
Gianfranco Brunetti  

 

Turbulent acceleration in astrophysics 
- galaxy clusters & radio galaxies- 
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Pulsar WN 
<B>pc ≈ 100-300 μG 

CRe with Emax ≈ 1014-1015 eV 

TSYN ≈ 10 yrs 

Crab nebula 



GRB 170817A 



Cen A 

In addition to powerful and fast  
accelerators there is also evidence  
for gentle mechanisms operating  
on long timescales and large volumes 
 

Turbulent (some kind of) acceleration 
is a natural candidate. 
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Second order Fermi Mechanisms 
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Energy gain per collisions: 

C (not light speed) >> U 
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- Particles in a turbulent medium - 

Stochastic acceleration (diffusion 
in particles momentum space) 

Spatial diffusion via pitch-
angle scattering 

δB 

δE 

Resonant & nonResonant 
interaction between CRs & 

electromagnetic fluctuations 

In the limit of small pitch-angle and momentum changes  
(ie. δp<<p) the process can be described as a diffusion in the  
angle and momentum space 



Axford, Bell, Cesarsky, Jokipii, Kulsrud, Parker,  
Skilling, Wentzel,… 



We can sit in the ref frame of the wave  



QLT 



QLT 

EQUATION OF MOTION FROM LORENTZ FORCE : 



QLT 



Many waves with spectrum Wk=Bk
2/4π 

Gyroresonance 

Diffusion in pitch angle : diffusion coefficient 
 

CORRECTION FOR  
LAB FRAME 
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- Particles in a turbulent medium - 

Stochastic acceleration (diffusion 
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associated with the moving waves   

particles are isotropized in the rest frame of the wave 

[long MHD waves (ω <Ω/βpl)]  

Momentum diffusion : coefficient 



Gyroresonance 

Now we come back to to the Lab frame where there is an Electric field  

associated with the moving waves   

particles are isotropized in the rest frame of the wave 

In the same timescale particles change momentum  

[long MHD waves (ω <Ω/βpl)]  

Momentum diffusion : coefficient 



Fokker-Planck Equation 

Evolution of particles interacting with Alfven waves 



In general the spectrum of 
accelerated particles in turbulent 
acceleration is NOT a simple 
power-law. 
This affectes the properties of 
(nonthermal) radiation spectra  
- Curved spectra 
- Steep spectra 

Spectrum of  particles 

Miller & Roberts 1995 
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Gyroresonance 

Complication : scale anisotropy  

Goldreich & Sridhar 95,  
Maron & Goldreich 01, .. Cho & Lazarian 03… 

Galaxy :               Rres ≈ Mm , RA ≈ 1 pc … 10 dex 
Galaxy Clusters : Rres ≈ Mm , RA ≈ 1 kpc … 13 dex  

Waves must be generated  
at small, quasi-resonant scales 
Self-generated waves, instabilities : 
 

• Streaming instability (Kulsrud, …  
    ..Blasi, Amato, Lazarian, Yan, Wiener, 
      Zweibel, Oh) 
• Many other instabilities…. 
 

Possible solution : 



-k//v//=0 

Fermi-like mechanisms using large scale turbulence 

Transit-Time-Damping (TTD, magnetic Landau Damping) 
[Fisk 76, Schliskeiser+Miller 98,..Yan+Lazarian 04, Brunetti+Lazarian 07.. ] 
Coupling between particles magnetic moment and magnetic field gradients 

Magnetic Pumping 
[Swann 33, .. Melrose 80, ..] 
Particles compressions and rarefactions in  
B (betatron), coupled with an  effective  
scattering mechanism .  

Compression by large-scale trubulence 
[Ptuskin 88, .. Cho+Lazarian 06, … Brunetti 16..] 
Particles diffusing through turbulence (acoustic) in a  
medium experience stochastic compressions/rarefactions and are statistically  
accelerated at a rate depending on spatial diffusion coefficient and turbulence 



Fermi-like mechanisms using large scale turbulence 

Particles diffusing in super-Alfvenic turbulence  
experience cycles of positive and negative  
acceleration via interaction with collapsing  
(in reconnection regions) and expanding  
(in dynamo regions) magnetic field lines.  

