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jet burrowing through the stellar envelope in a core-collapse
event (Mészáros & Waxman 2001; Razzaque et al. 2003; Bar-
tos et al. 2012; Murase & Ioka 2013). Nevertheless, if the
observed gamma-rays come from the outbreak of a wide co-
coon, it is less likely that the relativistic jet, which is more
narrowly beamed than the cocoon outbreak, also pointed to-
wards Earth.

We further considered an additional neutrino-production
mechanism related to ejecta material from the merger. If a
rapidly rotating neutron star forms in the merger and does not
immediately collapse into a black hole, it can power a rela-
tivistic wind with its rotational energy, which may be respon-
sible for the sometimes observed extended emission (Met-
zger et al. 2008). Optically thick ejecta from the merger can
attenuate the gamma-ray flux, while allowing the escape of
high-energy neutrinos. Additionally, it may trap some of the
wind energy until it expands and becomes transparent. This
process can convert some of the wind energy to high-energy
particles, producing a long-term neutrino radiation that can
last for days (Murase et al. 2009; Gao et al. 2013; Fang &
Metzger 2017). The properties of ejecta material around
the merger can be characterized from its kilonova/macronova
emission.

Considering the possibility that the relative weakness of
gamma-ray emission from GRB170817A may be partly due
to attenuation by the ejecta, we compared our neutrino con-
straints to neutrino emission expected for typical GRB pa-
rameters. For the prompt and extended emissions, we used
the results of Kimura et al. (2017) and compared these to
our constraints for the relevant ±500 s time window. For
extended emission we considered source parameters corre-
sponding to both optimistic and moderate scenarios in Ta-
ble 1 of Kimura et al. (2017). For emission on even longer
timescales, we compared our constraints for the 14-day time
window with the relevant results of Fang & Metzger (2017),
namely emission from approximately 0.3 to 3 days and from
3 to 30 days following the merger. Predictions based on fidu-
cial emission models and neutrino constraints are shown in
Fig. 2. We found that our limits would constrain the op-
timistic extended-emission scenario for a typical GRB at
⇠ 40Mpc, viewed at zero viewing angle.

4. CONCLUSION

We searched for high-energy neutrinos from the first bi-
nary neutron star merger detected through GWs, GW170817,
in the energy band of [⇠ 1011 eV, ⇠ 1020 eV] using the
ANTARES, IceCube, and Pierre Auger Observatories, as well
as for MeV neutrinos with IceCube. This marks an unprece-
dented joint effort of experiments sensitive to high-energy
neutrinos. We have observed no significant neutrino counter-
part within a ±500 s window, nor in the subsequent 14 days.

Figure 2. Upper limits (at 90% confidence level) on the neutrino
spectral fluence from GW170817 during a ±500 s window centered
on the GW trigger time (top panel), and a 14-day window follow-
ing the GW trigger (bottom panel). For each experiment, limits are
calculated separately for each energy decade, assuming a spectral
fluence F (E) = Fup ⇥ [E/GeV]�2 in that decade only. Also
shown are predictions by neutrino emission models. In the upper
plot, models from Kimura et al. (2017) for both extended emission
(EE) and prompt emission are scaled to a distance of 40 Mpc, and
shown for the case of on-axis viewing angle (✓obs . ✓j) and se-
lected off-axis angles to indicate the dependence on this parameter.
The shown off-axis angles are measured in excess of the jet opening
half angle ✓j . GW data and the redshift of the host-galaxy constrain
the viewing angle to ✓obs 2 [0�, 36�] (see Section 3). In the lower
plot, models from Fang & Metzger (2017) are scaled to a distance
of 40 Mpc. All fluences are shown as the per flavor sum of neutrino
and anti-neutrino fluence, assuming equal fluence in all flavors, as
expected for standard neutrino oscillation parameters.

The three detectors complement each other in the energy
bands in which they are most sensitive (see Fig. 2).

This non-detection is consistent with our expectations from
a typical GRB observed off-axis, or with a low-luminosity
GRB. Optimistic scenarios for on-axis gamma-attenuated
emission are constrained by the present non-detection.

While the location of this source was nearly ideal for
Auger, it was well above the horizon for IceCube and
ANTARES for prompt observations. This limited the sensitiv-
ity of the latter two detectors, particularly below ⇠ 100TeV.
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Arrival directions 

Starburst galaxies (radio flux weights) 
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post-trial significance: 4.2σ
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Jetted AGN (γ-ray flux weights)
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Arrival directions 
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Large-scale and multipolar anisotropies at the Pierre Auger Observatory R. M. de Almeida
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Figure 2: Left panel: Energy dependence of the dipolar amplitude measured above 4 EeV. Right panel:
Reconstructed dipole directions in di�erent energy bins and corresponding 68% C.L. uncertainty, in Galactic
coordinates. The dots indicate the positions of 2MRS galaxies within 100 Mpc.

from the sources up to Earth, being a di�cult task because of our still uncertain knowledge about
cosmic ray composition and Galactic and extragalactic magnetic fields. Nevertheless, by using a
detailed large scale structure matter density field [21] derived from the CosmicFlows-2 catalog of
peculiar velocities [22], an estimation of the magnitude, direction and energy dependence of the
dipolar anisotropy as a function of energy was obtained by performing a combined fit of the dipole
components and cosmic ray composition [23].

