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Thursday: generic source properties 

Friday: jetted active galactic nuclei

Today: starburst galaxies, gamma-ray bursts, tidal-disruption events
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Scorecard 
Stacking UL 

BL Lacs !   "   ! " ~20%

FSRQs !   "   ! " ~20%

FR I !   !   ! ! ~20%

FR II !   !   ! ! ~20%

Non-jetted AGN 

Starburst galaxies  

HL GRBs

LL GRBs

TDEs

·νUHECR nγEUHECR
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Cosmic-ray accelerators that satisfy the confinement requirement 
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Non-jetted AGN
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Fig. 1. Spectra in the region of Hβ of the NLS1 Mrk 42 (center), the Sy1 NGC3516
(below), and the Sy2 Mrk 1066 (above).

by the fact that the lines were sufficiently narrow that you could definitively
identify the components of line blends that are otherwise just undifferentiated
emission “humps” in normal Seyfert 1s or QSOs. The unusually narrow lines
of I Zw1’s were not lost on others, for example Oke & Lauer (17) who in 1979
commented that “I Zw1 is not a typical type 1 Seyfert since the permitted
and forbidden lines are of comparable breadth”.

The first connection between NLS1s and objects like I Zw1 was made by
Halpern & Oke (12) in their 1987 study of Mrk 507 and 5C3.100. They were
drawn to these objects by their unusually large X-ray luminosities compared
to other Seyfert 2s. Their superior spectra showed that these objects were, in
fact, not Seyfert 2s, but rather had spectra like I Zw1 (strong Fe ii and narrow
permitted lines). This made them NLS1s with luminosities near the high-end
of the range for Seyfert 1s. This paper is also notable in that they are the first

3
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Non-jetted AGN4 P. Padovani et al.

Non-jetted AGN
Jet (HSP)
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Fig. 1 A schematic representation of an AGN spectral energy distribution (SED), loosely based on the observed SEDs of non-jetted quasars (e.g.
Elvis et al., 1994; Richards et al., 2006a). The black solid curve represents the total emission and the various coloured curves (shifted down for
clarity) represent the individual components. The intrinsic shape of the SED in the mm-far infrared (FIR) regime is uncertain; however, it is widely
believed to have a minimal contribution (to an overall galaxy SED) compared to star formation (SF), except in the most intrinsically luminous
quasars and powerful jetted AGN. The primary emission from the AGN accretion disk peaks in the UV region. The jet SED is also shown for a
high synchrotron peaked blazar (HSP, based on the SED of Mrk 421) and a low synchrotron peaked blazar (LSP, based on the SED of 3C 454.3;
see Sect. 6.1). Adapted from Harrison (2014). Image credit: C. M. Harrison.

which gives the class or acronym in col. (1), its meaning in
col. (2), and the main properties or a reference to a relevant
paper in col. (3).

Reality is much simpler, however, as we know that most
of these seemingly di↵erent classes are due to changes in
only a small number of parameters, namely: orientation (e.g.
Antonucci, 1993; Urry & Padovani, 1995; Netzer, 2015), ac-
cretion rate (e.g. Heckman & Best, 2014), the presence (or
absence) of strong jets (e.g. Padovani, 2016), and possibly
the host galaxy and the environment. Sorting out these issues
is a pre-requisite to understand AGN physics and the role
AGN play in galaxy evolution (e.g. Alexander & Hickox,
2012).

To go beyond taxonomy and paint the AGN “big pic-
ture”, which comes out of multi-wavelength surveys, and
understand the truly intrinsic and fundamental properties of
AGN, the workshop “Active Galactic Nuclei: what’s in a
name?” was organised at ESO, Garching, between June 27
and July 1, 2016. This was done by discussing AGN selec-
tion and physics in all bands and by addressing:

– the di↵erent types of AGN selected in the various spec-
tral bands;

– the similarities and di↵erences they display;
– the impact of selection e↵ects on the interpretation of the

results;
– the physical mechanism(s) behind emission in a given

band;
– the e↵ective range of black hole (BH) mass (MBH) and

Eddington ratios2 (L/LEdd) probed by each selection method;
– the possible limitations of current observations and/or

facilities.

The workshop consisted of seven di↵erent sessions: ra-
dio, IR, optical, X-ray, �-ray, variability, and multi-frequency.
All of the sessions (with the exception of the multi-frequency
one) were introduced by a review talk which set the scene,
followed by contributed talks, for a total of eighty-six speak-
ers, 48% of whom were women. Sixty-seven posters com-
pleted the programme. A summary talk and a discussion

2 The ratio between the observed luminosity and the Eddington lu-
minosity, LEdd = 1.3 ⇥ 1046 (M/108M�) erg/s, where M� is one solar
mass. This is the maximum isotropic luminosity a body can achieve
when there is balance between radiation pressure (on the electrons)
and gravitational force (on the protons).

Padovani et al 2017 AGN: What’s in a name? 
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Fig. 1.— Locations of the sources in the Clean Sample in Galactic (top) and J2000 equatorial

(bottom) coordinates and Hammer-Aitoff projection.

Non-jetted AGN Fermi-LAT Fourth AGN Catalogue,2019

70 (2%) “other’’ AGN 
~10 non-jetted AGN 



Swift-BAT 105-month hard-X-ray catalogue 2018Non-jetted AGN
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X-ray absorbers in AGN 
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X-ray absorbers in AGN 

103

Compton hump

soft excess

Warm absorber Iron line

Figure 6.3. Average total spectrum (thick black line) and main components (thin
grey lines) in the X-ray spectrum of a type I AGN. The main primary continuum
component is a power law with an high energy cut-off at E∼ 100−300 keV, absorbed at
soft energies by warm gas with NH ∼ 1021 − 1023 cm−2. A cold reflection component
is also shown. The most relevant narrow feature is the iron Kα emission line at
6.4 keV. Finally, a “soft excess” is shown, due to thermal emission of a Compton thin
plasma with temperature kT ∼ 0.1− 1 keV.

column density NH > 1.5 × 1024 cm−2 (i.e., ∼ 1/σT ) and is not fully
ionized, the reflected component has a spectrum like the one shown in
Figure 6.3 (the actual shape slightly varies, depending on the geometry
and chemical composition of the reflector). The main features of this
reflection component are a continuum due to electron scattering with
a peak at ∼ 30 keV, and a cut-off at 4 − 5 keV due to photoelectric
absorption of the lower energy incident radiation. The reflection effi-
ciency is typically a few percent of the direct emission in the 2− 10 keV
range because of photoelectric absorption, rising to ∼ 30% at the 30 keV
peak for a Compton-thick reflector covering a significant fraction of the
solid angle (Ghisellini et al. 1994). The efficiency drops if the reflect-
ing medium is Compton thin (in this case part of the incident radiation
escapes without interaction).

A warm, ionized reflector must be present in the central region of
many AGN (since we see a “warm absorber” in ∼50% of Seyfert 1 galax-

hot corona

disk 
reflected  
corona 

emission

Risaliti & Elvis 2004 

Beckmann & Shrader 2012



Observed in ~40% of 
radio loud and radio  

quiet AGN  

v ~ 0.03 - 0.3 c  

(Tombesi et al 
2010,2011, 2012, 2014) 

Laha et al 2020

Observed in ~50% of 
Seyfert I
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Can UFOs accelerate UHECRs?  

105

𝑟2𝑢 𝑟 𝜕𝑟𝑓 = 𝜕𝑟 𝑟2𝐷 𝑟, 𝑝 𝜕𝑟𝑓 + 1
3𝜕𝑟 𝑟

2𝑢 𝑟 𝑝𝜕𝑝𝑓 + 𝑟2𝑄 𝑟, 𝑝 − 𝑟2Λ(𝑟, 𝑝)

Acceleration and transport model

5
Website: http://www.astro.wisc.edu/~gvance/index.html
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Can UFOs accelerate UHECRs? 

Lots of photopion interactions: PeV Neutrinos! 
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Figure 13. Expected cosmic-ray flux at Earth from the population of UFOs for
a rescaled, injected composition of 𝐿p : 𝐿He : 𝐿N = 27% : 8% : 65% (solid
lines). The extragalactic, high-energy component of Scenario B of Halim
et al. (2023) is also shown with a purple dot-dashed line.

