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Abstract

We perform a 2.5-dimensional particle-in-cell simulation of a quasi-parallel shock, using parameters for the Earth’s
bow shock, to examine electron acceleration and heating due to magnetic reconnection. The shock transition region
evolves from the ion-coupled reconnection dominant stage to the electron-only reconnection dominant stage, as
time elapses. The electron temperature enhances locally in each reconnection site, and ion-scale magnetic islands
generated by ion-coupled reconnection show the most significant enhancement of the electron temperature. The
electron energy spectrum shows a power law, with a power-law index around 6. We perform electron trajectory
tracing to understand how they are energized. Some electrons interact with multiple electron-only reconnection
sties, and Fermi acceleration occurs during multiple reflections. Electrons trapped in ion-scale magnetic islands can
be accelerated in another mechanism. Islands move in the shock transition region, and electrons can obtain larger
energy from the in-plane electric field than the electric potential in those islands. These newly found energization
mechanisms in magnetic islands in the shock can accelerate electrons to energies larger than the achievable
energies by the conventional energization due to the parallel electric field and shock drift acceleration. This study
based on the selected particle analysis indicates that the maximum energy in the nonthermal electrons is achieved
through acceleration in ion-scale islands, and electron-only reconnection accounts for no more than half of the
maximum energy, as the lifetime of sub-ion-scale islands produced by electron-only reconnection is several times
shorter than that of ion-scale islands.

Unified Astronomy Thesaurus concepts: Solar magnetic reconnection (1504); Planetary bow shocks (1246);

Interplanetary particle acceleration (826)

1. Introduction

In situ spacecraft observations in the Earth’s bow shock and
the magnetosheath (the downstream region of the bow shock),
such as by Cluster and Magnetospheric Multiscale (MMS),
have shown that there are many current sheets embedded
within the shock-driven turbulence where magnetic reconnec-
tion actively converts magnetic energy into particle kinetic and
thermal energies (Retino et al. 2007; Yordanova et al. 2016;
Voros et al. 2017; Phan et al. 2018; Gingell et al. 2019; Wang
et al. 2019; Stawarz et al. 2022). In a turbulent plasma,
magnetic fields are stirred, field lines are complexly entangled,
and, as a result, some reconnection sites are embedded within
small regions whose size is of the order of several ion skin
depths. In those regions, MMS observations revealed a novel
type of magnetic reconnection—electron-only reconnection—
where only electrons are participating in reconnection, while
ions are just passing through the reconnection region because
ions cannot respond to such small-scale magnetic gradients
(Phan et al. 2018).

Electron-only reconnection has been observed by MMS in
the Earth’s magnetosheath (Phan et al. 2018; Stawarz et al.
2019, 2022; Gingell et al. 2021), the transition region in the
Earth’s bow shock (Chen et al. 2019; Gingell et al. 2019, 2020;
Wang et al. 2019), the foreshock region (Liu et al. 2020; Wang
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et al. 2020), and the early stage of magnetic reconnection in the
Earth’s magnetotail (Lu et al. 2020). Numerical studies by 2.5-
dimensional particle-in-cell (PIC) simulations (Bessho et al.
2022) show that the reconnection outflows accelerated by
electron-only reconnection in shock turbulence can reach of the
order of the electron Alfvén speed, which is the square root of
the ion-to-electron mass ratio (m;/m,)!/? times larger than the
outflow speed in the standard ion-coupled reconnection
(around the Alfvén speed). As a result, the convection electric
field due to the electron outflow, E=—V,, X B/c, is also
much greater than that in the standard reconnection. Note that
the region around the peak of the electron outflow speed is
where electrons start to be magnetized, and the magnetic field
lines and the electron fluid move together. The reconnection
electric field, which is the electric field at the reconnection X
line, balances with the convection electric field due to the
outflow. Hence, the reconnection electric field also becomes
(m;/m,)"/? times larger than that in the standard reconnection,
and we expect that significant particle acceleration due to
electron-only reconnection in turbulent regions occurs.

Full PIC and hybrid PIC simulations (Karimabadi et al.
2014; Matsumoto et al. 2015; Bohdan et al. 2017, 2020;
Gingell et al. 2017, 2023; Bessho et al. 2019, 2020, 2022; Lu
et al. 2021; Ng et al. 2022) show magnetic reconnection in the
shock-driven turbulence, and ion-coupled reconnection can
also occur where both ion and electron jets are produced. Ion-
coupled reconnection has been observed by MMS (Yordanova
et al. 2016; Voros et al. 2017; Wang et al. 2019; Stawarz et al.
2022) in the magnetosheath and the transition region of the
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Earth’s bow shock. Our previous simulation study (Bessho
et al. 2020) found a link between ion-coupled reconnection in a
shock and the ion—ion beam instability. It is known that ions
reflected by a quasi-parallel shock can travel toward the
upstream region, and electromagnetic waves are produced due
to the interaction between the reflected ions and the incident
ions (see PIC simulation studies of quasi-parallel shocks by
Kato 2015 and Otsuka et al. 2019, where the waves excited by
the resonant instability propagate toward the upstream region in
the upstream rest frame, and the wavelength is several tens of
ion inertial lengths). Our previous study, Bessho et al. (2020),
also showed that reflected ions flow into the upstream region,
exciting large-amplitude electromagnetic waves. The waves are
generated by a nonresonant ion—ion beam instability in the
shock transition region (Sentman et al. 1981; Gary et al. 1984;
Gary 1991; Wilson 2016), which is called the Bell instability
(Bell 2004; Weidl et al. 2019) in astrophysical shocks when the
nonresonant mode is generated by cosmic rays. In our previous
PIC simulation study, where the Alfvén Mach number is
around 11, the wavelength of the excited waves is around a few
ion inertial lengths, and the waves propagate toward the shock
in the upstream rest frame (opposite to the direction observed
by Kato 2015 and Otsuka et al. 2019). The magnetic field lines
are bent due to the excited nonresonant waves, and ion-coupled
reconnection occurs to produce ion-scale (several ion-skin-
depth size) magnetic flux ropes. The timescale of ion-coupled
reconnection (several ion cyclotron periods) is much longer
than the timescale of electron-only reconnection, which was
observed to be a fraction of the ion cyclotron period in the
simulations. In contrast, simulation studies (Bessho et al.
2020, 2022) also show that the number of electron-only
reconnection sites is much lager than that of ion-coupled
reconnection sites. Therefore, it is important to investigate the
cumulative effect of the energy dissipation by electron-only
reconnection compared with ion-coupled reconnection in
shocks, and how the shock dynamics is affected by both types
of reconnection, which generate heat and enhance the pressure
in the shock.

Both types of reconnection are expected to generate
energetic particles in shocks, but how important these
reconnection sites are in the total shock heating has not been
addressed yet. MMS observations show electron heating in
reconnecting current sheets in the transition region of the
Earth’s bow shock (Wang et al. 2019). Also, in the foreshock
region in the Earth’s bow shock and Mars, solitary magnetic
structures (called short large-amplitude magnetic structures) are
generated by nonresonant ion—ion instability (Chen et al.
2021, 2022), which eventually can cause reconnection and heat
electrons (Wang et al. 2020). In this study, performing a 2.5-
dimensional PIC simulation of a quasi-parallel shock, we
elucidate how reconnection (both electron-only and ion-
coupled reconnection) energizes and heats electrons, and we
compare other electron energization mechanisms in a shock
such as acceleration due to the electrostatic field associated
with the cross-shock potential (Woods 1969; Goodrich &
Scudder 1984; Scudder 1995), and shock drift acceleration
(Holman & Pesses 1983; Wu 1984; Ball & Melrose 2001).

In Section 2, we describe the simulation method. In
Section 3, we show simulation results of a quasi-parallel
shock, both types of reconnection, and electron acceleration
and heating in the shock. In Section 4, we give conclusions of
this study.
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2. Simulation Method

We perform a 2.5-dimensional, electromagnetic, relativistic, PIC
simulation for a quasi-parallel shock. The simulation domain has
the initial uniform magnetic field By = [Bjcosf, By sin6, 0],
where 6 is the shock normal angle. The ion and electron densities
are also uniform, n; = n, = ny. We impose a uniform electric field
E, = wBysinf/c, which can provide a uniform plasma drift
speed v, in the negative x-direction. Note that we use cgs units in
the simulation, and the electric field is measured based on Bj. At
time ¢ =0, all of the particles have a drift speed in the negative x-
direction with a speed v,. The x = 0 boundary is a conducting wall,
and particles are specularly reflected. From the x = L, boundary,
new particles are injected, and the field boundary condition is also
a conducting wall. The boundaries in y-direction are periodic
boundaries. We use the system size L, x L,=1000d; x 25.6d;,
where d; is the ion skin depth based on the density n,. The shock
normal angle is 25°, the ion-to-electron mass ratio m;/m, is 200,
the ratio of the plasma frequency wj, (based on ny) to the electron
cyclotron frequency (2, (based on By) is 4, and the beta values for
ions and electrons are 3;= (3, = 1. The particle injection speed
Vvg=9.0va0, Where vag is the Alfvén speed based on B
and ny. Note that this Alfvén speed is nonrelativistic,
wo/c = (my/m)'/*(Q,/wye) = 0.0177, and much smaller than
the electron thermal speed, vy, = (B.m;/m,)"/*vag = 14.1x0.
The ion sound speed is ¢, = (I(T, + T;)/m;)'/? = 1.29w,,
where I'=35/3 is the specific heat ratio, and 7; and T, are the
ion and electron temperatures, respectively. The speed of the fast
mode wave is v, = {viy + ¢ + [y + ¢2)? — dvioc? cos?0]/2}1/2 /
2!/2 — 1.4y, and the injection speed v, = 9.0v,, corresponds to
6.4v;. The number of particles per cell per species is 100. Note that
these simulation parameters are identical to the ones used in the
previous papers (Bessho et al. 2019, 2020, 2022), except for L, and
L, where L(=1000d;) is longer than the previous one
(Ly=375d,), while L(=25.6d;) is halved from the previous one
(Ly=151.2d;). We use L, larger than the one used in the previous
studies, to reduce the effect of the boundary at x =L, that might
affect the physics in the shock.

3. Simulation Results
3.1. Shock Propagation and Reconnection Regions

Figure 1 shows the time evolution of the shock between
Q;t=18.75 to 21.88, where (2, is the ion cyclotron frequency
based on Bj. The black curves in panels (a), (b), and (c) are
magnetic field lines projected on the x—y plane, and the color
indicates the out-of-plane current density J,. As time
progresses, many Kkinetic-scale (up to several d;) magnetic
islands are generated in the shock transition region (the region
right of the white vertical line). The white vertical line in each
plot is the position of the maximum of (B,) (see the arrows in
panel (d)), where (B,) is the magnetic field B, averaged over
the y-direction. Based on the propagation of the peak of (B,),
we determine that the shock speed during this time interval is
1.5vap in the simulation frame. Considering the upstream drift
speed v, the shock speed vy, in the upstream rest frame is
10.5v 40, i.e., the Alfvén Mach number M, is 10.5, and the fast
mode Mach number My=vg, /v is 7.5. At Qz=18.75 (see
panel (a)), there are several ion-scale magnetic islands whose
size is several d;, for example, around (x, y) = (49d;, 0), (474,
12d;), and (46d,;, 22d;), each of which is denoted by 1, 2, and 3,
respectively, in the plot. They are generated because of the
nonresonant ion—ion beam instability (Sentman et al. 1981;
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Figure 1. (a)—(c) Time evolution of current density J.. Black curves are magnetic field lines. The white vertical line in each plot shows the position of the maximum
(B,) (the y average of B,), which roughly indicates the position of the shock plane. Three ion-scale magnetic islands are denoted by numbers 1-3. (d) Profiles of (B,),
which is B, averaged over y. The arrows show the same positions of the white line in each of panels (a)—(c). (¢) 2D field lines at {2, = 20.31, and two lines, y = 20d;
and y = 18d;, along which 1D cuts of B, are shown in panel (f). The position of an X line is denoted by X. (f) 1D cuts of B, along y = 20d; (thick blue) and y = 184;
(black). The thin blue curve shows (B,).

> Sub-di scale
<= islands

N

%




THE ASTROPHYSICAL JOURNAL, 954:25 (30pp), 2023 September 1

Gary et al. 1984; Gary 1991; Bessho et al. 2020; Chen et al.
2021, 2022). More details about the nonresonant wave as well
as the resonant wave observed in the simulation are
summarized in Appendix A. Many thin current sheets are
generated, with both positive and negative J,. These ion-scale
magnetic islands grow further as time elapses, and at
Qit=20.31 (panel (b)), the size of islands at (x, y) = (45d,,
7d;) (island 1) and (x, y) = (46d;, 20d;) (island 2) becomes
greater than that at €2, = 18.75. Note that the magnetic islands
1, 2, and 3 at ; =20.31 are the same islands 1, 2, and 3 at
Qt =18.75, respectively. At Q;t=20.31, around those ion-
scale islands, there are many sub-d; scale (several d,.-scale,
where d, is the electron skin depth) magnetic islands. These are
electron-only reconnection sties, in which electron jets form but
ions just pass through the region without significant accelera-
tion because of the small scale of magnetic gradients in these
thin current sheets. The formation of these electron-only
reconnection regions was discussed in the previous paper
(Bessho et al. 2020). At ; =21.88 (panel (c)), the ion-scale
larger islands have already been dissipated (i.e., they merge
surrounding fields, and the X lines associated with those islands
disappear), and only smaller electron-only reconnection areas
remain in a region 46d; < x < 50d;.

