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ABSTRACT

Turbulent magnetic reconnection in a quasi-parallel shock under parameters relevant to the Earth’s bow shock is investigated by means of a
two-dimensional particle-in-cell simulation. The addressed aspects include the reconnection electric field, the reconnection rate, and the elec-
tron and the ion outflow speeds. In the shock transition region, many current sheets are generated in shock-driven turbulence, and electron-
only reconnection and reconnection where both ions and electrons are involved can occur in those current sheets. The electron outflow speed
in electron-only reconnection shows a positive correlation with the theoretical speed, which is close to the local electron Alfv�en speed, and a
strong convection electric field is generated by the large electron outflow. As a result, the reconnection electric field becomes much larger
than those in the standard magnetopause or magnetotail reconnection. In shock-driven reconnection that involves ion dynamics, both elec-
tron outflows and ion outflows can reach of the order of 10 times the Alfv�en speed in the X-line rest frame, leading to a reconnection electric
field the same order as that in electron-only reconnection. An electron-only reconnection event observed by the magnetospheric multiscale
mission downstream of a quasi-parallel shock is qualitatively similar to those in the simulation and shows that the outflow speed reaches
approximately half the local electron Alfv�en speed, supporting the simulation prediction.

VC 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0077529

I. INTRODUCTION

Electron-only reconnection is a new type of magnetic reconnec-
tion that has been gathering attention recently. In such reconnection,
only electrons show outflow jets, and no ion jets are generated.
Electron-only reconnection was first detected by NASA’s
Magnetospheric Multiscale (MMS) mission in the Earth’s magneto-
sheath,1 where a large number of current sheets are generated due to
the shock turbulence in the downstream region of a quasi-parallel bow
shock. Since the size of these current sheets is much smaller than ion
gyro-radii, ions cannot respond to the sudden change of magnetic
fields in those current sheets, and only electrons participate in mag-
netic reconnection. As a result, electron jets are generated, but ions are
just passing through those regions without generating jets.

Later, MMS observed electron-only reconnection in the shock
transition region,2–5 the magnetosheath,6,7 and the foreshock region8,9

of the Earth’s bow shock. In addition, possible signatures of

electron-only reconnection were found in the magnetic spectrum in
turbulence in the magnetosheath.11 On the other hand, electron-only
reconnection was also observed in the Earth’s magnetotail,10 and it is
interpreted to be the early stage of regular reconnection. In the early
stage, the size of the diffusion region is small and only electron jets are
generated. The ion jets are generated in the subsequent stage after the
electron jets grow, and regular reconnection proceeds with both ions
and electrons.

Electron-only reconnection has been studied by numerical simu-
lations as well, by means of particle-in-cell (PIC) simulations12–16 and
hybrid Vlasov–Maxwell simulations.17,18 In our previous studies by
two-dimensional (2D) PIC simulations, to understand the physics of
electron-only reconnection, we investigated quasi-parallel shocks
whose shock normal angle is 25�.13,14 In those studies, we demon-
strated that when the Alfv�en Mach number (MA ¼ vsh=vA0, where vsh
is the shock speed, and vA0 is the upstream Alfv�en speed) is around 10
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and when the shock speed is smaller than the electron thermal speed,
many current sheets with their thicknesses a few ion skin depths are
generated in the shock transition region due to the ion–ion nonreso-
nant beam instability, and the subsequent secondary instability gener-
ates many sub-ion-scale modulations in magnetic fields and current
sheets with their thicknesses several electron skin depths, in which
electron-only reconnection can occur. In electron-only reconnection,
electron distribution functions show that the temperature is higher
than the upstream region, and electrons are accelerated in the direc-
tion opposite to the reconnection electric field. Due to the acceleration,
the electron outflow speed almost reaches the electron Alfv�en speed.

In contrast, regular reconnection, where both ions and electrons
are involved, also occurs in shocks, and both species can be acceler-
ated. In the same shock simulation with the 25� shock angle, one of
the regions of regular reconnection, where the ion–ion nonresonant
beam instability generates ion-scale modulations in magnetic fields,
was investigated, and we observed that both ion and electron jets are
generated.

In this study, we analyze the properties of reconnection electric
fields in electron-only reconnection and regular reconnection in the
Earth’s quasi-parallel bow shock, using a 2D PIC simulation. We will
statistically investigate outflow speeds in both electron-only reconnec-
tion and regular reconnection, and the magnitude of the reconnection
electric field and reconnection rates. Section II explains the simulation
method. In Sec. III, we investigate reconnection in the shock transition
region and discuss the analysis results. In Sec. IV, we show an example
of observation by MMS for electron-only reconnection. Section V
summarizes this study.

II. SIMULATION METHOD

We perform a two-and-a-half dimensional electromagnetic PIC
simulation for a quasi-parallel shock, where the simulation domain is in
2D, but three vector components in field quantities and particle
velocities are treated. The details of the simulationmethod are explained
in the previous papers.13,14 The mass ratio of the ion to the electron is
mi=me ¼ 200. The densities of both ions and electrons are uniform,
and they are n¼ n0 (100 particles per cell for each species) at the initial
time t¼ 0. The magnetic field is also uniform at t¼ 0, and
B0 ¼ ½B0 cos h;B0 sin h; 0�, where h is the shock normal angle, and we
use h ¼ 25�. The simulation domain has a size Lx � Ly ¼ 375di
�51:2di, where di is the ion skin depth based on the initial density n0
[di ¼ c=ð4pn0e2=miÞ1=2, where e is the elementary charge, and c is the
light speed]. The ratio of the plasma frequency [xpe ¼ ð4pn0e2=
meÞ1=2] to the electron cyclotron frequency (Xe ¼ eB0=mec) is
xpe=Xe ¼ 4:0, which gives vA0=c ¼ 1=56:6, where vA0 is the Alfv�en
speed based on B0 and n0. The beta values at t¼ 0 for the ions and the
electrons are bi ¼ 1:0 and be ¼ 1:0, respectively. With these
parameters, the electron thermal speed becomes vTe ¼ 14:1vA0.
Conducting walls are placed at x¼ 0 and x ¼ Lx, where particles are
specularly reflected, while we use periodic boundaries in the y direction.

To drive a shock wave, we impose a uniform electric field Ez and
give a negative x speed vd ¼ �9:0vA0 to all the particles, where
Ez ¼ �vdB0 sin h=c. The conducting wall at x¼ 0 reflects all the par-
ticles, which generates strong disturbances in the magnetic field, and
eventually, a shock wave is generated, propagating in the x direction
with a positive speed. Since all the particles are drifting to the negative
x direction throughout the simulation time, we inject new particles

from the boundary at x ¼ Lx. The shock speed vsh is determined by
the speed of the largest magnetic pulse in the x direction, adding the
drift speed jvdj.

III. OUTFLOW SPEEDS AND RECONNECTION ELECTRIC
FIELDS IN THE SHOCK TRANSITION REGION
A. Categorization of reconnection X lines

We investigate reconnecting current sheets generated in the
shock transition region. The details of several reconnecting current
sheets in the shock transition region in the same simulation have
already been documented in the previous papers.13,14 In this paper,
our focus is the outflow speed and the reconnection electric field,
which is the magnitude of Ez field at the X line in each reconnection
region.

Figure 1(a) shows the current density Jz and magnetic field lines
in a simulation domain, 40 < x=di < 55 and the whole y range
0 < y=di < 51:2, at Xit ¼ 18:75, where Xi is the ion cyclotron fre-
quency based on B0. The gray lines are magnetic field lines, which are
the contour of the vector potential Az, and the color contour shows Jz.
The plotted region is the shock transition region. The right side
(55di < x) is the upstream region, while the left side (x < 40di) is the
downstream region. The Alfv�en Mach number (MA ¼ vsh=vA0) is
11.4, and the magnetic field strength becomes almost six times larger
in the shock than the upstream value. For details of the shock evolu-
tion, please refer to the previous studies.13,14 Those current sheets are
generated due to two types of instabilities: a nonresonant ion–ion
beam instability (in which the fastest growing mode does not resonate
with the reflected ions but with the incoming solar wind), and the sec-
ondary instability due to multiple electron and ion beams.

In the right panel (b), the positions of X lines are marked by Xs.
We identified 43 X lines in this region and traced the motion of these
43 X lines for 100 time steps from Xit ¼ 18:75–18.78. In these 43 X
lines, we only analyze 32 X lines that are stable during the time inter-
val. The rest 11 X-line regions have one or multiple magnetic islands
disappeared within the 100 time steps, which is difficult to analyze,
and hence, they are not included. Figure 1(b) shows these 32 X lines.

For these 32 X lines, we determine whether there exist electron
jets in each reconnection region. When no electron jets are confirmed
around an X line, we categorize the region as “no active reconnection,”
which indicates that either reconnection has already ceased, or recon-
nection has just begun and no jet has been developed yet. For the X
lines where electron jets are observed, we investigate whether there are
ion jets. When no ion jet is observed around an X line with electron
jets, we categorize the X line as “electron-only reconnection.” In X
lines where ion jets are confirmed, there are some X lines where the
electron jet points to a direction different from the ion jet. For exam-
ple, there is an X line where the electron jet and the ion jet are almost
counterstreaming. Since there is a shock turbulence, strong ion flows
can be generated without reconnection, and such strong ion flows can
pass through a small-scale electron-only reconnection region.
Therefore, we categorize those X lines as “electron-only reconnection,”
because electron and ion jet motions are decoupled. When an X line
shows both electron and ion jets pointing in the same direction (the
angle between the electron and ion jets less than 10�) or similar direc-
tions (the angle � 45�) from the X line, and when the ion speed
increases from the X line to the downstream region, we categorize the
X line as “regular reconnection.” In Fig. 1(b), magenta Xs show the
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positions of electron-only reconnection, yellow Xs show the positions
of regular reconnection, and white Xs mark the positions of no active
reconnection. In these 32 X lines, 18 X lines show electron-only recon-
nection, 7 X lines show regular reconnection, and 7 X lines show no
active reconnection.

In the shock-driven turbulence, the shape of each reconnection
region is significantly distorted, and most reconnection shows asym-
metry in both the inflow direction and the outflow direction. As a
result, many reconnection regions show only a one-sided jet, which
points in a certain direction without the counterpart of the jet pointing
in the opposite direction. Later in Sec. IIID, we will discuss asymmetry
in the outflow direction in such a reconnection site with a one-sided
jet. In the 18 sites of electron-only reconnection, nine reconnection
sites show only one-sided jets, and the rest nine sites show two-sided
jets. In the seven regular reconnection sites, only one site shows both
two-sided electron jets and two-sided ion jets. There are three sites
that show two-sided electron jets and one-sided ion jets. The rest three
sites show one-sided electron jets and one-sided ion jets.

