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High-Energy	Neutrino	Flux
Observation of the high-energy 
cosmic neutrino flux has been 
established in multiple channels in 
IceCube. 

Different slopes hint at structure in 
the flux of high-energy cosmic 
neutrinos. 

The magnitude of the flux at ~10 
TeV energies is found to be higher 
than the flux at >100 TeV energies.  

Multimessenger connection 
dictates extragalactic sources of 
the high-energy neutrino flux at 
medium-energies to be 
“obscured” to GeV 𝛾-rays.

Murase+2015
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Neutrino	Sky	-	IceCube	10	yr

12

FIG. 5: Left: The 2D distribution of events in one year of data for the final event selection as a function of
reconstructed declination and estimated energy. The 90% energy range for the data (black), as well as simulated

astrophysical signal Monte-Carlo (MC) for an E�2 and an E�3 spectrum are shown in magenta and orange
respectively as a guide for the relevant energy range of IceCube. Right: The e↵ective area as a function of neutrino
energy for the IC86 2012-2018 event selection averaged across the declination band for several declination bins using

simulated data.

FIG. 6: Skymap of -log10(plocal), where plocal is the local pre-trial p-value, for the sky between ±82� declination in
equatorial coordinates. The Northern and Southern hemisphere hotspots, defined as the most significant plocal in

that hemisphere, are indicated with black circles.

125 hrs of MAGIC observations and about 4 hrs of H.E.S.S. observations [31, 39, 40] in Fig. 9.
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IceCube, PRL2020
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Hottest spot in the all-sky scan coincides with the direction of NGC 1068! 
NGC 1068 is the most significant source in IceCube source list with a local pre-
trial p-value of 1.8x10-5 (2.9σ Post trial). 
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FIG. 2: Local pre-trial p-value map around the most
significant point in the Northern hemisphere. The black
cross marks the coordinates of the galaxy NGC 1068

taken from Fermi -4FGL.

At each position on the grid, the likelihood-ratio func-
tion is maximized resulting in a maximum test-statistic
(TS), a best fit number of astrophysical neutrino events
(n̂s), and the spectral index (�̂) for an assumed power-
law energy spectrum. The local pre-trial probability (p-
value) of obtaining the given or larger TS value at a cer-
tain location from only background is estimated at every
grid point by fitting the TS distribution from many back-
ground trials with a �2 function. Each background trial
is obtained from the data themselves by scrambling the
right ascension, removing any clustering signal. The lo-
cation of the most significant p-value in each hemisphere
is defined to be the hottest spot. The post-trial probabil-
ity is estimated by comparing the p-value of the hottest
spot in the data with a distribution of hottest spots in
the corresponding hemisphere from a large number of
background trials.

The most significant point in the Northern hemisphere
is found at equatorial coordinates (J2000) right ascension
40.9�, declination -0.3� with a local p-value of 3.5⇥ 10-7.
The best fit parameters at this spot are n̂s = 61.5 and
�̂ = 3.4. Considering the trials from examining the
entire hemisphere reduces this significance to 9.9⇥10-2

post-trial. The probability skymap in a 3� by 3� win-
dow around the most significant point in the Northern
hemisphere is plotted in Fig. 2. This point is found 0.35�

from the active galaxy NGC 1068, which is also one of
the sources in the Northern source catalog. The most
significant hotspot in the Southern hemisphere, at right
ascension 350.2� and declination -56.5�, is less significant
with a pre-trial p-value of 4.3 ⇥ 10-6 and fit parameters
n̂s = 17.8, and �̂ = 3.3. The significance of this hotspot
becomes 0.75 post-trial. Both hotspots alone are consis-
tent with a background-only hypothesis.

Source Catalog Searches: The motivation of this
search is to improve sensitivity to detect possible neu-

FIG. 3: 90% C.L. median sensitivity and 5� discovery
potential as a function of source declination for a

neutrino source with an E�2 and E�3 spectrum. The
90% upper-limits are shown excluding an E�2 and E�3

source spectrum for the sources in the source list. The
grey curves show the 90% C.L. median sensitivity from

11 yrs of ANTARES data [23].

trino sources already observed in �-rays. A new catalog
composed of 110 sources has been constructed which up-
dates the catalog used in previous sources searches [17].
The new catalog uses the latest �-ray observations and
is based on rigorous application of a few simple crite-
ria, described below. The size of the catalog was chosen
to limit the trial factor applied to the most significant
source in the catalog such that a 5� p-value before trials
would remain above 4� after trials. These 110 sources
are composed of Galactic and extragalactic sources which
are selected separately.

