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Grand Unified Neutrino Spectrum
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FIG. 1 Grand Unified Neutrino Spectrum (GUNS) at Earth, integrated over directions and summed over flavors. Therefore,
flavor conversion between source and detector does not a↵ect this plot. Solid lines are for neutrinos, dashed or dotted lines for
antineutrinos, superimposed dashed and solid lines for sources of both ⌫ and ⌫. The fluxes from BBN, the Earth, and reactors
encompass only antineutrinos, the Sun emits only neutrinos, whereas all other components include both. The CNB is shown for
a minimal mass spectrum of m1 = 0, m2 = 8.6, and m3 = 50 meV, producing a blackbody spectrum plus two monochromatic
lines of nonrelativistic neutrinos with energies corresponding to m2 and m3. See Appendix D for an exact description of the
individual curves. Top panel: Neutrino flux � as a function of energy; line sources in units of cm�2 s�1. Bottom panel: Neutrino
energy flux E ⇥ � as a function of energy; line sources in units of eV cm�2 s�1.

Biggio et al., 2009; Ohlsson, 2013), spin-flavor oscillations
by large nonstandard magnetic dipole moments (Ra↵elt,
1990; Haft et al., 1994; Giunti and Studenikin, 2015), de-
cay and annihilation into majoron-like bosons (Schechter
and Valle, 1982; Gelmini and Valle, 1984; Beacom et al.,
2003; Beacom and Bell, 2002; Denton and Tamborra,
2018b; Funcke et al., 2020; Pakvasa et al., 2013; Pagliaroli
et al., 2015; Bustamante et al., 2017), for the CNB large
primordial asymmetries and other novel early-universe
phenomena (Pastor et al., 2009; Arteaga et al., 2017), or
entirely new sources such as dark-matter decay (Barger

et al., 2002; Halzen and Klein, 2010; Fan and Reece, 2013;
Feldstein et al., 2013; Agashe et al., 2014; Rott et al.,
2015; Kopp et al., 2015; Boucenna et al., 2015; Chianese
et al., 2016; Cohen et al., 2017; Chianese et al., 2019; Es-
maili and Serpico, 2013; Bhattacharya et al., 2014; Higaki
et al., 2014; Fong et al., 2015; Murase et al., 2015) and an-
nihilation in the Sun or Earth (Srednicki et al., 1987; Silk
et al., 1985; Ritz and Seckel, 1988; Kamionkowski, 1991;
Cirelli et al., 2005). We will usually not explore such
topics and rather stay in a minimal framework which of
course includes normal flavor conversion.

Vitagliano et al. 2020
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Astrophysical diffuse flux
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In-ice neutrino telescope at the South Pole 
opera>ng in the TeV - PeV range

IceCube

4

2 different types of neutrino-nucleus 
interac1ons 2017 JINST 12 P03012

50 m

1450 m

2450 m 

2820 m

Eiffel Tower
324 m 

IceCube Lab

Bedrock

IceCube In-Ice Arra
 86 strings including DeepCore
5160 optical sensor

DeepCore
8 strings optimized for lower energies +

480 + 420 optical sensor

IceTop
81 stations / 162 tanks
324 optical sensor

7 standard central strings

Figure 1. The IceCube Neutrino Observatory with the in-ice array, its sub-array DeepCore, and the cosmic-
ray air shower array IceTop. The di�erent string/station colors represent di�erent deployment seasons.

1.1.2 DeepCore

A subset of in-ice DOMs is deployed deeper than 1750 m with a denser instrumented volume
and correspondingly lower energy threshold. This sub-array, DeepCore [22], consists of eight
specialized and closely-spaced strings of sensors in the center of the array, along with the seven
central standard IceCube strings. The inter-string spacing in DeepCore varies from 41 m to 105 m,
with an average spacing of 72 m.

