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Nonthermal universe
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There are nonthermal high energy particles at various scales in the universe.
They play important roles on some phenomena in astrophysical systems.
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Particle in cell simulation (PIC)
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lybrid simulation
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Relativistic Weibel mediated shock
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For V, ~ ¢ and o=By?2/4nmnyc2 < 104,

the shock is mediated by the Weibel instability, A;g~ 10 c/o,;.

Particles are accelerated by the diffusive shock acc.

Electrons are heated to ~ T, in the shock transition region.
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Weibel instability
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Growth rate Imlw] = (V4/c) w,
Weibel, PRL, 1959

Wave length kl=c/ w,



Length scale of the ion Welbel instability
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In the nonlinear phase, Ruyer & Fiuza PRL 2018

ion currents are destructed by
the drift kink instability in the periodic system.

The most unstable mode 7\.5|3~ 10 C/(Dpi




Electron heating mechanism in the relativistic
Weibel mediated shock
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Particle acceleration in the Welibel mediated shock
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Long term evolution of the relativistic Weibel mediated shock
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Weibel mediated shocks with M ~ 1
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Weibe\ mediated shock in nonuniform medium

No-uniform distribution (tw,, = 4800) No-uniform dtstnbutnon (twpe = 5200)
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n(x, y) = no[l + 0.5sin(2mx/\)] Tomita, Ohira, Yamazaki ApJ 2019

Ax = 1.2 x 103 ¢/, in the downstream rest frame
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Demidem et al. ApJL 2023, Bresci et al. PRR 2023 for the magnetized relativistic shock,
Fulat et al. ApJ 2023 for the magnetized nonrelativistic shock, Sironi & Spitkovsky ApJ 2011 for the termination shock of PWNe



Effects of weak magnetic fields on the nonlinear
evolution of the Weibel instability
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Weibel filaments stretch the background magnetic
field line, so that the magnetic field is amplified.

Jikei et al. ApJ 2024



Acceleration of helium ions in the Weibel mediated shock
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Relativistic magnetized shocks
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Shock clump interaction (n.,/ny = 20)
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Nonrelativistic Weibel mediated shock

V¢, < ¢ THB=0T. Weibel mediated shock 7% % (Kato & Takabe, ApJL 2008).
(B=0, V¢, ~ 0.1c - 0.6¢c, m,/m.= 20 DPIC)
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(M, = 41.7, Vg, = 0.28c, m,/m.= 225 ®PIC) (Bohdan et al. ApJ 2020)
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Nonrelativistic parallel shock

The hybrid simulation in the 1D system showed that DSA works in the parallel shock (Quest 1988).
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For M, > 30, the Bell instability dominates over the resonant instability.
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Turbulence in the collisionless shock
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Figure 3. Same as Figure 2, but for the magnetic field strength normalized by the upstream value, |B|/By.
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Collisionless shock in a partially ionized plasma
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Relativistic reconnection
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Figure 3. Temporal evolution of particle energy spectrum, from a 2D simulation
of o = 10 reconnection. The spectrum at late times resembles a power law with
slope p = 2 (dotted red line), and it clearly departs from a Maxwellian with
mean energy (o +1) mc? (dashed red line, assuming complete field dissipation).
The dependence of the spectrum on the magnetization is shown in the inset, as
indicated in the legend. The dotted lines refer to power-law slopes of —4, —3,
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Nonrelativistic reconnection

Qile Zhang et al. ApJ 2024
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MHD Turbulence
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Nonrelativistic MHD Turbulence
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Arzamasskiy et al PRX 2023 for the high beta case, Cerri et al ApJ 2021 for the low beta case.
Zhdankin et al. PRL 2019, Zhdankin ApJ 2021 for the relativistic turbulence with B = 1 (PIC simulation).
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Zhdankin et al. PRL 2017, Zhdankin et al. ApJ 2018

3D PIC simulation for e+- plasmas with yy, o = 300
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| ocal simulation for accretion disks

Hoshino ApJ 2013
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| ocal simulation for a iet boundarv
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Reconnection in the shock transition region

Y. Matsumoto et al. Science 2015
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Global simulation for NS and BH magnetosphere
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GCR acceleration in the SNR-wind termination shock system
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CR acceleration in the relativistic shock
XTI EE R D IE—REEFRZEIRT 2 &, TRTHEIELRD ENE ITEoNE A ?
ZOWKELR CEHERZAELFET A I ENATESI A ?HERGEIT TR WD ?

3D relativistic MHD simulation of the shock-clump interaction + test particle simulation
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MHD turbulence with the large magnetic Reynolds number

Dong et al. Science 2022 Grid#% 104 x 104 x 5x103, R, ~ 10> ®MHD simulation
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