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Abstract Based on the Magnetospheric Multiscale observations in the magnetotail, we present a
complete crossing of the current sheet with ongoing magnetic reconnection. The field-aligned inflowing
electrons were observed in both separatrix regions (SRs) and their energy extended up to several times of the
thermal energy. Along the SR, a net parallel electrostatic potential was estimated and could be the reason for
the inflowing electron streaming. In the northern SR, the electron frozen-in condition was violated and
nonideal electric field was inferred to be caused by the gradient of the electron pressure tensor. The
nongyrotropic electron distribution and significant energy dissipation were observed at the same region. The
observations indicate that the inner electron diffusion region can extend along the separatrices or some
electron-scale instability can be destabilized in the SR.

Plain Language Summary The microphysics in the separatrix region (SR) plays an important
role for the energy conversion in reconnection. In this letter, we present nonideal electric field in the SR
and the electron acceleration therein. These observations indicate that a significant part of energy conversion
takes place in the SR during reconnection.

1. Introduction

Magnetic reconnection is a fundamental plasma process that converts magnetic field energy into plasma
energy with reconfiguration of magnetic field topology (Lapenta et al., 2016; Petrukovich et al., 2016;
Vasyliunas, 1975). In the collisionless plasma environments, the ideal frozen-in condition is broken in
the reconnection diffusion region, and thus, the charged particles can be energized there. In the ion diffu-
sion region, the ions are decoupled from the magnetic field, and the electrons are still frozen in the mag-
netic field. The separation of ions and electrons leads to the Hall current system in the vicinity of the ion
diffusion region. As a result, the quadrupolar structure of the Hall magnetic field along the X-line direc-
tion and the Hall electric fields pointing toward the current sheet center at both sides are created in the
vicinity of the reconnection diffusion region (Sonnerup, 1979; Uzdensky & Kulsrud, 2006; Wang et al.,
2010). In the electron diffusion region where electrons are no longer coupled with the magnetic field, the
electrons can be accelerated therein by the reconnection electric field originating from the electron pres-
sure tensor (Hesse et al., 1999; Lu et al., 2013; Vasyliunas, 1975) and anomalous resistivity (Torbert et
al., 2016).

As part of the Hall current system, the inflowing electrons are commonly observed to stream along the mag-
netic field in the separatrix region (SR; Nagai et al., 2001; Qieroset et al., 2001; Wang et al., 2010) and are
associated with the density cavity (Mozer et al., 2002; Wang et al., 2012, 2013). In the SR, various instabilities
and waves can be excited (Divin et al., 2012; Khotyaintsev et al., 2006; Lapenta et al., 2015), that is, the dou-
ble layer (Wang et al., 2014), the electron holes (Cattell, 2005; Huang et al., 2014), lower hybrid waves
(Graham et al., 2017), and whistler waves (Graham, Vaivads, et al., 2016). Recently, the energetic electrons
with energies up to 120 keV were observed to be injected toward the X line in the SRs, at both ion outflow
regions of one reconnection event (Lapenta et al., 2016; Wang et al., 2013, 2014). The parallel electric field
directed away from the X-line was simultaneously detected in the SRs. However, it remains unclear how this
parallel electric field was created and whether the parallel electric field was the unique reason for the high-
energy electron beam. Egedal et al. (2012) proposed that an electrostatic potential should exist in a large
region centered at the X-line and thereby trap as well as energize electrons therein. Although the
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importance of the parallel electric field had been noticed in the SR (e.g., Egedal et al., 2010), the perpendi-
cular electric field was rarely explored in the SR (Divin et al., 2012).

In this letter, we present a magnetic reconnection event encountered by Magnetospheric Multiscale (MMS)
in the magnetotail. The four satellites of MMS crossed the reconnection earthward outflow region from the
southern hemisphere to the northern hemisphere. The nonideal electric field perpendicular to the local mag-
netic field was observed in the northern SR and was inferred to be generated primarily by gradient of the elec-
tron pressure tensor.

