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NGC 1068 is the 
brightest hotspot

of IceCube
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Multi-messenger spectrum
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Credit: NASA, ESA & A. van der Hoeve
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Credit: NASA, ESA & A. van der Hoeve

Seyfert II galaxy with at least two star forming regions:

1) Highly obscured AGN
2) 500 pc-scale mild jet (v < 0.05 c)
4) 50-400 pc scale AGN-driven wind (molecular)
4) 2 kpc diameter starburst ring 
5) Star forming disk  
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Credit: NASA, ESA & A. van der Hoeve
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The AGN

Seyfert

Seyfert
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The AGN
AGN Corona  region of very hot (𝑇 ≈ 109𝐾) electrons which inverse Compton 
scatter the UV photons from the disc and produce X-rays

𝐿2−10𝑘𝑒𝑉 ≈ 3 ∙ 1043 𝑒𝑟𝑔/𝑠  𝐿𝑏𝑜𝑙 ≈ 1044.7 𝑒𝑟𝑔/𝑠

Torus Observed in the NIR band – resolved ring-like structure

GRAVITY collab. 2020
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Credit: NASA, ESA & A. van der Hoeve
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Credit: NASA, ESA & A. van der Hoeve

Gallimore+1996
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Credit: NASA, ESA & A. van der Hoeve

Gallimore+1996
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Starburst ring
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Starburst environments are promising cosmic-ray factories

The starburst

Starburst galaxy M82 – APOD - Image credit: Daniel Nobre
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Starburst environments are promising cosmic-ray factories

The starburst

Starburst galaxy M82 – APOD - Image credit: Daniel Nobre

High star 
formation rate

Young stars and 
supernovae

Particle
acceleration 2X

Starburst-driven
wind

High target density
& strong fields
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Starburst environments are promising cosmic-ray factories

The starburst

Starburst galaxy M82 – APOD - Image credit: Daniel Nobre

High star 
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supernovae
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Starburst-driven
wind

High target density
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Website: http://www.astro.wisc.edu/~gvance/index.html
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The far infrared luminosity of NGC 1068 suggests a star formation
rate of about 20 𝑀⨀𝑦𝑟

−1

𝐿𝐹𝐼𝑅 ≈ 1044.6 𝑒𝑟𝑔/𝑠, 

The associate power in supernova remnant is:

𝐿𝑆𝑁𝑒 ≈ 1042.8 𝑒𝑟𝑔/𝑠

The starburst
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Credit: NASA, ESA & A. van der Hoeve

Gallimore+1996
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The measured radio power is

𝐿1.4 𝐺𝐻𝑧 ≈ 1038.9 𝑒𝑟𝑔/𝑠

The origin of the radio photons is uncertain and could be possibly 
be associated only to the starburst activity.
However, if they were dominated by the jet contribution, the 
associated jet power would be 

𝐿𝑗𝑒𝑡 ≈ 1042.2 𝑒𝑟𝑔/𝑠

The jet

17



Radio emission from NGC 1068
The radio luminosity is in agreement with the radio – SFR 
correlation the starburst hypotesys is well motivated

Kornecki,EP+2022

Kornecki,EP+2022
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Garcia-Burillo+2014
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Observerd by ALMA in 
the mm band through the 
emission of CO and HCN 
over a scale < 300 pc

𝐿𝑜𝑢𝑡 ≈
𝑀𝑜𝑢𝑡𝑣𝑜𝑢𝑡

3

𝑅𝑜𝑢𝑡

≈ 1041.6 𝑒𝑟𝑔/𝑠

The molecular outflow
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Credit: NASA, ESA & A. van der Hoeve

Star forming
disk
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𝐿𝑏𝑜𝑙 ≈ 1044.7 𝑒𝑟𝑔/𝑠

𝐿𝐹𝐼𝑅 ≈ 1044.6 𝑒𝑟𝑔/𝑠

𝐿𝑋 ≈ 1043.5 𝑒𝑟𝑔/𝑠

𝐿𝑟𝑎𝑑𝑖𝑜 ≈ 1038.9 𝑒𝑟𝑔/𝑠

𝐿𝛾 ≈ 1040.9 𝑒𝑟𝑔/𝑠

𝐿𝜈 ≈ 1042.1 𝑒𝑟𝑔/𝑠

Luminosity and Power of NGC 1068 
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𝐿𝑆𝑁𝑒 ≈ 1042.8 𝑒𝑟𝑔/𝑠

𝐿𝑜𝑢𝑡 ≈ 1041.6 𝑒𝑟𝑔/𝑠

𝐿𝑗𝑒𝑡 ≈ 1042.2 𝑒𝑟𝑔/𝑠 (?)