Allowing for the presence of a quadrupole, the reconstructed dipolar and quadrupolar com-
ponents of the flux for all energy bins were obtained as in [9] and reported in Table 2. The five
independent quadrupolar components are not significant in any of the energy bins.

3.2 Angular Power Spectrum

The angular distribution �(n) of cosmic rays observed by an experiment in some direction n

can be decomposed by separating the dominant monopole contribution from the anisotropic one,
�(n), as

�(n) = #

4c 51
, (n) [1 + �(n)] , (3)

where , (n) is the relative coverage of the observatory, 51 =
Ø
3n , (n)/4c the fraction of

the sky e�ectively covered by the observatory and # the total number of observed cosmic rays.
Unfortunately, due to the partial sky coverage of the observatory, the estimation of the individual
0✓< coe�cients of the spherical harmonic expansion of �(n), and its angular power spectrum
⇠✓ =

Õ
✓

<=�✓ |0✓< |2/(2✓ + 1), cannot be carried out with relevant resolution as soon as ✓<0G >

2. However, one can make additional assumptions2 about the ensemble-averaged expectation
values of the multipole components [24] and it is possible to recover the angular power spectrum
coe�cients. In this situation, the pseudo-power spectrum ⇠̃✓ =

Õ
✓

<=�✓ |0̃✓< |2/(2✓ + 1) (which
is directly measurable, obtained from 0̃✓< =

Ø
3n , (n)�(n).✓<(n)) is related to the real power

spectrum through

⇠̃✓ =
’
✓
0
"✓✓

0⇠✓
0 . (4)

2For a more detailed discussion about these assumptions see [25].
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2MRS galaxies

Jetted AGN

and E�8 EeV. The only nonvanishing correlation coefficients
between the quantities reported in Table 7 are S �( )d Q,x xz
S �( )d Q, 0.63y yz and S �( )d Q, 0.91z zz . The nine components
of the quadrupole tensor can be readily obtained from those in
Table 7 exploiting the condition that the tensor be symmetric and
traceless. None of the quadrupole components are statistically
significant, and the reconstructed dipoles are consistent with those
obtained before under the assumption that no higher multipoles

are present. They are also consistent with results obtained in past
analyses in The Pierre Auger Collaboration (2015b) and The
Pierre Auger & Telescope Array Collaborations (2014). Note that
allowing for the presence of a quadrupole leads to larger
uncertainties in the reconstructed dipole components, especially
in the one along Earth’s rotation axis due to the incomplete sky
coverage present around the north celestial pole. Indeed, in both
energy bins the uncertainties in the equatorial dipole components

Figure 3. Evolution with energy of the amplitude (left panel) and direction (right panel) of the 3D dipole determined in different energy bins above 4EeV. In the sky
map in Galactic coordinates of the right panel the dots represent the direction toward the galaxies in the 2MRS catalog that lie within 100Mpc, and the cross indicates
the direction toward the flux-weighted dipole inferred from that catalog.

Figure 4. Maps in Galactic coordinates of the ratio between the number of observed events in windows of 45° and those expected for an isotropic distribution of
arrival directions, for the four energy bins above 4EeV.

Table 5
Three-dimensional Dipole Reconstruction for Energies above 4EeV

Energy (EeV) d⊥ dz d αd (deg) δd (deg)
Interval Median

4–8 5.0 �
�0.006 0.003

0.007 −0.024±0.009 �
�0.025 0.007

0.010 80±60 � �
�75 8

17

�8 11.5 �
�0.060 0.010

0.011 −0.026±0.015 �
�0.065 0.009

0.013 100±10 � �
�24 13

12

8–16 10.3 �
�0.058 0.011

0.013 −0.008±0.017 �
�0.059 0.008

0.015 104±11 � �
�8 16

16

16–32 20.2 �
�0.065 0.018

0.025 −0.08±0.03 �
�0.10 0.02

0.03 82±20 � �
�50 14

15

�32 39.5 �
�0.08 0.03

0.05 −0.08±0.07 �
�0.11 0.03

0.07 115±35 � �
�46 26

28

Note. We show the results obtained for the two bins previously reported (The Pierre Auger Collaboration 2017a), i.e., between 4 and 8EeV and above 8EeV, as well
as dividing the high-energy range into three bins.
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or a single source e.g. Cen A [+ M82] (Harari et al 2016, 
Mollerach et al 2019, Mollerach & Roulet 2022) 
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Figure 2: Left: Comparison of the diffuse neutrino emission (solid magenta band) to the effec-
tive local density and luminosity of extragalactic neutrino source populations. We indicate sev-
eral candidate populations (î) by the required neutrino luminosity to account for the full diffuse
flux [17] (see also [25]). The lower (upper) edge of the band assumes rapid (no) redshift evolu-
tion. The dark-blue-shaded region indicates IceCube’s discovery potential of the closest source
of the population (E2fnµ+n̄µ ⌃ 10�12 TeV/cm2/s in the Northern Hemisphere [26]). Right: The
same comparison for transient neutrino sources parametrized by their local density rate and bolo-
metric energy [27]. The discovery potential of the closest source is based on 10 years of livetime
(E2Fnµ+n̄µ ⌃ 0.1 GeV/cm2 in the Northern Hemisphere [28]).

ingly, several IceCube analyses [10,58] show an excess of neutrinos below 100 TeV, indicating that
the sources are opaque to g-rays, as expected, e.g., for intense X-ray and soft g-ray sources [59].