2. Instrumentation

The MMS mission launched in March 2015 was designed to study the electron physics of magnetic reconnec-
tion with an unprecedentedly high-temporal resolution. The magnetic field data are obtained from the flux-
gate magnetometers with a 7.8-ms time resolution in burst mode (Russell et al., 2016). The electric field data
sampled at 8192/s is taken from the electric field double probe (Ergun et al., 2016; Lindqvist et al., 2014). The
thermal particle data is obtained from the fast plasma investigation (Pollock et al., 2016), and the time reso-
lutions for electrons and ions are 30 and 150 ms, respectively. In this letter, we mainly used the magnetic and
electric field data, the plasma data from fast plasma investigation.

3. Observation and Analysis

During 09:43:10-09:43:40 UT on 19 June, the MMS spacecraft were located in the magnetotail at [—20.5,
—2.5, 2.8]R, in the Geocentric Solar Ecliptic (GSE) coordinate system, and the separation between the four
spacecraft was less than 20 km. During this time interval, MMS passed through the neutral sheet from the
south hemisphere to the north hemisphere. In order to investigate this crossing, the minimum variance ana-
lysis (MVA; Sonnerup & Scheible, 1998) was performed to the magnetic field at MMS1 during this interval to
obtain local boundary coordinates,L=[0.9658, 0.2341, 0.1112],M=[—0.2473, 0.7039, 0.6659], and N=[0.0776,
—0.6706, 0.7377] relative to GSE coordinates. Because of the small separation, the measurements at the four
satellites were more or less the same for the whole interval except in some localized regions, that is, the north
edge of the diffusion region. Therefore, we used the data from MMS3 in this letter. Unless otherwise stated,
the local boundary coordinates were used.

Figure 1 shows the complete crossing of the magnetotail current sheet, characterized by the reversal of By
from ~—15 nTto ~15 nT. The plasma beta 3, calculated by Ppjasma/Pmag (Baumjohann et al., 1989), peaked
at By = 0. It was larger than 1 in the both hemispheres and up to 100 at the current sheet center, consistent
with the crossing of the plasma sheet. As the spacecraft traversed the plasma sheet, the earthward bulk ion
flows (up to 150 km/s ~0.16V,, V,4 is the Alfven speed based on the electron density N = 0.12 c¢cm™> in the
inflow region) were observed in the center, and the magnetic field component By, varied from negative in
the southern hemisphere to positive in the northern hemisphere. Thus, the observations of the ion bulk flows
and the magnetic field were well consistent with a crossing of the reconnection ion diffusion region earth-
ward of the X-line, as shown in Figure 1j. The earthward electron bulk flows were much stronger than the
ion flows, and were close to 2,500 km/s, ~2.7V, during 09:43:22.2-09:43:26.6 UT. In the two boundary
regions of the earthward electron flows, the tailward electron flows were observed at ~09 : 43 : 20 and
~09 : 43 : 27 UT, and the duration was about 1 s, much shorter than the earthward electron flows of ~4 s.
The type of electron flows and the resultant electron currents are in good agreement with the Hall electron
current system (Deng & Mastsumoto, 2001; Lu et al., 2010; Nagai et al., 2001; Qieroset et al., 2001). The
earthward electron flows correspond to the reconnection electron outflows, while the tailward flows are
the inflowing electrons. The electron inflow speed approached 2,000 km/s in the southern SR. In the north-
ern SR, the electron inflow speed reached 4,000 km/s (~4.2V 4; 09:43:26.6-09:43:27.6 UT), larger than the out-
flow speed (<2,500 km/s), to our knowledge, which has never been observed by the spacecraft before. In
simulations (Divin et al., 2012; Egedal et al., 2015; Hesse et al., 2018), the acceleration of the inflowing elec-
trons was evident in the separatrix. Divin et al. (2012) found the inflowing speed in the SR was as large as
30V,4, much stronger than the outflow speed.