Comparing Figs. 1(a) and 1(b), we notice that regular reconnec-
tion (yellow Xs) occurs where there are large-scale magnetic islands.
For example, there is a large-scale island (whose size is a few di)
around x ¼ 50di and y ¼ 42di, and there are two yellow X lines at
ðx; yÞ ¼ ð49:45di; 38:275diÞ and ð49:925di; 41:825diÞ. Another one is
found near a large-scale island around x ¼ 49di and y ¼ 2di, and
there is a regular reconnection site whose X line is at ðx; yÞ
¼ ð48:975di; 0:925diÞ. This is because regular reconnection is often
associated with the nonresonant ion–ion beam instability, which gen-
erates a magnetic field modulation whose size is of the order of di.
Magnetic field lines bend more and more as the waves grow, and even-
tually reconnection occurs when the bent field lines generate a loop-
like structure where two oppositely directed field lines are in contact
at a point. If reconnection occurs due to this instability, regular

reconnection is realized because ions can respond to such a large-scale
(ion-scale) structure. The positions of yellow Xs in Fig. 1(b) are seen
near large-scale magnetic flux ropes (magnetic islands). In contrast,
electron-only reconnection sites (magenta Xs) are distributed in
regions with fine-scale current structures. For example, in the region
around x ¼ 50di and y ¼ 30di, there are fine structures of current
sheets [intricate patterns of red and black regions; see panel (a)], where
several magenta Xs are seen. Another region with turbulent current
sheets is seen near x ¼ 47di and y ¼ 10di, and there are many mag-
neta Xs. These regions are where the secondary instability occurs after
the nonresonant ion–ion beam instability, and many small-scale (sub-
di scale) current sheets are generated. Please refer to Ref. 14 for more
details about the instabilities in the shock. In these regions, since ions
cannot respond quickly to such small-scale changes of magnetic fields,
electron-only reconnection can occur.

B. Electron-only reconnection

Figure 2 shows an example of a reconnecting current sheet where
electron-only reconnection occurs. The plots are as follows: (a) the
current density Jz, (b) the out-of-plane electric field Ez, (c) the in-plane
electron fluid velocity Ve ¼ ðV2

ex þ V2
eyÞ

1=2 multiplied by the sign of
Vey, (d) the in-plane ion fluid velocity Vi ¼ ðV2

ix þ V2
iyÞ

1=2 multiplied
by the sign of Viy, (e) the out-of-plane magnetic field Bz, and (f) one-
dimensional (1D) plots of the magnetic field BL and the electron den-
sity ne across the current sheet. For the in-plane electric field Ex and
Ey, please see the supplementary material. The coordinates L and N
are shown in panel (d). These quantities are in the X-line rest frame,
where the X-line position is stationary. To obtain the X-line rest frame,
we measured the velocity of the X-line motion in the simulation (for
100 time steps from Xit ¼ 18:75–18.78, measuring the position at
every 10 time step), and we changed the frame from the original

FIG. 1. (a) Current density Jz in the shock transition region. Gray curves are magnetic field lines projected on the x-y plane. (b) Positions of electron-only reconnection
(magenta Xs), regular reconnection (yellow Xs), and no active reconnection (white Xs).
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simulation frame to the X-line rest frame. Suppose the X-line speed is
VX , we have Ez;rest ¼ Ez;sim þ ðVX � BÞz=c, where Ez;rest and Ez;sim
are the electric field Ez in the X-line rest frame and in the simulation
frame, respectively. In each panel, white arrows represent the vectors

of the electron fluid velocity, except for the ion fluid velocity plot
[panel (d)], where the white arrows are the vectors of the ion fluid
velocity. The X line is shown by the magenta X, and magenta lines are
magnetic field lines.

FIG. 2. Field quantities in an electron-only reconnection site, in the X-line rest frame. The X line is at ðx; yÞ ¼ ð47:5di ; 25:85diÞ, indicated by the magenta X in each plot. (a)
Current density Jz, (b) electric field Ez, (c) the in-plane electron fluid velocity Ve ¼ ðV2

ex þ V2
eyÞ

1=2 multiplied by signðVeyÞ, (d) the in-plane ion fluid velocity Vi multiplied by
signðViyÞ, (e) magnetic field Bz, and (f) 1D cuts of BL and the electron density ne along the N direction. L is the direction of the reconnecting magnetic field BL, and L-N coordi-
nates are shown in panel (d). The cuts are along the N axis. In all the plots, magenta curves are magnetic field lines. White arrows in panels (a)–(c) and (e) are the electron
fluid velocity vectors in the X-line rest frame, while those in panel (d) are the ion fluid velocity vectors. The two vertical dashed lines in panel (f) indicate the positions where we
measured B1, B2, n1, and n2 for the asymmetric reconnection theory.
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In these panels, the X line is located at ðx; yÞ ¼ ðxX ; yXÞ
¼ ð47:5di; 25:85diÞ. The current density Jz [panel (a)] shows a diago-
nally negative (black) structure from the top left quadrant (x < xX
and yX < y) to the bottom right quadrant (xX < x and y < yX)
around the X line, and this negative Jz is separated by the positive
current sheet (green and red) around the X line, which shows also a
diagonal structure passing from the top right quadrant (xX < x and
yX < y) to the bottom left quadrant (x < xX and y < yX) around the
X line. Because of this positive current sheet, two magnetic islands are
seen in the top left and the bottom right regions. Regarding the mag-
netic field direction, if we use the L-N coordinates [see panel (d)],
where L is the direction of the reconnecting magnetic field, BL < 0 in
the upper region (above the positive current sheet), and BL > 0 in the
lower region (below the positive current sheet).

Panel (c) for Ve shows an electron jet that passes through the X
line almost vertically from top to bottom. The maximum of the in-
plane electron outflow speed ðV2

ex þ V2
eyÞ

1=2 in the X-line rest frame is
Vout ¼ 10:7vA0 at ðx; yÞ ¼ ð47:5di; 25:8diÞ, slightly below the X line.
Let us apply the reconnection model by Ref. 20 for asymmetric recon-
nection to discuss the outflow speed. The magnetic field strengths at
the two sides across the current sheet in the N direction [see panel (f)]
are B1 ¼ 1:6B0 and B2 ¼ 0:99B0, and the electron densities at the two
sides are n1 ¼ 3:3n0 and n2 ¼ 2:9n0. Here, to compute B1 and B2, we
first visually determined the current sheet normal direction N as in
panel (d), and then investigate the L component of the magnetic field,
which is perpendicular to the N direction, along the N direction pass-
ing through the X line to find the two maxima positions of jBLj, as
shown in panel (f). We assume that these two maxima of jBLj repre-
sent B1 and B2, and also measured the densities n1 and n2 at the two
positions. Using the asymmetric reconnection model, the outflow
speed is predicted to be Vtheory ¼ ½B1B2ðB1 þ B2Þ=ðn1B2 þ n2B1Þ�1=2
ð1=4pmeÞ1=2 ¼ 10:2vA0, which is consistent with the observed elec-
tron outflow 10:7vA0. Note that this theoretical speed Vtheory is close to
the local electron Alfv�en speed. For example, at the position with B1
and n1, the local electron Alfv�en speed is 12.4 vA0, while at the position
with B2 and n2, the local electron Alfv�en speed is 8.3 vA0. Therefore,
the electron outflow speed is close to those local electron Alfv�en
speeds. In contrast, the ion fluid velocity [panel (d)] shows no ion jet,
and this reconnection is only due to electrons. As shown in panel (c),
this electron-only reconnection has a one-sided jet. We will discuss
later the applicability of the asymmetric reconnection theory to recon-
nection in a shock, considering both one-sided and two-sided jets (see
Subsection IIID). Also, more details about the flow patterns in this
reconnection region and the size of the electron diffusion region
(EDR) are shown in Fig. S1 in the supplementary material.

The electric field Ez in the X-line rest frame [panel (b)] shows a
positive value around the X line, which is due to the electron flow
pointing in the negative y direction. Note that the convection electric
field Ez ¼ �ðVexBy � VeyBxÞ=c � VeyBx=c with Vey < 0 and Bx < 0
below the X line. The reconnection electric field Er (jEzj at the X line)
is Er ¼ 0:075B0. The reconnection rate R ¼ Er=ðBdVtheory=cÞ, where
Bd ¼ 2B1B2=ðB1 þ B2Þ, is 0.34, and R based on the outflow speed
Vout instead of Vtheory is 0.32.

Note that there are strong electron inflows from three directions
[see panel (c) in Fig. 2 and panel (a) in Fig. S1 in the supplementary
material]: There are two inflows in the N direction, and the other is
from the positive L side (flow along the positive current sheet). Two of

these inflows (the one from the positive y direction toward the X line,
and the one in the L direction toward the X line) show large speeds
around 8 vA0, and each of these inflows also generates a large convec-
tion electric field Ez. The inflow from the positive y side generates a
positive Ez due to VeyBx=c with Vey < 0 and Bx < 0, but the other
inflow from the positive L side generates a negative convection electric
field (not shown) Ez � �VeLBN=c with VeL < 0 and BN < 0. This
unusual L-directional inflow is not seen in the standard laminar recon-
nection, but this is generated in the shock-turbulent reconnection.
However, due to the demagnetization of the electron in the diffusion
region (see Fig. S1 in the supplementary material), the effect of the
nonideal electric field surpasses the convection electric field, and the
reconnection region shows a positive Ez near the X line. This recon-
nection is driven by these strong inflows, similar to reconnection
driven by a Kelvin–Helmholtz instability.19

Panel (e) shows that there exists a large-amplitude Bz, out of
plane with respect to the reconnection plane N-L. At the X line,
Bz ¼ �3B0 ¼ �2:5Bd , and this reconnection involves a strong guide
field.

Figure 3 shows another example of a reconnecting current sheet.
The current density Jz [panel (a)] shows an almost vertical negative
current sheet at the X line, ðx; yÞ ¼ ðxX ; yXÞ ¼ ð48:5di; 37:375diÞ.
Magnetic fields point upward (By > 0) in the region left to the X line
(x < xX), while they point downward (By < 0) in the region right to
the X line (xX < x). The electron velocity Ve [panel (c)] shows an
almost vertical downward jet (Vex < 0 and Vey < 0) in the left bottom
quadrant (x < xX and y < yX) from the X line, and the maximum
speed is 5.0 vA0 at ðx; yÞ ¼ ð48:3di; 36:95diÞ. The details about the
flow patterns and the size of the EDR are shown in Fig. S2 in the
supplementary material.

Even though the negative current sheet across the X line forms
almost along the y direction, the Bx component (instead of By compo-
nent) is the reconnecting magnetic field. We decided the direction
of the reconnection (which side is the inflow and which side is the
outflow) based on the time evolution of the vector potential Az.
According to the evolution of Az (not shown), we found that the mag-
netic island in the positive y side becomes smaller as time elapses, and
this means that the direction of the BL component (reconnecting mag-
netic field) is in the x direction. Panel (d) shows the N and L directions
around the X line, and BL < 0 above the X line, while BL > 0 below
the X line. The ion velocity Vi does not show an ion jet, and this is
electron-only reconnection. Using the asymmetric reconnection model
[B1 ¼ 0:44B0; B2 ¼ 0:36B0; n1 ¼ 3:5n0, and n2 ¼ 3:3n0; see panel
(f)], the outflow speed is predicted to be Vtheory ¼ 3:1vA0, which is
close to the observed electron outflow Vout ¼ 5:0vA0.

The electric field Ez [panel (b)] is positive around the X line, and
the reconnection electric field is Er ¼ 0:005B0. This means that the
sign of the reconnection electric field is opposite to the sign of the cur-
rent density Jz, which resembles reconnection with a current sheet
with the opposite sign to the reconnection electric field in Ref. 21. In
our case, this condition results in a negative energy exchange rate [i.e.,
J � ðE þ V e � B=cÞ < 0] at the X line; however, there exist positive
regions of the energy exchange rate near the X line [see panel (e) in
Fig. S2 in the supplementary material], slightly offset from the X line
(near the negative Ez region in the vicinity of the X line, as well as part
of the outflow region near the outflow maximum), and the overall
energy exchange rate in the reconnection region is positive. Using the
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asymmetric reconnection model, the reconnection rate is R ¼ Er=
ðBdVtheory=cÞ ¼ 0:24, and if we use Vout, R¼ 0.14. Panel (e) shows
that the guide field strength at the X line is Bz ¼ �0:69B0 ¼ �1:7Bd .

