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1. Introduction

The discovery of high-energy astrophysical neutrinos was reported in 2012 by the IceCube Neutrino
Observatory [1]. Since then, the field of neutrino astronomy has made considerable progress, with
the detection of neutrinos in multiple analysis channels [2, 3], and with the first indication of
a joint source of γ-rays and neutrinos [4]. In tandem with these experimental breakthroughs,
significant theoretical efforts are being made to determine the origin of astrophysical neutrinos.
The proposed neutrino source classes include Galactic sources, γ-ray bursts, jetted and non-jetted
Active Galactic Nuclei as well as calorimetric environments such as starburst galaxies to name
some of the possibilities [5–9]. The isotropy of the neutrino arrival direction distribution rules out
a purely Galactic origin and implies that at least 86% of the neutrinos have an extragalactic origin.

A particularly promising source candidate are blazars. These are AGN with jets in our line
of sight. Blazars are very rare objects. Only a small fraction of galaxies host an AGN with a
relativistic jet, and only ∼ 1/100 of them point in our line of sight. Thus, the number density of
blazars inferred with the Fermi Large Area Telescope is approximately . 10−6 Mpc−3 [10]. The
apparent luminosity of a powerful blazar can be of order 1049 erg/s, 107 times larger than the
luminosity of the Milky Way. Here the luminosity is the apparent luminosity, which benefits from a
relativistic boost in our direction. A similar boost is experienced for neutrinos if they are produced
in blazar jets.

Blazars are the dominant sources of GeV and TeV γ-rays. This means that as a population
they are excellent high-energy accelerators and that they comfortably accelerate particles to above
100 TeV. It is reasonable to assume that some of the accelerated particles are protons, in which
case, if interactions with ambient matter or photons occur, high-energy neutrinos will be produced.
Thus, blazars have been proposed since the early nineties as ideal sources of neutrinos [11–26].

This proceeding summarises the key points of the highlight talk I gave at the ICRC 2021. In
Section 2, a brief overview of neutrino production mechanisms in blazars is given. In Section 3
the current state of knowledge of the possible contribution of blazars to the diffuse neutrino flux
measured with IceCube is reviewed. In Section 4, the capabilities of blazars to be detected
as neutrino point sources is reviewed, with a focus on three recently observed neutrino-blazar
associations for which detailed modelling was performed. A discussion and outlook follow in
Section 5.

2. Neutrino production in blazars

Neutrinos are produced in photopion (pγ, p + γ → π+ + n) or hadronic (pp, p + p → X + Nππ±)
interactions of protons and nuclei. Here Nπ is the pion multiplicity. Jetted AGN possess strong
radiation fields, particularly at distances close to the base of the jet, associated with emission from
the accretion disk surrounding the supermassive black hole (SMBH), but also within the jet itself.
Hence, photopion interactions are likely if protons are accelerated by blazars. Some possibilities
exist for pp interactions, for example, if dust clouds or a star intersect with accelerated protons,
but in general, the pγ process is thought to be the prevalent process. An illustration of this, often
assumed, scenario is shown in Fig. 1. Here, a spherical emitting region is comoving with the
jet which has bulk Lorentz factor Γjet which is typically inferred to be in the range ∼ 10 − 50.
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Usually, four target photon fields are considered; jet radiation, the radiation from the accretion disk,
intercepted accretion-disk radiation reradiated in the ultraviolet range by fast-moving gas clouds
(known as the broad-line region), and, further away from the jet base, intercepted accretion-disk
radiation reradiated by the dust torus at infrared wavelengths.