In this crossing, the electric field was the most intense in the N direction, and Ey was positive in the southern
hemisphere and negative in the northern hemisphere, consistent with the Hall electric field, except for at the
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Figure 1. (a) Plasma §3. (b)B. (c-d)V, and Vj. (e)E. (f) Current density J = en(V; — V). (g) T, and T, Te, . (h-i) Electron and ion energy spectrum. (j) A schematic
illustrator of reconnection diffusion region. The green curve represents the Magnetospheric Multiscale trajectory. The gray shadow area denotes the region near the
separatrix. (k-n) The color bars at the top represent the different regions, in which the yellow (blue) bar is the southern (northern) separatrix region (SR), corre-
sponding to the electron inflowing, and the red bar is the outflow region. (k) N, derived from the spacecraft potential. (1)V,, V. (m) Electron pitch angle distri-
butions (2-30 keV). (n) Electron field-aligned anisotropic distribution (fg — fp)/(fa+fp)-

northward edge (09:43:27.2-09:43:27.6 UT) where Ey reversed to be positive again (Figure 1le). This
abnormal electric field was inconsistent with the previous observations of the Hall electric field in the
reconnection diffusion region. Simultaneously, the large amplitude fluctuations were detected in all three
components. The instabilities developing in the direction perpendicular to magnetic field direction were
investigated recently by numerical simulations (Divin et al., 2012). A new electron jet instability
developed in the perpendicular direction and produced the bipolar perpendicular electric field. This
simulation result is very similar to the observation here.

The hotter ion and electron populations were observed in the plasma sheet, and the electron temperature
showed a special profile. The parallel temperature T, was significantly enhanced but depressed at the center.
The perpendicular temperature T,, had a high level at the center of the plasma sheet. As a result, T, was
comparable to T, at the center while larger than T, away from the center. This electron temperature profile
is similar to that in the electron current sheet reported recently (Wang et al., 2018). The total electron tem-
perature T, was higher in the northern hemisphere than in the southern hemisphere (Figure 1g). The reason
for this asymmetry between two hemispheres will be discussed later. The ion flows in the M direction were
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toward the dusk side, while the electron flows were primarily toward the dawn side, indicating that the cross-
ing was close to the electron diffusion region (EDR; e.g., Wang et al., 2017).

Based on the analysis above, we conclude that the spacecraft crossed a reconnection ion diffusion region
earthward of the EDR. The normal direction and speed of the current sheet were estimated by the timing
analysis (Schwartz, 1998), which was performed to the B; = 0 points. The speed was about 98.5 km/s along
the [0.379, 0.299, —0.876] direction in the LMN coordinates. According to the duration of ~7.6 s (~09:43:20.0-
09:43:27.6 UT), the half thickness of the current sheet was estimated to be 749 km ~1.4d;, where d; = 537 km.
The boundary regions with the inflowing electrons were named as the SR here. The duration for the north SR
was 1 s, and thus, the thickness was roughly 100 km ~0.18d;. In the southern hemisphere, MMS entered the
SR at ~09:43:20.0 UT and left at ~09 : 43 : 20.8 UT. Shortly thereafter, MMS reentered the SR at ~09 : 43 : 21.3
UT. So the duration of the southern separatrix was about 0.8 s, and the thickness was about 80 km ~0.15d;.
The repeated crossings of the SR region might be due to the rapid motion of the current sheet.

In both SRs, the inflowing electrons were primarily along the magnetic field, and parallel (antiparallel to) to
the magnetic field in the south (north) SR (Figure 11). The inflowing electrons coincided with the density cav-
ity derived from the spacecraft potential (Andriopoulou et al., 2018), which was in agreement with the pre-
vious observations (Khotyaintsev et al., 2006; Wang et al., 2013, 2014). The pitch angle distribution of the
electrons at energies from 2 to 30 keV was displayed in Figure 1m. The electron differential energy fluxes
were significantly enhanced along the magnetic field directions (~0° and/or ~180°) and were depleted
around the perpendicular directions (~90°) before 09:43:22.2 UT and after 09:43:26.6 UT. In the center of
the current layer between 09:43:22.2 and 09:43:26.6 UT, the electron distribution was nearly isotropic.
Figure 1n shows electron field-aligned anisotropy defined as (f; — f,)/(fo+fp) where f, and f, are the energy
fluxes antiparallel and parallel to magnetic field, respectively. It is evident that there was an electron stream-
ing antiparallel to magnetic field (red) within the cavity in the northern SR, and the energy of the electron
streaming was from hundreds of eV to more than 10 keV. The electron field-aligned anisotropy data were
complicated in the south hemisphere due to the repeated crossings of the SR.

