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Lecture plan 

• Observations and basic theoretical concepts

• Generic source properties

• Requirements for astrophysical accelerators of UHECRs/HE neutrinos

• Candidate astrophysical sources (Active Galactic Nuclei/Starburst 
Galaxies/Gamma ray bursts/Pulsars/Tidal Disruption Events)
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Cosmic-ray accelerators that satisfy the confinement requirement (1017 eV)
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Active Galactic Nuclei 

Most powerful ``steady’’ sources in the Universe (L≥1047 
erg/s) > 1000 bright Galaxies! 

They host a super-massive black hole (SMBH)      
(106-1010 Msun). ``Active’’ as emission >> stars in the 
galaxy - accretion on to SMBH  

Visible to large redshifts (z > 7.5) - peak z~2 (depends 
on type) 

1% of galaxies active 

Broad emission lines reveal rapid bulk rotation
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Artist’s impression of non-jetted AGN shrouded in 
dust [NASA/JPL]

[Spectra from: https://www.open.edu/openlearn/science-maths-technology/introduction-active-galaxies/content-section-2.2.2]

Normal galaxy

AGN

https://www.open.edu/openlearn/science-maths-technology/introduction-active-galaxies/content-section-2.2.2


The engine 

5
*1 erg ~ 1 TeV, LSun = 3.85 x 1033 erg/s

An efficient way to produce the power 
required, is through accretion onto a 
black-hole. As much as 10% of the rest 
mass energy in-falling into a black hole is 
converted into radiation  

In solar masses per year, the requirement 
is 

This should be “easy” to supply. A typical 
galaxy might have gas mass, 

Ldisk = 0.1 ·Mc2 = 1046 erg/s

·M =
Ldisk

0.1c2
= 1.75

Ldisk

1046 erg/s
MSun yr−1

Mgas ∼ 1010MSun



~10% of AGN have jets

We need a supermassive black hole due 
to the Eddington limit! 

LEdd =
4πGMmpc

σT
= 1038erg/s ( M

MSun )

M ≥ 108MSun ( Ldisk

1046 erg/s )
I.e. we need, 
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The engine 

Ldisk = 1046 erg/s
For an AGN with disk luminosity 

and time variability 

Δt = 104 s, causality dictates R ∼ cΔt = 0.01 pc = 20 AU



The majority of AGN classes can be 
explained by three parameters: 

• Orientation

• Presence of jet or not (10% have it) 

• Radiative efficiency

Blazar

(the observer looks into the jet)

Radio 

galaxy

(observer sees jet from the side)

Face on Side-view

Jetted
(radio-loud)

Blazars
(BL Lac/
FSRQ)

Radio-Galaxies
(FRI/II)

Non-jetted
(radio-quiet) Seyfert I Seyfert II
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AGN Unification 



~10% of AGN have jets

Radio galaxy Cygnus A Image credits: NRAO/AUI,A. Bridle 
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FRI

FRII

10% of AGN host jets 



No spectacular jets…but wealth of information from timing/variability and spectra!

Radio Optical γ-rays

[image from SDSS] [image from EGRET] [image from VLBA] 
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Blazars: Star-like appearance 



[image from SDSS] [image from EGRET] [image from VLBA] 

Usual relativity (rulers and clocks)

Δx =
Δx′ 

Γ
Γ =

1
1 − β2

Δt = Δt′ Γ

ΓΓ

Not so for photons! 
(Terrel 1959)
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Relativistic beaming 



[image from SDSS] [image from EGRET] [image from VLBA] 

If the emitting region is moving relativistically, observed features appear boosted: 

Special cases: 

Doppler factor, δ =
1

Γ(1 − β cos θ)

Lobs = δ4L′ 

ν = δν′ , E = δE′ 

Δt = Δt′ /δ

Δx = Δx′ δ

δmin = δ(90∘) = 1/Γ − recover special relativity

δmax = δ(0∘) =
1

Γ(1 − β)
= Γ(1 + β) ∼ 2Γ

θ = 1/Γ, cos θ ≈ 1 −
θ2

2
≈ β, δ = Γ − opposite of special relativity!