The extragalactic sources are selected from the Fermi -
LAT 4FGL catalog [24] since it provides the highest-
energy unbiased measurements of �-ray sources over the
full sky. Sources from 4FGL are weighted according to
the integral Fermi -LAT flux above 1GeV divided by the
sensitivity flux for this analysis at the respective source
declination. The 5% highest-weighted BL Lacs and flat
spectrum radio quasars (FSRQs) are each selected. The
minimum weighted integral flux from the combined selec-
tion of BL Lac and FSRQs is used as a flux threshold to
include sources marked as unidentified blazars and AGN.
Eight 4FGL sources are identified as starburst galaxies.
Since these types of objects are thought to host hadronic
emission [25, 26], they are all included in the final source
list.

To select Galactic sources, we consider measurements
of VHE �-ray sources from TeVCat [27, 28] and gam-
maCat [29]. Spectra of the �-rays were converted to
equivalent neutrino fluxes, assuming a purely hadronic

NGC1068

IceCube, PRL2020
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NGC	1068 & the Neutrino Signal

Image Credit: NASA/HST
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NGC	1068 & the Neutrino Signal
• NGC 1068, aka M77, is a Seyfert 2 galaxy with a heavily obscured nucleus 
• One of the best studied AGN, which played a major role in AGN unification 

scheme 
• Compton thick environment with Column density ~ 1025 cm-2 
• Bright in X-ray, and high infrared luminosity indicating high level of star formation

Image Credit: NASA/HST
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‣ Historically considered as a promising cosmic-ray accelerator. 

/ E�3.2

• IceCube 10 yr time-integrated search 
found 51 neutrinos in the direction of 
NGC 1068, with a soft spectrum. 

• The neutrino flux much higher than the 
observed 𝛾-ray flux by Fermi.  

• Models built on measured 𝛾-ray flux by 
Fermi cannot accommodate the 
neutrino flux. 

• Obscuring necessary in to absorb the 
pionic 𝛾-ray accompanying neutrinos. IceCube, PRL2020

Image Credit: NASA/HST
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Neutrino	Production	in	AGN	Coronae
2

FIG. 1: Schematic picture of the AGN disk-corona scenario.
Protons are accelerated by plasma turbulence generated in
the coronae, and produce high-energy neutrinos and cascaded
gamma rays via interactions with matter and radiation.

ing of several components; radio emission (see Ref. [59]),
infrared emission from a dust torus [60], optical and ul-
traviolet components from an accretion disk [61], and x
rays from a corona [33]. The latter two components are
relevant for this work.

The “blue” bump, which has been seen in many AGN,
is attributed to multitemperature blackbody emission
from a geometrically thin, optically thick disk [62]. The
averaged SEDs are provided in Ref. [63] as a function of
the Eddington ratio, λEdd = Lbol/LEdd, where Lbol and
LEdd ≈ 1.26 × 1045 erg s−1(M/107M⊙) are bolometric
and Eddington luminosities, respectively, and M is the
SMBH mass. The disk component is expected to have a
cutoff in the ultraviolet range. Hot thermal electrons in
a corona, with an electron temperature of Te ∼ 109 K,
energize the disk photons by Compton upscattering. The
consequent x-ray spectrum can be described by a power
law with an exponential cutoff, in which the photon index
(ΓX) and the cutoff energy (εX,cut) can also be estimated
from λEdd [31, 64]. Observations have revealed the rela-
tionship between the x-ray luminosity LX and Lbol [65]
[where one typically sees LX ∼ (0.01−0.1)Lbol], by which
the disk-corona SEDs can be modeled as a function of
LX and M . In this work, we consider contributions from
AGN with the typical SMBH mass for a given LX , using
M ≈ 2.0 × 107 M⊙ (LX/1.16 × 1043 erg s−1)0.746 [66].
The resulting disk-corona SED templates in our model
are shown in Fig. 2 (see Supplemental Material for de-
tails), which enables us to quantitatively evaluate CR,
neutrino and cascade gamma-ray emission.

