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e generation of Weibel turbulence upstream,
Properties of filaments, important issue of their motions
e electron pre-heating and consequences
e what about OTSI? And others?..
e implications on acceleration and radiative efficiencies




Relativisitc shocks of low magnetization
(termination shock of GRBs)
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The “3+1 paradigm”
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Collisionless relativistic shock and
the ambient plasma

e ambient plasma (upstream): (n, By) => (6, = c/w,;, o)

Inertial scale, typical of microphysics

Magnetization parameter

e collisionless R-shock: [ (>> 1

Shocked plasma: P = Eorpul2c?
proton temperature T, = 0.2 (mc? ¢

Electron temperature T, ? = Eppulic?
T

T < Tymyc?
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Strong beam of reflected particles

e Ambient plasma pervaded by relat beam : n, vy, mpc2
withn,=§ n (§,=¢_)andy, -T2

e Penetration length against ambient field :

)
1 @

GFSBOt 2
myC

erSBOt

A Larmor radius in front frame : 77, =

Penetration length measured in ambient frame : Ep —

e growth length of Weibel (filamentation) instability :

by~ 2126, (with & ~ &)

Requirement for the generation of Weibel turbulence :
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Magrnztization vs snack Laraniz actor...

(From M. Lemoine) 20




Reflection condition and
level of Weibel turbulence

growth time

— :>€BN£CT

deflection time

builds a shock together with a piston effect

Unavoidable normal scale A 0 5&1/2(57;111 (1 4o Ecr )

The growth length :
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Scattering and electron heating
analysed in the wave frame (Illya)

Particle motions in both static fields E' and B’, same norm and orthogonal

Total energy conserved. In 2D generalized momentum conserved =>
Phase space confinement. 3D for scattering and heating.

Characteristic energy : _— GE_'/€ ~T 51/2 €
x — C m
5

Scattering of beam particles

Fast heating of ambient electrons (relativistic regime) J ~ €B mpc2

0 N£1/2

Short heating scale gheat g /25
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Weibel modes and hot electrons

Filamentation instability, characteristics :

e For cold electrons W = kl Vm
Fast motion ! :

Growth rate : Fm ~ (fb,u)_l/2 ~ 140

o ¢1/2 ktde
Yinst = Qp wpil—l—k?(p

Not at all frozen in upstream flow!

e For hot electrons (T, > m_c?)

Despite ionic regime,
same growth rate !

Transverse scale O, (enlarged by increased mass)
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Filament characteristics in the hot phase

on| EB

Transverse confinement => —Te — —mpc
n

Te ~ mepC2

Reflection condition : gB ~ gcr

A~ 10€16;
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Shock transition, proton heating

Residual electron heating by scattering: similar amount as pre-heating

2

Thus finally Te N mepC

Proton heating: mixing of the proton streams of energy T mpc2 at front.
Transition length controled by scattering:

0;
2 5y ~

T —I'sm S —
p — 3\/’ pC gBFS

(measured upstream)
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Shock mediated by Weibel alone?

Because pe- plasma, electrostatic potential also.
For electrons, gradient of magnetic pressure,
balanced by a DC electric field.

The DC electric field slow down incoming protfons.

But U, < & m c?

Supplementary electron heating,

Same order of magnitude.

No significant modification of the
reflection condition for incoming protons.




The issue of filament motions
and electron heating

Only Weibel modes survive Efficient acceleration
in the hot phase (almost like e*e-) in the cold phase

r

m

I‘m < I‘S => guasl vacuum e.m. waves
Pb : transmission downstream :
', ~1 Favored for scattering downstream

Ijfm > Ijs Shock reformation?
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Residence time upstream

le €m o 1
t?"es,m e ( ) 2
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Measured in turbulence frame :

Measured in front frame :
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Performance of electron acceleration
and radiation

At the termination shock of a GRB
(Kirk & Reville 2010 modified by [ and chi)

drele P ~ () 16 ((m )"
meaX 2 /’l/ XFS

orTMmeC XFS
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2/3
~ 3 1/2 F2 nl/? e GeV
X &g~ s,2.570 s A

Pb of the 3D scattering

A single synchrotron-like spectrum up fo a few GeV !.
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Performance of proton acceleration

Termination shock of GRBs a poor proton accelerator...

(because of a scattering time o< €?)

= (=) g [Eme

1/2
~ 3.7 X 1015 X /4 < x > F525?“S’17’n(1)/4 eV .
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About the contribution of OTSI

Selection of a single k, through resonance condition :

w(k) _ klvb — 0 Growing faster than Weibel :
Yinst ™ (&u)

Particle dynamics studied in wave-frame (lllya)

Fw ~ (fb,u)_l/G < Fs

Fast electron heating (relativistic oscillation regime)

Instability quenched by beam dispersion and/or

relativistic electron temperature whereas Weibel survive!
Langmuir waves become superluminal

(resonance no longer possible).

Thus OTSI modes do not survive in the hot phase,

but probably dominate the cold phase. (Possibly with whistlers)
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About Buneman instabilities

The fastest growing modes, but rapidly quenched by electron heating

Also, whistlers expected for mildly relat shocks.
(limitation when electron mass becomes relativistic)
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Generation of UHECRS

Better with mildly relativistic shocks in relativistic flows:

AGN and radio galaxy jets,
internal shocks in GRBs. Vs (”)/3 — 1) ~ 1

Phase space more easily opened despite a sub-equipartition mean field;
MHD turbulence more easily excited with Bell-type instability.

€B Pjet 1/2

10=2 10%° erg/s

Emax FjZeBrj ~ 7 x 10

eV
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Summary: properties of a CR-shock
governed by micro-turbulence

The scales, all in terms of 6., in the hot phase :

. 0; . Y
Shock front width: 55 ~ f T Weibel growth length: g ~ 5 5
Bl s

Filament radius: 0, ~ 51/2 5; Coherence scale: {0, ~ 51/2 5

Filament length: )\ ~ 1O€cr1/2 0; Heating length: 0y, ~ 527{251

2
T. ~ Epmypc” upstream

2
Te ~ &glsmyc” downstream

The two parameters fB ~ fcr
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