(dashes denote rest-frame quantities)
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(shortening of timescales)

(blueshift)

Relativistic beaming 



>90% of extragalactic Fermi sources (see also TeVCaT) 

Fermi 5-yr blazars
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Blazars dominate the extra-Galactic gamma-ray sky



HAWCMAGICVERITAS HESS

13

Blazars dominate the extra-Galactic gamma-ray sky
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PKS 2155−304

optical
x-ray

Fermi (GeV)

HESS/VERITAS/ 
MAGIC 

(TeV)

Blazar spectral energy distribution 



Blazar classes: BL Lac objects and FSRQs 
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Optical lightBL Lac Object Flat spectrum radio quasar 



Blazar classes: BL Lac objects and FSRQs 
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BL Lac Object Flat spectrum radio quasar 



[νB =
eB

2πγmc
=

νLarmor

γ ]

νS =
4
3

γ2
breakνB ≈ 3.7 ⋅ 106γbreakBδ ~10% of AGN have jets
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Relativistic electrons in a compact, 
relativistic region moving at  β ∼ 1

Emission from BL Lac objects 

Magnetic field strength B, doppler factor δ, electron 
Lorentz factor γ



~10% of AGN have jets

In this synchrotron + synchrotron self Compton (SSC) 
model, we can in principle determine the magnetic field 
strength, doppler factor, γb, n1, n2, electron density, size of 
emitting region from observed quantities (see back-up)  
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νC =
4
3

γ2
bνS

Emission from BL Lac objects 

νS =
4
3

γ2
breakνB ≈ 3.7 ⋅ 106γbreakBδ



~10% of AGN have jets
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Broad line region

Dust Torus

Emission from Flat Spectrum Radio Quasars
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From the peak frequencies we have, 

νC =
4
3

γ2
breakνS

γbreak = ( 3νC

4νS )
1/2

What we can infer from the blazar SED 

For OJ 287 γbreak = ( νC ∼ 1021

νS ∼ 1013 )
1/2

∼ 104
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Low peak very likely synchrotron all from same 
region (correlated variability) 

Ls ∝ UB − (1)

Often correlated variability in high peak, 
-> Inverse Compton with synchrotron photons

LIC ∝ Urad − (3)

Urad =
Ls

4πR2δ4c
− (4)

R = ctvar
δ

1 + z

UB =
B2

8π
− (2)

21

What we can infer from the blazar SED 
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Combining (1), (2) & (3) 

LC

LS
=

Urad

UB
=

2Ls

R2δ4cB2

B2δ3 = (1 + z)
Ls

ctvar ( 2
cLC )

1/2

− (5)

Rearranging, we get, 

What we can infer from the blazar SED 
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From the peak frequencies we have, 

νC =
4
3

γ2
breakνS

γbreak = ( 3νC

4νS )
1/2

− (6)

νS =
4
3

γ2
breakνB ≈ 3.7 ⋅ 106γbreakB

δ
1 + z

Using (6) we get 

B ⋅ δ = (1 + z)
ν2

S

2.8 ⋅ 106νC
− (7)

We now have 2 equations (5,7) and 2 unknowns

What we can infer from the blazar SED 
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For OJ 287:

tvar ∼ 104 s, νs ∼ 5 × 1013 Hz, νc ∼ 1021 Hz

UHECR acceleration? 

Γ ∼ δ ∼ 10 − 50

For typically inferred parameters
B′ ∼ 0.1 − 1 Gauss

R′ ≲ δtVarc, tVar ∼ day
Emax ∼ ZeB′ ΓR′ ≳ Z ⋅ few × 1019 eV

Emax ∼ ZeBΓR ∼ Z ⋅ 4 × 1020 eV

LC ∼ LS ∼ 1046 erg/s

∴ B ≈ 0.4 G, δ ≈ 20



p π0 γγ?

e γIC?

p γsyn?

Neutrino production in blazars
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For characteristic values of  B, R, and delta , we 
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p + γ → p + π0 → p + γ + γ

Neutrino production in blazars 

E2
ν

dN
dEν

=
3
2

1
2

E2
γ

dN
dEγ

|Eγ=2EνRπ =
Γ( → π+/−)
Γ( → π0)

∼ 1 ⟶ gamma-rays give us an upper limit to 
the neutrino flux 

Averaged branching ratio, 



Γjet ∼ 15 − 50

Broad 
line 
region (UV photons) 

Very powerful collimated jets 
Radiatively efficient accretion disk 
Luminosity close to Eddington limit 

Dusty  
obscuring 
structure 

Accretion  
disk 

Γjet ∼ 15 − 50

IR photons

SMBH

Flat spectrum radio quasars                                                          

Γjet ∼ 15 − 20

Slow moving outer layer? “sheath”

Inefficient 

accretion dust?