Panel (f) shows 1D cuts of By, along two lines, y = 20d; and
y=18d; at Q;t =20.31 (see also panel (e)). The line y = 20d;
crosses the ion-scale island (island 2), while the line y = 18d;
passes through two sub-d; scale islands. In panel (f), the thick
blue curve is the 1D cut along y = 20d,. B, is positive in the left
side of the island (x < 46d,), and B, reverses its sign across the
center of the island (x = 46d;) and becomes negative in the right
side of the island (46d; < x). This island covers the region
44.5d; < x < 47.3d; (see the blue arrow), and the size of this
island (diameter) is around 3d;. Across the island, B, changes
from 7B, to —5B,. The black curve in panel (f) shows the 1D
cut along y = 18d;, which crosses the two sub-d; scale islands.
The two sub-d; scale islands are denoted by black arrows in
panel (f) (see also panel (e)). Across these two islands, B,
changes its sign, and the change of B, is from 6B, to —4B,,
which is similar to the change of B, in the ion-scale island. The
size of these islands is smaller than d;. Left of these sub-d; scale
islands, there is a reconnection X line (see also panel (e), where
the X line is marked by “X”), and B, also changes its sign
across the X line region (i.e., a current sheet). The current sheet
thickness is also around d;. In panel (f), the thin blue curve
represents the y-averaged value, (B,) (the same blue curve as in
panel (d)). Compared with (B,), the local 1D cuts show larger-
amplitude fluctuations.

Figure 2 shows the y-component of the ion and electron fluid
velocities V;, and V,, at {;t = 20.31, near the region of an ion-
scale magnetic island (island 2). We focus on two X lines: at
(x, y)=(45475d;, 18.45d;) (see the blue X mark) and
(x, y) =(46.825d;, 18.925d;) (see the red X mark). The blue
X line is in the reconnection region that generates the ion-scale
magnetic island (island 2), where ion-coupled reconnection
occurs. In panel (a), we see that an ion outflow jet (marked by
the black oval) is generated because of reconnection with the
blue X line, while panel (b) shows that an electron outflow jet
is also produced along the separatrix. Both the ion and electron
outflows are generated on the upper-left side of the separatrix
with V;,>0 and V,, >0, and there are no downward (with
Viy <0 and V,, <0) outflows in the lower right side of the
separatrix. Formation of such a one-sided outflow jet (in this
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case, a flow with positive-y velocity) is a characteristic in
turbulent reconnection in a shock (Bessho et al. 2022), and the
ion outflow velocity (the velocity measured in the simulation
frame, not the velocity relative to the plasma surrounding the
jet) exceeds 6v,o, while the electron outflow reaches 10v,g,
which is close to the electron Alfvén speed v .o under the mass
ratio 200 (va.o = 14.4v0). The local values of magnetic fields
(let us denote them as By and B,) and densities (1; and n,) in
the two sides across the current sheet around the blue X line
are: Bl = 5.630, Bz = 2.730, ny = 3.0710, and ny = 2.71/10,
which give the local Alfvén speed, va_jocal = 3.2va0 (using B,
and n;) and 1.6vao (using B, and ny), respectively. The
theoretical estimate of the ion outflow speed based on the
asymmetric reconnection model (Cassak & Shay 2007),
Vout = [B1B2(By + By)/4mm;(n B, + I’lzBl)]I/z, is obtained as
2.3va0, Which is close to the local Alfvén speeds, but is much
smaller than the observed ion outflow speed ~6v,o. Note that
the ion outflow generated by reconnection in the shock
transition region can exceed the Alfvén speed, reaching of
the order of 10v,(, because of the super-Alfvénic background
ion flows in the shock transition region (Bessho et al. 2022). In
contrast, the red X line at (x, y) = (46.825d,;, 18.925d,) is a site
of electron-only reconnection, and the ion plot (panel (a)) does
not have an ion outflow jet from the red X line, while the
electron plot (panel (b)) shows a rightward electron outflow jet
that exceeds 10v, (see the black oval around the red X line).

Panels (c) and (d) display the in-plane speeds of the ions and
the electrons. Panel (c) shows the ion in-plane speed,
(V,-,% + Vii)l/ 2, and only the regions with Viy > 2vap are shown
in grayscale. Let us denote the two X lines as (x, y) = (xx1, Yx1)
(blue X line) and (x, ¥) = (xx», ¥x2) (red X line). Around the
blue X line, ions are flowing into the reconnection site from the
region y < yx;. The inflow speed at the blue X line is around
Svap, and in the outflow region (within the blue oval), the
maximum speed exceeds 6.5v4o. In contrast, the ion in-plane
speed around the red X line does not constitute the outflow jet.
Around the red X line, ions are passing through the red X line
from the region xx, < x and y < yx, with velocities V;, < 0 and
Viy > 0 (see the vector plot with magenta arrows). The ion in-
plane flows are perpendicular to the magnetic field reversal
(i.e., the current sheet), and they are decelerated (see the change
of the color from gray to white after passing through the
magnetic field reversal). After passing through this magnetic
field reversal region, the ion flows are deflected by the
magnetic field gradient in the ion-scale island, and the flow
velocity changes to V;, ~ 0 and V;, > 0. During this deflection,
the ion in-plane flow speed is a bit enhanced (see the gray
region around x = 47d; and x = 20d;), and this increase may be
due to the local electric fields (the detailed acceleration
mechanism is beyond the scope of this paper). However, there
is no collimated ion jet structure produced from the red X line,
indicating that the increase of the ion speed is not due to the
formation of a reconnection outflow jet. In contrast, the ion jet
forms from the blue X line, and it shows a conspicuous
collimated jet structure. The size of island 2, which is generated
by the reconnection region with the blue X line, is larger than
2d;, while the size of the magnetic islands generated by
electron-only reconnection with the red X line is less than d;.
Ions may be slightly affected by the small-size islands in the
electron-only reconnection region, but the change of ion speed
is not substantial, and no ion jet forms. In contrast, around the
red X line, a strong electron jet is seen whose speed exceeds
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Figure 2. Contours of the y-component of the ion fluid velocity V;, and the electron fluid velocity V,,. Magenta lines are magnetic field lines. Island 2 is the same ion-
scale island as in Figure 1. The blue X mark and the red X mark show the positions of reconnection X lines associated with ion-coupled reconnection and electron-
only reconnection, respectively. In panels (a) and (b), the regions with black ovals are where jets are generated. White arrows show the velocity vectors. (c) In
grayscale, the in-plane speed of ion fluid, (V2 + V,»i)1 /2 is shown. (d) In grayscale, the in-plane speed of electron fluid, (V2 + ny)l/ 2, multiplied by the sign of V,, is
shown. Only the regions with positive V., are shown in grayscale, and the regions with negative V., are in white. In both panels (c) and (d), magenta arrows represent
the fluid velocity vectors, and the blue and red oval regions are around the blue X line and the red X line, respectively.

10vao (panel (d)). More details for ion-coupled reconn- Figure 3 displays the electric fields E,, E|, and E, in the same
ection regions and electron-only reconnection regions in 2D region as Figure 1 at the three times. In the shock, there are
PIC simulations are discussed in Bessho et al. (2019, three types of electric fields: one is the electrostatic field
2020, 2022). associated with the cross-shock potential (Woods 1969;
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Goodrich & Scudder 1984; Scudder 1995). This electric field is
mainly in the x-direction, and E,>0. The second type of
electric field is generated in ion-scale magnetic islands, and this
electric field points toward the center of each island. The third
type of electric field is the reconnection electric field, and in
this 2D simulation, this electric field is in the z-direction.

Overall, E, (panels (a), (b), and (c¢)) in the shock transition
region is positive, and this E, > 0 causes the formation of the
cross-shock potential. In addition to that, there are local
enhancements of the magnitude of E, due to the formation of
turbulence and reconnection areas. In the ion-scale magnetic
islands, E, becomes positive in the left side of the islands,
while E, becomes negative in the right side of the islands.
Panels (d), (e), and (f) for E, show that the top part of each ion-
scale island has negative E,, while the bottom part has positive
E,. In summary, the in-plane electric fields in each ion-scale
magnetic island are pointing toward the center. The magnitude
of the in-plane electric field in those islands reaches B,.

These strong in-plane electric fields inside the ion-scale islands
are considered to be the Hall electric field, because they are
generated by the convection effect, Ejnpiane=— Ve, X B /c,
where e, is the z-component unit vector. Since |Vi.| < |V,.| in
these regions, J, ~ — enV, holds, and Ej, piane ~ J.€, X B/(en.c).
As we will see later in Sections 3.2 and 3.3, these Hall electric
fields in the ion-scale islands play an important role to energize
electrons. Note that the Hall electric field Ey.y =J x B/c cannot
be a source for a net energy increase in the total plasma, because
J-Eyy=0. However, it can transfer the energy from one
species to another, such as from ions to electrons. Let us estimate
the magnitude of the in-plane electric field, considering the
convection electric field E,= Vesz/ c. Since electrons are
accelerated to reach the electron Alfvén speed, V,, in the ion-
scale island also becomes of the order of va.. Therefore,
Veo/€ ~Vaco/c = /wpe = 1/4 in the simulation, and we obtain
E .~ Vesz/ ¢ ~ By using B, ~ 4B, which is the magnetic field in
the shock (see Figure 1(d)). In a spacecraft observation, if the
magnetic field and the plasma density in the solar wind are
By=35 nT and ny=20 cm °, respectively (consistent with
typical observation values such as in Gingell et al. 2017, 2019;
Wang et al. 2019), the electric field E, in an island would be
4cBo(Qe/Wpe) ~20 mVm .

In a 1D laminar shock model, the E, component is a
constant value across the shock, with its magnitude
E, = wBysinf/c = 0.067By under the initial parameters
in this study. However, in the 2D simulation, the shock
transition region becomes highly turbulent, and panels (g), (h),
and (i) of Figure 3 show that there are locally enhanced positive
and negative E, in the shock transition region. At €2,z =18.75
(panel (g)), there are positive and negative stripes of £, mostly
along the ion-scale magnetic islands. The convection electric
field is given by E,=—V,B,/c+ V,B,/c, and the electron
fluid velocities in this region are basically V., <0 and V,, >0
(not shown, but see Figure 1 in Bessho et al. 2019). The top-left
side of an ion-scale island (the second quadrant of the island
with respect to the island center) has positive E,, because
B,>0 and B,>0. In contrast, the bottom-right side of the
island (the fourth quadrant of the island) shows negative E_,
because B, < 0 and B, < 0. At Q;# =20.31 (panel (h)), several
sub-ion-scale islands are generated due to electron-only
reconnection, and there are local enhancements of positive
and negative E, in those regions. The polarity of E, varies from
island to island, because the electron fluid velocities vary in
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each sub-ion-scale island. At ;t =21.88 (panel (i)), after those
ion-scale islands are dissipated, the intensity of E, becomes
smaller than the previous times in panels (g) and (h).

To see the overall structures in the electric fields and magnetic
fields in the shock transition region, let us discuss quantities
averaged over y and examine their 1D structures. In the
following, a quantity (Q) represents the field quantity Q
averaged over y. Panels (a)-(c) in Figure 4 display the three
components of the electric field, (E,), (E,), and (E.), as a
function of x, while panel (d) shows the magnetic field (B,). For
(By), see Figure 1(d). Note that (B,) is a constant, because
(V-B)=(dB,/dx) =0, and (B,) is not plotted in Figure 4.
Panel (a) shows (E,), and at Q= 18.75, the peak is around
0.25B at x = 44d;. At 2;t =20.31, the peak increased a lot, and
the value is around 0.45B,, at x = 48d;. There is a secondary peak
0.38By at x =45d;, and the dip between the highest and the
secondary peaks is due to the growth of ion-scale magnetic
islands. At 2, =21.88, the peak moves farther to the right, and
the peak value is around 0.3B, at x = 49.5d;. The smaller peak
value is because the ion-scale islands have already been
dissipated at €¢=21.88. Overall, (E,)>0 in the shock
transition region, which makes the cross-shock potential positive.
Panel (b) is for (E,), and it is positive in the region where (E,) is
very small (such as x > 50d;), while (E,) is negative in the region
where (E,) becomes large. (E,) is mostly determined by the
convection electric field, E,=—V,.B,/c+ V,B./c. In the
region with strong (E,), electrons move with the E, x B, drift
in the positive z-direction; therefore, the first term, —V,.B,/c,
dominates, and E, becomes negative. In contrast, in the region
where (E,) is small (x > 50d;), there is a finite negative (B.) (see
panel (d)), and the second term, V,,B./c, becomes large because
Vex <0 and B, < 0, which makes E, positive.

Panel (c) shows that overall, (E,) is positive because of the
motional electric field —;Bysinf/c = 0.067By; however,
in the shock transition region, (E.) fluctuates because of waves
and generation of magnetic islands. In the far-upstream region
in x > 70d; (not shown), (E,) asymptotes to the value 0.067B,.
Panel (d) demonstrates that (B,) becomes negative, and this is
because the electron drift V,, > 0 drags the magnetic field line
in the shock transition region. Therefore, a large-magnitude
(B,) ~ — 4By is generated, and reconnection in this region
becomes guide field reconnection in 2D simulations (Bessho
et al. 2019, 2020, 2022). Note that in 3D cases (see Ng et al.
2022), the reconnection plane does not have to be in the x—y
plane; therefore, reconnection can occur with a small guide
field if the reconnection plane rotates and it becomes close to
the x—z plane.

These electric fields, both the in-plane fields (E, and E,) and
the out-of-plane field E, (partially due to the reconnection
electric field), are important to energize and heat electrons in
the shock. In the next subsection, we will discuss electron
acceleration and heating.