B) Precision measurements of the neutrino flux can test the idea of cosmic particle unifica-
tion, in which sub-TeV g-rays, PeV neutrinos, and UHE cosmic rays can be explained simultane-
ously [17, 41, 60, 61]. If the neutrino flux is related to the sources of UHE cosmic rays, then there
is a different theoretical upper limit (the dashed green line in Fig. 3) to the neutrino flux [62, 63].
UHE cosmic ray sources can be embedded in environments that act as “cosmic-ray reservoirs”
where magnetic fields trap cosmic rays with energies far below the highest cosmic-ray energies.
The trapped cosmic rays collide with gas and produce a flux of g-rays and neutrinos. The measured
IceCube flux is consistent with predictions of some of these models [29,39,40]; see, however, [64].

C) The attenuation of UHE cosmic rays through resonant interactions with cosmic microwave
background photons results in the production of UHE neutrinos. This mechanism, first pointed out
by Greisen, Zatsepin and Kuzmin [67, 68] (GZK), causes a suppression of the UHE cosmic ray
proton flux beyond 5✓ 1010 GeV [67, 68] and gives rise to a flux of UHE neutrinos [69], not yet
detected, shown in Fig. 3. The observation of these cosmogenic neutrinos at ⇥EeV, or a stringent
upper limit on their flux, will severely restrict models of acceleration, source evolution, cosmic ray
composition, and transition from Galactic to extragalactic components, and serve as a complement
to cosmic-ray measurements to limit possible sources (e.g., [56, 69–87]).

The strong correspondence of high-energy messengers — suggested by the diffuse data in
Fig. 3 — provides excellent motivation for multi-messenger observations. Linking together obser-
vations of multiple messengers in time and space will allow direct correlation of neutrino sources

3

Ackermann, Ahlers et al. ASTRO2020 
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γsource

Joint origin of neutrinos and UHECRs? ν

CR

χloss(Ep = 60 EeV) ∼ 200 Mpc

ν

CR

χloss(Eν = 1 PeV) ∼ 4 Gpc



negative evolution 

(Low luminosity Blazars, Tidal disruption events) 
 

star formation rate
 (GRBs, starbursts, FSRQs)

no evolution

13

Redshift evolution of astrophysical sources
γ
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UHECR-neutrino joint horizon ν

CRFO 2019 
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UHECR-neutrino joint horizon ν

CRFO 2019 

∼ 15 %

Ep ∼ 80 EeV Ep ∼ 20 EeV

Low-luminosity 
BL Lacs/TDEs

star
formation 
rate (GRBs, 
starburst 
galaxies 
most blazars)
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ANTARES, IceCube, Auger, TA Collaborations:
 M. G. Aartsen et al., JCAP 1601 (2016) 037

Al Samarai et al, PoS(ICRC2017)961 
Caccianiga et. al., 

EPJ Web Conf., 210 (2019) 
Schumacher, L. et al.,

EPJ Web Conf., 207 (2019)
Barbano et al 2019 PoS(ICRC2019)1177

Albert et al 2022 arXiv:2201.07313 
           see also Resconi, Coenders, Padovani, Giommi, 

Caccianiga, MNRAS, 468, 1, 2017

Arrival direction analysis 

Tracks: p-value 0.23 (post-trial) 
Cascades:  0.15 (post-trial)       

ν

CR
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ν

CR

Can neutrino arrival directions trace the origin of UHECRs? 
Palladino, Van Vliet, Winter, Franckowiak,2019 



Batista et al, MIAPP UHECR Review, 2019, FrASS, 6, 23 

UHECRs
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γ − rays neutrinos UHECRsγ − rays neutrinos
Waxman 2013
Ahlers & Halzen PPNP 2018 
Murase & Fukugita 2018 

A common origin? A common origin? γ ν
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UHECRs
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γ − rays neutrinos UHECRsγ − rays neutrinos

Blazars

A common origin? 

?