SMBH

BL Lac Objects

Less collimated jets
Radiatively inefficient accretion disk 
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Blazar subclasses and photon fields



neutrino energy
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Neutrino production in blazars



Possible contribution of blazars to the diffuse neutrino flux
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Possible contribution of blazars to the diffuse neutrino flux
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Astro νμ + ν̄μ

Auger 2019

IC EHE 9yr
Astro cascades
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Astro νμ + ν̄μ

Auger 2019

IC EHE 9yr
Astro cascades



Possible contribution of blazars to the diffuse neutrino flux
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All blazars (GeV γrays) < 17 %

Astro νμ + ν̄μ

Auger 2019

IC EHE 9yr
Astro cascades
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Astro νμ + ν̄μ

Auger 2019

IC EHE 9yr
Astro cascades

100 brightest blazars (MeV γrays) < 1 %



UHECRsγ − rays neutrinos UHECRsγ − rays neutrinos

Blazars

Max. 3FHL blazar contribution 
16.7%/Max 1FLE contribution 1%                                       
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Stacking limits from IceCube



side view

125mtop view 0 500 1000 1500 2000 2500 3000
nanoseconds
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Background fluctuation? Chance probability ~0.3% 

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

TXS 0506+056-IC 170922A 
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IceCube Collaboration: M.G. Aartsen et 
al. Science 361, 147-151 (2018)

γ-rays
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IceCube archival search 13±5 more neutrinos! 
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Image from Biteau, Prandini, Costamante+ Nat. Astr 4, 124–131(2020)
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Dermer, Murase, Inoue, JHEAp 3-4 (2014) 29-40

Blazar flares: Interesting as neutrino point sources 
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Nνμ
≲ 0.05/6 months⋆

Neutrino production in TXS 0506+056 in 2017

-Ok due to population bias! 
(1% chance to see one neutrino from each blazar flare) 
-But: What does it take to produce 0.05 neutrinos/6months in this blazar? 



p

p

p
p

p

p

p

p
π+/-

π+/-

ν

ν

π0

π0

γ-rays

γ-rays

40

τpγ(E′ p) ≈ σpγrbnϵ′ t
|ϵ′ t=mπc2(mπc2+mpc2)/2E′ p

E′ γ ∼ 15 GeV (
E′ p

6 PeV ) ∼ 15 GeV ( E′ ν

300 TeV )

τpγ(E′ p) ≈
κpγ

κγγ

σγp

σγγ
τγγ(E′ γ) ≈

10−28 cm2

10−25 cm2
τγγ(E′ γ) ≈ 10−3τγγ(E′ γ)

Optical depth to pγ interactions

At the same time γγ, 

Ratio of optical depths is then,

At energy,

This implies that sources optically thin to 
gamma-rays have inefficient TeV neutrino 
production

τγγ(ε′ γ) ≈ σTr′ bnϵ′ t
|ϵ′ t=m2

e /E′ γ

What sets the neutrino flux upper limit? 

p + γ → π + X
γ + γ → e+ + e−



p

p

p
p

p

p

p

p
π+/-

π+/-

ν

ν

π0

π0

γ-rays

γ-rays

41

E′ γ ∼ 15 GeV (
E′ p

6 PeV ) ∼ 15 GeV ( E′ ν

300 TeV )
τγγ(E′ γ) ≈ 103τpγ(E′ p)

At energy,

1 . τγγ(10 − 100 GeV) ≲ 1

What sets the neutrino flux upper limit? 
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νγ
3/8ths of proton energy lost → neutrinos 
rest (5/8ths) to photons (gamma-rays/X-rays) 

pPeV + γ → p + e+ + e− → the electrons undergo synchrotron or Inv . Compton → cascade that peaks in keV band

What sets the neutrino flux upper limit? 
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νγ
3/8ths of proton energy lost → neutrinos 
rest (5/8ths) to photons (gamma-rays/X-rays) 

pPeV + γ → p + π0 → p + γ + γ γ + γjet/BLR → e+e− → synchrotron or inv . Compton

What sets the neutrino flux upper limit? 
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nBL Lac ∼ 10−6 Mpc3

nFRSRQ ∼ 10−9 Mpc3

Emax ∼ ZeB′ ΓR′ ∼ Z ⋅ few × 1019 eV

UHECR Emissivity UHECR number density

UHECR Maximum Energy Neutrino clustering constraints

·ε > 1044 erg/Mpc3/year

✓

✓

𝙭✓

Blazar contribution to UHECR/neutrino flux? 
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Scorecard 

