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the thermal component.

Non-thermal Particles

Highly energetic charged particles with energies much larger than the thermal energy are ubiquitous in
many astrophysical phenomena. The energy density of the non-thermal populations can be comparable to
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The Standard Shock Acceleration Theory

 Diffusive Shock Acceleration (DSA)

— Asimple yet powerful model that predicts a nearly universal power-law; N(E) o< E-2
le.g., Bell 1978, Blandford & Ostriker 1978]
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Acceleration Time and Injection Problem
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Quasi-linear estimate: D, = % RB(2 R)Qo where kr = Qo/vu
0
The gyroradii of low-energy electrons are very small and will be well below
the dissipation range of MHD turbulence.
— no electron acceleration should be expected?

MHD waves cannot resonantly scatter sub- Q.. ____________________________________________ e

relativistic electrons.
Intense high-frequency (whistler) waves to

scatter low-energy electrons?
Any other mechanisms to energize low-energy 3
electrons to mildly relativistic energies?
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The Electron Injection

electrons with <0.1-1 MeV cannot be scattered by MHD waves w — ka = Q/’y

SN1006 A v" Sub-relativistic electrons

AThermal Distribution cannot be accelerated by
the standard first-order

Fermi mechanism.
1 high energy cutoff v Substantial energy gain is
): due to needed from thermal to
' 1) escape relativistic energies by some
other mechanisms.
v Sub-relativistic
! suprathermal electrons are
: “invisible” with typical
! astrophysical observations,
1

S - while they are observable
0 f ~ e with in-situ spacecraft

measurement.

Fermi Acceleration

: 2) radiation loss
'?QQ},O standard theory ! 3) shock age

log(Particle Number)

concave spectrum o,

:due to shock modification ? : %
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log(Particle Energy)

Ref: Levinson 1992, Amano & Hoshino 2010, Shimada+1999, Lario+2003, Dresing+2016
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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.



Stochastic SDA (SSDA)

The transport of electrons in the de Hoffmann-Teller frame (u = ub) may be
governed by

0 negligible at Qperp shock
f + (op + u”) 55 (major term for DSA)

(= amB| )Kb
] 2 Bl Os | 0s
mirror force

1o ﬂ lnB\ lﬂl
5 \|(or + )

1 1
de Hoffman-Teller frame plasma rest frame

—Vi/cosbp, Katou & Amano (2019)



Electron Injection Scenario

DSA (diffusion length >> shock thickness) Conventional Diffusive Shock Acceleration
Diffusive and slow pgrticle acceleration well WIS Gpsve relativistic electron trajectory
beyond the shock thickness.

The canonical power-law: f(p) o< p* /\/\’

sufficiently energetic electrons. /\/\>

>

__>
It may operate only when SSDA provides /\/\, f\/\, /\ﬁ’ W\’

SSDA (diffusion length ~ shock thickness) injection e Ny
Diffusive and fast particle acceleration within the (pre-acceleration) _Shock transition layer,
. e (~ ion gyroradius) N
shock transition layer. P AN
It results in 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 A AP
toward upstream because of diffusion lengths *’\/‘WEN (@)
i

longer than the shock thickness.

Amano+(2020, PRL), Katou & Amano (2019, ApJ), Kobzar+(2021, ApJ), Matsumoto+(2017, PRL)
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Smoking-Gun Evidence ?

« Simultaneous appearance of energetic electron profiles, weak
anisotropy, enhanced wave power are all consistent with the
theory. However, the agreement is only qualitative.

« The observed power-law index is roughly consistent with the
theory. But it does not necessarily identify the mechanism.

« The theory predicts that the high-energy cutoff of the spectrum is
determined by the single parameter D,

2
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Electron Injection Scenario

DSA (diffusion length >> shock thickness) Conventional Diffusive Shock Acceleration
Diffusive and slow pgrticle acceleration well WIS Gpsve relativistic electron trajectory
beyond the shock thickness.

The canonical power-law: f(p) o< p* /\/\’

sufficiently energetic electrons. /\/\>

>

__>
It may operate only when SSDA provides /\/\, f\/\, /\ﬁ’ W\’

SSDA (diffusion length ~ shock thickness) injection e Ny
Diffusive and fast particle acceleration within the (pre-acceleration) _Shock transition layer,
. e (~ ion gyroradius) N
shock transition layer. P AN
It results in 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 A AP
toward upstream because of diffusion lengths *’\/‘WEN (@)
i

longer than the shock thickness.

Amano+(2020, PRL), Katou & Amano (2019, ApJ), Kobzar+(2021, ApJ), Matsumoto+(2017, PRL)



Amano & Hoshino (submitted)

Unifying SSDA and DSA

Both SSDA and DSA may be described by the diffusion-convection equation:

d fo %-I— (alnB aan)VcosB a fo d (KCOS Gafo)

o | eesloas R g o .

energy gain = flow divergence  diffusion along B

) B olnB| 91 =) Both SDA (V B) and first-order Fermi (VV) contributes to
T CoRl)=—Vicosl ( ox_| /ox ) ! the energy gain but VB is dominant at quasi-perp shocks

dissipation scale of MHD turbulence
for DSA (outside the shock layer)

The steady-state spectrum may be estimated as f2(p) =< p™7 with
3Vicos 6 3r steeper SSDA canonical DSA

diffusion length >> shock thickness ¢ = - ,
— standard DSA (q=4) Vacos6, —Vicos6; r—1 107

10° -k« c/wp, =0.32
d1nB =
diffusion length ~ shock thickness ¢~ 3 ll I (ldiff< T >) ] , S0
— SSDA Q10‘4~ "
ratio between diffusion length and shock thickness \ —
— predicted spectrum is steeper than DSA (g>6), but  *°” = e To Too Tor

E/mJc?

the acceleration time is much shorter
downstream spectrum




Ref: Amano+2020 (PRL), Amano & Hoshino (submitted)

Roles of Multiscale Plasma Waves
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Amano & Hoshino (submitted)

Condition for Electron Injection

€= Eorth’s bow shock IEEG—G—)
4 SN\R shock I

electron acc. by SSDA and DSA
(injection is possible)

no electron acc.

electron acc. by SSDA but not DSA
(injection isimpossible)
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® The most important parameter is the Alfven Mach number in HTF: M = M, / cos 6z,
» Importance of this parameter for electron acceleration has been suggested both in theory
and observations [Levinson 1992-1996, Oka+2006, Amano & Hoshino 2010]

® The specific transition Mach number dependsonD,,,.

» Wave intensity and associated scattering efficiency must be known for making a
guantitative theoretical prediction.
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Conclusions

* At present, Stochastic Shock Drift Acceleration (SSDA) is the most promising
mechanism for electron injection.

« The theory predicts a steeper-than-DSA spectrum at sub-relativistic energies,
which will be connected smoothly to the harder DSA at the transition energy
of 0.1-1 MeV, if efficient electron injection is realized.

Fiuza+2020 (Laser E)iperiments @ NIF) Tanaka+2018 (NuSTAR obs for W49B)
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