Reacceleration in super-Alfvenic turbulent reconnection 
[Brunetti & Lazarian 16, Xu & Zhang 18, .. ] 
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- Particles in a turbulent medium - 

Stochastic acceleration (diffusion 
in particles momentum space) 

Spatial diffusion via pitch-
angle scattering 

δB 

δE 

Resonant & nonResonant 
interaction between CRs & 

electromagnetic fluctuations 

In the limit of small pitch-angle and momentum changes  
(ie. δp<<p) the process can be described as a diffusion in the  
angle and momentum space 
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Clusters of galaxies: the largest gravitational structures 
in the Universe (M1014-1015Msun ,     
.                       RV 2-3 Mpc) 

Galaxy cluster 
matter : 

Barions                            

 

 
 

Dark Matter  70%  

 10% of stars in    
galaxies  

 15-20% of hot 
diffuse gas 

 

30-300 
galaxies 

 

n10-3cm-3 
 

T107-108K 

1 Mpc 
The intra-cluster-medium (ICM) is a high beta 
(from Faraday RM) weakly collisional plasma 



Chandra view 
Credits V.Cuciti 

Mergers  
dissipate 
1063-64 erg  
in 1 Gyr Galaxy clusters formation : mergers 



 Steep spectrum sources 
    (α > 1 , F(ν ) ≈ K ν-α) 
 

 Low + smooth brightness  
     and unpolarised (< 5%)  

Cluster-scale radio emission 

GeV+ electrons (protons?)  
and µG B distributed  
on Mpc-scales…  
 

Giant Radio Halos 

review 
Brunetti+Jones 14 

Syn frequency 
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Electrons time-scale 
 

 

 

 

 

 
Diffusion timescale 
 

 

≈100 Myr 

≈10 Gyr 
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 Steep spectrum sources 
    (α > 1 , F(ν ) ≈ K ν-α) 
 

 Low + smooth brightness  
    and unpolarised (< 5%)  
 

  In situ acceleration 
     TURBULENCE ? 
 

  Connection with MERGERS 
  

Cluster-scale radio emission 

GeV+ electrons (protons?)  
and µG B distributed  
on Mpc-scales…  
 

Giant Radio Halos 

review 
Brunetti+Jones 14 

Syn frequency 

RELAXED 

MERGERS RADIO HALOS 
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TURBULENT ACCELERATION 

 Tm ≈ 1-3 Gyr 
 Tt ≈ L/δV ≈ 200-500 Myr 
 Tescape > Gyr 

Tacc < Tt < Tes ≈ Tm 

Electrons lifetime 

  Energy is transported from  
      Mpc to Mm scales into  
      non-thermal particles.  

 

 This requires a hierarchy of  
     complex mechanisms and  
     plasma/kinetic effects ! 

≈Tacc 



TURBULENCE IN THE ICM 

Mpc 

Mm 

(from Brunetti+Jones 14) 

Cluster Mergers:  

1063-1064 erg/crossing  



TURBULENCE IN THE ICM 

Mpc 

Mm 

(from Brunetti+Jones 14) 

Weakly collisional ICM. 
Plasma collective & 
kinetic effects important  

Cluster Mergers:  

1063-1064 erg/crossing  



TURBULENCE IN THE ICM 

Mpc 

Mm 

(from Brunetti+Jones 14) 

Cluster Mergers:  

1063-1064 erg/crossing  
Fermi II acceleration 

Turbulent  

energy flux 

Particles heating/ 

acceleration rate 
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-1 
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-1 

W(k) 

k 

Turbulent  

energy flux 

Particles heating/ 

acceleration rate 

Efficiency depends on turbulent 
acceleration model and on plasma 
conditions (Brunetti+Lazarian 07) 
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N(E) 
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Efficiency depends on turbulent 
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TURBULENT ACCELERATION : BASIC 

l A 

k 



L0
-1 

lcut
-1 

W(k) 

k 

Turbulent  

energy flux 

Particles heating/ 

acceleration rate 

TURBULENT ACCELERATION : example 

l A 

fraction of energy  
available at small scales 

lcut is the dominant  
scale for  
acceleration 

Classical Fermi II 

Tacc ≈10–1000 Myr 

TTD with Magnetosonic/fast Modes 
-k//v//=0 



TTD with Magnetosonic/fast Modes 
-k//v//=0 

GB+Lazarian 07 

Primary electrons 

SED from primary+secondary electrons  
(GB+Lazarian 11, Pinzke+ 17, GB+17) 



Tacc ≈ p2/Dpp ≈10–1000 Myr 

Radio Halos predicted to be a mix of 
different populations including with 
very steep spectrum sources 
«invisible» at  classical frequencies. 
(Cassano, Brunetti, Setti 06 
 Brunetti + al 2008 Nature 455,944) 

Frequency 

τacc
 

energetics 

TURBULENT ACCELERATION IS A GENTLE MECHANISM 

Reacceleration time is of the  
same order of magnitude of  
the energy-losses time-scale  
of the electrons emitting Syn 
radiation in the radio band ! 