Of the energy lost by protons with energy εp in pγ interactions, about 3/8ths go to neutrinos,
resulting in the production of neutrinos with all-flavour luminosity, ενLεν = 3/8 fpγ εp Lεp . Here,
fpγ is the photopion production efficiency, which depends on the number density of available photon
targets and the distance over which the interactions take place and εν/pLεν/p is the luminosity per
logarithmic energy of neutrinos and protons respectively. Each neutrino is produced with energy
εν ∼ 0.05εp. The remaining 5/8ths of energy lost by protons result in the production of electrons
and γ-rays, which generally leads to an electromagnetic cascade inside the accelerator which re-
emerges at keV-GeV wavelengths [27]. Thus, neutrino production is accompanied by X-ray and
γ-ray emission with comparable luminosity.
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Figure 1: Schematic representation of neu-
trino production in a blazar jet through pγ
interactions. High-energy protons present in
the emitting region interact with photons to
produce charged and neutral pions leading to
comparable fluxes of neutrinos and γ-rays.

The proton luminosity, Lp =
∫
εp

Lεp dεp, is a
key unknown quantity for neutrino model predictions.
Upper bounds on it can be derived from electromag-
netic (EM), neutrino, and ultra-high energy cosmic ray
(UHECR) observations and will be discussed below.
The exact value of fpγ is also unknown but bounds on
this quantity are tighter since in general, it can be de-
termined from the shape of the γ-ray spectrum whether
γ-rays escape the blazar without suffering severe inter-
nal attenuation on the same photon fields that facilitate
pγ interactions [27–29].

If blazars facilitate intense neutrino production, the
EM cascade radiation is an additional spectral signa-
ture [30]. Alternatively, the absence of EM cascade ra-
diation can be used to set limits on the proton luminosity
and thus on the neutrino output of the sources. As was
demonstrated in the case of TXS 0506+056, the absence
of EM cascade radiation provides a stronger constraint
on the high-energy proton content of the blazar jet than
the detection of a single high-energy neutrino [31–34].

Fig. 2 gives a schematic summary of the neutrino spectrum produced in photopion interactions
of a proton population with a distribution that follows dN/dεp ∝ ε−2

p , with photon fields typical in
a blazar. The result is a highly peaked neutrino spectrum in terms of energy flux, even though the
proton spectrum is flat. This is due to the resonant shape of the pγ cross-section and the decreasing
number of photons as a function of energy which is typical in blazars.

If protons of sufficiently high-energy are present in the jet of a blazar at redshift z, the typical
energy of the emerging neutrinos is εν ≈ 1 PeV (40 eV/εt ) (1 + z)2, for interactions with photons
with energy εt which are stationary with respect to the SMBH. Quoted energies are in the observer’s
frame. For target photons comoving with a jet with bulk Lorentz factor Γ, the emerging neutrino
energy is εν ≈ 100 PeV (40 eV /εt ) (Γ/10)2 (1 + z)2.
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Figure 2: Schematic overview of the expected neutrino spectrum of blazars from pγ interactions. A
population of protons with a spectrum that evolves as dN/dεp = ε−2 exp (−εp/εp,max) (panel a) interacts
with the photons from the blazar jet (red) and possibly stationary photons with a thermal spectrum (blue) in
addition (panel b). Such thermal photon fields exist close to the base of many AGN jets and are reprocessed
radiation from the accretion disk. Due to the resonant shape of the pγ cross-section (panel c) and the
decreasing number of photons as a function of energy, higher energy protons have access to a larger number
of photon targets giving rise to a strongly peaked neutrino spectrum (panel d). All the axes are in double-
logarithmic scale.

3. Blazars as sources of the diffuse IceCube neutrino flux

Figure 3 shows the measured neutrino flux and the predicted diffuse flux of high-energy neutrinos
in different blazar models. Although the models were developed during a period of almost 20 years
and are based on different assumptions, the overall shape and peak energy of the expected neutrino
flux among them are comparable. All the models predict that the blazar neutrino flux peaks at
> 10 PeV for the reasons explained above concerning the neutrino production mechanism. This
is well beyond the energy range in which the bulk of IceCube neutrinos have been observed, and
the observed spectral index of the diffuse astrophysical neutrino flux is significantly softer than
the blazar models predict. At the time of writing, the best-fit spectral index is E−2.37±0.09 for the
through-going muon neutrino flux, and even softer for the high-energy-starting-event and cascade
samples [2, 3, 39].

