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A multi-messenger view of NGC 1068*

Paolo Padovani, European Southern Observatory,      
Garching bei München, Germany
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• Main properties of the prototype Seyfert II galaxy

• From the radio to the 𝛾-ray bands: the various relevant components

• Putting it all together: the possible source of neutrino emission

*partly based on PP et al., Nature Astronomy, in prep.



October 4, 2023 P. Padovani − 4th Gravi-Gamma-Nu Workshop 2

NGC 1068: the prototype Seyfert II
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Seyfert I’s and II’s
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Narrow lines:
full width at half 
maximum     
< 1,000 km/s

Seyfert 1
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Antonucci & 
Miller (1985)

Seyfert I

Seyfert II
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Quasars and Seyferts belong to the same 
class of sources: AGN
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What are AGN?
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The distance to NGC 1068

• Value commonly used: DL = 14.4 Mpc
• If one uses z = 0.00379 and standard 
cosmology (assuming Hubble flow) then       
DL = 16.3 Mpc
• Most likely value is DL = 10.1±1.8 Mpc
• 1’’ ≡ 48.9 pc (1 kpc ≡ 20.4’’) 



NGC 1068: the global SED

P. Padovani − 4th Gravi-Gamma-Nu Workshop 10October 4, 2023

10°6 10°3 100 103 106 109 1012

E [eV]

108 1011 1014 1017 1020 1023 1026

∫ [Hz]

1038

1040

1042

1044

∫
L
(∫

)
[e

rg
/s

]

Fermi
& MAGIC

IceCube ∫

AGN Disk
+ Corona

Spiral
Galaxy

L(∫) / ∫
°0.7

PP et al. in prep. 



The radio band
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Gallimore et al. 1996 (1.7 GHz) 
October 4, 2023
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The radio band
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Gallimore et al. 1996 (1.7 GHz) 
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Jetted and non-jetted AGN 
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The radio band: jet power
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P 1.4 GHz (jet) 
~ 3.2 1022 W/Hz = 
4.4 1038 erg/s

Gitti et al. 2012 

Log P cav (1e42 erg/s) = 0.75 log P1.4 GHz (1e40 erg/s) + 1.91 [𝜎 ~ 0.8] 
(Cavagnolo et al. 2010) à Pjet ~ 7.8 1042 erg/s ~ 1042.9±1.0 erg/s 

Radio jet 
(VLA)

X-ray 
(Chandra)

P (jet) [TXS 0506+056] ~ 1045 − 1046 erg/s   

MS 0735+7421

~ 800 kpc
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The first (extragalactic) neutrino source
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TXS 0506+056, 
a blazar in 𝛾-ray outburst  
(a BL Lac) at z = 0.3365; 
p−value (post-trial)            
~ 3 − 3.5σ [E ~ 290 TeV]



• Sources: (basically) only jetted AGN, mostly blazars; non-
jetted AGN cores very unlikely 𝛾-ray emitters but AGN 
outflows are [at very low levels: e.g., Wang & Loeb 2016, 
Lamastra et al. 2017]: Ajello et al. (2021)
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Neutrino relevance
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or γ

or γ

Eγ ≈ 2 x Eν and Fγ ≈ 2 x Fν
(Kelner & Aharonian 2008)



Outflows in AGN 
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Cicone et al. 2018 

proton – proton 
collisions can 
produce low-level 
γ-rays and 
neutrinos 

ultrafast 
outflows 
(UFOs) 



The sub-mm band (ALMA data)
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The sub-mm band:                           
molecular outflow power
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Moutflow from (outflow- 
related) CO(3-2) line 
emission (assuming CO 
luminosity to H2 mass 
conversion factor)
Routflow ∼ 1.5” (75 pc) 
v ∼ 100 km/s  

Most molecular gas in the 
Universe is in H2 form

Ionized nebulosity
(Paschen𝛼)

Radio jet
(22 Ghz)

Ėkin ∼4.0#$.&
'(.) 1041 erg/s

(errors only from Moutflow)

García-Burillo et al. 2014 

CO(3–2)
349 GHz 

1’’ ≡ 48.9 pc 
Ėkin ∼ 1041.6±1.0 erg/s
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Wiita 1991

UV photons + Inverse Compton from relativistic electrons 
(T ≈ 109 K) à X-ray photons (“corona”) 

The X-ray band
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Wiita 1991

UV photons + Inverse Compton from relativistic electrons 
(T ≈ 109 K) à X-ray photons (“corona”) 

The X-ray band

October 4, 2023
Lasota 2023



22P. Padovani − 4th Gravi-Gamma-Nu Workshop

Wiita 1991

UV photons + Inverse Compton from relativistic electrons 
(T ≈ 109 K) à X-ray photons (“corona”) 

The X-ray band
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Lasota 2023
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The X-ray corona
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Same story for 
Cygnus X-1 
(Galactic BH) and 
possibly IC 4329 
and MCG-05-23-
16 (Sey Is)
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The X-ray band
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• L2-10 keV (intrinsic) = 2.7+2.7
-1.5 1043 erg/s (Marinucci et al. 

