studies (210).

Correlation studies involving violent transients such as TDEs,GRBs, and supernovae with op-

tical counterparts are already underway using observations from existing survey telescopes such as

PanSTARRS (211),DES (212), and ZTF (213) and will be augmented in the coming years with the

start of the LSST survey of the Vera C. Rubin Observatory (214).Wide multicolor optical surveys

such as LSST and those conducted by space missions such as Euclid (215), SPHEREx (216), and

the Roman space telescope (217) will also be critical to catalog other potential neutrino source

classes such as star-forming galaxies (218). In the microwave range, future observatories such

as CMB-S4 (219) can provide photometric coverage of extragalactic sources such as radio-loud

AGNs and can enable correlated searches for transients, while in radio, upcoming facilities such

as ngVLA (220) and ngEHT (221) can provide detailed, time-dependent imaging of the jet and

core regions of potential sources such as AGNs.
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GW detectors will also undergo important upgrades in the coming decade, starting with the

addition of the KAGRA observatory to the existing LIGO and Virgo facilities (222) during their

O4 run in 2022.

6.2.2. Interconnecting multimessenger facilities. As the neutrino emission may be due to

transient or bursting/flaring extragalactic sources, it is critical that follow-up observations be per-

formed shortly after a neutrino signal is identified. This requires that neutrino telescopes operate

real-time searches that can isolate potential astrophysical signals, either as individual high-energy

neutrinos or as spatial clusters of neutrino events over a given timescale, and it also requires a net-

work over which these alerts can be broadcasted to the astronomical community for follow-up.

IceCube sends out public real-time alerts for individual muon track and cascade events (singlets)

of potential astrophysical origin, as well as private alerts to partner observatories for muon track

multiplets over different timescales (58). Public alerts are communicated via the Gamma-ray Co-

ordinates Network (GCN). ANTARES also operates singlet and doublet alert streams (57), and

upcoming instruments such as KM3NeT (223) and Baikal-GVD (224) are already developing

their real-time programs.

The large number of real-time streams becoming available for current and future multimes-

senger instruments has called for an upgrade of the communication infrastructure used to broad-

cast alerts, especially given the enormous alert rates expected for facilities such as the Rubin

Observatory, which has an expected rate of 10 million alerts per night (225). Community alert

brokers are currently under development to deliver this infrastructure for the Rubin Observa-

tory, while other efforts such as Scalable Cyberinfrastructure to Support Multi-Messenger As-

trophysics (SciMMA) (226) are more targeted toward the multimessenger community. GCN is

expected to be superseded in the coming years by the Time-Domain Astronomy Coordination

Hub (TACH) (227), while networks like the Astrophysical Multimessenger Observatory Network

(AMON) (228, 229) are dedicated to real-time correlation studies of subthreshold streams from

multimessenger observatories.

FUTURE ISSUES

1. Fully enabling extragalactic neutrino astronomy is within the reach of the next genera-

tion of high-energy neutrino telescopes.

2. The sensitivity of these studies will strongly rely on improvements in sensitivity and

angular resolution.

3. Upcoming electromagnetic instruments will play a critical role in pinpointing multi-

messenger counterparts to neutrino signals and in characterizing their properties once

sources are strongly detected. Joint GW-neutrino studies could also deliver multimes-

senger detections.

4. The interconnection of neutrino telescopes, both among themselves and with electro-

magnetic/GW facilities, will be key in identifying transient or bursting/flaring neutrino

sources.

5. Further theoretical investigations, including numeric simulations on source dynam-

ics and particle acceleration mechanisms, will be necessary to establish concordance

pictures of multimessenger emission and to understand the physics of the neutrino

sources.
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