The normalisation of the neutrino flux in the majority of the models is a semi-free parameter,
and it is proportional to Lp. It is constrained by the non-observation of > 10 PeV neutrinos
with IceCube and the Pierre Auger Observatory (Auger). The baryon loading factor, defined as
ξ = Lp/Lγ, where Lγ is the γ-ray luminosity of the blazar, is often used to characterise the proton
content of the jet. The absence of >10 PeV neutrinos thus far, in combination with the model
of [18], implies that the proton content of blazar jets on average must be ξ < 50. Different model
assumptions lead to slightly different limits on ξ.

The upper limits on the all-blazar neutrino flux obtained with IceCube and Auger also constrain
the origin of γ-rays in the blazar population. For example, in the model of [22] the neutrino flux
is assumed to be proportional to the γ-ray flux and it is parametrised by the quantity Fν/Fγ which
is the ratio of the neutrino to γ-ray flux. The current upper limit of the Fν/Fγ ratio of 0.08 [3],
implies that at most a few percent of all detected blazar γ-ray emission is produced in photohadronic
interactions.

Figure 3 also shows the 90% CL upper limit on the contribution of γ-ray selected (from
the 3FHL catalogue [40]) blazars to the IceCube neutrino flux for an assumed E−2.19 power-law
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Figure 3: Measured neutrino flux, and predicted diffuse flux of high-energy neutrinos in different blazar
models. The red area corresponds to the best-fit and 1σ uncertainty region of the through-going muon
neutrino flux measured with IceCube from [35]. The black data points correspond to the high-energy-
starting-event energy spectrum measured with IceCube [2]. The black solid line gives the 90% CL upper
limit obtained with nine years of data with the IceCube extremely-high-energy analysis [36]. The yellow line
gives the 90% CL upper limit on the diffuse neutrino flux from the Pierre Auger Observatory [37]. The red
solid line shows the 90% CL upper limit on the average neutrino flux of all blazars from the stacking analysis
of [38]. The blazar neutrino models shown correspond to the expected diffuse flux from [14] (orange band),
all-blazar model normalised to the diffuse UHECR flux (corresponding to baryon loading factor ξ = 3) [18]
(purple solid line), all-blazar model of [22] (green dashed line), and all-blazar model from a fit to the UHECR
spectrum and composition observables of [26] (blue dot-dashed line).

spectrum, based on the stacking analysis of [38]. The limit depends on the assumed spectral
index of the neutrinos but constrains the relative contribution of the blazars to < 16.7% of the
total IceCube flux. As will be summarised in Section 5, stacking analyses, through which it is
investigated whether there is an excess of neutrinos from the directions of the ensemble of resolved
sources from a particular population, are powerful and have already strongly constrained several
promising candidate source classes as the dominant sources of high-energy astrophysical neutrinos
in addition to blazars. Independent upper limits to the relative contribution of blazars to the diffuse
neutrino flux have been derived from the absence of clustering and of neutrino point sources in the
IceCube data [41–44], and also disfavour blazars as dominant sources of the IceCube neutrinos.

The limits on blazars as dominant sources of the IceCube neutrino flux are severe but can be
avoided if these blazars which are unresolved in γ-rays provide overwhelmingly more neutrinos
than the brighter, observed ones, with factors of ξ = 107 required for the faintest blazars during
their longterm emission [25]. However, for well-studied blazars, such values of ξ are ruled out
based on the absence of a corresponding spectral signature in X-ray and γ-rays. In addition, such
a model demands that CR acceleration stops at low energies. As a result, blazars cannot contribute
to the diffuse UHECRs in a scenario that avoids the IceCube stacking limits.

It has been pointed out that the observed high-energy neutrinos, UHECRs and γ-rays indicate
comparable luminosity densities. This apparent coincidence has been discussed as a possible
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Figure 4: The spectral energy distributions of the blazars TXS 0506+056 (red), PKS 1502+106 (blue),
and 3HSP J095507.9+355101 (green) at the time of arrival of IC-190730A, IC-170922A, and IC-200107A
respectively, plotted in terms of the intrinsic source luminosity. The model fits are from Refs. [51–53].
Detailed references to the observations can be found therein.

indication of a joint origin of the three messengers [45–47]. However, the majority of γ-rays
originate in blazars [48–50] and analyses of IceCube data all but exclude a dominant contribution
of blazars to the neutrino flux below 100 TeV. Therefore, a common origin of the bulk of all the
three messengers seems unlikely.

