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1 Summary

Electron heating and acceleration in collisionless shocks is a long standing prob-
lem. Rapid isotropization of heated electrons cannot be explained solely by the
cross-shock potential, which is also prevents efficient reflection and injection into
the diffusive acceleration regime. Recent observations have shown that small-scale
electric fields are present in the shock front, together with the large-scale cross-
shock potential. These small-scale fields have been found also in the upstream and
downstream regions. Electron heating in shocks is produced by combined action of
the large- and small-scale fields, when the large scale potential determines the en-
ergy transferred to the electrons while scattering small-scale fields causes efficient
diffusion in the velocity space. Electron reflection is substantially enhanced in the
presence of small-scale fields. Scattering on these fields apparently replaces neg-
ligible Coulomb collisions with efficient turbulent collisions. Small-scale electric
spikes may also affect electron dynamics in the upstream and downstream region,
providing scattering, including reflection, at low energies, thus starting electron
injection.

2 Introduction

Collisionless shocks are one of the most ubiquitous nonlinear systems in space
plasmas. When viewed in the shock frame, the energy of the directed plasma
flow is redistributed to heating of the bulk of ions and electrons and acceleration
of a small number of charged particles to high energies. In fast magnetosonic
shocks magnetic field enhancement also takes a part of the energy budget. Most
of the energy goes into ion heating. The mechanism of ion heating is rather well
understood [see, e.g. Gedalin, 2019, and references therein|. Electron heating is
substantially weaker and in strong shocks may constitute less than 10% of the ion
heating [Schwartz et al., 1988, Ghavamian et al., 2013, Gedalin et al., 2023]. Yet,
knowledge of the amount of electron heating and of the physical mechanism of the
formation of the heated electron distribution is crucial for understanding of the
physics of the remote astrophysical shocks, where heated and accelerated electrons
are responsible for the most of the observed electromagnetic radiation [Reynolds
and Keohane, 1999, Laming, 2000, Helder et al., 2011, Vink, 2012, Ghavamian
et al., 2013, Vink et al., 2015]. Heliospheric observations allow us to study the
mechanisms of electron heating and acceleration with in situ measurements.
Before the 1980s, it was thought that electrons are heated by the turbulence
within the shock front. Adiabatic magnetic compression (conservation of the mag-
netic moment) alone would result in perpendicular heating at the expense of the
parallel degree of freedom. Here perpendicular and parallel refer to the direction
of the local magnetic field. Transfer of energy from ions requires existence of the
cross-shock potential which decelerates ions and accelerates electrons across the
shock. Let z be the coordinate along the shock normal of a planar shock, for
simplicity. In what follows we shall frequently refer to two shock frames. The
normal incidence frame (NIF) is the shock frame in which the upstream plasma
flow is along the shock normal. The de Hoffman-Teller frame (HT) is the shock
frame in which the upstream plasma flow is along the upstream magnetic field. In
any of these the cross-shock potential is ¢ = — [ E,dx, where E, is the electric
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field. In HT there is no other macroscopic electric field, so that each proton loses
the same energy e¢gyr upon crossing from upstream to downstream, and each
electrons gains the same energy. Adiabatic acceleration in a macroscopic cross-
shock potential [Goodrich and Scudder, 1984, Scudder et al., 1986b, Thomsen
et al., 1987, Schwartz et al., 1988, Hull et al., 2001] would result in acceleration
of the bulk of electrons along the magnetic field, while an additional mechanism
is required to isotropize the distribution. Liouville mappings in such macroscopis
cross-shock field [Scudder et al., 1986a, Hull et al., 2001] should be done in both
directions since there is substantial leakage from the heated downstream electron
distribution. Unless global demagnetization occurs in a very thin shock, inside the
ramp the electron distribution should consist of two counter streaming flows and
be strongly unstable. The cross-shock potential issue evolved from Gaussian fit to
three points per transition [Scudder et al., 1986b] and ignoring higher resolution
measurements [Wygant et al., 1987] to the suspicion that there is no macroscopic
cross-shock potential at all, in view of the measurements of the strong small-scale
fields. There is no contradiction though. The relation ¢ = — [ E,dx is valid
even if F, consists of a large amplitude field small-scale bursts and a weak mean
field slowly varying at the scale of the whole ramp. Direct measurements of the
cross-shock potential are difficult [Bale et al., 2002, Balikhin et al., 2002, Walker
et al., 2004, Dimmock et al., 2012, Hanson et al., 2019]. Proper integration across
the shock requires switching to NIF or HT and is therefore sensitive to the de-
termination of the shock normal and the shock speed. Both prone to substantial
errors [Gedalin et al., 2021]. Despite the problems of direct observational determi-
nation of the cross-shock potential, its existence is absolutely necessary to transfer
energy from ions to electrons and magnetic field. It can be estimated by exam-
ination of the ion distributions at the shock front and by careful comparison of
theoretical predictions with observations [Pope et al., 2019, Gedalin et al., 2020].

