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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 electron
and the ion outflow speeds. In the shock transition region, many current sheets are generated
in shock-driven turbulence, and electron-only reconnection as well as 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 Alfvén 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 electron outflows and ion outflows can reach of the order of 10 times the Alfvén
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 (MMS) 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

Alfvén speed, supporting the simulation prediction.

*
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s I. INTRODUCTION

s Electron-only reconnection is a new type of magnetic reconnection that has been gathering
o7 attention recently. In such reconnection, only electrons show outflow jets, and no ion jets
2s are generated. Electron-only reconnection was first detected by NASA’s Magnetospheric

o Multiscale (MMS) mission in the Earth’s magnetosheath [1], where a large number of current

N

s sheets are generated due to the shock turbulence in the downstream region of a quasi-parallel
a1 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
13 electrons participate in magnetic reconnection. As a result, electron jets are generated, but

. ions are just passing through those regions without generating jets.

55 Later, MMS observed electron-only reconnection in the shock transition region [2-5], the
s magnetosheath [6, 7], and the foreshock region [8, 9] of the Earth’s bow shock. In addition,
i possible signatures of electron-only reconnection were found in the magnetic spectrum in
s 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
s regular reconnection. In the early stage, the size of the diffusion region is small and only
n electron jets are generated. The ion jets are generated in the subsequent stage after the

2 electron jets grow, and regular reconnection proceeds with both ions and electrons.

s Electron-only reconnection has been studied by numerical simulations as well, by means of
s particle-in-cell (PIC) simulations [12-16] and hybrid Vlasov-Maxwell simulations [17, 18]. In
ss our previous studies by two-dimensional (2-D) PIC simulations, to understand the physics of
s electron-only reconnection, we investigated quasi-parallel shocks whose shock normal angle
a7 1s 25 degrees [13, 14]. In those studies, we demonstrated that when the Alfvén Mach number
18 (Ma = vgp /va0, Where vg, is the shock speed, and v 49 is the upstream Alfvén speed) is around
0 10 and when the shock speed is smaller than the electron thermal speed, many current sheets
so with their thicknesses a few ion skin depths are generated in the shock transition region
s1 due to the ion-ion non-resonant beam instability, and the subsequent secondary instability
s2 generates many sub-ion-scale modulations in magnetic fields and current sheets with their
s3 thicknesses several electron skin depths, in which electron-only reconnection can occur. In
s« electron-only reconnection, electron distribution functions show that the temperature is

ss higher than the upstream region, and electrons are accelerated in the direction opposite to



ss the reconnection electric field. Due to the acceleration, the electron outflow speed almost
s7 reaches the electron Alfvén speed.

s In contrast, regular reconnection, where both ions and electrons are involved, also occurs
so in shocks, and both species can be accelerated. In the same shock simulation with the 25-
s0 degree shock angle, one of the regions of regular reconnection, where the ion-ion non-resonant
&1 beam instability generates ion-scale modulations in magnetic fields, was investigated, and
&2 we observed that both ion and electron jets are generated.

&3 In this study, we analyze the properties of reconnection electric fields in electron-only
s« Teconnection and regular reconnection in the Earth’s quasi-parallel bow shock, using a 2-
s D PIC simulation. We will statistically investigate outflow speeds in both electron-only
ss Teconnection and regular reconnection, and the magnitude of the reconnection electric field
o7 as well as reconnection rates. Sec. II explains the simulation method. In Sec. III, we
ss investigate reconnection in the shock transition region, and discuss the analysis results. In
o0 Sec. IV, we show an example of observation by MMS for electron-only reconnection. Sec.

70 V summarizes this study.

n II. SIMULATION METHOD

72 We perform a two-and-a-half dimensional electromagnetic PIC simulation for a quasi-
73 parallel shock, where the simulation domain is in 2-D but three vector components in field
7 quantities and particle velocities are treated. Details of the simulation method is explained
75 in the previous papers [13, 14]. The mass ratio of the ion to the electron is m;/m. = 200.
76 The densities of both ions and electrons are uniform and they are n = ng (100 particles per
77 cell for each species) at the initial time ¢ = 0. The magnetic field is also uniform at ¢ = 0,
s and By = [By cos 0, By sin 0, 0], where 6 is the shock normal angle and we use 6 = 25 degrees.
7o The simulation domain has a size L, x L, = 375d; x 51.2d;, where d; is the ion skin depth
s based on the initial density ng (d; = c/(4mnge?/m;)'/?, where e is the elementary charge,
s1 and c is the light speed). The ratio of the plasma frequency (wye = (47n9e?/m,.)"/?) and the
&2 electron cyclotron frequency (Q. = eBy/m.c) is wpe /e = 4.0, which gives v49/c = 1/56.6,
83 Where v 4 is the Alfvén speed based on By and ng. The beta values at ¢t = 0 for the ions and
sa the electrons are §; = 1.0 and §. = 1.0, respectively. With these parameters, the electron

es thermal speed becomes vy, = 14.1v49. Conducting walls are placed at x = 0 and x = L,,
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s Where particles are specularly reflected, while we use periodic boundaries in the y direction.
sz To drive a shock wave, we impose a uniform electric field F, and give a negative x speed
88 Vg = —9.0v49 to all the particles, where E, = —vgBgsinf/c. The conducting wall at = = 0
g0 reflects all the particles, which generates strong disturbances in the magnetic field, and
o eventually a shock wave is generated, propagating in the x direction with a positive speed.
a1 Since all the particles are drifting to the negative = direction throughout the simulation time,
e we inject new particles from the boundary at x = L,. The shock speed vy, is determined

o3 by the speed of the largest magnetic pulse in the = direction, adding the drift speed |vg].

o III. OUTFLOW SPEEDS AND RECONNECTION ELECTRIC FIELDS IN THE
s SHOCK TRANSITION REGION

6 A. Categorization of reconnection X-lines

o7 We investigate reconnecting current sheets generated in the shock transition region. De-
o tails of several reconnecting current sheets in the shock transition region in the same sim-
o ulation have already been documented in the previous papers [13, 14]. In this paper, our
1o focus is the outflow speed and the reconnection electric field, which is the magnitude of E,
w1 field at the X-line in each reconnection region.

02 Fig. 1(a) shows the current density J, and magnetic field lines in a simulation domain,
103 40 < z/d; < 55 and the whole y range 0 < y/d; < 51.2, at Q;t = 18.75, where ; is the
104 ion cyclotron frequency based on By. The gray lines are magnetic field lines, which are the
105 contour of the vector potential A, and the color contour shows J,. The plotted region is the
s shock transition region. The right side (55d; < x) is the upstream region, while the left side
w7 (x < 40d;) is the downstream region. The Alfvén Mach number (M, = vy, /v49) is 11.4, and
108 the magnetic field strength becomes almost six times larger in the shock than the upstream
100 value. For details of the shock evolution, please refer to the previous studies [13, 14]. Those
no current sheets are generated due to two types of instabilities: a non-resonant ion-ion beam
s instability (in which the fastest growing mode does not resonate with the reflected ions but
12 with the incoming solar wind), and the secondary instability due to multiple electron and
u3 ion beams.

s In the right panel (b), the positions of X-lines are marked by Xs. We identified 43 X-lines
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us in this region, and traced the motion of these 43 X-lines for 100 time steps from ;¢ = 18.75
ue to 18.78. In these 43 X-lines, we only analyze 32 X-lines that are stable during the time
uz interval. The rest 11 X-line regions have one or multiple magnetic islands disappeared within
us the 100 time steps, difficult to analyze, and hence they are not included. Fig. 1(b) shows
ue these 32 X-lines.

20 For these 32 X-lines, we determine whether there exist electron jets in each reconnection
21 region.  When no electron jets are confirmed around an X-line, we categorize the region
12 as “no active reconnection”, which indicates that either reconnection has already ceased,
123 or reconnection has just begun and no jet has been developed yet. For the X-lines where
124 electron jets are observed, we investigate whether there are ion jets. When no ion jet is
125 observed around an X-line with electron jets, we categorize the X-line as “electron-only
126 Teconnection”. In X-lines where ion jets are confirmed, there are some X-lines where the
127 electron jet points to a direction different from the ion jet. For example, there is an X-line
128 Where the electron jet and the ion jet are almost counter streaming. Since there is a shock
120 turbulence, strong ion flows can be generated without reconnection, and such strong ion flows
130 can pass through a small-scale electron-only reconnection region. Therefore, we categorize
1 those X-lines as “electron-only reconnection”, because electron and ion jet motions are
122 decoupled. When an X-line shows both electron and ion jets pointing in the same direction
133 (the angle between the electron and ion jets less than 10 degrees) or similar directions (the
13 angle < 45 degrees) from the X-line, and when the ion speed increases from the X-line to
135 the downstream region, we categorize the X-line as “regular reconnection”. In Fig. 1(b),
136 magenta Xs show the positions of electron-only reconnection, yellow Xs show the positions
137 of regular reconnection, and white Xs mark the positions of no active reconnection. In these
138 32 X-lines, 18 X-lines show electron-only reconnection, 7 X-lines show regular reconnection,

130 and 7 X-lines show no active reconnection.

1o In the shock-driven turbulence, the shape of each reconnection region is significantly
1 distorted, and most reconnection shows asymmetry in both the inflow direction and the
12 outflow direction. As a result, many reconnection regions show only a one-sided jet, which
3 points in a certain direction without the counterpart of the jet pointing in the opposite
s direction. Later in Sec.IIID, we will discuss asymmetry in the outflow direction in such
1s a reconnection site with a one-sided jet. In the 18 sites of electron-only reconnection, 9

us reconnection sites show only one-sided jets, and the rest 9 sites show two-sided jets. In the



17 7 regular reconnection sites, only one site shows both two-sided electron jets and two-sided
us ion jets. There are 3 sites that show two-sided electron jets and one-sided ion jets. The rest
1o 3 sites show one-sided electron jets and one-sided ion jets.

150 Comparing Fig. 1(a) and (b), we notice that regular reconnection (yellow Xs) occurs
151 where there are large-scale magnetic islands. For example, there is a large-scale island
152 (whose size is a few d;) around x = 50d; and y = 42d;, and there are two yellow X-lines at
153 (x,y) = (49.45d;,38.275d;) and (49.925d;,41.825d;). Another one is found near a large-scale
154 island around x = 49d; and y = 2d;, and there is a regular reconnection site whose X-line
15 1s at (z,y) = (48.975d;,0.925d;). This is because regular reconnection is often associated
155 with the non-resonant ion-ion beam instability, which generates a magnetic field modulation
157 whose size is of the order of d;. Magnetic field lines bend more and more as the waves grow,
158 and eventually reconnection occurs when the bent field lines generate a loop-like structure
159 Where two oppositely-directed field lines are in contact at a point. If reconnection occurs
10 due to this instability, regular reconnection is realized because ions can respond to such a
161 large-scale (ion-scale) structure. The positions of yellow Xs in Fig. 1 (b) are seen near large-
162 scale magnetic flux ropes (magnetic islands). In contrast, electron-only reconnection sites
163 (magenta Xs) are distributed in regions with fine-scale current structures. For example,
164 in the region around x = 50d; and y = 30d;, there are fine structures of current sheets

165 (intricate patterns of red and black regions, see panel (a)), where several magenta Xs are

o

166 seen. Another region with turbulent current sheets is seen near x = 47d; and y = 10d;,
17 and there are many magneta Xs. These regions are where the secondary instability occurs
168 after the non-resonant ion-ion beam instability, and many small-scale (sub-d; scale) current

160 sheets are generated. Please refer to Ref. [14] for more details about the instabilities in the

=N

o shock. In these regions, since ions cannot respond quickly to such small-scale changes of

1

J

1 magnetic fields, electron-only reconnection can occur.

