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Neutrino clustering constraints

Rare and luminous sources constrained

Recap

constraining, but several classes OK for nuclei  

UHECR Maximum Energy

UHECR Emissivity

·ν > 5 − 1044 erg/Mpc3/year

Generally OK (GRBs?, TDEs?) 

UHECR number density

ρ
[M

pc
-3

] 

α [deg] 

1e-06

1e-05

0.0001

0.001

5 10 15 20 25 30
Rare sources disfavoured



Plan 
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Today: generic source properties wrap up

Today: active galactic nuclei (jetted) 

Tomorrow: non-jetted agn, starburst galaxies, gamma-ray bursts, tidal-
disruption events



Propagation of UHECRs 
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γ

Median Deflection: ∼χ⟨UF23
Galactic Magnetic Field ⟩ 3∘ − Z − ( E

1020 eV )
×1



Magnetic fields in the Universe 
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No matter to trace fields, only weak upper limits: 
B < 10-9 G  

Lower limits from blazars: 
B > 10-15 G

B

Intergalactic medium 

B = ?  


 

Filaments ~ 1nG Galaxy Clusters ~ 1μG Pulsars ~ 1012G Magnetars

~ 1015G

Galaxies

 ~ 1μG

Earth ~ 1G Stars~1G - 1MG (white 
dwarf)



Magnetic fields in the Universe 
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Deflections: Quasi rectilinear regime 
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RLarmor → θcoh

RL Γ E
ZeB

Γ 110 Mpc
Z ( E

1020 eV ) ( B
1 nG )

×1
.

θcoh
RLarmor

= sin χ ⋅ χ ⋅ πχcell

B

D

θcoh

θcoh

R L
co

sχ

RLχ

χ

⟨≡χ2
tot⟩ ⋅ N 𝒪 ⟨πχ2

cell⟩, [N = D
θcoh ]

≡χ Γ 0.1∘ Z ( D
100 Mpc )

1/2

( E
1020 eV )

×1

( θcoh
1 Mpc )

1/2

( B
0.01 nG )

μdelay ⋅ D
≡χ2

tot
4c

⋅ 103 yr 𝒪 Z2 𝒪 ( D
100 Mpc )

2

( E
1020 eV )

×2

( θcoh
1 Mpc ) ( B

0.1 nG )
2

μdelay = (L × D)/c = 1
c ∫

L

0
(1 × cos χ(s)) ds ⋅ 1

2 ∫
L

0
∼χ2(s)⟨ ds, ∼χ2(s)⟨ = s θcoh

R2L



Cosmic-ray accelerators that satisfy the confinement requirement 
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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 
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Artist’s impression of non-jetted AGN shrouded in 
dust [NASA/JPL]



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

57
[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 
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*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

G. Ghisellini, Radiative Processes in HE Astrophysics (2012) 



~10% of AGN have jets

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

LEdd =
4βGMmpc

λT
= 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 

≡t = 104 s, causality dictates R ⟩ c≡t = 0.01 pc = 20 AU
J.C Lee et al., Astrophysical Journal, Volume 570, 2002

R ⟩ c≡t = 20 AU Γ 10 Rs, Rs = 2GM
c2 Γ 2 AU ( M

108MSun )



60

AGN Zoo P. Padovani et al 2017: AGN: What’s in a name? 



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

• Orientation

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

• Radiative efficiency

Face on Side-view

Jetted
(radio-loud)

Blazars
(BL Lac/
FSRQ)

Radio-Galaxies
(FRI/II)

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

61

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)

≳ = 1
1 × κ2

≡t = ≡tΔ ≳

≳≳

Not so for photons! 
(Terrel 1959)
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Relativistic beaming 

≳ = 10 × 50 in blazars≡x = ≡xΔ 

≳



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

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

Special cases: 

Doppler factor, π = 1
≳(1 × κ cos χ)

Lobs = π4LΔ 

γ = πγΔ , E = πEΔ 

≡t = ≡tΔ /π
≡x = ≡xΔ π

πmin = π(90∘) = 1/≳ × recover special relativity

πmax = π(0∘) = 1
≳(1 × κ) = ≳(1 + κ) ⟩ 2≳

χ = 1/≳, cos χ ⋅ 1 × χ2

2 ⋅ κ, π = ≳ × 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



Blazar classes: BL Lac objects and FSRQs 

67

Optical lightFlat spectrum radio quasar BL Lac Object



≳jet ⟩ 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 

≳jet ⟩ 15 × 50

IR photons

SMBH

Flat spectrum radio quasars                                                          

≳jet ⟩ 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



Blazar broadband emission
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Observations of  TXS 0506+056 in 2017 and model SED 
from Keivani et al ApJ 864 (2018) and MAGIC Coll. ApJ 863 (2018)
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Example OJ 287 (see Ghisel. Ch 9): 

