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Are neutrino sources transient? 

If  YES: 
- Lower cosmic background         

(better for establishing sources) 

- Lower atmospheric neutrino 
background

But: 
-More time - more proton 
interactions 

2dF Survey, Colless · 2001
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What we know so far
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Φν ≈ 2ΦWB

Eν ≈ 10 − 30 TeV

What we know so far

Fang+ 22 (following Murase, Guetta, Ahlers 2015)

characteristic photon energy of the radiation field that interacts
with the γ-rays (see Appendix B). Because the flux of the
cascades may not exceed the measured diffuse γ-ray back-
ground, constraints on the energy and density of the source
radiation field can be obtained.

As a demonstration, the right panel of Figure 1 shows the
diffuse neutrino and cascade spectra from γ-ray-obscured
sources assuming Eν,min= 0.03, 0.3, and 3 TeV, respectively.
In all three cases, the neutrino spectrum is assumed to be a
single power law with γastro= 2.53, motivated by the index
measured with the IceCube cascade cosmic neutrino sample
(IceCube Collaboration et al. 2020a). As Eν,min decreases, the
neutrinos and injected γ-rays carry more power, and a source
radiation field with higher εh is needed to reprocess the γ-ray
power to lower energies to be consistent with the γ-ray
observations.

Without loss of generality, we assume that the number
density of the source radiation field, εdn/dε, peaks at εl= 1 eV.
We again assume that the source emissivity follows the star-
forming history of the universe. A minimal εh may then be
obtained such that the integrated flux of the cascades is below
the EGB.4 The right panel of Figure 1 shows that the currently
measured neutrino spectrum with Eν,min∼ 3 TeV already
requires a source radiation field populated with UV photons at
εh 20 eV. If future observations find an even lower Eν,min, an
intense X-ray radiation field must be present in the neutrino
production site to produce the required optical depth.

The value of εh only weakly depends on εl because the
energy flux of cascades peaks at eµg

- h
1. As explained in

Appendix B, the cascade spectrum is mostly universal with

respect to the spectrum of the radiation field. The form of εh
and the conclusion that the sources must be γ-ray obscured at
such an energy are essentially model independent.

5. Conclusions and Discussion

High-energy neutrinos are inevitably accompanied by a flux
of γ-rays. Unlike neutrinos, which barely interact, γ-rays pair-
produce with radiation fields, either inside the neutrino source
or propagating through the EBL, reprocessing their power to
lower energies. Because the flux and spectral index of the TeV–
PeV diffuse neutrino background are comparable to those of
the GeV–TeV diffuse γ-ray background, the latter tightly
constrains the flux of the electromagnetic cascades of the γ-ray
counterparts of high-energy neutrinos. By comparing the flux
of these cascades developed in the EBL to the IGRB, we show
that the current IceCube measurements already indicate that the
bulk of the neutrino sources are likely opaque to γ-rays.
Assuming that the sources are γ-ray obscured, we find that the
MeV–TeV diffuse γ-ray background confines the minimum
energy of the sourceʼs radiation field in which pair production
must effectively happen and thus the total power in the sources.
Future improved measurement of the neutrino spectrum at

lower energies will (1) unambiguously confirm that the sources
of high-energy neutrinos are optically thick to GeV–TeV γ-rays
and (2) suggest that the neutrino sources contain intense high-
energy (soft X-ray or higher) internal radiation backgrounds.
These conclusions are independent of the modeling of the
source because there is a direct link between the production
rates of neutrinos and γ-rays and because of the universality of
the spectrum of the electromagnetic cascades.
The cascade flux calculation in the left panel of Figure 1

does not account for the effect of intergalactic magnetic field
(IGMF). The effect of IGMF on the cascade spectrum above
10 GeV, where most constraints come from, is expected to be

Figure 1. Cosmic neutrino spectra (black curves) and γ-ray cascades initiated by their electromagnetic counterparts (red curves). The data points are measurements of
the diffuse cosmic neutrino background (IceCube Collaboration et al. 2017, 2021), extragalactic γ-ray background (EGB), and isotropic γ-ray background (IGRB)
(Ackermann et al. 2015 assuming foreground model A) from 0.1 GeV to 1 TeV, and diffuse MeV γ-ray background (Weidenspointner 1999; Watanabe et al. 1999;
Strong et al. 2004). Left: γ-ray-transparent sources. Neutrino spectra correspond to the best-fit single power-law models from the observations listed in Table 1. Fluxes
below and above the sensitivity range for the IceCube analyses are unknown and shown as dashed curves. Gamma-rays from hadronic interactions leave the sources
without attenuation, propagate in the extragalactic background light (EBL), and cascade down to GeV–TeV energies. Note that the Fermi IGRB may also be
contributed by additional emission mechanisms such as inverse Compton scattering by relativistic electrons accelerated by sources and thus serves as an upper limit on
the cascaded hadronic γ-rays. Right: gamma-ray-obscured sources. Neutrino spectra are assumed to follow single power-law models with the best-fit index from the
cascade neutrino sample (IceCube Collaboration et al. 2020a) and a minimum cutoff energy at 0.03, 0.3, and 3 TeV, respectively. A source radiation field at or above
hard X-ray, soft X-ray, and UV energies, correspondingly, is needed to attenuate the hadronic γ-rays from each cutoff energy such that the cascade flux is below the
MeV–GeV diffuse γ-ray background. In either scenario for γ-ray transparency, the sub-TeV neutrino spectrum encodes crucial information about the cosmic
environment of the astrophysical sources of high-energy neutrinos.

4 Although a neutrino-emitting site can be γ-ray obscured, the source may
produce γ-rays via leptonic processes from a different region. As the γ-ray
production sites may not be resolved by γ-ray telescopes, the EGB poses a
more conservative upper limit than the IGRB on the integrated cascade flux.
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Medium-energy neutrinos 
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Population model based on NGC 1068 and X-ray luminosity function of Seyferts

Population model based on Murase et al 2020 PRL 
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FIG. 4. Best-fit all-flavor neutrino spectrum of NGC 1068
(red) together with the corresponding cascaded �-ray spec-
trum (blue). The shaded bands indicate the 1� and 2� un-
certainty regions. The latest Fermi-LAT data of NGC 1068
[66] is shown for comparison.

calculated from the uncertainty bands around the best-
fit neutrino spectrum. Comparing our result to the latest
Fermi-LAT observations of NGC 1068 [66], we find that
for a dimensionless coronal radius of rc = 5, our pre-
dicted �-ray spectrum agrees well with the observational
data. Especially the 95% upper limit at ⇠ 30 MeV, which
provides the strongest constraint, lies within the 1� un-
certainty band.

This is in agreement with the results obtained by Das
et al. [20], who find Rc

<⇠ (3 – 15)RS considering a purely
photohadronic scenario. A similar study using a previ-
ously reported �-ray spectrum of NGC 1068 that extends
only down to ⇠ 70 MeV [68] yields somewhat looser con-
straints on the coronal radius with Rc

<⇠ 30RS for a p�-
only scenario and Rc

<⇠ 100RS for a pp-only scenario [30].
In addition, various indirect observational methods that
are used to determine the size of AGN coronae also point
towards rather small and compact coronae with a typical
radius of Rc

<⇠ 5RS [69]. The fact that the observed �-
ray spectrum of NGC 1068 at energies >⇠ 500 MeV cannot
be explained by hadronic interactions within the corona
is consistent with the results of multimessenger studies
[19, 66, 70], which suggest that those �-rays are mainly
produced in the starburst region.