γ ν

Waxman 2013
Ahlers & Halzen PPNP 2018 
Murase & Fukugita 2018 



Blazars
Fermi-LAT 5 year map
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γ ν



Blazars
Fermi-LAT 5 year map
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Γjet ∼ 15 − 50

Dusty  
obscuring 
structure 

Γjet ∼ 15 − 50

IR 

SMBH
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p
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p
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p π+/-

π+/-

ν

ν

γ

γ

γ

γ

π0

π0
γ-rays

γ-rays

Broad 
line 
region 

e.g. Mannheim 1991, 1993, 
Halzen & Zas 1997, Mücke 2001, 2003, 

Atoyan & Dermer 2001, 2004,  
Neronov, Semikoz 2002, Dermer et al 

2006, Kachelriess et al 2009, 
Neronov et al 2009, Böttcher 2013, 

Dermer, Cerruti 2013, 
Cerruti et al 2013, Tchernin et al 2013, 

Murase et al. 2012, 2014, 
Dermer et al 2014, 

Tavecchio et al 2014, 2015, 
Petropoulou et al 2014, 2015,2016, 

Jacobsen 2015, Padovani 2015, Gao et al 
2017, Rodrigues et al 2017, 2020, 

Palladino et al. 2019, Righi et al 2020, 
Rodrigues et al 2021

Neutrino production in blazars γ ν

IR

UV

jet

Energy [GeV]
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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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Astro νμ + ν̄μ

Auger 2019
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All blazars (GeV γrays) < 17 %
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UHECRs
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γ − rays neutrinos UHECRsγ − rays neutrinos

Blazars

Max. 3FHL blazar 
contribution 16.7% 

Joint origin disfavoured γ ν



Several dozen associations so far ≥ 3σ:

3.3σ IceCube Coll 10yr
 Point-Source Analysis (3 blazars)

 Franckowiak et al ApJ 893 (2020) 
Giommi et al MNRAS 497 (2020) 

Hovatta et al A&A 650 (2021)
Plavin et al ApJ 908 (2021)

de Menezes et al ICRC 2021
Buson et al ApJL (2022)

Blazars coincident with high-energy neutrinos
γ ν
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Several dozen associations so far ≥ 3σ:

3.3σ IceCube Coll 10yr
 Point-Source Analysis (3 blazars)

 Franckowiak et al ApJ 893 (2020) 
Giommi et al MNRAS 497 (2020) 

Hovatta et al A&A 650 (2021)
Plavin et al ApJ 908 (2021)

de Menezes et al ICRC 2021
Buson et al ApJL (2022)

Blazars coincident with high-energy neutrinos
γ ν

IceCube, Fermi-LAT, MAGIC, AGILE, ASAS-SN, 
HAWC, H.E.S.S, INTEGRAL, Kanata, Kiso, 
Kapteyn, Liverpool telescope, Subaru, Swift/
NuSTAR, VERITAS, and VLA/17B-403 teams. 
Science 361, 2018, 

MAGIC Coll. Astrophys.J. 863 (2018) L10

IceCube Collaboration: M.G. Aartsen et al. 
Science 361, 147-151 (2018)

290 TeV muon neutrino coincident with 6-month long 
gamma-ray flare of TXS 0506+056 (3σ) 
signalness of neutrino 56.5%

TXS 0506+056

22
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MAGIC Coll 2018, ApJ, 863, L10 
Gao et al, 2019, Nat. Astron., 3, 88 
Keivani et al. 2018, ApJ, 864, 84 
Cerruti et al 2018, MNRAS, 483, 1  

See also: 

hadro-nuclear interactions: Liu+19   
stellar disruption: Wang+19
multiple zones: Xue+(inc FO)19 
neutron beam: Zhang+(inc FO)19
curved/double jet: Britzen+19, Ros+19 
inefficient accretion flow: Righi+19 
2014 flare: Reimer+19, Rodrigues+19, 
Halzen+19, Petropoulou+20, 
and more…! 

Nνμ
≲ 0.05/6 months

but requires atypically high proton luminosity
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See also: 

hadro-nuclear interactions: Liu+19   
stellar disruption: Wang+19
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MAGIC Coll 2018, ApJ, 863, L10 
Gao et al, 2019, Nat. Astron., 3, 88 
Keivani et al. 2018, ApJ, 864, 84 
Cerruti et al 2018, MNRAS, 483, 1  
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PKS 1502+106

TXS 0506+056

3HSP J095507.9+355101  

Several dozen associations so far ≥ 3σ:

3.3σ IceCube Coll 10yr
 Point-Source Analysis (3 blazars)

 Franckowiak et al ApJ 893 (2020) 
Giommi et al MNRAS 497 (2020) 

Hovatta et al A&A 650 (2021)
Plavin et al ApJ 908 (2021)

de Menezes et al ICRC 2021
Buson et al ApJL (2022)

Blazars coincident with high-energy neutrinos
γ ν

as well as 
• PKS B1424-418+IC35 Kadler, Nat Phys 12 (2016),         

Gao, Pohl, Winter, ApJ 843 (2017)
• PKS 0735+178 + 211208A Sahakyan et al 2022         

arXiv:2204.05060v1

3HSP J095507.9+355101: Petropoulou, FO et al. 2021, Paliya et al 2021 
PKS 1502+106: Rodrigues et al 2021,  Britzen et al 2021, FO et al 2021, Wang & Xue 2021  24

https://arxiv.org/abs/2204.05060v1
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Blazars coincident with high-energy neutrinos
γ ν