In the south SR, the energy of the inflowing electrons was no less than 6 keV. The energy of the inflowing
electrons extended to 10 keV in the northern SR. Therefore, we conclude that the electrons were significantly
accelerated in the SRs. In order to determine the acceleration mechanism(s) and the reason for the abnormal
electric field in the northern SR, we analyzed the electric field data in details. The strong fluctuations of the
parallel electric field were found around both SRs, as the blue trace in Figure 2b. The most intense E; fluc-
tuations were observed at 09:43:26.5-09:43:27.8 UT, that is, the northern SR. It can be found that the average
parallel electric field E,,. (red trace, by averaging every 50 points of the parallel electric field data) was posi-
tive in the northern SR and mainly negative in the southern SR, illustrated in Figure 1j as the purple arrows.
Although the parallel electric field in the SR was in agreement with the inflowing electron flows, the electric
field errors were comparable to the parallel electric field.

In order to confirm the existence of the parallel electric field in the SR, we estimated the electrostatic poten-
tial by Liouville's theorem (Egedal et al., 2013; Graham et al., 2014; Eriksson et al., 2018). In the Figures 2g
and 2h, we chose the inflow electron distributions (the pink lines) from both sides of the CS (at 09:43:10 UT
and 09:43:39 UT, not shown in the figure) with isotropic distribution. The net potential was estimated to be
1,050 V along the magnetic field in the northern SR (Figure 2h) and was about 500 V in the southern SR
(Figure 2g). This result further supports our conclusion that the parallel electric field was indeed along the
SR. The derived parallel electrostatic potential in the SR could be the reason for the preacceleration of the
inflowing electrons.

The measured perpendicular electric field at the barycenter of the four satellites is displayed in Figures 2d-2f.

According to the generalized Ohm's law shown below (Torbert et al., 2016; Vasyliunas, 1975), the electron

V-(meneVeVe)+0men,V /ot
ene

convection term —(V, X B), the electron inertia term — , and the gradient term of the

electron pressure — V - P/en, except for the resistivity term 7J are shown.

VP V:(mn,VeVe)+ 0m,n,V/dt

E +Ve XB = UJ—
en, en,

7) is the anomalous resistivity maybe due to wave-particle interaction. Figures 2d-2f show the perpendicular
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Figure 2. (a)V,r. (b) The parallel (blue) and the average parallel (red) electric field, with the errors in yellow. (c)J - E'and J El (d-f) The terms of Ohm's law in the
three component: E | (red), —(V, X B)(blue), — (W> l(green), and — (V‘P ) . (gray). (g-h) Electron phase-space density in the southern and northern

en, en,

separatrix, respectively. The inflow distribution (pink lines), the Liouville mapping of the inflow distribution accelerated by @ (pink asterisks), and the local parallel
(blue) and antiparallel (black) electron distributions. (i—j) Electron velocity distribution functions at times indicated, in which V; = (b X v),V , = (v X b) X b.
(k-m) The terms of Ohm's law in three components for the northern separatrix region (SR).

components of the measured electric field (red traces), the electron convection term (blue traces), the
electron inertia term (green traces), and the gradient of the electron pressure tensor term (gray traces).
The measured electric field was in good agreement with the electron convection term, except in both SRs,
especially the northern SR. Thus, the electron frozen-in condition kept very well in the crossing except in
the northern SR.

The electric field data in the northern SR was enlarged in Figures 2k-2m. The deviation between the mea-
sured electric field (red) and the electron convection term (blue) was significant during 09:43:27.2-
09:43:27.6 UT, especially in the N and M directions (Figures 2k and 21). The electron inertia term (green)
was always close to zero, meaning a negligible role for the deviation. The gradient of electron pressure tensor
(gray) fluctuated largely. So it is unclear how this nonideal electric field was created.

The electron distribution function in the perpendicular plane was analyzed during the whole crossing. In
both southern and northern SRs, the nongyrotropic electron distribution was observed. Figures 2i and 2j
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Figure 3. Wave analysis using fast Fourier transforms from MMS3. (a)V,r. (b-c) The power spectrum of E and B in the
high frequency band. (d-g) The power spectrum of E and B, wave angle, and elliptic rate in the low-frequency band.
The black curves are the electron plasma frequency f., and the lower hybrid frequency fj;, in (b)-(c) and (d)-(g), respec-
tively. SR = separatrix region.

show one example of the electron distribution functions in the southern and northern SR, respectively. The
electron fluxes in the right sector were higher than those in the left sector. The nongyrotropic distribution
was observed during 09:43:21.95-09:43:22.2 UT in the southern SR. In the northern SR, the nongyrotropic
distribution was coincided with the nonideal electric field, as the black bar at the top of Figure 2k. The
energy dissipation J - E was mainly enhanced in both SRs and dominated by its perpendicular component
(Figure 2c). It was very weak in the southern SR (~0.1 nW/m?) and became significant in the northern SR
(~0.4 nW/m>).