12 B. Electron-only reconnection

3 Fig. 2 shows an example of a reconnecting current sheet where electron-only reconnection
e occurs. The plots are: (a) the current density J,, (b) the out-of-plane electric field E,, (c)
s the in-plane electron fluid velocity V. = (V2 + V2)"/? multiplied by the sign of V,,, (d) the

1/2

w76 in-plane ion fluid velocity V; = (V;Z 4 V;2)!/* multiplied by the sign of Vj,, (e) the out-of-



177 plane magnetic field B,, and (f) one-dimensional (1-D) plots of the magnetic field By, and
178 the electron density n. across the current sheet. For the in-plane electric field F, and E,,
1o please see supplementary material. The coordinates L and N are shown in panel (d). These
10 quantities are in the X-line rest frame, where the X-line position is stationary. To obtain the
11 X-line rest frame, we measured the velocity of the X-line motion in the simulation (for 100
12 time steps from ;¢ = 18.75 to 18.78, measuring the position at every 10 time step), and we
183 changed the frame from the original simulation frame to the X-line rest frame. Suppose the
1 X-line speed is Vx, we have E, est = E, sim + (Vx X B),/c, where E, ;.o and E, g, are
18s the electric field E, in the X-line rest frame and in the simulation frame, respectively. In
186 each panel, white arrows represent the vectors of the electron fluid velocity, except for the
17 ion fluid velocity plot (panel (d)), where the white arrows are the vectors of the ion fluid

188 velocity. The X-line is shown by the magenta X, and magenta lines are magnetic field lines.

1o In these panels, the X-line is located at (z,y) = (zx,yx) = (47.5d;,25.85d;). The
wo current density J, (panel (a)) shows a diagonally negative (black) structure from the top
w1 left quadrant (z < xx and yx < y) to the bottom right quadrant (zx < x and y < yx)
102 around the X-line, and this negative J, is separated by the positive current sheet (green
103 and red) around the X-line, which shows also a diagonal structure passing from the top
s ight quadrant (zx < x and yx < y) to the bottom left quadrant (z < xx and y < yyx)
105 around the X-line. Because of this positive current sheet, two magnetic islands are seen in
106 the top left and the bottom right regions. Regarding the magnetic field direction, if we use
w7 the L-N coordinates (see panel (d)), where L is the direction of the reconnecting magnetic
108 field, By, < 0 in the upper region (above the positive current sheet), and By > 0 in the lower

100 region (below the positive current sheet).

20  Panel (c) for V. shows an electron jet that passes through the X-line almost vertically
201 from top to bottom. The maximum of the in-plane electron outflow speed (V2 + V2)/? in
200 the X-line rest frame is V,,; = 10.7v49 at (x,y) = (47.5d;,25.8d;), slightly below the X-line.
203 Let us apply the reconnection model by Ref. [20] for asymmetric reconnection to discuss the
20 outflow speed. The magnetic field strengths at the two sides across the current sheet in the
20s N direction (see panel (f)) are By = 1.6B; and By = 0.998y, and the electron densities at
206 the two sides are n; = 3.3ng and ny = 2.9ny. Here, to compute B; and By, we first visually
207 determined the current sheet normal direction N as in panel (d), and then investigate the

208 L component of the magnetic field, which is perpendicular to the N direction, along the N



200 direction passing through the X-line to find the two maxima positions of |By|, as shown in
210 panel (f). We assume that these two maxima of | By | represent By and B, and also measured
au the densities ny and ny at the two positions. Using the asymmetric reconnection model, the
212 outflow speed is predicted to be Vipeory = [B1Ba(B1 + Ba)/(ny By + noBy)|Y2(1/47wm,)Y? =
213 10.2v 49, which is consistent with the observed electron outflow 10.7v,49. Note that this
24 theoretical speed Vipeory is close to the local electron Alfvén speed. For example, at the
215 position with B; and nq, the local electron Alfvén speed is 12.4v,49, while at the position
216 with By and no, the local electron Alfvén speed is 8.3v49. Therefore, the electron outflow
217 speed is close to those local electron Alfvén speeds. In contrast, the ion fluid velocity (panel
218 (d)) shows no ion jet, and this reconnection is only due to electrons. As shown in panel (c),
210 this electron-only reconnection has a one-sided jet. We will discuss later the applicability of
220 the asymmetric reconnection theory to reconnection in a shock, considering both one-sided
21 and two-sided jets (see Subsection IIID). Also, more details about the flow patters in this
222 reconnection region as well as the size of the electron diffusion region (EDR) are shown in

223 Fig. S1 in the supplementary material.

2¢  The electric field £, in the X-line rest frame (panel (b)) shows a positive value around
25 the X-line, which is due to the electron flow pointing in the negative y direction. Note that
26 the convection electric field E, = — (V. By — VoyBy) /¢ ~ Ve B, /c with V,,, < 0 and B, <0
27 below the X-line. The reconnection electric field E, (|E.| at the X-line) is £, = 0.075B8.
2s The reconnection rate R = E,/(BqVineory/C), where By = 2B By /(B + Bs), is 0.34, and R

220 based on the outflow speed V,,; instead of Vipeory is 0.32.

20 Note that there are strong electron inflows from three directions (see panel (c) in Fig.
an 2 as well as panel (a) in Fig. S1 in the supplementary material): there are two inflows in
2 the N direction, and the other is from the positive L side (flow along the positive current
233 sheet). Two of these inflows (the one from the positive y direction toward the X-line, and
2% the one in the L direction toward the X-line) show large speeds around 8v,g, and each
235 of these inflows also generates a large convection electric field E,. The inflow from the
26 positive y side generates a positive E, due to V., B,/c with V., < 0 and B, < 0, but
27 the other inflow from the positive L side generates a negative convection electric field (not
28 shown) E, ~ =V, By/c with V., < 0 and By < 0. This unusual L-directional inflow is
230 not seen in the standard laminar reconnection, but this is generated in the shock-turbulent

a0 Teconnection. However, due to the demagnetization of the electron in the diffusion region



2 (see Fig. S1in the supplementary material), the effect of the non-ideal electric field surpasses
22 the convection electric field, and the reconnection region shows a positive E, near the X-
213 line. This reconnection is driven by these strong inflows, similar to reconnection driven by
24 a Kelvin-Helmholtz instability [19].

25 Panel (e) shows that there exists a large-amplitude B,, out of plane with respect to
26 the reconnection plane N-L. At the X-line, B, = —3By = —2.5B,, and this reconnection
27 involves a strong guide field.

25 Fig. 3 shows another example of a reconnecting current sheet. The current density .J,
200 (panel (a)) shows an almost vertical negative current sheet at the X-line, (z,vy) = (zx,yx) =
20 (48.5d;,37.375d;). Magnetic fields point upward (B, > 0) in the region left to the X-line
21 (x < xx), while they point downward (B, < 0) in the region right to the X-line (zx < z).
22 The electron velocity V. (panel (¢)) shows an almost vertical downward jet (V., < 0 and
253 Vo, < 0) in the left bottom quadrant (r < zx and y < yx) from the X-line, and the
25 maximum speed is 5.0v49 at (x,y) = (48.3d;, 36.95d;). Details about the flow patterns and
255 the size of the EDR are shown in Fig. S2 in the supplementary material.

6 Even though the negative current sheet across the X-line forms almost along the y di-
27 rection, the B, component (instead of B, component) is the reconnecting magnetic field.
23 We decided the direction of the reconnection (which side is the inflow and which side is the
250 outflow) based on the time evolution of the vector potential A,. According to the evolution
260 of A, (not shown), we found that the magnetic island in the positive y side becomes smaller
261 as time elapses, and this means that the direction of the By component (reconnecting mag-
262 netic field) is in the x direction. Panel (d) shows the N and L directions around the X-line,
23 and By < 0 above the X-line, while By, > 0 below the X-line. The ion velocity V; does not
4 show an ion jet, and this is electron-only reconnection. Using the asymmetric reconnection
26s model (By = 0.44By, By = 0.36By, n; = 3.5n and ny = 3.3ng, see panel (f)), the outflow
266 speed is predicted to be Vipeory = 3.1v49, which is close to the observed electron outflow
267 Vit = 5.0V 40.

2  The electric field F, (panel (b)) is positive around the X-line, and the reconnection
29 electric field is F, = 0.005B,. This means that the sign of the reconnection electric field is
270 opposite to the sign of the current density J,, which resembles reconnection with a current
on sheet with the opposite sign to the reconnection electric field in Ref. [21]. In our case,

o2 this condition results in a negative energy exchange rate (i.e. J - (E + V., x B/c) < 0)
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o3 at the X-line; however, there exist positive regions of the energy exchange rate near the
za X-line (see panel (e) in Fig. S2 in the supplementary material), slightly offset from the
25 X-line (near the negative E, region in the vicinity of the X-line, as well as part of the
26 outflow region near the outflow maximum), and the overall energy exchange rate in the
277 reconnection region is positive. Using the asymmetric reconnection model, the reconnection
s rate is R = E,./(BgViheory/c) = 0.24, and if we use V,,;, R = 0.14. Panel (e) shows that the
279 guide field strength at the X-line is B, = —0.69By = —1.7B,.

0 In these electron-only reconnection sites, most of the electron outflow speeds are of the
2s1 order of electron Alfvén speed, and also close to the theoretical speed defined in the asym-
262 metric reconnection theory, i.e. Vipeory. The reconnection electric fields F, in these sites
23 are of the order of 0.1B4Vineory/c, 1.€., the reconnection rate (R = E,/(BgVineory/c)) is of
2 the order of 0.1. Compared with the reconnection rate of standard reconnection in the
265 Barth’s magnetopause/magnetotail [22-25], where both ions and electrons are responsible
286 for reconnection, the reconnection rate is the same order, around 0.1; however, the recon-
27 nection rate of 0.1 in electron-only reconnection indicates that the reconnection electric
2ss field is unusually larger than the reconnection electric field in the standard reconnection
20 in the magnetopause/magnetotail. This is because the outflow velocity V., which is close
200 t0 Vipeory, in electron-only reconnection is of the order of the electron Alfvén speed v4e.
201 Therefore, the reconnection electric field in electron-only reconnection is of the order of
22 0.1Bquae/c = 0.1(m;/m.)"/?Bgva/c, which is (m;/m,)'/? larger than the reconnection elec-
203 tric field in the standard laminar reconnection in the Earth’s magnetopause/magnetotail,
20t 0.1B4v4/c. Our argument is consistent with Ref. [12], in which the reconnection electric
205 field is compared between electron-only reconnection and the standard reconnection. More
206 discussions about the reconnection rates in both types of reconnection will be given in Sec.