PKS 1502+106 (z = 1.839) + 
IC190730A

TXS 0506+056 (z = 0.3365) + 
IC170922A 

3HSP J095507.9+355101 
(z = 0.557) +IC200107A 

FO et al 2019
Petropoulou et al 2021
FO et al 2021



Gamma-ray bursts

26

Fermi-LAT 10 year GRB map

γ ν

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

Fermi-LAT 2nd GRB Catalogue,2019



Neutrino production in gamma-ray bursts

27

γ ν

Meszaros & Rees, 2014



Neutrino production in gamma-ray bursts
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γ ν

Meszaros & Rees, 2014

internal shock
photosphere

larger radius

possible neutrino production sites

TeV- PeV neutrinos PeV neutrinos

PeV - EeV neutrinos

Zhang & Kumar 2013

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



GRB contribution to the cosmic neutrino flux

28

γ ν

IceCube Coll, PRL 2020

A stacked search for neutrinos 
coincident with prompt GRB 
emission by IceCube
(now a total of 2091 GRBs) has 
led to limits on the neutrino 
production in 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. 2022 ApJ in press 



Pulsars and Galactic cosmic rays 
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Fermi-LAT 10 year GRB map

γ ν



Pulsars and Galactic cosmic rays

30

IceCube Coll. PoS(ICRC2017)981

IceCube Coll ApJ 849 (2017)
Antares Coll, IceCube Coll, ApJL 868 (2018) 
IceCube Coll, ApJ 898 (2020)
IceCube Coll, ApJL 930 (2022)

Galactic CRs ≤ 14%
Galactic TeV emitting pulsars ≤ 4%
Galactic X-ray binaries ≤ 1%
Galactic microquasars ≤ 7%

γ ν
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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 

γ ν

31



32

Swift-BAT 105-month hard-X-ray catalogue 2018

γ νNon-jetted AGN



Non-jetted AGN 

33

Infrared selected (ALLWISE) AGN with soft-X-ray weights 
could account for 27-100 % of neutrino flux at 100 TeV 
(2.6σ excess w.r.t. background expectations) with ~E-2 

spectrum.  

γ ν

IceCube Coll in press. arXiv: 2111.10169 

https://arxiv.org/abs/2111.10169


NGC 1068 (M77) 

34

γ ν

Seyfert 2 galaxy with heavily 
obscured nucleus

Prototypical nearby Seyfert 
2 (14.4 Mpc) 

High infrared luminosity: 
high-level of star formation

NGC 1068

IceCube Coll, PRL 2020

x

dN/dE ~ E-3.2, Nsource neutrinos =50.4, E > 1TeV,                         
post-trial significance: 2.9σ  
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Possible sites of neutrino production in non-jetted AGN

Stecker et al. 1991
Stecker 2013

Kalashev et al. 2015
Wang & Loeb 2017

Liu et al 2018
Padovani et al 2018

Kimura et al 2019, 2021
Y. Inoue et al 2020
Murase et al 2020

Kheirandish et al 2021
Anchordoqui et al 2021
Eichmann, FO et al 2022 

S. Inoue 2022

February 8, 2022 2:0 ws-rv961x669 Book Title ms page 15

Murase and Stecker 15

accretion 
disk

corona

cascade g

optical/UV

CR

n

black hole

free-fall inflow

accretion shock

Fig. 7. Schematic picture of the accretion shock model for high-energy neutrino production.
Cosmic rays that are accelerated at possible accretion shocks interact with radiation from the
disk.

e↵ect86 or possible blob collisions,87 although e�cient dissipation via such shocks
has not been manifested in the recent global MHD simulations.88,89 If the shock
exists, di↵usive shock acceleration, which is supported by kinetic simulations, may
operate, and the acceleration time scale is

tDSA = ⌘acc
"p

eBc
, (20)

where ⌘acc ⇠ 10(c/V↵)
2 in the Bohm limit. Alternatively, particle acceleration

by electric fields in a spark gap in the SMBH magnetosphere has been proposed.90

However, this mechanism is promising only for LL AGN but it is also unlikely for the
standard disk. This is because the plasma density is so high that the quasineutral
condition for MHD is usually satisfied.91

For thermal ultraviolet photons in the accretion disk, with "disk ⇠ 10 � 20 eV,
this translates into a characteristic proton energy "p & 3�10 PeV. The fact that this
reaction turns on at such high energies implies that the photons and neutrinos from
decaying pions are produced at very high energies too, well above the TeV range.
The energy of neutrinos interacting with ⇠ 10 eV photons from the accretion disk
is expected to be "⌫ ⇠ 1 PeV. Using �̂p� ⇠ 0.7 ⇥ 10�28 cm2

⇠ p��p� as the
attenuation cross section, the e↵ective optical depth is estimated to be

fp� � ndisk�̂p�R ⇠ 50 Ldisk,45.3(R/30)�1
R

�1
S,13.5(10 eV/"disk), (21)

where the lower limit is evaluated when relativistic protons interact with photons
during the light crossing time. This result, fp� � 1, implies that cosmic rays are
e�ciently depleted through the photomeson production. In this sense, the vicinity
of SMBHs is “calorimetric”. Note that the multipion production is dominant at
higher energies in the case of thermal photon backgrounds, and fp� cannot decrease
with energy.