BL Lac  not for H   😞  😞   😀

FSRQs  😀   😞  😞   😀

FR I  not for H   😀  😀   😀

FR II  😀   😀  ~😞   😀

Starbursts  

HL GRBs

LL GRBs

Pulsars

TDEs

·εUHECR¯neff,νEmax n̄eff,UHECR



Cosmic-ray accelerators that satisfy the confinement requirement 
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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 31



32

Swift-BAT 105-month hard-X-ray catalogue 2018Non-jetted AGN
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Possible sites of UHECR acceleration in non-jetted AGN

Laha et al 2020, Nature Astronomy

EHillas,UFO ∼
3
20

βZeB′ ΓR′ ∼ Z ⋅ 1019 eV
Energy losses limit maximum energy 

Particle acceleration and multimessenger radiation from UFOs 5

Figure 3. Top panel: Spatial distribution of the CR phase space density. Low
energy particles behave in the system as illustrated by the red dotted line, high
energy particle behavior is represented by the blue dot-dashed curve while the
black curve shows the behavior of particles at the maximum energy. Bottom
panel: Spectrum of particles at the shock (thick green line) compared to the
spectral shape of the escaping flux (dashed magenta line). The dotted curves
represent the particle spectra in the downstream region from the wind shock
(red) to the escape radius (blue).

system and loss mechanisms, so that it cannot be simplified as a ratio
⇢/⇢max. Therefore, here we define ⇢max as the energy where ?B 5sh
is suppressed by one 4-fold. In what follows we describe in detail
the impact of di�erent realizations of the system to the maximum
energy.

3.1 Impact of parameters on the maximum energy

A qualitative estimate of the maximum energy set by the geometry
of the system can be obtained by comparing the upstream di�usion
length, ⇡1/D1, with the size of such region, 'sh (see also Morlino
et al. 2021; Peretti et al. 2022, for additional discussion). Since at
the highest energies AL is already larger than ;2 one can write the
maximum energy as follows:

⇢max = @⌫

r
6
2


n⌫ §";2
'sh

�1/2
D1

' 1.4 EeV
✓
n⌫

0.05

§"
10�1M�yr�1

;2
10�2 pc

1 pc
'sh

◆1/2 D1

0.2 2
. (4)

As one can see from Eq. (4), the maximum energy for DSA at the
wind shock of UFOs turns out to be of the order of EeV for standard
values of parameters.

Tab. 2 highlights the impact of di�erent parametric assumptions
on the maximum energy. In particular, we see that, according to

Table 2. Impact on the maximum energy of a parameter variations. All
parameters are set to the benchmark UFO values shown in Table 1 except
for those indicated in the first two columns. The last row shows the result for
benchmark values for comparison.

Parameter(s) Variation(s) ⇢max [EeV]