4.3.4 Neutrinos

If UHECRs are accelerated in UFOs we expect a significant high-
energy neutrino flux (see also P23) given their interactions with
the photon fields in the vicinity of the AGN. Additional neutrinos
are produced during the extragalactic propagation of the escaping
cosmic rays. Here, we present the neutrinos that must accompany the
UHECR signal if UFOs are major sources of the sub-ankle UHECRs.

Fig 14 shows the all-flavour neutrino flux from the UFO popu-
lation, estimated in the same way as the cosmic-ray flux in Fig 13
and including neutrinos from the extragalactic propagation which we
calculated with CRP!"#$ out to 𝐿 = 1.56. Here, we do not show the
entire range of possible UHECR emissivities shown in Fig. 12. In-
stead, we choose a UHECR emissivity su!cient to match the UHECR
observations below the ankle as in Fig. 13. If the majority of observed
UHECRs in the transition region are produced by UFOs, there is a
guaranteed accompanying neutrino flux that peaks at → 5 PeV and
can, depending on the redshift evolution of the UFO population, pro-
vide a significant contribution to the observed, di"use neutrino flux
above 1 PeV. A large flux at ultra-high energy (𝑀𝑀 ↭ 1017 eV) is not
expected because of the limited maximum energy of most UFOs. The
di"use UFO neutrino signal is consistent with the neutrino excess in
the direction of non-jetted AGN reported in Abbasi et al. (2022a). In
Apx. B, we present an astrophysically motivated UHECR composi-
tion scenario and discuss the detectability of neutrino point sources
from the UFO population. In older outflows, where the wind termi-
nation shock and the forward shock are further away from the AGN,
the expected neutrino flux may be reduced because of a reduction of
in-source interactions.

6 We have checked using the analytical approach of Dermer & Menon (2009)
– see their Eq. 4.54 – and assuming that the redshift evolution of UFOs follows
the star formation rate of Yüksel et al. (2008) that integrating out to redshift
𝑁 = 5 increases the neutrino intensity by less than 1%.
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Figure 14. Expected all-flavour neutrino flux from the UFO population if
they produce a major fraction of the UHECR di"use flux below the ankle
(see Fig.13); for a typical outflow age of 1000 yrs. The bands bracket the
uncertainty of the UFO redshift evolution; AGN-like (Ueda et al. 2014) (upper
limit) and no redshift evolution (lower limit). We also show the measured
IceCube di"use, single power law (SPL) neutrino flux (Naab et al. 2023) and
the upper limits from the EHE analysis (Abbasi et al. 2023).

5 DISCUSSION

5.1 Maximum energy of cosmic rays

We have studied the maximum energy that cosmic-ray nuclei can
reach in the termination shocks of mildly-relativistic ultra-fast out-
flows. Such UFOs are observed in about 50% of AGN. We found that
in typical UFOs, the energy of escaping cosmic-ray nuclei is limited
by photodisintegration to about 𝑀 → 1016 ↑ 1017 eV. This is a result
of confinement by substantial magnetic fields O(0.01 ↑ 1 G) in the
vicinity of the AGN, where the nuclei lose energy via interactions
with strong photon fields. The dominant photon fields are those of
the accretion disc and the dust torus. The most promising sources,
approximately 5↑ 15% of outflows in the investigated sample, reach
energies exceeding → 1018 eV for iron, and one source (NGC 7582)
reaches 1019 eV; see Table 3. Protons experience lower energy losses
than nuclei during the escape process, in part due to intermediate
conversion to neutrons that escape the UFO easily. Approx. 70%
of the luminosity injected in protons at the wind termination shock
escapes the UFO environment as high-energy protons, whereas for
nuclei only 10↑ 30% escapes in the form of high-energy cosmic-ray
nuclei with mass comparable to the injected primary. In the 86 inves-
tigated UFOs, protons attain the highest energies after escape among
the nuclear species studied (p, He, N, Si, Fe) in 81 outflows, despite
the maximum energy at acceleration being larger for iron in all inves-
tigated outflows. Up to 25% of the investigated UFOs can provide a
significant flux of protons with an energy greater than 1018 eV, with a
maximum of 1018.4 ↑1018.6 eV in four outflows. The highest-energy
protons can reach energies of 1018 eV or more (considering 𝑀sup,10)
in approximately 60% of the investigated UFOs. Due to strong photo-
disintegration, most ultra-fast outflows are unlikely to be the sources
of the observed UHECR nuclei above the ankle. However, nuclei
might escape during low-emission states of the AGN, as we demon-

MNRAS 000, 1–29 (2025)
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Fig. 1.— Locations of the sources in the Clean Sample in Galactic (top) and J2000 equatorial

(bottom) coordinates and Hammer-Aitoff projection.
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Non-jetted AGN contribution to the cosmic-neutrino flux
Non-jetted AGN

consistent with  
27% - 100%

IceCube Coll 2022, PRDcould account for 27-100% of diffuse
neutrino flux at 100 TeV 

3

find that for luminous AGN the Bethe-Heitler pair pro-
duction (pγ → pe+e−) is the most important cooling pro-
cess because of copious disk photons, which determines
the proton maximum energy. For our model parameters,
the CR spectrum has a cutoff at εp ∼ 0.1−1 PeV, leading
to a cutoff at εν ∼ 5− 50 TeV in the neutrino spectrum.
Note that all the loss timescales can uniquely be evalu-
ated within our disk-corona model, and this result is only
sensitive to η and q for a given set of coronal parameters.
Although the resulting CR spectra (that are known to
be hard) are numerically obtained in this work, we stress
that spectra of pγ neutrinos are independently predicted
to be hard, because the photomeson production occurs
only for protons whose energies exceed the pion produc-
tion threshold [10, 77]. The CR pressure to explain the
neutrino data turns out to be ∼ (1−10)% of the thermal
pressure, by which the normalization of CRs is set.
For coronae considered here, the infall and dissipation

times are tfall $ 2.5 × 106 s α−1
−1(R/30)3/2RS,13.5 and

tdiss $ 1.7×105 s (R/30)3/2RS,13.5β1/2, respectively. The
Coulomb relaxation timescales for protons [e.g., tC,pe ∼
4 × 105 s (R/30)RS,13.5(τT /0.5)

−1(kBTe/0.1 MeV)3/2]
are longer than tdiss (especially for β <∼ 1), so turbu-
lent acceleration may operate for protons rather than
electrons (and acceleration by small-scale magnetic re-
connections may occur [80, 81]). This justifies our as-
sumption on CR acceleration (cf. Refs. [77, 82–84] for
RIAFs).
Connection between 10–100 TeV neutrinos and MeV

gamma rays.— Accelerated CR protons interact with
matter and radiation modeled in the previous section,
producing secondary particles. We compute neutrino
and gamma-ray spectra as a function of LX , by utiliz-
ing the code to solve kinetic equations with electromag-
netic cascades taken into account [85, 86]. Secondary
injections by the Bethe-Heitler and pγ processes are
approximately treated as ε2e(dṄ

BH
e /dεe)|εe=(me/mp)εp ≈

t−1
BHε

2
p(dNCR/dεp) [87–89], ε2e(dṄ

pγ
e /dεe)|εe=0.05εp ≈

(1/3)ε2ν(dṄ
pγ
ν /dεν)|εν=0.05εp ≈ (1/8)t−1

pγ ε
2
p(dNCR/dεp),

and ε2γ(dṄ
pγ
γ /dεγ)|εγ=0.1εp ≈ (1/2)t−1

pγ ε
2
p(dNCR/dεp).