In these electron-only reconnection sites, most of the electron
outflow speeds are of the order of electron Alfv�en speed, and also close
to the theoretical speed defined in the asymmetric reconnection the-
ory, that is, Vtheory. The reconnection electric fields Er in these sites are
of the order of 0.1 BdVtheory=c; that is, the reconnection rate
[R ¼ Er=ðBdVtheory=cÞ] is of the order of 0.1. Compared with the

reconnection rate of standard reconnection in the Earth’s magneto-
pause/magnetotail,22–25 where both ions and electrons are responsible
for reconnection, the reconnection rate is the same order, around 0.1;
however, the reconnection rate of 0.1 in electron-only reconnection
indicates that the reconnection electric field is unusually larger than
the reconnection electric field in the standard reconnection in the
magnetopause/magnetotail. This is because the outflow velocity Vout,
which is close to Vtheory, in electron-only reconnection is of the order
of the electron Alfv�en speed vAe. Therefore, the reconnection electric

FIG. 3. Field quantities in another electron-only reconnection site in the X-line rest frame, at the X line ðx; yÞ ¼ ð48:5di ; 37:375diÞ, in the same format as in Fig. 2.
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field in electron-only reconnection is of the order of 0.1
BdvAe=c ¼ 0:1ðmi=meÞ1=2BdvA=c, which is ðmi=meÞ1=2 larger than
the reconnection electric field in the standard laminar reconnection in
the Earth’s magnetopause/magnetotail, 0:1BdvA=c. Our argument is
consistent with Ref. 12, in which the reconnection electric field is com-
pared between electron-only reconnection and the standard reconnec-
tion. More discussions about the reconnection rates in both types of
reconnection are given in Sec. IIID.

To investigate the strength of the reconnection electric field Er,
we performed a statistical analysis for electron-only reconnection,
even though the sample size is small. The following properties are
investigated: (1) the reconnection electric field Er (jEzj at the X line),
(2) the reconnection rate [we consider two rates: Rt ¼ Er=
ðBdVtheory=cÞ and Ro ¼ Er=ðBdVout=cÞ], and (3) the outflow speed

Vout. In the observed 18 electron-only reconnection X lines, three X
lines show Ez with its sign opposite from what we expect by the evolu-
tion of the magnetic field lines (in other words, the evolution of the
vector potential Az). For example, the X line at ðx; yÞ ¼ ð51:425di;
40:3diÞ shows a negative Ez, but based on the time evolution of the
magnetic field lines, the reconnection electric field should have a posi-
tive Ez. This discrepancy in the observed Ez may be due to the tempo-
ral variation in the reconnection electric field affected by the
surrounding region, which is beyond the scope of this paper. We dis-
card those three X lines that show Ez inconsistent with what we expect,
and we use the rest 15 X lines for the statistical analysis.

Figure 4 shows histograms for the reconnection electric field
Er, the reconnection rates [Rt ¼ Er=ðBdVtheory=cÞ and Ro ¼ Er=
ðBdVout=cÞ], and the electron outflow speed Vout. Figure 4(a) shows a

FIG. 4. Histograms for electron-only reconnection. (a) Reconnection electric field Er, (b) reconnection rates Rt ¼ Er=ðVtheoryBd=cÞ (black) and Ro ¼ Er=ðVoutBd=cÞ (red), (c)
theoretical outflow speed Vtheory (black) and observed outflow speed Vout (red), and (d) the ratio Vout=Vtheory .
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histogram for Er normalized by the magnetic field B0 in the shock
upstream region. In the 15 X lines we analyzed, seven X lines have Er less
than 0.02, and the rest of the X lines range from 0.02 to 0.08. The mean
is 0.031B0 (¼ 0:36B0 sin hVsw=c, where Vsw ¼ 11:4vA0 represents the
solar wind speed), the minimum is 0.0038B0 (¼ 0:044B0 sin hVsw=c),
and the maximum is 0.075B0 (¼ 0:88B0 sin hVsw=c). Figure 4(b) shows
two histograms: One is for the reconnection rate Rt ¼ Er=ðVtheoryBd=cÞ
(black), and the other is for the reconnection rate Ro ¼ Er=ðVoutBd=cÞ
(red). In these 15 X lines, 12 X lines show Rt less than 0.4, and the rest
three X lines show the reconnection rate Rt larger than 0.6. The two X
lines indicated by the black arrow are the ones with Rt > 1:0 (Rt ¼ 1:4
and 2.6). Including these three large reconnection rates, the mean is 0.43,
but if we exclude these three as outliers, the mean of the 12 reconnection
rates Rt is 0.16. In the total 15 reconnection rates, the minimum is 0.019,
and the maximum is 2.6. For the reconnection rate Ro (red), where Vout

is used, only one reconnection rate Ro shows larger than 1, and 14 recon-
nection rates are less than 0.6. The mean is 0.25, the minimum is 0.029,
and the maximum is 1.0. Note that in the standard laminar reconnec-
tion, a theoretical study26 shows that the upper limit of the reconnection
rate should be smaller than around 0.5 in nonrelativistic cases. However,
reconnection in the present study is driven reconnection due to strong
flows in the shock turbulence, and in that case, reconnection rates can be
much larger than 0.5.

Figures 4(c) and 4(d) show histograms for the outflow speed,
Vout. Panel (c) shows histograms for Vout (red) andVtheory (black), nor-
malized by the Alfv�en speed in the upstream region vA0 [note that the
electron Alfv�en speed in the upstream is vAe0 ¼ ðmi=meÞ1=2vA0
¼ 14:1vA0 in the simulation with mi=me ¼ 200]. For the observed
outflow speeds Vout (red), the speeds are distributed between 4:0vA0
and 18:0vA0, and the mean is 10:1vA0, which is 0.72 of the electron
Alfv�en speed vAe0 ¼ 14:1vA0 in the upstream region. The minimum is
5.0 vA0, and the maximum is 17.4 vA0. However, the minimum value
5:0vA0 does not mean that the outflow speed at that reconnection site
reaches much less than the local electron Alfv�en speed, because the
local electron Alfv�en speed is close to Vtheory. The black histogram is
for Vtheory, and the values are spread between 2 vA0 and 22 vA0. Panel
(d) shows a histogram for Vout normalized by the theoretical predic-
tion speed, Vtheory. Most of the X lines show Vout=Vtheory around 1.0
(between 0.5 and 2.0). The minimum value of the outflow speed in
panel (c), Vout ¼ 5:0vA0, corresponds to Vout=Vtheory ¼ 1:6; therefore,
that outflow speed actually exceeds the predicted speed. The minimum
of Vout=Vtheory is 0.52, and the maximum is 3.4. Three X lines show
larger than 2.25 (Vout=Vtheory ¼ 2.4, 2.5, and 3.4). Therefore, all the
electron outflows show larger than 0.5 of the predicted speed.

Figure 5 shows scatterplots for the outflow speed Vout, the recon-
nection electric field Er, and the reconnection rates Rt and Ro. Panel (a)
shows a plot for Vout as a function of Vtheory. The outflow speeds Vout

range from 5:0vA0 to 17:4vA0, and there is a positive correlation
between Vout and the theoretical prediction Vtheory. We investigated
the correlation based on Spearman’s rank correlation, since the sample
size 15 is small, and the distributions of both Vout and Vtheory are not
Gaussian [see the histograms in Fig. 4(c)]. The Spearman’s rank corre-
lation coefficient is 0.75, and the p-value (using the t-distribution for
the degrees of freedom n – 2, where n is the sample size) is 0.0013,
which is less than 0.05 (5% significant level). We conclude that there is
a strong positive correlation between Vout and Vtheory, and the recon-
nection outflow Vout is well explained by the asymmetric reconnection

theory with using the electron mass me. Note that we confirmed that
these reconnection regions show converging inflows in the N direction
toward the X line (see examples in the supplementary material), which
are necessary for reconnection [see also Eqs. (A2) and (A3) in the
Appendix and Eq. (3) in Sec. IIID]. As it is explained later in
Sec. IIID, the outflow speed Vout becomes close to Vtheory, even under
a strong background flow, as long as there exist converging inflows
toward the X line. Therefore, the correlation between Vout and Vtheory

indicates that the outflows result from reconnection driven by the
background flows.

Panel (b) shows the reconnection electric field Er as functions of
the theoretical speed Vtheory (black) and the observed outflow speed
Vout (red). Seeing the black scatterplot, it is hard to see a correlation
between Er and Vtheory. In contrast, if we use the observed outflow
speed Vout (red scatterplot), we can see a weak correlation between Er
and Vout. Since the distribution of Er is also not a Gaussian [Fig. 4(a)],
we performed Spearman’s rank correlation analysis. The rank correla-
tion coefficient is 0.33 for the red data points. However, the p-value is
0.23. This large p-value is mainly due to the small sample size, and we
cannot conclude, with this p-value, whether there is a weak correla-
tion. Nevertheless, we can at least say that there may be a tendency
that the larger the outflow speed, the larger the reconnection electric
field. To prove this, we need to increase the sample size. In the follow-
ing analysis for other variables, if we find that the rank correlation
coefficient is large but the p-value> 0.05, we will interpret that there is
a “tendency” of the correlation between the two variables. In contrast,
if we find that the correlation coefficient is large and the p-
value< 0.05, we will “conclude” that there is a correlation.

The electron-only reconnection in the transition region of the
quasi-parallel shock has a strong guide field, as shown in Figs. 2(e) and
3(e) and also in Fig. 6 later, and the outflow velocity is tilted with
respect to the current sheet near the X line. Also, most of the electron-
only reconnection sites have asymmetric field quantities across the
current sheet around each X line, and there is a significant asymmetry
in the inflow and outflow velocity patterns. As a result, the outflow
velocity parallel to the magnetic field may become significantly large.
The parallel outflow component does not contribute to the convection
electric field in the reconnection region. In Fig. 5(b), the outflow speed
Vout may contain a significant contribution from the parallel outflow
speed, and it is still not clear whether a large outflow speed makes the
reconnection electric field large. Therefore, we investigate another cor-
relation between the reconnection electric field Er and the convection
electric field due to the outflow. If we assume a steady-state reconnec-
tion model, where the reconnection electric field is uniform around
the X line, the outflow velocity Vout will generate the convection elec-
tric field Ez ¼ �ðVout � BÞz=c, which is equal to the reconnection
electric field Ez at the X line. Even though the electron-only reconnec-
tion in the shock is not steady-state reconnection, we expect that there
is a correlation between Er and the convection electric field by the out-
flow. The scatterplot with black data points in Fig. 5(c) shows for Er as
a function of the convection electric field by the outflow. To make this
plot, we excluded the data at two X lines where the sign of the convec-
tion electric field and the sign of Ez at the X line are opposite; therefore,
we used 13 data points. Although there is a large spread of the data
points, we see a weak correlation between Er and the convection elec-
tric field. The Spearman’s rank correlation coefficient is 0.31.
However, again, due to the small sample size, the p-value is 0.30, and
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we cannot disprove that there is no correlation. From panels (b) and
(c) and the rank correlation coefficients (0.33 for Er and Vout, and 0.31
for Er and the convection electric field), we confirm tendencies that
the reconnection electric field Er is weakly correlated with the outflow
Vout and the convection electric field, but further study with a larger
sample size is necessary. In contrast, the scatterplot with red data
points in Fig. 5(c) shows a relation between Er and the convection elec-
tric field due to the inflow velocity. For the inflow velocity, wemeasured
the electron fluid velocity V in at one of the inflow edges of the EDR
(the same points where we measure the maxima of BL along the N axis
to obtain Bd), and we computed the z component of the convection
electric field�ðV in � BÞz=c. We used only 13 data points from recon-
nection regions where the signs of the convection electric field and the

reconnection electric field are the same. We see a positive correlation
between the convection electric field due to the inflow and the recon-
nection electric field Er. The positive correlation is seen because the
inflow convection generates a roughly uniform electric field in the EDR
including the reconnection electric field, even under the turbulent con-
dition (see a quantitative discussion in Sec. IIID). The Spearman’s rank
correlation coefficient is 0.70, and the p-value is 0.007.

