
Particle Acceleration in Highly 
Magnetized Turbulent Plasmas

Luca Comisso

Cosmic Rays  in the Multi-Messenger Era

APC Laboratory - Paris 

December, 2024 

Department of Astronomy, Columbia University

Department of Physics, Columbia University

in collaboration with: L Sironi, E Sobacchi, D Fiorillo, E 
Peretti, M Petropoulou, D Karavola, Z Davis, D Giannios, 
G Farrar, M Muzio, B Jiang, M Lemoine, V Bresci, D Groselj



Comisso | APC 2024       2

What physical processes drive particle acceleration?

‣ sheared velocity flows

‣ magnetospheric gaps

‣ magnetized rotators 

     and others…

magnetic reconnection

shocks magnetized turbulence

Tsung 

Osiris presentation

Daughton et al. ’14

Comisso & Sironi ’18
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Magnetized environments (nonrelativistic vs. relativistic regimes:  )vA

c
=

σ
1 + σ

σ =
B2

4πρc2
≃

4
β

kBT
mic2σ < 1 σ > 1

Crab NebulaBig Red Ball

Parker Solar Probe M87 Jet
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Crab NebulaExpected turbulence in large-scale (astrophysical) systems

M87’s Corona (with large uncertainties):

  
  

ℓ0 ≳ RS = 2GM/c2 ∼ 2 × 1012 m
ℓkin ∼ ρp ∼ 5 × 103 m

(λmfp,p ∼ 1020 m)

Credit: A. Chael

Simulated M87 jet at radio frequency of 86GHz 

energy-containing 
range inertial range dissipation 

range

 l=2π/kf 

flux of energyinjection of energy dissipation of energy

 λd=2π/kd 

ℓ0 ≫ ℓkin

Turbulence is likely to play a main role 
in the transfer of energy across scales Estimates from EHT Collaboration 2019
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Turbulent energy cascade in large-scale magnetized systems

dissipation of energyflux of energyinjection of energy
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[Comisso & Sironi ’18, ’19]

Inception of particle acceleration 
(particle injection)

Magnetic Reconnection
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Turbulent energy cascade in large-scale magnetized systems

dissipation of energyflux of energyinjection of energy
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Inception of particle acceleration 
(particle injection)

Magnetic Reconnection

Stochastic acceleration

[Comisso & Sironi ’18, ’19]

[Bresci+, Comisso+, Lemoine, Nattila+, Zhdankin+, etc.]
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Fully kinetic treatment of the plasma

PIC code: TRISTAN-MP 
(Spitkovsky 2005)
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Crab NebulaFlying through turbulence along the mean magnetic field direction

PIC Turbulence 
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[Comisso & Sironi ’22]

Magnetic reconnection occurring within the turbulent cascade

Formation of flux ropes within the turbulent domain (fully kinetic PIC turbulence)
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Time evolution of the kinetic energy for some representative particles

    10

‣ Two phases of the acceleration process:  

              (1) particle injection  

              (2) stochastic acceleration

 

 

ions
electrons

0 1 2 3 4 5
t vA /l

0
2

4

6

8

10

12
14

ε/
m

ec2

[ε
=

(γ
−

1)
m

sc
2 ]
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non-relativistic  

turbulence               
[Comisso & Sironi 2022]

(σ ≪ 1)
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Stochastic particle acceleration: energy and magnetization dependence
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stochastic acceleration 
range

d⟨γ⟩
dt

=
1
γ2

∂
∂γ (γ2Dγ)

tacc =
γ2

Dγ
Dγ ∼ 0.1σtur( c

ℓc )γ2

[Comisso & Sironi ’19]

[see also Wong at al. ’20 for  dependence]γ

[Comisso & Sironi ’19]

• Mean rate of change of  due to stochastic acceleration:

• PIC simulations give:

γ

Nonresonant rather than gyro-resonant interactions (see also Lemoine ’21, ’22, Bresci+ ’22)
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Localized high-energy neutrinos from the nearby active galaxy NGC 1068

Credit: Eichmann+ 2022Icecube Collaboration 2022

‣ Magnetized turbulence in the BH corona may drive 
cosmic ray acceleration linked to neutrino emission 
[Dermer+’96, Murase+’20, Eichmann+’22, 
Fiorillo+’24, Mbarek+’24Lemoine+’24, etc.]
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Stochastic proton acceleration with cooling in the active galaxy NGC 1068
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See also earlier model by Murase et al. ’20

σtur =
δB2

4πnpmpc2
,

‣   with  

‣ electron-proton corona: 

‣ Bethe-Heitler cooling limits proton energy to 

20 TeV (needs sufficiently compact corona)

tacc =
γ2

Dγ
Dγ ∼ 0.1σtur( c

ℓc )γ2

ne/np ∼ 1

Timescales for 
NGC1068

η =
ℓc

R
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Predicted neutrino spectrum for the active galaxy NGC 1068
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See also earlier model by Murase+ ’20

Relying solely on an energy diffusion coefficient 
might be over-simplistic [Lemoine & Rieger ’24]
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Crab NebulaMagnetized turbulence as the mechanism for UHECR acceleration?