The cascade photon spectra are broad, being determined
by the energy reprocessing via two-photon annihilation,
synchrotron radiation, and inverse Compton emission.
The EGB and ENB are numerically calculated via the

line-of-sight integral with the convolution of the x-ray
luminosity function given by Ref. [16] (see also Supple-
mental Material, which includes Refs. [90–97]). Note that
the luminosity density of AGN evolves as redshift z, with
a peak around z ∼ 1 − 2, and our prescription enables
us to simultaneously predict the x-ray background, EGB
and ENB. The results are shown in Fig. S5, and our AGN
corona model can explain the ENB at ∼ 30 TeV energies
with a steep spectrum at higher energies (due to differ-
ent proton maximum energies), possibly simultaneously
with the MeV EGB. We find that the required CR pres-
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FIG. 3: EGB and ENB spectra in our AGN corona model.
The data are taken from Swift BAT [15] (green), Nagoya
balloon [98] (blue), SMM [99] (purple), COMPTEL [100]
(gray), Fermi LAT [101] (orange), and IceCube shower events
(black) [5] (consistent with the global fit [4]). Solid thick
(thin) curves are for β = 1 and q = 5/3 (β = 3 and q = 3/2
with the reacceleration contribution), respectively.

sure (PCR) is only ∼ 1% of the thermal pressure (Pth), so
the energetics requirement is not demanding in our AGN
corona model (see Supplemental Material).
Remarkably, we find that high-energy neutrinos are

produced by both pp and pγ interactions. The disk-corona
model indicates τT ≈ npσTRRS/

√
3 ∼ 0.1 − 1, leading

to the effective pp optical depth

fpp ≈ tesc/tpp ≈ np(κppσpp)R(c/Vfall)

∼ 2 (τT /0.5)α
−1
−1(R/30)1/2, (1)

where σpp ∼ 4 × 10−26 cm2 is the pp cross section,
κpp ∼ 0.5 is the proton inelasticity, and Vfall = αVK is
the infall velocity. Coronal x rays provide target photons
for the photomeson production, whose effective optical
depth [10, 102] for τT <∼ 1 is

fpγ ≈ tesc/tpγ ≈ ηpγ σ̂pγR(c/Vfall)nX(εp/ε̃pγ−X)ΓX−1

∼ 2
ηpγLX,44(εp/ε̃pγ−X)ΓX−1

α−1(R/30)1/2RS,13.5(εX/1 keV)
, (2)

where ηpγ ≈ 2/(1 + ΓX), σ̂pγ ∼ 0.7 × 10−28 cm2

is the attenuation pγ cross section, ε̄∆ ∼ 0.3 GeV,
ε̃pγ−X = 0.5mpc2ε̄∆/εX $ 0.14 PeV (εX/1 keV)−1, and
nX ∼ LX/(2πR2cεX) is used. The total meson produc-
tion optical depth is given by fmes = fpγ + fpp, which al-
ways exceeds unity in our model. Note that the spectrum
of pγ neutrinos should be hard at low energies, because
only sufficiently high-energy protons can produce pions
via pγ interactions with x-ray photons.
Note that ∼ 10 − 100 TeV neutrinos originate from

∼ 0.2 − 2 PeV CRs. Unlike in previous studies ex-
plaining the IceCube data [103, 104], here in fact the

NB: Different 
energy range 
than 
NGC 1068

NGC 1068
(medium 
energy ν) this 

work

this 
work
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several mechanisms proposed and consistent with this signal
E.g. UFOs (Ehlert, FO, Peretti 2025)



NEUTRINO ASTROPHYSICS

Evidence for neutrino emission from the nearby
active galaxy NGC 1068
IceCube Collaboration*†

A supermassive black hole, obscured by cosmic dust, powers the nearby active galaxy NGC 1068. Neutrinos,
which rarely interact with matter, could provide information on the galaxy’s active core. We searched for
neutrino emission from astrophysical objects using data recorded with the IceCube neutrino detector between
2011 and 2020. The positions of 110 known gamma-ray sources were individually searched for neutrino
detections above atmospheric and cosmic backgrounds. We found that NGC 1068 has an excess of 79þ22

"20
neutrinos at tera–electron volt energies, with a global significance of 4.2s, which we interpret as associated
with the active galaxy. The flux of high-energy neutrinos that we measured from NGC 1068 is more than an
order ofmagnitude higher than the upper limit on emissions of tera–electron volt gamma rays from this source.

O
bservations of high-energy cosmic rays
(protons and atomic nuclei from space),
up to 1019 to 1020 eV (1–3), have demon-
strated that powerful cosmic particle
accelerators must exist, but their nature

and location remain unknown. Interstellarmag-
netic fields change the direction of charged
cosmic particles during their propagation to
Earth, concealing their sources. High-energy
photons and neutrinos are not deflected, so
they could be used to locate the cosmic accel-
erators. Both travel along straight paths and
are produced wherever cosmic rays interact
with ambient matter or light, in or near the
acceleration sites (4, 5). Depending on the en-
vironment in which these interactions occur,
gamma rays could rapidly lose energy through
several processes, including pair-production
in interactions with lower-energy photons.
Above tera–electron volt energies, gamma rays
are strongly absorbed over cosmological dis-
tances through interactions with the extragalac-
tic background light and the cosmic microwave
background (6). Neutrinos are not affected by
intergalactic absorption, so they could poten-
tially be used to probe tera–electron volt cos-
mic accelerators.
Active galaxies, those that host an active ga-

lactic nucleus (AGN) (7), are characterized by a
very bright central region powered by the ac-
cretion of material onto a supermassive black
hole (SMBH). The accretion flow of matter into
the SMBH is usually surrounded by an obscur-
ing, dusty torus, causing the observable char-
acteristics of an AGN to depend on the viewing
angle from Earth. For example, Seyfert II gal-
axies (8) are thought to be viewed edge on, with
the line of sight passing directly through the
obscuring torus (9). In some cases, the AGN
can launch a strong, narrow jet of accelerated
plasma. If such a jet is oriented close to the line

of sight, the AGN is observed as a blazar (10).
AGNs are potential neutrino emitters (11, 12); if
a plasma jet is present, it might dominate the
emission (13, 14).
The IceCube Neutrino Observatory (15) is

based at the Amundsen-Scott South Pole Sta-
tion in Antarctica and has been operating since
2010. The observatory uses 1 km3 of optically
transparent glacial ice as a detection medium
to measure Cherenkov light—ultraviolet and
blue photons emitted by charged secondary
particles traveling at a speed above the phase
velocity of light in the ice. These relativistic
(close to the speed of light) secondary particles
are produced when neutrinos interact with
nuclei in or near the instrument. A total of
5160 digital optical modules (DOMs) are in-
stalled on 86 vertical cables (strings), spaced
125 m apart to form a three-dimensional array
in the ice. Each DOM records the number of
induced photoelectrons (charges) as a func-
tion of time.

Themeasured flux of astrophysical neutrinos
(16) is largely isotropic, equally distributed among
neutrino flavors, and can be described by a sin-
gle power-law energy distribution that extends
from ~10 TeV to peta–electron volt energies
(17, 18). A specific source of high-energy cosmic
neutrinos was reported after the spatial and
temporal coincidence of a high-energy IceCube
neutrino (19) with a gamma-ray flaring blazar,
TXS 0506+056 (20–22). TXS 0506+056 con-
tains a typical accretion disk and a dusty torus,
which emits high-energy radiation and, possi-
bly, cosmic rays (22). Neutrinos detected using
IceCube were correlated with a catalog of 110
known gamma-ray emitters, with a signifi-
cance of 3.3s (23). The individual sources that
made the largest contribution to the total sig-
nificance of that catalog were the active gal-
axy NGC 1068 and the blazars TXS 0506+056,
PKS 1424+240, and GB6 J1542+6129. The signif-
icance of the neutrino excess from the direc-
tion of NGC 1068 was reported as 2.9s, which
is insufficient to claim a detection (23).

