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Multi-messenger emission from AGN

Paolo Padovani, European Southern Observatory,      

Garching bei München, Germany
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• A broad look at AGN

• The TXS 0506+056 blazar – IceCube neutrino 2017 association 

• The NGC 1068 Seyfert – IceCube neutrino 2022 association 

• Which, if any, AGN are neutrino emitters (and why)? 

• Open issues and the near future



What are AGN?
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What are AGN?
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blazars

Urry & Padovani 1995

Less than 1 

galaxy out of  

100,000 is a 

blazar!



Why multi-wavelength?
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Aharonian et al. (2009), 

E > 0.1 TeV [H.E.S.S.] 

(nucleus)  

Yang et al. (2012), 

 E < 3 GeV [Fermi] 
(lobes) 

Centaurus A



The AGN Spectral Energy Distribution
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PP et al. 2017 (image credit: C. Harrison) 
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Jetted vs. non-jetted AGN 

M87 NGC 4051 



Jetted and non-jetted AGN 

Oct. 8, 2024 P. Padovani − HEACOSS 2024 9



• Two main classes:

✓ jetted AGN emit a large fraction of their energy non-

thermally and in association with powerful relativistic jets 

✓ the multi-wavelength emission of non-jetted AGN is 

dominated by thermal emission, directly or indirectly 

related to the accretion disk

• Strongest argument comes from hard X-rays–γ-rays 
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The jetted  – non-jetted AGN dichotomy
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~ 1020 HzGeV

The jetted  – non-jetted AGN dichotomy

> 4,000 AGN 
detected by Fermi: 
all jetted!
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~ 1020 HzGeV

Richards et al. 2006

Jetted AGN: strong, relativistic jets!

Non-jetted AGN: might have small, weak, 
slow jets!

The jetted  – non-jetted AGN dichotomy

> 4,000 AGN 
detected by Fermi: 
all jetted!Jetted AGN are the exception (< 10%) 



• Italian for ”little neutral one”
• Tiny mass: < 0.45 eV/c2 (KATRIN Collaboration 2024),   < 

1/1,000,000 me (= 9 10-28 g)*
• Electrically neutral, weakly interacting elementary 

subatomic particle
• Three types: electron (νe), muon (νμ), and tau (ντ)

✓∼ 340 cosmic neutrinos/cm3 in the Universe   [E ∼ 
0.0002 eV]  

✓∼ 1011 solar neutrinos/cm2/s on Earth →         ∼ 1014 

s-1 through our bodies [E ≲ 1 MeV]
• Probably the second most common particle in the 

Universe (dark matter?) 

Neutrinos in a nutshell 
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*1 eV = 2.42 x 1014 Hz  
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Universe (dark matter?) 

Amaldi FermiSegrè
D’Agostino

Rasetti

Neutrinos in a nutshell 
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*1 eV = 2.42 x 1014 Hz  



• Only two astronomical neutrino sources known (until very 
recently):

✓ the Sun:     4p → 4He + 2e+ + 2𝜈e + Energy
E𝜈e ≈ 1 MeV*

✓ SN 1987a:    e + p → n + 𝜈e 

E𝜈e ≈ 20 MeV

Neutrino Astronomy 
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*1 eV = 2.42 x 1014 Hz → 1 MeV = 2.42 x 1020 Hz 



IceCube (2013)
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1 TeV = 1012 eV
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TXS 0506+056, 

a blazar (a BL Lac) at      

z = 0.3365; p−value 
(post-trial) ~ 3 − 3.5σ

Paiano et al. (2018)

The first (extragalactic) neutrino source

E ∼ 290 TeV (2017: 1 𝜈) and 
∼ 20 TeV (2014-15:∼13 𝜈) 

1 PeV = 1015 eV



or photons

19Oct. 8, 2024

Eγ ≈ 2 x Eν and Fγ ≈ 2 x Fν 

(Kelner & Aharonian 2008) 

High-energy neutrino physics
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or photons

All neutrino sources 
HAVE to be 

(intrinsically) 𝛾-ray 
sources!
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Eγ ≈ 2 x Eν and Fγ ≈ 2 x Fν 

(Kelner & Aharonian 2008) 

High-energy neutrino physics
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NGC 1068 and IceCube

IceCube Collaboration (2022)

E𝜈 ∼ 1.5 – 15 TeV
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Neutrino emission location
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IceCube Collaboration (2022)

Host galaxy 

in the optical
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Neutrino source in NGC 1068
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PP et al., Nature Astronomy, 2024 (arXiv:2405.20146)
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Neutrino source in NGC 1068
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PP et al., Nature Astronomy, 2024 (arXiv:2405.20146)

Neutrinos are providing striking 
(and unique) evidence for non-
thermal emission in the core of  
non-jetted AGN! 
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The Galactic Plane and IceCube

IceCube Collaboration (2023)

E𝜈 ∼ 1 – 100 TeV



• Why TXS 0506+056? What about other blazars? 