Observations at the Earth bow shock, especially by the Magnetospheric Mul-
tiscale (MMS), clearly show that the shock transition is filled with small scale
coherent electrostatic structures which can be expected to affect electron heating
and, possibly, electron reflection and injection into pre-acceleration regime [Bale
et al., 2002, Hull et al., 2006, Hobara et al., 2008, Wilson et al., 2010, 2014, Wil-
son IIT et al., 2014, Vasko et al., 2018, Goodrich et al., 2018, Hanson et al., 2019,
Wang et al., 2020, Vasko et al., 2020, Wang et al., 2021, 2022].Presence of large-
amplitude small-scale electrostatic structures all over the shock lead to suspicion
that they alone can decelerate ions [Goodrich et al., 2018]. It was shown, how-
ever, that this does not happen [Gedalin, 2020]. Demagnetization of electrons in
a strongly inhomogeneous electric field of the shock ramp was predicted by Ba-
likhin et al. [1993]. Demagnetization of electrons in small-scale structures [See
et al., 2013, Mozer and Sundkvist, 2013] occurs because the width of the structure
is smaller than the electron gyroradius. Recent works revive stochastic interac-
tion of electrons with short scale electrostatic fields as the major player in electron
heating [Amano and Hoshino, 2009, Matsumoto et al., 2013, Artemyev et al., 2014,
Matsumoto et al., 2015, Artemyev et al., 2017, Katou and Amano, 2019, Tran and
Sironi, 2020, Artemyev et al., 2022, Kamaletdinov et al., 2022], focusing on solitary
unipolar or bipolar structures, often of Debye size. At present, the two approaches
to electron heating are often considered mutually exclusive. Electrons are thought
to be heated by either macroscopic cross-shock potential or many small-scale elec-
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tric structures. Gedalin [2020] proposed a combined approach taking into account
both small-scale electrostatic structures and a large-scale potential. In this ap-
proach the integrated cross-shock potential determines the energy transferred to
the electrons while the small-scale fields provide scattering in the velocity space
to shape the distribution.

Electron acceleration is less studied. Sufficiently high energy electrons may be
scattered by the ion-scale turbulence and, therefore, may be accelerated by the
diffusive shock acceleration [Jebaraj et al., 2023|. Such relativistic electrons have
been detected at the Earth bow shock and interplanetary shocks [Liu et al., 2019,
Jebaraj et al., 2023]. The problem is to convert some electrons from the thermal
distribution into a superthermal tail which would be able to cross the shock back
and forth and gradually gain more energy. This requires electron reflection, as a
first step. Reflection by magnetic mirroring in nearly-perpendicular shocks [Leroy
and Mangeney, 1984, Wu, 1984], injection by whistlers [see, e.g. Riquelme and
Spitkovsky, 2011, and references therein|, or pre-acceleration due to trapping and
drift in a rippled shock front [see Trotta and Burgess, 2019, and references therein]
have been proposed, all for high-Mach number quasi-perpendicular shocks, typi-
cally 0p,, > 80°. Here 6p, is the angle between the shock normal and the upstream
magnetic field vector. The Alfvén Mach number is the ratio of the shock speed,
that is, the upstream plasma velocity along the shock normal, V,,, to the Alfv’én
speed, v4 = B,/\/4mn,m,. Here B, is the upstream magnetic field magnitude,
n, is the upstream ion number density, and m, is the proton mass. Low-Mach
number or quasi-parallel shocks are supposed to have substantially smaller gra-
dients [Burgess and Scholer, 2013, Krasnoselskikh et al., 2013], required for the
mentioned mechanisms. Small-scale electrostatic fields may be able to reflect a
part of low-energy electrons, thus starting injection.