3.2. Electron Heating in the Shock Transition Region due to
Reconnection

Figure 5 illustrates the time evolution of the electron
temperature 7,. In the shock upstream region (x > 60d;, not
shown in the figure), the electron temperature is
To_wp= 0.5m,v2,0. In Figure 5, the shock transition region is
shown, and T, already increases from the far-upstream value.
As time progresses, the number of reconnection sites (also the
number of magnetic islands) is getting larger and larger. As a
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Figure 4. Profiles of y-averaged quantities. (a) (E,), (b) (E,), (c) (E;), and (d) (B,). (E,) is positive in the shock transition region, forming a large cross-shock
potential. (E.) is fluctuating around the upstream value 0.067B,. (B.) becomes negative in the shock transition region.

result, the electron temperature is also increasing with time in
the region 44 <x/d;<50. Both X lines and magnetic
islands show the temperature enhancement, and the temper-
ature in the entire region 40 < x/d; < 50 also increases (the
background color changes from green, 7,/m.v3,, ~ 2.0, to
yellow, T,/m,vi,, ~ 2.5). Note that 7, is defined as
[1/Bn)lm.>; ffe (vj—V,)?d’, where n, is the electron
density, f, is the distribution function, v; is the j-component
of an electron velocity, and the sum is over the three
components j =x, y, and z. The temperature T, represents the
thermal energy based on the entire distribution function f;
however, as discussed in Goldman et al. (2020), when there are
multiple beam components in f,, this definition of T, represents
a mixture of real thermal energy (based on the random speed
with respect to each beam velocity) and a pseudo-thermal
energy (the energy due to a relative velocity with respective to
the bulk fluid velocity, and this can be nonzero even in the limit
of cold beams). The temperature 7, can increase either due to
the production of multiple beams, or the actual heating
associated with the increase of random thermal spread, or both.

At Q;t = 18.75 (panel (a)), the electron temperature is mostly
uniform (green color) throughout the region; however, an ion-
scale island (denoted by 2 in the plot) and a small-size island
(indicated by a blue arrow) have local enhancements of T,

(yellow and red color). Also, around x = 44d;, there are several
stripes of red and yellow colors. Both island 1 and island 3
show no temperature enhancement yet. At €2;z =20.31 (panel
(b)), there are three ion-scale magnetic islands (islands 1, 2, and
3) with significantly enhanced 7,. Small-scale islands, which
are produced due to electron-only reconnection, also show high
T, (red color), but some small-scale islands still show lower
temperatures (yellow color). At this time, the ion-scale large
islands are the dominant electron energization sites. In contrast,
at Q;t=21.88 (panel (c)), the large ion-scale islands have
already been dissipated, and the red regions with high
temperatures spread throughout the y-direction in the region
46d; < x < 49d;. Later (in Figures 7 and 8), we will see that the
increase of T, in magnetic islands is associated with multiple
beams.

Figures 5(d) and (e) display the electron energy spectra at the
three different times. Panel (d) is a log—log plot, while panel (e)
is a linear-log plot, using the same distribution functions.
Green, blue, and red curves are the energy spectra obtained at
three different times, plot (a), (b), and (c), respectively, in the
region marked by the red bar in the horizontal axis in each
panel. The marked spatial interval at each time covers regions
with significant temperature enhancements. At ;= 18.75,
nonthermal electrons are produced (see the green curve in panel
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Figure 5. (a)—(c) Time evolution of electron temperature 7. Ion-scale islands 1-3 are the same as those in Figure 1. T, becomes large in ion-scale islands (panel (b)).
After those ion-scale islands are dissipated (panel (c)), 7, still shows large values. (d) Energy spectra at these three times, in log—log scale, obtained in the x-interval
marked by the red horizontal bar under the x-axis in each time. The horizontal red bar in panels (a), (b), and (c) covers the region 43 < x/d; < 45 (panel (a)), 45 <
x/d; < 47 (panel (b)), and 47 < x/d; < 49 (panel (c)). (e) The same energy distributions as in panel (d), but in log-linear scale. In panels (d) and (e), black curves are
spectra in the upstream region, at x = 500d;. Nonthermal electrons are generated, and the spectra show a power law, with an index around 6.

9



THE ASTROPHYSICAL JOURNAL, 954:25 (30pp), 2023 September 1

(e), and compare with the black curve, which is the upstream
electron distribution at x =500d;). In panel (d), the energy
spectrum at ;= 18.75 (green) already shows a power-law-
like distribution, and if we approximate the green curve as a
power-law function, the power-law index is close to 6.0. Let us
define e as ex =y — 1, where 7 is the Lorentz factor, and ex
represents the kinetic energy normalized by m,.c?. The average
of ex at Q;t=18.75 is 0.32 (this value, eg=v—1=0.32,
corresponds to v/c = (1 — 1/4%)/2 = 0.65, and v/vyep=
2.6, where v is a speed, and vr,.p is the upstream electron
thermal speed (27, _,,/m,)'/?). At Q;t=20.31, when the ion-
scale islands show the most significant electron temperature
enhancements, the average of g becomes 0.47, and panels (d)
and (e) show that the electrons at 2;=20.31 (blue) are
significantly energized compared with the electrons at
Q;t = 18.75 (green). At 2, =21.88, when the ion-scale islands
were already dissipated, the maximum energy in the spectrum
(red) becomes smaller than that at the previous time
Q;t=120.31, suggesting that the most significant energization
occurs at €2;=20.31 because of the ion-scale islands. In
contrast, the average of ex at Q7=21.88 is 0.52, and it
continuously increases from €;=20.31 to ;=21.88,
suggesting that electrons are continuously accelerated during
the dissipation of the ion-scale islands and due to electron-only
reconnection that generates small-scale islands. All three curves
(green, blue, and red) in panel (d) show that the power-law
indices do not significantly change between 2, =18.75 and
20.31, and they are close to 6.

Choosing an X line and a magnetic island, we investigated
the time evolution of the local temperatures and electron
distribution functions. In Figure 6, the magenta closed circles
are on the X line (position A), while the cyan circles are inside
the island (position B). Both positions A and B demonstrate
enhancements of the local temperatures as time elapses. At
position A (X line) at 0,z = 18.75, the temperature is 2.0m, V2,
(green color in panel (a)), and it increases to 3.0mev§eo (red
color in panel (c)) at 2, = 19.38 because of reconnection. After
this time, the magnetic island above this X line (its island
center is around x = 45.7d; and y = 10d;) becomes smaller and
smaller, and at ;7 =19.69, the X line and the island have
already disappeared. We chose two positions at €2, = 19.69:
position A and position A’, which are not on an X line, but at
positions in a red color region in panel (d), corresponding to the
region where previously there an X line at ;= 19.38. The
electron temperature 7, at position A (at (x, z) = (45.0d;, 9.5d,))
is 3.0mgv§eo, while T, at position A’ (at (x, z) = (45.0d;, 10d;))
is 2.7m.v3,.

Position B (magnetic island) also shows 7, increase as time
elapses. At Q= 18.75, the temperature is 1.7m,vs,,. The
temperature gradually enhances, and at {2, = 19.38, it becomes
2.5m,v3,0. It continues to rise, and at = 19.69, T, reaches
2.9m,v3,0. In the island, the temperature becomes large around
the outer boundary of the island, and the center of the island
has a smaller temperature than the outer region. Panel (d)
shows a few ion-scale islands, and the electron temperature has
a similar ring-like structure inside the islands, where the high-
temperature region surrounds the central low temperature
region.

Panels (e) and (f) in Figure 6 are the electron energy
distribution functions at those two positions A and B. To
compose these distribution functions, we collected electrons in
a square region with a size 0.1d; x 0.1d; around each position.

10

Bessho et al.

At position A (X line), the energy distribution function shows
an increase in its width (the FWHM for the peak) until
Qit=19.38. The highest ex(=~vy—1) is around 1 at
Q;t = 18.75 (black curve), while the highest energy ex exceeds
4 at ;t = 19.69 (the highest ex is 5.1, not shown). Note that the
spectrum for position A’ at ;= 19.69 is similar to that for
position A, and we only plotted the spectrum at position A in
panel (e). At position B (magnetic island, panel (f)), significant
electron energization occurs between {2, =19.38 (blue curve)
and 19.69 (red curve). The energy distribution at €2, = 19.69
(red curve) shows a slightly harder spectrum than those at
position A. The highest g at ;= 19.69 is 5.7 (not shown).

Figure 7 demonstrates the time evolution of the electron
distribution function at position A. Panels (a)—(c) are reduced
distribution functions in 2D velocity planes, integrated over the
third direction (for example, panel (a) is the 2D reduced
distribution function in the v,—v, plane, integrated over v,). At
position A, at Q¢t=18.75 (T,=2.0m.va.), the electron
distribution function is nongyrotropic (panels (a)—(c)), where
the white lines in panels (b) and (c) represent the direction of
the magnetic field. Note that there is only B, at the X line;
therefore, panel (a) for the velocity plane v,—v, does not show
the direction of the magnetic field, and this v,—v, plane is the
velocity plane perpendicular to the magnetic field. The phase
space densities in the regions of v,>0, v,>0, and v, <0
become high. As time evolves, reconnection generates heated
electrons, and at 2;t = 19.06 (panels (d)—(f)), the gyrotropy of
the distribution function increases and regions with high phase
space density (red regions) spread. At this time, the temperature
becomes 2.1mgv,§e0. At Q;t =19.38 (panels (g)-(i)), the radius
of the distribution function becomes larger than that at the
previous time, and the temperature increases to T, ~ 3.0m,v 0.
At this time, multiple electron beams are seen in each velocity
plane. In particular, panel (i) in the v,—v, plane shows two
major components: the component with v, <0 and v, >0 and
the component with v, >0 and v,~ 0. After the X line is
dissipated, at ;t=19.69 (panels (j)—(1)), the radius of the
distribution function does not significantly change, suggesting
that the electron temperature also does not significantly change
after (2, =19.38, but the distributions show a notable change
from the previous time. Panels (k) and (I) show a strong
electron beam moving in the positive v_-direction. Panels (m)-
(o) are for the distributions at position A’, which is close to
position A. There are still multiple electron beams, but the
thermal spread in panels (m)-(0o) for position A’
(T, = 2.7m,v3,,) is more significant than that in panels (j)—(I)
for position A (T, = 3.0m,v3,). At position A’, the z-
directional beam component in panel (0) can be seen, but the
red part spread in the region —20v5q <V, <45v5q, Which is
more spread than that in panel (1) for position A, where the red
region is more localized in a region 20v5g < v, < 45vaq. This
indicates that the z-directional beam is dissipating in a lower v,
region, and electron heating is occurring. We conclude that
some high-temperature regions contain multiple electron
beams, and those high-speed beams play important roles for
electron heating. Detailed mechanisms about how electron
beams are scattered to heat electrons are beyond the scope of
this paper.

Figure 8 shows the time evolution of the electron distribution
function at position B (magnetic island). At time €;t = 18.75
(panels (a)—(c)), the distribution function is nongyrotropic, but
compared with the distribution at position A (panels (a)—(c) in
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Figure 6. (a)-(d) Time evolution of electron temperature 7,. The magenta point (A) is the position of an X line, while the cyan point (B) is inside an ion-scale island.
(e)—(f) Electron energy spectra at position A (panel(e)) and position B (panel (f)). At ;r = 19.69 (panel (d)), there is no X line around position A, and the magnetic
island above position A seen in panel (c) has already been dissipated in panel (d). Two positions, A and A’, are chosen in the region where T, is large (red color

region).

Figure 7), the distribution at point B is more gyrotropic. As
time evolves, the radius of the distribution function increases.
Panels (d)—(f) at Q;=19.06 show that the radius of the
distribution is slightly larger than at the previous time. The
increase of the radius of the distribution function continues
until ;7 = 19.69. At the same time of the increase of the radius,
a strong z-directional electron beam is generated at €2, = 19.38
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(panels (g)—(i)), and the beam remains until ;z = 19.69 (panels
(G)—(D). Again, the beam formation is one of the causes of the
electron temperature enhancement in the magnetic island.
Compared with the distribution at the X line (Figure 7), the
distribution in the island has a persistent strong electron beam
that lasts longer than the beam at the X line. Note that the beam
direction is not parallel to the magnetic field. This z-directional
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Figure 7. (a)-(1) Reduced 2D electron distribution functions at position A (X line), shown in Figure 6. Panels (a)—(c) are distribution functions at 2, = 18.75, and the
white lines in panels (b) and (c) show the direction of the magnetic field. Panel (a) shows the velocity plane perpendicular to the magnetic field. As time evolves, the
temperature (thermal spread) increases, and multiple beams are generated. (m)—(0) Electron distributions at position A’ in Figure 6. Compared with panels (j)—(1) for
position A, the thermal spread around each of multiple beams is larger, suggesting that heating occurs.
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electron beam can be understood as the beam generated by the
E x B drift due to the in-plane electric fields E, and E|. As we
have seen in Figure 3, in each ion-scale island, there is a strong
Hall electric field that points toward the center of the island.
Magnetized electrons are drifting in the positive z-direction
because of the E x B drift due to the in-plane electric fields in
each island, and even unmagnetized energetic electrons can
drift in the same direction as the E x B drift; therefore, we
observe the strong z-directional beam in panels (h), (i), (k), and
(1) in Figure 8.

3.3. Electron Acceleration and Particle Tracing

We investigate individual electrons’ trajectories to under-
stand where and how they are accelerated in the shock
transition region. We choose electrons (actual particles in the
PIC simulation, not test particles) in regions where reconnec-
tion occurs, and trace their trajectories and the time evolution of
their momenta, energies, and the work done by each
component of electric field, which is given by —e ijvjdt,
where j represents a component of the electric field, either j = x,
y, or z, or j = || (parallel to B), and the perpendicular work is
defined as the total work subtracted by the parallel work.