K. Murase, F. Stecker “Neutrino Physics & Astrophysics” 2022

2

Lw,NLR
<
∼ 1043 erg/s, likely driven by the accretion disk

[34–38]. The nature of the gamma rays detected by
Fermi-LAT at energies Eγ ∼ 0.1 − 20 GeV [29] is un-
clear, exceeding the inferred level due to star formation
in the host galaxy (i.e., pp π0-decay gamma rays from
interaction of cosmic rays from stellar explosions and in-
terstellar gas) [39, 40].

Neutrino observations by IceCube [30] reveal that the
most significant position in the northern hemisphere in
a full-sky scan is coincident with that of NGC 1068. In-
dependently, a 2.9σ excess over background expectations
is found at its position in a source catalog search. The
spectrum seems fairly soft, with muon neutrino flux best
fit as fνµ ∝ ε−3.2

ν at energies εν ∼ 0.2-30 TeV, and
inferred luminosity ενdLνµ/dεν <

∼ 1042 erg/s at εν ∼ 1
TeV. Meanwhile, upper limits for gamma rays above 0.2
TeV [41] rule out models in which TeV-range gamma
rays and neutrinos escape the source with similar flux,
such as those involving kpc-scale wind external shocks
[22]. Some recent proposals invoke proton acceleration
and neutrino production in hot coronal regions near the
BH where X-rays are emitted via thermal Comptoniza-
tion, either accretion disk coronae [42, 43] or accretion
shocks [44–46]. Here, accompanying gamma rays would
be significantly absorbed via γγ interactions with AGN
photons [10]. However, acceleration of non-thermal par-
ticles in such coronal regions is not unequivocally estab-
lished from either observations or theory. Some proposed
mechanisms such as stochastic acceleration and magnetic
reconnection entail large uncertainties [43]. In such re-
gions, γγ absorption is effective down to the MeV range,
so the observed gamma rays at >

∼ GeV must arise from
a separate region. These studies also did not discuss the
potential contribution of electromagnetic (EM) emission
from the consequent electron-positron pair cascade down
to the radio band.

Here we propose an alternative picture where protons
are accelerated in the inner regions of the wind in NGC
1068, relatively near the BH. DSA, a well established
mechanism for particle acceleration, is assumed. This re-
gion can be identified with a “failed” wind that is plau-
sibly expected in radiative, line-driven wind models for
the conditions corresponding to NGC 1068 [14]. Neu-
trinos are mainly generated via pγ interactions with the
AGN radiation, while γγ interactions mediate the associ-
ated pair cascade emission, which we evaluate across the
full EM spectrum. For the GeV gamma rays, we invoke a
separate region where the wind interacts with the torus,
accelerates protons via DSA and induces pp interactions
with the torus gas. This allows GeV photons to escape,
while TeV photons are γγ-absorbed by IR photons from
the torus. All relevant emission processes are modeled
self-consistently with a detailed numerical code.

FORMULATION

DSA at collisionless shock waves with sufficiently high
Mach numbers can convey a sizable fraction of the energy
of bulk plasma motion into that of non-thermal particles
[16, 17]. In the inner regions of AGN winds near the
BH, shocks can naturally form in failed winds that are
robustly expected in models of line-driven winds from
the accretion disk [13, 47–52], and are quite plausible
for the BH mass MBH and λEdd inferred for NGC 1068
[10, 14]. Such flows are initially launched from the inner
parts of the disk (typically at radii R <

∼ 100Rs, where
R = 2GMBH/c2 is the Schwarzschild radius), but do
not reach the escape velocity vesc = (2GMBH/R)1/2 and
eventually fall back, thereby interacting with gas flowing
out subsequently. Henceforth we assume that protons
are accelerated by DSA in the inner regions of the wind,
with the total proton power Lp as a parameter.
At the same time, a successful wind exceeding vesc can

be line-driven from the outer parts of the disk, mainly in
the equatorial direction [13, 47–49, 52, 53]. This outer
wind can propagate farther and impact the torus [37, 54],
potentially inducing strong shocks and DSA of protons
[55], for which we assume a total proton power Lp,o. The
model geometry is illustrated in Fig.1.
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FIG. 1. Schematic sketch of the model. The accretion disk
around the black hole (BH) drives an outflowing wind. Inner
region: winds from the inner disk fail and fall back, dissipating
its kinetic energy through shocks near the BH. Protons un-
dergo diffusive shock acceleration (DSA) and pγ interactions
with photons from the disk and corona, inducing neutrino
and electromagnetic cascade emission, modulated by γγ in-
teractions. Outer region: successful winds from the outer disk
propagate farther, impact the torus and trigger shocks. Pro-
tons undergo DSA and pp interactions with the torus gas, in-
ducing gamma-ray emission, affected by γγ interactions with
photons from the torus. Overlaid on figure from [26].