3 Detailed account or results

3.1 Small-scale fields: MMS observations

Figure 1 illustrates the fields measured by the MMS at the shock crossing on
2018/11/08 06:37:28 UTC. According to the SHARP database, the shock parame-
ters are: the Alfvénic Mach number M, = 3.7 and the shock angle 6z, = 75°. The
DC magnetic field and magnetic fluctuations are measured separately by differ-
ent instruments. The DC component is measured by the FluxGate Magnetometer
(FGM) at the rate 128 samples/s in the burst mode. The Search-Coil Magnetome-
ter (SCM) measures magnetic waveforms which are provided at the rate 8192 s/s.
The Spin-plane Double Probes (SDP) and Axial Double Probes (ADP) provide
the electric field vector (EDP) at the rate 8192 s/s with the nominal precision of
~ 1 mV/m. These electric field measurements include the DC component.

Figure 2 shows the fields in a small part of Figure 1. The typical scales of the
fluctuations of the FGM DC magnetic field and of the SCM AC magnetic field
are similar and much larger than the typical scales of the fluctuations of the EDP
electric field.

Figure 3 illustrates the small scale electrostatic activity in the shock front,
together with electron heating. For this example, a high-Mach number terrestrial
bow shock crossing by MMS1 was chosen rather arbitrarily from the database de-
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Figure 1: DC and AC fields measured by MMS
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Figure 2: A part of Figure 1.

veloped by the SHARP collaboration [Lalti et al., 2022]. The crossing occurred
on 2020/04/22 at 16:44:00. The top left panel is an overview of the shock tran-
sition, showing the DC magnetic field magnitude (black, 128 samples/s), the DC
electric field magnitude (blue, 8192 samples/s), and the reduced electron distribu-
tion function f(z,v,) (color image, 100/3 samples/s), where x is along the shock
normal. The fields are scaled to show in one figure. Other panels show three
components of the electric field in various parts of the shock.

Some electric field activity does not seem to have any coherent shape. How-
ever, three major coherent shapes were identified: a) a unipolar solitary spike, b)
a bipolar spike, and c¢) a wave packet consisting of nearly monochromatic wave
limited by a localized envelope. The first two types have received attention in pre-
vious studies [Vasko et al., 2018, Goodrich et al., 2018, Wang et al., 2020, Vasko
et al., 2020, Wang et al., 2021, Vasko et al., 2022], while the last type was some-
how ignored, although wave packets are very abundant. Figure 4 shows another
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Figure 3: Top left: electron reduced distribution f(z,v,), magnetic field magni-
tude (black), and electric field magnitude (blue). Other panels: three components
of the electric field in various parts of the shock.

example of the electrostatic activity, together with the electron distribution. Top
left panel shows the magnetic field and electron temperature in a moderate-Mach
number, My, quasi-perpendicular, 0g, = 65°, terrestrial bow shock crossing by
MMSI1, chosen rather arbitrarily from the database developed by the SHARP col-
laboration [Lalti et al., 2022]. The crossing occurred on 2017-11-02 at 08:29:17
UTC. Other panels, except the bottom right, belong to the same crossing. The
bottom right panel is for the shock 2020-04-22 at 16:44:00 UTC with M, ~ 16
and 0p, = 55°. The main shock transition, according to the DC magnetic field,
lasts 5 sec, 0 < t < 5, and the increase of the electron temperature from the up-
stream value to the maximum occurs there (top left), which means that electron
heating is prompt and is determined by the fields there. Top right panel shows
that the whole shock transition is covered by a wave train of the AC magnetic field
with the period of 1 sec. Middle right panel shows that the electric field bursts
are intermittent. A most abundant burst has a shape of a wave packet of the
duration of 20-30 ms and a period of 1 ms. Other typical electric waveforms are
a unipolar/solitary spike or a bipolar spike, both of 1 ms duration. It has to be
noted that conversion of the duration into spatial dependence requires thorough
analysis of the wave properties. The magnetic and electric activity presented in
Figure 4 has been found in quasi-perpendicular and quasi-parallel shocks as well,
from the lowest to highest Mach number shocks in the SHARP database.