207 I1I D.

28 1o investigate the strength of the reconnection electric field E,., we performed a statistical
200 analysis for electron-only reconnection, even though the sample size is small. The following
300 properties are investigated: (1) the reconnection electric field E, (|E,| at the X-line), (2) the
so1 reconnection rate (we consider two rates: Ry = E,./(BiViheory/c) and R, = E,./(BgVout/c)),
302 and (3) the outflow speed V,,;. In the observed 18 electron-only reconnection X-lines, three
303 X-lines show E, with its sign opposite from what we expect by the evolution of the magnetic

a4 field lines (in other words, the evolution of the vector potential A,). For example, the X-
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s line at (z,y) = (51.425d;,40.3d;) shows a negative E,, but based on the time evolution
306 of the magnetic field lines, the reconnection electric field should have a positive E,. This
07 discrepancy in the observed E, may be due to the temporal variation of the reconnection
s0s electric field affected by the surrounding region, which is beyond the scope of this paper.
300 We discard those three X-lines that show FE. inconsistent with what we expect, and we use

s10 the rest 15 X-lines for the statistical analysis.

sn  Fig. 4 shows histograms for the reconnection electric field E,, the reconnection rates
52 (Ry = E,/(BaVineory/c) and R, = E,./(BqVout/c)), and the electron outflow speed V. Fig.
213 4(a) shows a histogram for E, normalized by the magnetic field By in the shock upstream
suu region. In the 15 X-lines we analyzed, seven X-lines have FE, less than 0.02, and the rest of
us the X-lines range from 0.02 to 0.08. The mean is 0.031B, (= 0.36 By sin 6V, /¢, where Vy,, =
s6 11.4v 49 represents the solar wind speed), the minimum is 0.0038 By (= 0.044 By sin 0V, /c),
n7 and the maximum is 0.075B8, (= 0.88Bsin 0V, /c). Fig. 4(b) shows two histograms: one is
ss for the reconnection rate Ry = E,./(Viheory Ba/c) (black), and the other is for the reconnection
a0 rate R, = E,./(V,u:Ba/c) (red). In these 15 X-lines, 12 X-lines show R; less than 0.4, and the
220 rest three X-lines show the reconnection rate R; larger than 0.6. The two X-lines indicated
21 by the black arrow are the ones with R; > 1.0 (R; = 1.4 and 2.6). Including these three
122 large reconnection rates, the mean is 0.43, but if we exclude these three as outliers, the mean
23 of the 12 reconnection rates R; is 0.16. In the total 15 reconnection rates, the minimum is
224 0.019, and the maximum is 2.6. For the reconnection rate R, (red), where V,,; is used, only
325 one reconnection rate R, shows larger than 1, and 14 reconnection rates are less than 0.6.
326 The mean is 0.25, the minimum is 0.029, and the maximum is 1.0. Note that in the standard
27 laminar reconnection, a theoretical study [26] shows that the upper limit of the reconnection
28 Tate should be smaller than around 0.5 in non-relativistic cases. However, reconnection in
29 the present study is driven reconnection due to strong flows in the shock turbulence, and in

30 that case, reconnection rates can be much larger than 0.5.

s Fig. 4(c) and (d) show histograms for the outflow speed, V,,;. Panel (c¢) shows histograms
32 for Vi, (red) and Vipeor, (black), normalized by the Alfvén speed in the upstream region
w3 V40 (note that the electron Alfvén speed in the upstream is vaeo = (m;/me)?va0 = 14.1v49
s in the simulation with m;/m. = 200). For the observed outflow speeds V,,; (red), the
335 speeds are distributed between 4.0v4¢ to 18.0v 49, and the mean is 10.1v g, which is 0.72 of

136 the electron Alfvén speed va.g = 14.1v,40 in the upstream region. The minimum is 5.0v g,
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;37 and the maximum is 17.4v,49. However, the minimum value 5.0v49 does not mean that the
a3 outflow speed at that reconnection site reaches much less than the local electron Alfvén
330 speed, because the local electron Alfvén speed is close to Vipeory. The black histogram is
320 fOr Vipeory, and the values are spread between 2v4g to 22v4. Panel (d) shows a histogram
s for V,,,; normalized by the theoretical prediction speed, Vipeory. Most of the X-lines show
32 Vout/Vineory around 1.0 (between 0.5 to 2.0). The minimum value of the outflow speed
u3 in panel (¢), Vi = 5.0049, corresponds to Voui/Vineory = 1.6; therefore, that outflow speed
s actually exceeds the predicted speed. The minimum of V.t /Vireory 15 0.52, and the maximum
s is 3.4. Three X-lines show larger than 2.25 (V,ut/Vireory =2.4, 2.5, and 3.4). Therefore, all
us the electron outflows show larger than 0.5 of the predicted speed.

sz Fig. b shows scatter plots for the outflow speed V,,, the reconnection electric field E,., and
s the reconnection rates R; and R,. Panel (a) shows a plot for V,,; as a function of Vipeory-
u9 The outflow speeds V,,; range from 5.0v49 to 17.4v49, and there is a positive correlation
50 between V,,; and the theoretical prediction Vipeory. We investigated the correlation based
;51 on Spearman’s rank correlation, since the sample size 15 is small, and the distributions of
352 both Vi,r and Vipeory are not Gaussian (see the histograms in Fig. 4 (c)). The Spearman’s
353 rank correlation coefficient is 0.75, and the p-value (using the t¢-distribution for the degrees
35 Of freedom n— 2, where n is the sample size) is 0.0013, which is less than 0.05 (5% significant
355 level). We conclude that there is a strong positive correlation between V,,; and Vipeory, and
36 the reconnection outflow V,,; is well explained by the asymmetric reconnection theory with
ss7 using the electron mass m.. Note that we confirmed that these reconnection regions show
353 converging inflows in the N direction toward the X-line (see examples in the supplementary
350 material), which are necessary for reconnection (see also Eqgs. (A2) and (A3) in Appendix
30 as well as Eq. (3) in Sec. IIID). As we will explain later in Sec. IIID, the outflow speed
s61 Vour becomes close to Vipeory, €ven under a strong background flow, as long as there exist
s converging inflows toward the X-line. Therefore, the correlation between Vg, and Vipeory

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

s« Panel (b) shows the reconnection electric field E,. as functions of the theoretical speed
365 Vineory (black) and the observed outflow speed V,,; (red). Seeing the black scatter plot, it
366 is hard to see a correlation between £, and Vipeory. In contrast, if we use the observed
67 outflow speed V,,; (red scatter plot), we can see a weak correlation between E, and V.

ses Since the distribution of E, is also not a Gaussian (Fig. 4(a)), we performed the Spearman’s
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w0 Tank correlation analysis. The rank correlation coefficient is 0.33 for the red data points.
s However, the p-value is 0.23. This large p-value is mainly due to the small sample size, and
sn we cannot conclude, with this p-value, whether there is a weak correlation. Nevertheless,
;2 we can at least say that there may be a tendency that the larger the outflow speed, the
a3 larger the reconnection electric field. To prove this, we need to increase the sample size. In
sa the following analysis for other variables, if we find that the rank correlation coefficient is
w5 large but the p-value > 0.05, we will interpret that there is a ‘tendency’ of the correlation
as between the two variables. In contrast, if we find that the correlation coefficient is large and

sr7 the p-value < 0.05, we will ‘conclude’ that there is a correlation.

s The electron-only reconnection in the transition region of the quasi-parallel shock has a
o strong guide field, as shown in Figs. 2(e) and 3(e) and also as we will see later, and the
30 outflow velocity is tilted with respect to the current sheet near the X-line. Also, most of the
381 electron-only reconnection sites have asymmetric field quantities across the current sheet
22 around each X-line, and there is a significant asymmetry in the inflow and outflow velocity
33 patterns. As a result, the outflow velocity parallel to the magnetic field may become signifi-
s cantly large. The parallel outflow component does not contribute to the convection electric
35 field in the reconnection region. In Fig. 5(b), the outflow speed V,,; may contain a signif-
386 icant contribution from the parallel outflow speed, and it is still not clear whether a large
se7 outflow speed makes the reconnection electric field large. Therefore, we investigate another
sss correlation between the reconnection electric field E, and the convection electric field due to
0 the outflow. If we assume a steady state reconnection model, where the reconnection electric
300 field is uniform around the X-line, the outflow velocity V,,; will generate the convection
so1 electric field B, = —(V ¢ X B),/c, which is equal to the reconnection electric field £, at
302 the X-line. Even though the electron-only reconnection in the shock is not steady state
303 reconnection, we expect that there is a correlation between E, and the convection electric
304 field by the outflow. The scatter plot with black data points in Fig. 5(c) shows for E, as a
35 function of the convection electric field by the outflow. To make this plot, we excluded the
36 data at two X-lines where the sign of the convection electric field and the sign of E, at the
s07 X-line are opposite; therefore, we used 13 data points. Although there is a large spread of
38 the data points, we see a weak correlation between E, and the convection electric field. The
300 Spearman’s rank correlation coefficient is 0.31. However, again, due to the small sample

a0 size, the p-value is 0.30, and we cannot disprove that there is no correlation. From panels
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a1 (b) and (c) and the rank correlation coefficients (0.33 for £, and V,., and 0.31 for E, and
a2 the convection electric field), we confirm tendencies that the reconnection electric field E, is
w03 weakly correlated with the outflow V,,; and the convection electric field, but further study
w0 with a larger sample size is necessary. In contrast, the scatter plot with red data points in
ws Fig. 5(c) shows a relation between FE, and the convection electric field due to the inflow
w0 velocity. For the inflow velocity, we measured the electron fluid velocity V', at one of the
a7 inflow edges of the EDR (the same points where we measure the maxima of By along the
w8 N axis to obtain By), and we computed the z component of the convection electric field
w — (Vi x B),/c. We used only 13 data points from reconnection regions where the signs of
a0 the convection electric field and the reconnection electric field are the same. We see a posi-
an tive correlation between the convection electric field due to the inflow and the reconnection
a2 electric field E,.. The positive correlation is seen because the inflow convection generates
a3 a roughly uniform electric field in the EDR including the reconnection electric field, even
ae under the turbulent condition (see a quantitative discussion in Sec. IIID). The Spearman’s
a5 rank correlation coefficient is 0.70, and the p-value is 0.007.

a6 Panel (d) shows a plot for the reconnection rates R; and R,. The data points for both
a rates (black and red) show an increase of the reconnection rate as the normalization quantity

a8 (horizontal axis) becomes small. If the reconnection rate were a constant value, we would

s

a0 see a flat distribution of the data points along constant values of R, and R,. This plot

4

)

o shows that the reconnection rates are not constant. The reconnection rates become larger

a1 in smaller Vipeory Ba/c and Vi, Ba/c, because the outflow speed (Vipeory and Vi) becomes

]

a2 small, but the reconnection electric field E, is only weakly correlated with Vipeory and V.
23 Also, the increase is due to small By when the size of the reconnection region is small (such

a2 as a small sub-d; scale magnetic island), which makes both By and Ve ~ Vipeory small.

w5 Fig. 6 shows scatter plots for the reconnection electric field E, and the reconnection rate
26 Ry as functions of the guide field strength B, (| B,| at the X-line). In both panels (a)-(b), the
sz black data use the guide field B, normalized by the upstream magnetic field By, while the red
«2s data use By normalized by the local value of B;. In those electron-only reconnection sites,
29 there are generally strong guide fields less than 108y, and if we use a local By, the highest
a0 guide field is B, = 27B,, which is due to small B, in a small reconnection region (small
s sub-d; scale island). Panel (a) shows that there is no correlation between the reconnection

sz electric field £, and the guide field B, in the black data points. In the red data points,
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a3 a weak negative correlation is seen between E, and B,/By, but the highest three B,/By
a3 points can be considered outliers, as we explain bellow. Using the rest 12 red data points
35 (removing the highest three points), the Spearman’s rank correlation coefficient is almost
436 Z€TO.

s In panel (b), it is also hard to conclude about a correlation between the reconnection rate
s R; and the guide field. The highest three reconnection rates (R; = 0.6, 1.4 and 2.5) show
a3 strong guide field B,/B; > 10, and this is because of the small By in a small reconnection
ao region. Therefore the extremely large reconnection rate R; for these three X-lines can be
s considered outliers (these three outliers correspond to the three highest R; in the histogram
w2 Fig. 4(b)), and the other reconnection rates are concentrated in the region less than R; < 0.5.
w3 After removing those three outliers of extremely large Ry, there might be a weak negative
s correlation between the reconnection rate and the guide field strength. The Spearman’s rank
ws correlation coefficients are -0.31 (p-value=0.33) for the black data points and almost zero
w6 for the red data points, respectively. R; shows higher values around 0.35 in B, /By < 3 and
w1 By/By < 3, but R; becomes around 0.1 in the ranges 5 < B,;/By < 10 and 5 < B,/ B, < 10.
us Tendencies of a weak negative correction are seen in these data points, but the sample size

a9 18 too small to make a conclusion.