We plot in Figure 9 the trajectory of an electron that is
accelerated at an X line denoted by X1 (at (x, y) = (46d;, 7.5d)))
in panel (a) at ;7 = 18.91. The black curves are magnetic field
lines, and the particle trajectory starting at £2;# = 18.75 is shown
by the red curve. In panel (a), among several X lines in this
plot, two reconnection X lines, X1 and X2, are marked. X1 is
the same X line as position A in Figure 6. The electron is
interacting with X1, and it is ejected to the outflow region left
of the X line. Panel (d) is the time evolution of the electron’s
Lorentz factor 7, and y— 1 represents the kinetic energy
normalized by m.c?. The electron’s ~ is increasing at
Qit=18.75 up to 1.8, and after the ejection, it decreases a
little bit to 1.5 at €2, = 18.91. Panel (b) displays the trajectory
until 2, =19.31. The X line is moving upward during the time
interval between 2; = 18.91 and 19.31. After the electron was
ejected from X1 at ;s = 18.91, it moves downstream to the left
of X1, but the electron is reflected in the downstream region
and returns back to X1 again at €2;# = 19.31. During the second
interaction with X1 (after Q;=19.2), the electron gets
accelerated and gains energy. Panels (e) and (f) are the time
evolution of the work done by the perpendicular and the
parallel electric fields, and the perpendicular and the parallel
momenta of this particle, respectively. (The vertical axis scale
in panels (d), (e), and (f) is chosen as the same scale as in
Figure 10 for another electron, which shows more dramatic
changes of these quantities than this electron in Figure 9.) In
panel (d), the Lorentz factor v becomes almost constant until
Qit=19.2, and after that time, it continuously increases with
time until €; = 19.6. Panel (e) displays the work done by the
perpendicular electric field (red) and the parallel electric field
(blue). During the interval between ;r = 19.31 and 2, = 19.6,
the energy increase is due to the perpendicular electric field.
Panel (c) shows the particle trajectory until ;7 =19.69, and
this particle is moving back and forth in the y-direction after
Qit=19.31, during the interaction with X1. The magnetic
island between X1 and X2 is gradually dissipated between
Qit=19.31 and 19.69, and X1 has already disappeared at
Qit=19.69 (panel (c)). Panel (f) shows the momentum
components: the perpendicular momentum (red) and the
parallel momentum (blue). During the time interval between
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it =19.31 and €t = 19.6, the parallel momentum p), changes
its sign five times, during which the perpendicular momentum
p. is slightly increasing. Both |p,| and |p,| are increasing
during the bounce motion. This acceleration resembles Fermi
acceleration, but the parallel momentum increase is less
significant than the increase of p,, except for at the time of
the final reversal of p; around 2t = 19.6. After ;s = 19.6, the
electron is ejected to the downstream region with negative p.

Figure 10 shows the trajectory of another electron. In panel
(a), we see that this electron is moving back and forth between
two X lines, X3 and X4. At ;t = 19.06, the Lorentz factor -y is
around 1.75 (see panel (d)). After ;= 19.06, the energy starts
to increase, and v reaches 2.5. Panel (e) indicates that the
energy increase is due to the perpendicular work, and both v
and W, have step-function-like enhancements, consistent with
the physical picture of Fermi acceleration, where the energy
enhancement occurs due to each bounce motion, as we see in
the following. Panel (b) illustrates that during the bounce
motion between X3 and X4, another X line (X5) forms
between X3 and X4. Then this electron is trapped between X3
and X5, and starts to bounce between X3 and X5. The Lorentz
factor ~ continues to increase during the bounce motion
between X3 and X5, between €2, = 19.35 and 19.58. Panel (f)
demonstrates that the parallel momentum p; changes its sign
during the bounce motion, and the magnitude of p| increases at
each bounce. This step-function-like increase of +, energization
due to the perpendicular electric field, and the increase of |p|
are signatures of Fermi acceleration in contracting islands
(Drake et al. 2006).

To see the details of this Fermi acceleration, we plot the
dependence of the Lorentz factor - on the y-position in
Figure 10(g), during the multibounce motion between X3 and
X5 between €2; = 19.35 and 19.58. The locations of the two X
lines, X3 and X 5 are denoted by the vertical dashed lines. Each
color in the curve corresponds to the segment during a certain
time interval. For example, the magenta curve is the segment
during 19.35 < Q;r < 19.40, when the particle is moving from
right to left (denoted as R — L). During this time interval, the
particle is moving from X5 to X3 (see also panel (b)). When the
electron reaches the region of X3, around ;= 19.40, the
Lorentz factor 7 increases rapidly from 2.0-2.4 during the
reflection at X3 (see the rapid rise of the magenta curve near the
magenta arrow in panel (g)). After this reflection at X3, the
orange segment starts, which represents the electron motion
during 19.40 < Q,t < 19.47, from left to right (X3 to X5). After
the reflection at X3 at €2, = 19.40, -y oscillates between 2.4 and
1.8, and when the electron reaches X5, v increases again to 2.4.
After this second reflection at X35, the green segment starts. The
electron moves from X5 to X3, and it is reflected again at X3,
where there is also a large increase of vy to 2.6 (see the region
near the green arrow). The blue segment for the interval
19.50 < Q;t < 19.53 shows the largest « around 2.7, and the
electron encounters the fourth reflection near X5, after which
the red segment follows, and the electron moves from X5 to
X3. Finally the electron exits from this multibounce motion,
moving out toward the left. Panel (h) shows the Lorentz factor
~ as a function of time, and each color corresponds to the
interval with the same color as in panel (g). In panel (h), there
are two major increases of 7, indicated by the magenta and
green arrows, which correspond to the same times as indicated
by the arrows in panel (g).
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Figure 9. (a)-(c) (Red) The trajectory of an electron in the x—y plane. (Black) Magnetic field lines. X1 and X2 denote the locations of X lines. (d) Time evolution of
the Lorentz factor +. (e) Time evolution of the work done by the perpendicular electric field (W, in red), the work done by the parallel electric field (W) in blue), and
the sum of these two (Wi in green). (f) Time evolution of the perpendicular momentum (p in red) and the parallel momentum (pj in blue).
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Note that the PIC simulations by Matsumoto et al. (2015)
and Bohdan et al. (2020) in astrophysical perpendicular shocks
(where M, is of the order of 50) also show electron
energization by Fermi acceleration due to interactions with
multiple reconnection regions (in particular in merging
islands). In our simulation with the parameters in the Earth’s
bow shock, M, (=10.5) is much smaller than in those studies,
the shock is quasi-parallel, and the shock speed (10.5v,() is
smaller than the upstream electron thermal temperature
Vreo = 14.4v50. Even in such a lower-energy regime than
Matsumoto et al. (2015) and Bohdan et al. (2020), clear
signatures of Fermi acceleration are observed. The particle in
Figure 9 shows a similar acceleration history as shown in
Matsumoto et al. (2015) and Bohdan et al. (2020), where the
electron is accelerated as it encounters X lines (in other words,
head-on collisions with reconnection jets) as discussed in
Hoshino (2012). In contrast, the particle in Figure 10 shows a
different history, where the particle is trapped between two X
lines, and accelerated in the contracting islands, showing
stepwise increases of its energy (Drake et al. 2006).

Figure 11 displays the trajectory of an electron that is
accelerated in an ion-scale magnetic island generated by ion-
coupled regular reconnection. Panel (a) shows that this electron
is moving around the ion-scale island at €2t =19.69. This
island is the same island denoted as island 2 in Figures 1, 2, and
5. This electron enters the ion-scale island at €;t = 19.34, and
goes around the island once until ;# = 19.84. After then, it is
ejected from the island, and moves around the region below
this ion-scale island where smaller (electron-scale) islands are
generated (see panel (b)). Panel (c) shows that the electron is
ejected from this region, and it enters the downstream region of
the shock. Panel (d) is the x—z trajectory of the electron, and
after this electron is trapped in the island at €;z =19.34, it is
accelerated in the positive z-direction in the ion-scale island
and the small-scale islands until ;7 =21.34. Note that the
simulation is 2D in the x—y plane, but z in panel (d) is computed
as the time integral of v,.

Panel (e) shows the time evolution of the Lorentz factor ~.
This electron has v~ 6 at Q;t =18.75, and after it enters the
ion-scale magnetic island at €2, = 19.34, ~y increases with time.
The time interval in which the electron is going around this
island is denoted by the blue arrow between the blue vertical
lines. When it is ejected from the island, at Q;z=19.84, v
reaches ~10. After the ejection, +y is still gradually increasing
while the electron is moving around in the region below the
ion-scale island, and y becomes close to 12. Panel (f) shows the
work done by the parallel electric field (blue) and the
perpendicular electric field (red). Most of the energy increase
is due to the perpendicular electric field.

The time evolution of the parallel and perpendicular
momenta is shown in panel (g). While the electron is in the
ion-scale island, first, the parallel momentum is almost zero
between ;=193 and 19.6. During that interval, the
perpendicular momentum increases with time. In panel (a),
we see that the electron is moving along the left side of the ion-
scale magnetic island between 2t = 19.3 and 19.6. During this
time interval, the electron is magnetized, and the zigzag pattern
along the left side of the island in panel (a) represents the gyro-
motion. After Q;=19.6, panel (g) shows that the parallel
momentum increases rapidly, and the perpendicular momentum
decreases. After the electron is ejected from the ion-scale
island, the parallel momentum p) becomes negative and the
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magnitude |p;| increases with time until Qs =20.5. After that,
p) oscillates a few times, while the perpendicular momentum
p. increases with time until ;=21.25, around when -y
reaches the maximum value, vy~ 12.

Panel (h) presents the decomposition of the work into three
components of electric fields, E, (red), E, (blue), and E,
(green). During the time interval in the ion-scale magnetic
island, the green curve for W,, which represents the work done
by E,, the same direction as the reconnection electric field, is
decreasing with time. The dominant contributions to energize
this electron are the in-plane electric fields, E, and E,. During
the time interval in the ion-scale island, first, the red curve for
W, increases until {2,z = 19.6. After that, the blue curve for W,
increases rapidly, and the work done by E, becomes the largest
contribution before the electron is ejected from the ion-scale
island. The blue curve continues to rise in the region below the
ion-scale island until €; =20.25. After that, W, starts to
increase, and it becomes the highest contribution at the end.

Let us see more details of the energization by the in-plane
electric fields while the electron is moving around the ion-scale
magnetic island. Figure 12 illustrates the time evolution of the
spatial distributions of E, and E, in the ion-scale island
(grayscale), and the electron trajectory (red). The light blue
curves are magnetic field lines, and we see that the island is
moving from the lower-right region to the upper-central region
in the 2D domain. The yellow dots in each plot show the
position of the electron at each time denoted in the yellow box.
At Q;t =19.41 (panels (a) and (b)), the electron is at the upper-
left part of the island, and it has passed through the upper-right
part of the island. In the island, there are strong in-plane electric
fields E, and E|, pointing toward the center of the island. These
electric fields cause the formation of the electric potential ¢ that
has a dip at the center of the island. Since the electron has a
negative charge, the electron feels a potential —e¢ that has a
positive peak at the center of the island.

After the electron enters the island, the electron starts to
move in the positive y-direction. While the electron is moving
in positive y, the relative position of the electron in the island
does not change much. Panels (a)—(d) indicate that the electron
stays in the upper-left region of the island between Q;r = 19.41
and 19.63. If the island is stationary, the electron does not gain
energy when it stays at the same position. However, the island
is moving upward, and the electron gains energy with the
amount, AW, = — e[Eyvydt = e|E,_,/|l,, where |E,_,,| is the
average of |E,| in the path of the electron, and /, is the electron
displacement in the y-direction. Therefore, as we see in panel
(h) in Figure 11, the electron shows a significant increase of W,
during the time interval in the ion-scale island. In addition, the
electron gains energy from E, when the electron moves left
during the gyration, since there is strong E, pointing right
within the left side of the island. The island is moving in the
negative x-direction, and the electron is also slightly moving in
the negative x-direction between 2z =19.41 and 19.63 (see
panel (c)). Therefore, the electron also gains energy from E,
while the island and the electron move in the negative x-
direction together, and Figure 11(h) shows an enhancement of
W, in the island. The sum of W, and W, increases with time
while the electron is in the island. Panels (e) and (f) in
Figure 12 show the electron trajectory after €2,z = 19.63. After
the electron reaches the upper edge of the island, it moves
downward, passing through the region where E, >0 until
Qit=19.84. The electron gains further energy while the
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Figure 11. (a)-(c) (Red) The trajectory of an electron accelerated in an ion-scale island in the x—y plane. (Black) Magnetic field lines. (d) The trajectory in the x—z
plane. The position z is based on the time integral of v,. (e) Time evolution of Lorentz factor ~. (f) The time evolution of the work done by the perpendicular electric
field (W, in red), the work done by the parallel electric field (W) in blue), and the sum of these two (Wo in green). (g) Time evolution of the perpendicular
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(W, in green). In panels (e)—(h), the time interval between the two blue vertical lines represents when the electron is interacting with the ion-scale magnetic island.
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Figure 12. Time evolution of the ion-scale magnetic island, the electric field E, and E,, and the electron trajectory (the same electron as shown in Figure 11). The light
blue curves are magnetic field lines, and the grayscale shows E| (panels (a), (), and (e)) and E, (panels (b), (d), and (f)). The red curves are the electron trajectory, and
yellow dots surrounded by green, blue, and red circles are the positions at each specific time indicated by the numbers in yellow rectangles. While this electron is going
around the ion-scale island, it is energized mainly by E,.

electron is moving gradually to a position farther from the from the in-plane electric field E, reaches 5mc* (see the blue
center of the island, since the electric potential, -e¢, becomes curve in panel (h) in Figure 11). Note that this energy gain,
smaller there. As we see in panels (e) and (h) in Figure 11, the Avy~4, is exaggerated because of the artificial simulation
Lorentz factor v increases from 6 to 10 while the electron is in parameters such as m;/m, =200 and w,,. /<2, =4, which make
the island (see panel (e) in Figure 11), and the contribution the electron thermal speed and electron Alfvén speed close to
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the speed of light. In Section 3.4, we will discuss realistic
electron energization by translating the simulation result into a
real result based on realistic parameters.