4. Blazars as powerful neutrino point-sources

Even though the majority of experimental results suggest that blazars are not the dominant sources
of the neutrinos that IceCube has measured thus far, being very rare and extremely bright, blazars
may still be detectable neutrino point sources. Some indications of correlations of blazars with
high-energy neutrinos have been reported in [57–59], (see also [60]). If corroborated by future
observations, these results would suggest that a fraction of the neutrino flux is produced by blazars.

In 2017, TXS 0506+056 was the first flaring blazar to be associated with the high-energy
neutrino IC-190730A [4]. It was also the first astrophysical source to be associated with a high-
energy neutrino at the 3σ level. Evidence for additional neutrinos was found in archival IceCube
data [61], the latter constitute 3.5σ departure from background expectations. During the archival
neutrino flare, TXS 0506+056 was not in a flaring γ-ray state.

Periods of flaring EM emission are promising as times of neutrino production. Qualitatively,
during the flare, the target material (photons) is more abundant, and, likely, protons are also more
abundant during such periods. Thus a non-linear increase of the neutrino flux is predicted in most
theoretical models, e.g. [18, 19, 23]. Model predictions vary considerably for different blazars, and
different models lead to expected neutrino counts in IceCube in the range 10−5− few neutrinos per
source e.g.[51, 62] though models that predict more than a few neutrinos per source are already
constrained by the absence of such signal in IceCube. An additional advantage of focusing on flaring
emission is that the experimental search is more sensitive when the neutrino signal is transient.
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Figure 5: Left: Same as the Fig. 4 but shown in terms of the arriving energy flux. The orange line indicates
the planned one-year sensitivity of eAstrogram in survey mode [54]. The purple line indicates the planned
three-year sensitivity of AMEGO [55]. The blue curve indicates the planned sensitivity of CTANorth after 50
hours of observation[56]. Right: Model-predicted neutrino energy flux for TXS 0506+056 (red dot-dashed),
PKS 1502+106 (blue dot-dashed), and 3HSP J095507.9+355101 (green dot-dashed) at the time of arrival of
of IC-190730A, IC-170922A, and IC-200107A respectively. The neutrino fluxes shown correspond to the
most optimistic models of [51], [52] , and [53] respectively. Red, blue, and green arrows indicate the 90%
CL upper limit on the neutrino flux derived from the detection of IC-190730A, IC-170922A and IC-200107A
under the assumption of constant neutrino emission for six months (seven and a half years) - thin (thick) lines
for IC-190730A, and ten years in the case of IC-200107A and IC-170922A.

Since the observation of IC-190730A, more blazars have been found in the error circles of
high-energy alert neutrinos, albeit with lower significance individually. See e.g. [63] in these
proceedings, as well as [64–68]. In [51–53], we have performed detailed leptohadronic modelling
for three of these sources, in order to study the observed associations from the theoretical point of
view. Fig. 4 shows the three studied blazars in terms of their intrinsic luminosities. PKS 1502+106
stands out in terms of its intrinsic γ-ray luminosity. 3HSP J095507.9+355101 stands out as it has a
synchrotron peak at very high energy. Due to this observation, it is classified as an “extreme” blazar.
In terms of their spectral energy distributions, the three sources are heterogeneous. Fig. 5 left, shows
the spectral energy distributions in terms of the arriving energy flux at Earth. TXS 0506+056 had a
much higher γ-ray flux at the time of the neutrino arrival than the other two sources. This explains
the higher statistical significance of this association with respect to the other two.