Searching for point-like neutrino emission

We analyzed data collected with IceCube be-
tween 13May 2011 and 29May 2020. This period
begins with the installation of the full 86-string
detector configuration. Previous searches for
cosmic neutrino sources (23) included data
collected with the incomplete detector with
fewer strings going back to 2008 and the full
detector up to the spring of 2018.We only used
the full detector data because our methods de-
pendonuniformly processeddata. The IceCube
dataset we used (24) has consistent selection
criteria (25). We reprocessed these data uni-
formly to remove data sample fragmentation,
align different data-taking conditions and cal-
ibrations, and improve event reconstructions

RESEARCH
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Fig. 1. Sky map of the scan for point sources in the Northern Hemisphere. The color scale indicates the
logarithm of the local P value (Plocal) obtained from our maximum likelihood analysis, evaluated (with the
spectral index as a free parameter) at each location in the sky. The map is shown in equatorial coordinates on
a Hammer-Aitoff projection. The black circles indicate the three most significant objects in the source list
search, which are labeled. The circle around NGC 1068 contains the most significant location in the Northern
Hemisphere, shown in higher resolution in Fig. 2A.
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Neutrino emission from NGC 1068
The high-resolution scan around the most sig-
nificant location in the Northern Hemisphere
is shown in Fig. 2A, with NGC 1068 located
inside the 68% confidence region. The posi-
tion of NGC 1068 produced m̂ns ¼ 79þ22

#20 more
events than expected from the atmospheric
and diffuse astrophysical neutrino backgrounds.
Figure 2B shows the distribution of the angu-
lar separation of these events from NGC 1068.
Among the 79 most contributing events, 63
were included in a previous analysis (23). The
systematic uncertainty on m̂ns is ~2 events (26).
The measured spectral index is ĝ ¼ 3:2þ0:2

#0:2
with an estimated systematic uncertainty of
±0.07 (26), consistent with previous results
(23). We estimate these systematic uncertain-
ties by analyzing simulated data, assuming a
source with flux equal to the onemeasured for
NGC 1068 but varying assumptions about the
detector response (26). Systematic uncertainties
arise mainly from the modeling of the photon
propagation in the glacial ice—e.g., scattering
and absorption—and the efficiencywithwhich
photons are detected by the IceCube optical
modules. Systematic uncertainties are smaller
than statistical uncertainties fordirectional track
reconstructions (26) but have a nonnegligible
effect on the energy reconstructions.
The properties of the source spectrum are

shown in Fig. 3, which shows the likelihood
as a function of the model parameters (F0, g)
evaluated at the coordinates of NGC 1068.
The conversion of m̂ns to the flux F0 accounts
for the contribution from tau neutrino in-
teractions (which produce muons) assuming
an equal neutrino flavor ratio. The best-fitting
flux averaged over the data-taking period,
at a neutrino energy of 1 TeV, is F1Tev

nmþ!nm ¼
5:0 Tð 1:5stat T 0:6sysÞ & 10#11 TeV#1 cm#2s#1.
This systematic uncertainty was estimated by
varying the flux normalization under differ-
ent ice and detector properties, such that we
reproduce the observed values of ĝ and m̂ns in
the median case.
Our analysis assumed that the spectrum fol-

lows an unbroken power law over the entire
energy range of the dataset. However, our re-
sults show that the main contribution to the
excess (and thus the measured spectral index
and flux normalization) comes from neutrinos
in an energy range from 1.5 to 15 TeV, which
contributes 68% to the total test statistic. Out-
side this energy range, the data do not strong-
ly constrain the inferred flux properties. Our
results strengthen the suggestion (23) that
NGC 1068 could be a neutrino source; we find
a higher statistical significance for this result
(4.2s versus 2.9s).
Incrementally removing themost contribut-

ing neutrino events one by one from the vicinity
of NGC 1068 shows that the excess persists,
which indicates that it is not dominated by
one or a few single events but is the result of

an accumulation of neutrinos (26). We visually
inspected all neutrino events contributing to
the excess from NGC 1068, finding typical, well-
reconstructed, horizontal, and approximately
tera–electron volt–energy tracks with no sign

of unexpected contamination or anomalies
(26). Out of the 20 events contributing the
most to the test statistic, 19were included in the
previous analysis (23). Although the location is
therefore dominated by the same neutrinos, the
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Fig. 4. Multimessenger spectral energy distribution of NGC 1068. Gray points show multifrequency
observations (data sources listed in table S1). Dark and light green points indicate gamma-ray observations
at 0.1 to 100 GeV (40, 41) and >200 GeV (42), respectively. Arrows indicate upper limits, and error bars
are 1s confidence intervals. The solid, dark blue line shows our best-fitting neutrino spectrum with the
dark blue shaded region indicating the 95% confidence region. We restrict this spectrum to the range
between 1.5 and 15 TeV, where the flux measurement is well constrained (26). Two theoretical predictions
are shown for comparison: The light blue shaded region and the gray line show the NGC 1068 neutrino
emission models from (52, 55) and (53), respectively. The shaded region covers possible values of the
gyrofactor 30 ≤ hg ≤ 104 used to describe uncertainty in the efficiency of the underlying particle acceleration
(55). All fluxes F are multiplied by the energy squared E2.

Fig. 5. Comparison of point-source fluxes with the total diffuse astrophysical neutrino flux. Fluxes
for NGC 1068 (blue line, this work), TXS 0506+056 (orange line, this work), and the diffuse neutrino
background [brown data points and gray band (17, 25)] are given for a single flavor of neutrinos and
antineutrinos. All fluxes Fvþ!v are multiplied by the neutrino energy squared E2n . For the conversion of the
diffuse astrophysical flux measured from the nent channel (17), we assume an equal flavor ratio. Shaded
regions and dashed lines indicate 68% confidence intervals. Downward arrows are 68% upper limits.

RESEARCH | RESEARCH ARTICLE

D
ow

nloaded from
 https://w

w
w

.science.org at N
orw

egian U
niversity of Science &

 Technology - U
niversity of Trondheim

 on N
ovem

ber 04, 2022

(26). We applied the directional track recon-
struction method SPLINERECO (26, 27, 28) to all
events in our dataset (26). We incorporated ad-
ditional calibration information in the extrac-
tion of the charges at each DOM and in the
corresponding arrival times of Cherenkov pho-
tons. Compared with previous work (23), this
introduces small changes in the reconstructed
event energies and some reconstructed event
directions (26). To ensure a uniform detector
response, theDOMs of theDeepCore subarray,
intended to study ≲100‐GeV neutrinos, were
excluded (25). Our resulting dataset, which
is optimized for track-like events induced
by muon (anti-)neutrinos

h
nm
!ð Þ
i
, has a total ex-

posure time of 3186 days.
We restricted our searches to the Northern

Hemisphere from declination d = −3° to 81°,
where IceCube is most sensitive to astrophys-
ical sources. IceCube uses Earth as a passive
cosmic muon shield and as a target material
for neutrinos. Hence, by selecting only upward-
going events, we reduced the atmosphericmuon
background, which contributes <0.3% to our
final event sample (25). Declinations higher
than 81° are excluded because low-energy
events from those directions are closely aligned
with the strings of IceCube, complicating our
distinction between the signal and background
(26). The resulting loss of sky coverage is <1%.
A total of ~670,000 neutrino-induced muon

tracks pass the final event selection criteria
(25). However, only a small fraction of these
events originate from neutrinos produced in
astrophysical sources. Most arise from the de-
cay of particles (specifically mesons) that are
produced in the interaction of cosmic rays
with nuclei in Earth’s atmosphere. To discrim-
inate neutrinos that originate from individual
astrophysical sources from the background of
atmospheric anddiffuse astrophysical neutrinos,
we used a maximum-likelihoodmethod and
likelihood ratio hypothesis testing, based on the
estimated energy, direction, and angular uncer-
tainty of each event (26). The median angular
resolution of each neutrino arrival direction,
composed of reconstruction uncertainty and
the kinematic angle between the parent neu-
trino and the muon, is 1.2° at 1 TeV, 0.4° at
100 TeV, and 0.3° at 1 PeV. We assume any
point source emits a neutrino flux Fnmþ!nm de-
scribed by a generalized power-law energy
spectrum, Fnmþ!nm Enð Þ ¼ F0· En=E0ð Þ!g , with
normalization energy E0 = 1 TeV, where En is
the neutrino energy and the spectral index g
and the flux normalization F0 are free parame-
ters (26). This corresponds to two correlated
model parameters that we express as a pair
(mns, g), where mns is the mean number of as-
trophysical neutrino events associated with a
given point in the sky. Using the energy- and
declination-dependent effective area of the de-
tector and assuming a spectral index g, mns can
be directly converted to F0 (26). Hence, the

tuple of mns and g fully determines the flux of
muon neutrinos,Fnmþ!nm , at any given energy.
We performed three different searches (26).