What we can infer from the blazar SED 

vΔ × jet frame
v × observer frame
v = vΔ π/(1 + z) × frequency
L = LΔ π4/(1 + z) × luminosity
t = tΔ /π(1 + z) × time

see Ghisellini T3.1 pg. 45

R ≃ ctvar
π

1 + z

Emission radius 

Measured 



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

LC ≥ Urad × (3)

Urad = Ls

4βR2π4c
× (4)

UB = B2

8β
× (2)

What we can infer from the blazar SED 
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Ls(sync . peak luminosity)
γS(sync . peak freq) LC

γC
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Combining (1), (2) & (3) 

LC

LS
= Urad

UB
= 2Ls

R2π4cB2

B2π3 = (1 + z) Ls

ctvar ( 2
cLC )

1/2

× (5)

Rearranging, we get, 

What we can infer from the blazar SED 

Ls(sync . peak luminosity)
γS(sync . peak freq) LC

γC
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From the peak frequencies we have, 

γC = 4
3 σ2

breakγS

σbreak = ( 3γC

4γS )
1/2

× (6)

γS = 4
3

eB
2βmec

σ2
break

π
1 + z

Using (6) we get 

B 𝒪 π = (1 + z) 3βmec
2e

γ2
S

γC
× (7)

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

What we can infer from the blazar SED 

Ls(sync . peak luminosity)
γS(sync . peak freq) LC

γC

σbreak × Lorentz factor of emitting elec .



74

≳ ⟩ π ⟩ 10 × 50

For typically inferred parameters
BΔ ⟩ 0.1 × 1 Gauss

RΔ ≪ πtVarc, tVar ⟩ day
Emax ⟩ ZeBΔ ≳RΔ ≫ Z 𝒪 few − 1019 eV

For OJ 287:

tvar ⟩ 104 s, γs ⟩ 5 − 1013 Hz, γc ⟩ 1021 Hz

LC ⟩ LS ⟩ 1046 erg/s
Ω B ⋅ 0.4 G, π ⋅ 20

Emax ⟩ ZeB≳R ⟩ Z 𝒪 4 − 1020 eV (Hillas criterion)

What we can infer from the blazar SED 
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Neutrino production in blazars :
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,  FO et al 2019 , 2021, Righi et al 2020, Rodrigues et al 2021

TXS 0506+056 observations: 
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)

TXS 0506+056 modelling:
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           
FO et al 2019, MNRAS, 489, 3

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

     gamma-suppressed states: Kun+21  
2014 flare: Reimer+19, Rodrigues+19, 

Halzen+19, Petropoulou+20, 
and more…! 
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e
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line  
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(IR photons)

Disk 
(UV/X-ray 
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Neutrino production in blazars 



neutrino energy

E
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N
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proton energy
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photon energy
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photon energy

æ
p∞

x x =

Neutrino production in blazars (pγ) 

EBroad Line Region(BLR) = 10.2 eV

Edust torus = 0.1 eV

Eγ,BLR = 80 PeV
(1 + z)2 ( π

10 )
2 10 eV

Eσ

Eγ,IR = 8 EeV
(1 + z)2 ( π

10 )
2 0.1 eV

Eσ

Neutrino typical energy:
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p + σCMB/source Φ n + β+ Φ n + ε+ + γε Φ n + e+ + γe + γε + γ̄e



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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~100000 neutrinos / year 
~200 astrophysical  
~30 high energy (E> 60 TeV)/year
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10 year map IceCube Coll, PRL 2020

Neutrinos: Likelihood stacking approach 



Tomas Kontrimas | TeVPA 2024 | 26th of August, 2024 | Chicago, US

ℒ =
N

∏
i

[ ns

N
Si + (1 − ns

N ) ⋅ Bi]

The unbinned likelihood approach:

Likelihood ratio test construction

6

S

B

 Distance2 from source

PD
F Spatial term

S

B

log10(Energy)

PD
F Energy term

Signal Background
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Neutrinos: Likelihood stacking approach 

Tomas Kontrimas | TeVPA 2024 | 26th of August, 2024 | Chicago, US

How events look like
• We drown in background events!