Next we estimate the nucleon density np and coro-
nal magnetic field strength B. Let us consider a corona
with the radius R ≡ RRS and the scale height H , where
R is the normalized coronal radius and RS = 2GM/c2

is the Schwarzschild radius. Then the nucleon den-
sity is expressed by np ≈ τT /(σTH), where τT is the
Thomson optical depth that is typically ∼ 0.1 − 1.
The standard accretion theory [67, 68] gives the coro-
nal scale height H ≈ (Cs/VK)RRS = RRS/

√
3, where
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FIG. 2: Disk-corona SEDs used in this work, for LX = 1042,
1043, 1044, 1045, and 1046 erg s−1 (from bottom to top). See
text for details.

Cs =
√

kBTp/mp = c/
√
6R is the sound velocity, and

VK =
√

GM/R = c/
√
2R is the Keplerian velocity.

For an optically thin corona, the electron temperature
is estimated by Te ≈ εX,cut/(2kB), and τT is empiri-
cally determined from ΓX and kBTe [31]. We expect
that thermal protons are at the virial temperature Tp =
GMmp/(3RRSkB) = mpc2/(6RkB), implying that the
corona may be characterized by two temperatures, i.e.,
Tp > Te [69, 70]. Finally, the magnetic field is given by
B =

√

8πnpkBTp/β with plasma beta (β).

Many physical quantities (including the SEDs) can be
estimated observationally and empirically. Thus, for a
given LX , parameters characterizing the corona (R, β,
α) are remaining. They are also constrained in a cer-
tain range by observations [71, 72] and numerical simu-
lations [45, 47]. For example, recent MHD simulations
show that β in the coronae can be as low as 0.1–10 (e.g.,
Refs. [41, 46]). We assume β <∼ 1− 3 and α = 0.1 for the
viscosity parameter [62], and adopt R = 30.

Stochastic proton acceleration in coronae.—Standard
AGN coronae are magnetized and turbulent, in which it
is natural that protons are stochastically accelerated via
plasma turbulence or magnetic reconnections. In this
work, we solve the known Fokker-Planck equation that
can describe the second order Fermi acceleration pro-
cess (e.g., Refs. [73–76]). Here we describe key points
in the calculations of CR spectra (see Supplemental Ma-
terial or an accompanying paper [77] for technical de-
tails). The stochastic acceleration time is given by
tacc ≈ η(c/VA)

2(H/c)(εp/eBH)2−q, where VA is the
Alfvén velocity and η is the inverse of the turbulence
strength [78, 79]. We consider q ∼ 3/2 − 5/3, which
is not inconsistent with the recent simulations [58], to-
gether with η ∼ 10. The stochastic acceleration process
is typically slower than the first order Fermi acceleration,
which competes with cooling and escape processes. We
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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

• Cores of the active galactic nuclei 
(AGN), which are optically thick for 
GeV-TeV 𝛾-rays are one of the best 
candidates as the source of the high-
energy neutrinos. 

• In Seyfert galaxies, accretion 
dynamics and magnetic dissipation 
will form a magnetized corona above 
the disk. 

• The disk-corona model for high-
energy neutrino emission from the 
core of AGNs can successfully 
accommodate the flux of cosmic 
neutrinos at medium energies in the 
10-100 TeV range.

Murase+, PRL 2020



6

Magnetized	Corona	Model
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‣ Acceleration of ions via stochastic &/or magnetic reconnection processes
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Magnetized	Corona	Model
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NGC	1068	in	AGN-Corona	Model

102 103 104 105 106

E⌫ [GeV]

10�11

10�10

10�9

10�8

10�7

10�6

E
2 �

⌫ µ
+

⌫̄ µ
[G

eV
cm

�
2 s

�
1 ]

Stochastic
(high CR pressure)

Magnetic
Reconnection

IceCube 10 yr

NGC 1068 (LX = 1043 erg s�1)

Stochastic
(modest CR pressure)

Adopting parameters compatible with IceCube 10 year source search

PCR = 50%Pth

PCR = 0.8%Pth

PCR = 50%Pth

⌘acc = 104

⌘tur = 50

⌘tur = 10



8

Neutrino	flux	&	X-ray	Measurements
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• The high level of column density 
for NGC 1068 makes measuring 
the intrinsic X-ray luminosity 
challenging.  
‣ Estimated intrinsic X-ray 

luminosity carry large 
uncertainties.  