The first search consists of three discrete scans
of the Northern Hemisphere to identify the
location of the most statistically significant
excesses of high-energy neutrino events. These
scans use three different hypotheses for the
spectral index: g as a free parameter, g fixed to
2.0, and g fixed to 2.5. The other two searches
use a list of 110 preselected astronomical ob-
jects, all located in the Northern Hemisphere:
The second search is for the most significant
candidate neutrino source in the list, whereas
the third search consists of a binomial test to
evaluate the significance of observing an ex-
cess of k sources with local P values below or
equal to a chosen threshold, with k being an
index from 1 to 110. The binomial test is re-

peated under the same three spectral index
hypotheses as the sky scan.
All analysismethods, including the selection

of the hypotheses to be tested, were formu-
lated a priori. The performance of eachmethod
was evaluated using simulations and random-
ized experimental data (26). The local P values
are determined as the fraction of background-
only simulations that yield a test statistic greater
than (or equal to) the test statistic obtained
from the experimental data. The global P values
are determined from the smallest local P value
after correcting for testing multiple locations
(the look-elsewhere effect) (26). We use this
global value to assess the evidence that the
data provide against a background-only null
hypothesis (that the data consist purely of at-
mospheric background and isotropic cosmic
neutrinos).

IceCube Collaboration, Science 378, 538–543 (2022) 4 November 2022 2 of 6

Table 1. Summary of final P values. For each of the three tests performed, we report the most
significant local and global P values.

Test type
Pretrial P value, Plocal
(local significance)

Posttrial P value, Pglobal
(global significance)

Northern Hemisphere scan 5.0 × 10−8 (5.3s) 2.2 × 10−2 (2.0s)
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

List of candidate sources, single test 1.0 × 10−7 (5.2s) 1.1 × 10−5 (4.2s)
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

List of candidate sources, binomial test 4.6 × 10−6 (4.4s) 3.4 × 10−4 (3.4s)
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Fig. 2. High-resolution scan around the most significant location. (A) High-resolution scan around the
most significant location marked by a white cross, with contours showing its 68% (solid) and 95% (dashed)
confidence regions. The red dot shows the position of NGC 1068, and the red circle is its angular size in
the optical wavelength (61). (B) The distribution of the squared angular distance, ŷ2, between NGC 1068 and
the reconstructed event directions. We estimated the background (orange) and the signal (blue) from
Monte Carlo simulations, assuming the best-fitting spectrum at the position of NGC 1068. The superposition
of both components is shown in gray and the data in black. This representation of the result ignores the
energy and angular uncertainty of the events.

RESEARCH | RESEARCH ARTICLE

D
ow

nloaded from
 https://w

w
w

.science.org at N
orw

egian U
niversity of Science &

 Technology - U
niversity of Trondheim

 on N
ovem

ber 04, 2022

109

NGC 1068

109



NGC 1068

110

NEUTRINO ASTROPHYSICS

Evidence for neutrino emission from the nearby
active galaxy NGC 1068
IceCube Collaboration*†

A supermassive black hole, obscured by cosmic dust, powers the nearby active galaxy NGC 1068. Neutrinos,
which rarely interact with matter, could provide information on the galaxy’s active core. We searched for
neutrino emission from astrophysical objects using data recorded with the IceCube neutrino detector between
2011 and 2020. The positions of 110 known gamma-ray sources were individually searched for neutrino
detections above atmospheric and cosmic backgrounds. We found that NGC 1068 has an excess of 79þ22

"20
neutrinos at tera–electron volt energies, with a global significance of 4.2s, which we interpret as associated
with the active galaxy. The flux of high-energy neutrinos that we measured from NGC 1068 is more than an
order ofmagnitude higher than the upper limit on emissions of tera–electron volt gamma rays from this source.

O
bservations of high-energy cosmic rays
(protons and atomic nuclei from space),
up to 1019 to 1020 eV (1–3), have demon-
strated that powerful cosmic particle
accelerators must exist, but their nature

and location remain unknown. Interstellarmag-
netic fields change the direction of charged
cosmic particles during their propagation to
Earth, concealing their sources. High-energy
photons and neutrinos are not deflected, so
they could be used to locate the cosmic accel-
erators. Both travel along straight paths and
are produced wherever cosmic rays interact
with ambient matter or light, in or near the
acceleration sites (4, 5). Depending on the en-
vironment in which these interactions occur,
gamma rays could rapidly lose energy through
several processes, including pair-production
in interactions with lower-energy photons.
Above tera–electron volt energies, gamma rays
are strongly absorbed over cosmological dis-
tances through interactions with the extragalac-
tic background light and the cosmic microwave
background (6). Neutrinos are not affected by
intergalactic absorption, so they could poten-
tially be used to probe tera–electron volt cos-
mic accelerators.
Active galaxies, those that host an active ga-

lactic nucleus (AGN) (7), are characterized by a
very bright central region powered by the ac-
cretion of material onto a supermassive black
hole (SMBH). The accretion flow of matter into
the SMBH is usually surrounded by an obscur-
ing, dusty torus, causing the observable char-
acteristics of an AGN to depend on the viewing
angle from Earth. For example, Seyfert II gal-
axies (8) are thought to be viewed edge on, with
the line of sight passing directly through the
obscuring torus (9). In some cases, the AGN
can launch a strong, narrow jet of accelerated
plasma. If such a jet is oriented close to the line

of sight, the AGN is observed as a blazar (10).
AGNs are potential neutrino emitters (11, 12); if
a plasma jet is present, it might dominate the
emission (13, 14).
The IceCube Neutrino Observatory (15) is

based at the Amundsen-Scott South Pole Sta-
tion in Antarctica and has been operating since
2010. The observatory uses 1 km3 of optically
transparent glacial ice as a detection medium
to measure Cherenkov light—ultraviolet and
blue photons emitted by charged secondary
particles traveling at a speed above the phase
velocity of light in the ice. These relativistic
(close to the speed of light) secondary particles
are produced when neutrinos interact with
nuclei in or near the instrument. A total of
5160 digital optical modules (DOMs) are in-
stalled on 86 vertical cables (strings), spaced
125 m apart to form a three-dimensional array
in the ice. Each DOM records the number of
induced photoelectrons (charges) as a func-
tion of time.

Themeasured flux of astrophysical neutrinos
(16) is largely isotropic, equally distributed among
neutrino flavors, and can be described by a sin-
gle power-law energy distribution that extends
from ~10 TeV to peta–electron volt energies
(17, 18). A specific source of high-energy cosmic
neutrinos was reported after the spatial and
temporal coincidence of a high-energy IceCube
neutrino (19) with a gamma-ray flaring blazar,
TXS 0506+056 (20–22). TXS 0506+056 con-
tains a typical accretion disk and a dusty torus,
which emits high-energy radiation and, possi-
bly, cosmic rays (22). Neutrinos detected using
IceCube were correlated with a catalog of 110
known gamma-ray emitters, with a signifi-
cance of 3.3s (23). The individual sources that
made the largest contribution to the total sig-
nificance of that catalog were the active gal-
axy NGC 1068 and the blazars TXS 0506+056,
PKS 1424+240, and GB6 J1542+6129. The signif-
icance of the neutrino excess from the direc-
tion of NGC 1068 was reported as 2.9s, which
is insufficient to claim a detection (23).

Searching for point-like neutrino emission

We analyzed data collected with IceCube be-
tween 13May 2011 and 29May 2020. This period
begins with the installation of the full 86-string
detector configuration. Previous searches for
cosmic neutrino sources (23) included data
collected with the incomplete detector with
fewer strings going back to 2008 and the full
detector up to the spring of 2018.We only used
the full detector data because our methods de-
pendonuniformly processeddata. The IceCube
dataset we used (24) has consistent selection
criteria (25). We reprocessed these data uni-
formly to remove data sample fragmentation,
align different data-taking conditions and cal-
ibrations, and improve event reconstructions
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Fig. 1. Sky map of the scan for point sources in the Northern Hemisphere. The color scale indicates the
logarithm of the local P value (Plocal) obtained from our maximum likelihood analysis, evaluated (with the
spectral index as a free parameter) at each location in the sky. The map is shown in equatorial coordinates on
a Hammer-Aitoff projection. The black circles indicate the three most significant objects in the source list
search, which are labeled. The circle around NGC 1068 contains the most significant location in the Northern
Hemisphere, shown in higher resolution in Fig. 2A.
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Neutrino emission from NGC 1068
The high-resolution scan around the most sig-
nificant location in the Northern Hemisphere
is shown in Fig. 2A, with NGC 1068 located
inside the 68% confidence region. The posi-
tion of NGC 1068 produced m̂ns ¼ 79þ22