4.1 TXS 0506+056

IC-190730A was detected with energy ∼ 290 TeV. At the time of its arrival, TXS 0506+056, which
lies inside the 50% containment contour of the arrival direction of IC-190730A, was undergoing its
most extreme recorded γ-ray flare. In [69], it was demonstrated that TXS 0506+056 is amisclassified
BL Lac and is intrinsically of the flat spectrum radio quasar (FSRQ) type, meaning that it possesses
an efficient accretion disk and that a dense ultraviolet photon field surrounds the black hole (the
Broad Line Region). Such photon fields are optimal for the production of & PeV-energy neutrinos.

Several groups modelled this source, and independently concluded that the maximum neutrino
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emission during the six-month-long flare must have yielded Nνµ+ν̄µ ≤ 0.05 in IceCube [31–34].
The upper limit is a consequence of the EM emission produced in pγ interactions, which constitutes
approximately 5/8ths of the total energy lost by protons in pγ interactions as discussed in Section 2.
Higher neutrino emission is not compatible with the observed EM emission of the source in the
above-quotedmodels. The upper limit can be somewhat relaxed in the presence ofmultiple emission
zones along the jet [70], or if matter obscures some of the EM emission [71].

The upper limit of Nνµ+ν̄µ ≤ 0.05 means that we expect to observe one out of every 20 equally
powerful neutrino flares on average [72]. However, the energetic requirements are extreme in order
to achieve Nνµ+ν̄µ = 0.05 in six months. The proton luminosity must be very high, with ξ > 1000.
Such values of ξ and of Lp are not representative of the blazar population [73].

For the archival neutrino flare of TXS 0506+056, most authors do not find a model that can
produce sufficient neutrino flux to explain the observations [74, 75], see also [76]. But if certain
conditions, which include a second, slower, jet layer surrounding the faster inner jet are present in
TXS 0506+056, such neutrino flux could be achieved [77].

4.2 3HSP J095507.9+355101

IC-200107A arrived from a direction where 90% of neutrinos have energy 0.33+2.23
−0.27 PeV

assuming an E−2 neutrino spectrum. The extreme blazar 3HSP J095507.9+355101 (z = 0.557)
is inside the 90% containment region of the neutrino arrival direction. Target-of-opportunity
observations revealed high, very hard, and variable X-ray emission from the source shortly after the
neutrino arrival [78, 79]. The X-ray high state lasted 44 days.

The leptohadronic modelling of [53] revealed that the Poisson probability to detect one neutrino
from the source during the ten years of IceCube’s operation is ∼ 3% for the most optimistic
model studied, while detection of one neutrino during the 44-day-long high X-ray flux-state period
following the neutrino detection is lower. The most promising scenarios for neutrino production
also predict strong intra-source γ-ray attenuation above 100 GeV. If the association is real, then
IceCube-Gen2 and other future detectors should be able to provide additional evidence for neutrino
production in other extreme blazars with similar γ-ray behaviour.

4.3 PKS 1502+106

PKS 1502+106 is a very luminous source at large redshift (z = 1.84). During 2008-9 it
underwent a strong γ-ray outburst. During that time, PKS 1502+106 was the second brightest
extragalactic γ-ray source. IC-170922A has most probable energy ∼ 300 TeV. At the time of arrival
of IC-170922A, the source was quiet in the γ-ray energy range.