• NuSTAR and XMM-Newton 
monitoring campaigns have 
reported LX ' 7+7

�4 ⇥ 1043erg/s
[Marinucci+2015]
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Likelihood	for	Identifying	NGC	1068
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‣Stochastic acceleration with high CR pressure will be the most likely 
scenario for identification in IceCube.  
‣Magnetic reconnection scenario would be identified.  
‣‣ hard spectrum is in tension with IceCube best fit spectrum.
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Neutrino	Flux	from	Bright	Nearby	Seyferts

From BAT AGN Spectroscopic Survey 
(BASS), we select the 10 sources that 
are classified as Seyfert galaxies and 
pose the highest intrinsic X-ray flux.

High-Energy Neutrinos from Seyfert Galaxies 9

Source Declination z dL Intrinsic flux log(Intrinsic luminosity)

[deg] [Mpc] [10�12erg cm�2 s�1] [erg s�1]

Circinus Galaxy -65.34 0.0014 4.2? 984.4 42.31

ESO 138-1 -59.23 0.0091 39.2 671.3 44.09

NGC 7582 -42.37 0.0052 22.4 507.6 43.48

Cen A -43.02 0.00136 3.8? 347.3 42.39

NGC 1068 -0.013 0.00303 13.0 268.3 42.93

NGC 424 -38.08 0.0118 51.0 188.1 43.77

CGCG 164-019 27.03 0.0299 131.0 179.5 44.57

UGC 11910 10.23 0.0267 116.7 157.5 44.41

NGC 4945 -49.47 0.0019 3.6? 149.4 41.36

NGC 1275 41.51 0.0176 76.4 132.8 43.98

Table 2. Seyfert galaxies with the highest intrinsic X-ray fluxes in the range of 2-10 keV in BAT AGN Spectroscopic Survey
(BASS) (Ricci et al. 2017). Here, we show the declination, redshift, and the intrinsic X-ray fluxes and luminosities reported
by BASS in 2-10 keV band. For sources closer than 10 Mpc, specified by ?, we employ distances reported by astronomical
measurements. For other sources, the luminosity distances are evaluated from the reported redshift.

in IceCube. Table 3 summarizes the expected p-values
under each emission scenario for 10 years of IceCube
operation. The listed p-values show that for all three
acceleration scenarios, NGC 1068 is the brightest source
in IceCube. While the prospects for the identification of
most sources are not much promising due to the suppres-
sion of events in the Southern hemisphere, with contin-
ued collection data CGCG 164-019 and NGC 1275 are
likely to be observed at 3� level in 20 years of IceCube
operation. However, we should note that the likelihood
of observations depends on the neutrino emission sce-
nario: the stochastic acceleration scenario with the high
CR pressure, compatible with NGC 1068 parameters,
would yield ⇠ 3�.
Another source in the list worth discussing is NGC

4945. The IceCube 10 year analysis found an excess of
⇠ 1 event in its direction, corresponding to a p-value of
0.48, which is consistent to the expectations found in our
study. NGC 4945 is a starburst galaxy. We should note
that similar to NGC 1068, the neutrino flux from this
source cannot be explained by the starburst scenarios
such as Eichmann & Becker Tjus (2016).
Other than NGC 1068, our predictions indicate that

even optimistic scenarios are not strong enough to yield
a statistically significant measurement of the neutrino
emission from the rest of the bright nearby sources. As
such, a stacking search for neutrino emission from the
bright Seyfert galaxies is going to o↵er the best chance
for identifying these sources in IceCube. Stacking anal-
yses are widely used to study the correlation of the ar-
rival direction of high-energy neutrinos and a catalog of
sources. The cumulative signal from all the sources im-
proves the sensitivity and makes it possible to examine
a class of sources with lower fluxes.

We project the prospects for identifying each scenario
of neutrino emission in a stacking search for 5 to 20 years
of IceCube in Fig. 6. The solid lines show the p-value for
the duration of IceCube observation for each scenario.
The most promising scenario is the stochastic accelera-
tion scenario with the high CR pressure case. The high-
level neutrino flux in this scenario would result in an
excess of signal that can reach a discovery level of 5�
in less than 10 years of IceCube operation. The hard
spectrum in the magnetic reconnection scenario would
result in an excess distinguishable from the background
at high energies that can yield a 3� evidence in about 7
years of IceCube. The significance can reach a discov-
ery level of 5� within the 20 years of operation for this
scenario.
The most conservative scenario here is the stochastic

acceleration scenario with the modest CR pressure. This
scenario would not yield a signal at a significant level
with the current generation of IceCube. Mainly due to
the fact that most sources are in the Southern hemi-
sphere. We investigate the likelihood of identifying this
scenario in the next generation of neutrino telescopes in
the next section.
We should note that the significance for the stacking

analysis for stochastic acceleration with high CR pres-
sure scenario is dominated by the neutrino flux in the
direction of NGC 1068. However, it is worth mention-
ing that for this scenario, a stacking analysis of nearby
bright Seyfert galaxies when NGC 1068 is excluded is
expected to identify neutrino emission at the level of 3�
with 15 years of IceCube data. Such analysis can test
this scenario independently, without relying on the neu-
trino emission reported from the direction NGC 1068,
which this scenario is based upon.

