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Adapted from Marcowith et al. 2020

Shock acceleration is a
non-linear and Non-thermal
multi-scale problem particles

Thermal Plasma

plasma heating / scattering Waves
shock corrugation
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Adapted from Marcowith et al. 2020

Large-scale turbulence
influence on the electron [\
injection particles

Plasma

Thermal
G ——————————
plasma heating / scattering Waves

shock corrugation

e.g., Vladimirov et al. 2008, Bykov et al 2014
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Scales of PIC simulations

Time steps shorter than any chara-
cteristic frequencies in the plasma

whoe = 107 & (ISM)

| r

Gf e 0 Lt ™" = 1077 5
Laim 10 =
T 102 1

Grid discretization effects require

to resolve electron scales

Aue = 5 == 107 m (ISM)

e

Laim ~ 103X, &~ 10° m

Global PIC not possible,
so how to improve them?

101" m
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Incorporating macroscopic effects into PIC

Macroscopic phenomena set the local conditions
— How to include effects on scales larger than
electron kinetic scales in PIC simulations?

Example: turbulence driven at MHD scales that
cascades to kinetic scales
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1. STIR PLASMA IN A PERIODIC BOX

local bulk disturbance

/ (compressive and
V=V + lf"'il"]_-. + Vik shear waves)

' '
bulk thermal

2. DECAYING COMPRESSIVE TURBULENCE

30

particle velocity:

evolution of the density
fluctuations
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3. TURBULENT
PLASMA SLAB
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4. SLAB INJECTION
INTO ASHOCK
SIMULATION
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5. STITCH PLASMA AT THE INTERFACE Fulat et al. 2023

3. TURBULENT
PLASMA SLAB

b, A%

x

1) EM fields interpolation
— B
E—E
2) VDF interpolation

f(x,v), f(x,v) — f(x,Vv)

4. SLAB INJECTION
INTO ASHOCK
SIMULATION
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Obliqgue shocks

M,, My ~ 30

Reflected electrons drive instabilities
— iImpact of the turbulence on the

instabilities and then particle scattering

— more efficient acceleration

electron downstream spectra
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What if turbulence affects the shock structure?
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Bell instability

Bell 2004, 2005

CRs are streaming with a velocity larger
than the Alfvén speed, the background
plasma reacts to reduce the speed. The
instability leads to growth of modes,
that are non-resonant with the beam.
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The background plasma experiences the E x B
drift, which reduces the relative drift between CRs
and the plasma.

B/B,

10!

100 E

growth of the B-field

: ’ (X e’YIHaXt
; By 3
) B,
10_2 PR T T TR I TR TN VAT NN NN TR TN SR TN A SN S T
0 5 10 15 20
tYmax

evolution of the current

1 e —

o
-~
™
i
T —————

- — electrons
- —— CRs
total

o 10 20
T Ymas

Shocks with CR driven turbulence | 12



Bell instability at shocks in PIC

Bell instability For SNR shocks
Ymax = oAy EMA NCR nCR/nO ~ 10—3 My ~ 102
Qi 2 no

t ~ 10/Ymax ~ 2008

Ymax /% = FmaxAsi ¢ Jor For realistic parameters resolving
Bell is challenging for PIC
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Bell instability at shocks in PIC

Bell instability For SNR shocks
Ymax = oAy EMA NCR nCR/nO ~ 10—3 My ~ 102
Qi 2 no

t ~ 10/Ymax ~ 2008

Ymax /% = FmaxAsi ¢ Jor For realistic parameters resolving
Bell is challenging for PIC

Saturation due to magnetic tension

'V xB| kB
~ — ~ Jcr
Ho Ho

so B-field on scale L = k~! saturates at BQ/B(Q) X YCcrRJCR
B =~ poJcor/k

L ~ Tg,CR
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Numerical setup — periodic box simulation
Niemiec+2008, Stroman+2009

Magnetic field Bg = BgX

Streaming CRs (isotropic and monoenergetic
in their rest frame) negr/no, ver = vorX, YCR

Background ions are at rest (maxwellian) no, Vth. i

Background electron drift
(maxwellian atrest) Ne = No + NCR, Vd = VCRNCR/Me; Vth,e

To improve statistics each CR (and an associated electron)
is splitted into several particles with weights
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Numerical setup — periodic box simulation
Niemiec+2008, Stroman+2009
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Magnetic field Bg = BpX D Do T
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Background electron drift
(maxwellian atrest) Ne = No + NCR, Vd = VCRNCR/Me; Vth,e

To improve statistics each CR (and an associated electron)
is splitted into several particles with weights

Shocks with CR driven turbulence |16



Y/Asi

Y/Asi
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Mg/Ma~30 8g,=40° B=1 m;/m,=100

turbulent homogeneous
100 p . ’ =
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local obliquity variations
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Efficient acceleration
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Electron phase-space distribution

Reflected electrons move
along the upstream B-field

homogeneous

Electrons are confined
4 close to the shock
. —No instabilities driven by
g reflected electrons
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Distribution separation

reflected
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reflected

Pu/mc

0.0

Pu/mC

=0.5
-1.0
-1.5

long

log(NV)

Distribution separation

pil/mc

—

For each particle store

Tmin = minfx(t)]

At timestep to check if

Tmin -~ Tsh (tO)

Particle has not reached
the shock — incoming

Tmin < Tsh (tO)

Particle has been behind
the shock — reflected

(Includes particles scattered
in the upstream)
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Distribution separation

reflected

For each particle store
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Bell turbulence — reflected ion number
density and current decreases

turbulent / /
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Roughly 5 e-folding times
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Upstream ions

homogeneous

25 Ymax 1 NCRr
= KmaxAsi = =M —
Yg QZ T 2 4 ( 1o )

’Ymax/Qi — kmax)\si ~ 0.75

Not really Bell regime

B?/B§ o yerJcr

s Ycr ~ 1.2

Tsh/TBell

Roughly 5 e-folding times Shocks with CR driven turbulence | 25



homogeneous

turbulent

Magnetic spectrum

behind the shock
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homogeneous

turbulent

Magnetic spectrum
behind the shock B-field is intermittent!
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homogeneous

turbulent

Curvature properties % — B VB|/B’
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homogeneous

turbulent
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homogeneous

turbulent
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Electron acceleration mechanism
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Electron acceleration mechanism

acceleration event
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Electron acceleration mechanism

acceleration event

low-energy particles high-energy particles

PDF of r,/ L for acceleration events PDF of 1,/ L for acceleration events
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PDFs for acceleration events

Electron acceleration mechanism
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PDFs for acceleration events

Electron acceleration mechanism """ .~
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Summary

How to include large-scale effects in kinetic simulations?

Bell turbulence leads to strong shock front corrugations and local
variations in the obliquity.

Efficient electron acceleration due to strong turbulence near the shock
front and reflection in the upstream Bell turbulence.

Standard drift picture does not adequately describe electron dynamics.

Acceleration: SDA (?) — STA — DSA

Summary | 37



CRs

removed after the saturation
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PIC simulations of the Bell instability

e.g., Riquelme and Spitkovsky 2009, Stroman et al. 2009

When CRs are streaming with a velocity larger than the Alfvén speed, the background
plasma reacts to reduce the speed — growth of the non-resonant modes  Bell 2004

maghnetic field (z-component)
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- 0
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and the background plasma is reduced
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THATMPI code 7. - ,

« 2D3V configuration QL
» Reflecting wall setup

Simulation plane
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homogeneous turbulent
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