𝐿𝑐𝑜𝑟𝑜𝑛𝑎 = 𝜂 𝐿𝑋



NGC 1068 is a complex object
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Deciphering NGC 1068 at HE
What is going on here???

SB or jet

24



The problem of NGC 1068

𝐿𝜈 1.5 − 15 𝑇𝑒𝑉 = 1042.1𝑒𝑟𝑔/𝑠

𝐿𝛾(0.1 − 100 𝐺𝑒𝑉) = 1040.9 𝑒𝑟𝑔/𝑠
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NGC 1068 the puzzle of the HE 
multi-messenger spectrum
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NGC 1068 the puzzle of the HE 
multi-messenger spectrum

𝐿𝜈 ≫ 𝐿𝛾
𝑝 + 𝑝/𝛾 → 𝑋 + 𝑛 𝜋0 + 𝑛 𝜋∓

𝜋0 → 𝛾𝛾

𝜋∓ → 𝜇∓𝜈𝜇 → 𝑒∓𝜈𝑒𝜈𝜇𝜈𝜇
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NGC 1068 the puzzle of the HE 
multi-messenger spectrum

𝐿𝜈 ≫ 𝐿𝛾
𝑝 + 𝑝/𝛾 → 𝑋 + 𝑛 𝜋0 + 𝑛 𝜋∓

𝜋0 → 𝛾𝛾

𝜋∓ → 𝜇∓𝜈𝜇 → 𝑒∓𝜈𝑒𝜈𝜇𝜈𝜇

TeV gamma rays
must be absorbed

efficiently.
We need a strong 

eV ph field. 
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NGC 1068 the puzzle of the HE 
multi-messenger spectrum

𝐿𝜈 ≫ 𝐿𝛾
𝑝 + 𝑝/𝛾 → 𝑋 + 𝑛 𝜋0 + 𝑛 𝜋∓
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TeV gamma rays
must be absorbed

efficiently.
We need a strong 

eV ph field. 

The starburst can 
only absorb >10 TeV

photons. We must be 
close to the accretion

disk of the AGN.
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NGC 1068 the puzzle of the HE 
multi-messenger spectrum

𝐿𝜈 ≫ 𝐿𝛾
𝑝 + 𝑝/𝛾 → 𝑋 + 𝑛 𝜋0 + 𝑛 𝜋∓

𝜋0 → 𝛾𝛾

𝜋∓ → 𝜇∓𝜈𝜇 → 𝑒∓𝜈𝑒𝜈𝜇𝜈𝜇

Given the discrepancy in 
the GeV gamma-ray flux

and the TeV neutrino flux
we must be close to the 
AGN corona and/or have
very hard proton spectra. 

TeV gamma rays
must be absorbed

efficiently.
We need a strong 

eV ph field. 

The starburst can 
only absorb >10 TeV

photons. We must be 
close to the accretion

disk of the AGN.
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Hidden sources

Astrophysics of Cosmic rays, Berezinskii et al. 1990 (textbook) 

Berezinsky & Ginzburg 1981

Berezinsky 1977

Silberberg & Shapiro 1979

Eichler 1979
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Hidden multi-messenger source
Electromagnetic
cascade
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Hidden multi-messenger source
Electromagnetic
cascade