#20 more
events than expected from the atmospheric
and diffuse astrophysical neutrino backgrounds.
Figure 2B shows the distribution of the angu-
lar separation of these events from NGC 1068.
Among the 79 most contributing events, 63
were included in a previous analysis (23). The
systematic uncertainty on m̂ns is ~2 events (26).
The measured spectral index is ĝ ¼ 3:2þ0:2

#0:2
with an estimated systematic uncertainty of
±0.07 (26), consistent with previous results
(23). We estimate these systematic uncertain-
ties by analyzing simulated data, assuming a
source with flux equal to the onemeasured for
NGC 1068 but varying assumptions about the
detector response (26). Systematic uncertainties
arise mainly from the modeling of the photon
propagation in the glacial ice—e.g., scattering
and absorption—and the efficiencywithwhich
photons are detected by the IceCube optical
modules. Systematic uncertainties are smaller
than statistical uncertainties fordirectional track
reconstructions (26) but have a nonnegligible
effect on the energy reconstructions.
The properties of the source spectrum are

shown in Fig. 3, which shows the likelihood
as a function of the model parameters (F0, g)
evaluated at the coordinates of NGC 1068.
The conversion of m̂ns to the flux F0 accounts
for the contribution from tau neutrino in-
teractions (which produce muons) assuming
an equal neutrino flavor ratio. The best-fitting
flux averaged over the data-taking period,
at a neutrino energy of 1 TeV, is F1Tev

nmþ!nm ¼
5:0 Tð 1:5stat T 0:6sysÞ & 10#11 TeV#1 cm#2s#1.
This systematic uncertainty was estimated by
varying the flux normalization under differ-
ent ice and detector properties, such that we
reproduce the observed values of ĝ and m̂ns in
the median case.
Our analysis assumed that the spectrum fol-

lows an unbroken power law over the entire
energy range of the dataset. However, our re-
sults show that the main contribution to the
excess (and thus the measured spectral index
and flux normalization) comes from neutrinos
in an energy range from 1.5 to 15 TeV, which
contributes 68% to the total test statistic. Out-
side this energy range, the data do not strong-
ly constrain the inferred flux properties. Our
results strengthen the suggestion (23) that
NGC 1068 could be a neutrino source; we find
a higher statistical significance for this result
(4.2s versus 2.9s).
Incrementally removing themost contribut-

ing neutrino events one by one from the vicinity
of NGC 1068 shows that the excess persists,
which indicates that it is not dominated by
one or a few single events but is the result of

an accumulation of neutrinos (26). We visually
inspected all neutrino events contributing to
the excess from NGC 1068, finding typical, well-
reconstructed, horizontal, and approximately
tera–electron volt–energy tracks with no sign

of unexpected contamination or anomalies
(26). Out of the 20 events contributing the
most to the test statistic, 19were included in the
previous analysis (23). Although the location is
therefore dominated by the same neutrinos, the
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Fig. 4. Multimessenger spectral energy distribution of NGC 1068. Gray points show multifrequency
observations (data sources listed in table S1). Dark and light green points indicate gamma-ray observations
at 0.1 to 100 GeV (40, 41) and >200 GeV (42), respectively. Arrows indicate upper limits, and error bars
are 1s confidence intervals. The solid, dark blue line shows our best-fitting neutrino spectrum with the
dark blue shaded region indicating the 95% confidence region. We restrict this spectrum to the range
between 1.5 and 15 TeV, where the flux measurement is well constrained (26). Two theoretical predictions
are shown for comparison: The light blue shaded region and the gray line show the NGC 1068 neutrino
emission models from (52, 55) and (53), respectively. The shaded region covers possible values of the
gyrofactor 30 ≤ hg ≤ 104 used to describe uncertainty in the efficiency of the underlying particle acceleration
(55). All fluxes F are multiplied by the energy squared E2.

Fig. 5. Comparison of point-source fluxes with the total diffuse astrophysical neutrino flux. Fluxes
for NGC 1068 (blue line, this work), TXS 0506+056 (orange line, this work), and the diffuse neutrino
background [brown data points and gray band (17, 25)] are given for a single flavor of neutrinos and
antineutrinos. All fluxes Fvþ!v are multiplied by the neutrino energy squared E2n . For the conversion of the
diffuse astrophysical flux measured from the nent channel (17), we assume an equal flavor ratio. Shaded
regions and dashed lines indicate 68% confidence intervals. Downward arrows are 68% upper limits.
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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

μ+/⟨ → γeγβγ̄βμ0 → λλ :

Rneutrinos Γ 5RSw
Murase 2022, Halzen 2023, 

newer Fermi-LAT analysis: 
Murase 2024, Das et al 2024, 

Saurenhaus et al 2025

Saurenhaus, Capel, FO, Buchner, PRD, 2025 

Εγ Φγ| Εγ = 2Εν ≃EνΦν 
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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

3.8θ above ESTES

Saurenhaus, Capel, FO, Buchner, PRD, 2025 

see also Padovani, Gilli et al 2024

Lγ × L0.7
X

3

FIG. 1. Summary of AGN models for all-sky neutrino and electromagnetic background fluxes. The original MKM20 model
(Model A) [14] is shown by the solid curves (blue, red and purple). Model B and Model C (see text for details) are optimized
for the latest IceCube data of medium-energy starting events [3] (black) and enhanced starting track event selection [2] (gray),
respectively. The x-ray and soft gamma-ray data are taken from Swift BAT [31] (purple), Nagoya balloon [32] (yellow), SMM [33]
(green), COMPTEL [34] (orange), and Fermi LAT [35] (red). Thick curves (AGN corona) represent neutrinos, gamma rays
and x-rays from coronae of jet-quiet AGNs. Neutrinos and gamma rays including Comptonized RIAF (radiatively ine!cient
accretion flow) emission from low-luminosity AGNs are taken from Ref. [36] (LLAGN RIAF). Neutrino emission from jetted
AGNs embedded in galaxy clusters and groups [37] and the sum of gamma rays from these objects and blazars [38] are also
depicted (jetted AGN).

and the coronal electron temperature is set by

Te →
ωX,cut

2kB
, (7)

and the Thomson optical depth in the corona with a coro-
nal scale height of H (that is a function of R) is

εT = ϑTneH → 10(2.16→!X)/1.06

(
kBTe

keV

)→0.3

, (8)

from which we obtain the electron (and positron) density
in the corona, and ϑT is the Thomson cross section and
ne is the coronal number density of electrons.

The disk SEDs are based on the average SED templates

in Ref. [52] with a cuto! at

ωdisk,cut → 2.8 kBTdisk → 1.37kB

(
Lbol

144ϖϑSBϱradR
2

S

)1/4

,

(9)
where ϑSB is the Stefan-Boltzmann constant and the disk
inner edge is assumed to be 3RS . The ultraviolet and
x-ray parts are interpolated with an exponential cuto!,
ensuring conservative photon densities for calculations of
neutrino and gamma-ray spectra. To avoid the contam-
ination from dust torus emission, we restrict our disk-
corona SEDs to photons above 2 eV. The dust component
in the infrared band can be important for the attenuation
of gamma rays only at very high energies.
In this work, the radiation energy density in our emis-

Murase et al 2026
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Cosmic-ray accelerators that satisfy the confinement requirement (1017 eV)
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Starburst galaxies 

High star-formation rate (> 100 x Milky Way) 

Starburst episodes are short-lived (<108 yrs)

Centrally driven strong outflows (``superwinds’’) 

Column densities Σg > 0.1g/cm2 and magnetic fields           
B ∼ 1 mG (cf Σg ≈ 0.003g/cm2, B ∼ 5μG in the Milky way)

TeV gamma-ray detections from NGC 253 (~3 Mpc) & 
M82 (~4 Mpc) - consistent with point like at VHE 

And a handful more in GeV gamma-rays (NGC4945, 
NGC1068, Circinus, Arp 220)

M82

115



UHECRs from starburst galaxies? 
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Starburst galaxies (radio flux weights) 
E ≥38 EeV, Flux fraction ~10%

post-trial significance: 4.2σ

Starburst galaxies: 4sigma

20

C. CATALOGS

The best-fit sky models above 40 EeV obtained with the four catalogs described in Section 4.1 are shown in Figure 10.
These sky maps do not include any isotropic component and display only the flux expected from galaxies included in
the catalogs, which is smeared on the best-fit Fisher angular scale above 40 EeV obtained with each catalog. A further
top-hat smoothing on an angular scale  = 25� is performed for the sake of comparison with Figure 8.

