
Present status of particle 
acceleration in relativistic outflows

Benoît Cerutti 
CNRS & Univ. Grenoble Alpes, France

© F. Fuiza

© B. Cerutti

HEPRO VII, Barcelona, July 9-12, 2019



General motivations

Energy reservoir
(gravitational, rotation

magnetic field) Compact object
(Black hole, neutron star)B

B

g

Ω

g



General motivations

Energy reservoir
(gravitational, rotation

magnetic field) Compact object
(Black hole, neutron star)

Relativistic magnetized plasma
(wind or jet)

B

B

gg

Ω



General motivations

Energy reservoir
(gravitational, rotation

magnetic field) Compact object
(Black hole, neutron star)

Dissipation
particle

acceleration

Relativistic magnetized plasma
(wind or jet)

B

B

gg

Shock?
Reconnection?
Turbulence?
Shear?

Ω



General motivations

Energy reservoir
(gravitational, rotation

magnetic field) Compact object
(Black hole, neutron star)

Dissipation
particle

acceleration

Relativistic magnetized plasma
(wind or jet)

Non-thermal radiation

Fermi-LAT, Agile

B

B

gg

Shock?
Reconnection?
Turbulence?
Shear?

Ω

Cherenkov Telescopes



General motivations

Energy reservoir
(gravitational, rotation

magnetic field) Compact object
(Black hole, neutron star)

Dissipation
particle

acceleration

Relativistic magnetized plasma
(wind or jet)

Non-thermal radiation

What are the particle acceleration mechanisms ?
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Part I: Relativistic collisionless shocks

Main astrophysical applications:

Gamma-ray bursts

Pulsar Wind Nebulae

Relativistic jets

External shock
(afterglow)

Wind termination shock

Lobes, collimation, internal shocks

Relativistic bulk flow: Γ>>1
Particle mean-free path >~ system size

Γ~102-106

Γ~10

Γ~102-103



Axford 1977, Krymsky 1977, Blandford & Ostriker 1978, Bell 1978
See e.g. Pelletier et al. 2017 for a review

Prediction: generates broad steep (~-2) power-laws, but needs strong plasma 
turbulence at kinetic scales on both downstream and upstream!

Does it work? 

Recent studies are based on ab-initio particle-in-cell (PIC) simulations

© Scholer

Diffusive shock acceleration



The usual numerical setups
Relativistic magnetized shock is necessarily a quasi-perpendicular shock in 
the downstream frame due to Lorentz contraction & field compression.

Shock front

n
B0E0=-v×B0/c

σ=
B0

2

4 π Γnm c2

Magnetization parameter:



The usual numerical setups

Simulation frame = Frame of the contact discontinuity

Conducting 
reflective wall

Receding wall 
at V=c

Injection of 
cold plasma

Γ≫1

ShockPeriodic

Periodic
x

y
Reflected flow

V=-c

Good setup to follow the formation of one shock only (the reverse shock)

Relativistic magnetized shock is necessarily a quasi-perpendicular shock in 
the downstream frame due to Lorentz contraction & field compression.

Shock front

n
B0E0=-v×B0/c

σ=
B0

2

4 π Γnm c2

Magnetization parameter:
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Unmagnetized collisionless shock formation
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Phase 1: The two flows overlap without interacting

x

Phase 3: Non-linear phase, the shock form and particle acceleration begins

Shocked
“downstream”

Unshocked 
“upstream”

Shock front ~ c/3

Density

1
2
3 Rankine-Hugoniot

Precursor
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Phase 2: Electromagnetic counter-streaming instabilities grows (linear phase)
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Weibel instability
Unmagnetized relativistic shocks are mediated by the Weibel instability

[Weibel 1959]

Results in self-generated magnetic field on skin-depth scale
The turbulent magnetic field acts as scattering centers for the Fermi process

Weibel filaments in Laser-plasma experiment

[Huntington+2013]

[Medvedev & Loeb 1999]

Growth rate ~ relativistic plasma frequency
Filament width ~ skin-depth



2D PIC simulation of an unmagnetized shock

Generation of 
magnetic field

[Spitkovsky 2008,
Martins+2009,
Haugbølle 2011]

Shock front
Precursordownstream upstream



The Fermi mechanism at work

[Spitkovsky 2008]

Particle trajectories



Non-thermal tail
To see a non-thermal tail , one needs a very long integration time, diffusive process. 

 Exponential cut off, the longer you wait, the higher the maximum energy
Diffusive time:  [Reville & Kirk 2010, Plotnikov+2013, Sironi+ 2013]

-2.4 power index

Non-thermal 
particles

[Spitkovsky 2008]

γmax∝ t
1/2

[Sironi+2013]



Transition from unmag. to mag. shocks
[Alsop & Arons 1988; Langdon+1988, Gallant+1992; Sironi+2013; Plotnikov+2017]

The length of the precursor shrinks with σ. 
It scales as the Larmor radius of the returning particles 
in B0 (Lemoine & Pelletier 2010, Sironi+2013, 
Plotnikov+2017)

The precursor disappears σ>10-2 => No returning 
particles, particle acceleration quenched!

Plotnikov+2017



Saturation of the maximum energy

Sironi+2013

Maximum energy is limited by the length of the precursor:

γmax/Γ~σΓ~σ-1/Γ~σ4



The puzzling case of PWN
Magnetized (σ>10-2), ultra-relativistic shock

=> No particle acceleration! And yet observations shows it is very efficient!