Panel (d) shows a plot for the reconnection rates Rt and Ro. The
data points for both rates (black and red) show an increase in the
reconnection rate as the normalization quantity (horizontal axis)
becomes small. If the reconnection rate were a constant value, we
would see a flat distribution of the data points along constant values of
Rt and Ro. This plot shows that the reconnection rates are not constant.

FIG. 5. Scatterplots for electron-only reconnection. (a) Vout vs Vtheory; (b) Er vs Vtheory (black) and Er vs Vout (red); (c) Er vs convection Ez due to Vout (black) and Vin (red); and
(d) reconnection rate Rt vs VtheoryBd=c (black) and Ro vs VoutBd=c (red).
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The reconnection rates become larger in smaller VtheoryBd=c and
VoutBd=c, because the outflow speed (Vtheory and Vout) becomes small,
but the reconnection electric field Er is only weakly correlated with
Vtheory and Vout. Also, the increase is due to small Bd when the size of
the reconnection region is small (such as a small sub-di scale magnetic
island), which makes both Bd and Vout � Vtheory small.

Figure 6 shows scatterplots for the reconnection electric field Er
and the reconnection rate Rt as functions of the guide field strength Bg
(jBzj at the X line). In both panels (a) and (b), the black data use the
guide field Bg normalized by the upstream magnetic field B0, while the
red data use Bg normalized by the local value of Bd. In those electron-
only reconnection sites, there are generally strong guide fields less than
10B0, and if we use a local Bd, the highest guide field is Bg ¼ 27Bd ,
which is due to small Bd in a small reconnection region (small sub-di
scale island). Panel (a) shows that there is no correlation between the
reconnection electric field Er and the guide field Bg in the black data
points. In the red data points, a weak negative correlation is seen
between Er and Bg=Bd , but the highest three Bg=Bd points can be con-
sidered outliers, as we explain bellow. Using the rest 12 red data points
(removing the highest three points), the Spearman’s rank correlation
coefficient is almost zero.

In panel (b), it is also hard to conclude about a correlation
between the reconnection rate Rt and the guide field. The highest three
reconnection rates (Rt ¼ 0:6, 1.4, and 2.5) show strong guide field
Bg=Bd > 10, and this is because of the small Bd in a small reconnec-
tion region. Therefore, the extremely large reconnection rate Rt for
these three X lines can be considered outliers [these three outliers cor-
respond to the three highest Rt in the histogram; Fig. 4(b)], and the
other reconnection rates are concentrated in the region less than
Rt < 0:5. After removing those three outliers of extremely large Rt,
there might be a weak negative correlation between the reconnection
rate and the guide field strength. The Spearman’s rank correlation
coefficients are �0.31 (p-value¼ 0.33) for the black data points and

almost zero for the red data points. Rt shows higher values around
0.35 in Bg=B0 < 3 and Bg=Bd < 3, but Rt becomes around 0.1 in the
ranges 5 < Bg=B0 < 10 and 5 < Bg=Bd < 10. Tendencies of a weak
negative correction are seen in these data points, but the sample size is
too small to make a conclusion.

C. Regular reconnection

In the shock transition region, we identified seven regular recon-
nection sites, indicated by the yellow Xs in Fig. 1(b). We investigated
details of the reconnection electric field and ion and electron outflow
speeds around these seven X lines. One example of regular reconnec-
tion (the X line at ðx; yÞ ¼ ð49:925di; 41:825diÞ, near the largest
magnetic island around x ¼ 50di and y ¼ 42di) has already been
documented in Ref. 13.

Figure 7 shows field quantities in a regular reconnection site, in
the same format as Figs. 2 and 3, except for panel (b), where the white
arrows show the ion flow vectors. Around the X line at ðx; yÞ
¼ ðxX ; yXÞ ¼ ð49:8di; 21:2diÞ, there is a current sheet with negative Jz
along the vertical direction [panel (a)]. Across this current sheet, the
reconnecting component of the magnetic field reverses its sign. In
other words, using the L (direction of the reconnecting magnetic field)
and N (normal component) directions drawn in panel (d), we have
BL > 0 in x < xX and BL < 0 in xX < x. The reconnection electric
field is negative (Ez ¼ �0:095B0), and the region surrounding the X
line has negative Ez [panel (b)].

Panels (c) and (d) show the electron and the ion fluid velocities
in the X-line rest frame. The electron flow [panel (c)] shows a bipolar
outflow pattern across the X line in the y direction; there is a strong
upward outflow Vey > 0 in yX < y, while a negative outflow Vey < 0
in y < yX . In the yX < y side, the maximum electron outflow speed
reaches 13.0vA. However, this outflow speed is much smaller than the
predicted electron outflow Ve�theory ¼ 34:9vA0 using the magnetic

FIG. 6. Scatterplots for electron-only reconnection. (a) Er vs guide field Bg=B0 (black) and Er vs Bg=Bd (red); and (b) reconnection rate Rt vs Bg=B0 (black) and Rt vs Bg=Bd
(red).
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fields and densities at the two sides [B1 ¼ 1:46B0; B2 ¼ 4:15B0; n1
¼ 0:96n0, and n2 ¼ 1:08n0, shown in panel (f)], with the electron
mass me. Slightly away from the outflow regions, in the region where
xX < x (around x ¼ 50:5di) and yX < y, there is a strong downward
(Vey < 0) flow, while in the region where x < xX (around x ¼ 49:0di)
and y < yX , there is a strong upward (Vey> 0) flow. This upward flow
is mainly due to another reconnection site at ðx; yÞ ¼ ð48:8di;
20:85diÞ, and the outflow from that neighboring reconnection site

plays a role as a part of the inflow in this regular reconnection site. If
we look into the vicinity of the X line at (xX, yX), there is an electron
inflow toward the X line from left to right (from the x < xX side to
the xX < x side). The ion flow [panel (d)] shows a strong upward
(Viy > 0) flow in both y < yX and yX < y. In the region y < yX , there
are two flows (near x ¼ 49di and near x ¼ 50di) with Viy> 0, and the
flow near x ¼ 49di includes the outflow from the neighboring recon-
nection site. In the regular reconnection site at (xX, yX), the flow

FIG. 7. Field quantities in a regular reconnection site whose X line is at ðxX ; yX Þ ¼ ð49:8di ; 21:2diÞ, in the X-line rest frame, in the same format as in Fig. 2, except for panel
(b) where white arrows show the ion fluid velocity vectors in the X-line rest frame.
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around x ¼ 50di plays a role as the ion inflow. This inflow passes
through the X line in the positive y direction, and the flow direction
changes to a direction with Vix > 0 and Viy > 0 in yX < y. The ion
outflow has a peak of 7.4 vA0 at ðx; yÞ ¼ ð50:025di; 21:925diÞ, and
another peak of 7:2vA0 at ðx; yÞ ¼ ð50:6di; 22:75diÞ. Surprisingly,
these outflow values are much greater than the predicted ion outflow
Vi�theory ¼ 2:5vA0 using B1, B2, n1, and n2 with the massmi ¼ 200me.
The origin of this unusually fast ion outflow speed is likely the back-
ground ion flows due to ion reflection in the shock transition region
(see also Ref. 14 for the ion distribution functions that contain
reflected ions). Turbulent ion flows in the background already have
fast flow speeds, and reconnection in this region further accelerates
ions from the X line to the region yX < y. More details of flow struc-
tures in this regular reconnection region are given in Figs. S3 and S4 in
the supplementary material. Also, Fig. S5 in the supplementary mate-
rial shows a Hall electric field in the in-plane electric field, which
points toward the magnetic neutral line, due to the decoupling of elec-
tron and ion motion.

Note that this regular reconnection site has a few different fea-
tures from the standard laminar reconnection. One is that the ion out-
flow is generated in the positive L and negative N side from the X line,
but this outflow region near x ¼ 50di and y > 22di is usually the
inflow region in the standard laminar reconnection, where the inflow
points toward the X line. This unusual outflow region in this regular
reconnection site is produced mainly because of the small size of the
magnetic island structure. Another difference is that the ion motion is
decoupled from the electron motion in most of the reconnection site
around the X line. As a result, the electric field Ez [panel (b)] in the ion
exhaust region (xX < x and yX < y) is not consistent with the convec-
tion electric field �V i � B=c, and the negative sign of Ez in the ion
exhaust region is opposite from the positive sign of the convection
electric field (�VixBy > 0 because Vix > 0 and By < 0 in the ion
exhaust region). In this ion exhaust region, there is a strong downward
(Vey< 0 andVex< 0) electron flow [see panel (c) in the region around
x ¼ 50:5di and yX < y] whose speed is comparable to the ion exhaust
speed. Therefore, this decoupling between the electron and the ion
motions causes the Hall current, and the generalized Ohm’s law tells
that Ez is balanced with the convection effect due to the electron
motion in the ion exhaust region (�VexBy < 0 because Vex < 0 and
By < 0). This regular reconnection in the shock is very different from
the regular reconnection in the Earth’s magnetopause/magnetotail,
where the convection electric field due to the electron flow and the ion
flow show the same sign, and the ion and the electron motions are
almost coupled in the ion exhaust region. The reason why there is a
strong decoupling between the electron and the ion flows is mainly
because the size of the island structure in the shock is small (of the
order of di), and both ions and electrons with fast flow speeds (of the
order of 10 vA0) cannot be completely magnetized.

Figure 8 shows histograms for the reconnection electric field, the
reconnection rates, and the ion and electron outflow speeds in regular
reconnection sites. Panel (a) shows the histogram for Er normalized by
the upstream magnetic field B0. The reconnection electric fields range
from 0 to 0.1B0: The mean is 0.039B0 (¼ 0:45B0 sin hVsw=c), the mini-
mum is 0.010B0 (¼ 0:12B0 sin hVsw=c), and the maximum is 0.095B0
(¼ 1:1B0 sin hVsw=c). Comparing with Fig. 3(a) for electron-only
reconnection, Er in regular reconnection in the shock transition region
does not have a significant difference from Er in electron-only

reconnection, and both electron-only reconnection and regular recon-
nection show similar magnitudes of Er. Panels (b) and (c) show histo-
grams for reconnection rates, where we chose four normalizations: (1)
BdVe�out=c [panel (b), red], where Ve�out is the observed electron out-
flow speed, (2) BdVe�theory=c [panel (b), black], (3) BdVi�out=c [panel
(c), red], where Vi�out is the observed ion outflow speed, and (4)
BdVi�theory=c [panel (c), black].

