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AHHOTanMsl. DJIEKTPOCTATHYESCKUE BOJIHBI ABISAIOTCS OJHUMHU U3 CaMbIX PACIPOCTPAHEHHBIX BUIOB BOJHOBOH aKTHBHOCTH
B KOCMHMYECKOH Iu1a3Me. B yacTHOCTH, HeZlaBHHE CITyTHUKOBBIE HAOMIONCHHUS YCTAHOBHIM MX NPUCYTCTBUE HA TOJIOBHOM ynap-
HOHM BOJIHE 3eMHOI1 MarHuTocepsl, re OHU HAOMIOAAIOTCS B IIMPOKOM auanasoHe dactot Bbiure 100 I'n. OxHako Teopernye-
CKMH aHaIN3 B3aUMOJACHCTBUS MEXKJly TAKUMH BOJIHAMHM U 3apsKCHHBIMH 4aCTHLAMH COJIHEYHOTO BETpPa BCE €le He ObLI IPOBe-
JIeH. MBI IpeAcTaBisieM pe3yibTaThl TAaKOTO aHAM3a Ul AJIEKTPOCTATUYECKUX BOJH KOHKPETHOTO THUIIA — TaK Ha3bIBAGMBIX
HOHHBIX JBIP, SIBIISIONINXCS JOMHHUPYIOIIEH KOMIIOHEHTO! 3I€KTPOCTaTHYECKON TypOyIEeHTHOCTH Ha TOJIOBHON yIapHOH BOJIHE.
CpaBHHBas OLICHKM Ha U3MEHEHHE NMUTY-yIJIa B paMKax MPUOIMKEHHsT HEBO3MYIICHHBIX TPACKTOPHH C pe3ysbTaTaMH IPSIMOTO
YHCJICHHOTO MHTETPHPOBAHMS, MBI JIeJIaéM BBIBOJ O NPUMEHIMOCTH KIACCHYECKOTO anapaTa KBa3MWJIMHEHHOI TEOpHH U BBIYHC-
msieM K03 GHUUUEeHTbI TUTY-yrinoBoi auddy3un. KomOunupys kBasuinHelnbie koddduunents! 1uddy3un ¢ HeaaBHO MPEo-
KEHHBIM MEXaHH3MOM CTOXACTHYECKOTO Apei()oBOro yCKOPEHHs, Mbl IIOKa3bIBAEM, YTO TYPOYICHTHOCTh MOHHBIX ABIP MOMKET
3] (heKTHBHOTO paccerBaTh JICKTPOHBI TEIUIOBBIX M CBEPXTEIJIOBBIX SHEPIUil U, yAEP)KUBAs 3TH YACTHILGI B IIEPEXOIHOM CIIOE
yIapHO# BOJIHBI, 1aBaTh BO3MOXKHOCTb YCKOPATH UX 10 SHEPrHil MOPS/IKA COTEH JIEKTPOHBOJIBT.

KiroueBble cj10Ba: rojIoBHAs yAapHas BOJIHA, TYpOyJIE€HTHOCTb, TUTY-yrIoBas A dy3us, ycKOpeHHe YacTHIL.

Abstract. Electrostatic waves are known to be ubiquitous in space plasma. Recent studies have revealed their presence in the
bow shock of the Earth’s magnetosphere where they dominate in the frequency range above 100 Hz. Despite that, the effects of
their interaction with solar wind particles, especially electrons, have not been yet quantified. In this paper, we present quantitative
estimations of electron pitch-angle scattering by a turbulence of ion holes, that make up a substantial part of electrostatic fluctua-
tions in the Earth’s bow shock. Taking advantage of direct numerical integration of electron motion equations and comparing
these results to that, obtained under the approximation of unperturbed trajectories, we show applicability of the classical quasi-
linear theory. This enables us to compute the quasi-linear pitch-angle diffusion coefficients. Making use of the recently proposed
theory of stochastic shock drift acceleration mechanism, we show that the obtained diffusion coefficients can provide sufficient
scattering rate of thermal and suprathermal electrons and can keep them within the transitional region long enough to support accelera-
tion of thermal electrons by a factor of a few tens, that is up to a few hundred electronvolt.

Keywords: bow shock, turbulence, pitch-angle diffusion, particles’ acceleration.

INTRODUCTION

Astrophysical high-Mach number quasi-
perpendicular bow shocks are conventionally consid-
ered to be the primary source of high energy particles,
this idea is supported by numerous remote observations
as well as numerical models. The widely accepted
mechanism of electron acceleration is the diffusive
shock acceleration (DSA), but the problem is, that it
becomes effective only for electrons with relatively high
energies and thus thermal electrons cannot be directly
accelerated by the DSA mechanism. Instead, in the re-
cent paper by [Amano et al., 2020], another (the so-

On the other hand, recent spacecraft measurements have
demonstrated, that the bow shock of the Earth’s magne-
tosphere also exhibits suprtahermal populations of elec-
trons with energies up to dozens of keV. Despite having
relatively modest, yet often supercritical Mach-
numbers, the Earth’s bow shock provides a unique op-
portunity for in-situ investigation by spacecraft missions
and thus can potentially contribute to our understanding
of bow shock’s physics. In this work we are going to
show that electron scattering by electrostatic fluctua-
tions typical of the Earth’s bow shock can lead to elec-
tron acceleration from thermal energies of a few dozen

called stochastic shock drift acceleration (SSDA))
mechanism was proposed. In this mechanism, the inter-
action of thermal electrons with small-scale wave-
turbulence in the shock’s foot can lead to their temporal
trapping which enables their pre-acceleration by the
convectional electric field to modest suprathermal ener-
gies thus providing the needed seed electron population
that can be subsequently injected into the DSA mecha-
nism. Direct verification of this model has only been
possible with numerical simulations, which, however,
could not be carried out for realistic plasma-parameters.

electron-volts up to a few hundred electron-volts.