450 C. Regular reconnection

1 In the shock transition region, we identified seven regular reconnection sites, indicated
2 by the yellow Xs in Fig. 1(b). We investigated details of the reconnection electric field
53 and ion and electron outflow speeds around these seven X-lines. One example of regular
ss4 reconnection (the X-line at (z,y) = (49.925d;,41.825d;), near the largest magnetic island
sss around x = 50d; and y = 42d;) has already been documented in Ref. [13].

s Fig. 7 shows field quantities in a regular reconnection site, in the same format as Figs. 2
ss7 and 3, except for panel (b), where the white arrows show the ion flow vectors. Around the
w8 X-line at (z,y) = (vx,yx) = (49.8d;,21.2d;), there is a current sheet with negative J, along
w0 the vertical direction (panel (a)). Across this current sheet, the reconnecting component of
s0 the magnetic field reverses its sign. In other words, using the L (direction of the reconnecting
ss1 magnetic field) and N (normal component) directions drawn in panel (d), we have By, > 0 in

w2 x < xx and By, < 0in xx < z. The reconnection electric field is negative (E, = —0.0958),
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s3 and the region surrounding the X-line has negative E, (panel (b)).

ws  Panels (¢) and (d) show the electron and the ion fluid velocities in the X-line rest frame.
a5 The electron flow (panel (c)) shows a bipolar outflow pattern across the X-line in the y
a6 direction; there is a strong upward outflow V., > 0 in yx < y, while a negative outflow
w1 Vo < 0in y < yx. In the yx < y side, the maximum electron outflow speed reaches
s 13.0v4. However, this outflow speed is much smaller than the predicted electron outflow
469 Ve_theory = 34.9v4¢ using the magnetic fields and densities at the two sides (B; = 1.46B,,
w0 By = 4.15By, ny = 0.96ng, and ny = 1.08ng, shown in panel (f)), with the electron mass
a1 me. Slightly away from the outflow regions, in the region where xx < x (around z = 50.5d;)
a2 and yy < y, there is a strong downward (V,, < 0) flow, while in the region where z < zx
a3 (around =z = 49.0d;) and y < yy, there is a strong upward (V,, > 0) flow. This upward
74 flow is mainly due to another reconnection site at (z,y) = (48.8d;,20.85d;), and the outflow
a5 from that neighboring reconnection site plays a role as a part of the inflow in this regular
w6 reconnection site. If we look into the vicinity of the X-line at (zx,yx), there is an electron
a7 inflow toward the X-line from left to right (from the x < xx side to the zx < z side). The
s ion flow (panel (d)) shows a strong upward (V;, > 0) flow in both y < yx and yx < y. In
aro the region y < yx, there are two flows (near x = 49d; and near x = 50d;) with V;, > 0,
w0 and the flow near x = 49d; includes the outflow from the neighboring reconnection site.
s In the regular reconnection site at (xx,yx), the flow around = = 50d; plays a role as the
a2 ion inflow. This inflow passes through the X-line in the positive y direction, and the flow
a3 direction changes to a direction with Vj, > 0 and V;, > 0 in yx < y. The ion outflow has
w4 a peak of 7.4vag at (z,y) = (50.025d;,21.925d;), and another peak of 7.2v49 at (z,y) =
w5 (50.6d;,22.75d;). Surprisingly, these outflow values are much greater than the predicted
a6 ion outflow Vi_ipeory = 2.5v40 using By, By, ny, and ny with the mass m; = 200m.. The
sg7 origin of this unusually fast ion outflow speed is likely the background ion flows due to ion
a8 reflection in the shock transition region (see also Ref. [14] for the ion distribution functions
a0 that contain reflected ions). Turbulent ion flows in the background already have fast flow
a0 speeds, and reconnection in this region further accelerates ions from the X-line to the region
w1 Yx < y. More details of flow structures in this regular reconnection region are given in Figs.
w2 33 and S4 in the supplementary material. Also, Fig. S5 in the supplementary material
03 shows a Hall electric field in the in-plane electric field, which points toward the magnetic

a4 neutral line, due to the decoupling of electron and ion motion.
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w5 Note that this regular reconnection site has a few different features from the standard
a6 laminar reconnection. One is that the ion outflow is generated in the positive L and negative
a7 N side from the X-line, but this outflow region near x = 50d; and y > 22d; is usually the
a8 inflow region in the standard laminar reconnection, where the inflow points toward the X-
a0 line. This unusual outflow region in this regular reconnection site is produced mainly because
so0 Of the small size of the magnetic island structure. Another difference is that the ion motion
so1 is decoupled from the electron motion in most of the reconnection site around the X-line.
s2 As a result, the electric field E, (panel (b)) in the ion exhaust region (rx < x and yx < y)
s03 is not consistent with the convection electric field —V'; x B/c, and the negative sign of E,
s« in the ion exhaust region is opposite from the positive sign of the convection electric field
sos (—Vjz B, > 0 because V;, > 0 and B, < 0 in the ion exhaust region). In this ion exhaust
sos region, there is a strong downward (V,, < 0 and V,, < 0) electron flow (see panel (c) in the
sor region around x = 50.5d; and yx < y) whose speed is comparable to the ion exhaust speed.
sos Therefore, this decoupling between the electron and the ion motions causes the Hall current,
so0 and the generalized Ohm’s law tells that F, is balanced with the convection effect due to
s10 the electron motion in the ion exhaust region (—V.,B, < 0 because V., < 0 and B, < 0).
su This regular reconnection in the shock is very different from the regular reconnection in the
s> Farth’s magnetopause/magnetotail, where the convection electric field due to the electron
s13 flow and the ion flow show the same sign, and the ion and the electron motions are almost
s coupled in the ion exhaust region. The reason why there is a strong decoupling between the
s15 electron and the ion flows is mainly because the size of the island structure in the shock is
si6 small (of the order of d;), and both ions and electrons with fast flow speeds (of the order of

si7 10v,40) cannot be completely magnetized.

s Fig. 8 shows histograms for the reconnection electric field, the reconnection rates, and the
s10 ion and electron outflow speeds in regular reconnection sites. Panel (a) shows the histogram
s20 for E,. normalized by the upstream magnetic field By. The reconnection electric fields range
sz from 0 to 0.1By: The mean is 0.039B, (= 0.45B;sin 0V, /c), the minimum is 0.010B8,
s2 (= 0.12By sin OV, /c), and the maximum is 0.095B, (= 1.1Bysin 6V, /c). Comparing with
s23 Fig. 3(a) for electron-only reconnection, F, in regular reconnection in the shock transition
s2 Tegion does not have a significant difference from E,. in electron-only reconnection, and both
s electron-only reconnection and regular reconnection show similar magnitudes of E,.. Panels

s (b) and (c) show histograms for reconnection rates, where we chose four normalizations:
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521 (1) BgVeout/c (panel (b), red), where V,_,, is the observed electron outflow speed, (2)
52 ByVe_theory/C (panel (b), black), (3) BqVi_out/c (panel (c), red), where V;_,,: is the observed
s20 ion outflow speed, and (4) ByVi_iheory/c (panel (c), black).

s Panel (b) shows the reconnection rates Rey = E,/(Ve_iheoryBa/c) (black) and R, =
s1 By /(Ve_ouwBa/c) (red), based on the electron outflow speeds. Both the black and the red
s3 histograms show similar distributions. The mean values are 0.13 (black) and 0.14 (red), the
s33 minimum values are 0.018 (black) and 0.028 (red), and the maximum values are 0.35 (black)
s and 0.29 (red), respectively. Panel (c) shows the histograms for the reconnection rates
s3s Riy = By /(ViciheoryBa/c) (black) and R;, = E,/(Vi—ouBa/c) (red) based on the ion outflow
s3 speeds. In this plot, the horizontal axis in the bottom (red) is for R;,, and the horizontal
s axis in the top (black) is for R;. For R;, = E,./(Vi_ouwBa/c), the mean is 0.28, the minimum
s38 1s 0.058, and the maximum is 0.59. If we multiply a factor of 0.5 with the values of R;, in the
s horizontal axis in panel (c), the distribution of R;, looks similar to the distribution of R,, (red
s curve in panel (b)). The similarity is because the ion outflow speed reaches a similar value
sa1 to half the electron outflow speed, as we will see later, which is very different from the ion
s> outflow speed in regular reconnection in the Earth’s magnetopause/magnetotail, where the
sa3 ion outflow speed reaches the Alfvén speed. If we use the theoretical value of the ion outflow
sas speed, Vi_ineory, the reconnection rate IR;; does not show a value that correctly represents the
s4s Teconnection rate, because V;_ipeory is much smaller than the actually observed ion outflow
sss speed, Vi_oe. The black histogram shows the reconnection rate Ry = E,/(Vi_theoryBa/c),
sa7 based on Vi_jpeory. The reconnection rates Ry are distributed between 0 to 5.0, which are
sas almost an order of magnitude larger than the reconnection rates R;, based on the observed

ss0 ion outflow speeds.

ss0o  Panel (d) shows the histograms for the electron outflow speed V,_,,; (red) and the ion
ss1 outflow speed Vi, (black). The horizontal axis shown in the bottom (red) is for V._,u,
s> while the horizontal axis shown in the top (black) is for V;_,,;. The electron outflow speeds
ss3 range from 10v40 to 20v,49. The mean is 14.1v 49, the minimum is 11.7v 49, and the maximum
ssa 19.6v40. The ion outflow speeds range from 4v 49 to 10v,49. The mean is 7.2v 49, the minimum
s55 18 4.50 40, and the maximum is 9.6v49. The distribution of V;_,, (black) after multiplying
sss a factor of 2.0 with V;_,,; is similar to the distribution of V,_,, (red). These large ion
ss7 outflows, of the order of 10v,49, are much larger than the ion outflow speed (~ local Alfvén

sss speed) in regular reconnection in the Earth’s magnetopause/magnetotail.
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ss0  Fig. 9 shows scatter plots for electron outflow speeds, ion outflow speeds, reconnection
se0 electric fields, and reconnection rates. Since the sample size for regular reconnection in this
se1 study is too small, we do not perform the correlation analysis, but let us visually check if
s there is a tendency of a correlation. Panel (a) shows the electron outflow speed V,_,,; as
se3 & function of V,_jpeory. In contrast with the electron outflow in electron-only reconnection
s analyzed in Fig. 5 (a), the electron outflow V,_,,; in regular reconnection does not show
ses & positive correlation with V._speory. Instead, the electron outflows in those seven regular
ssc Teconnection sites show similar values between 10v4o and 20v,49, even in a range of large
se7 prediction values around V,_jpeory = 30v40. Although it is hard to conclude something from
ses this small sample size of data, the electron outflow speed seems not greatly affected by the

se0 predicted speed.