Panel (b) shows the reconnection rates Ret ¼ Er=ðVe�theoryBd=cÞ
(black) and Reo ¼ Er=ðVe�outBd=cÞ (red), based on the electron
outflow speeds. Both the black and the red histograms show similar
distributions. The mean values are 0.13 (black) and 0.14 (red), the
minimum values are 0.018 (black) and 0.028 (red), and the maximum
values are 0.35 (black) and 0.29 (red), respectively. Panel (c) shows the
histograms for the reconnection rates Rit ¼ Er=ðVi�theoryBd=cÞ (black)
and Rio ¼ Er=ðVi�outBd=cÞ (red) based on the ion outflow speeds. In
this plot, the horizontal axis in the bottom (red) is for Rio, and the hor-
izontal axis in the top (black) is for Rit. For Rio ¼ Er=ðVi�outBd=cÞ, the
mean is 0.28, the minimum is 0.058, and the maximum is 0.59. If we
multiply a factor of 0.5 with the values of Rio in the horizontal axis in
panel (c), the distribution of Rio looks similar to the distribution of Reo
[red curve in panel (b)]. The similarity is because the ion outflow
speed reaches a similar value to half the electron outflow speed, as we
will see later, which is very different from the ion outflow speed in reg-
ular reconnection in the Earth’s magnetopause/magnetotail, where the
ion outflow speed reaches the Alfv�en speed. If we use the theoretical
value of the ion outflow speed, Vi�theory , the reconnection rate Rit does
not show a value that correctly represents the reconnection rate,
because Vi�theory is much smaller than the actually observed ion out-
flow speed, Vi�out . The black histogram shows the reconnection rate
Rit ¼ Er=ðVi�theoryBd=cÞ, based on Vi�theory . The reconnection rates
Rit are distributed between 0 and 5.0, which are almost an order of
magnitude larger than the reconnection rates Rio based on the
observed ion outflow speeds.

Panel (d) shows the histograms for the electron outflow speed
Ve�out (red) and the ion outflow speed Vi�out (black). The horizontal
axis shown in the bottom (red) is for Ve�out , while the horizontal axis
shown in the top (black) is for Vi�out . The electron outflow speeds
range from 10 vA0 to 20 vA0. The mean is 14.1 vA0, the minimum is
11.7 vA0, and the maximum 19.6 vA0. The ion outflow speeds range
from 4 vA0 to 10 vA0. The mean is 7.2 vA0, the minimum is 4.5 vA0,
and the maximum is 9.6 vA0. The distribution of Vi�out (black) after
multiplying a factor of 2.0 with Vi�out is similar to the distribution of
Ve�out (red). These large ion outflows, of the order of 10 vA0, are much
larger than the ion outflow speed (�local Alfv�en speed) in regular
reconnection in the Earth’s magnetopause/magnetotail.

Figure 9 shows scatterplots for electron outflow speeds, ion out-
flow speeds, reconnection electric fields, and reconnection rates. Since
the sample size for regular reconnection in this study is too small, we
do not perform the correlation analysis, but let us visually check
whether there is a tendency of a correlation. Panel (a) shows the elec-
tron outflow speed Ve�out as a function of Ve�theory . In contrast with
the electron outflow in electron-only reconnection analyzed in
Fig. 5(a), the electron outflow Ve�out in regular reconnection does not
show a positive correlation with Ve�theory . Instead, the electron out-
flows in those seven regular reconnection sites show similar values
between 10vA0 and 20vA0, even in a range of large prediction values
around Ve�theory ¼ 30vA0. Although it is hard to conclude something
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from this small sample size of data, the electron outflow speed seems
not greatly affected by the predicted speed.

Panel (b) shows a plot for the ion outflow speed Vi�out as func-
tions of the predicted ion speed Vi�theory (black) and the observed elec-
tron outflow speed Ve�out (red). The observed ion outflow speeds
Vi�out are much larger than the predicted ion outflow speeds Vi�theory .
The values of Vi�out are between 4.5 vA0 and 9.6 vA0, while the values
of Vi�theory are between 0.65 vA0 and 2:5vA0. The observed ion out-
flows Vi�out are almost half the observed electron outflow speeds
Ve�out , between 11:7vA0 and 19:6vA0. The scatterplot for the red data
shows that there is a tendency that the ion outflow speed increases
with the electron outflow speed. This fact that Vi�out is proportional to
Ve�out may indicate that the electron outflow speed is determined by
the ion outflow speed, which is of the order of the speed of ions
reflected by the shock, as explained below.

Regular reconnection sites in the shock transition region are pro-
duced after the nonresonant ion–ion beam instability,14 and the ion

jets in regular reconnection sites reach similar flow speeds as the ions
reflected by the shock potential during the instability. Since the speeds
of the reflected ions are the same order as the flow speed in the
upstream region, which is 9vA0 in this shock simulation with MA

¼ 11:4 (see also Figs. 10 and 11 in Ref. 14, where the reflected ions’
speeds reach the order of 10 vA0), the ion jet speeds in those regular
reconnection sites reach the same order, around 10vA0. Some of regu-
lar reconnection sites, such as the site near the largest magnetic island
x ¼ 50di and y ¼ 42di, clearly show that the peak ion outflow velocity
is boosted from the inflow speed with an amount around vA0. In other
words, before reconnection, there is already the ion flow with its speed
around 10vA0 due to the reflected ions, and reconnection generates the
ion exhaust with its speed boosted up with an additional speed around
vA0. That is why the ion outflow speed in regular reconnection in the
shock is of the order of the upstream flow speed (around 10vA0 in this
study), which is much larger than the ion outflow of the regular recon-
nection in the Earth’s magnetopause/magnetotail. Note that such a

FIG. 8. Histograms for regular recon-
nection. (a) Reconnection electric field
Er; (b) reconnection rates Ret ¼ Er=
ðVe�theoryBd=cÞ (black) and Reo ¼ Er=
ðVe�outBd=cÞ (red); (c) reconnection
rates Rit ¼ Er=ðVi�theoryBd=cÞ (black)
and Rio ¼ Er=ðVi�outBd=cÞ (red); and
(d) ion outflow speed Vi�out (black) and
electron outflow speed Ve�out .
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boost speed �vA0 is not regarded as the outflow speed, but we should
use the observed outflow speed (Vi�out) as the outflow speed. The
exact physical reason why the electron outflow speed in the regular
reconnection in the shock [panel (a)] does not correlate with the pre-
dicted electron speed Ve�theory but correlated with the ion outflow
speed [panel (b)] still remains to be investigated, but this may be
because the electron outflow is induced by the ion outflow to reduce
the charge separation produced by the strong ion flows in those recon-
nection sites.

Panel (c) shows the reconnection electric field Er as functions of
Vi�out (black) and Ve�out (red), as well as the convection electric field
Ez (blue) due to the electron outflow. These data show that Er is corre-
lated with neither Vi�out nor Ve�out . However, Er shows a correlation
with the convection electric field. We note that the convection electric
field shown here is not the one at the point of the maximum electron
outflow, but we chose the midpoint between the X line and the point
of the maximum electron outflow, and then computed the convection
Ez ¼ �ðV e�out�h � BÞz=c at the midpoint (where V e�out�h

represents the electron flow velocity at the midpoint). This is because
the signs of the convection electric fields by the electron maximum
outflows are opposite from those of the reconnection electric fields in
four sites out of seven regular reconnection sites [Fig. 7(b) is an exam-
ple]. However, the reconnection electric field Er should be related to
the convection Ez at a certain point of the outflow region, between the
X line and the maximum position of the outflow. For example, in
Fig. 7(b), Ez near the X line is negative because of the negative convec-
tion electric field due to the electron flow, even though the convection
Ez at the position of the maximum electron outflow becomes positive.
The convection Ez due to the ion flow is also negative near the X line,
but due to the motion separation between the electron and ion, the
convection Ez by the electron should be taken into account. For this
reason, we investigate the convection electric field at the midpoint
between the X line and the position of the maximum electron outflow.
In panel (c), the blue data points show Er as a function of the convec-
tion electric field Ez by the electron at the midpoint. Here, we only
used six points, because in one region, the sign of the convection Ez is

FIG. 9. Scatterplots for regular recon-
nection. (a) Ve�out vs Ve�theory ; (b)
Vi�out vs Vi�theory (black) and Vi�out
vs Ve�out (red); (c) Er vs Vi�out
(black), Er vs Ve�out (red), and Er vs
convection Ez by electron outflow
(blue) and electron inflow (magenta);
and (d) reconnection rates Rio vs
Vi�outBd=c (black) and Reo vs
Ve�outBd=c (red).

Physics of Plasmas ARTICLE scitation.org/journal/php

Phys. Plasmas 29, 042304 (2022); doi: 10.1063/5.0077529 29, 042304-14

VC Author(s) 2022

https://scitation.org/journal/php


opposite to Ez at the X line. The blue data points clearly show an
increase trend of Er as the convection Ez increases. This result indicates
that the reconnection electric field is explained by the convection Ez
due to the electron flow, and the reconnection electric field Er in regu-
lar reconnection in the shock is the same order as that in electron-only
reconnection, because in both types of reconnection, the electron out-
flow speed is the same order. The magenta data points show the rela-
tion between Er and the convection Ez due to the electron inflow
velocity, Ez ¼ �ðVe�in � BÞz=c, and we also see an increase trend of
Er as the convection Ez increases.

Panel (d) is for the reconnection rates Rio ¼ Er=ðVi�outBd=cÞ
and Reo ¼ Er=ðVe�outBd=cÞ as functions of Vi�outBd=c (black) and
Ve�outBd=c (red), respectively. Similar to the result in electron-only
reconnection [panel (d) in Fig. 5], both reconnection rates Rio and Reo
are not constant, but they increase when Vi�outBd=c and Ve�outBd=c
become small.

Figure 10 shows scatterplots for the reconnection electric field
and reconnection rates as functions of two normalized guide fields,
Bg=B0 and Bg=Bd . Panel (a) shows a plot for Er as functions of Bg=B0

(black) and Bg=Bd (red). Both data show that there seems to be no cor-
relation between the reconnection electric field Er and the guide field
Bg. Panel (b) shows reconnection electric fields Rio and Reo as functions
of Bg=B0 (black) and Bg=Bd (red). Data of both types of outflows
(Ve�out and Vi�out) are represented by different symbols (cross: the
electron outflow Ve�out , and diamond: the ion outflow Vi�out). Again,
there seems no correlation between the reconnection rates and the
guide field strength. If we look into more details of the dependences of
Er, Rio, and Reo, we see that Er, Rio, and Reo in the regions 1 � Bg=B0

� 2:5 and 1 � Bg=Bd � 2:5 show larger values than those in higher
guide fields. Therefore, there may be weak negative correlations
between Er, Rio, and Reo and the guide field strengths. However, it is
hard to conclude the dependence using such a small sample size of
data.

D. Discussions for the outflow speed and the
reconnection electric field in shocks

Let us discuss first the outflow speed in electron-only reconnec-
tion in a shock. We have confirmed that the electron outflow speed
Vout is well correlated with Vtheory, which is close to the local electron
Alfv�en speed, using the asymmetric reconnection theory in Ref. 20. In
the theory, it is assumed that there are two-sided outflow jets across
the X line in the L direction (the direction of the reconnecting mag-
netic field). However, in the shock we investigated, there are many
electron-only reconnection sites that show one-sided electron jets;
therefore, it is not obvious why the same theory with two-sided
outflows can be applied to those one-sided electron outflows. In the
following, we will argue that the theory can be applied to both the
two-sided outflow case and the one-sided outflow case.

