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Magnetization and shock speed are key parameters to characterize @

the shock physics
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Weakly magnetized shocks are dominated by magnetic modes
advected towards the shock by the bulk plasma flow
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Dominant instability

Plasma is coupled through
the Weibel instability from
the interplay between the
background plasma and
accelerated particles

Bret et al., 2010, Pelletier et al., 2017

with a transition to larger scale modes ...
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High Alfvén Mach number collisionless blast waves efficiently heat @
electrons
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High Alfvén Mach number collisionless blast waves efficiently heat @
electrons
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High Alfvén Mach number collisionless blast waves efficiently heat @
electrons
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Laboratory experiments

FLUELUEMICCRUEEEDE LR Efficient collisionless electron heating demonstrated at
NIF

Te
= 0.24 — 0.45

~ Ti

-

88 lasers g ” e 88 lasers

450 kJ,3 ns \\ . . // 450 kJ,3 ns
\\ ’ /l 2J. Raymond et al., ApJ (2023)

3A. Johlander et al., GRL (2023)

1p. Ghavamian et al SSR (2013)

——— Lgysem=25mm ——— 4T. Kato & H. Takabe, ApJL (2008)

* Kinetic simulations#*>6

Tran & Sironi (2020)
Tsiolis et al. (2021)
Bohdan et al. (2020), Bx M,

J. Raymond et al., ApJ 959, 50 (2023)

5T. Amano et al., ApJ (2009)
6T. Kato & H. Takabe, ApJ (2010)
’A. Bohdan et al., PRL (2021) 5



The turbulence is magnetically dominated, and drifts close to the

electron bulk velocity
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The scattering center frame (Weibel frame R,,)

* The precursor of the shock is dominated by the Weibel instability
= E? —B*<0

* At each point, one can define a local quasi-magnetostatic reference

frame R, 12
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* Electrons drift close to the Weibel frame in the shock precursor
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Energy partition through Joule heating in the ambipolar electric field @
resulting from effective scattering in a decelerating microturbulence
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Joule effect/ambipolar heating
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Towards the shock

Model

* Collisionless friction with a magnetized microturbulence

* Electrostatic field from charge separation in a decelerated plasma

Equation of motion in the turbulence frame (Weibel frame u,,)

Downstream

p=p-60;+qE—-mu,,

R, Upstream
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Bulk velocity

ﬁ» * lon bulk velocity

Weibel turbulent frame
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Small angle scattering for the weakly magnetized ions

lon scattering frequency

Small angle pitch-angle scattering
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Strongly magnetized electrons scatter through decoherence of the @
betatron motion in the finite filaments

lon scattering frequency Electron scattering frequency

Small angle pitch-angle scattering Decorrelation of betatron oscillations
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A Monte Carlo-Poisson approach to solve the coupled transport of @
electrons and ions in a decelerated microturbulence

Semi-dynamical approach to electron-ion transport

For a white noise with isotropic scattering, the transport equation reduces to

p=p-8Q;+qE—-mu,
1. 2. 3

1. Pitch-angle scattering: Gaussian white-noise process
Scattering center frame

<80,>=0 <80,80,>=26("—1)

2. Poisson solver: self-consistent solution to the electrostatic field
Shock front frame

Vip=—-4mp

3. Stationary scattering center frame deceleration // effective gravity

Free parameters: v, Ly,

AV, V. Tsiolis et al., PRL (2024)

Automatically decompose the work from electric field:

* Monte Carlo = Motional electric field (~E )
* Poisson = cross shock potential (E)

Coupled dynamics of electrons and ions:

lusl — mv;
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The transport equation captures ambipolar electron heating and
non-adiabatic ion heating in the decelerating turbulence

Particle-In-Cell Theory
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Ambipolar heating in Weibel-mediated shock waves naturally leads @
to the expected energy partition

@
Moments of the transport equation in the diffusive regime (f = fo + u f1) Heating rate
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for a typical kink-driven filament disruption

* Trapped electron/untrapped
= optimal electron heating

* Transition to ion trapping (Bell, merging, cavities, etc.)

ensures efficient electron-ion energy partition : 107! 109 10!
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Energy partition in transrelativistic shocks

AV et al., submitted

Js

PIC simulation of transrelativistic shocks
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Equipartition between electrons and ions is observed in the ultra- @
relativistic regimes of Weibel-mediated shocks
@

Ysn =1/ |1— lgszh
Relativistic Weibel-mediated shocks efficiently heat the electrons up to close to
equipartion, leading to efficient electron injection

Ee ~ E; = (¥e) ~ 7L (yi) ~10Gev

* Modeling of gamma-ray burst emission?
* In kinetic simulations®>* T,
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Generalizing the picture to transrelativistic shocks

O
A constant electron temperature points toward generality of the The theory naturally generalizes to the relativistic regimes

heating mechanism and weak sensitivity to details of the
microturbulence
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* Systematic electron heating up to
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The ambipolar electric field also accounts for the electron dynamics

in the relativistic regime

02 Bulk Lorentz factor

AV, Lemoine, Gremillet, ApJL 2022

electrons

/ : Reconstructed trajectories of ions and electrons from the transport
equation

PIC
Theoretical model

* jons
* electrons

Light red: T, from theoretical model in absence of longitudinal electrostatic field

= Pure pitch-angle scattering cannot explain equipartition.

: T, from theoretical model with longitudinal electrostatic field

= Overall, satisfactory reconstruction of velocity and temperature, with electron
heating up to equipartition

O)
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Particle acceleration and formation of a nonthermal tail?

dN
du

logu
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Reasonable values of the Weibel-mediate coherent electrostatic @
field are sufficient to accelerate electrons via Fermi process

Thermalization and acceleration

0
Dimensionless Fokker-Planck

Bulk heating Fermi acceleration
d
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To conclude... @

In short

Heating results from the ambipolar electric field that accelerates electrons, which are thermalized by rapid scattering
in the Weibel-mediated turbulence.

Energy partition peaks around Te/Ti ~ 0.3 with a weak dependence on higher-order effects in the statistics of electron
transport and nonlinear dynamics of the instability.

Successive nonlinear modes resulting in ion trapping naturally lead to & ~ 1
The model extends to transrelativistic shocks with systematic efficient electron heating up to T, = 0.1 (¥, — 1)m;c?

The ambipolar electric field can serve as a startup mechanism for electron injection in the classical regime together
with spatial diffusion in the velocity gradient of the scattering center frame

19



The turbulence is magnetically dominated, and drifts close to the @

electron bulk velocity

Background plasma parameters

Downstream
Bulk velocity

==  Jons

==  FElectrons
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A natural scattering center frame: the Weibel frame
* The precursor of the shock is dominated by the Weibel instability
= E? —B*<0
* At each point, one can define a local quasi-magnetostatic reference frame R,, %
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* Electrons drift close to the Weibel frame in the shock precursor
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20




In the relativistic regime, the energy dependence of the scattering @
frequency is important to account for equipartition

@
The model extends to the relativistic regime of turbulent The scattering frequency of the electron varies by order of magnitude
deceleration from the far upstream to the shock transition
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For E ~ 0, heating is analogous to shearing acceleration
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