The eight specialized DeepCore strings have a DOM-to-DOM spacing of 7 m for the bottom
50 DOMs, deployed at depths of 2100 m to 2450 m. The remaining 10 DOMs are deployed at
depths shallower than 2000 m with a spacing of 10 m to form a veto cap, allowing better rejection of
downgoing atmospheric muons. Depths from 2000 m to 2100 m are not instrumented, as the optical
scattering and absorption is significantly increased in this region of the ice (the “dust layer” [23]).

Six of the specialized DeepCore strings are fully instrumented with DOMs using PMTs with
35% higher quantum e�ciency than the standard IceCube modules. The remaining two specialized
strings are equipped with a mixture of standard and higher quantum e�ciency DOMs. The denser
geometry and increased e�ciency result in a lower energy threshold of about 10 GeV, compared to

– 4 –

Aartsen et al. 2017

νl + N → l + Xcharged current:

neutral current: νl + N → νl + X

Op>cal modules measure Cherenkov 
radia1on emiEed by secondary par>cles 
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IceCube
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2 different types of events:
924 Page 4 of 51 Eur. Phys. J. C (2018) 78 :924

Fig. 2 Two examples of events observed with IceCube. The left plot
shows a muon track from a νµ interaction crossing the detector. Each
coloured dot represents a hit DOM. The size of the dot is proportional
to the amount of light detected and the colour code is related to the

relative timing of light detection: read denotes earlier hits, blue, later
hits. The right plot shows a νe or ντ charged-current (or any flavour
neutral-current) interaction inside the detector

arrival time of Cherenkov light in individual DOMs is indi-
cated by colour (earlier in red and later in blue) and the size
of each DOM is proportional to the total Cherenkov light
it detected.1 Since the average scattering angle between the
incoming neutrino and the outgoing muon decreases with
energy, #ν→µ ∼ 0.7◦(Eν/TeV)−0.7 [9], an angular reso-
lution below 1◦ can be achieved for neutrinos with ener-
gies above a few TeV, only limited by the detector’s intrin-
sic angular resolution. This changes at low energies, where
muon tracks are short and their angular resolution deterio-
rates rapidly. For neutrino energies of a few tens of GeVs the
angular resolution reaches a median of ∼ 40◦.

All deep-inelastic interactions of neutrinos, both neutral
current (NC), να + N → να + X and charged current, να +
N → ℓ−

α + X , create hadronic cascades X that are visible
by the Cherenkov emission of secondary charged particles.
However, these secondaries can not produce elongated tracks
in the detector due to their rapid scattering or decay in the
medium. Because of the large separation of the strings in
IceCube and the scattering of light in the ice, the Cherenkov
light distribution from particle cascades in the detector is
rather spherical, see right panel of Fig. 2. For cascades or
tracks fully contained in the detector, the energy resolution
is significantly better since the full energy is deposited in
the detector and it is proportional to the detected light. The
ability to distinguish these two light patterns in any energy
range is crucial, since cascades or tracks can contribute to
background or signal depending on the analysis performed.

The electrons produced in charged current interactions of
electron neutrinos, νe + N → e− + X , will contribute to
an electromagnetic cascade that overlaps with the hadronic
cascade X at the vertex. At energies of Eν ≃ 6.3 PeV, elec-
tron anti-neutrinos can interact resonantly with electrons in

1 Note that in this particular example, also the Cherenkov light emission
from the hadronic cascade X is visible in the detector.

the ice via a W -resonance (“Glashow” resonance) [10]. The
W -boson decays either into hadronic states with a branching
ratio (BR) of ≃ 67%, or into leptonic states (BR ≃ 11%
for each flavour). This type of event can be visible by the
appearance of isolated muon tracks starting in the detector
or by spectral features in the event distribution [11].