IV. SOURCE POPULATION

We apply the neutrino emission model described in
Section II to an entire population of AGNs, taking into
account the fit result for NGC 1068, with the aim of
calculating the resulting di↵use neutrino flux. The cos-
mological evolution of this population is described by the
X-ray luminosity function (XLF), which gives the di↵er-
ential number density of AGNs per comoving volume as

a function of X-ray luminosity and redshift. Here, we
consider three di↵erent 2–10 keV XLFs.

The luminosity function by Ueda et al. presented
in Ref. [71] (hereafter U14) is derived assuming that
the XLF in the local Universe can be modeled by a
smoothly-broken power law, which is then multiplied by
a luminosity-dependent evolution factor to obtain the
XLF at a given redshift z > 0. The free parameters of
this function are determined by a fit to the source sam-
ple. Heavily obscured Compton-thick AGNs with column
densities NH � 1/�T ' 1024 cm�2 are assumed to follow
the same cosmological evolution as obscured Compton-
thin AGNs with 1022 cm�2  NH  1024 cm�2, which
is in agreement with observations of the cosmic X-ray
background.

In contrast, Buchner et al. [72] (hereafter B15) use a
non-parametric approach to derive the XLF. They fit a
3D histogram in LX , z and NH to their source sam-
ple with the only assumption being that the XLF does
not vary rapidly between neighboring bins. To ensure
this, two di↵erent smoothness priors are considered: the
constant-slope prior and the constant-value prior. The
former keeps power-law slopes intact, while the latter re-
tains the current value of the XLF unless constraints are
imposed by the data. Moreover, B15 constrain the con-
tribution from Compton-thick AGNs in a more precise
way. For each source in their sample, they fit a spectral
model to determine the obscuring column density and
the intrinsic X-ray luminosity consistently taking into ac-
count di↵erent sources of uncertainties. In this way, they
do not have to rely on a fit to the cosmic X-ray back-
ground, which is rather insensitive to the exact fraction
of Compton-thick AGNs [73]. Although Compton-thick
sources do not appear very luminous due to their high
level of obscuration, they are just as important as less
obscured AGNs, since in our model the neutrino emis-
sion properties of a source do not depend on NH and,
unlike X-rays, neutrinos are not absorbed by the dusty
torus surrounding the central region of an AGN.

Fig. 5 shows the three considered XLFs in di↵erent
redshift bins between z = 0 and 5 together with their un-
certainties. All three XLFs have roughly the shape of a
broken power law with significantly more low-luminosity
sources than high-luminosity sources. However, they do
not agree within their uncertainties. While the U14 XLF
and the B15 XLF for the constant-slope prior have an
overall similar shape, especially at intermediate redshifts,
the B15 XLF for the constant-value prior is much flat-
ter and thus predicts many more high-luminosity sources
with LX

>⇠ 1045 erg/s. The discrepancy between the two
XLFs by B15, particularly at the high-luminosity end, is
due to the fact that the underlying X-ray source sam-
ple consists mainly of data from deep X-ray surveys with
small survey areas. These surveys are not suited to accu-
rately determine the number density of high-luminosity
AGNs, since they are very rare. Thus, the shape of the
XLFs at high luminosities is primarily determined by the
underlying prior and not by the data itself. However, as

neutrinos

γ-rays
Fermi-LAT
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an X-ray catalog of AGNs detected in the 14–195 keV
band, which has also been used in previous works to
predict and search for neutrino emission from nearby
Seyfert galaxies [4, 5, 45]. Table III lists the number
of bright sources with an intrinsic 2–10 keV X-ray flux
of FX � 10�11 erg cm�2 s�1 and the number of sources
with an intrinsic X-ray flux as high as or higher than
that of NGC 1068 in each simulated population and in
the BASS catalog. The U14 XLF and the B15 XLF for
the constant-slope prior predict the same order of mag-
nitude of bright, nearby Seyfert galaxies as contained in
the BASS catalog. The B15 XLF for the constant-value
prior, on the other hand, predicts more than two orders of
magnitude more sources with FX � 10�11 erg cm�2 s�1,
including 46 sources that are as bright as or even brighter
than NGC 1068. As mentioned above, this discrepancy
can be attributed to the fact that the X-ray sample used
to construct the B15 XLFs is not sensitive to rare sources.
In line with the findings by Ananna et al. [75], we con-
clude that the B15 XLF for the constant-value prior likely
overestimates the abundance of high-luminosity sources
and, therefore, does not provide an accurate description
of the number density of bright Seyfert galaxies in the
local Universe.

To correct for this e↵ect and model the contribution
of nearby bright sources in a more realistic way, we se-
lect all Seyfert galaxies with FX � 10�11 erg cm�2 s�1

from the BASS catalog and add them to our simulated
populations. Simultaneously, we remove all simulated
sources above this flux threshold to avoid double count-
ing of sources. Overall, we consider 212 Seyfert galaxies
from the BASS catalog, including NGC 1068, NGC 4151,
and CGCG 420-015. The total number of sources as well
as the total intrinsic X-ray flux from all sources in the
resulting populations are listed in Table III. The popula-
tion based on the B15 XLF for the constant-slope prior
comprises the largest number of sources, while the popu-
lation based on the B15 XLF for the constant-value prior
produces the highest intrinsic X-ray flux.

V. DIFFUSE NEUTRINO FLUX

To estimate the contribution of Seyfert galaxies to the
di↵use astrophysical neutrino flux, we apply our neutrino
emission model to each individual source in the simu-
lated populations, assuming that the model parameters
PCR/Pth and ⌘ are the same for all sources. First, we
fix these two parameters to the best-fit values found for
NGC 1068 and study the e↵ect of the di↵erent luminos-
ity functions on the resulting di↵use neutrino flux. We
then explore how the di↵use flux spectrum depends on
the model parameters and quantify the agreement be-
tween our di↵use flux predictions and the latest IceCube
observations as a function of PCR/Pth and ⌘. This allows
us to derive constraints on these parameters and to as-
sess the exceptional nature of NGC 1068 in the context
of the entire population of Seyfert galaxies.
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FIG. 6. Di↵use all-flavor neutrino flux calculated for the three
di↵erent XLFs assuming PCR/Pth = 0.5 and ⌘ = 56 for all
sources. The black, dark gray and light gray points corre-
spond to the di↵use neutrino flux measured by IceCube in
di↵erent analyses assuming an E�2 power law in each energy
bin [77–79]. We assume a flavor ratio of ⌫e : ⌫µ : ⌫⌧ = 1 : 1 : 1
to convert the per-flavor fluxes reported by IceCube to all-
flavor fluxes.

