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NS2 mergers

Nedora et al 2023

Issues:

Before: Collision of magnetospheres

Kilonova: Lots of nuclear physics, collisional

GRB blastwave: Relativistic shock

GRB internal shocks:
mildly or non-relativistic
initially mildly collisional
prompt signal



Particle streams at shocks

Quasi-perpendicular shocks:
only one gyration, little reflection

Quasi-parallel shocks:
Back-streaming and driving of turbulence upstream



PIC simulations

Ion density

Electric field

Magnetic field

15 ion gyro-times in the life

of a perpendicular shock

Shaped by Buneman instability

and ion Weibel modes

Wieland et al. (2016)



MHD-PIC

Idea: Determine ion reflection rate with full PIC

Inject particles in MHD-PIC with that rate

van Marle et al. 2022



MHD-PIC

PIC at q=45° and MA=10



MHD-PIC

Energy density of reflected ions

Equality with MF energy density
defines critical Mach number



MHD-PIC

MHD-PIC results

q=60°

Varying MA

DSA in MHD-PIC:

Energy density ratio is decisive



Full PIC: Oblique shocks

Particles can be reflected

Reflected electrons are faster than reflected ions

→ little ion reflection unless shock obliquity is below 50°

→ At quasi-perpendicular shock we can still have electron reflection

→ The electrons drive turbulence in an extended foreshock



Oblique shocks

qBn=60° MA=30

Mass ratio 50

2% of electrons reflected

0.05% of shock energy

Bohdan et al. (2022)



Oblique shocks

Number and energy of reflected electrons
depends on magnetic-field orientation

Initial reflection involves Buneman waves

Morris et al. 2022



Electron foreshock

θBn = 60o, mi/me= 50, MA = 30

Reflected electrons generate 
electrostatic modes far upstream and  
electromagnetic waves near upstream



Electrostatic foreshock

An upstream electron is accelerated by EAWs and turned away from the shock
(q=45°)



Electromagnetic foreshock

After Ωcit ~ 10, we start to see an electromagnetic wave

Linear analysis: Oblique Whistler waves

𝜙 = 90o and 𝜃Bn = 60o up to Ωcit = 50.4 



Electromagnetic foreshock

Whistler waves turn nonlinear

Similar structures seen in heliosphere

Deflect incoming electrons

x y z



Electron foreshocks

Turbulence in the electron foreshock affects reflected and incoming particles

May be favorable for
electron reflection at the shock

Energy density of reflected
electrons continuously increases

Morris et al 2023



Electron foreshock

Questions remaining:

• What electron pre-acceleration happens in the electromagnetic foreshock?

• Is this picture modified if the upstream plasma is already turbulent?



Upstream turbulence

Upstream turbulence
can change things!

Hybrid simulations
Trotta et al. 2021

Can we test this with PIC?



Upstream turbulence

Previously published: Anisotropic large-scale static density perturbations

Downstream turbulence and stochastic acceleration

Is this realistic?   No time for velocity fluctuations, no heating

Demidem et al. 2023



Upstream turbulence

Impose velocity fluctuations 𝒗 = 𝒗𝒃𝒖𝒍𝒌 + 𝜹𝒗𝒃𝒖𝒍𝒌 + 𝒗𝒕𝒉

Describe as compressive or shear waves (Giacalone & Jokipii 1994)

Periodic box  → standing waves



Upstream turbulence

Develops long-lived turbulence and heating

Fulat et al., in prep.



Attach to upstream plasma in shock simulations

Upstream turbulence



Upstream turbulence

Pre-existing turbulence is in the dissipation regime

Evolved turbulence provides upstream heating → reduces Mach number

dr/r at percent level in heliosphere

Little effect on perpendicular shock for isotropic turbulence

What exactly preaccelerates electrons at the shock ramp?



Summary

Particles need to be out-of-bulk for pre-acceleration

No evidence for ion injection at quasi-perpendicular shocks

Backstreaming toward upstream region facilitates injection

Positive feedback between electron backstreaming and pre-acceleration?

Little effect of upstream compressive turbulence for perpendicular shocks