Also the case of charged current interactions of tau neutri-
nos, ντ +N → τ+X , is special. Again, the hadronic cascade
X is visible in Cherenkov light. The tau has a lifetime (at rest)
of 0.29 ps and decays to leptons as τ− → µ− + νµ + ντ

(BR ≃ 18%) and τ− → e− + νe + ντ (BR ≃ 18%)
or to hadrons (mainly pions and kaons, BR ≃ 64%) as
τ− → ντ +mesons. With tau energies below 100 TeV these
charged current events will also contribute to track and cas-
cade events. However, the delayed decay of taus at higher
energies can become visible in IceCube, in particular above
around a PeV when the decay length becomes of the order
of 50 m. This allows for a variety of characteristic event
signatures, depending on the tau energy and decay channel
[12,13].

3 Event selection and reconstruction

In this review we present results from analyses which use dif-
ferent techniques tailored to the characteristics of the signals
searched for. It is therefore impossible to give a description
of a generic analysis strategy which would cover all aspects
of every approach. There are, however, certain levels of data
treatment and analysis techniques that are common for all
analyses in IceCube, and which we cover in this section.

3.1 Event selection

Several triggers are active in IceCube in order to preselect
potentially interesting physics events [14]. They are based

123
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muon track cascadeAhlers et al. 2017

μ

and zenith angle dependence of the measured flux is
consistent with expectations for a flux of neutrinos of
astrophysical origin. The 68% C.L. profile likelihood
contours for the correlated spectral index and flux
normalization are shown in Fig. 2 as a red curve.
Similar results (yellow curve, γ ¼ 2.50" 0.07 and
ϕastro ¼ 1.62þ0.25

−0.27 ) were obtained under the assumption
that the astrophysical neutrino flux originated from the
pγ-type source where we used the at-earth flavor
ratios, ðνe∶νμ∶ντÞE ¼ 0.78∶0.61∶0.61 and ðν̄e∶ν̄μ∶ν̄τÞE ¼
0.22∶0.39∶0.39 [73], and assumed the single power-law
flux. No significant difference has been observed
between the fluxes from the northern and southern skies
(dashed cyan and blue lines in Fig. 2). Since the
atmospheric self-veto effect [43,57,74,75] reduces
atmospheric neutrino background in the southern sky,
the astrophysical flux is measured more precisely in the
southern than in the northern hemisphere, γS ¼ 2.52þ0.10

−0.11
and γN ¼ 2.45þ0.17

−0.36 (Table IV, hypothesis F). Other
IceCube results are shown as blue, green, and black
curves for the muon neutrinos [26], HESEs [28] and
MESEs (Medium Energy Starting Events, E > 25 TeV)
[29] analyses. Only the muon neutrino sample is
uncorrelated with cascade events from this analysis.
The muon neutrino flux, measured for energies above
40 TeV from the northern sky, is in agreement with the
cascade result at the level of 1.5σ corresponding to a p
value of 0.07. The electron and tau neutrino (cascade)
and all-neutrino flavor (HESE and MESE) measure-
ments, which are correlated, are consistenin the over-
lapping energy range.
The results from fits beyond a single power-law model

assumption are described below. In the differential model
we assumed the flux follows an E−2 spectrum in the
individual neutrino energy segments with independent
normalizations [60]. The corresponding fit results, which
indicate the strength of the astrophysical neutrino flux, are
shown as black points in Fig. 3. The fit results assuming
other hypotheses are shown as curves with functional
forms given in Table IV. The red curve is the result of the
single power-law fit (hypothesis A) with the band indicat-
ing allowed parameters at 68% C.L.. Single power-law fit
results, obtained in the southern and northern skies
separately (hypothesis F) lead to similar results. Other
models assume additional features in the flux shape, such
as a cutoff (hypotheses B and E), break in the spectrum
(hypothesis D), energy dependence of the spectral index
(hypothesis C) as well as an additional neutrino emission
component at high neutrino energies from the population
of Blazar Lacertae blazars (hypothesis E). The latter has
been modeled according to Ref. [76] with one free
parameter, the neutrino to γ-ray intensity ratio, Yνγ . The
fit results are given in Table IV. Although not statistically
significant, the results (hypotheses C, D, and E) indicate
an overall soft spectral index (γ ∼ 2.4–2.6), a softening of