To derive the outflow speed, the asymmetric reconnection theory
uses the mass conservation law, the energy conservation law, and the
uniform reconnection electric field. The mass and energy conserva-
tions for the two-sided outflow case are written as follows [the same as
Eqs. (10) and (11) in Ref. 20, replacing the ion mass with the electron
mass]:

lðmen1vin1 þmen2vin2Þ ¼ 2dmenoutVout ; (1)

l
B2
1

8p
vin1 þ

B2
2

8p
vin2

� �
¼ 2d

1
2
menoutV

2
out

� �
Vout ; (2)

where l is the half length of the diffusion region [the distance from the
X line at L¼ 0 to the end point of the diffusion region in the L direc-
tion; see the diagram in Fig. 11(a)]; vin1 and vin2 are the inflow speed
in region 1 and that in region 2, respectively. Region 1 has jBLj ¼ B1

and ne ¼ n1, while region 2 has jBLj ¼ B2 and ne ¼ n2. In the outflow
region, the density becomes ne ¼ nout . Note that the theory in Ref. 20
assumes quasi-steady reconnection and neglects the time derivative in

FIG. 10. Scatterplots for regular reconnection. (a) Er vs guide field Bg=B0 (black) and Er vs Bg=Bd ; and (b) reconnection rates Rio and Reo vs Bg=B0 (black) and Rio and Reo
vs Bg=Bd (red).
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the theory. We can justify applying the theory to electron-only recon-
nection even in a turbulent case, because the timescale of the electron-
only reconnection observed in the simulation is tens of X�1e (see Fig. 2
in Ref. 13, which shows electron-only reconnection lasted longer than
0:25X�1i ¼ 50X�1e for the mass ratio 200), while the electron transit
time in the reconnection region can be estimated as l=Vout

� di=vAe � 10X�1e , which is shorter than the reconnection timescale.
Therefore, during this short transit time, the field structure does not
change a lot, and a quasi-steady state can be assumed in electron-only
reconnection. We also assume that the reconnection electric field is
uniform, and we have

vin1B1 ¼ vin2B2: (3)

Using these three equations, we have the outflow speed Vout as

Vout ¼
B1B2

4pme

B1 þ B2

n1B2 þ n2B1

� �1=2

¼ Vtheory; (4)

where we use the notation Vtheory, and this is the hybrid version of
local electron Alfv�en speed in asymmetric reconnection.

Looking into the derivation of this outflow speed Vout, we found
that although the inflows pass through the positive N side and the neg-
ative N side of the diffusion region with its length 2l, we consider only
half the region, such as the region 0 < L, and the mass and energy
fluxes that pass the X line at L¼ 0 from the other side (L< 0) are zero.
This is because we are considering the two-sided outflows that are
symmetric across the X line in the L direction, and as long as the sys-
tem is symmetric, we do not have to consider the other L side of the
diffusion region. This means that in such a situation where there are
no mass and energy fluxes in the L direction across the X line, we can
discuss a one-sided outflow. Comparison between the two-sided out-
flow case and the one-sided outflow case is shown in Figs. 11(a) and
11(b). Even when there are L-directional fluxes that pass through the
X line, if we can neglect those fluxes, we have the same outflow speed
as Eq. (4).

However, in the simulation, we identified regions where there are
strong L-directional fluxes across the X line. For example, in Fig. 2(c),
we see that there is a strong electron inflow passing through the X line
from the positive L side along the positive Jz region. This L-directional
flow is due to the background flow in the shock turbulence. In this
case, we cannot directly apply the theory to this region. Instead, let us
include such L-directional fluxes as follows [see also the diagram in
Fig. 11(c)]:

lðmen1vin1 þmen2vin2Þ þ 2dmenin�Lvin�L ¼ 2dmenoutVout ; (5)

l
B2
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8p
vin1 þ

B2
2

8p
vin2

� �
þ 2d

1
2
menin�Lv

2
in�L

� �
vin�L

¼ 2d
1
2
menoutV

2
out

� �
Vout ; (6)

where in the left-hand sides of the equations above, we included the
mass flux and energy flux (see the second term in each equation) with
its density nin;L and speed vin�L. Here, we assume that the density
nin�L in the inflow side is different from the density in the outflow side
nout, because there is asymmetry in the L direction across the X line.
Note that in this formulation, flows are in the X-line rest frame, and
Vout represents the total flow velocity in the outflow direction, which is
the sum of the background flow and the flow produced by reconnec-
tion in the X-line rest frame. From these equations, we obtain Vout as
follows:

Vout ¼
B1B2

4pme

B1 þ B2

n1B2 þ n2B1

� �1=2 1� ðnin�L=noutÞðvin�L=VoutÞ
1� ðnin�L=noutÞðvin�L=VoutÞ3

" #1=2
;

(7)

where we assume that nin�L � nout and vin�L � Vout to make the out-
flow speed a real number. Since the right-hand side contains the ratio
vin�L=Vout , this is not an explicit expression of Vout. To obtain the
explicit expression of Vout, we need another equation that has a rela-
tion between nin�L and nout; however, we can discuss the characteris-
tics of the outflow speed, in particular, the dependence on the ratio of
vin�L=Vout using Eq. (7). When the inflow speed is negligibly small,
vin�L 	 Vout , which corresponds to the case where we neglect the L-
directional fluxes in the two equations, we obtain Vout � Vtheory . Also,
in a case where vin�L is large enough and close to Vout (i.e., vin�L
! Vout), as in Fig. 2(c), the outflow speed becomes Vout � Vtheory .
The outflow Vout becomes slightly smaller than Vtheory when vin�L is

FIG. 11. Schematic diagrams: (a) two-sided jets, (b) one-sided jet, (c), one-sided
jet with the L fluxes, (d) EDR in electron-only reconnection, and (e) EDR in stan-
dard reconnection. In each plot, the X line is denoted by the X mark. In (d) and (e),
Bup is the magnetic field in the upstream regions.
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neither small nor large, that is, 0	 vin�L < Vout . For example, when
we assume that vin�L ¼ 0:5Vout and nin�L ¼ nout , the outflow speed
Vout � 0:75Vtheory . The outflow speed Vout is of the order of Vtheory. In
the Appendix, Vout is discussed more precisely as a function of vin�L
and nin�L=nout , and it is shown that Vout is of the order of Vtheory.

Next, let us discuss the magnitude of the reconnection electric field
in shocks, by comparing with that in the standard laminar reconnection
in the Earth’s magnetopause/magnetotail. In the shock, we observed
that the reconnection electric field Er is of the order of 0:1BdVout=c in
electron-only reconnection, where Vout is close to Vtheory, which is close
to the local electron Alfv�en speed. At a first glance, this is similar to the
reconnection electric field Er � 0:1BdevAe=c in the standard laminar
reconnection in the magnetopause/magnetotail, where Bde is the mag-
netic field at the edge of the EDR, and vAe is based on Bde. However,
there is a significant difference between Er in a shock and Er in the stan-
dard laminar reconnection. In electron-only reconnection, since the
reconnection region is small and the current sheet thickness is sub-di
scale (several electron skin depth de), the upstream magnetic field Bup
rapidly decreases to the X line within such a small scale of several de.
In other words, the current density in this region becomes significantly
large due to large @BL=@N / Bup=de. Therefore, the EDR occupies
almost the entire reconnection region, and Bd [reconnecting magnetic
field, Bd ¼ 2B1B2=ðB1 þ B2Þ] is close to the upstream magnetic field
Bup. See the diagram in Fig. 11(d).

In contrast, in the standard laminar reconnection, since the
reconnection involves both ions and electrons, there is a scale separa-
tion between the ion and election motions, and the EDR, which has a
thickness of several de, is embedded in the ion diffusion region (IDR),
which has a thickness of several di. See the diagram in Fig. 11(e). The
current density is of the order of Bup=di, which is smaller than the cur-
rent density in electron-only reconnection. In the standard laminar
case, reconnection can be discussed based on the IDR, and the recon-
necting magnetic field near the edge of the IDR is close to Bup. We
have a reconnection electric field Er � 0:1BupvA=c, where vA is the
Alfv�en speed based on Bup. The EDR is located in the vicinity of the X
line, where the electron outflow is generated and reaches vAe based on
the magnetic field Bde at the edge of the EDR. The reconnection elec-
tric field is uniform inside the EDR and the IDR. Therefore, the rela-
tion Er � 0:1BdevAe=c � 0:1BupvA=c holds, and the reconnection
electric field in the standard laminar reconnection is eventually
Er � 0:1BupvA=c. Comparing the reconnection electric field Er
� 0:1BupvAe in electron-only reconnection with the reconnection elec-
tric field Er � 0:1BupvA=c in the standard laminar reconnection, we
found that Er in electron-only reconnection is ðmi=meÞ1=2 times larger.
This is because of the difference in the magnetic field Bd in electron-
only reconnection and Bde in the standard reconnection, Bde 	 Bd .
The fact that a large reconnection electric field is generated in
electron-only reconnection was first reported in a PIC simulation
study in Ref. 12, and our result is consistent with that study.

In regular reconnection in the shock, we observed that reconnec-
tion proceeds with fast outflow speeds in both electrons and ions, of
the order of 10 vA0. The simulation shows that Vi�out � 0:5Ve�out .
However, ions are mostly unmagnetized in the entire reconnection
region, and reconnection regions almost resemble electron-only recon-
nection sites, in which electron outflows generate reconnection electric
fields. In regular reconnection sites in the shock, the diffusion region is
almost like the EDR, and there seems to be no IDR boundaries beyond

which ions are magnetized, since the current sheet thickness (�0:5di)
is too small, even though ions are involved and accelerated to form an
outflow jet. The plots of E0z�e ¼ ½E þ V e � B=c�z and E0z�i ¼ ½E
þV i � B=c�z are shown in Figs. S3 and S4 in the supplementary mate-
rial, and regions with nonzero values of jE0z�ej and jE0z�ij are where
electrons and ions are unmagnetized, respectively. Regions with non-
zero jE0z�ej roughly correspond to the current sheet, indicating that the
EDR is covering the reconnection region. In contrast, regions with
nonzero jE0z�ij spread beyond the reconnection region. These ions in
the jet are not magnetized, and the generalized Ohm law tells that the
electron convection term �V e � B=c generates the convection electric
field. Therefore, reconnection is likely controlled by electron outflows,
instead of the ion outflows, and reconnection behaves like electron-
only reconnection. We confirmed that the reconnection electric field Er
in regular reconnection in the shock is the same order as Er in electron-
only reconnection. Therefore, the reconnection electric field in regular
reconnection is also Er � 0:1BdVe�out , and this is larger than the
standard laminar reconnection, since Ve�out is of the order of 10 vA0.

