
Relativistic collisionless shocks and 
High Energy Astrophysics

by Guy Pelletier, laboratoire d’Astrophysique

• “relativistic collisionless shock” Qu’es aquo?

• numerical experiments (PIC: Particles in Cells)

• importance in HE Astrophysics. Radiation of Gamma rays, neutrinos, 
cosmic rays etc. (AGNs, micro-Quasars, Pulsar Wind Nebulae, Gamma 
Ray Bursts etc)

• UHE Cosmic Ray origin?

• Laboratory experiments (at Laser facilities, LMJ...)

                    main collaborators in these tasks: Martin Lemoine,                   
--------------------------------Illya Plotnikov (PhD Student UJF)
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AGN Jets, micro-Quasars  Γ∼10
Pulsar e+e- wind Γ∼103- 106

Gamma Ray Bursts Γ∼ 102-103

Def “Lorentz factor” :

γ ≡ 1�
1− v2

c2

� = γmc2



What is a relativistic collisionless shock?
• hudge mean free path

• isotropization: shock achieved when an isotropic distribution is set 
up downstream in a rest-frame moving at c/3 with respect to the 
front.

• collisionless dissipation: Landau (C. Villani). No entropy production 
unless phase space ripples smoothed out. (more generally Landau- 
synchrotron resonances). 

• partial reflection of the incoming flow at an electromagnetic 
barrier => a coherent wave or turbulence. Self-sustaining NL front.

• micro-turbulence insures distribution isotropization, heating and 
more...
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Tp � 0.2 Γsmpc
2

Te ∼ Tp ?



B-field amplification or generation at shocks

• Evidence of B amplification
in SNRs (Chandra, XMM)
(Cassam-Chenaï et al.)

non-relativistic
MHD turbulence 

current carried by CRs => 
supplem Lorentz force => instability

MHD simulations
(Zirakashvili, Reville & Bell...)

• Indirect evidence of B-generation 
at the termination shock of GRBs 

(Li & Waxman 2006)
relativistic shock, 

electromagnetic micro-turbulence (sub-MHD scale)



triptych of a collisionless relativistic shock

Fermi process, 
power law spect s = 2.4 
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PIC simulation by 
A. Spitkovsky 2008

pair plasma
B0 = 0
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Pcr ≡ ξcrΓ2
sρ0c

2

B2

4π
≡ ξBΓ2

sρ0c
2

F ≡ ξradΓ2
sρ0c

2

Weibel turbulence

similar for σ << 1



Weibel instability (for e+e- plasma and beam)

∂2
t A− c2∆A = 4πcδJ

δJ = −
ω2

p

4πc
A + v0δρel

growth rate =
ξ1/2kv0

(1 + k2δ2)1/2

F± = ±e
v0

c
×B

δ = c/ωp
typical scale:

�
ξωpmaximum rate :
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relat neutral stream of e+e-
interacting with background 

plasma

∂2
t δρel = −

ω2
p

4π

ξβ0

1 + ξ
∆A

with ξ ≡
ω2

pb

ω2
p

� ξcr



Weibel turbulence

Filamentary structures (quasi 2D) 
of size δ

similarity with 2D Hydro-turbulence

Polyakov, Duplantier etc (conformal invariance)

pairing of current filaments of 
opposite polar

(Dauxois, Someria, Chavanis, Robert etc...)

But charge separation => electrostatic effect (pre-heating)

7

Fig. 5.— Structure of the flow, from the 3D simulation of an electron-positron shock with magnetization σ = 0 (top) or σ = 10−3

(bottom). The xy slice shows the particle density (with color scale stretched for clarity), whereas the xz and yz slices show the magnetic
energy fraction �B (with color scale stretched for clarity).

3.2.2. Particle Spectrum and Acceleration

We now explore the acceleration performance of weakly
magnetized electron-positron shocks. In Fig. 6 we follow
the evolution of the post-shock particle spectrum from
the 3D simulation of a shock with magnetization σ =
10−3. In Fig. 7 we compare the particle energy spectra
at late times for different magnetizations, covering the
range 0 � σ � 10−1.
As compared to the results for unmagnetized shocks

in Fig. 2, the evolution of the post-shock energy spec-
trum in Fig. 6 for a flow with σ = 10−3 shows that the
non-thermal tail initially grows to higher energies, but
then it saturates (all the curves for ωpit � 1500 over-
lap). The saturation of the high-energy tail is a robust
result, holding in 3D (solid lines) and in 2D (dotted red
line at ωpit = 3000), and it is clearly in contrast with
the steady increase of the high-energy spectral cutoff ob-
served for unmagnetized shocks in Fig. 2. The inset in
Fig. 6 confirms that the maximum Lorentz factor initially
increases as γmax ∝ (ωpit)1/2 (solid line for 3D, dotted

