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Electron Injection
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Earth’s Bow Shock: Laboratory for Electron Injection
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« Non-thermal electrons with a clear power-law spectrum have been observed
occasionally at the bow shock.

« The typical energy range of non-thermal electrons measured at the bow
shock is the most important energy range for the injection.



Electron Injection Scenario

DSA (diffusion length >> shock thickness) Conventional Diffusive Shock Acceleration
® DifoSiVG and SIOW pa rtiCle acceleratiOn We“ MHD waves relativistic electron trajectory

beyond the shock thickness.
® The canonical power-law: f(p) o< p* /\/\’

__>
® |t may operate only when SSDA provides /\/\, f\/\, /\ﬁ’ W\’

sufficiently energetic electrons.

SSDA (diffusion length ~ shock thickness) injection e ™
® Diffusive and fast particle acceleration within the (pre-acceleration) _~shock transition layer™_
. e (~ ion gyroradius) N

shock transition layer. 7 N
® |tresultsin a steeper power-law for energy- “stochastic Shock Drift Acceleration

independent diffusion (consistent with sub-relativistic electron trajectory

observations at the bow shock.) <+ — <\ whistler waves
® Higher-energy electrons will eventually escape NV SAVAIPNN

toward upstream because of diffusion lengths NME«/\/\ f(x)

X

longer than the shock thickness.
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Amano & Hoshino (2022, ApJ), Amano+(2020, PRL), Katou & Amano (2019, ApJ), Kobzar+(2021, ApJ), Matsumoto+(2017, PRL)



Amano+ (PRL, 2020)
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Unifying SSDA and DSA

Both SSDA and DSA may be described by the diffusion-convection equation:
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energy gain = flow divergence  diffusion along B

oInB 31};4) = Both SDA (V B) and first-order Fermi (VV) contributes to
ox | /ox the energy gain but VB is dominant at quasi-perp shocks
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The steady-state spectrum may be estimated as f2(p) =< p™¢ with
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— standard DSA (g=4)

dlnB\\ !
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— SSDA

ratio between diffusion length and shock thickness
— predicted spectrum is steeper than DSA (g>6), but the acceleration time is much shorter



Amano+ (PRL, 2020)

Roles of Multiscale Plasma Waves
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wave self-generation by accelerated electrons
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Conditions for Whistler Wave Generation
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Conclusions

We have proposed a novel electron injection scenario at collisionless shocks that unifies SSDA
(stochastic shock drift acceleration) and the standard DSA.

— It predicts a steeper spectrum at low energy (< 10-100 keV), which may be smoothly
connected to the harder DSA spectrum at high energy.

— It favors shocks with high Alfven Mach numbers defined in the Hoffmann-Teller frame.

— Itrequires a broad spectrum of whistler waves (~ 1-100 Hz). The larger the wave power,
the better the electron acceleration efficiency.
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Resonance Conditions

Normal Cyclotron Resonance

A counter-propagating whistler
wave can satisfy the resonance
condition with relatively low-
energy (0.1-1 keV) electrons.

whistler wave

usually stable
r.eqL.|ires.a loss—_cone—l.ill(e

The wave may become unstable  famanot. EZZL!QZE?%IIB?\

if the electron beam is generated

by SDA, which can produce a

loss-cone-like pitch-angle

R+
electron cyclotron damping

unstable for oblique whistlers
[Levinson 1992-1996]

electron Landau damping

anisotropy.

proton cyclotron damping

The ion-cyclotron wave will suffer
significant damping by thermal
protons unless the beam
electrons are mildly relativistic.

damped by thermal protons

cyclotron resonance (n=+1)

ion cyclotron wave

usually stable

anomalous cyclotron resgnance (n=-1)
requires finite obliquity

Anomalous Cyclotron Resonance

A co-propagating whistler wave
can satisfy the resonance
condition with relatively high-
energy (1-10 keV) electrons.

The wave must be obliquely

propagating for the anomalous
cyclotron resonance.

The ion-cyclotron wave should be
stable.