A. Di↵use neutrino flux for di↵erent XLFs

To compute the di↵use neutrino flux from a popula-
tion of AGNs, we apply the neutrino emission model pre-
sented in Section II to each source in the population and
calculate the neutrino flux taking into account energy
losses due to the adiabatic expansion of the Universe.
The neutrino flux at Earth from a source located at red-
shift z is given by

dN⌫

dE⌫dAdt
(E⌫) =

(1 + z)2

4⇡d2
L
(z)

dN⌫

dE⌫dt
[E⌫(1 + z)] , (23)

where dN⌫/dE⌫dt is the di↵erential neutrino emission at
the location of the source given by our neutrino emis-
sion model and dL(z) is the luminosity distance calcu-
lated using the approximation from Ref. [76]. To obtain
the di↵use neutrino flux per solid angle from the entire
population, the neutrino flux spectra of all sources are
summed up and divided by 4⇡ assuming that the sources
are isotropically distributed across the sky,

�⌫(E⌫) =
1

4⇡

NX

i=1

✓
dN⌫

dE⌫dAdt

◆

i

(E⌫) . (24)

Here, i runs over all sources in the population and
(dN⌫/dE⌫dAdt)i is the neutrino flux from the ith source.

First, we compute the di↵use neutrino flux assuming
that all sources have the same values of the model pa-
rameters PCR/Pth and ⌘ that we found for NGC 1068 in

3.8σ above ESTES

Saurenhaus, Capel, FO, Buchner, PRD, 2025 

see also Padovani, Gilli et al 2024
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FIG. 4. Best-fit all-flavor neutrino spectrum of NGC 1068
(red) together with the corresponding cascaded �-ray spec-
trum (blue). The shaded bands indicate the 1� and 2� un-
certainty regions. The latest Fermi-LAT data of NGC 1068
[66] is shown for comparison.

calculated from the uncertainty bands around the best-
fit neutrino spectrum. Comparing our result to the latest
Fermi-LAT observations of NGC 1068 [66], we find that
for a dimensionless coronal radius of rc = 5, our pre-
dicted �-ray spectrum agrees well with the observational
data. Especially the 95% upper limit at ⇠ 30 MeV, which
provides the strongest constraint, lies within the 1� un-
certainty band.

This is in agreement with the results obtained by Das
et al. [20], who find Rc

<⇠ (3 – 15)RS considering a purely
photohadronic scenario. A similar study using a previ-
ously reported �-ray spectrum of NGC 1068 that extends
only down to ⇠ 70 MeV [68] yields somewhat looser con-
straints on the coronal radius with Rc

<⇠ 30RS for a p�-
only scenario and Rc

<⇠ 100RS for a pp-only scenario [30].
In addition, various indirect observational methods that
are used to determine the size of AGN coronae also point
towards rather small and compact coronae with a typical
radius of Rc

<⇠ 5RS [69]. The fact that the observed �-
ray spectrum of NGC 1068 at energies >⇠ 500 MeV cannot
be explained by hadronic interactions within the corona
is consistent with the results of multimessenger studies
[19, 66, 70], which suggest that those �-rays are mainly
produced in the starburst region.

IV. SOURCE POPULATION

We apply the neutrino emission model described in
Section II to an entire population of AGNs, taking into
account the fit result for NGC 1068, with the aim of
calculating the resulting di↵use neutrino flux. The cos-
mological evolution of this population is described by the
X-ray luminosity function (XLF), which gives the di↵er-
ential number density of AGNs per comoving volume as

a function of X-ray luminosity and redshift. Here, we
consider three di↵erent 2–10 keV XLFs.

The luminosity function by Ueda et al. presented
in Ref. [71] (hereafter U14) is derived assuming that
the XLF in the local Universe can be modeled by a
smoothly-broken power law, which is then multiplied by
a luminosity-dependent evolution factor to obtain the
XLF at a given redshift z > 0. The free parameters of
this function are determined by a fit to the source sam-
ple. Heavily obscured Compton-thick AGNs with column
densities NH � 1/�T ' 1024 cm�2 are assumed to follow
the same cosmological evolution as obscured Compton-
thin AGNs with 1022 cm�2  NH  1024 cm�2, which
is in agreement with observations of the cosmic X-ray
background.

In contrast, Buchner et al. [72] (hereafter B15) use a
non-parametric approach to derive the XLF. They fit a
3D histogram in LX , z and NH to their source sam-
ple with the only assumption being that the XLF does
not vary rapidly between neighboring bins. To ensure
this, two di↵erent smoothness priors are considered: the
constant-slope prior and the constant-value prior. The
former keeps power-law slopes intact, while the latter re-
tains the current value of the XLF unless constraints are
imposed by the data. Moreover, B15 constrain the con-
tribution from Compton-thick AGNs in a more precise
way. For each source in their sample, they fit a spectral
model to determine the obscuring column density and
the intrinsic X-ray luminosity consistently taking into ac-
count di↵erent sources of uncertainties. In this way, they
do not have to rely on a fit to the cosmic X-ray back-
ground, which is rather insensitive to the exact fraction
of Compton-thick AGNs [73]. Although Compton-thick
sources do not appear very luminous due to their high
level of obscuration, they are just as important as less
obscured AGNs, since in our model the neutrino emis-
sion properties of a source do not depend on NH and,
unlike X-rays, neutrinos are not absorbed by the dusty
torus surrounding the central region of an AGN.

Fig. 5 shows the three considered XLFs in di↵erent
redshift bins between z = 0 and 5 together with their un-
certainties. All three XLFs have roughly the shape of a
broken power law with significantly more low-luminosity
sources than high-luminosity sources. However, they do
not agree within their uncertainties. While the U14 XLF
and the B15 XLF for the constant-slope prior have an
overall similar shape, especially at intermediate redshifts,
the B15 XLF for the constant-value prior is much flat-
ter and thus predicts many more high-luminosity sources
with LX

>⇠ 1045 erg/s. The discrepancy between the two
XLFs by B15, particularly at the high-luminosity end, is
due to the fact that the underlying X-ray source sam-
ple consists mainly of data from deep X-ray surveys with
small survey areas. These surveys are not suited to accu-
rately determine the number density of high-luminosity
AGNs, since they are very rare. Thus, the shape of the
XLFs at high luminosities is primarily determined by the
underlying prior and not by the data itself. However, as
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8 IceCube Collaboration

Figure 2. Local (pre-trial) p-value maps around the most significance sources NGC 1068 (left), NGC 4151 (middle), and CGCG
420-015 (right) with the the disk-corona model fit (top) and the power-law fit (bottom). Colored points show the locations of
sources and crosses show the best-fit locations. Contours correspond to 68% (solid) and 95% (dashed) confidence regions.

Figure 3. The best-fitted flux and the corresponding 68% statistical uncertainty for model and power-law searches compared
to the expected disk-corona flux for the most significant sources NGC 1068 (left), NGC 4151 (middle), and CGCG 420-015
(right). Distance and intrinsic X-ray luminosity (in erg/s) for each source are taken from BASS. Systematic uncertainties are
subdominant. The neutrino energy range of the best-fitted flux is computed from the 68% central bins contribution to the total
TS value. See the Appendix for more details about the determination of the energy range and the description of systematic
uncertainties.

assumptions. Their best-fit fluxes are shown in Fig. 3 where the model fit and power-law fit can be compared. The
fluxes given by the model fit can also be compared to their expected spectra. For all selected sources, Fig. 4 presents
event numbers of the expectation as well as the measurement with the computed 90% confidence level upper limits.
The full information and results for all sources are tabulated in Table 2.

