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Why should we care about
something happening outside our

Galaxy?
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Multimessenger picture of the Cosmos

Fig. from Evoli2018
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• No cosmic rays source beyond PV has been
observed so far
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Multimessenger picture of the Cosmos

• No cosmic rays source beyond PV has been
observed so far

• The Galactic magnetic field (𝐵 ≈ 𝜇𝐺) cannot
confine particles of energy much larger than
EeV – 𝑟𝐿 𝐸𝑒𝑉 ≈ 1 𝑘𝑝𝑐 𝐵−6

−1

• The flux of UHECRs, gamma-rays and HE 
neutrinos is approximately isotropic

• Are they produced by a single source class?

Fig. from Evoli2018
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What is the origin of the most
energetic multi-messenger cosmic

radiation? 
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Powerful extra-galactic sources: AGN and SBGs

The Pierre Auger Collaboration 2022

Fig.s from (IceCube collab.), Abbasi+2022 9



Starburst galaxy M82 – NASA, ESA, CSA, STScI, A. Bolatto

Centaurus A – ESO/WFI (visible); MPIfR/ESO/APEX/A. Weiss et al. 
(microwave); NASA/CXC/CfA/R. Kraft et al. (X-ray)
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Starburst Galaxy

Active Galaxies

Jetted AGN

Non-Jetted AGN
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Starburst galaxy M82 – NASA, ESA, CSA, STScI, A. Bolatto

Centaurus A – ESO/WFI (visible); MPIfR/ESO/APEX/A. Weiss et al. 
(microwave); NASA/CXC/CfA/R. Kraft et al. (X-ray)

Starburst Galaxy

Active Galaxies

Jetted AGN

Non-Jetted AGN

• Several sites with shocks
• Gas acting as target material

• Several sites with shocks
• Strong radiation fields
• Gas acting as target material
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Starburst galaxy M82 – NASA, ESA, CSA, STScI, A. Bolatto

Centaurus A – ESO/WFI (visible); MPIfR/ESO/APEX/A. Weiss et al. 
(microwave); NASA/CXC/CfA/R. Kraft et al. (X-ray)

Starburst Galaxy

Active Galaxies

Jetted AGN

Non-Jetted AGN

• Several sites with shocks
• Gas acting as target material

• Several sites with shocks
• Strong radiation fields
• Gas acting as target material
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Outline

• Starburst nulei

• Starburst and AGN winds

• AGN coronae

• Multi-messenger diffuse flux
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Starburst nuclei
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Image credit: X-ray: NASA/CXC/Tsinghua Univ./H. Feng et al.; Full-field: X-ray: NASA/CXC/JHU/D.Strickland; 
Optical: NASA/ESA/STScI/AURA/The Hubble Heritage Team; IR: NASA/JPL-Caltech/Univ. of AZ/C. Engelbracht
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Image credit: X-ray: NASA/CXC/Tsinghua Univ./H. Feng et al.; Full-field: X-ray: NASA/CXC/JHU/D.Strickland; 
Optical: NASA/ESA/STScI/AURA/The Hubble Heritage Team; IR: NASA/JPL-Caltech/Univ. of AZ/C. Engelbracht

Westmoquette+2009
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Particle transport in starburst nuclei

Star forming region

Denser ISM

Interstellar medium

Acceleration site

outflow
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Particle transport in starburst nuclei
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Modeling the transport in SBNi

𝑛 ≈ 102 𝑐𝑚−3

𝐵 ≈ 102 𝜇𝐺

𝑈𝑅𝐴𝐷 ≈ 103 𝑒𝑉 𝑐𝑚−3

𝑣 ≈ 102 𝑘𝑚 𝑠−1

𝐷 𝑝 ≈
𝑐

3
𝑟𝐿
2−𝛿 𝑙𝑐

𝛿−1

Electrons

Protons

Peretti+2019

Peretti+2019

Turbulence is injected at a given
coherence length and cascades down to 

smaller scales Quasi linear theory
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Modeling the transport in SBNi

• Electrons are confined in SBNi

• Advection and losses regulate the 
transport of protons

• Particles experience all phases of the ISM

𝑄 =
𝑓

𝜏𝑙𝑜𝑠𝑠
+

𝑓

𝜏𝑑𝑖𝑓𝑓
+

𝑓

𝜏𝑎𝑑𝑣

Electrons

Protons

Peretti+2019

Peretti+2019
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Particle and photon spectra in SBNi

Peretti+2019
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Particle and photon spectra in SBNi

Peretti+2019

Particle diffusion is
subdominant
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Particle and photon spectra in SBNi

Peretti+2019
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Particle and photon spectra in SBNi

Peretti+2019
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Particle and photon spectra in SBNi

Peretti+2019

Secondaries are dominant
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Particle and photon spectra in SBNi

𝛾𝛾-abs.