Max Syn frequency 

[ assuming rough equipartition 

between Syn and inverse  

Compton losses ]  



Tacc ≈ p2/Dpp ≈10–1000 Myr 

Frequency 

τacc
 

energetics 

TURBULENT ACCELERATION IS A GENTLE MECHANISM 

Reacceleration time is of the  
same order of magnitude of  
the energy-losses time-scale  
of the electrons emitting Syn 
radiation in the radio band ! 

Max Syn frequency 

[ assuming rough equipartition 

between Syn and inverse  

Compton losses ]  

Brunetti et al 08 Nature 455, 944 

240 MHz 1.4 GHz 



The largest radio telescope on  
the way to the SKA : 25000 antennae 
 

  # 10-80 MHz 
  # 120-240 MHz 

LOFAR 



A1132 
Wilber+ 17 

α(150-330)~1.8 

LOFAR 
CHANDRA 

Ultra-steep spectrum 
radio halos 

Savini+ sub 

α >1.7-2 
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Cen A Radio Galaxies 
 

 Energy is extracted from a supermassive BH 

 Relativistic jet : kinetic + Poynting flux 

 Particle acceleration : shocks , reconnection 

 Hot spots : shocks 

 Backflow : reacceleration ? Mixing ? 



Head Tail  
Radio Galaxies 

- In galaxy clusters 
- Probes of jet/cocoon 
     ICM interaction 

Sijbring & de Bruyn 98 

Biny + al 18 

ageing 

Supermassive 
Bhole + jets 

VGAL 
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- Internal + external 
  instabilities 
- mixing 

Jones+  

Vazza, GB +al 09,17 velocity 

temperature 

Head Tail  
Radio Galaxies 

- In galaxy clusters 
- Probes of jet/cocoon 
     ICM interaction 

Supermassive 
Bhole + jets 

VGAL 
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Mixing at later stages 
- In a turbulent medium 
- Adiabatic losses 
- Reacceleration ? 



How long does it take ?? Head Tail  
Radio Galaxies 

- In galaxy clusters 
- Probes of jet/cocoon 
     ICM interaction 

Supermassive 
Bhole + jets 

VGAL 
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IC 
L/VGAL≈ 

Mixing at later stages 
- In a turbulent medium 
- Adiabatic losses 
- Reacceleration ? 

.100 Myr 

Richardson diffusion 



Where (frequency) we have 
to observe  ?? 

Head Tail  
Radio Galaxies 

- In galaxy clusters 
- Probes of jet/cocoon 
     ICM interaction 

Supermassive 
Bhole + jets 

VGAL 
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Mixing at later stages 
- In a turbulent medium 
- Adiabatic losses 
- Reacceleration ? 
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Radiative lifetime 
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Owen et al 15 

A1132 
Wilber+ 17 

LOFAR 
CHANDRA 

Turbulent  
reacceleration 

Turbulent  
Mixing ? 

A2256 
Van Weeren+  

Surprises ! 
- Head tails are too long…  
 
- Electrons do not cool fast in the mixing phase  

We start to see late stages and mixing ! 
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Turbulent  
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Surprises ! 
- Head tails are too long…  
 
- Electrons do not cool fast in the mixing phase  
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Spectral index 
 
 
 
 
 
 
brightness 

BIG SURPRISE 



Spectral index 
 
 
 
 
 
 
brightness 

Plasma effects & microturbulence 
Magnetic pumping ?? 
Revision of life-cycle of rel plasma ! 
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Fokker-Planck Equation 

Evolution of particles interacting with Alfven waves 
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momentum by Δp in a time Δt.  

Assume this is a Markov process…  

The aim is to derive an equation 
describing the 6D+1 evolution of f(..)  
subject to stochastic changes in p 

definitions : 

Fokker-Planck coefficients 

Relation between 

FP-coefficients 

Consequence of  detailed 

balance : 
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