10 IceCube Collaboration

Figure 4. Expected numbers of events (green stars) from the model and the best-fitted numbers of signal events (black circles)
for individual sources. Down arrows show the 90% C.L. upper limits. The five candidate sources with the strongest expected
neutrino signal (disc-corona model) are highlighted.

measurement of the intrinsic X-ray flux from these sources will likely modify the expected emission from the Seyfert
galaxies and the prospects for identifying them.

6. SUMMARY & OUTLOOK

In this work, we present a study of potential high-energy neutrino emission from Seyfert galaxies in the Northern
Hemisphere that are intrinsically X-ray bright in X-rays. In addition to the generic power-law flux assumption, we
incorporate the disk-corona model and performed a catalog search with 27 (28) sources excluding (including) NGC
1068. We also performed a search for aggregated neutrino emission using a stacking method relying on the disk-corona
flux model. As there is no significant excess of neutrino events observed in the stacking search, we can constrain the
collective neutrino emission from those X-ray bright Seyfert galaxies in the Northern sky.
Since we cannot reject the null hypothesis, we set upper limits on the neutrino emission from all individual sources
for both scenarios. The current results motivate continuing searches for neutrino emission from X-ray bright Seyfert
galaxies in addition to NGC 1068, especially NGC 4151 and CGCG 420-015, which will reveal whether the cumulative
2.7 sigma excess reported here is due to statistical fluctuations or a genuine astrophysical signal. If interpreted as the
latter, it would suggest the existence of sources similar to NGC 1068, that could potentially be explained by the disk-
corona model. Nevertheless, the absence of a significant correlation in the stacking search and most individual sources
implies that the features of NGC 1068 leading to the strong neutrino emission are not commonly shared with other X-
ray bright Seyfert galaxies. As discussed in Sec. 5, the expectation of neutrino emission relies considerably on the details
of the modeling within the picture of the disk-corona model, and more comprehensive multi-wavelength observations
will provide further insight into the characteristics of the potential sources which is expected to significantly improve
their modeling. The results reported here show that implementing dedicated models is useful and can improve the
sensitivity of searches for the sources of high-energy neutrinos.
Our conclusions are supported by a complementary IceCube study of hard X-ray (14-195 keV) AGN, identified in

BASS, which reports an excess of neutrinos towards NGC 4151 at 2.9� post-trial significance (Abbasi et al. 2024a).
This analysis is based on an alternative track event selection (Aartsen et al. 2020c) that includes data from the entire
sky recorded during partial detector configurations before IceCube was fully commissioned. While this study employs
a di↵erent hypotheses, data sample, and analysis techniques, the results of the catalog search is consistent with the
results reported here.

IceCube Coll 2024

Neronov et al 2024 : Hard X-ray selection: NGC 4151, NGC 3079 (3sigma), Lν ∝ LX

Search based on model of Murase et al 2020 PRL,             

Kheirandish et al 2021, , NGC 4151 - 2.9σ signalLν ∝ LX

NGC4151: Nexp,model =13.1, Nobs = 22.5, CGCG 420-015:  Nexp =3.2, Nobs = 30.7, NGC 4388: Nexp =21.4, Nobs = 0,  
NGC 6240: Nexp =16.8, Nobs = 0, MCG+4-48-2: Nexp = 3.1, Nobs = 22.1 
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FIG. 10. Best-fit all-flavor neutrino spectra of NGC 1068 (left panel), NGC 4151 (middle panel), and CGCG 420-015 (right
panel) obtained using SkyLLH. The shaded bands correspond to the 1� and 2� uncertainty regions. For CGCG 420-015,
the 2� band extends down to a neutrino flux of zero, reflecting that the neutrino excess associated with this source is not
statistically significant and a scenario with no associated signal events (ns = 0) is consistent with the IceCube data within
2�. The corresponding best-fit values of the model parameters are listed in Table IV. For each source, the gray line indicates
the maximum allowed neutrino emission for which the corresponding di↵use flux would still be compatible with the IceCube
observations within 1�.

TABLE IV. Distances and intrinsic X-ray luminosities as well as best-fit model parameters for the nearby Seyfert galaxies
NGC 1068, NGC 4151, and CGCG 420-015. The distances and luminosities of the latter two sources are taken from the BASS
catalog [11]. The total CR proton luminosity needed to achieve the given pressure ratio is denoted by Lp.

dL [Mpc] LX [erg/s] n̂s ⌘̂ PCR/Pth Lp [erg/s] Lp/LEdd

NGC 1068 11.14 4.2⇥ 1043 46.4 56 0.5 6.0⇥ 1043 0.009

NGC 4151 12.7 2.0⇥ 1042 25.9 6 0.5 1.3⇥ 1043 0.018

CGCG 420-015 128.8 1.0⇥ 1044 8.6 1 0.5 4.7⇥ 1044 0.038

contours in Fig. 8, the corresponding single-source neu-
trino spectrum for NGC 1068 is not compatible with the
IceCube data. It is generally not possible to find val-
ues of the model parameters PCR/Pth and ⌘ for which
our model provides a good fit to the public IceCube data
for NGC 1068 without significantly overproducing the
observed di↵use neutrino flux. Thus, we conclude that
NGC 1068 is an extraordinarily powerful Seyfert galaxy
and that most Seyfert galaxies in the Universe must be
significantly less e�cient neutrino emitters.

A similar conclusion can be drawn for two other nearby
Seyfert galaxies, NGC 4151 and CGCG 420-015, for
which the IceCube Collaboration has also reported ev-
idence for neutrino emission [4, 5]. Following the proce-
dure described in Section III A for NGC 1068, we also
fit our neutrino emission model for these two sources to
the public IceCube data. The best-fit neutrino spectra of
NGC 4151 and CGCG 420-015 shown in Fig. 10 peak at
slightly higher energies than that of NGC 1068, but have
a lower overall normalization. The obtained number of
signal events and the corresponding best-fit parameter
values are listed in Table IV. For both sources, our fit
yields the maximum allowed value of the pressure ratio
of PCR/Pth = 0.5, but smaller values of ⌘ than for NGC
1068, namely ⌘ = 6 for NGC 4151 and ⌘ = 1 for CGCG
420-015.

However, as shown in Fig. 8, the resulting di↵use neu-

trino flux for these parameter values would dramatically
exceed the IceCube observations. This is further illus-
trated by the fact that the best-fit neutrino spectra for
both NGC 4151 and CGCG 420-015 lie well above the
gray lines shown in Fig. 10, which indicate the maximum
neutrino emission compatible with the observed di↵use
flux. Values of the model parameters PCR/Pth and ⌘ for
which the single-source neutrino spectra lie fully below
the gray line result in di↵use neutrino spectra that exceed
the IceCube measurements by less than 1�. So, if we as-
sumed that all sources were described by the same model
parameters as NGC 4151 or CGCG 420-015, the ten-
sion between our di↵use flux predictions and the IceCube
observations would become even stronger. Padovani et
al. [29] come to a similar conclusion based on the fact
that NGC 1068 has a much lower neutrino-to-X-ray ra-
tio than both NGC 4151 and CGCG 420-015.