Peretti+2019
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Particle and photon spectra in SBNi

𝛾𝛾-abs.

Peretti+2019

𝑝𝑎𝑖𝑟𝑠
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Particle and photon spectra in SBNi

𝛾𝛾-abs.

Peretti+2019

𝑝𝑎𝑖𝑟𝑠

𝑝𝑎𝑖𝑟 𝑆𝑌𝑁
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Modeling nearby SBGs

M82

NGC253

Arp220

Peretti+2019
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Starburst and AGN winds
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(Extra-)galactic winds
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Scales and power

NGC3079 - Image credit: X-ray: NASA/CXC/University of Michigan/J-T Li et al.; Optical: NASA/STSc

M82 - Image credit: Daniel Nobre

Starbursts:

𝑉∞ ≈ 103km/s
 𝑀 ≈ 10−2 − 102𝑀⨀/yr
𝑅𝑠ℎ ≈ 1 − 10 kpc

AGN:

𝑉∞ ≈ 102 − 105km/s
 𝑀 ≈ 10−3 − 103𝑀⨀/yr

𝑅𝑠ℎ ≈ 10−1𝑝𝑐 − 10 kpc

38



Scales and power

NGC3079 - Image credit: X-ray: NASA/CXC/University of Michigan/J-T Li et al.; Optical: NASA/STSc

M82 - Image credit: Daniel Nobre

Starbursts:

𝑉∞ ≈ 103km/s
 𝑀 ≈ 10−2 − 102𝑀⨀/yr
𝑅𝑠ℎ ≈ 1 − 10 kpc

AGN:

𝑉∞ ≈ 102 − 105km/s
 𝑀 ≈ 10−3 − 103𝑀⨀/yr

𝑅𝑠ℎ ≈ 10−1𝑝𝑐 − 10 kpc

𝐿𝑘𝑖𝑛 ≈ 1041 − 1043 𝑒𝑟𝑔 /𝑠

𝐿𝑘𝑖𝑛 ≈ 1042 − 1045 𝑒𝑟𝑔 /𝑠
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Wind bubble structure

• Diffusive shock acceleration and Galactic accelerators

Peretti+2022

Forward shock 
Low Mach number (<5)
Inefficient acceleration

Wind shock 
High Mach number (≥10)
Efficient acceleration

Fast cool wind

Hot shocked wind

Shocked halo
medium

Contact discontinuity
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Wind bubble structure

• Diffusive shock acceleration and Galactic accelerators

Peretti+2022

Forward shock 
Low Mach number (<5)
Inefficient acceleration

Wind shock 
High Mach number (≥10)
Efficient acceleration

Fast cool wind

Hot shocked wind

Shocked halo
medium

Contact discontinuity

Time (Myr) Time (Myr)

Termination shock position Forward shock position

Meliani+2024Meliani+2024
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Transport model 

• Diffusive shock acceleration and Galactic accelerators

𝑟2𝑢 𝑟 𝜕𝑟𝑓 = 𝜕𝑟 𝑟
2𝐷 𝑟, 𝑝 𝜕𝑟𝑓 + 1

3
𝜕𝑟 𝑟

2𝑢 𝑟 𝑝𝜕𝑝𝑓 + 𝑟2𝑄 𝑟, 𝑝 − 𝑟2Λ(𝑟, 𝑝)

Peretti+2022
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Transport model 

• Diffusive shock acceleration and Galactic accelerators

𝑟2𝑢 𝑟 𝜕𝑟𝑓 = 𝜕𝑟 𝑟
2𝐷 𝑟, 𝑝 𝜕𝑟𝑓 + 1

3
𝜕𝑟 𝑟

2𝑢 𝑟 𝑝𝜕𝑝𝑓 + 𝑟2𝑄 𝑟, 𝑝 − 𝑟2Λ(𝑟, 𝑝)

Injection

Peretti+2022
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Transport model 

• Diffusive shock acceleration and Galactic accelerators

𝑟2𝑢 𝑟 𝜕𝑟𝑓 = 𝜕𝑟 𝑟
2𝐷 𝑟, 𝑝 𝜕𝑟𝑓 + 1

3
𝜕𝑟 𝑟

2𝑢 𝑟 𝑝𝜕𝑝𝑓 + 𝑟2𝑄 𝑟, 𝑝 − 𝑟2Λ(𝑟, 𝑝)