s Panel (b) shows a plot for the ion outflow speed V;_,,; as functions of the predicted ion
s speed Vi_ypeory (black) and the observed electron outflow speed V._,,: (red). The observed
s22 ion outflow speeds V;_,,; are much larger than the predicted ion outflow speeds Vi_ipeory-
s The values of V;_,,; are between 4.5v40 to 9.6v49, while the values of Vi_jpeory are between
st 0.65v40 and 2.5v49. The observed ion outflows V,_,,; are almost half the observed electron
s7s outflow speeds V,_,u:, between 11.7v40 to 19.6v49. The scatter plot for the red data shows
s76 that there is a tendency that the ion outflow speed increases with the electron outflow speed.
s77 This fact that V;_,, is proportional to V,_,,; may indicate that the electron outflow speed
s is determined by the ion outflow speed, which is of the order of the speed of ions reflected

s79 by the shock, as explained below.

ss0  Regular reconnection sites in the shock transition region are produced after the non-
se1 Tesonant ion-ion beam instability [14], and the ion jets in regular reconnection sites reach
ss2 similar flow speeds as the ions reflected by the shock potential during the instability. Since
ss3 the speeds of the reflected ions are the same order as the flow speed in the upstream region,
ss¢ which is 9uy4p in this shock simulation with M4 = 11.4 (see also Figs. 10 and 11 in Ref.
ses [14], where the reflected ions’ speeds reach the order of 10vy4g), the ion jet speeds in those
sss Tegular reconnection sites reach the same order, around 10v49. Some of regular reconnection
se7 sites, such as the site near the largest magnetic island x = 50d; and y = 42d;, clearly show
sss that the peak ion outflow velocity is boosted from the inflow speed with an amount around
589 U4g. In other words, before reconnection, there is already the ion flow with its speed around

so0 10049 due to the reflected ions, and reconnection generates the ion exhaust with its speed
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so1 boosted up with an additional speed around v49. That is why the ion outflow speed in
s02 regular reconnection in the shock is of the order of the upstream flow speed (around 10v4
so3 in this study), which is much larger than the ion outflow of the regular reconnection in the
s« Karth’s magnetopause/magnetotail. Note that such a boost speed ~ v4¢ is not regarded

s05 as the outflow speed, but we should use the observed outflow speed (V;_,) as the outflow

©

so6 sSpeed. The exact physical reason why the electron outflow speed in the regular reconnection
so7 in the shock (panel (a)) does not correlate with the predicted electron speed V._ipeory but
sos correlated with the ion outflow speed (panel (b)) still remains to be investigated, but this
so0 may be because the electron outflow is induced by the ion outflow to reduce the charge

s00 separation produced by the strong ion flows in those reconnection sites.

s Panel (c) shows the reconnection electric field E, as functions of V;_,,; (black) and V,_ .
s02 (red), as well as the convection electric field E, (blue) due to the electron outflow. These data
03 show that F, is correlated with neither V;_,,; nor V,_,,;. However, E, shows a correlation
s0a With the convection electric field. We note that the convection electric field shown here
s0s is not the one at the point of the maximum electron outflow, but we chose the midpoint
06 between the X-line and the point of the maximum electron outflow, and then computed
sor the convection E, = —(V ._ou—n X B)./c at the midpoint (where V._,,;_, represents the
s0s electron flow velocity at the midpoint). This is because the signs of the convection electric
s00 fields by the electron maximum outflows are opposite from those of the reconnection electric
s10 fields in four sites out of seven regular reconnection sites (Fig. 7(b) is an example). However,
s11 the reconnection electric field E,. should be related with the convection E, at a certain point
s12 of the outflow region, between the X-line to the maximum position of the outflow. For
a3 example, in Fig. 7(b), E, near the X-line is negative because of the negative convection
s14 electric field due to the electron flow, even though the convection E. at the position of the
s15 maximum electron outflow becomes positive. The convection E, due to the ion flow is also
s16 negative near the X-line, but due to the motion separation between the electron and ion, the
17 convection F, by the electron should be taken into account. For this reason, we investigate
s1s the convection electric field at the midpoint between the X-line and the position of the
s10 maximum electron outflow. In panel (c), the blue data points show FE, as a function of the
s20 convection electric field E, by the electron at the midpoint. Here, we only used 6 points,
s21 because in one region, the sign of the convection F, is opposite to E, at the X-line. The blue

s22 data points clearly show an increase trend of E, as the convection E, increases. This result
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s23 indicates that the reconnection electric field is explained by the convection E, due to the
s24 electron flow, and the reconnection electric field E, in regular reconnection in the shock is
s2s the same order as that in electron-only reconnection, because in both types of reconnection,
s26 the electron outflow speed is the same order. The magenta data points show the relation
627 between F, and the convection E, due to the electron inflow velocity, E, = —(V ._;, x B)../c,
s2s and we also see an increase trend of E, as the convection E, increases.

o Panel (d) is for the reconnection rates R;, = E,/(Vi_ouBa/c) and Re, = E,./(V._ouBa/c)

6!

]

s30 as functions of V;_,,;By/c (black) and V., Ba/c (red), respectively. Similar to the result
e in electron-only reconnection (panel (d) in Fig. 5), both reconnection rates R;, and R,, are
622 N0t constant, but they increases when V;_,,;By/c and V,_,,Bg/c become small.

e3  Fig. 10 shows scatter plots for the reconnection electric field and reconnection rates as
e functions of two normalized guide fields, B,/B, and B,/By. Panel (a) shows a plot for
o3 [, as functions of B,;/B, (black) and B,/B,; (red). Both data show that there seems to
s3 be no correlation between the reconnection electric field £, and the guide field B,. Panel
e37 (b) shows reconnection electric fields R;, and R., as functions of B,/By (black) and B,/By
s3 (red). Data of both types of outflows (V._,, and V;_,,;) are represented by different symbols
630 (cross: the electron outflow V,_,,, and diamond: the ion outflow V;_,,;). Again, there seems
s40 N0 correlation between the reconnection rates and the guide field strength. If we look into
a1 more details of the dependences of E,, R;, and R,,, we see that F,, R;,, and R, in the
e Tegions 1 < B,/By < 2.5 and 1 < B,/B; < 2.5 show larger values than those in higher
sa3 guide fields. Therefore, there may be weak negative correlations between E,., R;,, and R,,
sas and the guide field strengths. However, it is hard to conclude the dependence using such a

sas small sample size of data.

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

sr  Let us discuss first the outflow speed in electron-only reconnection in a shock. We have
sss confirmed that the electron outflow speed V,,; is well correlated with Vipeory, which is close
s40 to the local electron Alfvén speed, using the asymmetric reconnection theory in Ref. [20].
ss0 In the theory, it is assumed that there are two-sided outflow jets across the X line in the
ss1 L direction (the direction of the reconnecting magnetic field). However, in the shock we

es2 investigated, there are many electron-only reconnection sites that show one-sided electron
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ss3 jets; therefore, it is not obvious why the same theory with two-sided outflows can be applied
ss4 t0 those one-sided electron outflows. In the following, we will argue that the theory can be
ss5 applied to both the two-sided outflow case and the one-sided outflow case.

6 Lo derive the outflow speed, the asymmetric reconnection theory uses the mass conserva-
es7 tion law, the energy conservation law, and the uniform reconnection electric field. The mass
ess and energy conservations for the two-sided outflow case are written as follows (the same as

650 Egs. (10) and (11) in Ref. [20], replacing the ion mass with the electron mass):

l(menlvinl + menQUin2) = 26menout‘/out; (1)
660 BQ B2
1
l (8_7_‘1_Uin1 + 8_7_‘2_Uin2) =20 (ﬁmenout‘/fm) ‘/;uty (2)

ss1 where [ is the half length of the diffusion region (the distance from the X-line at L = 0 to
ss2 the end point of the diffusion region in the L direction, see the diagram in Fig. 11(a)), vin
663 and v;,2 are the inflow speed in region 1 and that in region 2, respectively. Region 1 has
ses |Br| = By and n, = ny, while region 2 has |By| = Bz and n., = ny. In the outflow region,
e6s the density becomes n, = n,,. Note that the theory in Ref. [20] assumes quasi-steady
s6 Teconnection and neglects the time derivative in the theory. We can justify applying the
ss7 theory to electron-only reconnection even in a turbulent case, because the time scale of the
ses electron-only reconnection observed in the simulation is tens of Q! (see Fig. 2 in Ref. [13],
sso which shows electron-only reconnection lasted longer than 0.25Q;" = 50Q_" for the mass
er0 ratio 200), while the electron transit time in the reconnection region can be estimated as

671 l/‘/;mt ~ dz‘/UAe ~ 1091

e

which is shorter than the reconnection time scale. Therefore,
2 during this short transit time, the field structure does not change a lot, and a quasi-steady
e73 state can be assumed in electron-only reconnection. We also assume that the reconnection

e7a electric field is uniform, and we have
Vin1 B1 = Vin2 Ba. (3)

s Using these three equations, we have the outflow speed V,,; as

BBy Bi+ B 2
‘/ou = =V eory s 4
¢ (47Tme nlBQ +7’L231) theory ( )

s7s where we use the notation Vipeory, and this is the hybrid version of local electron Alfvén

77 speed in asymmetric reconnection.
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es  Looking into the derivation of this outflow speed V,,;, we found that although the inflows
s79 pass through the positive N side and the negative N side of the diffusion region with its
es0 length 2/, we consider only half the region, such as the region 0 < L, and the mass and
se1 energy fluxes that pass the X-line at L = 0 from the other side (L < 0) is zero. This is
ss2 because we are considering the two-sided outflows that are symmetric across the X-line in
se3 the L direction, and as long as the system is symmetric, we do not have to consider the other
ssa L side of the diffusion region. This means that in such a situation where there is no mass
ses and energy fluxes in the L direction across the X-line, we can discuss a one-sided outflow.
sss Comparison between the two-sided outflow case and the one-sided outflow case is shown in
ee7 Fig. 11(a)(b). Even when there are L-directional fluxes that pass through the X-line, if we
sss can neglect those fluxes, we have the same outflow speed as Eq. (4).