Figure 3 shows the wave analysis during 09:43:19-09:43:30 UT. The wave normal angle and ellipticity were
obtained from the fast Fourier transforms (Samson & Olson, 1980). The broadband electrostatic emission up
to the electron plasma frequency was substantial in both the SRs (Figure 3b), closely related to the large
amplitude fluctuations of the parallel electric field. At the lower frequencies, the electromagnetic emissions
were observed around the lower hybrid frequency and were confined in the SRs (Figures 3d and 3e). The
wave power was larger in the northern SR than in the southern SR. In the northern SR, the wave normal
angle was ~90°, and the ellipticity was near zero, which was consistent with the lower hybrid drift waves.
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In the southern SR, the wave normal angle and the ellipticity were uncertain. Since the gradient of the
plasma density and magnetic field was strong in the SR (Figures 1b and 1k), the lower hybrid waves were
likely excited there (Krall & Liewer, 1971; Retino et al., 2006).

4. Discussion and Summary

In this letter, we report a crossing by MMS of the ion diffusion region in the magnetotail. According to the
Hall electric and magnetic field signature, reconnection ion outflows, and the Hall electron current system,
we conclude that the spacecraft passed through the ion diffusion region earthward of a reconnection X-line
from the southern hemisphere to the northern hemisphere. Magnetic reconnection in the magnetotail is gen-
erally regarded as symmetric reconnection (e.g., Mozer et al., 2008), that is, the plasma and the magnetic
field are equal at both sides of the current sheet. In our event, although the magnitude of the reconnecting
magnetic field and the plasma density were nearly equal on both sides, the electron inflowing speed, the elec-
tric field intensity and the fluctuations of electric and magnetic field on both sides were significantly differ-
ent. The electron inflowing speed in the southern SR was much weaker than that in the northern SR.
Moreover, the Hall electric field was less than 15 mV/m in the southern hemisphere and close to 30
mV/m in the northern hemisphere. The electric and magnetic field fluctuations in the southern SR were
weaker than those in the northern SR also.

This kind of asymmetric reconnection ion diffusion region was observed by all of the four satellites. One
potential explanation for this asymmetry was the spatial variation. If so, it is still unclear how this asymmetry
was created. The ambient guide field B, was about 1 nT, and the ratio between B, and the magnetic field
magnitude in the lobe region was about ~0.07. So this is a weak component reconnection. According to
the simulations, the reconnection results would not be altered significantly while the ratio was smaller than
0.3 (Fu et al., 2006; Pritchett, 2001). Alternatively, this asymmetry was due to the temporal evolution of the
ion diffusion region. As the spacecraft crossed the ion diffusion region, the reconnection rate increased and
therefore the asymmetry between two sides of the ion diffusion region was produced. The average speed of
the inflowing ions (V;y) was about 4 km/s in the southern hemisphere, and it became ~—45 km/s in the
northern hemisphere. Thus, the reconnection rate was ~0.004, while the spacecraft was in the southern
hemisphere and increased to 0.05 as the spacecraft entered into the northern hemisphere. Because the recon-
nection rate increased, the electrons were heated to the higher temperature in the northern hemisphere. The
electron temperature enhancement was just observed at the region with the intense gradient of the magnetic
field and the lower-hybrid drift waves. The curvature drift (Le Roux et al., 2015) and lower-hybrid waves
could be the reason for the electron energization. Based on the analysis, it seems that the observed asymme-
try between two hemispheres was caused by the temporal evolution of the reconnection itself.