• The atmospheric and diffuse astrophysical 
neutrino fluxes are isotropic

‣ Point source — search for signal clustering 

• The atmospheric flux is orders of magnitude 
higher than the astrophysical one

‣ Astrophysical diffuse flux of high-energy 

neutrinos measured by IceCube has a different 
spectral shape than the atmospheric flux

5

Simulated events



Stacking limits from IceCube
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UHECRsσ × rays neutrinos UHECRsσ × 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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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 



The power of multimessenger modelling 

FO, Petropoulou, et al., JCAP, 2021 

x-rays -raysσ neutrinosIR/optical
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Nγε
≪ 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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ν
γ cascade

TXS 0506+056

Neutrino luminosity linearly dependent
 on proton luminosity

To achieve 
 

N>100 TeV
γε

⟩ 0.05/6 months

ϵCR = Lproton/Lσ ⋅ 1000

Lproton = 10 × 100LEddington

What sets the neutrino flux upper limit? 
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ν
γ cascade

TXS 0506+056

Neutrino luminosity linearly dependent
 on proton luminosity

To achieve 
 

N>100 TeV
γε

⟩ 0.05/6 months

ϵCR = Lproton/Lσ ⋅ 1000

Lproton = 10 × 100LEddington

What sets the neutrino flux upper limit? 
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2LAC-blazar contribution to TeV-PeV neutrinos 11

Type Model MRF

Generic blazars

(Mannheim 1995)
(A) 1.30

(B) < 0.1
(Halzen & Zas 1997) < 0.1

(Protheroe 1997) < 0.1

FSRQs

(Becker et al. 2005) 2.28

(Murase et al. 2014)

�SI = �2.0 (BLR) ⇠CR < 12
�SI = �2.0 (blazar) ⇠CR < 21
�SI = �2.3 (BLR) ⇠CR < 153
�SI = �2.3 (blazar) ⇠CR < 241

BL Lacs

(Mücke et al. 2003)
HSP (optimistic) 76.29
LSP (optimistic) 5.78

(Tavecchio et al. 2014)
HSP-dominated (1) 1.06

a HSP-dominated (2) 0.35
(Tavecchio & Ghisellini 2015) LSP-dominated 0.21

(Padovani et al. 2015) HSP (baseline) 0.75
a Predictions from Tavecchio et al. (2014); Tavecchio & Ghisellini (2015) enhanced

by a factor 3 in correspondence with the authors.

Table 5
Summary of constraints and model rejection factors for the di↵use neutrino flux predictions from blazar populations. The values include a
correction factor for unresolved sources (see appendix C) and systematic uncertainties. For models involving a range of flux predictions
we calculate the MRF with respect to the lower flux of the optimistic templates (Mücke et al. 2003) or constraints on baryon to photon

luminosity ratios ⇠CR (Murase et al. 2014).

(a) generic blazars (b) BLLacs
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�
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�
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Murase BLR-Zone, �p = 2.0

Murase Blazar-Zone, �p = 2.0

90% C.L. Upper Limit

(c) FSRQs - 1 (d) FSRQs - 2

Figure 6. 90% C.L. upper limits on the (⌫µ + ⌫µ)-flux for models of the neutrino emission from (a) generic blazars (Mannheim 1995;
Halzen & Zas 1997; Protheroe 1997), (b) BL Lacs (Mücke et al. 2003; Tavecchio & Ghisellini 2015; Padovani et al. 2015) and (c)+(d) FSRQs
(Becker et al. 2005; Murase et al. 2014). The upper limits include a correction factor that takes into account the flux from unresolved
sources (see appendix C) and systematic uncertainties. The astrophysical di↵use neutrino flux measurement (Aartsen et al. 2015b) is shown
in green for comparison.

IceCube, ApJ vol. 835, no. 1, p. 45 (2017)

ϵCR < 12
ϵCR < 21

Population limits from IceCube (and Auger) 
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nBL Lac ⟩ 10×6 Mpc3

nFRSRQ ⟩ 10×9 Mpc3

Emax ⟩ ZeBΔ ≳RΔ ⟩ Z 𝒪 few − 1019 eV

UHECR Emissivity UHECR number density

UHECR Maximum Energy Neutrino clustering + stacking constraints

·ν > 1044 erg/Mpc3/year

✓

✓

𝙭✓

..but promising neutrino point sources!

Blazar/radio galaxy contribution to UHECR/neutrino flux? 
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Scorecard 
Stacking UL 

BL Lacs !   "   ! " ~20%

FSRQs !   "   ! " ~20%

FR I !   !   ! ! ~20%

FR II !   !   ! ! ~20%

Non-jetted AGN 

Starburst galaxies  

HL GRBs

LL GRBs

TDEs

·νUHECR nγEUHECR
max nUHECR

Tomorrow! 

Blazars

Jetted 
AGN



Thank you for your attention! 
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