D1 [2 ] 0.03 / 0.1 / 0.3 0.03 / 0.31 / 1.86
§" ["� yr�1 ] 10�2 / 1 0.29 / 2.82

nB 0.01 / 0.1 0.53 / 1.41

;2 [pc] 3 · 10�3 / 10�1 0.81 / 0.24

Cage [yr] 102 / 104 / 105 0.58 / 1.12 / 0.88

X 5/3 (Kolmogorov) 1.02

=ISM [cm�3 ] 103 1.11

*rad none / double 2.04 / 0.77

( §" , D1) pessimistic / optimistic 0.01 / 4.53

no variations (benchmark) 1.06

Eq. (4), ⇢max scales roughly linearly with D1 and with the square
root of §" and n⌫ . The impact of ;2 on ⇢max can be understood as
follows: when ;2 � 10�2 pc, the di�usion coe�cient is much larger
than the benchmark scenario so that the di�usion length reaches the
size of the system at lower energies; when ;2 ⌧ 10�2 pc the energy
at which the di�usion coe�cient changes regime (from the stan-
dard quasi-linear theory ⇠ ⇢2�X to the small pitch-angle scattering
regime ⇠ ⇢2) shifts to lower energies thereby resulting in a larger
value of ⇡ at the highest energies. Therefore, since at the highest
energies, di�usion dominates, a local maximum in ⇢max appears for
;2 ' 10�2 pc. The age of the system does not have a strong impact
on ⇢max which is a�ected by less than a factor 2 for the wide range
of alternatives considered. Similarly, di�erent assumptions on the
slope of the turbulence cascade (Kolmogorov-like) and the external
medium density have a negligible impact on ⇢max. In fact, while
the former is irrelevant because at the highest energies AL > ;2 and
di�usion has changed regime, the latter impacts mostly the dynamics
of the bubble. Interestingly, as also highlighted in Fig. 2, di�erent
assumptions in the photon field highlight a trend which suggests that
the ?W interactions on the infrared field of the torus regulate the max-
imum energy. In particular, ⇢max increases by a factor 2 when the
photon field is removed, while it decreases when a stronger photon
field is considered. This suggests that the infrared field of the torus
could play a crucial role in regulating the maximum energy achiev-
able in UFOs. We finally explore the combined e�ect of maximum
(minimum) values of D1 and §" corresponding to a plausible opti-
mistic (pessimistic) scenario. In this context one can see that UFOs
can be responsible for particle acceleration with ⇢max ranging from
10 PeV up to 5 EeV. In particular, the objects in the high luminosity
end of a hypothetical luminosity function of UFOs are candidate
acceleration sites of UHECRs where protons could reach a few EeV.
Heavier nuclei could be accelerated to higher total energies provided
they survive photodisintegration. The latter possibility depends on
the photon background present at the acceleration site and on the
relative distance between 'sh and 'fs.

4 GAMMA-RAYS AND HE NEUTRINOS FROM UFOS AND
CONSTRAINTS TO THEIR LOCAL DENSITY

The gas swept-up from the dense environment of the SMBH as well
as the strong radiation field of the AGN can make hadronic interac-
tions dynamically relevant in UFOs. Since interactions are copiously

MNRAS 000, 1–11 (2015)
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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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find that for luminous AGN the Bethe-Heitler pair pro-
duction (pγ → pe+e−) is the most important cooling pro-
cess because of copious disk photons, which determines
the proton maximum energy. For our model parameters,
the CR spectrum has a cutoff at εp ∼ 0.1−1 PeV, leading
to a cutoff at εν ∼ 5− 50 TeV in the neutrino spectrum.
Note that all the loss timescales can uniquely be evalu-
ated within our disk-corona model, and this result is only
sensitive to η and q for a given set of coronal parameters.
Although the resulting CR spectra (that are known to
be hard) are numerically obtained in this work, we stress
that spectra of pγ neutrinos are independently predicted
to be hard, because the photomeson production occurs
only for protons whose energies exceed the pion produc-
tion threshold [10, 77]. The CR pressure to explain the
neutrino data turns out to be ∼ (1−10)% of the thermal
pressure, by which the normalization of CRs is set.
For coronae considered here, the infall and dissipation

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

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

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

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

BH
e /dεe)|εe=(me/mp)εp ≈

t−1
BHε

2
p(dNCR/dεp) [87–89], ε2e(dṄ

pγ
e /dεe)|εe=0.05εp ≈

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

pγ ε
2
p(dNCR/dεp),

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

pγ ε
2
p(dNCR/dεp).

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

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

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

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

√
3 ∼ 0.1 − 1, leading

to the effective pp optical depth

fpp ≈ tesc/tpp ≈ np(κppσpp)R(c/Vfall)

∼ 2 (τT /0.5)α
−1
−1(R/30)1/2, (1)

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

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

∼ 2
ηpγLX,44(εp/ε̃pγ−X)ΓX−1

α−1(R/30)1/2RS,13.5(εX/1 keV)
, (2)

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

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

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

NB: Different 
energy range than 
NGC 1068

NGC 1068
(medium 
energy ν) this 

work



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

h
nm
!ð Þ
i
, has a total ex-

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

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

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

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

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

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

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

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

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

Test type
Pretrial P value, Plocal
(local significance)

Posttrial P value, Pglobal
(global significance)

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

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

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

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

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

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

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

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

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

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

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

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

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

Searching for point-like neutrino emission

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

RESEARCH
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*Corresponding authors: analysis@icecube.wisc.edu; F. Halzen
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†IceCube Collaboration authors and affiliations are listed in the
supplementary materials.