3.2 Small-scale features in electron distributions

As an example, another high-Mach number terrestrial bow shock crossing by
MMS1 was chosen rather arbitrarily from the database developed by the SHARP
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Figure 4: Top left: the magnitude of the DC magnetic field and the electron
temperature calculated from FPI burst mode distributions, at 30 ms cadence.
Bottom left: the reduced distribution function f(z,v,) obtained from the same
FPI data. Top right: one component of the SCM magnetic field measured at the
rate 8192 s/s. Middle right: one component of the EDP electric field measured
at the rate 8192 s/s. Bottom right: the most abundant shape of the small-scale
electric field.

collaboration [Lalti et al., 2022]. The crossing occurred on 2020,/04/22 at 16:44:00.
The top left panel is an overview of the shock transition, showing the DC magnetic
field magnitude (black, 128 samples/s), the DC electric field magnitude (blue, 8192
samples/s), and the reduced electron distribution function f(x,v,) (color image,
100/3 samples/s), where z is along the shock normal. The fields are scaled to show
in one figure. Figure 5 shows the reduced distribution and the electric field in a
small part of the shock. The intermittent electron heating is clearly seen as the
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Figure 5: The electron reduced distribution f(x,v,), the magnetic field magnitude
(black) and the electric field magnitude (blue) in a small part of the shock in
Figure 3 (top left panel). The velocity v, and the electric field |E| are scaled to
fit the figure.

fluctuating width of the electron distribution. There is no clear visual correlation
of the heating pattern with the small-scale electric field pattern. The main broad-
ening of the distribution occurs at the ramp, following the largest magnetic field
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increase. In some places broadening seems to coincide with the electric burst but
the distribution becomes more narrow again in the subsequent quiet region, which
is not consistent with irreversible heating. Careful analysis is required because
of the very different time resolution of the field (8192 s/s) and particle measure-
ments (30 ms). All other panels in Figure 3 show the rich variety of the electric
field patterns: bipolar structures, short coherent wave packers, long coherent wave
packets, and regions combining all of the above mentioned patterns. The spatial
distribution of electrostatic activity in shocks is very different: from concentrated
almost solely in the ramp to covering a substantial part before the ramp and a
large downstream region. Maximum of the electric spikes is not associated either
with the sharp magnetic field gradient or with the magnetic maximum or min-
imum, so that at this stage it is not clear whether there is any relation to the
electron current speed. It was suggested that ion-acoustic solitary waves are ex-
cited by the bump-on-tail ion instability ("ion holes”) [Wang et al., 2022]. Note,
however, that these solitary waves last for about 20 ms while the MMS ion dis-
tributions are provided at 150 ms cadence, so that the relation is questionable.
Electron dynamics in the Debye-scale solitary waves was analyzed in a number
of rather similar publications [Artemyev et al., 2014, 2017, Vasko et al., 2018,
Kamaletdinov et al., 2022], while other electrostatic structures in the shock front
were not given equal attention. Quick analysis of a number of shocks from the
SHARP database [Lalti et al., 2022] shows that bursts of wave packets are more
typical. Electrons are heated in all shocks which means that heating occurs with
all kinds of electrostatic waves.

Test particle analysis of electron dynamics and distributions in a model shock
profile, described by Gedalin [2020], has been performed. The electric field, includ-
ing both the large-scale cross-shock potential and the small-scale spikes, is shown
in Figure 6 Figure 7 shows the reduced distribution function f(z,v,) derived by
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Figure 6: Top: the cross-shock electric field. Bottom: the potential.
tracing electrons in the large-scale field only (top), small-scale field only (middle),

and both fields together (bottom). Large-scale field only heats electrons but does
not show bursty changes as in Figure 5. Small-scale fields make the changes bursty
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Figure 7: The reduced distribution function f(z,v,) derived by tracing electrons
in the large-scale field only (top), small-scale field only (middle), and both fields
together (bottom)

but do not heat. Both fields together provide heating and bursty variations, in
agreement with observations.