• Advection
• Diffusion
• Adiabatic losses and gains

Peretti+2022
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Transport model 

• Diffusive shock acceleration and Galactic accelerators

𝑟2𝑢 𝑟 𝜕𝑟𝑓 = 𝜕𝑟 𝑟
2𝐷 𝑟, 𝑝 𝜕𝑟𝑓 + 1

3
𝜕𝑟 𝑟

2𝑢 𝑟 𝑝𝜕𝑝𝑓 + 𝑟2𝑄 𝑟, 𝑝 − 𝑟2Λ(𝑟, 𝑝)

Escape
𝑗𝑒𝑠𝑐 = −𝐷𝜕𝑟𝑓|𝑅𝑒𝑠𝑐

Peretti+2022
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Transport model 

• Diffusive shock acceleration and Galactic accelerators

𝑟2𝑢 𝑟 𝜕𝑟𝑓 = 𝜕𝑟 𝑟
2𝐷 𝑟, 𝑝 𝜕𝑟𝑓 + 1

3
𝜕𝑟 𝑟

2𝑢 𝑟 𝑝𝜕𝑝𝑓 + 𝑟2𝑄 𝑟, 𝑝 − 𝑟2Λ(𝑟, 𝑝)

Energy losses
Λ = 𝑛 𝑟 𝜎𝑝𝑝(𝑝)𝑣 𝑝 𝑓

pp

Peretti+2022
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Maximum Energy

WR
YMSC

SBG

AGN

knee

ankle
𝐸𝑚𝑎𝑥 ≈ 𝜉 𝑞 𝐵

𝑢1

𝑐
𝑅𝑠ℎ

𝑈𝐵 = 𝜖𝐵𝑃𝑟𝑎𝑚 = 𝜖𝐵
 𝑀

4𝜋𝑅𝑠ℎ
2 𝑢1

𝐸𝑚𝑎𝑥 = 𝐸𝑚𝑎𝑥 𝑢1,  𝑀 = 𝐸𝑚𝑎𝑥(  𝐸,  𝑃)

𝑋 =  𝐸  𝑃−1/2
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High-Energy particles in the system

Peretti+ 2022 Peretti+ 2022

Spectrum at
the wind shock
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High-Energy particles in the system

Peretti+ 2022 Peretti+ 2022

Upstream
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High-Energy particles in the system

Peretti+ 2022 Peretti+ 2022 Downstream
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Multi-messenger radiation from winds

Carulli+2024

Peretti+2023

Starburst Ultra-fast Outflow
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AGN Coronae
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Active Galactic Nuclei

TorusTorus

SMBH

Accretion disk

Broad line region

Narrow line region

Hot corona
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Credit: NASA, ESA & A. van der Hoeve
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Fig.s from 
(IceCube 
collab.), 
Abbasi+2022 

NGC 1068 is the 
brightest hotspot

of IceCube

Neronov+2023
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The problem of NGC 1068
𝐿𝑏𝑜𝑙 = 1044.7𝑒𝑟𝑔/𝑠

𝐿𝑋 = 1043.5 𝑒𝑟𝑔/𝑠
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The problem of NGC 1068
What is going on here???

SB or jet
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The problem of NGC 1068
𝐿𝑏𝑜𝑙 = 1044.7𝑒𝑟𝑔/𝑠

𝐿𝑋 = 1043.5 𝑒𝑟𝑔/𝑠

𝐿𝜈 1.5 − 15 𝑇𝑒𝑉 = 1042.1𝑒𝑟𝑔/𝑠

𝐿𝛾(0.1 − 100 𝐺𝑒𝑉) = 1040.9 𝑒𝑟𝑔/𝑠
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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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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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Multi-messenger diffuse flux
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Diffuse emission from starbursts
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Starbursts as diffuse sources

Burst of star formation

Star formation
rate function

SFGs
SBGs

Peretti+2020 Peretti+2020
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Diffuse emission from Starburst Galaxies

• SBNi only

• Gamma rays do not exceed
observational constraints

• Neutrino flux at the level of 
IceCube measurmentPeretti+2020
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Diffuse emission from Starburst Galaxies

• SBNi only

• Sizeable contribution to the diffuse 
flux observed by Fermi-LAT  

• Neutrino flux at the level of 
IceCube measurmentPeretti+2020
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Diffuse emission from Starburst Galaxies