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

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

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

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

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

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

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

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

of unexpected contamination or anomalies
(26). Out of the 20 events contributing the
most to the test statistic, 19were included in the
previous analysis (23). Although the location is
therefore dominated by the same neutrinos, the
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Fig. 5. Comparison of point-source fluxes with the total diffuse astrophysical neutrino flux. Fluxes
for NGC 1068 (blue line, this work), TXS 0506+056 (orange line, this work), and the diffuse neutrino
background [brown data points and gray band (17, 25)] are given for a single flavor of neutrinos and
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Neutrino emission from NGC 1068
The high-resolution scan around the most sig-
nificant location in the Northern Hemisphere
is shown in Fig. 2A, with NGC 1068 located
inside the 68% confidence region. The posi-
tion of NGC 1068 produced m̂ns ¼ 79þ22

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

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

shown in Fig. 3, which shows the likelihood
as a function of the model parameters (F0, g)
evaluated at the coordinates of NGC 1068.
The conversion of m̂ns to the flux F0 accounts
for the contribution from tau neutrino in-
teractions (which produce muons) assuming
an equal neutrino flavor ratio. The best-fitting
flux averaged over the data-taking period,
at a neutrino energy of 1 TeV, is F1Tev
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(4.2s versus 2.9s).
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Neutrino production in NGC 1068
AGN corona (pp) Murase et al 2020

AGN 
external

wind
(pp)

Lamastra 2016, 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

Starburst + AGN corona composite (pp)  

Eichmann, FO et al 2022
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Fig. 5. Schematic picture of the RIAF/MAD model for high-energy neutrino production. Cos-
mic rays that are accelerated in the hot disk either through magnetic reconnections or plasma
turbulence or both. They interact with gas and radiation from the disk.

Fig. 6. SEDs of the RIAF/MAD model for high-energy neutrino production. Cosmic rays that
are accelerated in the disk interact with gas and radiation from the disk. Adapted from Kimura
et al.56

accompanied by stochastic acceleration from plasma turbulence.66–68 Furthermore,
particles may be accelerated in the black hole magnetosphere.74–76 When the ac-
cretion rate is low enough, the plasma density is so low that a spark gap may form,
which has been supported by recent PIC simulations.77,78

The accretion rate of RIAFs (whether they are MAD or not) is smaller than the
critical value, mcrit ⇡ 0.03↵2

�1. Disks are no longer described by a multitemperature
black body spectrum; they are believed to consist of synchrotron radiation and
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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.

Possible sites of neutrino production consistent with NGC 1068

F. Stecker, Phys. Rev. Lett. 66, 2697 (1991)

K. Murase, F. Stecker “Neutrino Physics & Astrophysics” Review 2022
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BL Lac  not for H   😞  😞   😀

FSRQs  😀   😞  😞   😀

FR I  not for H   😀  😀   😀

FR II  😀   😀  ~😞   😀

Non jetted AGN ~  😞   😀   😀   😀

Starbursts

GRBs (LL GRBs)

jetted TDEs (non jetted)

·εUHECR¯neff,νEmax n̄eff,UHECR



Cosmic-ray accelerators that satisfy the confinement requirement (1017 eV)
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Starburst galaxies 
Starburst definition: High star-formation rate per unit stellar 
mass compared to average galaxy at that redshift (> 100 x 
Milky Way) 

Starburst episodes are short-lived (<108 yrs)

Centrally driven strong outflows (``superwinds’’) 

Column densities Σg > 0.1g/cm2 and magnetic fields B ∼ 1 
mG (B ∝ Σg), which are much larger than those of ``normal” 
spiral galaxies (Σg ≈ 0.003g/cm2, B ∼ 5μG in the Milky way)

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

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

M82

56



UHECRs from starburst galaxies? 
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• Wind

• Reservoir model: Hypernovae/LL GRBs 
could do the job 

PW

adapted from Kotera & Olinto 2011

AGN nuclei

AGN hot 
spots

pulsar winds
starbursts

Emax =
3
20

β c R B Z e Γ

β < 1/300

no!
generally Emax (Fe) ~ 1018 eV but 
possible if strong amplification of 

MF by cosmic-rays



Proton-proton interactions 
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Gas reservoirs (Starburst galaxies, Galaxy Clusters…) 

44. Plots of cross sections and related quantities 11
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Figure 44.10: Total and elastic cross sections for pp and pp collisions as a function of laboratory beam momentum and total center-of-mass
energy. Corresponding computer-readable data files may be found at http://pdg.lbl.gov/current/xsect/. (Courtesy of the COMPAS group,
IHEP, Protvino, April 2012)
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Neutrinos from starburst galaxies 