Figure 13 displays another example of electron energization
in an ion-scale magnetic island. Panels (a)—(c) demonstrate that
the electron is once accelerated in an X line (X6), and it is later
trapped in a magnetic island associated with X7. After this
electron is trapped in the island, the island is moving in the y-
direction, and the island passes through the top boundary at
y=125.6d; and reappears from the bottom boundary at y =0.
The electron is kept trapped until €2, =21.88. During the
trapping, panel (d) shows that the electron is moving in the z-
direction. The energy  continues to increase until €2, =21.88
(panel (e)), and the work done by the perpendicular electric
field is the major source of the energization (panel (f)). Panel
(g) shows that after the electron was trapped in the magnetic
island around €2;# =20.63, the parallel momentum is almost
constant, but the perpendicular momentum is gradually
increasing. Panel (h) indicates that after €; =20.63, the most
significant increase is W, the work done by E_, and it rapidly
increases after €2, =21.0. The work done by the in-plane
electric field (the sum of W, and W,) is almost constant between
Q,;t =20.63 and Q,;z = 21.0, and the sum starts to decrease after
Q;t =21.0. This result shows that, in contrast to the particle in
Figure 11, the particle in Figure 13 is energized in the ion-scale
island mainly due to the out-of-plane electric field E.. This
example resembles the island surfing acceleration discussed by
Oka et al. (2010), in which electrons trapped in a magnetic
island generated in laminar standard reconnection are acceler-
ated in the island mainly due to the out-of-plane electric field.

3.4. Comparison with Other Acceleration Mechanisms

Let us compare acceleration by magnetic reconnection and
that by other mechanisms in the shock. First, let us consider an
electron that is accelerated by the shock potential (Woods 1969;
Goodrich & Scudder 1984; Scudder 1995). Since the shock
potential ep (=—e fEde) is positive in the shock transition
region, the electron gains energy from E, as it passes through
the shock. The magnitude of the shock potential is of the order
of 2miv§0MA when M, > 1 (see Ohsawa (1985)). From
Figure 4(a), using the value of (E,) at Qz=20.31, if we
numerically integrate (E,) from x = 55d; to x = 46d;, which is
the region including the first peak ~0.4B,, around x = 48d; with
its thickness ~3d;, the magnitude of the electric potential is
ed = 54m;v},, which is more than twice as large as
e¢ ~ 2mivaoMy with M, =10.5. Let us consider a situation
where electrons are accelerated by the electrostatic potential to
form an electron beam, and heating occurs subsequently due to
another heating mechanism such as scattering by fluctuating
fields, which can produce a flat-top distribution function
(Schwartz et al. 1988; Chen et al. 2018). In this case, the
electron temperature can increase to a value close to the
potential energy. This potential value ed = S4m;vi, =
54m,v3,o is much greater than the actual temperature increase,

2m, V3,0, seen in Figure 5, because electrons that are energized
by the shock potential are also decelerated by E, during their
drift motion to the positive z-direction, mainly due to the
E, x B, drift and the parallel motion along the magnetic field
line that has negative B, in the shock transition region (see
Figure 4(d)). The total energy gain is the sum of the positive
shock potential and the negative work done by E, while
electrons are drifting in the positive z-direction. To see this
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point, let us follow Bessho & Ohsawa (1999) to derive the
energization in an oblique shock. We consider the energy
equation in the shock rest frame for an electron in a laminar,
1D, stationary shock, given as

d
m‘,_,cz—fy = —eE,v, — eE v,

dt

where we only need to consider the electric field E, and E,. In
the 1D stationary shock, E, in the shock is zero because
0B, /0t = — cOE,/0x =0 and E, (E, in the far-upstream region)
is zero. The value E, is a constant value E,y = vy, By sin/c,
where vy, is the shock speed (vg, = Mavag). If we integrate the
first term in the right-hand side with respect to time (note that the
shock is assumed to be stationary and E, is not time dependent),
we obtain the shock potential e¢. The integration of the second
term on the right-hand side is the work done by E, during the
motion in the z-direction, which gives the deceleration. To
compute the integration, we consider the y-component of the
equation of motion,

ey

dyw, e e
L = ——v;Byg + =B,
dt c c

where B, in the 1D shock is a constant. Substituting v, from
this equation into Equation (1), and integrating with respect to
time, we obtain

@)

me

E
20 (Wy - 'YOVyO),
BxO

mec*Ay = ed, 4+ mec 3)
where the subscript 0 represents the quantity in the upstream
region, Ay is the increase of the Lorentz factor v — o, and e¢,
is a pseudo-potential, defined as e[¢ — (E,o/B.)A,] (see also
Scudder 1995), and A, is the vector potential given by A, =
fBde. Note that the derivative of —¢, along the field line
(—ddy,/ds = — (d¢,/dx)(Byo/B), where B = (B}, + B} + B2)!/?
and ds = (B/Byo)dx) is equal to the parallel electric field
Ey=(E.Bxw+ EB,)/B. When we consider electrons with
vy~ 0 and vyy~ 0, the energy gain of an electron that passes
through the shock is given by the pseudo-potential (e¢, =
—e fE”ds) instead of the shock potential (e = — ¢ fExdx). The
magnitude of the pseudo-potential eg, is discussed in Ohsawa
(2018), and its maximum magnitude in our simulation at
Q;t=20.31 1is obtained as ep, = ep — e(Ey/Bw)A, =
12m;v3,, where we used A, based on the numerical integral of
(B.) shown in Figure 4(d). If we neglect the second term in the
right-hand side of Equation (3), the increase of the Lorentz
factor (eg,/ m,c”) due to the pseudo-potential ~12m;vZ, in the
shock rest frame is computed to be around 0.75. Since E}; >0
will accelerate electrons along the magnetic field where the
dominant component is By, most of the electrons are flowing in
the negative y-direction with v, < 0; therefore, the effect of the
second term in Equation (3) becomes large, and the increase of
the gamma factor is much less than the pseudo-potential. This
picture is consistent with the fact that the temperature increase
in Figure 5, ~2m,v3,, is much smaller than the pseudo-
potential e¢, = 12mivi, = 12m,v},,. Note that rigorously
speaking, the simulation result is in the simulation frame,
which is different from the shock rest frame; however, the
shock in the simulation frame is moving with a small positive
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Figure 14. (a) (Red) The trajectory of an electron accelerated by the pseudo-potential in the x—y plane. (Black) Magnetic field line. (b) The trajectory in the x—z plane.
(c) Time evolution of +. (d) Time evolution of the work done by the perpendicular electric field (W, in red), the work done by the parallel electric field (W) in blue),
and the sum of these two (Wo in green). The parallel work W) is the dominant source of the energy increase.

speed (~1.5v,0) in the x-direction, which is much smaller than
the speed of light (1.5 v49=0.027¢), and about 14% of the
shock speed vg, = 10.5v,o. Considering the Lorentz transfor-
mation from the shock rest frame to the simulation frame
with the relative velocity vy = — 1.5v40, Ay in the simulation
frame (A~ is obtained using the quantities in the shock rest
frame as

“)

where 7, is a Lorentz factor based on v, and the quantities in
the right-hand side are the values in the shock rest frame
(denoted by the subscript shock). Here, v, is the velocity in the
shock frame after the acceleration, and we assume that v,q in
the shock rest frame (v, before the acceleration) is v,g = — vg,
in the upstream region. Since the electron is accelerated by E;
along the magnetic field where B, is the most dominant
component in the magnetic field, |v,| is much smaller than |v|
after the acceleration. Suppose that the electron becomes
relativistic, passing through the shock with the speed of light
along the magnetic field after the acceleration by Ej, and the
speed can be approximately expressed as v, ~ — ¢B,/By. Even
in this extreme case, the second term on the right-hand side in

A’ysim “Yrel [A’Y — Vrel (Vx’Y + vsh’YO)/Cz]shocks

22

Equation (4) is negligibly small as long as -y is of the order of
unity. Therefore, under a small relative velocity v,
A ~ Aok Decause Y~ 1, and we can apply the
estimate obtained by Equation (3) in the shock rest frame to
the simulation frame.

Figure 14 shows an electron that is accelerated mainly by the
parallel electric field (in other words, by the pseudo-potential).
This electron is at x =55d; at 2, =20.31, and it is moving
along the magnetic field. After the electron enters the shock
transition region, it starts to drift to the positive z-direction (see
panel (b)). This is due to the E, x B, drift and the parallel
motion under B, < 0. (Note that E, X B, drift in the z-direction
is determined by E,B,. In the region 48d; <x, By, <0, which
gives a negative z drift if E, > 0; however, E,( > 0) becomes
large only in the region x < 48d;, where B, > 0. In fact, at
Qr=21.25, (E,) <0.18B, in 48d; < x, while (E,) ~0.43B,
around x =48, where (E,) is the y-averaged value of E, (not
shown).) In addition, the electron starts to gain energy, and ~y
increases (see panel (c)). At ;t =21.13, the energy reaches the
maximum, v = 2.1. Panel (d) shows that the energy increase is
due to the work done by the parallel electric field (blue curve).
This is because of the pseudo-potential, and the perpendicular
work (red curve) gives a negative contribution. The energy
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increase, Ay=+—-y is around 1.0, and this increase is
consistent with the increase due to the pseudo-potential
estimate eq), = 12m;v3,, which gives an increase Ay~ 0.75.
Note that the estimate is under an assumption that the shock is
stationary and 1D, and the actual increase Ay~ 1.0 is larger
than 0.75 because the shock is 2D and nonstationary in the
simulation frame, and also many magnetic islands are
generated in the shock transition region, across which the
electron passes.

This increase Ay~ 1 due to the parallel electric field in
Figure 14 is comparable to the Lorentz factor increase for
electrons in Figures 9 and 10, where those electrons are
accelerated by multiple reconnection sites associated with
small-size islands, but much smaller than the acceleration
during the interactions with ion-scale magnetic islands, as we
see in Figures 11 (Ay~4) and 13 (Ay~2). As we see in
Figure 5(d), Lorentz factors for the most significantly
accelerated electrons reach on the order of 10, and these
high-energy electrons cannot be explained by the acceleration
due to the pseudo-potential (the acceleration by E)), but they
should be partially accounted for by the mechanism we
observed in ion-scale magnetic islands.

The large Lorentz factor increase (A<vy2>2) in ion-scale
magnetic islands can be understood in the following way. As
we see in Figures 11 and 13, electrons can be energized by both
the in-plane electric field and the out-of-plane electric field in
islands. In reconnection in the shock transition region, electrons
are accelerated and the fluid speed reaches of the order of the
electron Alfvén speed v, (see Figure 2 and also Bessho et al.
2022). The fast flow generates a strong Hall electric field (for
example, —V,, X B, convection field), B,va.o /c, where B, is the
reconnecting magnetic field. Let us use a typical value of By in
the shock transition region to represent B,. According to
Figure 1(d), B, ~ 4B, is a reasonable estimate. Therefore, in an
ion-scale magnetic island, the in-plane electric field is
Ein ~ 4Bovaco/c ~ By, where va.0/c=0.25 in the simulation.
Figure 3 shows that both E, and E, are of the order of B,. Each
magnetic island is moving in a random direction with a speed
of the order of v,o (Bessho et al. 2022), and electrons trapped
in such an island are moving in the same direction as the island
motion. Therefore, roughly speaking, if the island is moving in
a certain direction with a distance /, a trapped electron can gain
energy ~eE;,l.

Let us discuss first the electron energization shown in
Figure 11. According to Figures 11 and 12, the island speed is
around 6v,y, and the electron enters the island around
Qit=19.3 and reaches the top of the island around
Q;t=19.7. During this time, the island moves upward with a
distance 2.5d;. The minimum E, in the upper part of the island
is around —B,, but E, exerted on the electron fluctuates during
the motion. The electron feels £, ~ —0.4By on average (the
time average of E, exerted on the particle (not shown)). In the
following discussion, a quantity Q with a bar in the top, O,
refers to the averaged field value exerted on the particle. As a
result of the acceleration by E,, the increase of the Lorentz
factor Ay ~ e|E,|l/m,c* ~ 3.5 during 19.3<Qz<19.7,
where [ is the upward displacement 2.5d;. Note that this
obtained energy is larger than the potential energy in the
island, which can be estimated, roughly speaking, as
e|Ey |Fistana /mec2 ~ 1.4, where riganq 18 the radius of the island,
Fistand ~ 1d;. Since the electron travels a longer distance than
the island radius, the electron can gain energy lager than the
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potential energy of the island. From ;s =19.7 to 19.8, the
electron moves downward around the island (see Figures 12(e)
and (f)), and it is accelerated by a positive E, in the island and
obtains a similar amount of energy as in the upward motion.
However, in this downward displacement in y around 4d;, the
electron passes through a region where E, ~ 0.15B, which is
weaker than in the upper part of the island (see Figure 12(f)),
and the increase of v during the downward motion is
Ary ~ e|1‘fy|l/mec2 ~ 2.1, using [ ~ 4d,. The total contribution
of E, acceleration to the increase of v is around 5.6 (see
Figure 11(e), the blue curve in the interval of the island).
However, while the electron gains energy from E,, Figure 11(h)
shows that the electron loses energy due to E,. The sum of W,
and W, indicate that the total increase of -y during the motion in
the island is around 4. Note that the contribution of W, during
the time interval of the island is almost zero.