spectral index with energy from γ ∼ 2.0 to γ ∼ 2.75 above
∼40TeV, or a cutoff in the flux from the low energy
component at energies as low as ∼0.1 PeV. The nonzero
contribution from the BL Lac neutrino flux component
(hypothesis E), which is proportional to the Yνγ, is
statistically nonsignificant. We thus placed an upper limit
on the ratio Yν;γ < 0.41 at 90% C.L., leading to the
conclusion that a significant fraction of the γ-ray emission
from BL Lacs is due to leptonic processes, in agreement
with the IceCube limit at ultrahigh energies [77,78].
Current statistics are not sufficient to distinguish between
models that go beyond the single power law (hypotheses
B–F, Table IV). The most significant extension to the
single power law is hypothesis C, assuming energy
dependent spectral indices, with a p value of 0.06.
In summary, our results are consistent with the hypo-

thesis that the flux of astrophysical electron and tau
neutrinos follows a single power law, with a spectral index
of γ ¼ 2.53" 0.07 and a flux normalization for each
neutrino flavor of ϕastro ¼ ð1.66þ0.25

−0.27Þ at E0 ¼ 100 TeV.
In the measured energy range we reject spectral indices
γ ≤ 2.28 at ≥ 3σ level. The sizable and smooth flux
measured below ∼100 TeV remains a puzzle. In order to
not violate the isotropic diffuse gamma-ray background
[79], it suggests the existence of astrophysical neutrino
sources characterized by dense environments which are
opaque to gamma rays [80,81].

The IceCube collaboration acknowledges the significant
contributions to this Letter from the Stony Brook

FIG. 3. Astrophysical neutrino flux per neutrino flavor as a
function of energy. Black crosses represent the differential flux
model best fit results for the 2010–2015 (six years) cascade data.
Colored solid (dashed) curves represent astrophysical neutrino
flux models in (outside of) the sensitive energy range from
16 TeV to 2.6 PeV. Their functional forms as well as fit results are
given in Table IV. The 1σ data uncertainties, data limits, and
uncertainty band correspond to the 68% C.L. simultaneous
coverage for the unbroken single power-law flux.

PHYSICAL REVIEW LETTERS 125, 121104 (2020)

121104-7

Diffuse astrophysical neutrino flux

Aartsen et al. 2020

Higher sensi>vity in the Northern 
hemisphere due to atmospheric 
muons

IceCube
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Sources of astrophysical neutrinos
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distance:

IceCube observations of NGC 1068

10

Abbasi et al. 2022

dL = 11.1 Mpc

LX = 4.2 × 1043 erg s−1

Tikhonov & Galazutdinova 2021

Marinucci et al. 2016

Seyfert galaxy with the highest intrinsic 
X-ray flux in the Northern hemisphere!

Abbasi et al. 2022

NH ≃ 1025 cm−2column density:

X-ray luminosity:
Marinucci et al. 2016

Ricci et al. 2017
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IceCube observations of NGC 1068
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IceCube observations of NGC 1068 & other Seyferts
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Evidence for neutrino emission 
from two other Seyfert galaxies:

NGC 4151 at 2.9σ

CGCG 420-015 at 2.5σ

Goswami et al. 2023

Glauch et al. 2023
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Protons are accelerated inside the corona

The disk-corona model

13

Inoue et al. 2019 & 2020, Murase et al. 2020 & 2022, Kheirandish et al. 2021, Eichmann et al. 2022

X-rays + 
MeV !-rays

Disk

Corona

!