Models of PKS 1502+106 can easily account for the detection of several neutrinos during the
lifetime of IceCube, if the emitting region of the neutrinos and γ-rays is close to the SMBH which
is surrounded by dense radiation fields [80], related to the powerful accretion disk that it possesses.
However, radio interferometric and γ-ray observations suggest that the emitting region is more
likely at a larger distance to the base of the jet [81]. Taking these observations into account, we
showed in [52], that PKS 1502+106 can have produced up to of order Nνµ+ν̄µ ∼ 0.1 neutrinos during
the ten-year operation of IceCube. An appealing feature of this model is that the required proton
luminosity is consistent with the upper limits on the baryon loading factor of the entire blazar
population.
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Figure 6: Baryon loading factor, defined as the ratio of the proton luminosity to the total electromag-
netic radiation of the jet, versus ratio of proton to Eddington luminosity in the most optimistic lepto-
hadronic models of PKS 1502+106, PKSB1424-418, 3HSP J095507.9+355101, and TXS 0506+056. The
model predictions listed are from [52] (PKS 1502+106 longterm emission, dust torus model-blue dia-
mond), [80] (PKS 1502+106 longterm emission, broad line region model-red square, and proton syn-
chrotron model-blue square), [34] (TXS 0506+056 longterm emission and emission during 2017 flare
- blue circle), [23] (PKSB1424-418 longterm emission and emission during 2014 flare-hexagons), and
[53] (3HSP J095507.9+355101 X-ray flare and longterm emission-stars). Models above the horizontal
dashed line assume proton luminosity which exceeds the Eddington luminosity of the SMBH. The vertical
dashed line denotes the upper limit on the value of the baryon loading factor obtained by the EHE IceCube
analysis for the entire blazar population [82] (recently updated in [3]) based on the model of [18]. The
green band indicates the values of the baryon loading factor with which jetted AGN reproduce the observed
UHECR spectrum [26].

4.4 Implications

Fig. 6 summarises the required proton content of the blazar jets in the three aforementioned blazars
while maximising the expected number of neutrinos which is in the range 0.01 - 0.5 / year.
Additionally, the modelling results of [23] on PKSB1424-418, which was found to be coincident
with the cascade event IC-35 are shown [83]. The abscissa shows the required baryon-loading
factor for a given neutrino flux to have been produced while the ordinate shows the required proton
luminosity for each of the sources in terms of the Eddington luminosity of the SMBH. The majority
of the models require super-Eddington proton luminosity and baryon loading which is larger than
what is inferred from the level of the diffuse neutrino flux measured with IceCube. The baryon-
loading factor of extragalactic high-energy sources is independently constrained from UHECR
observations. Fits to the UHECR data assuming that they all originate in blazar jets allow ξ < 400,
which is lower than what is required to account for the neutrino flux implied by the aforementioned
blazar-alert-neutrino associations [18, 26]. On the other hand, the neutrino models summarised in
Fig. 6 above are not directly constrained by UHECR observations, as they don’t assume cosmic-ray
acceleration to ultra-high energies.

9



P
o
S
(
I
C
R
C
2
0
2
1
)
0
3
0

High-Energy Neutrino Emission from Blazars Foteini Oikonomou

SN Ibc
SN IIn SN IIP GRBs Jetted Non-

jetted Galaxy

clustersU
LIRGs SBGs CRs

µQSOs XRBs
Radio

galaxiesBlazars
Non-jetted

(> 100 TeV)

0

20

40

60

80

100
R

el
at

iv
e

co
n
tr

ib
u

ti
on

%

Supernovae TDEs Calorimeters Galactic Active Galaxies

Figure 7: Bar chart of the possible contribution of different astrophysical source classes to the astrophysical
neutrino flux measured by IceCube based on stacking analyses. The quoted values are 90% CL upper limits,
except in the case of non-jetted AGN where the stacking analysis has led to a 2.6σ signal and where the
flux-fraction implied if the signal is genuine and associated 1σ uncertainty are shown. See main text for
details and for some of the caveats of these results.

Such proton luminosity implies, additionally, that the power of the relativistic jet is dominated
by the power of relativistic protons and that the total jet power is one to two orders of magnitude
higher than was previously inferred for the bulk of blazars [84] as discussed in [75, 85]. Such
enormous jet power can only be accommodated if the accretion efficiency in the presence of a disk
with a particular radiative luminosity was previously overestimated in standard accretion models.
All in all, if the studied associations that point to super-Eddington proton luminosities are real, they
are pointing to extreme events in the lifetime of the blazars. However, the required proton power
seems unnaturally high and is in tension with the population-wide limits inferred from IceCube
observations.