0 However, in the simulation, we identified regions where there are strong L-directional
s00 fluxes across the X-line. For example, in Fig. 2(c), we see that there is a strong electron
so1 inflow passing through the X-line from the positive L side along the positive .J, region. This
se2 L-directional flow is due to the background flow in the shock turbulence. In this case, we
s03 cannot directly apply the theory to this region. Instead, let us include such L-directional

o0 fluxes as follows (see also the diagram in Fig. 11(c)):

l(menlvinl + me”QUin2) + 2(SrneninfL/UinfL = 25menout‘/out7 (5)
695
B? B2 1 1
l <8_ﬂl_vin1 + 8_;_1)1'112) + 26 (gmen'mLU?nL) Vin—L = 25 (§menout‘/o2ut> ‘/;mty (6)

s9s where in the left-hand sides of the equations above, we included the mass flux and energy
so7 flux (see the second term in each equation) with its density n;, ;, and speed v;,_r. Here we
s0s assume that the density n;,_r in the inflow side is different from the density in the outflow
600 side My, because there is asymmetry in the L direction across the X-line. Note that in this
700 formulation, flows are in the X-line rest frame, and V,,,; represents the total flow velocity in
701 the outflow direction, which is the sum of the background flow and the flow produced by
702 reconnection in the X-line rest frame. From these equations, we obtain V,,,; as follows
V., = (3132 By + B, )1/2 { 1 — (in—r/Nout) Vin—r./ Vout) 1/2’
4mme ny By + na By 1 — (Nin—r/Mout) Vin—1./ Vout)?

703 where we assume that n;,_; < now and v, < Ve to make the outflow speed a real

(7)

704 number. Since the right-hand side contains the ratio vy,_r/Vou, this is not an explicit

705 expression of V,,;. To obtain the explicit expression of V,,;, we need another equation that
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706 has a relation between n;,_; and n.,; however, we can discuss the characteristics of the
w7 outflow speed, in particular, the dependence on the ratio of vy, 1, /Vi using Eq. (7). When
708 the inflow speed is negligibly small, v;,_; < V,., which corresponds to the case where we
700 neglect the L-directional fluxes in the two equations, we obtain V,,; ~ Vipeory. Also, in a
710 case where v;,_r, is large enough and close to Vi, (i.e. vi—r — Vo), as in Fig. 2(c), the
71 outflow speed becomes Vour ~ Vipeory. The outflow V,,; becomes slightly smaller than Vipeory
712 when vy, is neither small nor large, i.e. 0 < v;,_1, < V. For example, when we assume
73 that v, = 0.5V, and nyp— = new, the outflow speed Viyr ~ 0.75Vipeory. The outflow
71e speed Vo, is of the order of Vipeory. In Appendix A, V;,,; is discussed more precisely as a

7s function of vy,—r, and n,— 1, /New, and it is shown that V,,; is of the order of Vipeory.

76 Next, let us discuss the magnitude of the reconnection electric field in shocks, by compar-
77 ing with that in the standard laminar reconnection in the Earth’s magnetopause /magnetotail.
78 In the shock, we observed that the reconnection electric field E, is of the order of 0.1B4V,,;/c
70 in electron-only reconnection, where V,,; is close to Vipeory, which is close to the local elec-
70 tron Alfvén speed. At a first glance, this is similar to the reconnection electric field
m F, ~ 0.1Bgvac/c in the standard laminar reconnection in the magnetopause/magnetotail,
722 where By, is the magnetic field at the edge of the EDR, and v, is based on B,.. However,
723 there is a significant difference between FE, in a shock and FE, in the standard laminar
724 reconnection. In electron-only reconnection, since the reconnection region is small and
75 the current sheet thickness is sub-d; scale (several electron skin depth d.), the upstream
726 magnetic field B, rapidly decreases to the X-line within such a small scale of several d..
727 In other words, the current density in this region becomes significantly large due to large
728 OB /ON o B,p/d.. Therefore, the EDR occupies almost the entire reconnection region, and
79 By (reconnecting magnetic field, By = 2By By /(B + Bs)) is close to the upstream magnetic
70 field B,,. See the diagram in Fig. 11(d).

71 In contrast, in the standard laminar reconnection, since the reconnection involves both
732 ions and electrons, there is a scale separation between the ion and election motions, and the
713 EDR, which has a thickness of several d,, is embedded in the ion diffusion region (IDR),
7« which has a thickness of several d;. See the diagram in Fig. 11(e). The current density is of
735 the order of B,,/d;, which is smaller than the current density in electron-only reconnection.
736 In the standard laminar case, reconnection can be discussed based on the IDR, and the re-

737 connecting magnetic field near the edge of the IDR is close to B,,. We have a reconnection
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7 electric field E, ~ 0.1B,,v4/c, where v, is the Alfvén speed based on B,,. The EDR is
730 located in the vicinity of the X-line, where the electron outflow is generated and reaches v 4,
70 based on the magnetic field By at the edge of the EDR. The reconnection electric field is uni-
71 form inside the EDR and the IDR. Therefore, the relation E, ~ 0.1Bgv4./c ~ 0.1B,,v4/c
722 holds, and the reconnection electric field in the standard laminar reconnection is eventually
73 B, ~ 0.1B,,v4/c. Comparing the reconnection electric field E, ~ 0.1B,,v4, in electron-only
74 reconnection with the reconnection electric field E, ~ 0.1B,,v4/c in the standard laminar
s reconnection, we found that E, in electron-only reconnection is (m;/m.)"/? times larger.
26 This is because the difference in the magnetic field By in electron-only reconnection and By,
77 in the standard reconnection, By, < By. The fact that a large reconnection electric field is
us generated in electron-only reconnection was first reported in a PIC simulation study in Ref.

720 [12], and our result is consistent with that study.

70 In regular reconnection in the shock, we observed that reconnection proceeds with fast
71 outflow speeds in both electrons and ions, of the order of 10v49. The simulation shows
752 that Vi o ~ 0.5V._,. However, ions are mostly unmagnetized in the entire reconnection
753 region, and reconnection regions almost resemble electron-only reconnection sites, in which
754 electron outflows generate reconnection electric fields. In regular reconnection sites in the
7ss shock, the diffusion region is almost like the EDR, and there seems to be no IDR boundaries
756 beyond which ions are magnetized, since the current sheet thickness (~ 0.5d;) is too small,
757 even though ions are involved and accelerated to form an outflow jet. The plots of E.__ =
s [E 4+ V. x B/cl, and E._, = [E 4+ V,; x B/c|, are shown in Figs. S3 and S4 in the
750 supplementary material, and regions with nonzero values of |E/__| and |E._,| are where
70 electrons and ions are unmagnetized, respectively. Regions with nonzero |E!__| roughly
761 correspond to the current sheet, indicating that the EDR is covering the reconnection region.
762 In contrast, regions with nonzero |E!_,| spread beyond the reconnection region. These ions in
763 the jet are not magnetized, and the generalized Ohm’s law tells that the electron convection
e term —V, X B/c generates the convection electric field. Therefore, reconnection is likely
765 controlled by electron outflows, instead of the ion outflows, and reconnection behaves like
766 electron-only reconnection. We confirmed that the reconnection electric field F, in regular
77 reconnection in the shock is the same order as F, in electron-only reconnection. Therefore,
768 the reconnection electric field in regular reconnection is also F, ~ 0.1B;V,_,., and this is

70 larger than the standard laminar reconnection, since V,_,,; is of the order of 10v 4.
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70 IV. MMS OBSERVATION OF ELECTRON JETS IN ELECTRON-ONLY RECON-
m NECTION

72 Fig. 12 shows an observation of electron-only reconnection in the Earth’s magnetosheath
73 downstream of a quasi-parallel shock, measured by the MMS 1 spacecraft on December 9th in
772 2016, which shares similarities with the simulation events. More electron-only reconnection
7s events in the magnetosheath are shown and analyzed in Ref. [7]. In this event, MMS
76 spacecraft were located at approximately [11,3,0.3]Rg in GSE coordinates, where R is the
77 Earth radius. Magnetic fields are measured by the Flux Gate Magnetrometer [27], electric
78 fields are measured by the Electric Field Double Probes [28-30], and the plasma data are
770 from the Fast Plasma Investigation [31]. During this interval, MMS passed through a current
720 sheet, indicated by the magnetic field reversal in By, (panel (b)), which changes from negative
781 10 positive values across the current layer, marked by the two vertical dashed lines. We define
72 the LM N coordinate system based on a hybrid minimum variance analysis [32] on the
763 magnetic field over the time interval 2016-12-09/09:03:29.0706 to 2016-12-09/09:03:29.2464,
o0 as N = 51 X BQ, M = Tz X N, and L = M x N, where Bl and 52 are the magnetic field
7es direction on either side of the interval and &,,,, is the maximum variance direction of the
76 magnetic field. Inside the interval of the current layer, B shows a local minimum value -5
7z 1T, and after MMS exited the current layer, it gradually increases to 10 nT. The B, field
788 is around -40 n'T before MMS passed through the current sheet, and it increases to -20 n'T
780 after the current layer. The normal magnetic field By is always small, and it reduces from
790 3 n'T to almost zero (a small negative value) during the current sheet crossing. The electron
701 density (panel (a)) is around 14 cm™ before MMS entered the current sheet, and it slightly
792 increases in the current layer. The density is around 15 to 16 cm ™2 after the current layer,

3

793 and it further increases to 22 cm™° near the end of the shown interval.

79¢ During this current sheet crossing, MMS 1 detected a bipolar V., (panel (c¢)), which shows
795 both positive (around 580 km/s) and negative (around -170 km/s) peaks. The velocity V.,
796 (panel (d)) has a negative peak near the By, reversal point (vertical dotted line), and the
707 speed reaches 1000 km/s. The velocity V. (panel (e)) also shows a positive peak 200
798 km /s, but V. is near zero at the V., maximum. Therefore, the maximum in-plane speed
w0 (V2 + VA)Y2 is around 580 km/s. Based on the By field ~ —5 nT and the density ~ 16

so0 cm~° when By, takes the local minimum value inside the current layer, the Alfvén speed is
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so1 27 km/s, and the maximum V., (~ 580 km/s) corresponds to 22 times the Alfvén speed.
so2 Since there is a background flow around 140 km/s in the L direction (see the value of V;, in
so3 blue), the difference between the peak speed and the background is 440 km/s, which is 16
sos times the Alfvén speed. These flow speeds are smaller than the electron Alfvén speed (43
sos times the Alfvén speed), but they almost reach half the electron Alfvén speed. In contrast,
sos ion fluid velocities show almost uniform velocities, and no jets are recognized. Based on
sor these data (the bipolar outflows in V, co-located with the By, reversal, the V., peak near
sos the By reversal, and no ion outflows), we conclude that electron-only reconnection occurs

s00 1n this current sheet.

g0 Panels (f) and (g) show electric fields in the frame moving with the average ion fluid
su velocity, i.e. E .+ U,y x B, where E,, is the electric field in the spacecraft frame and U is
s12 the ion fluid velocity averaged over 10d; surrounding the event. This reference frame assumes
a13 the reconnecting current sheet (including the X-line) is being advected in the background
s1s plasma flow. This assumption appears to be broadly consistent with the current sheet veloc-
e15 ities obtained for a survey of magnetosheath reconnection events in Ref. [7] when compared
s16 with the N-component of the velocity which could be obtained from multispacecraft timing
a1z analysis. Panel (f) shows that there is a bipolar Ey structure in the current sheet, and Ej,
as1s enhances at the Bj reversal point (dotted line), which is considered to be the vicinity of
s10 the X-line, up to around 4 mV/m. This F,, is considered to be close to the reconnection
s20 electric field. Panel (g) shows that the parallel electric field £ has a negative value close to
sz1 the value of —F), at the By, reversal point, owing to the large guide field in the event. This
s22 large |E|| during the crossing of the current sheet is consistent with another observation of
s23 guide-field reconnection in the magnetosheath [33]. The value of |Ey,| at the By reversal

g4 point, 4 mV/m, is larger than the uncertainty of measurements (orange curve).