IV. MMS OBSERVATION OF ELECTRON JETS
IN ELECTRON-ONLY RECONNECTION

Figure 12 shows an observation of electron-only reconnection in
the Earth’s magnetosheath downstream of a quasi-parallel shock, mea-
sured by the MMS 1 spacecraft on December 9, 2016, which shares
similarities with the simulation events. More electron-only reconnec-
tion events in the magnetosheath are shown and analyzed in Ref. 7. In
this event, MMS spacecraft were located at approximately
½11; 3; 0:3�RE in GSE coordinates, where RE is the Earth radius.
Magnetic fields are measured by the flux gate magnetrometer,27 elec-
tric fields are measured by the electric field double probes,28–30 and the
plasma data are from the fast plasma investigation.31 During this inter-
val, MMS passed through a current sheet, indicated by the magnetic
field reversal in BL [panel (b)], which changes from negative to positive
values across the current layer, marked by the two vertical dashed
lines. We define the LMN coordinate system based on a hybrid mini-
mum variance analysis32 on the magnetic field over the time interval
December 9, 2016/09:03:29.0706 to December 9, 2016/09:03:29.2464,
as N̂ ¼ b̂1 � b̂2; M̂ ¼ x̂max � N̂ , and L̂ ¼ M̂ � N̂ , where b̂1 and b̂2

are the magnetic field direction on either side of the interval, and x̂max

is the maximum variance direction of the magnetic field. Inside the
interval of the current layer, BL shows a local minimum value �5 nT,
and after MMS exited the current layer, it gradually increases to 10 nT.
The BM field is around �40 nT before MMS passed through the cur-
rent sheet, and it increases to�20 nT after the current layer. The nor-
mal magnetic field BN is always small, and it reduces from 3 nT to
almost zero (a small negative value) during the current sheet crossing.
The electron density [panel (a)] is around 14 cm�3 before MMS
entered the current sheet, and it slightly increases in the current layer.
The density is around 15–16 cm�3 after the current layer, and it fur-
ther increases to 22 cm�3 near the end of the shown interval.

During this current sheet crossing, MMS 1 detected a bipolar VeL

[panel (c)], which shows both positive (around 580 km/s) and negative
(around�170 km/s) peaks. The velocity VeM [panel (d)] has a negative
peak near the BL reversal point (vertical dotted line), and the speed
reaches 1000 km/s. The velocity VeN [panel (e) also shows a positive
peak 200 km/s, but VeN is near zero at the VeL maximum. Therefore,

the maximum in-plane speed ðV2
eL þ V2

eNÞ
1=2 is around 580 km/s.
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Based on the BL field �� 5 nT and the density �16 cm�3 when BL
takes the local minimum value inside the current layer, the Alfv�en
speed is 27 km/s, and the maximum VeL (�580 km/s) corresponds to
22 times the Alfv�en speed. Since there is a background flow around

140 km/s in the L direction (see the value of ViL in blue), the difference
between the peak speed and the background is 440 km/s, which is
16 times the Alfv�en speed. These flow speeds are smaller than the elec-
tron Alfv�en speed (43 times the Alfv�en speed), but they almost reach

FIG. 12. (a)–(g) MMS observation data for electron-only reconnection: (a) electron density, (b) magnetic fields, (c)–(e) fluid velocities, (f) electric fields, and (g) parallel electric
field and �EM . The vertical dashed lines show the region a current sheet, and the dotted line indicates the BL reversal. (h)–(n) Simulation data, the same quantities as in
(a)–(g). (o) 2D plot of the in-plane electron fluid speed in the simulation frame. The black line is where the quantities in (h)–(n) are plotted. White arrows show the vectors of
the electron fluid velocity, and (p) 2D plot of the current density Jz.
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half the electron Alfv�en speed. In contrast, ion fluid velocities show
almost uniform velocities, and no jets are recognized. Based on these
data (the bipolar outflows in VeL colocated with the BL reversal, the
VeM peak near the BL reversal, and no ion outflows), we conclude that
electron-only reconnection occurs in this current sheet.

Panels (f) and (g) show electric fields in the frame moving with
the average ion fluid velocity, that is, Esc þ U i0 � B, where Esc is the
electric field in the spacecraft frame, and U i0 is the ion fluid velocity
averaged over 10di surrounding the event. This reference frame
assumes the reconnecting current sheet (including the X line) is being
advected in the background plasma flow. This assumption appears to
be broadly consistent with the current sheet velocities obtained for a
survey of magnetosheath reconnection events in Ref. 7 when com-
pared to the N-component of the velocity, which could be obtained
from multispacecraft timing analysis. Panel (f) shows that there is a
bipolar EN structure in the current sheet, and EM enhances at the BL
reversal point (dotted line), which is considered to be the vicinity of
the X line, up to around 4mV/m. This EM is considered to be close to
the reconnection electric field. Panel (g) shows that the parallel electric
field Ek has a negative value close to the value of �EM at the BL rever-
sal point, owing to the large guide field in the event. This large jEkj
during the crossing of the current sheet is consistent with another
observation of guide-field reconnection in the magnetosheath.33 The
value of jEM j at the BL reversal point, 4mV/m, is larger than the
uncertainty of measurements (orange curve).

The right panels (h)–(n) show a simulation result of electron-
only reconnection, the same quantities as in the MMS observation
[panels (a)–(g)]. This electron-only reconnection site has been ana-
lyzed in our previous paper,13 which shows two-sided electron jets
around the X line at ðx; yÞ ¼ ð48:175di; 27:05diÞ. The in-plane elec-
tron fluid velocity Ve ¼ ðV2

ex þ V2
eyÞ

1=2 in the simulation frame is
shown in panel (o), where the coordinates L and N are indicated by
the red arrows around the X line. We determined the L and N direc-
tions based on the orientations of the current sheet and the magnetic
field lines near the X line. Panel (p) shows a region around the X line,
in the same scale as in panel (o): The color shows the current density
Jz, and the magenta lines are the contours of the vector potential Az,
representing field lines. Based on the field line orientation, we visually
determined the L and N directions, and theM direction is the same as
the z direction. The quantities shown in panels (h)–(n) are the values
along the black straight line in panel (o), which mimics a spacecraft
trajectory, and the horizontal axis in each plot in panels (h)–(n) repre-
sents the y coordinate along the black line [note that y increases from
right to left in panels (h)–(n)]. We tried several line trajectories in the
simulation, and this straight line in panel (o) is one of the trajectories
that show consistency in the quantities between the simulation and
the observation. The two vertical dashed lines in (h)–(n) indicate the
region with the bipolar electron outflows in VeL, and the dotted line
represents the position of the X line. Since we focus only near the
reconnection region in the simulation, the interval between the two
dashed lines in (h)–(n) is more expanded than the corresponding
interval in (a)–(g) in the observation. Note that panels (h)–(l) show
the quantities in the simulation frame (where the X line is moving) to
compare with the observation data [panels (a)–(e)] in the spacecraft
frame, and panels (m) and (n) show the electric fields in the ion rest
frame (using E þ V iX � B=c, where V iX ¼ ½�2:6; 0:64; 3:2�vA0 is the
ion fluid velocity at the X line), to compare with the observation data

[panels (f) and (g)] in the ion rest frame. These electric fields in panels
(m) and (n) are close to the electric fields in the X-line rest frame (not
shown). Also, the reconnection electric field EM at the X line is frame-
independent.

The magnetic field BL [panel (i)] reverses at the X line, and the
electron velocity VeL [panel (j)] shows anticorrelation with BL. Along
the black line in (o), panel (j) shows that the positive VeL outflow speed
becomes�10vA at y ¼ 27:2di, while the negative VeL peak is��5vA0
at y ¼ 26:9di. The velocity VeM [panel (k)] becomes �4 vA0 in the
region of the positive VeL side, including the X line, but it becomes
near zero in the negative VeL side. This shift of the negative VeM toward
the positive VeL region indicates that the current sheet (Jz > 0) is
slightly offset toward the negative BL region [see also the 2D plot of Jz
in panel (p)], which is not observed in the MMS VeM plot, and this is
possibly caused by turbulent flows around the X line. The velocity VeN

[panel (l)] shows a negative value in the region of positive VeL, and the
peak outflow speed ðV2

eL þ V2
eNÞ

1=2 becomes much larger in the nega-
tive BL side than the other side. Note that we can confirm in panel (o),
where the vector arrows show the direction of the flow, that the vector
arrows near the positive VeN peak (y � 26:9di) and the negative VeN

peak (y � 27:2di) are in the outflow direction, not in the inflow direc-
tion. Therefore, we consider that ðV2

eL þ V2
eNÞ

1=2 represents the outflow
speed in those peak positions. Ion flows do not show jet structures, and
they are almost constant.

The electric field EN [panel (m)] shows a bipolar structure in the
current sheet, and the correlation between EN [panel (m)] and VeL

[panel (j)] is consistent with the observation [panels (f) and (c)]. In
contrast, the sign of EL at the positive EN peak near y ¼ 27:2di is posi-
tive, which is opposite from the negative sign of EL at the positive EN
in the observation [panel (f)]. The electric field ELð> 0Þ in this region
in the simulation is consistent with the sign of �Ve � B, and mainly
due to the negative VeN and the negative BM. If the flow VeN were posi-
tive as in the observation, EL would be negative in this region.

The EM field [panel (m)] shows a positive value, around 0:06B0,
at the X line, and this value is close to 0:1BdVout=c, where Bd ¼ 1:8B0

andVout ¼ 18vA [note that Bd and Vout are the values used in the anal-
ysis in Sec. III B, not the values along the black line in panel (o)]. In
panel (n), the parallel electric field Ek shows a negative value at the X
line (dotted vertical line), consistent with the negative value of �EM ,
because of the negative BM and the positive EM at the X line.

If we compare these panels (h)–(n) obtained in the simulation
with the MMS observation data (a)–(g), we see similarities between
them. The BL reverses from negative to positive (from �3B0 to 2B0 in
the simulation, but from �5 to 10 nT in the observation). The magni-
tude of BM is large in the current sheet (BM � �5B0 in the simulation,
but BM � �40 nT in the observation). The velocity VeL reverses near
the BL reversal (from 10vA0 to �5vA0 in the simulation, but from 580
to �150 km/s in the observation), and VeM shows a negative peak in
the current sheet (VeM ¼ �4vA0 in the simulation, and VeM ¼ �1000
km/s in the observation). Note that 10vA0 in the simulation corre-
sponds to 70% of the electron Alfv�en speed vAe ¼ 14:4vA0 based on
the mass ratio mi=me ¼ 200, and both the simulation (10vA0
� 0:7vAe) and the observation (580 km/s �0:5vAe) show the same
order. In addition, the electric field EN shows a bipolar structure
(changing from 0:8B0 to �0:4B0 in the simulation, but from 14 to
�13mV/m in the observation). The reconnection electric field EM
is a positive value (0:06B0 in the simulation, while 4mV/m in the
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observation), much weaker than the peak value of EN. In addition, the
parallel electric field Ek is consistent with a negative value of �EM in
both simulation and observation. Therefore, it is possible that the
MMS trajectory is similar to the black straight line that crosses the X
line.

However, there are also differences between the observation and
the simulation. In the observation, the density increases across the cur-
rent sheet from 13 to 17 cm�3, while the simulation shows a decrease
from 6n0 to 4n0 across the VeL reversal, even though the density out-
side the VeL reversal region increases from 4n0 at y ¼ 28:05di to 6n0
at y ¼ 26:05di. The velocity VeN is negative at the positive VeL peak at
y ¼ 27:2di in the simulation, while VeN is positive when VeL shows a
positive peak in the observation. This difference is because the outflow
jet in the simulation points in the upper right direction in panel (o),
and the negative VeN flow may be driven by the surrounding back-
ground flow. Also, as we explained, the positive electric field EL in the
outflow jet in the simulation is mainly due to the negative VeN. Also,
in the simulation, the magnitude of the reconnection electric field is
comparable to the fluctuation amplitude of EM and Ek in the region
surrounding the X line [panel (n)], while the observation [panel (g)]
shows that the enhancement of the reconnection electric field is more
pronounced than the simulation. This may be because jBM j (guide
field) in the simulation is much smaller than in the observation, and
the magnetic field direction in the simulation significantly fluctuates.
This weaker guide field introduces larger-amplitude fluctuations in Ek
due to all the three components of the electric field, while the magnetic
field in the observation always points almost in the negative M direc-
tion and the contribution of EM, which has smaller fluctuations than
EL and EN, dominates in Ek.