59

10°3 10°2 0.1 1 10 102 103 104

E [TeV]

10°9

10°8

10°7

10°6

E
2 f

[G
eV

cm
°

2
s°

1
sr

°
1 ]

Tamborra, Ando & Murase (2014)

GSB = 2.15 , h = 0.42

2FHL range

hadronic g-ray emission normalized to best-fit non-blazar EGB

n (per flavor)

total g
direct g
cascade g
EGB (Fermi)

IceCube combined

Cannot produce the IceCube flux unless we focus on >100 TeV data only due to diffuse gamma-ray constraints 

Palladino et al  2019
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BL Lac  not for H   😞  😞   😀

FSRQs  😀   😞  😞   😀

FR I  not for H   😀  😀   😀

FR II  😀   😀  ~😞   😀

Non jetted AGN ~  😞   😀   😀   😀

Starbursts 😞 😀 😀 😀

GRBs (LL GRBs)

jetted TDEs (non jetted)

·εUHECR¯neff,νEmax n̄eff,UHECR



Cosmic-ray accelerators that satisfy the confinement requirement (1017 eV)
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Gamma-ray bursts
Fermi-LAT 10 year GRB map

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

5 with H.E.S.S.

Fermi-LAT 2nd GRB Catalogue,2019

28

The most powerful 
transients in the 

Universe
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Gamma-ray bursts, basic facts 

• Discovered serendipitously in 1967
• Intense short flashes of light peaking in the 10 keV 
-1 MeV range

• Isotropic equivalent energy release ~1052-1055 erg 
(cf  <1049 erg/s in AGN)

• Rate ~ 1000 year occur in the Universe
• Short (0.3 second) and long (50 second) bursts - 
two distinct populations

• ``Afterglow” fading emission for hours to months.. 



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

Fermi GBM independently detected the sGRB 
GRB170817A, 1.7s later

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

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

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

Gamma-ray bursts, basic facts 
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Gamma-ray bursts, basic facts 

• ``Compactness’’ problem: Photons are crowded in GRBs. The observed luminosity implies that  gamma-rays 
shouldn’t be able to escape 

• But, τγγ (10 GeV) < 1, since we observe these photons (gamma-rays that escape are ~ )e−τγγ

γγ → e+e−, at threshold, ε′ γ,1ε′ γ,2(1 − cos θ) ≥ 2m2
e . For head-on collision cos θ = π, ε′ γ,1 = m2

e /ε′ γ,2

τγγ = σTn′ γR′ 

τγγ = σT
Liso(εγ)

4πR2cΓεγ

ctv
Γ

But ε = ε′ Γ, thus, εγ,1 = m2
e Γ2/εγ,2

Implies Γ > 103 for the brightest GRBs
65



Maximum energy  

possible neutrino production sites

TeV-PeV EeV<TeV

66

Emax ≈ 1020 eV (
·εGRB

1051 erg )

Very high Lorentz factors 

Highly magnetised expanding jet 

Waxman 1995, Vietri 1995



Neutrino production in GRBs 

possible neutrino production sites

TeV-PeV EeV<TeV

Ample photon fields ⟶photopion interactions

Eν ≥ 8 GeV ( Γ
1 + z )

2

(
Eγ

MeV )
−1

e.g. prompt emission, 

z = 1, Γ2 = 105, Eγ ∼ 250 keV → Eν ∼ PeV

EpEγ ≳
m2

Δ − m2
π

4 ( Γ
1 + z )

2

= 0.16 GeV ( Γ
1 + z )

2

p + γCMB → Δ+ → n/p + π+/π0
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GRB contribution to the cosmic-neutrino flux

Stacked search for 
neutrinos coincident with 
prompt GRB emission. 

2091 GRBs

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

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

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

NS/NS Mergers

GRBs

< 1%

< 1%

30

IceCube Point-Source Events



Scorecard
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BL Lac  not for H   😞  😞   😀

FSRQs  😀   😞  😞   😀

FR I  not for H   😀  😀   😀

FR II  😀   😀  ~😞   😀

Non jetted AGN 🫤   😀   😀   😀

Starbursts 😞 😀 😀   😀

GRBs (LL GRBs) 😀(?)   😞(😀)  😞(😀)  😞(😀)

jetted TDEs (non jetted)