5. Discussion and Outlook

With blazars constrained as the main sources of the high-energy neutrino flux, the quest for the
dominant neutrino source class continues. Fig. 7 summarises the possible contribution of different
astrophysical source classes to the astrophysical neutrino flux based on the results of stacking
analyses. Most of these analyses have resulted in upper limits. The upper limits are obtained based
on different assumptions about the relative scaling of the neutrino flux with the EM fluxes of the
source populations and are thus, necessarily, heterogeneous. The different analyses further suffer
from heterogeneous choices of the minimum and maximum neutrino energy and of the assumed
spectral index of the neutrino spectrum of the tested sources, which the conclusions of the analyses
are very sensitive to. They should thus only be viewed as indicative. For source classes which are
numerous with a positive redshift evolution, such as supernovae, catalogue completeness is likely
very poor and thus the results of the stacking analyses of those objects should be considered as
highly uncertain.
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The figure summarises 90% CL upper limits to the contribution of different source classes to
the IceCube neutrino flux. The total contribution of different core-collapse supernovae (SNe) was
constrained to be below < 55% (SNe IIn), < 80% (SNe IIP) and < 29% (SNe Ibc) of the total diffuse
IceCube flux in [86], see also [87]. Core-collapse SNe could still produce 100% of the IceCube
flux by summing the above upper limits, and the uncertainties related to catalogue completeness are
severe for this source class, see also e.g. [88, 89]. Therefore, SNe are not constrained as the dominant
sources of the IceCube neutrino flux. The prompt phase of γ-ray bursts (GRBs) has been constrained
to account for < 1% of the high-energy neutrino flux [90]. Tidal disruption events (TDEs) produce
no more than 26% of the high-energy neutrino intensity for non-jetted TDEs and < 1% for jetted-
TDEs [91]. Stacking upper limits have been obtained for various calorimetric environments, with
ultra-luminous infrared galaxies (ULIRGs) constrained to < 10% [92], and galaxy clusters out
to redshift, z = 2 to < 5% [93]. The contribution of starburst galaxies (SBGs) has not been
constrained by stacking analyses. Being a populous and strongly evolving source population, SBGs
are difficult to constrain and by most arguments they are consistent with producing 100% of high-
energy neutrinos (see however [89] for a different conclusion). Other stacking analyses constrain
the contribution of Galactic sources to the high-energy neutrino flux. Galactic cosmic rays (CRs)
can account for no more than < 14% [94], microquasars (µQSOs) < 7%, and TeV detected X-ray
binaries (XRBs) < 1% [95]. Finally for AGN, stacking analyses constrain the relative contribution
of blazars to < 17% [38], and radio galaxies to < 30% of the diffuse neutrino flux [96]. Recently, a
2.6σ excess of neutrinos from the directions of non-jetted AGN has been reported [97]. If this is a
genuine signal, it implies that 27% to 100% of neutrinos at 100 TeV come from non-jetted AGN.

Blazars are the first well-studied extragalactic γ-ray emitting population and as such the most
well-known class of extragalactic high-energy particle accelerators. All in all, the shape of the
astrophysical neutrino spectrum, stacking limits, lack of point sources and absence of strong
small-scale clustering point against blazars as the dominant source of high-energy astrophysical
neutrinos. Theoretically, it is natural to expect that the blazar neutrino spectrum peaks beyond
10 PeV, as summarised in Section 2. Therefore, planned neutrino telescopes with peak sensitivity
in the sub-EeV energy range such as Ashra-NTA, IceCube-Gen2 Radio, GRAND, POEMMA,
RNO-G, Trinity, or Top-of-Mountain fluorescence telescope system will also probe, and possibly
characterise the diffuse blazar neutrino flux [98–104].

Blazars remain testable neutrino point sources, especially during flares. Experimentally, short-
duration flares are optimal for establishing neutrino emission from a point source. However, for the
sources studied in detail thus far, it is not expected to detect sufficient neutrinos during a short-lived
flare with a Gton neutrino detector, as the probability to detect neutrinos grows linearly with the
neutrino fluence. Therefore, in the coming years, long-lived blazar flares will be most promising
for establishing neutrino emission from blazars and thus the acceleration of high-energy hadrons in
large-scale relativistic jets.
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