The field-aligned inflowing electrons were observed at both southern and northern SRs. In the southern SR,
the inflowing speed was comparable to the electron outflowing speed and became larger than the outflowing
speed in the northern SR. Moreover, the energy of these inflowing electrons extended up to 10 keV. Thus, the
inflowing electrons were accelerated before they entered into the inner electron diffusion region. Since the
electron pitch angle data for the higher energy are unavailable in this event, we cannot confirm whether
the inflowing electrons can be accelerated to higher energy as reported previously (Lapenta et al., 2016;
Wang et al., 2013, 2014).

In the northern SR, the electron frozen-in condition was violated evidently. To our knowledge, the elec-
tron frozen-in condition is only broken in the so-called electron diffusion region based on the theory
(Bessho et al., 2014; Hesse et al., 2014; Le et al., 2013; Lu et al., 2013; Wang et al., 2001) and in situ
measurements (Burch et al., 2016; Wang et al., 2018), and it has never been observed in the SR. In order to
figure out the reason, we calculated the electron convection term, the gradient term of the electron pressure,
the electron inertial term, and anomalous resistivity term of the generalized Ohm's law in the narrow noni-
deal electric field layer. The electron convection term could account for about half of the measured electron
field. The inertial term was close to zero. The pressure tensor gradient term fluctuated in this narrow layer too.
Thus, we cannot exclude the role of the pressure tensor gradient term. Because the lower-hybrid waves were
very strong in the northern SR, we estimated the anomalous resistivity term from the interaction of the waves
around the lower-hybrid frequency with the particles (Coroniti, 1985) and it was less than 0.005 mV/m
therein (not shown). Thus, the anomalous resistivity term would play a negligible role in this event,
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different from the reference of Torbert et al. (2016) where the authors suggested that the resistive term played
a role for the electric field in the inner EDR.

The nongyrotropic distribution was extensively studied recently by the MMS data and was generally
observed in the proximity of the inner electron diffusion region (Burch et al., 2016; Tang et al., 2019).
Here, we found that nongyrotropic distribution was formed in the SR as well. According to the simulations
of Scudder and Daughton (2008) and Swisdak (2016), the electron agyrotropy peaked at the separatrix and
the X-point. Namely, the electron agyrotropy extended from the X-point to the SR (e.g., Hesse et al.,
2011). This explains why the nongyrotropic electron distribution was observed in the SR in our event.
Because the electron distribution was nongyrotropic in the SR, the divergence of the electron pressure tensor
should be significant, although it cannot be derived accurately from the estimated pressure tensor term due
to the strong fluctuation. In addition, the gradient of the density from the spacecraft potential was substantial
(Figure 1k) and directed away from the cavity center, and mainly perpendicular to the local magnetic field.
Thus, we suggest that the gradient of electron pressure plays an important role for the nonideal electron field,
analogous to the situation in the electron diffusion region (Lu et al., 2013; Torbert et al., 2016).

On the other hand, Divin et al. (2012) simulated the instability of the electron flows along the separatrix and
predicted the generation of bipolar electric field in one perpendicular direction. In the numerical simulations
(Divin et al., 2012), the electron-scale dynamic jets were created and evolved rapidly along the separatrix. The
simulation results can explain our observations, for example, the high speed inflowing jet, the intense electric
field fluctuations. If a satellite was inserted in the simulations, the asymmetry between two hemispheres
could have been observed as well. The subion scale processes were observed in the ion diffusion region and
could energize the electrons during asymmetric reconnection at the magnetopause (e.g., Graham,
Khotyaintsev, et al., 2016). Thus, this kind of the subion-scale processes could be common in both symmetric
and asymmetric reconnection and played an important for the heating and acceleration of the electrons.

In summary, we investigated the electric and magnetic structures, electron distribution, and wave feature
during the crossing of the reconnection ion diffusion region from the southern hemisphere to the northern
hemisphere in the magnetotail. The evident asymmetric distribution, including the Hall electric field and
fluctuation intensity, the inflowing electron speed, and electron temperature, between two sides of the cur-
rent sheet were observed and attributed to the time evolution of the reconnection itself. The field-aligned
inflowing electrons with a few to 10 keV were observed in both SRs. It indicates that the inflowing electrons
had been preaccelerated before they entered the electron diffusion region. The net parallel electric field
directed away from the X-line in the SR was the one possible reason for this acceleration. Furthermore,
the electron frozen-in condition was broken in some localized regions of the SR, and the nonideal electric
field was related to the gradient of the electron pressure.
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