Employing a numerical code that builds on previous
work [56, 57], we model the multi-messenger (MM) emis-
sion induced by a population of high-energy protons in-
teracting with magnetic fields, radiation and/or gas [10].
For either the inner region of the failed wind or the outer
region of the wind-torus interaction, the emission region

Inoue, Cerruti, Murase, Liu, 2022

γ ν

theory talk by Enrico Peretti 
this afternoon



NGC 1068

36

AGN corona (pp) Murase et al 2020

AGN 
external

wind
(pp)

based on Lamastra 2016 see also Lamastra 2019

AGN 
external 

wind (pp)

5

Fig.2 presents the numerically calculated MM spectra
for our fiducial parameters, compared with the available
observational data for NGC 1068. As analytically ex-
pected, pγ neutrinos from the inner region exhibit a spec-
tral break at εν,br ∼ 1 TeV and a cutoff at εν,max ∼ 5
TeV, generally being consistent with the current IceCube
data. Values of ηg ∼ 1-40 may be compatible (Fig.7),
but future neutrino measurements with higher statistics
by IceCube-Gen2 [72] may be required for confirmation.
There is also a sub-dominant contribution of pp neutrinos
from the outer region.
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FIG. 2. Model vs. observations of the multi-messenger
spectrum of NGC 1068 for fiducial parameters. Inner region:
R = 10Rs, v = 1000 km/s, B = 510G (εB = 0.1), ηg = 4,
Lp = 1044erg/s. Outer region: Ro = 0.1 pc, no = 106 cm−3,
Bo = 7mG, Lp,o = 2.6 × 1042 erg/s. Total emission from
the inner (red solid), outer (blue solid), and both (black
solid) regions shown. Left: Electromagnetic spectrum. Com-
ponents dominating each band highlighted: total pγ Bethe-
Heitler (BeH) cascade (ochre dashed), external inverse Comp-
ton (EIC) from first-generation BeH pairs (ochre dot-dashed),
pp π0 decay (green dotted), pp π± decay pair synchrotron
(cyan double-dot-dashed). Assumed disk+corona (cyan thin)
and torus (magenta thin) components overlaid. Data plotted
for radio to X-rays on sub-pc scales [73] (black circles), distin-
gushing bands affected by obscuration (empty circles), high
resolution ALMA (ochre diamonds) [45], Fermi-LAT [74, 75]
(black and magenta squares) and MAGIC [41] (blue trian-
gles). Intrinsic X-ray flux (gray box) indicated [32]. Right:
Muon neutrino spectrum. 1- (dark green), 2- (medium green),
and 3- (light green) σ error regions from IceCube denoted [30].

EM emission from the inner region is dominated by
the BeH cascade. Despite considerable γγ attenuation
above a few MeV as expected, it is luminous enough to
contribute significantly to the sub-GeV emission detected
by Fermi-LAT, mostly due to IC upscattering of AGN
photons by the first generation of BeH pairs (also seen
but not clearly emphasized in the coronal region models).
On the other hand, the emission at higher energies is
accounted for by pp gamma rays from the outer region
with Lp,o = 2.6 × 1042 erg/s. Above ∼0.1 TeV, the pp
gamma rays are severely γγ-attenuated by the torus IR

radiation, in agreement with the MAGIC upper limits.
Although the cascade emission from the inner region

extends down to much lower frequencies, due to the onset
of synchrotron self absorption (SSA) below a few THz, it
may not be observationally relevant, at least for the fidu-
cial parameters. In contrast, GHz-range emission may
be observable from the outer region due to synchrotron
by secondary pairs from pp-induced π± decay. For con-
sistency with the current upper limit at a few GHz, we
choose Bo = 7mG, within the range inferred from inde-
pendent polarization measurements for the inner torus of
NGC 1068 [76]. This implies Ep,max,o = 300 TeV given
by tacc,o = trad,o if ηg,o = 10.
For other combinations of R and v, we note that R <

∼
10Rs is unlikely as the inner disk radius is 3Rs, and R <

∼
100 km/s is unlikely as it approaches the sound velocity
of the inner disk and shocks may not form. Thus, fixing
ηg = 4 and εB = 0.1 so that B ∝ R−1, we focus on
two cases for {R/Rs, v[ km/s], B[ G]}: {30, 300, 170} and
{100, 100, 50}, with Lp adjusted to the MM data for each
case. Fig.3 shows the comparison with the fiducial case.
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FIG. 3. Model vs. observations of the multi-messenger
spectrum of NGC 1068 for ηg = 4 and varying combinations
of R, v, B and Lp for the inner region, as indicated in the
legend. Total emission from both regions shown for R = 10Rs

(fiducial, dark shaded), R = 30Rs (medium shaded) and R =
100Rs (light shaded), along with total emission from outer
region (fiducial, thin solid). Otherwise the same as Fig.2.

