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» Precursor waves are inherent to quasi-perpendicular
relativistic shocks.
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Where can we find these?¢

"
<
» AGN jets / AGN hot spofs » X-ray binaries / Microquasars
> Vo ~a few » Jets (mildly rel. locations)
» Strong X-ray emission » Quite strong B field

» Magnetic field structure? » Classic example: SS 433
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» Turns out that WFA operates, tool

BUT!

» |t is much less efficient...

W

PIC simulatfion of a strictly
. A perpendicular mildly relaftivistic shock.
oszoasio Vo Taken from Ligorini, A., et al. 2021.
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» Mildly relativistic shocks have a wider Upstream RF
range of subluminal conditions!

Superluminal

» Subluminale You may ask...

Downstream | Upstream
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for particle reflection! Lorentz factor with two
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» Kineftic processes can be studied using Particle-In-Cell (PIC)
simulafions.

Typical PIC
simulation plot:
electron density p,.

» PIC method:
= Follow charged particles trajectories EVT
+
= Self-consistent electromagnetic field. Bz Ex

= Fully solve egs. motion and Maxwell equations.
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» Mildly relativistic! strongly magnetised? oblique?3 shocks:

1. Lorentz factor yg, = 3.3 2. Magnetisafion o =1
Q% B*
o= =

wp  Hoynmc?

3. Obliquity 85, = 10°,30° » This “middle ground” of mildly
rel. shocks looks promising!
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» Atypical shock

» Series of magnetosonic waves.
» Strong E, gradient.

t=239Q;1!

E.JEo ($/2 —0.25)

D |
N




Phase space and acceleration 14

100 x120 140 160
sh

Electrostatic potential and normalised
momentum in z-direction (ions and electrons)



Phase space and acceleration 14

» Strong ion and electron
acceleration.

100 x120 140 160
sh

Electrostatic potential and normalised
momentum in z-direction (ions and electrons)



Phase space and acceleration 14

» Strong ion and electron
acceleration.

» Note the units!

Electrostatic potential and normalised
momentum in z-direction (ions and electrons)



Phase space and acceleration 14

» Strong ion and electron
acceleration.

» Note the units!

» Clearly, there must be a relation
with ¢.

Electrostatic potential and normalised
momentum in z-direction (ions and electrons)



Phase space and acceleration 14

» Strong ion and electron
acceleration.

» Note the units!

» Clearly, there must be a relation
with ¢.

» Acceleration parallel to B.
» p, and p,.

Electrostatic potential and normalised
momentum in z-direction (ions and electrons)
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» Following Bessho and Ohsawa 1999, 2002: /\ i

» Strong magnetosonic wave + Obligue magnetic field

» Electron trapping and acceleration!

1. Electrons get trapped in the large electrostatic potential.
10° 10!

2. Acceleration over many cycles.

3. Net energy increases!
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» Right-hand polarised waves +

D A h
A\ / "\‘I.“\'l" >

Longitudinal E

Precurs

» Strong heating + acceleration == _—-uﬁ'-""’“'ﬂ—l

» |t coincides with the waves!

» Buf there are other kind of waves

» Precursor waves
» And?
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» Very low Mach number (M, < M,,.): Dispersive whistlers

» Large amplitude wavese Two possibilities:

» lon-lon cyclotron beam resonance instabilitye Upstream plasma + Reflected ion beam

» (Reflected or Upstream) lon + whistler res.m’i'é >e? ngbe bO'l'h|
e \S |1 ¢




Summary 19

» Mildly relativistic shocks enable particle acceleration mechanisms

different than that at ultra-rel. shocks at subluminal configurations.
» Obliqgue shocks accelerate electrons and ions to very high energies.

» Quasi-parallel shocks generate strong waves that mediate strong

particle heating and acceleration.