Thus, those Seyfert galaxies that start to emerge as
neutrino point sources in the IceCube data appear to be
above-average neutrino emitters, and it is very unlikely
that all sources in the population share the same neutrino
emission properties. To obtain a more realistic estimate
of the contribution of Seyfert galaxies to the di↵use neu-
trino flux, it is likely necessary to assume a distribution
of PCR/Pth and ⌘ among the population with the ma-
jority of sources having PCR/Pth ⌧ 0.5 and/or ⌘ � 56.
While the form of such a distribution remains unknown,

best-fit to 
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point-source 
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best fit

diffuse flux 
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best-fit to 
IceCube point-
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Neutrinos from AGN Coronae
Population model based on NGC 1068 and X-ray luminosity function of Seyferts

Saurenhaus, Capel, FO, Buchner, PRD, 2025 
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What we know so far: IceCube stacking + multiplet searches
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Figure 6. The all-sky distribution of the alerts in the catalog in equatorial coordinates. The blue stars denote EHE, the orange
circles GFU Bronze, the green triangles shows GFU Gold, the red diamonds show HESE Bronze, and the purple plus-signs show
HESE Gold alerts.The 90% uncertainty contours at the location of each alert are shown by the dashed ellipses.
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• Angular power spectrum /multiplet searches                                                            

Suggests that HE neutrino sources are not rare                                                                                 
e.g. Murase & Waxman 2014, Feyereisen et al 2018, Dekker 
et al 2020, IceCube Coll 2023, IceCube Coll 2025

• Spatial and temporal correlations with source populations

- 3.6σ signal from accretion flares (Van Velzen et al 2024) 

- Blazars - not updated with IceCat 2 

- Plavin et al 2024: 3.5σ (radio flares), IceCube Coll 2023 
(gamma-ray flares) < 1%
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3C 454

TXS 0506+056

~100 x flux  
~20 x fluence 

strong photon fields 

Podlesnyi, FO arXiv: 2502.12111, in print MNRAS
Blazar flares: 3C 454

https://doi.org/10.1093/mnras/staf1779


Blazar flares: 3C 454

IC120523A, with signalness 50% coincident with 3C454.3 during all time Fermi-LAT low
IceCube Coll ApJ 2023

Insights from the brightest blazar flare 19

Figure 15. The light curve of 3C 454.3 based on the Fermi-LAT � 100 MeV photon flux (blue data points with error bars for detections if the source-detection
test statistic )( � 4 and triangles for ULs otherwise, left ordinate axis) from the Fermi-LAT LCR (Abdollahi et al. 2023), and the corresponding IceCube
daily muon neutrino yield for energies ⇢>

a � 100 TeV (grey curve, right ordinate axis). The Fermi-LAT flare threshold is defined as the 68% percentile of the
distribution of the Fermi-LAT weekly-binned photon fluxes. The mean yearly IceCube muon neutrino rate for ⇢>

a � 100 TeV is shown in the legend along with
the rates averaged over the periods of outbursts highlighted with grey and brown shaded regions. The IceCube muon neutrino alert IC120523B is shown as the
dashed vertical curve.

neutrino SEDs and Fermi-LAT light curves from the LCR. Given
⇡ 12 “pure” muon neutrinos per year observed by IceCube, it im-
plies the 4FGL FSRQs contribute at the level up to ⇠ 0.5 % of the
IceCat-1 yearly muon neutrino rate at energies ⇢

>
a � 100 TeV. Our

model-dependent upper limit is in agreement with (i) the work by
the IceCube Collaboration (Aartsen et al. 2017), where it was shown
that < 27% (< 50%) of the diffuse neutrino flux in the energy range
between ⇠ 10 TeV and ⇠ 2 PeV assuming its power-law spectral in-
dex of �2.5 (�2.2) can be produced by the Fermi-LAT blazars from
the second AGN catalogue; (ii) the work by Murase et al. (2018),
which predicts that the blazar flares contribute up to 1%�10% of the
sub-PeV neutrino diffuse flux; (iii) the paper by Hooper et al. (2019),
which constrained the Fermi-LAT FSRQs’ contribution to the neu-
trino flux to be at the level of Æ 10%; (iv) the study by Yoshida
et al. (2023, see their fig. 12), where, for the linear relation between
the W-ray and a fluxes, the Fermi-LAT 4LAC FSRQs were found to
contribute up toÆ 100% of the IceCube diffuse high-energy neutrino
flux. Thus, our rough model-driven estimate of the maximum con-
tribution of Fermi-LAT FSRQs to the IceCube neutrino flux is lower
by one to two orders of magnitude than the upper limits obtained in
the references above and agrees with the conclusion by Abbasi et al.
(2023b) that a small fraction, < 1%, of bright AGNs emits neutrinos
that pass the IceCube alert criteria.

6.2.1 The case of TXS 0506+056

Although TXS 0506+056 is not classified as an FSRQ in the 4FGL
catalogue (Abdollahi et al. 2020), it still may belong to this class as
pointed out by Padovani et al. (2019) showing that this source may
host BLR and DT external photon fields and a model similar to the
one used for 3C 454.3 may describe the geometry of this source. We
apply the procedure described in Sects. 5.1 and 5.2 to TXS 0506+056.
This results in ⇠ 4⇥ 10�4 IceCube muon neutrinos per year on long-
term average and in ⇠ 10�3 muon neutrinos per year within ±180
days around the IceCube-170922A arrival time (at energies ⇢

>
a �

100 TeV) which lies within the range of different model predictions of
Keivani et al. (2018, table 9) who performed dedicated modelling for

this source specifically with various parametrization of the external
photon field.

6.2.2 Expected neutrino yields in other neutrino telescopes

Other neutrino telescopes under construction, such as the Pacific
Ocean Neutrino Experiment (P-ONE, Agostini et al. 2020), the
Baikal Gigaton Volume Detector (Baikal-GVD, Avrorin et al. 2011),
and the Cubic Kilometre Neutrino Telescope (KM3NeT, Adrian-
Martinez et al. 2016) will have the expected yearly muon neutrino
rate from Fermi-LAT FSRQs comparable to the one in IceCube.
Their combined statistics with IceCube will result in the detection
of a muon neutrino with energy � 100 TeV from Fermi-LAT FSRQs
every 4-5 years. The projected Tropical Deep-sea Neutrino Telescope
(TRIDENT, Ye et al. 2023) with its effective area a factor of ⇠ 10
larger than that of IceCube will detect on average ⇠ 1 muon neu-
trino with energy � 100 TeV from flares in Fermi-LAT FSRQs every
other year. A similar detection rate can be expected from the pro-
posed IceCube-Gen2 (Ishihara et al. 2023). Therefore, in our model,
next-generation neutrino telescopes are expected to detect approxi-
mately one multimessenger (W + a`) flare per year from Fermi-LAT
FSRQs.