As expected, εν,br ∼ 1 TeV remains similar for all
cases. As trad ∝ R2 and tacc ∝ R, Ep,max (and hence
εν,max) given by tacc = trad increase with R, being ∼52
TeV and ∼33 TeV for R/Rs = 30 and 100, respec-
tively. The EM emission becomes more luminous with
R in bands affected by opacity, for both γγ absorption
at GeV and SSA at submm. Thus, to remain consistent
with existing data in those bands, Lp must be decreased
accordingly, to Lp/ erg/s = 4.1 × 1043 and 1.4 × 1043

for R/Rs = 30 and 100, respectively. This entails much
lower neutrino fluxes and disfavors cases with larger R
compared to the fiducial case. However, we note that
in reality, there can be additional γγ absorption outside

AGN internal wind (pγ) S. Inoue et al 2022

Possible to explain IceCube signal 
if neutrinos produced in inner 

AGN regions

Bur CR content must be much 
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AGN population
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Some TDEs form jets (Swift 1644+57)
Burrows et al 2011, Nat, 476, 421

PoS(ICRC2019)1016

Neutrinos from Optical Transient Populations Robert Stein

Figure 1: 90% confidence level upper limits on the contribution of jetted and non-jetted TDEs to the diffuse
neutrino flux [16], assuming standard candle behaviour. The shaded bands represent uncertainty in local rate
estimates of TDEs from [13, 17]

By assuming that these TDEs behave as standard candles, source class limits on neutrino
emission can be derived. The results are shown in Figure 1. Assuming the central value of rate
estimates from [13] and [17], and an E�2.5 astrophysical neutrino flux, we find that non-jetted and
jetted TDEs contribute less than 26% and 1.3% respectively to the astrophysical neutrino flux. As
the contribution from a population is directly proportional to the local population rate, the shaded
bands indicate the uncertainty in our limits arising from rate estimates. For TDEs, these rates are the
dominant source of uncertainty in neutrino flux constraints. It will require systematic evaluation of
observed TDE rates to enable more precise limits on neutrino emission. Any refined rate estimate
can be immediately used to directly recalculate limits, without requiring any additional IceCube
analysis.

An alternative hypothesis was tested for Jetted TDEs, in which the neutrino luminosity was
assumed to be proportional to the SMBH mass. This assumption was motivated by the Eddington
Limit, which limits the accretion and is proportional to black hole mass. Observational evidence
further suggests that TDE bolometric luminosities do tend to broadly follow such a relation [18].
In this case, the limits are directly proportional to the mean SMBH mass for the TDE population,
as illustrated in Figure 2. This mean mass was assumed to be 106.5M�, a value consistent with
observations of TDE hosts [18]. Under these assumptions, the contribution of jetted TDEs to the
diffuse neutrino is then limited to less than 0.4% of the total.
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Figure 1: 90% confidence level upper limits on the contribution of jetted and non-jetted TDEs to the diffuse
neutrino flux [16], assuming standard candle behaviour. The shaded bands represent uncertainty in local rate
estimates of TDEs from [13, 17]

By assuming that these TDEs behave as standard candles, source class limits on neutrino
emission can be derived. The results are shown in Figure 1. Assuming the central value of rate
estimates from [13] and [17], and an E�2.5 astrophysical neutrino flux, we find that non-jetted and
jetted TDEs contribute less than 26% and 1.3% respectively to the astrophysical neutrino flux. As
the contribution from a population is directly proportional to the local population rate, the shaded
bands indicate the uncertainty in our limits arising from rate estimates. For TDEs, these rates are the
dominant source of uncertainty in neutrino flux constraints. It will require systematic evaluation of
observed TDE rates to enable more precise limits on neutrino emission. Any refined rate estimate
can be immediately used to directly recalculate limits, without requiring any additional IceCube
analysis.

An alternative hypothesis was tested for Jetted TDEs, in which the neutrino luminosity was
assumed to be proportional to the SMBH mass. This assumption was motivated by the Eddington
Limit, which limits the accretion and is proportional to black hole mass. Observational evidence
further suggests that TDE bolometric luminosities do tend to broadly follow such a relation [18].
In this case, the limits are directly proportional to the mean SMBH mass for the TDE population,
as illustrated in Figure 2. This mean mass was assumed to be 106.5M�, a value consistent with
observations of TDE hosts [18]. Under these assumptions, the contribution of jetted TDEs to the
diffuse neutrino is then limited to less than 0.4% of the total.

5

R. Stein for IceCube Coll PoS ICRC 2019

Non-Jetted <26%
IceCube Diffuse Flux

Jetted < 3%

3 jetted TDEs
40 non-jetted TDEs 
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see also Hayasaki et al 2019
Winter, Lunardini 2020
Winter, Lunardini 2022
Banik & Bharda 2022

No jet for AT2019dsg, 
AT2019fdr, AT2019aalc
(Cendes et al 2021, Matsumoto et al 2021)

neutrino spectra
in various viable models 
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Waiting for the next multimessenger alert 
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Summary 

UHECR and neutrino sources appear to be 
numerous 

New facilities and sensitive upgrades being 
deployed

Multimessenger monitoring+phenomenology: 
Scrutinise every alert 

Waiting for the next multimessenger events! 
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New facilities and sensitive upgrades being 
deployed

Multimessenger monitoring+phenomenology: 
Scrutinise every alert 

Waiting for the next multimessenger events! 
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UHECR LIMIT 
< 30º 


