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Lecture plan 

• Experimental facts and basic theoretical concepts

• Requirements for astrophysical accelerators of high-energy cosmic rays/
high-energy neutrinos (generic source properties) 

• Overview of candidate sources (Active Galactic Nuclei/Starburst 
Galaxies/Gamma ray bursts/Pulsars/Tidal Disruption Events) constraints 
and prospects 
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Cosmic-ray accelerators that satisfy the confinement requirement (1017 eV)
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Cosmic-ray accelerators that satisfy the confinement requirement (1017 eV)
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PKS 2155−304

optical
x-ray

Fermi (GeV)

HESS/VERITAS/ 
MAGIC 

(TeV)

Blazar spectral energy distribution 



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

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



p π0 γγ?

e γIC?

p γsyn?

Neutrino production in blazars
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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 → n + π+ → n + μ+νμ → n + e+ + νe + ν̄e + νμ
p + γ → p + π0 → p + γ + γ

Neutrino production in blazars 
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γ
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|Eγ=2EνRπ = Γ( → π+/−)
Γ( → π0) ∼ 1 ⟶ gamma-rays give us an upper limit to 

the neutrino flux 

Averaged branching ratio, 
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Jetted AGN subclasses

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



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                                                          
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Blazar subclasses and photon fields



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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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
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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)
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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? 
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What sets the neutrino flux upper limit? 



p

p

p
p

p

p

p

p
π+/-

π+/-

ν

ν

π0

π0

γ-rays

γ-rays

22

What sets the neutrino flux upper limit? 

p + γ → π + X
γ + γ → e+ + e−
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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=m2e /E′ γ

What sets the neutrino flux upper limit? 

p + γ → π + X
γ + γ → e+ + e−
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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 + 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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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? 



26Nνμ
≤ 4.9

Broad-line region model Overshoots spectrum 

Nνμ
= 13.2

Γjet ∼ 15 − 50

Neutrino production in TXS 0506+056 2014-15



Cosmic-ray accelerators that satisfy the confinement requirement (1017 eV)
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Cosmic-ray accelerators that satisfy the confinement requirement (1017 eV)
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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

accretion 
disk
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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 in non-jetted AGN
F. Stecker, Phys. Rev. Lett. 66, 2697 (1991)

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



Non-jetted AGN 
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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.  
IceCube Coll in press. arXiv: 2111.10169 

https://arxiv.org/abs/2111.10169


Cosmic-ray accelerators that satisfy the confinement requirement (1017 eV)
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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

31



Proton-proton interactions 

32

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)

π0 : π+ : π− ≈ 1 : 1 : 1

p + p → Nπ + X
π+ → μ+ + νμ → e+ + νμ + ν̄μ + νe . . .

E2 dN
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Reservoir model 
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Cosmic rays in a calorimetric environment (e.g. 
``starburst/galaxy cluster”)

The highest energy cosmic rays escape (observed) 

Lower energy cosmic rays are confined

CRs lose all their energy in interactions with ambient 
gas 

Neutrinos appear correlated with parent calorimeters

Galaxy clusters constrained by stacking analyses to 
<few %



Neutrinos from starburst galaxies 
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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



Cosmic-ray accelerators that satisfy the confinement requirement (1017 eV)
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Cosmic-ray accelerators that satisfy the confinement requirement (1017 eV)
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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 

37



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
38



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

39



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

GRBs (prompt emission) can account, at most for 
1% of the diffuse IceCube flux. 

Afterglows < 24%

Standard GRB models constrained 

Neutrino production in GRBs 
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Figure 7. Model predictions by (Razzaque et al. 2003) are shown for two progenitor scenarios. The red and green line
corresponds to central engines enveloped by an outer hydrogen and helium shell, respectively. The “Stacked precursor” analysis
can exclude the H-shell model by a factor 10, but does not constrain the He-shell model. Aside from these model comparisons,
generic flux upper limits are also shown. Limits for an E�2 spectrum are displayed by the black line, where the x-range
corresponds to the energy band that contributes 90% of all signal events. The solid grey line shows the differential flux,
normalized per decade of energy, to which the analysis is sensitive. These generic upper limits extrapolate the total GRB flux
in a different way than the model prediction/limits, as explained in subsection 6.3. For reference, the astrophysical neutrino
flux observed by IceCube is also shown (Abbasi et al. 2021b; Stettner 2019).

on time scales motivated by the observation of gamma-ray precursors, we were able to constrain physical models such
as those presented by Razzaque et al. (2003) (see Figure 7).

Table 5 highlights the result for the GRB 180720B which was observed by H.E.S.S. to have a high-energy af-
terglow counterpart 10 hours after the start of prompt emission (Abdalla et al. 2019). The exceptionally bright
GRB 130427A (Ackermann et al. 2014) was also analyzed, but none of the four analyses reported neutrino excesses in
correlation with it. The results for the most significant GRBs from the individual analyses are presented in Appendix
A and B. A comprehensive summary of all the results from each analysis can be accessed from the supplementary
materials.

Table 5. Summary of GRB information and best-fit results for the GRB 180720B. The positional coordinates are defined
using the equatorial coordinates: right ascension (↵) and declination (�). These two quantities are expressed in degrees. T100

represents the total period of observation of prompt � fluence from the GRB and is expressed in seconds. n̂s represents the
best-fit number of signal events, �̂ represents best-fit spectral index and T̂w is the best-fit time window (expressed in days).
E2F is the 90% confidence level upper limit on the time integrated flux normalization at 1 TeV in GeV/cm2. For Precursor
results, the limit is evaluated for the best fit values of �̂ and T̂w, and for the Afterglow results �=2.0 and Tw=12.1 hrs is used
to match with the H.E.S.S observation period (Abdalla et al. 2019). For GRB 130427A, �=2.0 was considered for all the E2F
calculations. For Extended TW, the limit is evaluated for the prompt phase, for Precursor/Afterglow Tw=14.0 days is used.

GRB information Extended TW Precursor Afterglow
GRB ↵ � T100 TW n̂s E2F p-value T̂w n̂s �̂ p-value E2F p-value E2F

180720B 0.53 �2.92 53.9 ±1 1.3 0.05 7.2e-02 �8.6 3.6 2.32 1.5e-02 0.26 1.0 0.03
130427A 173.14 27.70 213.83 - - 0.05 1.0 - - - 1.0 0.06 1.0 0.06

Despite non-detections in these analyses, GRBs cannot be fully eliminated as potential sources of high-energy
neutrinos. A larger class of neutrino detector, such as the proposed IceCube-Gen2 detector, will offer increased
sensitivity to observe potential neutrino-emitting sub-populations of GRBs.
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Cosmic-ray accelerators that satisfy the confinement requirement (1017 eV)
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Tidal disruption events 

42

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⋆
R3t

= GM⋆
R2⋆

Tidal acceleration > Accel. due to self gravity



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

44

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 

46

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%



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



Cosmic-ray accelerators that satisfy the confinement requirement (1017 eV)
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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 origin of IceCube neutrinos? 
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IceCube Coll. PoS(ICRC2017)981

Fermi has detected >200 Galactic pulsars



The current landscape: Maximum energy
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The current landscape: Point source limits
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The current landscape: Connection to UHECRs
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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


The current landscape: Stacking upper limits
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Thank you for your attention! 