In the simulation, the observed maximum outflow speed
ðV2

eL þ V2
eNÞ

1=2 along the black straight line is 12.3 vA0 at y ¼ 27:2di,
which is smaller than the actual maximum outflow speed in the simu-
lation frame 15:4vA0 at ðx; yÞ ¼ ð48:525di; 27:35diÞ. In addition, the
maximum outflow speed in the X-line rest frame is 18vA0 (not shown).
Therefore, this maximum outflow speed 12.3 vA0 on the black straight
line is much smaller than the actual outflow speed Vout discussed in
Sec. IIIB. As this example shows, the spacecraft data of the maximum
outflow speed [panel (c)], 580 km/s �22 times the Alfv�en speed (or
440 km/s �16 times the Alfv�en speed, which is the difference between
the outflow 580 km/s and the background flow 140 km/s), may be
much smaller than the actual outflow speed in this reconnection
region, and it is possible that the actual outflow speed is close to the
electron Alfv�en speed. Actually, other spacecraft in this event (in par-
ticular, MMS 3 and MMS 4, data not shown) observed faster outflow
speeds by subtracting the background flow.

The observed outflow speed by MMS 1 �16–22 times the Alfv�en
speed indicates that electron-only reconnection can generate a strong
electron outflow of the order of the electron Alfv�en speed, and a large
reconnection electric field of the order of RVoutBd (in SI unit) is
expected, where R is the reconnection rate. In this event, MMS
observed an enhancement of electric field EM up to around 4mV/m
near the BL reversal point, which is much larger than an estimate using
a standard reconnection picture, EM � 0:1BdvA � 0:014 mV/m (Bd
¼ 5 nT and vA ¼ 27 km/s). If we use an estimate of the reconnection
rate in electron-only reconnection, RBdVout , we have EM
� RBdVout � 0:7 mV/m, using R � 0:3 and Vout ¼ 440 km/s in the
ion rest frame. The observed EM, 4mV/m, is much larger than this

estimate, indicating that either R is much larger than 0.3, or the actual
maximum outflow speed Vout and the actual magnetic field at the edge
of the EDR Bd are much larger than 440 km/s and 5 nT, respectively.
For example, if R¼ 0.5 and Vout � vAe � 1200 km/s, EM is estimated
to be 3mV/m. The observation clearly shows that the reconnection
electric field is consistent with the prediction in this study.

V. CONCLUSIONS

In this paper, we have investigated magnetic reconnection in the
shock transition region in a quasi-parallel shock, under parameters of
the Earth’s bow shock, by means of 2D PIC simulation. The shock
normal angle is 25�, and the Alfv�en Mach number is 11.4. We have
analyzed the reconnection electric field, the reconnection rate, and the
electron and ion outflow speeds in each reconnection site. From 43 X
lines in the shock transition region observed in the simulation at
Xit ¼ 18:75, we have chosen 32 X lines that are stable for the analysis
time interval for 100 time steps, and we have identified 18 electron-
only reconnection sites and seven regular reconnection sites. In each
reconnection site, we have measured the X-line velocity, and we have
discussed quantities in the X-line stationary frame.

We have performed a statistical analysis for electron-only recon-
nection, to understand the relations between the reconnection electric
field, the reconnection rate, and the electron outflow speed. The elec-
tron outflow speed and the theoretical prediction of the speed show a
positive correlation, and electron-only reconnection can be under-
stood using asymmetric reconnection theory by Ref. 20 by replacing
the ion mass with the electron mass. We also have found a tendency
that the reconnection electric field increases with the electron outflow
speed, as well as the convection electric field due to the electron out-
flow. The reconnection rate is not a constant value such as 0.1, but it
becomes larger when the product VoutBd=c becomes smaller. Also, the
reconnection rate decreases with the increase in the guide field Bg,
when Bg is larger than a few Bd (reconnecting magnetic field).

Regular reconnection in shock turbulence shows similar tenden-
cies to those in electron-only reconnection. Both the electron outflow
speed and the ion outflow speed become the order of 10 vA0, which is
the same order as the upstream ion speed in the shock with
MA ¼ 11:4. Although the electron outflow speed is not correlated
with the theoretical speed, we have found a tendency that the electron
outflow speed is proportional to the ion outflow speed. The reconnec-
tion electric field, as well as the reconnection rate, becomes the same
order as that in electron-only reconnection, and the reconnection elec-
tric field increases with the increase in the convection electric field due
to the electron outflow. The reconnection electric field and the recon-
nection rate show slight decreases when the guide field becomes larger
than 3Bd.

The magnitude of the reconnection electric field, both in
electron-only reconnection and in regular reconnection, is unusually
large, of the order of 0:1BdVout=c. In electron-only reconnection, the
reconnection electric field becomes ðmi=meÞ1=2 times larger than that
in reconnection in the Earth’s magnetopause/magnetotail. This is
understood as a result of the fast speed of electron outflow, of the order
of local electron Alfv�en speed, and the large convection electric field
by the fast electron outflow. Surprisingly, the reconnection electric
field in regular reconnection in the shock transition region also
becomes the same order as that in electron-only reconnection, and
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this is related to the large ion outflow and electron outflow, which also
become much larger than Alfv�en speed.

Reconnection in the shock is driven by instabilities: the nonreso-
nant ion–ion instability and the secondary instability due to beams.14

The nonresonant ion–ion beam instability is caused by the ion reflec-
tion in the shock, and the reflected ion beam speed vb is roughly pro-
portional to the shock speed, MAvA0. The growth rate of the
instability34 is c=Xi � vb=vA0 ¼ MA, which is a constant and does not
depend on the upstream magnetic field B0 and the mass ratio. Also,
the growth rate is positive when the propagation angle is less than 45�,
suggesting that the instability grows in a quasi-parallel shock. In con-
trast, the secondary instability is consistent with whistler waves excited
by electron beams,14 and the growth rate is a function of B0 and the
mass ratio, whose leading order is c=Xi � ðnb=n0Þðmi=meÞ.35
Therefore, the growth rate normalized by Xi becomes larger as the
mass ratio becomes lager. In a real shock (mi=me ¼ 1840), the growth
of the secondary instability could be larger than that in the simulation
in this study with mi=me ¼ 200. However, the above discussions are
based on simplified linear analyses, and PIC simulations remain to be
conducted to see the dependence of the instabilities and reconnection
on B0, the shock angle, and the mass ratio.

An event of electron-only reconnection in the Earth’s magneto-
sheath downstream of a quasi-parallel shock, observed by MMS space-
craft, exhibits consistency with PIC simulation predictions. In the
observed event, bipolar electron jets have been detected with a peak
speed almost half the electron Alfv�en speed. The outflow velocity
reverses at around the magnetic field reversal point, indicating that the
jets are generated near the reconnection X line. The event also shows
the reconnection electric field that is much larger than the prediction
based on the standard laminar reconnection, and closer to the predic-
tion discussed in this paper, EM � RBdvAe. Further observational stud-
ies of electric fields in more events will help to better constrain the
properties of reconnection electric fields and reconnection rates in
both electron-only reconnection and regular reconnection in the
Earth’s bow shock and the magnetosheath.

SUPPLEMENTARY MATERIAL

See the supplementary material for flow patterns, flow profiles,
the size of the EDR, and the in-plane electric fields in a few reconnec-
tion sites.
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APPENDIX: OUTFLOW SPEED WITH THE
L-DIRECTIONAL FLUXES

To argue Vout more precisely in a case where there are the L-
directional mass and energy fluxes, let us obtain Vout as a function
of vin�L and nin�L=nout from Eq. (7). In that case, Vout is a solution
of the following cubic equation:

V3
out � V2

theoryVout ¼
nin�L
nout

vin�Lðv2in�L � V2
theoryÞ: (A1)

Let us investigate a solution of Vout as a function of vin�L using a
fixed value of nin�L=nout . The left-hand side is a cubic function of
Vout, and let us denote it f ðVoutÞ. This function becomes zero at
Vout ¼ 0 and V out ¼ V theory; that is, f ð0Þ ¼ 0 and f ðVtheoryÞ ¼ 0.
In 0 < Vout < Vtheory; f ðVoutÞ takes its minimum value �ð2=3Þ
ð1=3Þ1=2V3

theory when Vout ¼ ð1=3Þ1=2Vtheory . Let us obtain the solu-

tion of Vout from f ðVoutÞ ¼ a, where a represents a value in the
right-hand side of Eq. (A1), considering a crossing point of the
curve y ¼ f ðVoutÞ and y¼ a. When vin�L is zero, a¼ 0 and there are
two solutions: One is Vout ¼ 0, and the other is V out ¼ V theory. In
the following, we only consider the solution close to Vtheory. We
change vin�L from zero to Vtheory. As vin�L increases, a becomes a
negative value, and the solution of Vout becomes slightly smaller
than Vtheory. When nin�L=nout < 1, the range of a is �ð2=3Þ
ð1=3Þ1=2V3

theory < a < 0, and in this case, the solution of Vout is

larger than ð1=3Þ1=2Vtheory . When nin�L=nout ¼ 1, the minimum

value of a becomes �ð2=3Þð1=3Þ1=2Vtheory , and in that case, Vout

takes its minimum value ð1=3Þ1=2Vtheory � 0:58Vtheory . Therefore,
the electron outflow speed Vout is not less than 0:58Vtheory under
any values of nin�L=nout between zero and unity, and Vout is always
of the order of Vtheory.

Note that according to Eq. (A1), Vout¼V theory when
vin�L ¼ Vtheory . When the ratio nin�L=nout < 1, this is understandable,
because the sum of the three inflow fluxes related to vin1; vin2, and
vin�L is merged together to make a large outflow flux. However, when
nin�L ¼ nout , the condition that V out ¼ V theory and vin�L ¼ Vtheory

means that there is no inflows of vin1 and vin2, and this simply means
that the L-directional inflow vin�L ¼ Vtheory is passing through the X
line and the same speed of outflow Vout is realized in the outflow side.
This is not reconnection. To realize reconnection, we require either
nin�L < nout or Vin�L < Vout . To see this point, let us see the inflow
speed vin1 in Eqs. (3), (5), and (6). From these equations, we have the
following relations:

lvin1
2B2d

� �
ðn1B2 þ n2B1Þ ¼ noutVout � nin�Lvin�L; (A2)

lvin1
2B2d

� �
ðB1 þ B2ÞB1B2

4pme
¼ noutV

3
out � nin�Lv

3
in�L: (A3)

Looking into these equations, we find that vin1 becomes zero when
nin�L ¼ nout and Vout ¼ vin�L. This is because the flux is coming in
from the inflow direction with vin�L and the same amount of flux is
going out to the outflow direction with Vout. To make the inflow
vin1 nonzero, we need to have either nin�L < nout or vin�L < Vout ,
and reconnection can occur only when one of the conditions is
satisfied.
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