Meyer+2010

Crab nebula SED

X-ray electrons consistent with a -2 power law 



Olmi+2014

Global MHD model

A way out? Externally driven turbulence

● Cyclotron waves (Hoshino+1991, Amato & Arons 
2006)

● Driven reconnection of the striped wind at the 
shock (Lyubarsky 2003, Sironi & Spitkovsky 2011)

● Corrugated shock (Lemoine 2016, Demidem+2018)

● Turbulence driven by the global nebula dynamics 
(e.g. Porth+2014, Olmi+2014)

● Acceleration within the equatorial plane where 
σ<<1 (Giacinti & Kirk 2018)



Summary relativistic shocks

● Weibel instability mediates the formation of the shock by self-generating 
magnetic turbulence. At high σ, magnetic reflection is at work, no turbulence.

● Diffusive shock acceleration at work for unmagnetized (σ<10-2) shock.

● Non-thermal particle spectrum typically softer than 2.

● Slow process (t1/Γ~σ2), magnetized shocks do not accelerate particles. Could work for 
GRBs but problematic for PWNs.

● Maximum particle energy limited by σ.



Part II: Relativistic magnetic reconnection

Relativistic reconnection: σ>~1

σ=
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V A=c √
σ

1+σ
≈cRelativistic Alfvén speed

Dissipation of magnetic energy => relativistic particles !
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Part II: Relativistic magnetic reconnection
Possible astrophysical applications:

Pulsar Wind Nebulae  (Crab flares)

Relativistic reconnection: σ>~1

σ~0.1-1
σ=

B0
2

4 π nmc2

V A=c √
σ

1+σ
≈cRelativistic Alfvén speed

Dissipation of magnetic energy => relativistic particles !

Gamma-ray burst
(prompt?)Relativistic jets

NASA 

BU 

Relativistic magnetospheres 
(pulsars, magnetars, Kerr black holes)

© ESO/L.Calçada © MAGIC collab.

σ>>1

σ~1?



Reconnection : A change of magnetic topology
[See reviews by Zweibel & Yamada, 2009, Kagan et al. 2015]

Magnetic energy =  ► Plasma kinetic energy (heating+non-thermal particles)

Reconnection rate: βrec=Vin/Vout

Outflow
Vout

Inflow

+B0 -B0

Erec

How fast does reconnection proceed?



Usual PIC setup: The Harris sheet

+B0

-B0

J

∇×B=
4 π

c
J

δ

Current layer on skin-depth scale



A long thin current sheet is tearing unstable

+B0

-B0

Parallel currents attract each other

[Zelenyi & Krasnoselskikh 1979, Zenitani & Hoshino 2007, Pétri & Kirk 2007]



Example: 2D PIC simulation
[Petropoulou & Sironi + 2018]

Time



Space-time diagram: a sequence of mergers

[Nalewajko+2015]

Time

Space

Mergers



Outflow velocity
Relativistic at high σ 

Inflow velocity

Release of magnetic tension

ExB drift feeds the layer

Particle acceleration by Erec

Out-of-plane velocity

[Kagan+2015]

The flow velocity structure

Reconnection rate ~0.1-0.2

Relativistic reconnection is fast!
And efficient: ~50% dissipation



Efficient particle acceleration

Non-thermal particle acceleration is efficient for highly magnetized 
plasmas (σ>>1), need for large computational box and late time 
evolution of the system. Hard distributions at large sigmas.

Physical origin of the spectra still debated and poorly understood.

[Zenitani & Hoshino; Jaroschek et al.; Bessho & Bhattacharjee; Pétri & Lyubarsky; 
Sironi & Spitkovsky; Liu et al., Cerutti et al.; Kagan et al., Guo et al., Werner et al.]

σ=10

[Sironi & Spitkovsky 2014]
[Werner + 2016]

Spectral hardening with σ



Particle acceleration at X-points
Sample of 150 particle orbits

Particles well 
magnetized

≈ ideal MHD

Particles’ beam
E>B, non-ideal MHD!
=> Linear accelerator

Speiser orbits

z

δ

δ
Erec

Erec

y



Particle acceleration at X-points
[Sironi & Spitkovsky 2014]

The final particle energy gain depends how close from the X-
point they are injected, leads to a wide distribution in energy.

[see also Larrabee et al. 2003 ; Bessho & Bhattacharjee 2012]



Plasmoid mergers
[Sironi & Spitkovsky 2014]

[See also Oka et al. 2010 (non relativistic)]

Extra particle acceleration by the “anti-reconnection electric 
field” between merging islands: increase the maximum energy.

Erec Erec



Saturation of the maximum energy?

[Werner + 2016]

Spectral fitting shows a saturation of γmax~ 4σ!
Limits set by energetic constraints because hard spectra (<2)

=> Bad news for astrophysical applications where σ rarely very large



Saturation of the maximum energy?
[Petropoulou & Sironi + 2018]

● Spectral steepening with time

● Maximum energy first grows 
as:    ,
and then slowly as

● Slow energy gain within large 
magnetic islands where B field 
increases with time

γmax∝ t
1/2

γmax∝ t

Good news for astrophysical applications!



Reconnection in action in astrophysical objects

Pulsar striped wind
Black-hole magnetospheres (GRPIC)

[Cerutti & Philippov 2017; Cerutti+ in prep] [Parfrey, Philippov & Cerutti 2019]



Summary relativistic reconnection

● Fast, acceleration scales linearly with time, to be compared with shocks diffusive 
time (t1/Γ~σ2).

● Is efficient for highly magnetized plasmas, σ >>1. Works well where shocks fail.

● Non-thermal particle spectrum typically harder than 2, and saturation of γmax

● But slower acceleration and spectral steepening at large timescales
=> Does γmax saturate?

● Applications to AGN jets, PWN, pulsars & black hole magnetospheres. 
Gamma-ray flares in blazars and Crab could be a direct demonstration of relativistic 
reconnection.
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