
Relativistic Outflows from compacts objects 
and the generation of astroparticles

                    by Guy Pelletier, Grenoble, France

High Energy Astrophysics grounded on two physical paradoxes: 

  -powerful ejection from the vicinity of an accreting black hole, thanks 
to

  -generation of high energy particles from the interaction of the flow 
with an ambient medium, through a ... “collisionless relativistic shock”  
what is that?

and generation of particles (p+ (cosmic rays), e+, e-, ν, γ) of energy 

“much higher than the encounter energy in the centre of mass frame” 

                                         ???
Main collaborators : Martin Lemoine (IAP), Illya Plotnikov (IPAG)

a vacuum electromotive force (???)



AGN Jets, micro-Quasars  Γ∼10
Pulsar e+e- wind Γ∼103- 106

Gamma Ray Bursts Γ∼ 102-103

spinning BH in X-ray binaries, in GC

Def “Lorentz factor” :

γ ≡ 1�
1− v2

c2

� = γmc2
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Generation of relativistic jets

• Spinning Black Hole with an accretion disk 
carrying a magnetic field

Blandford & Znajek 1977 

mass M and spin parameter : a/J = aMrgc

ds2
= −α2dt2 + gij(dxi

+ βidt)(dxj
+ βjdt)

βθ
= βr

= 0 βφ
= −ω

α(r, θ) = 0 Horizon

gtt = 0 Ergosphere

BH rigid rotation : ω|horizon = ΩBH = ac/2rH
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Kerr metric => frame dragging
a vacuum electromotive field 

�β × �B

accretion disk
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(Boyer-Lindquist syst)
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Maxwell equations in 

Kerr metric : 
∇× �H = ∂t

�D + 4π �J

div �D = 4πρ

�E = α�D + �β × �B

�H = α�B − �β × �D

with

(Komissarov 08)

PBZ = a2(
B2

n

104G
)2(

M

108M⊙
)21044erg/s

some similarity with Penrose effect

�F� � �Se.m.

�F� � αω �F�

�F� = α(α�Se.m. + ω �F�)

�F� ∝ −Bφ
�Bp

highly magnetized matter => 
angular momentum:

∝ Bφ ∝ I < 0

flux of angular mt

total flux of energy

�β × �B generates Imostly in ergosphere(in ZAMO frame)

�Se.m.

see (GP 04, Komissarov 06, 08, Lasota et al. 14)
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like an e.m. active medium



The important role of the accretion disk

- B. It carries the magnetic field 

- It generates an intense field of low energy photons,
=> pair creation around the “watershed surface”

- It launches also a sub-relativistic (and thus self-collimating) jets, 

- Pulsar wind (e+e-)  Γ∼103- 106, 
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Figure 3. A snapshot and time-dependence of a magnetically-arrested accretion disk [19].

A movie is available at http://youtu.be/nRGCNaWST5Q . The top panels, (a) and (b), show

the vertical (x − z) and horizontal (x − y) slices through the accretion flow. Color shows the

logarithm of density: red shows high and blue shows low values (see color bar). The black circle

shows a BH (a = 0.99) and black lines show field lines. The bottom 3 panels show, from top

to bottom, mass accretion rate, Ṁ (panel c), dimensionless flux through the BH, φBH (panel

d), and outflow efficiencies of the whole outflow, η (red solid line), the jet, ηjet (green dashed

line), and the wind, ηwind (blue dash-dotted line) (panel e). Since ηjet and ηwind are measured

at r = 100rg, they lag by ∆t ≈ 100rg/c relative to η, which is measured at r = rH. Colored

symbols show values at the snapshot time, t ≈ 12305rg/c. At t = 0, the accretion flow contains

a large amount of large-scale magnetic flux. Accretion brings mass and flux to the hole, and φBH

increases until it reaches a maximum value at around t ≈ 6000 time units. At this time the BH

is saturated with magnetic flux and produces as much power as possible. However, the accretion

flow brings in even more flux, which impedes the accretion and leads to a magnetically arrested

disk. Some of the flux escapes from the BH via magnetic interchange and flux eruptions, two of

which are seen in panels (a) and (b), which frees up room for new flux. This process continues

in a quasi-periodic fashion, and on average the BH produces outflows at η ≈ 140% efficiency,

i.e., outflows carry more energy than the entire rest-mass energy supplied by accretion.

much higher values of η than previously reported [19]. In fact, η > 100%, therefore jets and winds

carry more energy than the entire rest-mass supplied by the accretion, and this unambiguously

shows that net energy is extracted from the accreting BH. This is the first demonstration of net
energy extraction from a BH in a realistic astrophysical scenario. Thicker MADs (h/r ≈ 0.6)
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Tchekhovskoy, McKinney, Narayan 2012 

Guy Pelletier. FFP14 Marseille

more power
than 

provided by 
accretion ->

accretion and ejection simulation



Narayan, McClintok, Tchekhovskoy, 2013 
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controversial.
to be confirmed...

towards an evidence...



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...

Tp � 0.2 Γsmpc
2

Te ∼ Tp ?
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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

Pcr ≡ ξcrΓ2
sρ0c

2

B2

4π
≡ ξBΓ2

sρ0c
2

F ≡ ξradΓ2
sρ0c

2

Weibel turbulence

similar for σ << 1

(obs evidence)

Guy Pelletier. FFP14 Marseille



Particle spectrum at 
a Relativistic Collisionless Shocks

recent investigations : 
turbulence generation, scattering,

performance.

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

but detailed budget?

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

spectrum OK: s=2.2-2.3. 
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Weibel instability

δ = c/ωp

typical scale:

�
ξωp

maximum growth rate :
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relat neutral stream of e+e-
interacting with background 

plasma
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similar behavior in a p+e- plasma
with electrostatic effects, 

because e- pre-heating up to rough 
equipartition with protons



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
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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

eβ0A

T
�→ A
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particle reflection and scattering off B-structures

• growth of B perturbations until 
significant reflection 

of incoming 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
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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 !

σ ≡
B2

t|f

4πΓ2
sρuc2

=
B2

0 sin2 θB

4πρ0c2

scattering faster than Larmor rotation
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γlim = Γs
ξB√

σ



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 weakly on density only)

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

this opens diagnostic of the micro-field (see M. Lemoine 12-13)

• high conversion of kinetic energy into radiation: 1-10%

ξrad ∼ ξB ∼ ξcr
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Thus the brightest HE events of our universe are explained by 
microphysics !



About Ultra High Energy Cosmic Rays?
• UHECRs? termination shock ruled out by theory 

and neutrino obs (Icecube, F. Halzen)
Better with mildly relat shocks in ultra-relat 

flows: in AGN Jets and internal shocks of GRBs. 
(G.P. & M. Lemoine 10, 11;

D. Ellison, Warren, A. Bykov 13;
a multi-shock approach by Gialis & G.P. 04)

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

Radio galaxy Centaurus A suspected...

(V. Berezinsky next talk)

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

regime, and thus broader scale Fermi cycles (higher energy)
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Thank you!