Figure 10. Best-fit UHECR source models above 40 EeV with a top-hat smoothing radius  = 25� in Galactic coordinates.
The supergalactic plane is shown as a gray line. Prominent sources in each of the catalogs are marked with gray circles.

The models shown in Figure 10 are based on the UHECR flux expected from each galaxy in proportion to its
electromagnetic flux. The multiwavelength information on the galaxies is made available in the Multiwavelength sub-
folder of the catalog-based study, as described in Appendix B, and is available online at DOI 10.5281/zenodo.6504276.
The Multiwavelength folder contains one file per catalog, with tabulated values detailed in Tables 4, 5, 6 and 7.
The first column of each of these tables provides the name of the source as referenced by the authors of the source
catalog. The second column provides a counterpart name that is consistent across all four catalogs. The third column
provides the type of galaxy, extracted either from the source catalog or from the HyperLEDA database. The fourth
and fifth columns provide the equatorial coordinates of the galaxy. The sixth and seventh columns display the distance
modulus and associated uncertainty extracted from the modbest entry of the HyperLEDA database. The eighth and
ninth columns display the corresponding luminosity distance in Mpc as well as the relative uncertainty on this quantity.
The electromagnetic flux of each galaxy is provided in column 10, except in Table 4 where the K-band magnitude is
provided. Whenever available, the uncertainty on the quantity provided in column 10 is shown in column 11. Finally,
a flag is provided in the last columns of Tables 5, 6 and 7. This flag indicates whether the galaxy was also included
in the main samples studied in Pierre Auger Collaboration (2018b) (Y), in one of the cross-check samples (X), or
not included in earlier versions of these catalogs (N). The flag column of Table 6 indicates the origin of the redshift
estimate, either from HyperLEDA or from NED for the 23 X-ray AGNs that are not listed in HyperLEDA.

Auger Coll,  ApJL, 853, L29, 2018, Auger Coll 2022, ApJ 935 (2022) 2, 170

Lovelace 1976, Waxman 1995, 2001, Blandford 2000, 
Lemoine & Waxman 2009, Farrar & Gruzinov 2009   

L ⋅ LB − UB ⟩ Volume
t

− B2R2κc

Lmin − 1045 erg/s ⟩ ( E
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2
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⟨2
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10⟨3c )
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Urad ⋅ UB

Peng et al 2019 

Correlation could be related to transients 
inside the starburst (GRBs etc) 

Starburst galaxies: 4sigma



Neutrino production in proton-proton interactions 
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Gas reservoirs (Starburst galaxies, Galaxy Clusters…) 

p + p → p + p + Nμ+ + Nμ⟨ + Nμ0

E2 dN
/d

E
Energy

neutrinos
protons

Since interaction length 
and meson production spectra 

For 

σ(E) × 1/θ(E) ≡ const .

f(Eμ, Ep) ≡ f(Eμ /Ep)
dN/dE − E⟨λ

p

dN/dEγ − dN/dEμ − E⟨λ
p

TOTEM Coll. Eur.Phys.J.C 79 (2019) 103

μ+ → β+ + γβ → e+ + γβ + γ̄β + γe . . .



Neutrinos from starburst galaxies: Reservoir model

118

High gas density, high B environment 

The highest energy cosmic rays escape (observed) 

Lower energy CRs lose all their energy in pp interactions

UHECRs
from GRBs

GRB

GRB

sketch by K Murase 

Loeb, Waxman 



Neutrinos from starburst galaxies 
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Palladino et al  2019

see also Bechtol, Ahlers et al 2015 

SBG EGB
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Cosmic-ray accelerators that satisfy the confinement requirement (1017 eV)
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Gamma-ray bursts 

Discovered serendipitously in 1967
Intense short flashes of light peaking in the 10 keV 
-1 MeV range
Isotropic equivalent energy release ~1052-1055 erg 
(cf  <1049 erg/s in AGN)
Rate ~ 1000 year occur in the Universe
Short (0.3 second) and long (50 second) bursts - 
Two distinct populations
``Afterglow” fading emission for hours to months



Gamma-ray bursts
Fermi-LAT 10 year GRB map

>2000 GRBs with Fermi-GBM
~200 with Fermi-LAT

5 with H.E.S.S.

Fermi-LAT 2nd GRB Catalogue,2019

28

The most powerful 
transients in the 

Universe



On August 17th, 2017 LIGO and Virgo reported 
the detection of GWs from the coalescence of a 
binary neutron star system

Fermi GBM independently detected the sGRB 
GRB170817A, 1.7s later

An extensive observational campaign localised 
SGRB in the early type NGC 4993, at d ~ 40 Mpc

GW170817 and GRB170817A confirm binary 
neutron stars as progenitors of SGRBs (pchance 
~10-8) 

LIGO, Virgo, Fermi Coll+ many others,  
Astrophys.J. 848 (2017) no.2, L12

124

Binary neutron star mergers: GW170817



UHECR maximum energy  
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Emax ≡ 1020 eV ⟩ Z ⟩ (
·νGRB

1051 erg )

Very high Lorentz factors, Γ = 100-1000

Highly magnetised expanding jet 

Waxman 1995, Vietri 1995

Maximum energy OK for protons 

Nuclei survival in GRB photon fields? 

B𝒪 eq = 1
∘R

2Liso
c

≡ 3 ≈ 105 G ( Liso
1052 erg s⟨1 )

1/2

( ∘
300 )

⟨1

( R
1013 cm )

⟨1

Emax = ZeB𝒪 eq ∘R𝒪 ≳ ZeB𝒪 eqR = Ze
∘

2Liso
c

≡ 8 ≈ 1020 eV ⟩ Z ( Liso
1052 erg s⟨1 )

1/2

( ∘
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UHECRs from GRBs? 
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GRB rate:  

ε ≡ 10⟨9-10⟨8 Mpc⟨3 year⟨1

Thus GRBs may just about satisfy the number density 
constraint for BEGMF ⋅ 0.1 nG

πtdelay = 1.5 ≈ 103 yr ⟩ ( D
100 Mpc )

2

( E
1020 eV )

⟨2

( σcoh
1 Mpc ) ( B

0.1 nG )
2

neΔ,GRB − πt ⟩ ε

The apparent number density is: 

And we inferred nUHECR ⋅ 10⟨5 Mpc⟨3



UHECR Spectrum and Composition Observables 
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Figure 1. Scenario 1. Left: The generation rate at the extragalactic sources for each representative
mass; the LE and HE contributions are shown as dashed and solid lines, respectively. Right: The
corresponding best-fit results for the all-particle energy spectrum at Earth, given by the superposition
of three components.

Figure 2. Scenario 1. Left: the Galactic contribution (dot-dashed line) and the extragalactic
contributions (grouped according to mass number) to the energy spectrum at the top of atmosphere.
Right: the corresponding relative abundances as a function of the energy.
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Figure 1. Scenario 1. Left: The generation rate at the extragalactic sources for each representative
mass; the LE and HE contributions are shown as dashed and solid lines, respectively. Right: The
corresponding best-fit results for the all-particle energy spectrum at Earth, given by the superposition
of three components.

Figure 2. Scenario 1. Left: the Galactic contribution (dot-dashed line) and the extragalactic
contributions (grouped according to mass number) to the energy spectrum at the top of atmosphere.
Right: the corresponding relative abundances as a function of the energy.
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Figure 3. Scenario 1. First two moments of the Xmax distributions as predicted by the best-fit
results, along with the measured values and the predictions for pure compositions of various nuclear
species according to Epos-LHC (dashed lines).
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-Rmax
-Spectral index 
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UHECR Spectrum and Composition Observables 
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Single Source UHECR Spectrum Population Spectrum 
Power-law distributed maximum rigidity
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Broken exponential, e.g.  Auger Combined Fit (Aab et al 2017) 
Super exponential in case of DSA with synchrotron losses with   e.g. Zirakasvili & Aharonian 2007dN/dR × exp ⟨ Rσ, σ = 2
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A curious maximum rigidity distribution 
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Conclusion #2: UHECR sources are few or near-identical Emax

“Standard accelerators”? 
In-source cutoff mechanism? 