𝐿𝑝 = 𝜉𝐶𝑅𝐿𝑏𝑜𝑙 = 𝜂𝑒𝑞𝐿𝑋

Cosmic rays might be in quasi-
equipartition with the X-ray photon

field in the coronal region

𝐸2𝐹𝜈 𝐸 = 𝑇𝑒𝑉 ≈ 10−11
𝑒𝑟𝑔

𝑐𝑚2𝑠
𝐿𝑝,43

The X-ray photon field makes the 
corona neighbourhood opaque down 

to the GeV range for 𝛾𝛾 → 𝑒+𝑒−
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Recent models
Inoue+2020

Murase+2020

Kheirandish+2021

Fiorillo+(including EP) 2024

Inoue+2022

Eichmann+2022
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Recent models
Inoue+2020

Murase+2020

Kheirandish+2021

Fiorillo+(including EP) 2024

Inoue+2022

Eichmann+2022

Fiorillo+(including EP) 2024
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What abot gamma rays?

• The corona neighbourhood reprocesses the HE radiation
from the GeV-TeV range down to the MeV range. 

• The observed gamma rays must have a different production 
region with respect to the neutrinos.

• This is a strong indication in support of a 2-zone-model! 
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The starburst of NGC 1068

Courtesy: P. Kornecki

 𝑀 ≈ 20 𝑀⨀𝑦𝑟
−1

𝐷 = 14.4 𝑀𝑝𝑐Kornecki, EP+2022
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The starburst of NGC 1068
Eichmann+2022

Ajello+2023

Yoast-Hull+2014

The starburst appears as the most plausible
region for the production of gamma rays.
However, it is not clear whether only the 
starburst is the only efficient gamma-ray emitter.  
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The AGN wind of NGC 1068

Lamastra+2016
Peretti+2023

Inoue+2022

The AGN-driven wind could contribute to 
the gamma-ray luminosity of NGC 1068. 

Diffusive shock acceleration in the 
molecular outflow as well as in inner wind
- such as Ultra-Fast Outflows - can reach
the required power.
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The jet of NGC 1068

Lenain+2010

Salvatore+2023
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Conclusions

• NGC 1068 is complex and our current understanding limited. 

• The corona (or its nearest surrounding) is probably the 
production site of the observed neutrinos.

• The star forming region is the most plausible responsible for 
the gamma rays altough an AGN wind cannot be excluded.

• The radio emission is likely also associated to the star 
forming region but AGN jet and wind could contaminate.
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Conclusions

• NGC 1068 is complex and our current understanding limited. 

• The corona (or its nearest surrounding) is probably the 
production site of the observed neutrinos.

• The star forming region is the most plausible responsible for 
the gamma rays altough an AGN wind cannot be excluded.

• The radio emission is likely also associated to the star 
forming region but AGN jet and wind could contaminate.

We need to observe
NGC 1068 at MeV! 
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Thanks for your attention!
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Take home messages
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Multi-zone perspective for NGC 1068

• For similar 2 zone model studies see also: Inoue S. et al. 2022 (failed wind/corona + successful wind/torus) and 
Eichmann et al. 2022 (corona + starburst ring);
• For possible gamma-ray emission models see: Lenain 2010 (jet and starburst), Yoast-Hull+2014 (starburst) and Lamastra+2016 

(AGN wind forward shock model);
• For corona models see also: Murase+2020 (stochastic acc.), Inoue Y.+2020 (DSA), Keirandish+2021 & Mbarek+2023 (Reconn.)

Peretti+2023a

Corona model

Fiorillo+(including EP) 2023



The starburst of NGC 1068
Kornecki+2021
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The starburst of NGC 1068

𝜏𝑝𝑝 𝐺𝑒𝑉 ≈ 5 ∙ 105 (
𝑛

102𝑐𝑚−3)
−1 𝑦𝑟

𝜏𝑑𝑖𝑓𝑓(𝐺𝑒𝑉) ≈ 105 (
𝐻

102𝑝𝑐
)2 (

𝐷

1028𝑐𝑚2/𝑠
)−1 𝑦𝑟

𝜏𝑎𝑑𝑣(𝐺𝑒𝑉) ≈ 106 (
𝐻

102𝑝𝑐
) (

𝑢

102𝑘𝑚/𝑠
)−1 𝑦𝑟

Calorimetry is possible but not trivial

R = 2 kpc

H = 100 pc
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