s The right panels (h)-(n) show a simulation result of electron-only reconnection, the same
s26 quantities as in the MMS observation (panels (a)-(g)). This electron-only reconnection site
g7 has been analyzed in our previous paper [13], which shows two-sided electron jets around the
ss X-line at (x,y) = (48.175d;,27.05d;). The in-plane electron fluid velocity V. = (V2 + Verfy)l/2
g0 in the simulation frame is shown in panel (0), where the coordinates L and N are indicated
30 by the red arrows around the X-line. We determined the L and N directions based on
su1 the orientations of the current sheet and the magnetic field lines near the X-line. Panel

s (p) shows a region around the X-line, in the same scale as in panel (0): the color shows

28



s33 the current density J,, and the magenta lines are the contours of the vector potential A,
s:a representing field lines. Based on the field line orientation, we visually determined the L
s3s and N directions, and the M direction is the same as the z direction. The quantities shown
g3 in panels (h)-(n) are the values along the black straight line in panel (o), which mimics a
s spacecraft trajectory, and the horizontal axis in each plot in panels (h)-(n) represents the
g3 y coordinate along the black line (note that y increases from right to left in panels (h)-
s30 (n)). We tried several line trajectories in the simulation, and this straight line in panel (o)
sa0 is one of the trajectories that show consistency in the quantities between the simulation
sa and the observation. The two vertical dashed lines in (h)-(n) indicate the region with the
g2 bipolar electron outflows in V., and the dotted line represents the position of the X-line.
sa3 Since we focus only near the reconnection region in the simulation, the interval between
s the two dashed lines in (h)-(n) is more expanded than the corresponding interval in (a)-(g)
sss in the observation. Note that panels (h)-(1) show the quantities in the simulation frame
s1s (Where the X-line is moving) to compare with the observation data (panels (a)-(e)) in the
sa7 spacecraft frame, and panels (m) and (n) show the electric fields in the ion rest frame (using
ss B 4+ Vx x B/c, where V;x = [-2.6,0.64, 3.2]vy is the ion fluid velocity at the X-line),
s20 to compare with the observation data (panels (f) and (g)) in the ion rest frame. These
ss0 electric fields in panels (m) and (n) are close to the electric fields in the X-line rest frame

gs1 (not shown). Also, the reconnection electric field E)y; at the X-line is frame independent.

g2 The magnetic field By (panel (i)) reverses at the X-line, and the electron velocity V.r
ss3 (panel (j)) shows anti-correlation with By. Along the black line in (o), panel (j) shows that
sss the positive V. outflow speed becomes ~ 10v4 at y = 27.2d;, while the negative V. peak
855 1S ~ —Huag at y = 26.9d;. The velocity V.y (panel (k)) becomes -4v,40 in the region of
sss the positive V. side, including the X-line, but it becomes near zero in the negative V.,
gs7 side. This shift of the negative V,,; toward the positive V., region indicates that the current
sss sheet (J, > 0) is slightly offset toward the negative By region (see also the 2D plot of J,
gs0 in panel (p)), which is not observed in the MMS V,,; plot, and this is possibly caused by
seo turbulent flows around the X-line. The velocity V.y (panel (1)) shows a negative value in
ss1 the region of positive V.7, and the peak outflow speed (V2 + V.4;)'/2 becomes much larger
s> in the negative By side than the other side. Note that we can confirm in panel (o), where
g3 the vector arrows show the direction of the flow, that the vector arrows near the positive

ses Ve peak (y ~ 26.9d;) and the negative V,y peak (y ~ 27.2d;) are in the outflow direction,
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ss not in the inflow direction. Therefore, we consider that (V.2 +V2,)'/2 represents the outflow
sss Speed in those peak positions. Ion flows do not show jet structures, and they are almost
se7 constant.

sss  The electric field Ey (panel (m)) shows a bipolar structure in the current sheet, and the
ss0 correlation between Ey (panel (m)) and V., (panel (j)) is consistent with the observation
so (panels (f) and (c)). In contrast, the sign of Ey, at the positive Ey peak near y = 27.2d; is
s11 positive, which is opposite from the negative sign of £, at the positive Ey in the observation
sz (panel (f)). The electric field Er(> 0) in this region in the simulation is consistent with the
g3 sign of -V, x B, and mainly due to the negative V_y and the negative Bj;. If the flow V,y
g7+ Were positive as in the observation, £ would be negative in this region.

ers  The Eyy field (panel (m)) shows a positive value, around 0.06 B, at the X-line, and this
g6 value is close to 0.1B4V,,:/c, where By = 1.8 By and V,,; = 18v4 (note that By and V,,,; are
g7 the values used in the analysis in Sec. III B, not the values along the black line in panel
es (0)). In panel (n), the parallel electric field Ey shows a negative value at the X-line (dotted
g0 vertical line), consistent with the negative value of —FE);, because of the negative By, and
ss0 the positive )y, at the X-line.

g1 1f we compare these panels (h)-(n) obtained in the simulation with the MMS observation
s> data (a)-(g), we see similarities between them. The By, reverses from negative to positive
se3 (from —3Bj to 2By in the simulation, while from -5nT to 10 nT in the observation). The
s« magnitude of By, is large in the current sheet (By; ~ —5By in the simulation, while By, ~
sss —40 nT in the observation). The velocity V., reverses near the By reversal (from 10v4
sss 10 —Duyp in the simulation, while from 580 km/s to -150 km/s in the observation), and
g7 Vopy shows a negative peak in the current sheet (Vip; = —4v4 in the simulation, and
sss Vepr = —1000 km/s in the observation). Note that 10v4 in the simulation corresponds to
s0 70% of the electron Alfvén speed vy, = 14.4v49 based on the mass ratio m;/m,. = 200,
so0 and both the simulation (10v49 ~ 0.7v4.) and the observation (580 km/s~ 0.5v4.) show the
so1 same order. In addition, the electric field Ex shows a bipolar structure (changing from 0.8B,
82 to —0.4B) in the simulation, while from 14 mV/m to -13 mV/m in the observation). The
s03 reconnection electric field Eyy is a positive value (0.06 By in the simulation, while 4 mV /m in
g0« the observation), much weaker than the peak value of Fy. In addition, the parallel electric
sos field )| is consistent with a negative value of —E); in both simulation and observation.

sss ' herefore, it is possible that the MMS trajectory is similar to the black straight line that
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sor crosses the X-line.

sos  However, there are also differences between the observation and the simulation. In the
s00 Observation, the density increases across the current sheet from 13 cm =3 to 17 cm ™3, while the
o0 simulation shows a decrease from 6ng to 4ng across the V. reversal, even though the density
o1 outside the V, reversal region increases from 4ng at y = 28.05d; to 6ng at y = 26.05d;. The
w2 velocity V. is negative at the positive V. peak at y = 27.2d; in the simulation, while V,y
o03 is positive when V., shows a positive peak in the observation. This difference is because the
904 outflow jet in the simulation points in the upper right direction in panel (o), and the negative
ws V,n flow may be driven by the surrounding background flow. Also, as we explained, the
a6 positive electric field E, in the outflow jet in the simulation is mainly due to the negative
oz Vony. Also, in the simulation, the magnitude of the reconnection electric field is comparable
908 to the fluctuation amplitude of £y, and Ej in the region surrounding the X-line (panel (n)),
90 while the observation (panel (g)) shows that the enhancement of the reconnection electric
a0 field is more pronounced than the simulation. This may be because |B)y| (guide field) in
o the simulation is much smaller than in the observation, and the magnetic field direction in
o2 the simulation significantly fluctuates. This weaker guide field introduces larger-amplitude
a3 fluctuations in ) due to all the three components of the electric field, while the magnetic
s field in the observation always points almost in the negative M direction and the contribution
as of Fpr, which has smaller fluctuations than Ej and Ey, dominates in Ej.

s In the simulation, the observed maximum outflow speed (V.2 + V)'/2 along the black
a7 straight line is 12.3v4¢ at y = 27.2d;, which is smaller than the actual maximum outflow
as speed in the simulation frame 15.4v49 at (x,y) = (48.525d;,27.35d;). In addition, the
o0 maximum outflow speed in the X-line rest frame is 18v,4 (not shown). Therefore, this
o0 maximum outflow speed 12.3v49 on the black straight line is much smaller than the actual
o1 outflow speed V,,; discussed in Section IIIB. As this example shows, the spacecraft data
o2 of the maximum outflow speed (panel (c)), 580 km/s ~ 22 times the Alfvén speed (or 440
023 km /s ~ 16 times the Alfvén speed, which is the difference between the outflow 580 km /s and
o4 the background flow 140 km/s), may be much smaller than the actual outflow speed in this
o5 Teconnection region, and it is possible that the actual outflow speed is close to the electron
26 Alfvén speed. Actually, other spacecraft in this event (in particular, MMS 3 and MMS 4,
o7 data not shown) observed faster outflow speeds by subtracting the background flow.

ws  The observed outflow speed by MMS 1 ~ 16-22 times the Alfvén speed indicates that
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a9 electron-only reconnection can generate a strong electron outflow of the order of the electron
o0 Alfvén speed, and a large reconnection electric field of the order of RV, B, (in SI unit) is
a1 expected, where R is the reconnection rate. In this event, MMS observed an enhancement of
on electric field Ej; up to around 4 mV /m near the By reversal point, which is much larger than
o33 an estimate using a standard reconnection picture, Ey; ~ 0.1Bqua ~ 0.014 mV/m (By =5
o 0T and vy = 27 km/s). If we use an estimate of the reconnection rate in electron-only
o35 reconnection, RByVyy, we have Fy ~ RByV, ~ 0.7 mV/m, using R ~ 0.3 and V,,,; = 440
936 km /s in the ion rest frame. The observed Fj;, 4 mV/m, is much larger than this estimate,
o7 indicating that either R is much larger than 0.3, or the actual maximum outflow speed V,,;
s as well as the actual magnetic field at the edge of the EDR B, is much larger than 440
a0 km/s and 5 nT, respectively. For example, if R = 0.5 and V,,; ~ va. ~ 1200 km/s, F); is
o1 estimated to be 3 mV/m. The observation clearly shows that the reconnection electric field

o1 is consistent with the prediction in this study.

w2 V. CONCLUSIONS

ws  In this paper, we have investigated magnetic reconnection in the shock transition region
was in a quasi-parallel shock, under parameters of the Earth’s bow shock, by means of 2-D PIC
ws simulation. The shock normal angle is 25 degrees, and the Alfvén Mach number is 11.4. We
us have analyzed the reconnection electric field, the reconnection rate, and the electron and
a7 ion outflow speeds in each reconnection site. From 43 X-lines in the shock transition region
us observed in the simulation at ;¢ = 18.75, we have chosen 32 X-lines that are stable for the
a9 analysis time interval for 100 time steps, and we have identified 18 electron-only reconnection
o0 sites and 7 regular reconnection sites. In each reconnection site, we have measured the X-line

ss1 velocity, and we have discussed quantities in the X-line stationary frame.