Figure 8 shows the electron distributions f (v, v, ) calculated in the de Hoffman-
Teller frame far from the shock transition. Here v is the electron speed, v is
the velocity parallel to the local (upstream or downstream) magnetic field, and

v =, Jv? — vﬁ. Electrons with v > 0 correspond to the downstream distribution.

Electrons with v < 0 are reflected electrons which stream from the shock into the
upstream region. The thin blue line separates the two distributions. The initial
distribution is Maxwellian. Top left: there is no energization without cross-shock
potential while reflection due to the conservation of the magnetic moment is strong.
Top right: small-scale structures without a potential greatly enhance reflection but
reduce energization of the transmitted electrons. Bottom left: a large-scale poten-
tial without small-scale structures accelerates electrons along the magnetic field
and suppresses reflection. Bottom right: both electric fields together result in
reasonable reflection and energization with substantial perpendicular heating.
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Figure 8: Distribution f(v),v.) calculated in the de Hoffman-Teller frame. Top
left: no electric field. Top right: only small-scale electric structures. Bottom left:
only large-scale cross-shock potential. Bottom right: both large-scale and small-
scale electric fields. See details in text.

3.3 Interaction with a single spike

In what follows we perform test particle analysis of electron motion in a single
electrostatic spike, in order to answer the following question: how a single spike
affects electrons, in particular, whether electrons can be reflected.

The main objective in the analysis of the interaction with a single spike is
whether electrons can be reflected. We choose the coordinate x along the shock
normal. In what follows we use two shock frames: a) the Normal Incidence Frame
(NIF) is the frame in which the upstream plasma flow is along the shock normal,
and b) the de Hoffman-Teller frame (HT) is the frame in which the upstream
plasma flow is along the upstream magnetic field. The electron thermal gyroradius
is

Ure . Me m; Uty o me\/EUA o C \/E 1
Qemﬁmf& 20, "V 2 W
where vre = /T, /m. is the electron thermal speed, €2, = eB/m.c is the electron
gyrofrequency, wy. = \/4mn.e?/m,. is the electron plasma frequency, B and n
are the local magnetic field magnitude and electron number density, and S, =
8mnT,/B% The spatial scale of a single spike is much smaller than the spatial
scale of the magnetic field variation and substantially smaller than the electron
inertial length. For the electron tracing we choose the NIF large-scale fields as
constants B, = B, cosfp,, B, = 0, B, = B,sinfpg,, E, = (V,B,/c)sinbp,,
E.=0.

In this study three types of the small scale electrostatic field F, are modeled.

1. A unipolar spike is modeled as a Gaussian

B e (U2 )

of the width L and the center at x.. The potential across the shape is ¢.

Pe =




Project: SHARP Doc No: SHARP.D3.4

Deliverable D3.4 Page 12 of 21
-3
0 } [ x10 (

2

© ~

= ~>1.5

R -5 W

= £ 1

~ ~—

& s

-10 0.5 J

0
-0.5 0 0.5 -0.5 0 0.5

z/(¢/wpe) z/(¢/wpe)

Figure 9: Left panel: the electrostatic field of the bipolar spike used for electron
tracing. Right panel: the corresponding cross-spike potential.

2. A bipolar spike is modeled as a difference of Gaussians given by (2). The
centers of the Gaussians are shifted, and the amplitudes are of opposite signs. The
total cross-spike potential can be controlled using the amplitudes.

3. A wave packet is modeled using the expression

2

E, = Eycos(2rx /W) exp (—%) (3)

where the W is the wavelength of the wavetrain and L is the width of the Gaussian
envelope.

In all these spikes electrons are demagnetized and their motion is non-adiabatic.
We start tracing with incident Maxwellian distribution drifting toward the spike,
with the mean velocity (v,) =V, and § well ahead of the spike (upstream). We
follow electrons until they appear well behind the spike (downstream) or well ahead
of the spike (backstreaming). The final electron velocities are shifted to HT by
adding o) = y(NTF) V,tanfpg,. The parallel velocity and the perpendicular
speed are calculated as

v = v cos O, + v sin ., (4)

vy =/l — o (5)
and the distributions f(v|, fi are derived in both regions. These distributions do
not depend on at what position the electrons are registered.