ESTIMATIONS ALONG UNPERTURBED
TRAJECTORIES

According to the recent spacecraft measurements,
the predominant part of the electrostatic fluctuations in
the Earth’s bow shock is made of ion holes [Wang et al.,
2021]. Ion holes are Debye-scale non-linear solitary
waves with negative potential. Despite having almost
planar geometry, ion holes can still drive effective
pitch-angle scattering via the cyclotron resonance due to
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their oblique propagation with respect to the magnetic
field [Vasko et al., 2018]. Ion hole potential profile can
be relatively well fitted by a gaussian

D=0, exp(—(zcos(0)+ycos(0) —VSt)2 /21 )

Here @, stands for the amplitude of the electrostatic
potential, / is the width of the ion hole. The speed of the
ion hole (V) lies in the YZ plane and inclined by an
angel 6 with respect to the background magnetic field
(pointed along Z-axis).

Assuming that on the time scale of interaction the
magnetic field is essentially uniform, we have the fol-
lowing electron’s equations of motion

“dt oz

>

m, d;il =-m,o,(V, xz)+V, O

where m,. stands for the electron mass, ®. is electron
cyclotron frequency, @ is the electrostatic potential of
the ion hole multiplied by the elementary charge (ion
hole potential in units of eV).

These equations can be integrated along unperturbed
electron’s trajectories, i. e., Larmor rotations, and used
to estimate the perturbation of the electron’s pitch-angle

Ao. The gyro-phase average equals zero (Aa>:O,

however, the dispersion is not zero <A(x2> #0,
o Andg
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Here J, stands for the Bessel function of the first-
kind, W represents electron’s kinetic energy. It is worth
noticing, that in order to account for different possible
parameters (I, ®, V, 0) of ion-holes, i.e., to find a “typi-
cal” ion hole, we average <Aa2> over data-driven prob-

ability distribution of these paraments (see [Wang et al.,
2021] for details). The results for pitch-angle dispersion

<A0L2> can be compared with direct numerical integra-
tion of electron’s equations of motion. Figure presents
the comparison between <Aa2> computed analytically

under the approximation of unperturbed orbits (black
line) and by direct numerical integration of electron’s
equations of motion (red dots). We see that unperturbed
orbits provide a relatively good approximation to the
numerical results. Since the quasi-linear theory com-
prises the assumption of unperturbed orbits, our results
indicate its applicability for the turbulence of ion holes.

ESTIMATION OF THE MAXIMUM
ENERGY GAIN

The acceleration mechanism presented by [Amano et
al., 2020] provides the following expression for the maxi-
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The gyrophase-averaged pitch-angle variations <Aa2> of

electrons scattered by a “typical” ion hole, computed using
analytical approach and test-particle simulations

mum energy gain due to the scattering by a given wave-
turbulence, which is characterized by a pitch-angle dif-
fusion coefficient D,
v: D
W = 6V s e
2cos’(0,,) ©

ci

here m, stands for electron’s mass, V; is the upstream
plasma velocity along the normal to the shock’s front,
Opn represents the angle between the upstream magnetic
field and the normal, D,, and w,; are pitch-angle diffu-
sion coefficient and ion cyclotron frequency respective-
ly, v is a numerical factor on the order of one and such
that vV, /o, gives the spatial width of the shock transi-

tion region along the normal.

In order to compute D,, for the turbulence of ion
holes, we take advantage of the classical quasi-linear
expression for the pitch-angle diffusion coefficient [I.
Lerche, 1968]. By combining it with the datasets of typ-
ical ion hole parameters (provided by [Wang et al.,
2021]), we obtain the following estimation for pitch-
angle diffusion coefficient.

D, ~0.lo, (W/T)™"

here w.;, W and T, are electron gyro-frequency, electron
energy and electron temperature respectively. By insert-
ing this expression into the formula for W,,, we can
resolve it with respect to the maximum electron energy
and for the parameters typical of the Earth’s bow shock
we obtain

21, ~0.1+-0.5keV.

- |cos(63n )|4/5
Which indicates that electrostatic fluctuations in the
Earth’s bow shock are capable of accelerating thermal
electrons up to the energies of a few hundred eV, where
(as [Amano et. al., 2020] have shown) they can be fur-
ther accelerating by whistler turbulence, that effectively
scatters electron with energies >1keV, and subsequent-

ly passed on to the conventional DSA mechanism.
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CONCLUSIONS

In conclusion, our study demonstrates that electron
scattering by electrostatic fluctuations can be efficient in
the energy range below 1 keV, where scattering by
whistler waves is not effective enough. Thus, in the
Earth’s magnetosphere the SSDA mechanism may pro-
vide direct acceleration of thermal electrons and gener-
ate the needed seed population of high-energy particles
that can be further injected into the conventional DSA
mechanism.
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