• SBNi only

• Sizeable contribution to the diffuse 
flux observed by Fermi-LAT  

• Neutrino flux at the level of 
IceCube measurmentPeretti+2020

68



Diffuse emission from Starburst Winds

Peretti+2020

Peretti+2022
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Diffuse emission from Starburst Winds

Peretti+2020

Peretti+2022

𝐸𝑚𝑎𝑥
(𝑠𝑏𝑛)

102 𝑃𝑒𝑉 → 𝑃𝑒𝑉
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Diffuse emission from Starburst Winds

Peretti+2020

Peretti+2022

71



Multimessenger emission from Starburst
Galaxies and their winds
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Multimessenger emission from Starburst
Galaxies and their winds

Peretti+2022
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25

Tamborra+2014

Bechtol+2017

Palladino+2019Ajello+2021

Sudoh+2018

Linden+2017

Owen+2021

Ambrosone+2021

Starbursts in the last 10 years

Peretti+2022

Condorelli+2023

Roth+2021

Peretti+2020

Carulli+2024



Condorelli+2023

25

Tamborra+2014

Bechtol+2017

Palladino+2019Ajello+2021

Sudoh+2018

Linden+2017

Owen+2021

Ambrosone+2021

Starbursts in the last 10 years

Peretti+2022

Carulli+2024

Peretti+2020

Roth+2021



38

Alternative scenario: Echoes of Cen A activity

Taylor+2023

Bell+2022
Matthews+2018

Taylor+2023
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Diffuse emission from AGNi

Liu+2018

Di Mauro+2013
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Take home messages
1. Starburst galaxies (SBGs) and AGN are cosmic-ray factories

2. Starburst nuclei (SBNi) can approach calorimeteric conditions

3. Starburst and AGN winds can accelerate respectively up to 100 PV and EV  

4. We expect 𝛾-rays and neutrinos both from SBGs and AGN

5. SFGs and AGN can dominate the multi-messenger diffuse flux

6. Which are the sources of UHECRs?
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Thank you!
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Back up
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Starburst Galaxies
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Starburst galaxy M82 – NASA, ESA, CSA, STScI, A. Bolatto
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Starburst galaxy M82 – NASA, ESA, CSA, STScI, A. Bolatto

𝐸2 𝐹(𝐸)

𝐸FIR OPT-UV

Dust Stars
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Starburst galaxy M82 – NASA, ESA, CSA, STScI, A. Bolatto

Westmoquette+2009
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Starburst galaxy M82 – APOD - Image credit: Daniel Nobre

Meliani,Cristofari+EP2024
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Active Galactic Nuclei
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Active Galactic Nuclei

TorusTorus

SMBH

Accretion disk

Broad line region

Narrow line region

Hot corona
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Hot corona

Active Galactic Nuclei

TorusTorus

SMBH

Accretion disk

Broad line region

Narrow line region

𝐸2 𝐹(𝐸)

𝐸FIR OPT-UV X-ray

Torus
Disk

Corona
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Active Galactic Nuclei

TorusTorus

SMBH

Accretion disk

Broad line region

Narrow line region

Hot corona

Relativistic jet
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Active Galactic Nuclei

TorusTorus

SMBH

Accretion disk

Broad line region

Narrow line region

Hot corona

Relativistic jet
𝐸2 𝐹(𝐸)

𝐸FIR OPT-UV X-ray

Torus
Disk

Corona

Jet (SYN + IC)
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Active Galactic Nuclei

TorusTorus

SMBH

Accretion disk

Broad line region

Narrow line region

Hot corona

Outflow
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Active Galactic Nuclei

TorusTorus

SMBH

Accretion disk

Broad line region

Narrow line region

Hot corona

Outflow𝐸2 𝐹(𝐸)

𝐸FIR OPT-UV X-ray

Torus
Disk

Corona

Outflow
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Active Galactic Nuclei

TorusTorus

SMBH

Accretion disk

Broad line region

Narrow line region

Hot corona

Outflow𝐸2 𝐹(𝐸)

𝐸FIR OPT-UV X-ray

Torus
Disk

Corona

Outflow

93



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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Observation of Star-forming Galaxies - Gamma

Ajello+2020
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Kornecki, EP+2021 Kornecki, EP+2021

Observation of Star-forming Galaxies - Correlations
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High-Energy SED and Neutrinos

Peretti+ 2022
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The Pierre Auger
Collaboration 2022

Starbursts and Ultra-High-Energy cosmic rays
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Condorelli+EP 2023 Condorelli+ EP 2023

Ultra-High-Energy cosmic rays in starbursts
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