·εUHECR¯neff,νEmax n̄eff,UHECR



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

Millions or billions of stars in random orbits 
Tidal forces may deform, or tear into pieces a star 
approaching too closely
Predicted rates of 1 TDE in 10000 to 109 years 
per super massive black hole (SMBH)
For tidal forces to be relevant they must be 
stronger than the star’s self gravity 

GMSMBHR⋆

R3
t

=
GM⋆

R2
⋆

Tidal acceleration > Accel. due to self gravity



Tidal disruption events 
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For tidal disruption to occur Rp < Rt 

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

For Rt  >rs 

MSMBH ≤ M−1/2
⋆ ( c2R⋆

2G )
3/2

≈ 108M⊙ ( R⋆

R⊙ )
3/2

( M⋆

M⊙ )
−1/2



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

Located in the core of an otherwise 
quiescent, inactive galaxy

Extreme flares can host a relativistic 
hadronic jet 

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

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

Timescale of months to years



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

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

Emax ∼ 1020 eV Z
BR

3 × 1017 G cm
Γ
10



Neutrinos from TDEs? 

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

One problem is that jetted TDEs are very rare

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

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

Stacking limits from IceCube (jetted TDEs < 1%, non-
jetted < 26%) 
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AT2019dsg + IC191001A 
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IC191001A 

X-ray flux

UV optical flux

IC 191001A was a 200 TeV muon neutrino 
(pAstro ~ 60%) 

AT 2019dsg was a rare (radio emitting) TDE 
sign of jet? 

IC 191001A +AT 2019dsg association by 
chance? p = 0.5%



AT2019fdr+IC200530A,  AT2019aalc+IC191119A 
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Van Velzen et al 2021.09391

Figure 3: Delayed neutrino detections for three accretion flares. For each source, the neu-
trino arrived (dotted vertical lines) a few months after the peak of the optical light curve (red
and green symbols). This delay can be explained by a constant particle acceleration efficiency
during the first ⇠ 1 year of the flare (10). The infrared light curve (blue and purple symbols)
evolves on longer timescales due to the large distance of the dust sublimation radius (⇠ 0.1 pc).
From the duration of the dust reverberation signal we infer a peak luminosity near the Eddington
limit for all three flares (Table 1).
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Combined significance 3.7σ 
If the associations are real they point to very extreme physical conditions  

``super_Eddington’’ accretion
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Example neutrino spectra (AT2019dsg)

Jet? (only in ~few% 
of TDEs)

Corona  
photons

Disk 
photons

ν ν ν

Neutrino production in AT2019dsg
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)
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Scorecard
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BL Lac  not for H   😞  😞   😀

FSRQs  😀   😞  😞   😀

FR I  not for H   😀  😀   😀

FR II  😀   😀  ~😞   😀

Non jetted AGN 🫤   😀   😀   😀

Starbursts 😞 😀 😀   😀

GRBs (LL GRBs) 😀(?)   😞(😀)  😞(😀)  😞(😀)

jetted TDEs (non jetted) 🫤(😞) 😞(😀) 😞(😀) 😞(😀)

·εUHECR¯neff,νEmax n̄eff,UHECR



Cosmic-ray accelerators that satisfy the confinement requirement (1017 eV)
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Neutron stars
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Collapsing stars with mass > 8 MSun 

Collapse leads to heating up and density approaches 
nuclear densities

“neutronisation” 

The core of the star was originally 

whereas the neutron star radius is 

Conservation of angular momentum leads to spin 
periods ~second 

Conservation of magnetic flux leads to B ~1010 G 

e− + p+ → n + νe

Rstar ∼ 103−4 km

RNS ∼ 10 km

Fermi has detected >200 Galactic pulsars



Pulsar UHECR acceleration
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Unipolar inductor:

γmax
acc =

Ze
AmN

Δϕ = 7 × 1010 Z
A ( B

1013 G ) ( R
10 km )

3

( P
1 ms )

−2

strong magnetic field, B
fast rotation velocity, Ω

Maximum acceleration energy 
for fastest spinning sources:

SN envelope = dense baryonic background  

UHECR experience hadronic interactions 

82



Pulsar origin of IceCube neutrinos? 
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IceCube Coll. PoS(ICRC2017)981

Fermi has detected >200 Galactic pulsars



The current landscape: Stacking upper limits
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summary of IceCube stacking analyses results, 
list of references in 
FO PoS ICRC2021 (2022) 030, arXiv:2201.05623

https://arxiv.org/abs/2201.05623
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Thank you for your attention! 