‣We incorporate intrinsic X-ray luminosities & NGC 1068 model 
parameters to estimate the neutrino flux from nearby bright sources.
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Neutrino	flux	from	Bright	Nearby	Sources
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Neutrinos	from	Bright	Sources
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• The aggregated flux from individual sources contribute 2-10% to the total 
flux at medium-energies. 

• Besides NGC 1068, identification of other bright nearby Seyferts is not 
likely in IceCube 
‣ Stacking analysis have a better sensitivity for identifying signal from 

collective neutrino emission 
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Prospects	for	Stacking	Neutrinos	from	
Bright	Sources	in	IceCube
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Prospects	for	Stacking	Neutrinos	from	
Bright	Sources	in	IceCube
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KM3NeT	&	the	Bright	Nearby	Seyferts

High-Energy Neutrinos from Seyfert Galaxies 13

p-value 1 yr (3 yr)

Source Visibility Stochastic (high CR pressure) Stochastic (Modest CR pressure) Magnetic Reconnection

Cen A 0.7 0.001 (9.3⇥10�8) 0.2 (0.07) 0.1 (0.01)

Circinus Galaxy 1.0 0.008 (1.9⇥10�5) 0.2 (0.09) 0.1 (0.02)

ESO 138-1 1 0.1 (0.02) 0.4 (0.3) 0.4 (0.3)

NGC 7582 0.7 0.2 (0.04) 0.4 (0.3) 0.4 (0.2)

NGC 1068 0.5 0.2 (0.05) 0.4 (0.4) 0.4 (0.2)

NGC 4945 0.8 0.5 (0.2) 0.5 (0.4) 0.5 (0.4)

NGC 424 0.7 0.4 (0.2) 0.5 (0.4) 0.5 (0.4)

UGC 11910 0.5 0.4 (0.4) 0.5 (0.5) 0.5 (0.5)

CGCG 164-019 0.4 0.4 (0.3) 0.5 (0.5) 0.5 (0.5)

NGC 1275 0.3 0.4 (0.4) 0.5 (0.5) 0.5 (0.5)

Table 4. Prospects for observation of nearaby bright Seyfert galaxies in one years of KM3NeT observations.

a 100% visibility in KM3NeT. Therefore, the likelihood
for its observation is high, which can exceed 3� in 3 years
of operation for the stochastic acceleration scenario with
the high CR pressure.
As the signal events from the rest of the sources in

the list fall short of yielding a statistical significance in
3 years, we now turn into the prospects for observation
of neutrino emission in a stacking analysis. We only
consider the modest CR pressure scenario in stochastic
acceleration since emission under either of the other two
scenarios should be identified by IceCube. In addition
to KM3NeT, we consider IceCube-Gen2 for the stacking
search in this scenario. Here, we assume that the e↵ec-
tive area for IceCube-Gen2 is ⇠ 5 times larger than the
current IceCube detector.
We present the p-values expected for modest CR pres-

sure stochastic acceleration scenario for KM3NeT to-
gether with the ones for IceCube-Gen2 in Fig. 9. We
project the prospects for identification of neutrino emis-
sion from the bright sources assuming an angular res-
olution of 0.3 (solid) and 0.7 degrees (dashed) for each
detector. We should note that our estimation of the
prospects for identifying Seyfert galaxies are quite con-
servative, given that an angular resolution of 0.3 degrees
or better is not that far-fetched for KM3NeT. The ex-
pected improvements in the angular reconstruction in
IceCube-Gen2 will also make it easier to identify these
sources. In fact, our estimates indicate that achieving
finer angular resolutions at ⇠ 10� 30 TeV is crucial for
the identification of neutrino emission from these sources
especially in the modest CR pressure case. We further
show the growth of significance for a given resolution in
Sec. 6.