2016) [DL = 10.1 Mpc] 

• Lbol,X = 3.5 1044 erg/s [1044.5±0.4±0.3 erg/s] (Duras et al. 
2020) 

• Lbol,IR = 6.1 1044 erg/s, IR-based, computed from the [O IV] 
25.89 𝜇𝑚 line luminosity (Spinoglio et al. 2022)

• Logarithmic mean: Lbol = 4.6 1044 erg/s [1044.7±0.5 erg/s] 

• Consistent with ALMA model-dependent fit to dusty torus: 
Lbol,ALMA = 1044.3±0.1 erg/s (García-Burillo et al. 2014) and 
GRAVITY Collaboration (2020): 1044.8±0.5 erg/s
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The X-ray band: AGN power

October 4, 2023
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The X-ray band: AGN power

October 4, 2023

Swift-BAT
X-WISSH
XXL
ASCA
COSMOS

This work
Lusso+12

TYPE 1 AGN

Swift-BAT
ASCA
COSMOS

This work
Lusso+12

TYPE 2 AGN

Duras et al. 2020 
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The X-ray band: AGN power

October 4, 2023
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Lenain et al. (2010)

The 𝛾-ray band
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Fermi 68% 
and 95% 
error circles 

Optical 
galaxy
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Lenain et al. (2010)

𝛾-ray (non-)variability
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Ajello et al. (2020)
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Lenain et al. (2010)

𝛾-ray (non-)variability
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Ajello et al. (2020)

TXS 0506+056: Padovani et al. (2018)
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𝛾-ray emission: comparison with blazars
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Adapted from Paiano, Falomo, Treves, PP et al. (2023)

TXS 0506+056-like
(70 x higher)

M 87-like
(7 x higher)

The spectra of
IceCube 
Neutrino (SIN) 
candidate 
sources project
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𝛾-ray band: the starburst power
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Peng et al. (2019)

Star-forming and starburst (blue points) galaxies
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𝛾-ray emission process
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Ajello et al. (2020)

Star-forming galaxies

γ-ray emission likely due to the
interaction of high-energy cosmic rays
from supernova remnants with the
interstellar gas and radiation fields



𝛾-rays from ultrafast outflows

P. Padovani − 4th Gravi-Gamma-Nu Workshop 34October 4, 2023

5.1σ stacking detection 



𝛾-rays from ultrafast outflows
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Ajello et al. (2020)



𝛾-rays from ultrafast outflows

UFOs

Molecular 
outflows
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Fiore et al. (2017)

Ajello et al. (2020)
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𝛾-rays from molecular outflows

October 4, 2023

4.4σ stacking detection 



• Signal only from non-AGN sources           
(star-forming galaxies)

• No correlation between Ėkin and L𝛾 (unlike for 
UFOs)
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𝛾-rays from molecular outflows
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• L𝛾 (0.1 – 100 GeV) = 8.3 1040 erg/s [1040.92±0.03 erg/s],    
𝛤= 2.34±0.05 (4FGL-DR3)

• L𝜈 (1.5 – 15 TeV) = 1042.1±0.2 erg/s, 𝛤= 3.2±0.2±0.07                  
(IceCube Collaboration 2022) 

• L𝜈 ∼ 15 x L𝛾. If hadronic interactions were producing 
both, without 𝛾-ray absorption, then energy range and 
powers are expected to be the same (within 2 x: Kelner & 
Aharonian 2008)
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𝛾-ray and neutrino powers

October 4, 2023
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𝛾-ray and neutrino powers
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IceCube Collaboration (2022)

MAGIC data



41P. Padovani − 4th Gravi-Gamma-Nu Workshop

Emission powers (erg/s)
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Lradio 
[1.4 GHz]
1038.9 

Lx 
[2-10 keV] 
1043.4±0.3 

L𝛾 
[0.1 – 100 GeV]  

1040.92±0.03 

L𝜈 
[1.5 – 15 TeV]
1042.1±0.2

Ėkinz)
1041.6±1.0 (mol.)

Pjet 
1042.9±1.0 

Lbol 
1044.7±0.5 

LEdd 
1044.9±0.3 

Lbol /LEdd 
10-0.3±0.6 

LFIR 
[8 - 1000 𝜇𝑚]

1044.6±0.1

Measured powers

Derived powers
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Emission powers (erg/s)
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Component Scale Power 
(erg/s)

L𝛾 (erg/s)
(0.1 – 100 GeV)

L𝜈 (erg/s)   
(1.5 – 15 TeV)

Star formation > Kpc 1044.6 ~ 1040.9 ~ 1040.1

Jet ∼ Kpc 1042.9±1 < 1041.7 ? (M87-like)
        [absorbed!]

< 1040.9

Outflow ∼ 100 pc 1041.6±1.0 < 1041.2 (UFO-like) < 1040.4

BH vicinity ∼ 0.03 millipc
(∼ 50 RS) 

1044.7±0.5 ? ?

Observed:    1040.92±0.03                     1042.1±0.2      

Total: ≼ 1041.9                      ≪ 1041.1      

Lν ≈ Lγ/2 + band conversion à Lν ≈ Lγ/6



• Various components and physical processes at 
work in NGC 1068:

1. star-forming region 
2. small jet
3. outflow 
4. AGN core

• Robust power estimates for all of them were 
derived

• 1-3 appear to be ruled out as relevant for the 
IceCube association

• We are then left with the AGN core (various 
papers published on this topic)
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Main points

October 4, 2023
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Main points
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Murase (2022)
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