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Crab NebulaPlan of the talk

• Particle acceleration in AGN coronae: neutrinos as probes

• Turbulence-driven particle acceleration in AGN coronae

• Tackling particle acceleration via magnetized turbulence from first principles

‣ Fully kinetic modeling of plasma turbulence

• Two stages of particle acceleration

‣ Injection (via magnetic reconnection)

‣ Stochastic particle acceleration

• Predicted proton and neutrino spectra from the corona of NGC1068
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Crab NebulaLocalized sources of high-energy neutrinos
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Crab NebulaActive galactic nucleus: a complex environment

Credit: Eichmann et al. 2022
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Crab Nebula

Comisso and Sironi 2022

Active galactic nucleus: a complex environment

Credit: Eichmann et al. 2022
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Fully kinetic treatment of the plasma

PIC code: TRISTAN-MP 
(Spitkovsky 2005)
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Rendering of electric current density and reconnection in the turbulent cascade

B0
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Turbulent cascade from MHD to kinetic scales

B0
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Turbulent energy cascade in large magnetized systems

dissipation of energyflux of energyinjection of energy
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1st acceleration stage (“injection” via magnetic reconnection)
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Particles accelerated at reconnection layers

“Injection”
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2nd acceleration stage (stochastic particle acceleration)
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• Fokker-Planck for stochastic acceleration:

• Mean rate of change of  due to stochastic acceleration:

• PIC simulations give:

γ

∂f(γ, t)
∂t

= −
∂
∂γ (Aγ f(γ, t)) +

∂2

∂γ2 (Dγ f(γ, t))
Aγ =

d⟨γ⟩
dt

=
1
γ2

∂
∂γ (γ2Dγ)

tacc =
γ2

Dγ
Dγ ∼ 0.1σtur( c

ℓc )γ2

stochastic acceleration for  γ > γσ

σtur =
δB2

4πh
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Stochastic proton acceleration with cooling in the AGN corona
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See also earlier model by Murase et al. ’20

(η =
ℓc

R )

•  is energy-independent

• Bethe-Heitler cooling limits proton energy to 
20 TeV (requires sufficiently compact corona)

• electron-proton corona: 

tacc

ne/np ∼ 1

Timescales for 
NGC1068
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Proton energy spectrum in the AGN corona
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Predicted neutrino spectrum for NGC1068
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•  and  production processes compete

• Exponential cutoff rather than power-law 

suppression (inferred by reconnection-based 

models*)

• The neutrino signal constrains the allowed 

range of  and  

• Neutrino signal provides a testbed for 

particle acceleration

pγ pp

σtur = δB2/4πnpmpc2 η = ℓc/R

* Kheirandish et al. ’21, Fiorillo et al ’24, Mbarek et al. ’24

Fiorillo et al, 
IN PRESS
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Key takeaways

• Turbulence self-consistently 
produces reconnection layers 
(which inject particles)

• Particle acceleration to highest 
energy propelled by stochastic 
scattering off turb. fluctuations

• Fully kinetic (first principles) 
treatment of turbulent plasma

• Turbulence-driven particle 
acceleration can explain the 
neutrino signal from NGC1068