7 DISCUSSION

7.1 Location of the W-ray emitting region beyond 'BLR

In contrast to the results of Bonnoli et al. (2011); Hu et al. (2015);
Sahakyan (2021) who also modelled the SED of 3C 454.3 in its
flaring states, we could not obtain a fit with the dissipation radius
G < 'BLR lying within the BLR due to the WW absorption as explained
in Sect. 3.1.5. On the other hand, our conclusion G > 'BLR that the
dissipation radius lies beyond the outer radius of the BLR but not
very far from it is in agreement with recent studies by Zheng et al.
(2017); Costamante et al. (2018); Meyer et al. (2019); Kundu et al.
(2025). Wang et al. (2022) suggested that multi-wavelength flares

MNRAS 000, 1–27 (2025)

N>100 TeV
νμ

≈ 0.1 yr−1 (
Lp/Lγ

10 )
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Delayed neutrinos? 

Fermi-LAT light curves from repository 
Fermi-LAT Coll. (2023, ApJS, 265, 31) 

Neutrino alerts from IceCat-1  
IceCube Coll. (2023, ApJS, 269, 25) 

Doppler factors  
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Delayed neutrinos? 

Observed delay of ~100 d 
corresponds to the jet-frame 
delay of a few 1000 d 

Podlesnyi, FO, submitted (arXiv:2511.01361)

http://www.arxiv.org/abs/2511.01361


Delayed neutrinos? 

Scan over jet-frame delay 

~2σ pre-trial @few x 103 d 

~10% post-trial 

Too few associations? (4 found)  

No universal jet-frame time delay?  

Too large Doppler factor uncertainty? 

Proton and electron acceleration not 
correlated?

Podlesnyi, FO, submitted (arXiv:2511.01361)

http://www.arxiv.org/abs/2511.01361
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Km3-230213A

Auger 2024IC EHE 2025 



KM3-230213A

31

Nature | Vol 638 | 13 February 2025 | 377

The detector was in this configuration from 23 September 2022 until 11 
September 2023, when seven further lines were installed. After remov-
ing data acquired in the detector commissioning phase and during 
detector calibration periods, 287.4 days of data taking were selected for 
analysis with this configuration. During this period, about 110 million 
events were triggered and KM3-230213A is the highest-energy event 
observed. KM3-230213A is visualized in Fig. 1. A total of 28,086 hits 
were registered by the 21 detection lines. Owing to the large amount of 
detected light, the PMTs closest to the muon trajectory are saturated. 
As expected for very-high-energy muons, at least three large showers, 
probably because of energy-loss processes, are observed along the 
track (more details are provided in the Supplementary Materials).

The muon trajectory is reconstructed from the measured times and 
positions of the first hits recorded on the PMTs, using a maximum- 
likelihood algorithm, described in Methods. KM3-230213A is the event 
with the best track log-likelihood among all those collected in this detec-
tor configuration, indicative of a highly relativistic muon travelling 
several hundreds of metres through the detector. The direction of KM3-
230213A is reconstructed as near-horizontal, originating 0.6° above 
the horizon at an azimuth of 259.8° (azimuth angles increase clock-
wise, with north at 0°). The uncertainty on the direction is estimated  
to be 1.5° (68% confidence level), dominated by the present systematic 
uncertainty on the absolute orientation of the detector. The origin of 
this uncertainty is described in Methods. A dedicated sea campaign 
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Fig. 1 | Views of the event. a, Side and top views of the event. The reconstructed 
trajectory of the muon is shown as a red line, along with an artist’s representation 
of the Cherenkov light cone. The hits of individual PMTs are represented by 
spheres stacked along the direction of the PMT orientations. Only the first  
five hits on each PMT are shown. As indicated in the legend, the spheres are 
coloured according to the detection time relative to the first triggered hit. The 
size of the spheres is proportional to the number of photons detected by the 

corresponding PMT. The locations of the secondary cascades, discussed in 
the Supplementary Material, are indicated by the black spheres along the muon 
trajectory. The north direction is indicated by a red arrow. A 100-m scale and 
the Eiffel Tower (330 m height, 125 m base width) are shown for size comparison. 
b, Zoomed-in view of the optical modules that are close to the first two observed 
secondary showers in the event. Here light-blue spheres represent hits that 
arrive within −5 to 25 ns of the expected Cherenkov arrival times.

Extended Data Fig. 4 | Illustration of the topography. Using bathymetric 
data from EMODnet90, a sectional view along the incoming direction and 
position of the event is shown, with the sea shown in blue and the seabed and 
the rock beneath in brown. The x axis indicates the total distance from the 

ARCA site and the y axis and grey lines represent the depth with respect to  
the sea level. The shaded area shows the effect of a variation of ±1.5° in the 
direction reconstruction, corresponding to the 68% error region from the 
evaluation of systematic uncertainties.

7.2 × 1016 eV ≤ Eν ≤ 2.6 × 1018 eV

RA = 94.3∘, δ = − 7.8∘

R(68%) = 1.5∘

R(99%) = 3∘

KM3NeT Coll, Nature, Vol 638 Issue 8050, 2025 
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Why did IceCube not see it? 

31

PoS(ICRC2023)1018

Point source sensitivity with KM3NeT/ARCA6-21 Rasa Muller

Figure 2: Effective area at selection level (left) for the different ARCA detectors for a flux of a` + ā` that
interact in the CC interaction. The effective areas are compared with the ANTARES effective area for upgoing
events. The angular deviation (right) for the ARCA6-8 and ARCA19-21 periods with their corresponding
68% quantiles.

3. Method

3.1 Candidate sources

The 101 astrophysical objects1, are selected based on GeV – PeV information from other
neutrino experiments, cosmic ray experiments as well as electromagnetic measurements. Besides
adding interesting sources from previous point source studies and real time alerts by IceCube and
ANTARES, historically interesting sources were added as well as high-energy W-ray source by the
LHAASOO collaboration. Furthermore the W-ray TeVCat is consulted to select interesting Galactic
sources with a hint for a hadronic component, and active galactic nuclei were selected based on
their maximal flux observed in radio. For the 10% of sources that are spatially extended in the
sky, the detector point spread function is modified with a Gaussian with the spread (f) equal to the
corresponding extension ranging from 0.11 to 1 degrees.

3.2 Analysis method

A binned formalism is used where the compatibility of the data with a point source hypothesis
is tested by means of 2D histograms of distance to the candidate source k in the range [0 � 5] in
degrees, v.s. log10(⇢rec) in the range [1 � 8], in log10(GeV). For each bin 8, there is an estimate of
the number of signal events, S8 , expected for a reference flux qref and the number of background
events, B8 .