We start with a unipolar spike with a small positive cross-spike potential.
Figure 9 shows the electrostatic field and the cross-spike potential for the chosen
spike The spike parameters are: the width L = 0.01(¢/wy.) and the amplitude
corresponding to 2.4 - 107%(m,V;2/2).

Figure 10 shows the electron distributions. There were 5000 electrons in the
initial Maxwellian with 8 = 0.5, of which 3175 were initially moving toward the
spike, of which 115, that is, about 3.5%, are reflected toward the upstream region.
The tracing was done for 0p, = 40°. Figure 11 illustrates the reflection process
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Figure 10: Top left panel: the initial Maxwellian. Top right panel: only the
incident electrons moving toward the spike. Left bottom: the electrons crossing
the spike and proceeding further downstream. Right bottom: the backstreaming
electrons reflected off the spike and proceeding into the upstream region.
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Figure 11: Three-dimensional trajectories of two reflected electrons. The black
curve (not to scale) shows the electric field.
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Figure 12: Left panel: the electrostatic field of the bipolar spike used for electron
tracing. Right panel: the corresponding cross-spike potential.

Figure 13: Top left panel: the initial Maxwellian. Top right panel: only the
incident electrons moving toward the spike. Left bottom: the electrons crossing
the spike and proceeding further downstream. Right bottom: the backstreaming
electrons reflected off the spike and proceeding into the upstream region.

by showing 3D trajectories of two reflected electrons. The reflected electrons
experience multiple gyrations around the spike before escaping upstream. The
electric field inside this spike attracts electrons toward downstream. A spike with
a reversed sign of the amplitude, £, > 0, would exert force on electrons toward
upstream and is expected to be more efficient in reflection.

Next, we consider a bipolar spike which consists of the previous unipolar spike
and its opposite with a shift of 0.02(c/w,.) between the centers. Figure 12 shows
the electrostatic field and the cross-spike potential for the chosen bipolar spike The
potential reaches its maximum between the Gaussians but the overall potential is
zero.The distributions, the number of reflected electrons, and the trajectories of
reflected ions do not differ noticeably and are not presented here.

Reversing the polarity of the spike increases the percentage of reflected ions by
a factor of two. Figure 13 shows the electron distributions for the reverse spike.

Finally, we analyze the interaction of the same incident electron distribution
with the wavepacket shown in Figure 14. The wavelength is 0.04(c/wpe) and
the width of the Gaussian envelope is 0.08(c¢/wpe). The maximum potential is
1.2-107*(m,V;2/2). About 15% of the incident electrons are reflected. The corre-
sponding distributions are shown in Figure 15
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Figure 14: Left panel: the electrostatic field of the wave packet used for electron
tracing. Right panel: the corresponding cross-spike potential.
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Figure 15: Top left panel: the initial Maxwellian. Top right panel: only the
incident electrons moving toward the spike. Left bottom: the electrons crossing
the spike and proceeding further downstream. Right bottom: the backstreaming
electrons reflected off the spike and proceeding into the upstream region.
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In all three types of spikes the maximal potentials are similar. All three are
capable of reflecting electrons, the wave packet being the most efficient.

In order to have some understanding of the dependence on the shock angle,
electron tracing was performed for the above wave packet and 6g, = 80° (about
3% of reflected electrons) and g, = 10° (about 25% of reflected electrons). Thus,
electron reflection occurs at all angles and is more efficient in a quasi-parallel
geometry.

4 Conclusions

To summarize, we have found the following:

e The scales of the magnetic and electric fluctuations differ by an order of
magnitude at least.

e There are indications of bursty changes of electron distributions within the
shock transition.

e The observed electron heating requires presence of the large-scale cross-shock
potential and of small-scale electrostatic spikes.

e The downstream electron temperature is determined by the cross-shock po-
tential, isotropization is largely due to the electric spikes

e A single spike is capable of reflecting a part of incident electrons.

e [t is suggested that electron reflection off small-scale spikes may provide a
mechanism of pre-injection of low energy of electrons into the mechanism of
crossing the shock back and forth, as well as providing effective collisions.
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