[

2 We have performed a statistical analysis for electron-only reconnection, to understand
o3 the relations between the reconnection electric field, the reconnection rate, and the electron
s outflow speed. The electron outflow speed and the theoretical prediction of the speed show
055 & positive correlation, and electron-only reconnection can be understood using asymmetric
os6 reconnection theory by Ref. [20] by replacing the ion mass with the electron mass. We also
o7 have found a tendency that the reconnection electric field increases with the electron outflow

osss speed, as well as the convection electric field due to the electron outflow. The reconnection
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o0 Tate is not a constant value such as 0.1, but it becomes larger when the product V,,;By/c
w0 becomes smaller. Also, the reconnection rate decreases with the increase of the guide field
91 By, when By is larger than a few B, (reconnecting magnetic field).

o2  Regular reconnection in shock turbulence shows similar tendencies to those in electron-
a3 only reconnection. Both the electron outflow speed and the ion outflow speed become
ss the order of 10v4g, which is the same order as the upstream ion speed in the shock with
ss M, = 11.4. Although the electron outflow speed is not correlated with the theoretical speed,
s We have found a tendency that the electron outflow speed is proportional to the ion outflow
o7 speed. The reconnection electric field as well as the reconnection rate becomes the same
ss order as those in electron-only reconnection, and the reconnection electric field increases as
oo the increase of the convection electric field due to the electron outflow. The reconnection
a0 electric field and the reconnection rate show slight decreases when the guide field becomes
on larger than 3B,.

o2 The magnitude of the reconnection electric field, both in electron-only reconnection and
o3 in regular reconnection, is unusually large, of the order of 0.1B;V,,;/c. In electron-only
ors Teconnection, the reconnection electric field becomes (m;/m.)/? times larger than that in
ors reconnection in the Earth’s magnetopause/magnetotail. This is understood as a result of
s the fast speed of electron outflow, of the order of local electron Alfvén speed, and the large
o7 convection electric field by the fast electron outflow. Surprisingly, the reconnection electric
ars field in regular reconnection in the shock transition region also becomes the same order as
o9 that in electron-only reconnection, and this is related with the large ion outflow and electron
ss0 outflow, which also become much larger than Alfvén speed.

1 Reconnection in the shock is driven by instabilities: the non-resonant ion-ion instability
o2 and the secondary instability due to beams [14]. The non-resonant ion-ion beam instability
o3 is caused by the ion reflection in the shock, and the reflected ion beam speed v, is roughly
o8« proportional to the shock speed, M4v49. The growth rate of the instability [34] is v/, ~
o5 Up/Va0 = Ma, which is a constant and does not depend on the upstream magnetic field
w6 By and the mass ratio. Also the growth rate is positive when the propagation angle is
o7 less than 45 degrees, suggesting that the instability grows in a quasi-parallel shock. In
s contrast, the secondary instability is consistent with whistler waves excited by electron
980 beams [14], and the growth rate is a function of By and the mass ratio, whose leading order is

990 v/ ~ (np/ng)(m;/me) [35]. Therefore, the growth rate normalized by §2; becomes larger as
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91 the mass ratio becomes lager. In a real shock (m;/m. = 1840), the growth of the secondary
92 instability could be larger than that in the simulation in this study with m;/m. = 200.
w03 However, the above discussions are based on simplified linear analyses, and PIC simulations
s Temain to be conducted to see the dependence of the instabilities and reconnection on By,

o5 the shock angle, and the mass ratio.

ws  An event of electron-only reconnection in the Earth’s magnetosheath downstream of a
o7 quasi-parallel shock, observed by MMS spacecraft, exhibits consistency with PIC simulation
s predictions. In the observed event, bipolar electron jets have been detected with a peak
o0 speed almost half the electron Alfvén speed. The outflow velocity reverses at around the
w0 magnetic field reversal point, indicating that the jets are generated near the reconnection
w1 X-line. The event also shows the reconnection electric field that is much larger than the pre-
w02 diction based on the standard laminar reconnection, and closer to the prediction discussed
w03 in this paper, Fy; ~ RBgva.. Further observational studies of electric fields in more events
w0+ Will help to better constrain the properties of reconnection electric fields and reconnection
0s Tates in both electron-only reconnection and regular reconnection in the Earth’s bow shock
0 and the magnetosheath.

1007
we  Supplementary Material

wo  See the supplementary material for flow patterns, flow profiles, the size of the EDR, and

w0 the in-plane electric fields in a few reconnection sites.
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1020 Appendix A: Outflow speed with the L-directional fluxes

wan  To argue V,,,; more precisely in a case where there are the L-directional mass and energy
1022 fluxes, let us obtain V,,; as a function of v;,—r and n,—1/new from Eq. (7). In that case,
1023 Vit 18 a solution of the following cubic equation:

Nin—L

V;Jut = —Uin—L(U?n_L - V2 ) (A].)

theory
out

Vaut = Viheory
1024 Let us investigate a solution of V,,; as a function of v, using a fixed value of n,_ 1, /nous.
102s The left-hand side is a cubic function of V,,;, and let us denote it f(V,,). This func-
w26 tion becomes zero at Vo, = 0 and Vour = Vipeory; 1€, f(0) = 0 and f(Vineory) = 0. In
1020 0 < Vour < Vineorys [(Vour) takes its minimum value —(2/3)(1/3)”%@%60% when V,,;, =
e (1/3)1/ *Viheory- Let us obtain the solution of V,,; from f(V,.) = a, where a represents
120 & value in the right-hand side of Eq. (Al), considering a crossing point of the curve
w00 Y = f(Vowr) and y = a. When v, is zero, a = 0 and there are two solutions: one
s 18 Ve = 0, and the other is Voue = Vipeory- In the following, we only consider the so-
32 lution close to Vipeory. We change vj,—p, from zero to Vipeory. As vi,—p increases, a be-
1033 comes a negative value, and the solution of V,,; becomes slightly smaller than Vieory.
w0 When ni,_r, /o < 1, the range of a is —(2/3)(1/3)1?V;3,,,, < a < 0, and in this case,
w035 the solution of Vi, is larger than (1/3)Y*Viyeor,. When ny, 1 /ngw = 1, the minimum
w03 value of a becomes —(2/3)(1/3)Y *Vineory, and in that case, V,, takes its minimum value
w37 (1/3)Y Vineory ~ 0.58Vineory- Therefore, the electron outflow speed V,,; is not less than

1038 0.58Vipeory under any values of ng,_r,/ne: between zero to unity, and V,,; is always of the

1030 order of ‘/;gheory.

wo  Note that according to Eq. (A1), Vour = Vireory When vi,_1, = Vipeory. When the ratio
108 N1, /Nowr < 1, this is understandable, because the sum of the three inflow fluxes related
042 With vi,1, Vine, and v;, 1 are merged together to make a large outflow flux. However, when
1083 Nip—1, = Noyt, the condition that Vo = Vikeory and vin—1 = Vigeory means that there is no
s inflows of v, and v;,2, and this simply means that the L-directional inflow vi,— 1, = Vireory
1045 1S passing through the X-line and the same speed of outflow V,,; is realized in the outflow
146 side. This is not reconnection. To realize reconnection, we require either n;,_; < Ny, Or

107 Vin_, < Vou. To see this point, let us see the inflow speed vy, in Egs. (3), (5), and (6).
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s From these equations, we have the following relations:

lvin
(QB 15) (n1 By +n2B1) = NoutVour — Nin—LVin—L, (A2)
2

1049

[z By + By)BB
( i 1) o = Nout Vut — Min—LVin_L- (43)

232(5 47Tme
ws0 Looking into these equations, we find that v;,; becomes zero when n;,_r = Ny and V,,; =
1051 Vi, This is because the flux is coming in from the inflow direction with v;, ; and the
1052 same amount of flux is going out to the outflow direction with V,,;. To make the inflow v;,;
1053 nonzero, we need to have either n;,,_r < ngu or v,—r < Vo, and reconnection can occur

s+ only when one of the conditions is satisfied.
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FIG. 1. (a) Current density J, in the shock transition region. Gray curves are magnetic field
lines projected on the z-y plane. (b) Positions of electron-only reconnection (magenta Xs), regular

reconnection (yellow Xs), and no active reconnection (white Xs).

FIG. 2. Field quantities in an electron-only reconnection site, in the X-line rest frame. The X-line
is at (x,y) = (47.5d;,25.85d;), indicated by the magenta X in each plot. (a) Current density J, (b)
electric field E., (c) the in-plane electron fluid velocity V, = (V.2 + Vezy)l/ 2 multiplied by sign(Ve,),
(d) the in-plane ion fluid velocity V; multiplied by sign(Vjy), (e) magnetic field B, and (f) 1-D cuts
of By, and the electron density n. along the N direction. L is the direction of the reconnecting
magnetic field By, and L-N coordinates 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)(b)(c)(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 By, Bo, ni, and ng for the asymmetric reconnection theory.

FIG. 3. Field quantities in another electron-only reconnection site in the X-line rest frame, at the

X-line (x,y) = (48.5d;,37.375d;), in the same format as in Fig. 2

42



FIG. 4. Histograms for electron-only reconnection. (a) Reconnection electric field E,, (b) recon-
nection rates Ry = E;/(ViheoryBa/c) (black) and R, = E,/(VouBa/c) (red), (c) theoretical outflow

speed Vipeory (black) and observed outflow speed Vo, (red), and (d) the ratio Vour/Vikeory-

FIG. 5. Scatter plots for electron-only reconnection. (a) Vour vs. Vikeory, (b) Er vs. Vineory
(black), and E, vs. V,yu (red), (c) E, vs. convection E, due to Vo, (black) and Vj, (red), and (d)

reconnection rate R; vs. VipeoryBa/c (black) and R, vs. V,yuiBg/c (red).

FIG. 6. Scatter plots for electron-only reconnection. (a) E, vs. guide field B,/By (black) and E,

vs. By/By (red), and (b) reconnection rate R; vs. By/By (black) and R vs. By/Bg (red).

FIG. 7. Field quantities in a regular reconnection site whose X-line is at (zx,yx) = (49.8d;,21.2d;),

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.

FIG. 8. Histograms for regular reconnection. (a) Reconnection electric field E,, (b) reconnection
rates Ret = Ep/(Ve—theoryBa/c) (black) and Reo = Er/(Ve—owBa/c) (red), (c) reconnection rates
Ryt = E,/(VictheoryBa/c) (black) and R, = E,/(Vi—ouBa/c) (red), and (d) ion outflow speed

Vi—out (black) and electron outflow speed Ve_ous.

FIG. 9. Scatter plots for regular reconnection. (a) Ve—out vS. Ve—theorys (b) Vicout vS. Vi—theory
(black) and Vi_out vs. Ve_out (red), (¢) Ep vs. Viou (black), E, vs. Ve_ou (red), and E, vs.
convection E, by electron outflow (blue) and electron inflow (magenta), and (d) reconnection rates

Rio vs. Vi_ouBa/c (black) and Re, vs. Ve_outBg/c (red).
FIG. 10. Scatter plots for regular reconnection. (a) E, vs. guide field By/By (black) and E, vs.

By/By, and (b) reconnection rates R;, and R, vs. By/By (black) and R;, and R, vs. By/By
(red).
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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 standard reconnection. In each plot,
the X-line is denoted by the X mark. In (d) and (e), By, is the magnetic field in the upstream

regions.

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 —FEjy.
The vertical dashed lines show the region a current sheet, and the dotted line indicates the Bp,
reversal. (h)-(n) Simulation data, the same quantities as in (a)-(g). (o) 2-D 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, (p) 2-D plot of the current

density J,.
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