for 2D), similarly to the case of unmagnetized shocks,
but for ωpit � 1500 it saturates at γsat � 350.
We find that the scaling γmax ∝ (ωpit)1/2, followed by

saturation at a constant γsat, is a common by-product
of the evolution of all magnetized relativistic shocks. In
Fig. 7(a) we show several post-shock spectra for different
magnetizations, after the non-thermal tail has reached
the saturation stage. We cover the range 10−4 � σ �
10−1, and for the sake of completeness we compare our
results with the unmagnetized case σ = 0, where the non-
thermal tail is still evolving to higher and higher ener-
gies. We find that strongly magnetized electron-positron
shocks, with σ � 10−2, are poor particle accelerators,
in agreement with the conclusions of SS09. The post-
shock spectrum at late times (see the black solid line for
σ = 10−2) is fully consistent with a Maxwellian distri-
bution. This result does not depend on the reduced di-
mensionality of our 2D computational domain. We have
performed a large-scale 3D simulation of an electron-
positron perpendicular shock with σ = 10−1, and we

Sironi et al. 2013

∆A + sinhA = 0

a kind of Debye screening

eβ0A

T
�→ A



particle reflection and scatting off B-structures

• growth of B perturbations until 
significant reflection 

of incomping particles => 

B2

4π
∼ ξcrn0mc2

ξB ∼ ξcr

• scattering rate for particle having 

νs ≡
< ∆α2 >

∆t
∼ e2B2�c

p2c
∼ ξcrωp

Γ2
s

γ2

allows Fermi process as long as this rate larger 
than any loss rate or Larmor pulsation in the 

ambient mean field

γ ≥ Γs



Particle spectrum at 
a Relativistic Collisionless Shocks

How works Fermi process?
spectrum OK s=2.2-2.3, 

scattering? turbulence generation?

relativistic shock =>
much more power in H.E. radiation; 

but detailed budget?
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M. Lemoine & G.P. 03

Bednarz & Ostrowsky 98, Achterberg et al 01, 
Galant et al 99, Kirk et al 00, Vietri 03, Ellison & Double 03 

semi analytical results with Monte 
Carlo simulations



what about more realistic situations
with protons and ambient B-field?

• more electrostatic effect in protonic plasma.
But micro-turbulence => efficient electron pre-heating =>

e- relat mass comp with proton mass =>
similarity with e+e- situation

• The effect of an ambient B-field, serious issue

• classification of relativistic shocks as a function
of a “magnetization parameter”



Inhibition of Fermi process by the mean field

In front frame, ambient B0 almost perp -> 
phase space locking.

Similar with large scale turbulence.

For Fermi process, scattering off micro-turbulence only.
intensity requirement 

RC energy limit due scattering inhibition: 
OK with PIC simulation (Sironi et al. 13)

σ ≡
B2

t|f

4πΓ2
sρuc2

=
B2

0 sin2 θB

4πρ0c2

νs(γ) > ωL,0(γ) =⇒ σ < ξ2
B

νs ∝ γ−2

γlim ∼ Γs
ξB√

σ

δB2

4π
≡ ξBΓ2

sρ0c
2

RC energy limit at termination 
shock of GRBs:  ～1016 eV

Niemec et al. 06
Lemoine et al. 06

(G.P., Lemoine, Marcowith 09
Plotnikov et al. 12) 
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Transition towards micro-turbulent shocks with 
Fermi process for decreasing magnetization

σ < ξ2
B ∼ ξ2

cr (10−2 − 10−3)

M. Lemoine & G.P. 09, 10, 13

Phenomenon entirely governed by 
plasma micro-physics



Electron heating at a relativistic shock.
Radiation

• relativistic motions of e- in an intense wave 
(Guérin, Mora, Laval 95-98) a ≡ eEw

ω0mec
� 1

fast heating to Te = a mec2

• similarly, motions in an intense micro B-field
(J. Kirk & B. Reville 11) aw ≡

eB̄�c

mec2
� 1

a and aw very large in p+e--plasma shock

• synchrotron-like radiation. opens diagnostic of 
the micro-field (see M. Lemoine 12-13)
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Te ∼ ξBΓsmpc
2 ∼ Tp

(Plotnikov et al. 13)



Efficiency of relativistic shock acceleration

exemple of GRB termination shock 
(Lemoine & G.P. 11,12 and Plotnikov et al. 13):

• protons accelerated up to 1016 eV
(scattering limit, expansion, escape same estimate)

• electrons accelerated up to γ = 106 (in co-moving frame)
(depending on density only)

synchrotron-like gamma rays up to a few GeV, 
then SSC (see Wang et al. 13)

• high conversion of kinetic energy into radiation: 1-10%
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ξrad ∼ ξB ∼ ξcr



About Ultra High Energy Cosmic Rays?