• Why NGC 1068? What about other non-jetted 
AGN?                                    
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Obvious questions
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Status of blazar detections after TXS 

05056+056. 1. IceCube results

Oct. 8, 2024

• 3.3σ* combined excess in the northern sky due to 
NGC 1068 and three blazars: TXS 0506+056, PKS 
1424+240, and GB6 J1542+6129 (Aartsen et al. 
2020)

• 3.0σ cumulative time-dependent excess in the 
northern sky due to NGC 1068, M87, and two 
blazars: TXS 0506+056, and GB6 J1542+6129 
(Abbasi et al. 2021)

* all p-values are post-trial
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Status of blazar detections after TXS 

05056+056. 2. IceCube results
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Status of blazar detections after TXS 

05056+056. 3. other results
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•  3.2σ correlation excess for 47 γ-ray blazars [intermediate- 
and high-peaked sources (IBLs and HBLs): νpeak,synch  > 

1014 Hz] (Giommi et al. 2020)

•  2.9σ correlation excess for strong very-long-baseline 
interferometry (VLBI)-selected AGN; four brightest 

associations are all blazars [low-peaked sources (LBLs: 
νpeak,synch  < 1014 Hz)] (Plavin et al. 2020)

•  3.0σ correlation excess for strong VLBI-selected AGN, 

different IceCube sample (Plavin et al. 2021; plus Plavin et 

al. 2023). 

    Both ruled out by the IceCube collaboration (Abbasi et al. 

2023)
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Status of blazar detections after TXS 

05056+056. 4. other results
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Based on the above, PKS 0735+178 should be 

considered one of the best very high-energy 

neutrino source candidates detected so far. 
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Status of blazar detections after TXS 

05056+056. 5. other results

Oct. 8, 2024

• 4.6σ post-trial correlation excess between the Roma-BZCAT 

Multifrequency Catalogue of Blazars with a neutrino map of the 

southern sky covering 7 years of IceCube observations (Buson 

et al. 2022a,b)
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Status of blazar detections after TXS 

05056+056. 6. take home message

Oct. 8, 2024

• Blazars keep popping up

• However, strong hints that only somewhat rare 

blazar sub-classes are involved (our group)

• Consistent with overall result that blazars can 

explain only < a few % of the IceCube signal 

(IceCube collaboration 2017, 2019, 2023 

[dependent on the assumed power-law 

spectrum] + our group) 
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What about other Seyferts? 

Oct. 8, 2024

arXiv:2406.06684 
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What about other Seyferts? 
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arXiv:2406.07601 
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Neutrinos from non-jetted AGN
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Population synthesis of the X-ray background

Oct. 8, 2024

Unobscured AGN Very obscured AGN

Moderately 
obscured AGN

Gilli, Comastri, & Hasinger (2007)
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Neutrinos from non-jetted AGN

Oct. 8, 2024

Non-
jetted 
AGN

Jetted 
AGN

TeV PeV

𝜈
f 𝜈
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More Seyferts?

Oct. 8, 2024

• IceCube fluxes and spectral slopes and 
typical X-ray data for NGC 4151 and CGCG 
420-015 give neutrino/X-ray flux ratios ∼ 10* 
and 60 times higher than for NGC 1068

• Clearly, more and better IceCube data are of 
paramount importance, both on the source 
and population side, to make progress on this 
issue.                                 

*updated from ~ 6 in PP et al., 2024, A&A Letters based on arXiv:2406.06684
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More Seyferts?
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• IceCube fluxes and spectral slopes and 
typical X-ray data for NGC 4151 and CGCG 
420-015 give neutrino/X-ray flux ratios ∼ 10* 
and 60 times higher than for NGC 1068

• Clearly, more and better IceCube data are of 
paramount importance, both on the source 
and population side, to make progress on this 
issue.                                 

*updated from ~ 6 in PP et al., 2024, A&A Letters based on arXiv:2406.06684

Based on the latest (2.7 – 2.9 𝜎) 

IceCube results, only ~ 2 – 10 % of  

non-jetted AGN might be neutrino 
emitters
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Conclusions. 1.

Oct. 8, 2024

• Different bands give us very different perspectives on the 
physics and different AGN types

• We are witnessing the birth of extragalactic Neutrino 
Astronomy 
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Conclusions. 1.

Oct. 8, 2024

• Different bands give us very different perspectives on the 
physics and different AGN types

• We are witnessing the birth of extragalactic Neutrino 
Astronomy 

• At present ≈ 3σ IceCube associations with blazars

• But only a small blazar sub-class is likely contributing to the 
IceCube signal  



44P. Padovani − HEACOSS 2024

Conclusions. 2.

Oct. 8, 2024

• 4.2σ association with NGC 1068; more Seyferts coming up 
− plus 4.5σ with the Galactic Plane 

• Seyferts could produce low-E (≲ PeV) neutrinos while 
blazars could produce the high-E ones

• Neutrinos are providing striking (and surprising) evidence 
for non-thermal emission in the core of non-jetted AGN! 

Protons with E ~ 40 – 400 TeV!
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The future of neutrino Astronomy

KM3NeT

Baikal Gigaton
Volume Detector

Pacific Ocean Neutrino Experiment
IceCube-Gen2
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