stochas>c accelera>on

accelera>on via magne>c reconnec>ons

Neutrinos and -rays are produced in pp 
and/or p  interac1ons

γ
γ

-rays are aEenuated in  interac>ons with 
X-rays
γ γγ

should be observable in the MeV range
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Murase et al. 2020 & 2022
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Inoue et al. 2019 & 2020
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Inoue et al. 2020

Inoue et al. 2020

Model based on radio observa>ons of  
synchrotron radia1on from accelerated  
electrons
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Eichmann et al. 2022

16

2-zone model of starburst region + AGN corona

data at about 100MeV is slightly overshot due to the additional
minor contribution by the starburst ring. At low energies the
data is still explained quite accurately, in which the coronal IR
emission results from synchrotron radiation of secondary
electrons, whereas primary synchrotron emission is no longer
present. However, this scenario yields a much higher CR
pressure (PCR/Pgas; 0.50) in the corona, so that altogether we
consider this alternative scenario to be less likely than the best-
fit scenarios that have been described previously.

4. Conclusions and Discussion

In this work, we introduced a spatially homogeneous,
spherically symmetric, steady-state two-zone model for AGN-
starburst composite galaxies. Using the multimessenger data of
NGC 1068 from the radio up the γ-ray band as well as its recent
indications of high-energy neutrino emission, we present the
first application of this model. Hereby, we perform a global
parameter optimization within the (2× 6)-dimensional para-
meter space and manage to perfectly explain all data, except for
some minor deviations of the γ-ray flux at about 10 GeV. So,
the γ-ray emission above a few×100MeV results predomi-
nantly from the starburst region, whereas the high-energy
neutrinos at TeV energies must originate from the coronal
region. As already discussed in other works (e.g., Inoue et al.
2020b; Murase et al. 2020; Kheirandish et al. 2021) the corona
is optically thick for the associated γ-rays, which introduced a
cascade of secondary electrons that dominate the emission at
0.1 eV Eγ 100MeV via synchrotron and IC radiation, in
addition to the strong free–free emission of the hot gas. In
contrast to these other works we however manage to explain
the high-energy neutrino emission by using an acceleration
scenario where the CRs are scattered off stochastically by
Alfvénic turbulence that shows either a small spectral index
(ù 3/2) or a turbulence strength parameter η∼ 1. Hence,
there is no need for an alternative acceleration process such as
magnetic reconnection, as studied extensively in Kheirandish
et al. (2021), even though, such an alternative acceleration
scenario in the AGN corona would relax the need for strong
Alfvénic turbulence. Further, the resulting gas density, radius,

and magnetic field strength of the corona yield a rather high
optical Thomson depth of ωT 1 as well as a low plasma beta
of β∼ 0.1, which, however, is within the range of expectations
(e.g., Miller & Stone 2000; Ricci et al. 2018). Some of our
best-fit scenarios suggest a rather large CR pressure of about
30% of the thermal gas pressure, hence, a huge amount of the
gravitational binding energy goes into CRs. But this becomes
less extreme if we account for the additional energy that is
supplied by the disk.
Finally, we manage to explain all data well in the case of a

strongly magnetized corona and a starburst ring with a high SN
rate (∼0.5 yr−1). Such a full multimessenger fit from radio to
TeV energies in photons plus the potential neutrino flux has not
been attempted before. In particular, using the pure AGN core
model has difficulties explaining the full high-energy signa-
tures (Inoue et al. 2020b; Murase et al. 2020; Kheirandish et al.
2021). Including the additional contribution from the starburst
ring obviously helps to explain the photon emission above
about 100MeV, but also with respect to the coronal high-
energy neutrino emission the detailed fitting approach enables
us to find a much better agreement to the potential
neutrino flux.
In total we showed that the broadband multimessenger data