• UHECRs? Better with mildly relat shocks in 
ultra-relat flows: in AGN Jets and internal shocks 

of GRBs. (G.P. & M. Lemoine 10, 11)
Radio galaxy Centaurus A suspected...

(M. Lemoine 10, E. Waxman 95 ...)

GZK cut off, composition issue (HIRES-OPA)

Conversion of kinetic energy into B turbulent energy similar, but 
in a much larger precursor (MHD scales) than in ultra-relativistic 

regime



Experiments on Laser facilities (LMJ...)
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Figure 1. a. Sketch of the experimental setup. The laser-wakefield accelerated electrons (green spheres) impact onto a solid
target, initiating a quantum electrodynamic cascade involving electrons, positrons (red spheres) and photons (blue sinusoids).
The escaping electrons and positrons are separated and spectrally resolved using a magnetic spectrometer (details in the text)
and a pair of LANEX screens. Plastic and lead shielding was inserted to reduce the noise on the LANEX screens as induced
by both the low-energy electrons and gamma-rays generated, at wide angles, during the laser-gas and electron-solid target
interactions. b. Typical measured spectra of the electron beam without the solid target. Dashed blue lines depict single-shot
electron spectra, whereas the solid red line is an average over ten consecutive shots. c. Typical positron signal, as recorded by
the LANEX screen, for 0.5 cm of Pb. The white dashed lines depict the projection of the magnet gap, whereas the grey dashed
lines depict the position of 0.2, 0.5 and 1 GeV positrons on the LANEX screen.

of npl = 5 × 10
18

cm
−3

. This interaction produced a

reproducible electron beam (shot-to-shot fluctuation in

charge and maximum energy below 10%) with a broad

spectrum with maximum energy of the order of 600 MeV,

half-angle divergence of 2 mrad and an overall charge of

(0.3 ± 0.1) nC, corresponding to (2.0 ± 0.6) × 10
9
elec-

trons (see Fig. 1.b for typical electron spectra and their

average). This electron beam was then directed onto a

Pb solid target of different thicknesses (0.5, 1, 1.5, 2, 2.5,
3, and 4 cm, covering multiples of the radiation length

for Pb, Lrad ≈ 0.56 cm [20]).

The propagation of an ultra-relativistic electron beam

through a high-Z solid target is expected to trigger a

quantum electrodynamic cascade, whose fundamental

steps depend on the ratio between the target thickness

(d) and the radiation length of the material (Lrad). In its

most basic configuration, it includes γ-ray generation via

bremsstrahlung [23], and electron-positron pair produc-

tion via the Bethe-Heitler process [24]. Direct electro-

production (a virtual photon in the electron field de-

caying into a pair once in the electromagnetic field of

a nucleus [25]) can be neglected, since it is dominant

only for dLrad < 10
−2

[25]. For solid targets of suffi-

cient thickness, populations of electrons, positrons, and

high-energy photons are thus expected to escape from

the rear surface, once an ultra-relativistic electron beam

interacts with it. In order to separate and spectrally re-

solve the electrons and positron populations escaping the

solid target, a 10 cm long, 0.8 T pair of magnets with a

1cm separation and two LANEX screens were inserted

(see Fig. 1.a). This arrangement allowed particle ener-

gies from 120 MeV to 1.2 GeV to be resolved and had an

acceptance angle of θA ≈ 8 mrad. The LANEX screens

were cross-calibrated using Image Plates, whose absolute

calibration is reported in Ref. [26].

A scan in target thickness was performed in multiples

of its radiation length (0.5, 1, 1.5, 2, 2.5, 3, and 4cm
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Figure 2. Typical positron spectra obtained during the experi-
ment (solid lines) compared with what obtained from FLUKA
simulations (dashed lines) for d = 5 mm (a.), d = 2 cm (b.),
and d = 4 cm (c.). In this latter case, also the spectrum of
the electrons escaping the target is plotted. Its similarity with
the positron spectrum is a clear indication of the generation
of a neutral electron-positron pair beam.

Generation of sub-relativistic plasma streams of 100 MeV protons
Recent progress in the generation of 

Ultra-relativistic streams of e+e- plasma

studies of collisionless shocks with many diagnostics



Thank you!Thank you! 
enjoy lunch break!