3σ

R(i)
max ≪ [R0, 5 R0] (90% of sources)



UHECRs from GRBs? 
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GRB rate:  

Thus GRBs may just about satisfy the number density 
constraint for BEGMF − 0.1 nG

πtdelay ≡ 1.5 ≈ 103 yr ⟩ ( D
100 Mpc )

2

( E
1020 eV )

⟨2

( σcoh
1 Mpc ) ( B

0.1 nG )
2

neΔ,GRB − πt ⟩ ε

The apparent number density is: 

And we inferred nUHECR ⋅ 10⟨5 Mpc⟨3

ε ≡ 10⟨9-10⟨8 Mpc⟨3 year⟨1



Meszaros & Rees, 2014

TeV- PeV neutrinos PeV 

PeV - EeV 

29

Neutrino production in GRBs 

>100 publications on theoretical expectations: 
see e.g. review “Neutrinos from GRBs” (Kimura 2022)

Ample photon fields 

Eγ ≫ 8 GeV ( ∘
1 + z )

2

(
Eλ

MeV )
⟨1

e.g. prompt emission, 

z = 1, ∘2 = 105, Eλ − 250 keV → Eγ − PeV

EpEλ ⋅ m2
Ω

4 ( ∘
1 + z )

2
= 0.16 GeV ( ∘

1 + z )
2

p + λjet → n/p + μ+/μ0



GRB contribution to the cosmic-neutrino flux

Stacked search for 
neutrinos coincident with 
prompt GRB emission. 

2091 GRBs

Prompt (ΔTpromt ~1-100s): < 1% diffuse neutrino flux

Precursor/Afterglow (ΔTafterglow ± 14d): < 24% diffuse neutrino flux

IceCube Coll, ApJ 843 (2017) 112
IceCube Coll., Fermi GBM Coll, Apj 939 (2022) 2
+strong limits from GRB221009A (the ``BOAT’’) 
IceCube Coll ApJL 946 L26 (2023)
ANTARES Coll MNRAS 469 906 (2017)

NS/NS Mergers

GRBs

< 1%

< 1%

30

IceCube Point-Source Events



Stacking UL 

BL Lacs !   "   ! " ≲20%

FSRQs !   "   ! " ≲20%

FR I !   !   ! ! ≲20%

FR II !   !   ! ! ≲20%

Non-jetted AGN #   !   ! ! ≲100%

Starburst galaxies "   !   ! ! ≲100%

GRBs !   #   # # ≲1%

TDEs

·νUHECR nγEUHECR
max

Scorecard
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nUHECR



Cosmic-ray accelerators that satisfy the confinement requirement (1017 eV)
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Tidal disruption events 
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SMBHs are orbited by star clusters

Millions of stars in random orbits 

Tidal forces may deform, or tear into pieces a star 

One TDE in 104-109 years per SMBH 

For tidal forces to be relevant they must be stronger than 
the star’s self gravity 

GMSMBHRΦ
R3t

= GMΦ
R2Φ



Tidal disruption events 

138

For tidal disruption to occur Rp < Rt 

Rt must be outside the event horizon for visible TDE 
The Schwarzschild radius is  

For Rt  >rs 

MSMBH Γ M⟨1/2
Φ ( c2RΦ

2G )
3/2

≡ 108M∼ ( RΦ
R∼ )

3/2

( MΦ
M∼ )

⟨1/2

GMSMBHRΦ
R3t

= GMΦ
R2Φ



Tidal disruption events 
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Flare of electromagnetic radiation at high 
peak luminosity (X-rays) 

Located in the core of an otherwise 
quiescent, inactive galaxy

Extreme flares can host a relativistic 
hadronic jet 

Typically 50% of the star’s mass expected 
to stay bound to the SMBH and be 
ultimately accreted

~100 candidate TDEs observed so far, 3 
with jets (hard X-ray spectrum)

Timescale of months to years



Swift J1644+57

140

Test case, Swift J1644+57, jetted TDE observed in 
``blazar’’ mode

Observed for ~600 days, in a small quiescent 
galaxy in the Draco constellation at z = 0.35

Emax − 1020 eV Z
BR

3 ≈ 1017 G cm
∘
10



Swift J1644+57
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Test case, Swift J1644+57, jetted TDE observed in 
``blazar’’ mode

Observed for ~600 days, in a small quiescent 
galaxy in the Draco constellation at z = 0.35

Emax − 1020 eV Z
BR

3 ≈ 1017 G cm
∘
10

For Swift J1644+57 from radio observations in the outer 
jet (but dependent on assumed opening angle of jet) 

Farrar & Piran 2014 

BR ⋅ 1 ⟨ 3 ≈ 1017 G cm



Can TDEs be the main sources of UHECRs? 
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The ``apparent’’ source number density must satisfy the 
observational bound, with δt the spread in arrival times

neΔ − πt ⟩ ε

The observed rate of jetted TDEs 

ε ≡ 10⟨11 ⟨ 10⟨10 Mpc⟨3 year⟨1

From Auger 

nUHECR ⋅ 2 ≈ 10⟨5 Mpc⟨3

TDEs can satisfy the number density requirement if 

πtdelay ≡ 105 yr ⟩ ( D
100 Mpc )

2

( E
1020 eV )

⟨2

( σcoh
1 Mpc ) ( B

1 nG )
2



Neutrinos from TDEs? 

Photopion interactions in the jet (conditions similar to 
AGN/GRB) 

One problem is that jetted TDEs are very rare

n = 10-11 Mpc3 cf GRBs, n = 10-9 Mpc3

Non-jetted TDEs 10 -100 times more numerous, but 
not clear if (where?) they accelerate 1017 eV protons

Stacking limits from IceCube (jetted TDEs < 1%, non-
jetted < 26%) 
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IceCube Point-Source Events

Tidal disruption events

<26%

3 jetted TDEs
40 non-jetted TDEs (mixture 
of X-ray / UV / optical TDEs)

Updated search in 2022 ZTF 
TDEs with neoWISE flare                  
(``dust echo’') Y. Necker TeVPA 
2022 - No excess 

34 

TDE sky-map 

IceCube Coll PoS ICRC 2019
Necker et al 2022 (ASAS-SN Coll) 
Stein et al 2022 (ZTF Coll) 

Jetted TDEs: < 3% diffuse neutrino flux

Non-jetted < 26%

TDE contribution to the cosmic-neutrino flux

https://indico.cern.ch/event/1082486/contributions/4878587/attachments/2490304/4276548/accretion_flare_stacking_tevpa2022.pdf
https://indico.cern.ch/event/1082486/contributions/4878587/attachments/2490304/4276548/accretion_flare_stacking_tevpa2022.pdf


Stacking UL 

BL Lacs !   "   ! " ≲20%

FSRQs !   "   ! " ≲20%

FR I !   !   ! ! ≲20%

FR II !   !   ! ! ≲20%

Non-jetted AGN #   !   ! ! ≲100%

Starburst galaxies "   !   ! ! ≲100%

GRBs !   #   # " ≲1%

Jetted TDEs !   "   " " ≲3%

·νUHECR nγEUHECR
max

Scorecard
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nUHECR
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The current neutrino source landscape: Stacking upper limits

https://arxiv.org/abs/2201.05623


Scorecard
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nUHECR Stacking UL 

BL Lacs !   "   ! " ≲20%

FSRQs !   "   ! " ≲20%

FR I !   !   ! ! ≲20%

FR II !   !   ! ! ≲20%

AGN Winds !   !   ! ! ≲100%

AGN Coronae "   !   ! ! ≲100%

Starburst galaxies "   !   ! ! ≲100%

GRBs !   #   # " ≲1%

Jetted TDEs !   "   " " ≲3%

·νUHECR nγEUHECR
max

*(but problems at 
medium E) 



UHECR Sources? HE neutrino sources?

Before/After Before/After

Jetted AGN 9/1 5/2

Non-jetted 
AGN 2/2 6/15

Starbursts 5/5 2/10

GRBs 13/15 9/5

TDEs 2/0 1/0

Νot on slides BNS: 1 

Votes
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Thank you for your attention! 
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