5. DISCUSSION

5.1. Aggregated Fluxes

Highly magnetized and turbulent coronae can be pos-
sible sites of particle acceleration. The system is calori-
metric in the sense that su�ciently high-energy CRs are
depleted via hadronuclear and photohadronic interac-
tions. The high magnitude of the neutrino flux at 10–
100 TeV makes this scenario a primary candidate for the
medium-energy neutrino flux observed in IceCube at the
level of E2

⌫�⌫ ⇠ 10�7 GeV cm�2 s�1 sr�1 (Murase et al.
2020). The di↵use flux mainly originates from AGN at
high redshifts (with z ⇠ 1� 2), which are too far to de-
tect as individual sources. The contribution from local
sources is small, but it is still of interest to ask their
aggregated flux.
Figure 10 shows the individual (thin lines) and sum

(thick line) of the neutrino fluxes from nearby, bright
Seyfert galaxies for di↵erent acceleration scenarios con-
sidered in this study. We have divided the fluxes by 4⇡
in order to compare with the total neutrino flux from the
6-yr cascade analysis of IceCube (Aartsen et al. 2020a).
Overall, each scenario predicts the contribution of the
catalogued nearby sources to the total neutrino flux at
10 TeV to be within 2-10%.
The stochastic acceleration scenario with the modest

CR pressure would mainly contribute to the 10-100 TeV
region. However, the high CR pressure case would gen-
erate a significant excess of the flux below 10 TeV. This
region is hard to investigate with the overwhelming flux
of atmospheric neutrinos, and detailed veto techniques
are required to distinguish the flux at TeV energies with
a good accuracy. The magnetic reconnection scenario
has the highest contribution to the flux at & 100 TeV.
Distinguishing this scenario from the one responsible for
the flux above 100 TeV would be di�cult because of the
scarcity of the data at high energies. While the exten-
sion of the flux to higher energies could make it easier
to identify this flux from the background, such a pos-
sibility is less motivated by the compelling signal from

• Located in the Northern hemisphere, 
KM3NeT has a good sensitivity for nearby 
bright Seyferts, which are mostly located in 
the Southern sky. 

• Cen A and Circinus Galaxy, because of their 
high flux, proximity, and high degree of 
visibility are likely to be identified in KM3NeT.
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Cen	A	&	the	Jet	Activity
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• Among the list of bright Seyfert 
galaxies, Cen A & NGC 1275 are 
seen with high jet activity. 
‣ X-ray emission could be from the 

jet? 

• X-ray emission features from Cen A 
are difficult to explain with 1-zone 
models that attribute HE emission 
to the jet. 
‣Observed soft lags X-rays from 

Cen A may indicate a coronal 
origin!

• The modeled neutrino flux is compatible with current upper limits!
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KM3NeT	&	Stacking	Search
‣Stochastic	acceleration	with	Modest	CR	pressure
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‣ Collective neutrino emission in Stochastic acceleration with modest CR pressure from nearby 
bright Seyfert galaxies could be confirmed with less than 10 years of KM3NeT operation. 

‣‣ Cen A dominates the signal. The likelihood  for observation will decrease if the 
nonthermal emission is not originated in the corona.
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Bright	Seyferts	in	IceCube-Gen2
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‣ IceCube-Gen2 will be able to test stochastic acceleration scenario 

‣‣ Even most conservative scenario that excludes potential neutrino flux 
from NGC 1275 & Cen A.
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Prospects	vs	Resolution
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Summary
• For the 1st time since the discovery of high-energy cosmic neutrinos, 

first signs of anisotropy are emerging the high-energy neutrino sky 

• Identification of neutrino emission in the direction of NGC 1068 with 
2.9σ and high-level of neutrino emission hints at efficient neutrino 
production and suppression of pionic gamma-rays 

• The disk-corona model leads to production of high-energy neutrinos 
and soft gamma-rays 

‣ High-level of CR pressure can explain the measured neutrino flux 
‣ Bright nearby Seyfert galaxies based on X-ray surveys present a 

testable scenario for current and future neutrino telescopes



Thanks!
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Cosmic-Ray	Differential	Luminosity
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Magnetic	Reconnection	Scenario

102 103 104 105 106

E⌫ [GeV]

10�11

10�10

10�9

10�8

10�7

10�6
E

2 �
⌫ µ

+
⌫̄ µ

[G
eV

cm
�

2 s
�

1 ]
NGC 1068

s = 2.0

s = 2.2

s = 2.3

s = 2.5

IceCube 10 yr

▷Varying	the	injected	CR	spectral	index