In the same way, let us estimate the energization in an ion-
scale island due to E,, as observed in Figure 13. The out-of-
plane field E, in an island is much less than the in-plane electric
field, and of the order of 0.01-0.1B,. An electron trapped in an
island is moving in the z-direction with its speed around a few
vaeo (see Figures 8(k) and (1), where the red population shows
v, ~40 — 50vpg ~ 2.8 — 3.5v4.0, using the mass ratio 200 in
the simulation). For the electron shown in Figure 13, the
electron is trapped in the ion-scale island around €t =20.5
until the end of the simulation at 2, =21.88, and the trapping
time 1S Zyqp ~ 1.5Q;!. While the electron is trapped in the
island, the electron moves in the z-direction with v, ~ 2.5V a0
(not shown), and a travel distance [~ v Iy, ~ 53d; (see
Figure 13(d)). Using E, ~ —0.01B; (based on E, exerted on
the particle (not shown)) and I, =53d;, the increase of the
Lorentz factor becomes A~y ~ e|E,|l./m,c? ~ 2, which is
consistent with Figure 13(h) (see the green curve for W,).

In both cases (the energization by E;, and by E.), A~y during
the trapping in the ion-scale island is much larger than A~y due
to acceleration in sub-ion-scale reconnection regions where
electron-only reconnection occurs. This is mainly due to the
fact that ion-scale islands last longer than sub-ion-scale islands.
Note that this estimate Ay~ 2-4 is for the simulation with
vaeo/c = 0.25. In the actual bow shock, va.o/c is much smaller
than 0.25, and the plasma is nonrelativistic. The energy
increase should be estimated as eEi,/ ~ ergBo(vaco/c)l, where [
is of the order of d;, and rp is a ratio of B, to By. When By = 5
nT, rg=4, and n = 20cm > (Gingell et al. 2017, 2019; Wang
et al. 2019), we obtain E;, ~20 mVm™ ', and Ay~ 1 keV.

Finally, let us compare with the shock drift acceleration
(Holman & Pesses 1983; Wu 1984; Ball & Melrose 2001). In
the shock rest frame, this acceleration occurs when electrons
drift in the direction opposite to the motional electric field
E.(> 0) due to the grad B drift, which points in the negative z-
direction. Ball & Melrose (2001) argued the maximum ratio of
the reflected electron’s energy E, to the incident electron’s
energy E;, and also the maximum ratio of the passing electron’s
energy E, to the incident energy E;. They demonstrated that for
both reflected electrons and passing electrons, the energy
increase ratio is large, of the order of 10, when the shock angle
is close to 90°. In our simulation, the shock is quasi-parallel,
and in Appendix B, we discuss the maximum energies of the
reflected electron and the passing electron due to the shock drift
acceleration, under an assumption that the shock is 1D. The
energy increase, Ay=(E, — E;)/ mec2 for the reflected electron
that reaches the maximum energy, and Avy= (E,—Ei)/mecz
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Figure 15. (a) The trajectory of an electron accelerated by shock drift acceleration in the x—y plane. (b) The trajectory in the x—z plane. (c), (d) The time evolution of ~,

Wi, Wy, and Wo. Depicted with the same format as in Figure 14.

for the passing electron that reaches the maximum energy, are
given in Equation (B16) and Equation (B27), respectively (note
that the maximum value of A~ among reflected electrons is
given in Equation (B22), while the maximum of A~ among
passing electrons is given as Equation (B27)), and A~ for both
cases under the simulation parameters is less than 0.2 (see the
discussion in Appendix B), which is much smaller than A~y for
electrons that are accelerated by reconnection in the shock.
Figure 15 shows an example of an electron accelerated by
the shock drift acceleration. Panel (a) illustrates that the
electron enters the shock around €2; =21.28, and panel (b)
shows that a drift starts in the negative z-direction, which is
opposite to the direction of the E ( > 0) field. After ;s =21.28,
the energy starts to increase (panel (c)), and the Lorentz factor ~y
reaches its maximum value around 1.8 at ),z = 21.64. Panel (d)
shows that the most dominant contribution is the perpendicular
electric field (see the red curve for W), which indicates that
the electron gains energy because it drifts to the direction
opposite to the direction of the perpendicular electric field, the
same mechanism as the shock drift acceleration. The increase
of Lorentz factor, A, due to this negative z drift motion is
around 0.6, which is greater than the prediction (Avy~0.2)
based on the 1D shock model discussed in Appendix B. This
may be because the shock in this study is 2D, and the effect of
nonuniform fluctuations (which generate magnetic islands) in
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the y-direction could be important, but studying such effects is
beyond the scope of this paper. As this example shows, A~ due
to the shock drift acceleration is less than 1.0, and this is much
smaller than A~ due to magnetic reconnection.

Since we have only investigated a limited number of
particles, there might be electrons accelerated by other different
mechanisms. Further studies, including statistical studies, are
necessary to understand how much the contribution of
magnetic reconnection is on the production of nonthermal
electrons and the total electron heating in the shock.

4. Conclusions

We have studied a quasi-parallel shock wave by means of a
2.5-dimensional PIC simulation, under the parameters in the
Earth’s bow shock, and investigated magnetic reconnection in
the shock transition region to understand electron acceleration
and heating. In the shock transition region, the plasma becomes
turbulent because of wave instabilities caused by reflected ions,
and both electron-only reconnection and ion-coupled reconnec-
tion can occur. In electron-only reconnection, ions pass through
the reconnection region, while electrons are accelerated and
heated. In ion-coupled reconnection, ion-scale magnetic islands
whose size is larger than a few d; are produced. In those ion-
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scale islands, there are strong in-plane electric fields that point
toward the center of each island.

As time evolves, many reconnection sites energize electrons,
and the energy distribution function in the shock transition
region shows a power-law spectrum. The electron temperature
inside ion-scale islands becomes higher than the surrounding
regions, and in particular, the temperature around the
circumference of each island (around the separatrix) becomes
higher than that at the center of the island. The energy spectrum
shows the highest energy when ion-scale magnetic islands are
well developed. After those ion-scale islands are dissipated,
small-scale electron-only reconnection sites dominate the
transition region, and the electron bulk energy becomes the
largest. The electron distribution functions at X lines have
multiple beams and heated electrons, while the distributions in
ion-scale magnetic islands have high-speed electron beams
moving in the out-of-plane direction. The electron temperature
increase in reconnection regions is accounted for by both the
production of electron beams and the subsequent scattering of
beam particles. Particle scattering occurs more effectively in X
lines than the inside of islands.

We have traced electron trajectories, and found that some
electrons are energized due to interactions with multiple
reconnection regions. Electrons interacting with multiple
small-size reconnection sites, most of which show electron-
only reconnection, can be accelerated by Fermi acceleration.
Those electrons are energized due to the work done by the
perpendicular electric field, and the energy and the parallel
momentum increase stepwise as they are reflected by
reconnection X lines. In contrast, in ion-scale islands, electrons
are trapped, and energized by both the in-plane electric field
and the out-of-plane electric field. The electrons trapped in ion-
scale islands stay in the islands for a time of the order of 1€ !,
and the Lorentz factor reaches on the order of 10 under the
simulation parameters we used. The highest-energy electrons
that we observed in the energy spectrum are explained by this
energization mechanism of trapping in ion-scale islands. The
energy increase in multiple electron-only reconnection sites is
comparable with the energy gain due to the pseudo-potential
(E) acceleration) and larger than that in shock drift accelera-
tion, but the highest-energy electrons are produced by ion-
coupled reconnection with ion-scale islands. Therefore, in the
nonthermal electron spectrum, the highest-energy part can be
explained by acceleration in ion-scale islands produced by
reconnection, and the middle to lowest part of the energy can
be explained by Fermi acceleration in small-size multiple
reconnection regions, as well as other conventional shock
acceleration mechanisms.

Further statistical studies of electron energization and
heating, as well as 3D studies, are necessary to better
understand the contribution of reconnection to the production
of nonthermal electrons and the total shock heating.
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Appendix A
Waves Excited by Ion-Ion Beam Instabilities

In the shock transition region, the incident ions and the
reflected ions can cause ion—ion beam instabilities. We found
that two types of waves are excited in the simulation: the right-
handed nonresonant mode, and the right-handed resonant
mode. Figure 16(a) shows the time evolution of magnetic field
lines in the x—y plane. At time €2;# = 15.63, a new shock front is
forming around x = 40d; due to the shock reformation, and in
the region 50d; < x < 60d; (marked by the red oval), there are
waves propagating obliquely to the magnetic field. The light
blue lines represent the wave planes, and they propagate in the
direction about 135° from the positive x-direction (110° from
the upstream magnetic field direction). The wavelength A\ is
between 3d; and 4d;, and the phase speed w/k is around 7v Ao,
which corresponds to w/k, ~ — 10v,q. This phase velocity in
the x-direction is faster than the upstream plasma speed —9v4q
in the simulation. As discussed in our previous paper (Bessho
et al. 2020), this wave is generated by the nonresonant ion—ion
beam instability (Sentman et al. 1981; Gary et al. 1984;
Gary 1991; Wilson 2016). This wave grows as it propagates
toward the shock, and it eventually reaches the shock to
generate magnetic islands (see the red oval region at
Q;t =18.75).

In the bottom two plots (at 2, =18.75 and 21.88), the blue
oval regions show another wave activity associated with the
shock reformation (for more details about the shock reformation,
see Bessho et al. 2020). As time evolves, the angle between the
shock normal (4-x-direction) and the magnetic field lines changes.
For example, the angle 0,y at x =55d; at ;t =15.63, 18.75,
and 21.88 is 33°, —19°, and —36°, respectively, where
Oroeat = sign((B,)tan[((B,)? + (B)*)/2/(B)], and (B,),
(By), and (B;) are B,, By, and B, averaged over y. This wave is
propagating in the negative x-direction (toward the shock) with
the phase speed w/k ~ — 2vap in the simulation, corresponding
to the phase speed —3.5v ¢ in the shock rest frame, and the phase
speed +7v o in the positive x-direction (away from the shock) in
the upstream plasma rest frame. The wavelength is around 70d;
(see also panel (c)). As shown later, this wave is generated by the
resonant ion—ion beam instability (Sentman et al. 1981; Gary
et al. 1984; Gary 1991; Wilson 2016).

Let us first see the nonresonant mode. Panel (b) shows the
profiles of By and B, along a line y = 20d; at ()t = 15.63. The
wave is propagating toward the shock (in the leftward
direction) in the simulation frame (downstream rest frame).
Since the B,, fluctuation (red) precedes the B, fluctuation (blue),
the polarization is right-handed in the simulation frame as well
as in the shock rest frame (note that the shock speed in the
simulation frame is 1.5v4q in the positive x-direction). Since the
wave phase speed in the x-direction (w/k, ~ — 10v,) is faster
than the upstream incident ions (V,= —9v,p), the wave
propagates in the negative x-direction in the upstream plasma
rest frame. Therefore, the wave is also right-handed in the
upstream rest frame. The inset in panel (b) shows the ion
distribution function at x = 55d; (the position denoted by the
black dashed line) and y =20d;. The white dashed line is the
direction of the magnetic field. The incident ions are flowing
toward the shock (with V,= — 9v,), and there are reflected
ions moving in the direction of V, >0 and V, > 0.
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Figure 16. (a) Time evolution of magnetic field lines in the x—y plane. The red oval regions show where the nonresonant wave grows, while the blue oval regions show
where the resonant wave grows. In the plot at ;t = 15.63, the light blue lines represent wave planes of the nonresonant wave. (b) B, (red) and B, (blue) along y = 20d;
at ;¢ = 15.63. Inset: the ion distribution function at x = 55d; and y = 20d,. The white dashed line shows the direction of the magnetic field. (c) (B,) (top) and (B.)
(bottom) as functions of x at each time. Inset: the ion distribution function at x = 100d; integrated over y.

Next, let us see the resonant mode. Panel (c) shows the
profiles of (B,) and (B;). The average values are shown here to
remove small-scale fluctuations to investigate the long-wave-
length fluctuations. This wave (A ~ 70d;) grows as time evolves,
propagating in the negative x-direction toward the shock with its
phase speed w/k~ —2vao in the simulation frame, which
corresponds to —3.5 v,q in the shock rest frame, and +7v,q
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(away from the shock) in the upstream plasma rest frame. In the
simulation frame and the shock rest frame, the (B.) fluctuation
precedes the (B,) fluctuation, and the polarization is left-handed.
On the other hand, in the upstream plasma rest frame, the wave
propagates away from the shock, and the polarization becomes
right-handed. The inset in panel (c) shows the ion distribution
function at x=100d; (integrated over y) at =21.88. The
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resonant velocity, Vies = (w + €2)/k, is about +20v ¢ along the
magnetic field in the upstream plasma rest frame, which is in the
thermal spread of the reflected ions. Therefore, the wave is a
right-handed resonant mode, consistent with the results by
Otsuka et al. (2019).

Appendix B
The Maximum Energy Gain due to Shock Drift
Acceleration

Let us derive the maximum energy gain that electrons can
obtain due to shock drift acceleration, assuming that the shock
is 1D, there is no E, (no cross-shock potential), and the
magnitude of the magnetic field changes from the upstream
value B,, to the downstream value B, In this discussion, the
magnetic field lies in the x—y plane, and B, =0 in both the
upstream and downstream regions. We consider Maxwellian
electrons with a thermal speed vy, in the laboratory frame. To
make the argument simple, we assume that there is a maximum
speed v, in the thermal spread; in other words, we consider a
sphere with its radius v,,, which represents the boundary of the
distribution based on the maximum speed v,,.