of NGC 1068 can only be explained if we account for the
nonthermal emission by the outer starburst ring as well as the
inner corona. However, we are not able to explain the VLBA
radio data of the central region by the inner corona region,
neither via free–free emission (due to the high electron
temperature), nor via synchrotron radiation (due to the optical
thickness at these frequencies for a magnetic field strength
of>10 G). Therefore, we followed the common assumption
(see, e.g., Roy et al. 1998; Gallimore et al. 2004; Inoue et al.
2020b) and introduced the extended coronal region (extending
up to 0.7 pc) to explain these data. Here we suppose that this
extended corona is filled with a thermal gas with an electron
temperature of 106 K that emits free–free radiation and
becomes optically thick at about 5 GHz, which yields an
appropriate agreement with the VLBA data. Based on the effect
of radiation pressure compression on an ionized gas Baskin &
Laor (2021) recently showed that the brightness temperature of

Figure 5. The model predictions of the photon and neutrino SED of NGC 1068 with respect to the data: red markers refer to a beam size of ∼0.01 arcsec, and black
markers indicate a beam size of 1 arcsec. The dark gray area indicates the internal flux of the background (target) photon fields (disk- and torus emission as well as
Comptonized X-rays of the AGN corona) of the central AGN and the light gray area indicates the thermal IR emission by dust grains of the starburst region. Note that
the torus attenuation is not taken into account here.
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Other models
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par>cle accelera>on in ultra-fast oublows

interac>ons of failed winds with the obscuring torus

jet interac>ons with the interstellar medium 

muon pair produc>on in the AGN core

jets of stellar-mass black holes embedded in the AGN accre>on disk

Lamastra et al. 2016, Peree et al 2023

Inoue et al. 2022

Fang et al. 2023

Hooper & Plant 2023

Tagawa et al. 2023
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Goals of our project
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What are the prospects of observing other individual Seyfert galaxies in the  
near future?

How much could the neutrino emission from Seyfert galaxies contribute 
to the observed diffuse neutrino flux?

Look at individual point sources and an en>re popula1on of sources
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Our spectral model - Ingredients
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Assump>on: Neutrinos are mainly produced in p  interac1ons of accelerated protons with  
coronal X-rays
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Our spectral model - Neutrino spectrum
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Simulate a popula>on of Seyfert galaxies 
using popsynth1

Other nearby sources & source population

21

92 addi1onal nearby sources from the  
BASS catalogue Ricci et al. 2017

NGC 1068

Burgess & Capel 2021

 19 million sources up to ∼ z = 5

1hEps://github.com/grburgess/popsynth

  and  Lν ∝ LX Ep,max = 50 TeV = const

NGC 4151

CGCG 420-015
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Neutrino events in 10 years of IceCube
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1hEps://github.com/cescalara/icecube_tools

For all sources: calculate the expected number of neutrino events using icecube_tools1

use  from the 10-year IceCube data set of track-like eventsAeff Abbasi et al. 2021
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Diffuse neutrino flux
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Seyfert galaxies could be 
responsible for of the 
total diffuse neutrino flux at 
TeV energies!

∼ 15 %
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Detectability of individual sources
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Kheirandish et al. 2021

NGC 1068 is the brightest source: 
 aler 10 years of 

IceCube
p = 8 × 10−5 (3.7σ)

All other nearby sources are unlikely 
to be observed, neither by IceCube 
nor by IceCube-Gen2

Stacking analysis:  aler 14 years 
of IceCube-Gen2
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Neutrinos from pp interactions
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pp interac>ons seem to be the dominant neutrino produc>on mechanism!

Calculate the neutrino spectrum from pp interac1ons using aafragpy Koldobskiy et al. 2021
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-dependence of the proton spectrumLX
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AM3: solware to simulate 
mul>messenger emission from AGNs
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Conclusions
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Seyfert galaxies could contribute significantly to the observed diffuse neutrino flux.

NGC 1068 is by far the brightest neutrino source, all other Seyfert galaxies are expected 
to be much fainter.

Next steps:

Repeat the calcula>on using the improved proton spectra

Take into account uncertain>es in the cosmological evolu1on of Seyferts