1The 101 analysed candidates are:
LMC N132D, HESS J1356-645 , SNR G318.2+00.1, IC-hotspot South hemisphere, HESS J1614-518, PKS 2005-489, HESS J1640-465, RX J0852.0-4622, HESS J1641-463,
VelaX , PKS 0537-441, CentaurusA, PKS 1424-418, J0106-4034, RX J1713.7-3946, CTB 37A, PKS 1454-354, HESS J1741-302, J1924-2914, Galactic center, J2258-2758,
J1625-2527, NGC 253, J0457-2324, J1833-210A, J0836-2016, J1911-2006, J0609-1542, SNR G015.4+00.1, J2158-1501, LHAASO J1825-1326 , QSO 1730-130, J1337-1257,
J2246-1206, PKS 0727-11, TXS 1749-101, HESS J1828-099, J1512-0905, J0607-0834, QSO 2022-077, RS Ophiuchi, J0006-0623, 3C279, LHAASO J1839-0545 , J2225-0457,
4FGL J0307.8-0419, PKS 1741-038, LHAASO J1843-0338 , J0339-0146, J0423-0120, J0725-0054, LHAASO J1849-0003 , NGC 1068, J2136+0041, J1058+0133, J0108+0135,
PKS 0215+015, J1229+0203, TXS 0310+022, 3C403, CGCG 420-01, J0433+0521, TXS 0506+056, HESS J0632+057, LHAASO J1908+0621 , PKS 2145+067, W 49B, OT 081,
PKS 1502+106, J0242+1101, J2232+1143, J0121+1149, J1230+1223, J0750+1231, PKS 1413+135, J0530+1331, W 51, J2253+1608, PKS 0735+178, LHAASO J1929+1745 ,
J0854+2006, RGB J2243+203, LHAASO J0534+2202 , IC 443, PKS 1424+240, MG3 J225517+2409, 2HWC J1949+244, LHAASO J1956+2845 , J0237+2848, J1310+3220,
J1613+3412, LHAASO J2018+3651 , J2015+3710, MGRO J2019+37, Mkn 421, J0927+3902, NGC 4151, Mkn 501, J1642+3948, J0555+3948, LHAASO J2032+41025.

4

IceCube −30∘ ≤ δ ≤ − 5∘

0.05 ≤ NARCA
ν ≤ 4.7 (90 % CL)

IC 1yr : 1 ≤ Nν ≤ 94 (90 % CL)

IC 15yr : 15 ≤ Nν ≤ 1410 (90 % CL)

*similar constraints from the Auger neutrino upper limits 

Neronov, FO, Semikoz, to appear in PRD, arXiv: 2502.12986
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Source fluence: 

BA = <64
C788

∼ 10.* ergcm*

Released energy: 

<9:9 = 2EΘ*F*BA ∼ 10(+ F
1	Gpc

* Θ
1∘

*
	erg

(

Pushkarev et al. 1705.02888

AGN jets: Θ ≃ 1∘ ,
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!"

Beamed hard spectrum transient source?

A neutrino from a year-long transient? 

32

10-yr IceCube limit inconsistent with Km3NeT flux

1-yr IceCube limit consistent with Km3NeT flux (within 90% CL) 

Total neutrino energy 

Compatible with GRB, jetted TDE, blazar flare, but must be rare 
< 0.4 bursts / yr  

EM counterpart? (neutrino beam?) 

Eν = 4πD2 ⋅ ΔTFν = 1054 [ D
1 Gpc ]

2

erg

Neronov, FO, Semikoz, to appear in PRD, arXiv: 2502.12986

sketch by A. Neronov
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Rare Transients:                                                                             
Not sources of the 10–300 TeV neutrinos          
Only viable option for KM3-230213A  

Supernovae and other not so rare transients:                                               
Unconstrained - too many  

Timing:                                                                                     
Neutrinos could be delayed 

Summary 
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Delayed neutrinos? 

Gaussian temporal weights with the centre at  
the anticipated prior maximum of the flare based 
on the neutrino arrival time and jet-frame delay 



Delayed neutrinos? 
Alert Association s⌫ E⌫ [TeV] U⌫ [�

2
] TS⌫ D z

IC120523B 3C 454.3 0.490 168 47.2 0.0787 14.7 0.86
IC150926A 3C 279 † 0.296 216 8.8 0.0617 27.8 0.54
IC160814A PKS 1313-333 † 0.607 263 26.3 0.0117 19.3 1.21
IC211208A PKS 0735+17 † 0.502 171 25.1 0.0036 5.8 0.42
IC150812B PKS 2145+06 † 0.831 508 6.5 0.0025 4.0 1.00
IC140927A PKS 0336-01 † 0.481 182 37.2 0.0019 26.8 0.85
IC170427A RX J0011.5+0058 † 0.383 155 40.3 0.0018 17.3 1.49

S3 0013-00 15.0 1.58
IC120605A OL 318 † 0.385 107 21.1 0.0016 19.9 1.41

B2 1015+35B † 3.6 1.23
IC200614A B2 0202+31 0.415 115 65.1 0.0015 20.5 1.47
IC220225A PKS 0215+015 † 0.378 154 27.2 0.0015 14.6 1.72

Table 2. Top ten neutrino alerts with the highest values of their TS⌫ in the test with the source list
R24+ corresponding to the global minimum of p(t̂0delay) = 0.026 reached at t̂0delay = 1.9⇥ 103 d. The
sum TS for the whole dataset is 0.1734. The symbol † indicates associations requiring the extension
of the original IceCube errors by � = 0.78�. Note the change of values for D w.r.t. Table 1 and that
TXS 0506+056 is absent in R24+.

Doppler factors by [37] and [52] seems to drive the di↵erence in the optimal delays providing
the minima of p-values in Fig. 2. The combination of the source brightness and the prior
�-flux global maximum happening at the anticipated time, together with a relatively small
angular uncertainty of 8.8 sq. deg., result in the second highest value of TS⌫ in both Tables 1
and 2. This association requires the extension of the original IceCube angular uncertainty
contour by � = 0.78�.

5 Discussion and conclusion

The two statistical tests weighing blazar-associated neutrino alerts accounting for the time lag
of the neutrino arrival due to slowness of the proton energy losses in p� interactions and/or
proton acceleration resulted in no evidence of a significant correlation between IceCat-1
alerts and the AGNs from H21+ or R24+ source lists. The low statistical significance of
these associations (. 2�), given the small size, is in line with predictions of [60] and implies
[25, 46, 49] that only a small fraction of AGNs can be associated with IceCube alerts.

A set of non-mutually-exclusive reasons can explain the null results of our search:

• Blazars are ine�cient sources of ⇠ 100 TeV neutrinos. Indeed, in Ref. [27], we esti-
mated from an extrapolation of a leptohadronic model for the brightest blazar flare
of 3C 454.3 to the whole population of Fermi -LAT FSRQs that, on long-term aver-
age, they produce ⇠

�
⇢p/e/130

�
⇥ 0.5% of IceCube neutrinos at energies greater than

100 TeV, where ⇢p/e is the ratio of the proton and electron energy densities, which is
a proxy of the baryon loading factor (the ratio of the proton and �-ray luminosities).
Taking this rough estimate at face value, given N⌫ = 348 IceCat-1 alerts with their
median signalness of 0.41, we obtain 0.71 expected neutrinos from Fermi -LAT FSRQs,
which naively implies O(1) AGN-neutrino associations, assuming that other types of
Fermi -LAT AGNs contribute to the neutrino flux similarly.

– 10 –



Delayed neutrinos? 

in Fig. 2 occur by chance in ppost�trial H21+ = 14% (1.06�) and ppost�trial R24+ = 11% (1.21�)
among mock datasets for the tests with H21+ and R24+ source lists respectively. Thus,
none of the obtained p-values show evidence of a significant association between IceCat-1
neutrinos and AGNs from the considered source lists.