In the shock rest (SR) frame, the distribution becomes a
shifted sphere with its drift speed vy, toward the shock. In
Figure 17(a), we plot the drifting electrons in the v,—v, plane in
the shock rest frame (the green coordinates denoted by SR whose
origin is shown as Ogr) as a magenta circle whose radius is v,,.
This distribution is a 3D sphere, and the 2D cut of the sphere in
the v,—v, plane is shown in the plot. The center of the electron
distribution is located at (v, vy, v;)sk = (=W, 0, 0) in the SR
frame. The blue coordinates in the plot represent the laboratory
frame, whose origin is located at the center of the circle. In the
upstream region, the magnetic field has an angle 6 with respect to

(a) Reflected

R1’
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the direction of v,. Let us consider the de Hoffman Teller frame,
where the motional electric field disappears, and the energy of
those electrons is conserved. In this frame (represented by the
black coordinates denoted as dHT), the center of the magenta
circle is located as (v, Vy, V.)aur = (—Vsh, —Ven tan 0, 0). When
the electrons enter the shock, where the magnetic field increases
from B, to B,, the electrons within the loss cone (whose pitch
angle o satisfies sin>«a < sin®ag = r~' = B,/B,;) can pass
through the shock, while the electrons outside the loss cone,
sina > sin?ay = r~! are reflected by the shock. In the plot,
the gray lines are the boundaries of the loss-cone region, which
has the angle « with respect to the magnetic field line (red line).
The regions shaded with magenta represent the electrons outside
the loss cone, and after the reflection, those electrons reverse
their parallel velocities, keeping their perpendicular velocities,
and they are mapped to be the regions shaded with orange. For
example, the particle denoted as R1 in the magenta-shaded
region (the highest-energy electron in the upper magenta-shaded
region in the dHT frame) can be mapped to R2 in the orange
shaded region. Note that the particle at R1 is gyrating around the
magnetic field; therefore, it can appear at the position denoted by
R1’ (the symmetric position of R1 with respect to the red line)
during the gyration. The gray dashed line represents the
projection of the gyro-motion (imagine a circle perpendicular
to the red line) onto this 2D velocity plane. Also, the particle at
R2 can appear at R2’ (the symmetric position of R2 with respect
to the red line) during the gyration around the magnetic field. In
summary, the particle at R1 and R1’ is mapped into the particle at
R2 and R2’ after the reflection.

Let us consider the maximum energy among the reflected
electrons, measured in the SR frame. The energy in the SR
frame can be measured based on the distance of the position in

(b) Passing

Vi1

Figure 17. Diagrams to explain the maximum energy gain in shock drift acceleration. Panels (a) and (b) show reflected electrons and passing electrons, respectively.

See the text in Appendix B for more details.
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the velocity plane from the origin Osg. It is apparent that the
position of R2 represents the farthest position among the
reflected electrons (orange shaded regions) from Ogg, even
considering the 3D sphere of the distribution. This R2 is the
intersection point between the orange circle and the upper gray
line (the boundary of the loss cone). Let us obtain the
coordinates of R1, R1’, and R2. To make the argument simple
in the dHT frame, we consider the coordinates parallel and
perpendicular to the magnetic field, vy, v, ;, and v,,. See the
red coordinates in the plot, denoted by dHT’, where v is in
the v,—v, plane, while v, is perpendicular to this plane. In this
coordinate system, the center of the magenta circle is located at
Vs Vi1, Vi2)amr = (—Vvan/cos 0, 0, 0), while the center of the
orange circle is located at (v, Vi1, Vi2)anrr = (Van/cos 0, 0, 0).
We first consider positions R1 and R1’. Let us use

(BI)
(B2)

Vi1 = VL COSQ,
Vo = v, sing,

where v = (v}, + vfz)é and ¢ is the angle between the
perpendicular velocity vector and the v ; axis. The magenta

sphere with its radius v,,, and the loss-cone boundary plane,
2 2

where sin?a = sin® gy = r~! (in the 2D plot, the solid gray
lines), are given as
Vsh 2
(vu + = ) +i =, (B3)
cos @
Vv, = —than o, (B4)

respectively. From the above Equations (B3) and (B4), the
positions of R1 and R1’ in the dHT' frame are obtained by
using ¢ =0 and ¢ = 7, respectively, as

V|—r1 = —Vsh Ggao O8> v, (B5)
V1 1-R1 = Vsh G0 COS v sin g, (B6)
vi2-r1 =0, (B7)
and
ViR’ = —Vsh Ggao €OS? g, (B3)
VI1-R1' = —Vsh Ggao COS (g SIN gy, BY)
vio—r1r =0, (B10)
where
1/2
Gono = 1 (_ tanzzao i Vn212 ) / . @I
cosf cos“ 0 Vi, COS* (v

The reflection point R2 is the symmetric point of R1 with
respect to the v, | axis, given as

V|—r2 = Vsn Ggao c08? g, (B12)
Vi 1—R2 = Vsh Ggao COS v sin o, (B13)
VI2_R2 — 0. (B14)

Let us calculate the energy of the reflected particle R2
in the SR frame, and the increase of the energy due to the
reflection. In the dHT' frame, the origin Osg is located at
W Vi1, Vi2)aar = (—Ventan @ sin 6, —vy, sin 6, 0).  Therefore,
the maximum energy in the SR frame among the reflected
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electrons (the energy of R2) is given as

%mgvl%z = %me [(vj—r2 + vsn tan O sin 0)?

+ (VL1-r2 + v sin6)*]. (B15)
In the same way, we can obtain the energy at R1’ before the
reflection, (1/2)mev1§1«, by replacing v _g, and v, |_gy in
Equation (B15) with vj_ry» and vy |_gy, respectively. During
the gyration before the reflection (i.e., gyration passing through
R1 and R1’), position R1’ is the place where the electron shows
the minimum energy in the SR frame, because R1’ is closest to
Osg, which results in the maximum energy gain from R1’ to
R2. The energy increase from R1’ to R2, represented by the
increase of the Lorentz factor, A+, in the nonrelativistic limit is
obtained as

1 Vi, — vy
Ay=—1R2"RI”
i 2 c?

= ZVL;‘ZG(;@Q cos? ag sin @ (tan @ + tan avp). (B16)
c

The above equation gives the energy gain for the particle at
R2, which shows the maximum energy among the reflected
particles. However, this energy gain is not necessarily the
maximum value of the energy gain among all of the reflected
electrons. Let us obtain the energy gain for a general particle,
whose pitch angle o > «. In Equation (B4), let us replace «y
with «, and use the velocity components before and after the
reflection. Since we consider a general particle, we use a
general angle ¢ in Equations (B1) and (B2), and let us denote
the angles after and before the reflection as ¢, and ¢,
respectively. In the same way, in the following, the subscripts a
and b in other quantities represent after and before the
reflection, respectively. The energy in the SR frame after the
reflection is obtained as

%me vaZSR = %me [(V)—a + Vsp tan @ sin 0)?

+ (W1—a + v sind)? + v, 1. (B17)
In the same way, the energy before the reflection is obtained
using vy_s, Vi1, and v ,_,. When v _, = — vy, the parallel
velocity reverses after the reflection, i.e., vj_,=v,. We also
have a relation, v}, , + v?, , =v?,_, + v2,_,. Using these
relations, the energy gain in the SR frame is calculated as
2 2
Ay = 1 (vasr — Visr)
2 c?
CoS ¢, — COS P, .

=220 i rano +
C

an a). (B18)
The energy gain is maximized when ¢, =0 and ¢, =7. The
above equation indicates that at a fixed angle «, the energy gain
attains maximum when v, reaches the largest value constrained
by the conditions of Equations (B3) and (B4) before the
reflection. In other words, the maximum energy gain is
obtained at the surface of the magenta sphere. Substituting
V| =V—»=— Vo and ap = « in Equations (B3) and (B4), we
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obtain the following:
Vsh

2 Th
( Yo cosH) ]

Substituting v, tan  from Equation (B19), ¢, =0, and ¢, =7
into Equation (B18), we obtain A~y as a function of vy, as
follows:

2p
Ay = 2v‘—“; sin@{votanﬁ + [v,,z1 - (—vo + Vsh ) ] }
c cos

(B20)

votana = [v,,z1 (B19)

This value takes the maximum value when the derivative
dA~/dvy becomes zero. The condition dA~y/dvy =0 gives the
parallel speed v, as

Vsh (B21)

Vo = Vy Sin 6 +
cosf’

and the maximum energy gain becomes

Ay = 2 tan 9(— + tan 9) (B22)

Vsh
This maximum value should be obtained only when the angle «

is larger than «. From Equations (B19) and (B21), we obtain

Vi COS 0

tana = (B23)

Vy $in 6 + v /cos 6

When this value is larger than tanc,, the derivative
dA~y/dvy=0 occurs in the region of « > agp. Therefore,
Equation (B22) is valid only when tana calculated by
Equation (B23) is larger than tan . Otherwise, dA~y/dvy=0
occurs in the region « < ag, and dA~y/dvg >0 in the region
« > o, which means that A~y is an increasing function of vg in
a 2 ap. In this case, position R1 with the pitch angle « has the
largest vy, and we should use Equation (B16) for A~.

Next, let us discuss passing electrons, which are particles
within the loss cone. In Figure 17(b), we plot the mapping of
the passing electrons (only half of the electrons with v, ; >0
are shown). The gray shaded electrons within the loss cone (the
sector bounded by O,g7, R1, and R4) pass through the shock,
and they are mapped into the region with light blue after
passing to the downstream region. In the downstream region,
the magnetic field B, increases, and as a result, the angle
between the magnetic field vector and the x-axis changes from
0 to 6; = cos '(r~'cosf). Therefore, in plot (b), the new
coordinates in the downstream region, v|_;-V, 1_g, are added as
the orange arrows (denoted as dHT'-d frame). The electron
denoted as R1, located at the crossing point between the gray
line and the magenta circle, is mapped into R3, where the
parallel velocity v, _;=0. The loss-cone boundary line,
R1-O447 is mapped into R3-O,g7 on the v, |, axis (orange
line) in the dHT'-d frame. The position R3 is where the distance
from Ogyr is the same as the distance between R1 and O g7
Position R4 represents the particle with the largest |v||| (red
line) in the dHT frame, and the particles on the v axis are
mapped onto the v_, axis (orange line), because v, ;_;=0.
R4 is mapped onto RS, where the distance from O,yr is the
same as the distance between R4 and O,y7. Apparently, R3 is
the farthest position from the origin in the SR frame, Osg.

29

Bessho et al.

Therefore, among the passing electrons, the particle that has the
maximum energy is R3 in the SR frame.
Since the distance O,yr-R3 is the same as the distance

O, umR1, the coordinates at R3 in the dHT'-d frame are
obtained as

V|-a-r3 =0, (B24)

Vi —d—r3 = Vsh Gy COS Qxp. (B25)

In the dHT-d frame, the position of Osg is given as
(V) —a» Vi—1—a> Vi2—a) = (— Vs tan @ sin 6, —v, tan 6 cos 6, 0).The
energy of the particle at R3 in the SR frame (based on the
distance between R3 and Ogg) is obtained as

1

2
—MeVR3 =

1 .
> >Mme v [tan? 6 sin? 0; + (Ggao COS g

+ tanf cos,;)*]. (B26)
Note that in the upstream region, the particle at R1 is gyrating
around the magnetic field, and this particle can appear at R1’,
the symmetric point of R1 with respect to the red line. In the
downstream region, the particle at R3 is also gyrating around
the magnetic field, and this particle can appear at R3’. Since
R1’ is the closest point to the origin Osg along the gyration of
this particle in the upstream region, the energy gain becomes
the largest for the particle that is mapped from R1’ to R3.
The energy (Lorentz factor) increase, A, between R1’ and
R3 is given as
1 (vgs — vir)
2 c?

Ay =

Vg2 . _ .
= %G@ao cos agsin @ (r~! + cos agtan 6 + sin ag).
C

(B27)

Note that the largest energy gain for the passing electrons
occurs only for the particles that are on the magenta spherical
surface, not inside the sphere (we omit to show the proof,
which can be done in the same way as the analysis of reflected
electrons using Equation (B18), where we showed that the
largest vy gives the largest A~ at a fixed «). Therefore,
Equation (B27) shows the largest energy gain among all of the
passing electrons. Comparing Equation (B16), Equation (B22),
and Equation (B27), both the reflected electron and the passing
electron show similar amounts of A~.

Let us evaluate A+ using simulation parameters. We assume
that § = 25° the ratio r(=B;/B,)=4 (just as an example
based on the simulation), which gives ay=45°, the shock
speed vy, = 10.5v59, and the maximum speed v,, =40vq
(based on a typical distribution in the shock transition region
such as Figures 7(a) and 8(a)). Using these parameters and
Equation (B11), we calculate Gy,o=6.38. In the simulation,
we use vag/c =0.0177, and Equations (B22) and (B27) give
A~y =0.137 and 0.084, respectively. Note that tan o based on
Equation (B23) is 1.27, which is larger than tanoy = 1.
Therefore, we used Equation (B22) for the reflected electrons.
Here we used 6 = 25° as the value in the far-upstream region,
but the angle between the magnetic field and the x-direction
changes with time near the shock plane. In other words, the
local shock angle changes with time, and it becomes a negative
angle, such as —30° to —40° as in Figure 14(a). In a negative 6
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case, we can replace 6 in Equations (B16), (B22), and
(B27) with |f]. When we use r=4, the angle 6, =
cos~!(r~lcosf) = 77°5, which is consistent with the angle
in the downstream region in Figure 14(a). When |6] =30°,
Gygao = 6.42, and tan « in Equation (B23) is 1.08; therefore, we
use Equation (B22) for reflected electrons. Equations (B22) and
(B27) give Ay=0.175 and 0.107, respectively. Therefore, we
conclude that Ay <0.2 in shock drift acceleration, which is
much smaller than A~ observed in reconnection in the shock
turbulence.