Mass composition results of Auger Observatory: [Slide credit: Engel, 2024 (This Conference)]

    15
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‣ Fit to UHECR spectrum and composition data 
return  (at odds with shocks)s ≲ 1

,  with ϕ(E) ∝ E−s exp[(−E/Ecut)] s ≥ 2

‣ The source energy cutoff is generally modeled 
(inspired by shock acceleration theory) as:

‣ Often the spectrum is modeled (with no good 
physical reason) as a broken exponential cutoff:

[e.g., Protheroe & Stanev 1999]

ϕ(E) ∝ E−s ×
1 , E ≤ Ecut

exp[(−E/Ecut)] , E > Ecut

s
Heinze et al. 2019

Shock-informed cutoffs require exceptionally hard power laws



Comisso | APC 2024       17

>

‣ Magnetized turbulence accelerates 
particles into a spectrum of the form: 

dN/dE = N0 E
−p

 sech[(E/Ecut)
2]
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Particle acceleration via magnetized turbulence: sharp energy cutoff

(δB/B0 ∼ 1, σ = 16)
Relativistic Turbulence

ion-electron plasma 

Comisso, Farrar, Muzio 2024
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>

‣ Magnetized turbulence accelerates 
particles into a spectrum of the form: 
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Particle acceleration via magnetized turbulence: sharp energy cutoff

(δB/B0 ∼ 1, σ = 16)
Relativistic Turbulence

ion-electron plasma 

Comisso, Farrar, Muzio 2024
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‣ magnetized turbulence does accelerate particles to the “Hillas limit” if one assumes lc = Rsize

‣ cutoff    scales with  , where  from the fitssech[(E/Ecut)2] Ecut = ZeRcut = Ze(Brmsκlc) κ = 0.65

Particle acceleration via magnetized turbulence: rigidity-dependent energy cutoff

Comisso, Farrar, Muzio 2024
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tesc ≃
L2

λs c
≃

L2

lc c ( Ecut

E )
δ

∝ E−δ

E/Ecut
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 /τ
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(c)‣ residence time within the accelerator: 

ϕ(E) =
dN

dEdt
=

1
tesc

dN
dE

∝ E−s sech[(E/Ecut)2]

‣ flux of particles escaping the accelerator 
is given by  

with s = p − δ ∼ 2.1

from PIC simulations of highly 
magnetized ( ) turbulenceσ ≫ 1p ∼ 2.4

δ ∼ 1/3

Particle acceleration via magnetized turbulence: particle escape timescale

[similar scaling in test particle 
simulations of large amplitude 
turbulence: see Lemoine 2024]

Comisso, Farrar, Muzio 2024
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Pierre Auger Obs.
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Particle interaction and propagation according 
to Unger, Farrar, Anchordoqui 2015                
(see also Muzio and Farrar 2023)

Particle acceleration via magnetized turbulence: fitting to UHECR data

Comisso, Farrar, Muzio 2024
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Crab Nebula
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Particle acceleration via magnetized turbulence: back to the injection stage

   acceleration via 
magnetic reconnection
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Crab NebulaConcurrent particle acceleration and pitch-angle anisotropy from reconnection
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Comisso 2024

Broken power laws from reconnection (in both energy spectrum and pitch angle anisotropy)
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Synchrotron radiation from the accelerated electrons

Synchrotron power radiated by one electron: 
Psyn = 2σTc(B2/8π)γ2 sin2 α

individual 
electron 
spectra

superposition

Particles distributed as  
dN/dγ ∝ γ−p

lead to synchrotron energy flux  
νFν ∝ ν(3−p)/2Typical frequency of synchrotron photons: 

ν ∼ γ2νL sin α (νL = eB/2πmec) (Hp:  doesn’t depend on )sin α γ
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Consequences for the Spectral Energy Distribution

εth

dN
dε

∝ ε−p<
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2/3
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 For ultra-relativistic particles ( ):γ ≫ 1

        

Nγ ∼ γ(dN/dγ) ∝ γ1−p

Psyn = 2σTc(B2/8π)γ2 sin2 α ∝ γ2+m

νFν ∼ NγPsyn ∝ γ3−p+m

ν ∼ γ2νL sin α ∝ γ2+m/2

νFν ∝ ν(3−p+m)/(2+m/2)

νFν ∝ ν(3−p)/2

for νmin α < ν < νiso ∼ γ2
isoνL

for νiso < ν < νcut ∼ γ2
cutνL

(νL = eB/2πmec)

(standard “textbook case” when )m = 0

Comisso and Jiang 2023 

Comisso 2024
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Consequences for the Spectral Energy Distribution

        ν ∼ γ2νL sin α ∝ γ2+m/2
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‣ Relativistic turbulence ( ) 
produces radio spectra with  
for an extended fluctuation range

σ ≫ 1
s ∼ 0.7

‣ Radio spectra with  are typical 
of PWNe (not just the Crab Nebula)
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Crab Nebula

1. Turbulence and magnetic reconnection commonly act in tandem

2. Particle acceleration from the thermal pool is effectively a two-stage process

3. Turbulence might account for neutrino production in AGN corona

4. Turbulence acceleration gives rise to    with 
 and  for  (matches nicely UHECR data)

5. In magnetically dominated collisionless plasmas, pitch angle anisotropy is 
anticipated as the norm rather than the exception

6. Knowledge of both particle energy spectrum and pitch-angle anisotropy is 
needed to understand the radiation signatures emitted by energized particles

dN/dE ∝ E−p sech[(E/ZeRcut)2]
Rcut ∼ Brmslc s ∼ [2 − 2.2] σ ≫ 1

A few key takeaways
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Power spectrum in collisionless plasma turbulence

Comisso and Sironi 2022 Alexandrova et al. 2013

Magnetic power spectrum of solar wind
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Power spectra from PIC simulation

Transition from MHD to kinetic scales:
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the MHD range is more intermittent than 
the kinetic range (consistent with solar wind)

    29

Intermittency at MHD and kinetic scales 

Sm(ℓ⊥) = ⟨ |ΔBx(x, ℓ⊥) |m ⟩x ∝ ℓζm
⊥

From the measure of the scaling exponents

Kiyani et al 2009

Scaling exponents from the solar wind
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