We note that the optimal delay t̃0
delay

= 7.7⇥ 103 d for H21+ is by 4 times greater than

t̂0
delay

= 1.9 ⇥ 103 d for R24+. This is driven by the substantial di↵erence in the Doppler
factors (compare Tables 1 and 2) of 3C 454.3 and 3C 279, that contribute 53% of the total
TS for the former and 80% of the total TS for the latter: Ref. [37] estimates the Doppler
factor of 3C 279 by a factor of five larger than [56], and the Doppler factor of 3C 454.3 by a
factor of three larger than [56].

We show examples of two blazar light curves for associated alerts with the two highest
values of TS⌫ in both of the two tests performed in Fig. 3.

The most significant association is driven by the alert IC120523B6 associated with the
brightest Fermi -LAT blazar flare of the FSRQ 3C 454.3, which happened in November 2010
[27, 53, 54]. Despite large angular uncertainty of 47.2 sq. deg., the exceptional brightness of
3C 454.3 during that flare and that the neutrino arrival delay in the Earth frame is not far
from the anticipated (t0

delay
(1 + z)/D) for the both tested source lists, provides the highest

value of TS⌫ in both Tables 1 and 2. 3C 454.3 is well within the original IceCube angular
uncertainty contour lying in 0.73� from the best-fit arrival direction of IC120523B, and this
association does not require its extension by �.

3C 279 is the second brightest FSRQ in the Fermi -LAT 4FGL catalogue [40]. The
neutrino IC150926A arrives around 100 d (mind the finite size of one month of the Fermi -
LAT light curves) after the bright but short multiwavelength flare of 3C 279 happened around
MJD 57 200 detected as well in X-rays and optical photons [57–59]. The peak of the flare is in
perfect agreement with the anticipated neutrino lagging by (t0

delay
(1 + z)/D) for both H21+

and R24+ source lists. As we mentioned above, the four-times di↵erence in estimates of

6
In the original publication of [25], this alert had a name IC120523A, which was also given to another alert

in the catalogue; in the updated version of IceCat-1 [33], the alert has the name IC120523B.

Alert Association s⌫ E⌫ [TeV] U⌫ [�
2
] TS⌫ D z

IC120523B 3C 454.3 0.490 168 47.2 0.1287 45.3 0.86
IC150926A 3C 279 † 0.296 216 8.8 0.0617 140.2 0.54
IC170922A PKS 0502+049 † 0.631 264 7.1 0.0432 24.6 0.95

TXS 0506+056 1.8 0.34
IC221223A B2 2308+34 † 0.795 353 7.5 0.0181 22.8 1.82
IC180608A PKS 0440-00 † 0.396 158 11.3 0.0168 3.5 0.45
IC160727A 4C +14.23 † 0.296 105 14.9 0.0082 13.9 1.04
IC181023B TXS 0518+211 † 0.427 136 11.5 0.0071 2.7 0.11
IC131014A MG1 J021114+1051 † 0.665 293 6.3 0.0071 6.3 0.20
IC190410A PKS 2029+121 0.280 105 44.6 0.0050 28.3 1.22

PKS 2032+107 9.7 0.60
IC120515A OP 313 0.613 194 13.3 0.0039 24.2 1.00

Table 1. Top ten neutrino alerts with the highest values of their TS⌫ in the test with the source list
{H2+} corresponding to the local minimum of p(t̃0delay) = 0.037 reached at t̃0delay = 7.7⇥ 103 d. The
sum TS for the whole dataset is 0.3577. The symbol † indicates associations requiring the extension
of the original IceCube errors by � = 0.78�.

– 9 –



Comparison to Padovani 2024P. Padovani et al.: The neutrino background from non-jetted active galactic nuclei
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Fig. 1. Computed all-flavour neutrino background derived from an X-ray AGN population synthesis. Dark blue curves show the computed neutrino
backgrounds for source populations integrated up to the distance of NGC1068 and redshift z = 5 (dash-dotted and dotted, respectively). A high-
energy extrapolation up to 107 GeV is added to the integrated spectrum for z = 5 and combined with the blazar neutrino background model by
Padovani et al. (2015) (dash-dotted grey curve) to highlight the structure of the combined AGN neutrino background flux (“double-humped” red
solid curve). The estimated uncertainty on the integrated neutrino component from X-ray AGN is assumed to be 0.5 dex (dark blue band). Also
shown are the current best-fit astrophysical di↵use neutrino flux and the segmented neutrino flux fit assuming an E�2 energy spectrum in each bin
(green area and black points: Naab et al. 2023), IceCube upper limits from stacking analyses for non-blazar AGN (grey solid line: Privon et al.
2023), and the point-source neutrino flux of NGC1068 (blue area: Abbasi et al. 2022).

may su↵er from significant limitations when tiny redshift (dis-
tance) intervals are considered, primarily because of statistical
fluctuations. The shape and evolution of the AGN XLFs are in
fact derived from samples of thousands of objects distributed
up to large cosmological distances (z . 5). By contrast, only
three AGN with intrinsic L0.5�2keV > 1042 erg s�1 (the luminosity
limit used in our integrations), including NGC 1068, fall within
10.1 Mpc, as derived from the BASS DR2 catalogue (Koss et al.
2022). The number of sources predicted by the assumed XLFs
within this small volume is then bound to be somewhat inaccu-
rate, whereas it becomes more precise, up to a few percent level,
when integrating over the full redshift range (dotted blue curve
in Fig.1).

Our results are crucially model-independent. This means that
any model capable of reproducing the IceCube data for NGC
1068 would yield very similar curves in the energy range covered
by current neutrino data. Consequently, our conclusions hold re-
gardless of the specific mechanism driving neutrino emission in
this source.

To try to get the bigger picture we added a high-energy ex-
trapolation up to 107 GeV to the whole AGN integrated spectrum
and then combined it with the blazar neutrino background model

by Padovani et al. (2015)3 (dash-dotted grey curve). Our overall
results are shown by the “double-humped” red solid curve and
present a possible scenario where non-jetted AGN contribute
mostly to the low-energy (. 1 PeV) IceCube di↵use whereas
blazars dominate the high-energy part. This would be in tantalis-
ing agreement with the dip in the data at ⇠ 300 TeV, which might
then be related to the fall of the non-jetted AGN contribution and
the rise of the blazar one.

Can we improve on our predictions? Preliminary results indi-
cate that the IceCube data associated with the selection of Seyfert
galaxies in the Northern Sky, in particular NGC 4151 and CGCG
420-015, are inconsistent with the neutrino background at the
2.7� level of significance (Abbasi et al. 2023). Moreover, the
IceCube search for high-energy neutrino emission from hard X-
ray AGN has reported NGC 4151 at a significance level of 2.9�
level (Privon et al. 2023). Using the IceCube fluxes and spectral
slopes for these two sources (Qinrui, L. and IceCube Collabo-
ration 2023) and typical X-ray data (powers and spectra) from
Wang et al. (2010) and Tanimoto et al. (2022) respectively, we
derive X-ray to neutrino flux ratios ⌫ f⌫|1 keV/⌫ f⌫|4 TeV ⇠ 5.4 and
⇠ 0.5, i.e. ⇠ 6 and ⇠ 60 times lower than for NGC 1068. At face
3 As explained in Padovani et al. (2022), the blazar curve is scaled
down by a factor ⇠ 6.2 as compared to the original one not to violate
the upper limits of Aartsen et al. (2016).
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