ORCID iDs

J. E. Stawarz @ https: //orcid.org/0000-0002-5702-5802

References

Bell, A. R. 2004, MNRAS, 353, 550

Ball, L., & Melrose, D. B. 2001, PASA, 18, 361

Bessho, N., Chen, L.-J., Stawarz, J. E., et al. 2022, PhPI, 29, 042304

Bessho, N., Chen, L.-J., Wang, S., et al. 2020, PhPI, 27, 092901

Bessho, N., Chen, L.-J., Wang, S., Hesse, M., & Wilson, L. B., IIl 2019,
GeoRL, 46, 9352

Bessho, N., & Ohsawa, Y. 1999, PhPl, 6, 3076

Bohdan, A., Niemiec, J., Kobzar, O., & Pohl, M. 2017, ApJ, 847, 71

Bohdan, A., Pohl, M., Niemiec, J., et al. 2020, ApJ, 893, 6

Cassak, P. A., & Shay, M. A. 2007, PhPI, 14, 102114

Chen, L.-J., Halekas, J., Wang, S., et al. 2022, GeoRL, 49, €2021GL097600

Chen, L.-J., Wang, S., Wilson, L. B, III, et al. 2018, PhRvL, 120, 225101

Chen, L.-J., Wang, S., Ng, J., et al. 2021, GeoRL, 48, €2020GL090800

Chen, Z. Z., Fu, H. S., Wang, Z., Liu, C. M., & Xu, Y. 2019, GeoRL, 46,
10209

Drake, J. F., Swisdak, M., Che, H., & Shay, M. A. 2006, Natur, 443, 553

Gary, S. P. 1991, SSRv, 56, 373

Gary, S. P., Smith, C. W., Lee, M. A., Goldstein, M. L., & Fooslund, D. W.
1984, PhFl, 27, 1852

Gingell, I., Schwartz, S. J., Burgess, D., et al. 2017, JGRA, 122, 11003

30

Bessho et al.

Gingell, I., Schwartz, S. J., Eastwood, J. P., et al. 2019, GeoRL, 46, 1177

Gingell, 1., Schwartz, S. J., Eastwood, J. P., et al. 2020, JGRA, 125,
e2019JA027119

Gingell, I., Schwartz, S. J., Kucharek, H., et al. 2023, PhPI, 30, 012902

Gingell, 1., Schwartz, S. J., Kucharek, H., Farrugia, C. J., & Trattner, K. J.
2021, PhPI, 28, 102902

Goldman, M. V., Newman, D. L., Eastwood, J. P., & Lapenta, G. 2020, JGRA,
125, €2020JA028340

Goodrich, C. C., & Scudder, J. D. 1984, JGR, 89, 6654

Holman, G. D., & Pesses, M. E. 1983, Apl, 267, 837

Hoshino, M. 2012, PhRvL, 108, 135003

Karimabadi, H., Roytershteyn, V., Vu, H. X., et al. 2014, PhPI, 21, 062308

Kato, T. N. 2015, ApJ, 802, 115

Liu, T. Z., Lu, S., Turner, D. L., et al. 2020, JGRA, 125, e2020JA027822

Lu, Q., Yang, Z., Wang, H., et al. 2021, AplJ, 919, 28

Lu, S., Wang, R., Lu, Q., et al. 2020, NatCo, 11, 5049

Matsumoto, Y., Amano, T., Kato, T. N., & Hoshino, M. 2015, Sci,
347, 974

Ng, J., Chen, L.-J., Bessho, N., et al. 2022, GeoRL, 49, ¢2022GL099544

Ohsawa, Y. 1985, PhFl, 28, 2130

Ohsawa, Y. 2018, PhPI, 25, 052305

Oka, M., Fujimoto, M., Shinohara, I., & Phan, T. D. 2010, JGRA, 115, A08223

Otsuka, F., Matsukiyo, S., & Hada, T. 2019, HEDP, 33, 100709

Phan, T. D., Eastwood, J. P., Shay, M. A., et al. 2018, Natur, 557, 202

Retino, A., Sundkvist, D., Vaivads, A., et al. 2007, NatPh, 3, 235

Schwartz, S. J., Thomsen, M. F., Bame, S. J., & Stansberry, J. 1988, JGR, 93,
12923

Scudder, J. D. 1995, AdSpR, 15, 181

Sentman, D. D., Edmiston, J. P., & Frank, L. A. 1981, JGR, 86, 7487

Stawarz, J. E., Eastwood, J. P., Phan, T. D., et al. 2019, ApJL, 877, L37

Stawarz, J. E., Eastwood, J. P., Phan, T. D, et al. 2022, PhPI, 29, 012302

Voros, Z., Yordanova, E., Varsani, A., et al. 2017, JGRA, 122, 11,442

Wang, S., Chen, L.-J., Bessho, N, et al. 2019, GeoRL, 46, 562

Wang, S., Chen, L.-J., Bessho, N, et al. 2020, ApJ, 898, 121

Weidl, M. S., Winske, D., & Niemann, C. 2019, AplJ, 873, 57

Wilson, L. B., IIT 2016, in Low-frequency Waves in Space Plasmas, ed.
A. Keiling et al. (New York: Wiley), 269

Woods, L. C. 1969, PIPh, 11, 967

Wu, C. S. 1984, JGR, 89, 8857

Yordanova, E., Voros, Z., Varsani, A., et al. 2016, GeoRL, 43, 5969


https://orcid.org/0000-0002-5702-5802
https://orcid.org/0000-0002-5702-5802
https://orcid.org/0000-0002-5702-5802
https://orcid.org/0000-0002-5702-5802
https://orcid.org/0000-0002-5702-5802
https://orcid.org/0000-0002-5702-5802
https://orcid.org/0000-0002-5702-5802
https://orcid.org/0000-0002-5702-5802
https://doi.org/10.1111/j.1365-2966.2004.08097.x
https://ui.adsabs.harvard.edu/abs/2004MNRAS.353..550B/abstract
https://doi.org/10.1071/AS01047
https://ui.adsabs.harvard.edu/abs/2001PASA...18..361B/abstract
https://doi.org/10.1063/5.0077529
https://ui.adsabs.harvard.edu/abs/2022PhPl...29d2304B/abstract
https://doi.org/10.1063/5.0012443
https://ui.adsabs.harvard.edu/abs/2020PhPl...27i2901B/abstract
https://doi.org/10.1029/2019GL083397
https://ui.adsabs.harvard.edu/abs/2019GeoRL..46.9352B/abstract
https://doi.org/10.1063/1.873548
https://ui.adsabs.harvard.edu/abs/1999PhPl....6.3076B/abstract
https://doi.org/10.3847/1538-4357/aa872a
https://ui.adsabs.harvard.edu/abs/2017ApJ...847...71B/abstract
https://doi.org/10.3847/1538-4357/ab7cd6
https://ui.adsabs.harvard.edu/abs/2020ApJ...893....6B/abstract
https://doi.org/10.1063/1.2795630
https://ui.adsabs.harvard.edu/abs/2007PhPl...14j2114C/abstract
https://doi.org/10.1029/2021GL097600
https://ui.adsabs.harvard.edu/abs/2022GeoRL..4997600C/abstract
https://doi.org/10.1103/PhysRevLett.120.225101
https://ui.adsabs.harvard.edu/abs/2018PhRvL.120v5101C/abstract
https://doi.org/10.1029/2020GL090800
https://ui.adsabs.harvard.edu/abs/2021GeoRL..4890800C/abstract
https://doi.org/10.1029/2019GL084360
https://ui.adsabs.harvard.edu/abs/2019GeoRL..4610209C/abstract
https://ui.adsabs.harvard.edu/abs/2019GeoRL..4610209C/abstract
https://doi.org/10.1038/nature05116
https://ui.adsabs.harvard.edu/abs/2006Natur.443..553D/abstract
https://doi.org/10.1007/BF00196632
https://ui.adsabs.harvard.edu/abs/1991SSRv...56..373G/abstract
https://doi.org/10.1063/1.864797
https://ui.adsabs.harvard.edu/abs/1984PhFl...27.1852G/abstract
https://doi.org/10.1002/2017JA024538
https://ui.adsabs.harvard.edu/abs/2017JGRA..12211003G/abstract
https://doi.org/10.1029/2018GL081804
https://ui.adsabs.harvard.edu/abs/2019GeoRL..46.1177G/abstract
https://doi.org/10.1029/2019JA027119
https://ui.adsabs.harvard.edu/abs/2020JGRA..12527119G/abstract
https://ui.adsabs.harvard.edu/abs/2020JGRA..12527119G/abstract
https://doi.org/10.1063/5.0129084
https://ui.adsabs.harvard.edu/abs/2023PhPl...30a2902G/abstract
https://doi.org/10.1063/5.0062520
https://ui.adsabs.harvard.edu/abs/2021PhPl...28j2902G/abstract
https://doi.org/10.1029/2020JA028340
https://ui.adsabs.harvard.edu/abs/2020JGRA..12528340G/abstract
https://ui.adsabs.harvard.edu/abs/2020JGRA..12528340G/abstract
https://doi.org/10.1029/JA089iA08p06654
https://ui.adsabs.harvard.edu/abs/1984JGR....89.6654G/abstract
https://doi.org/10.1086/160918
https://ui.adsabs.harvard.edu/abs/1983ApJ...267..837H/abstract
https://doi.org/10.1103/PhysRevLett.108.135003
https://ui.adsabs.harvard.edu/abs/2012PhRvL.108m5003H/abstract
https://doi.org/10.1063/1.4882875
https://ui.adsabs.harvard.edu/abs/2014PhPl...21f2308K/abstract
https://doi.org/10.1088/0004-637X/802/2/115
https://ui.adsabs.harvard.edu/abs/2015ApJ...802..115K/abstract
https://doi.org/10.1029/2020JA027822
https://ui.adsabs.harvard.edu/abs/2020JGRA..12527822L/abstract
https://doi.org/10.3847/1538-4357/ac18c0
https://ui.adsabs.harvard.edu/abs/2021ApJ...919...28L/abstract
https://doi.org/10.1038/s41467-020-18787-w
https://ui.adsabs.harvard.edu/abs/2020NatCo..11.5049L/abstract
https://doi.org/10.1126/science.1260168
https://ui.adsabs.harvard.edu/abs/2015Sci...347..974M/abstract
https://ui.adsabs.harvard.edu/abs/2015Sci...347..974M/abstract
https://doi.org/10.1029/2022GL099544
https://ui.adsabs.harvard.edu/abs/2022GeoRL..4999544N/abstract
https://doi.org/10.1063/1.865394
https://ui.adsabs.harvard.edu/abs/1985PhFl...28.2130O/abstract
https://doi.org/10.1063/1.5025213
https://ui.adsabs.harvard.edu/abs/2018PhPl...25e2305O/abstract
https://doi.org/10.1029/2010JA015392
https://ui.adsabs.harvard.edu/abs/2010JGRA..115.8223O/abstract
https://doi.org/10.1016/j.hedp.2019.100709
https://ui.adsabs.harvard.edu/abs/2019HEDP...3300709O/abstract
https://doi.org/10.1038/s41586-018-0091-5
https://ui.adsabs.harvard.edu/abs/2018Natur.557..202P/abstract
https://doi.org/10.1038/nphys574
https://ui.adsabs.harvard.edu/abs/2007NatPh...3..236R/abstract
https://doi.org/10.1029/JA093iA11p12923
https://ui.adsabs.harvard.edu/abs/1988JGR....9312923S/abstract
https://ui.adsabs.harvard.edu/abs/1988JGR....9312923S/abstract
https://doi.org/10.1016/0273-1177(94)00101-6
https://ui.adsabs.harvard.edu/abs/1995AdSpR..15..181S/abstract
https://doi.org/10.1029/JA086iA09p07487
https://ui.adsabs.harvard.edu/abs/1981JGR....86.7487S/abstract
https://doi.org/10.3847/2041-8213/ab21c8
https://ui.adsabs.harvard.edu/abs/2019ApJ...877L..37S/abstract
https://doi.org/10.1063/5.0071106
https://ui.adsabs.harvard.edu/abs/2022PhPl...29a2302S/abstract
https://doi.org/10.1002/2017JA024535
https://ui.adsabs.harvard.edu/abs/2017JGRA..12211442V/abstract
https://doi.org/10.1029/2018GL080944
https://ui.adsabs.harvard.edu/abs/2019GeoRL..46..562W/abstract
https://doi.org/10.3847/1538-4357/ab9b8b
https://ui.adsabs.harvard.edu/abs/2020ApJ...898..121W/abstract
https://doi.org/10.3847/1538-4357/ab0462
https://ui.adsabs.harvard.edu/abs/2019ApJ...873...57W/abstract
https://ui.adsabs.harvard.edu/abs/2016GMS...216..269W/abstract
https://doi.org/10.1088/0032-1028/11/12/001
https://ui.adsabs.harvard.edu/abs/1969PlPh...11..967W/abstract
https://doi.org/10.1029/JA089iA10p08857
https://ui.adsabs.harvard.edu/abs/1984JGR....89.8857W/abstract
https://doi.org/10.1002/2016GL069191
https://ui.adsabs.harvard.edu/abs/2016GeoRL..43.5969Y/abstract

	1. Introduction
	2. Simulation Method
	3. Simulation Results
	3.1. Shock Propagation and Reconnection Regions
	3.2. Electron Heating in the Shock Transition Region due to Reconnection
	3.3. Electron Acceleration and Particle Tracing
	3.4. Comparison with Other Acceleration Mechanisms

	4. Conclusions
	Appendix AWaves Excited by Ion–Ion Beam Instabilities
	Appendix BThe Maximum Energy Gain due to Shock Drift Acceleration
	References



