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Abstract The separatrix region is the region between the separatrix and the reconnection jet. Due to the
E×B drift and velocity filter effect in which high‐energy particles with high parallel speed can be seen prior to
low‐energy particles along the field line, electrons are separated from ions. The electron dynamics in this
region is of interest; however it has not been studied in detail, because of the insufficient resolution of plasma
data. We present a slow separatrix crossing event observed by Magnetospheric Multiscale (MMS) satellite
constellation on 1 January 2016, from the magnetosheath side with high‐resolution burst mode data. The
electron edge and ion edge are clearly distinguished in the separatrix region. Two types of electron
dispersion, one with a short duration (~0.3 s) and the other with a longer duration (~13 s) were detected
between the electron and ion edges. The rapid dispersion (with small time scale) is mainly in the parallel
direction, which might originate from a thin layer with non‐frozen‐in electrons close to the separatrix. The
gradual (long time scale) dispersion is seen from parallel to perpendicular directions, which comes from
the E×B drift of a curved D‐shape distribution of electrons. The width of the electron diffusion region on the
magnetosheath side is estimated based on MMS observation. The observation also reveals an unexpected
parallel electron beam outside of the electron edge. Wave‐particle interaction or parallel potential in the
inflow region may be responsible for the generation of this electron population.

Plain Language Summary Magnetic reconnection is a process commonly occurred at the Sun,
the dayside magnetopause, and in the magnetotail that changes magnetic topology, and converts
electromagnetic energy into plasma kinetic and thermal energies. Due to the different parallel velocities of
the particles and field line convection, electrons are separated from ions, and this creates the electron
edge and ion edge in the separatrix region. These separations downstream of the X‐line widen the distance in
the convection direction between the field lines involved in the reconnection. This, in turn, makes it easier
for the satellite to observe the changes in the magnetic field topology and electronic dynamics during
magnetic reconnection. However, high‐resolution satellite data are still required for the observation of the
separatrix region in the downstream. The unprecedented high temporal and spatial resolution
measurements of the Magnetospheric Multiscale (MMS) mission provide a unique opportunity to perform
such studies. By analyzing the magnetic field and plasma data from MMS, this study has revealed the
field line topology and electron dynamics between the electron and ion edges. Possible generation
mechanisms based on the electron dynamics are also discussed in this paper.

1. Introduction

Magnetic reconnection is a fundamental process in plasma physics. During this process, the field topology
changes and electromagnetic energy is converted into plasma kinetic and thermal energies (Birn et al.,
2001; Lau & Finn, 1990). The energy conversion mainly occurs on the small scale (ion inertial length scale
and electron inertial length scale), which historically has been difficult to investigate using the available lim-
ited time resolution data from in situ observations. The separations between the field lines involved in the
reconnection in the convection direction are wider in the separatrix region in the downstream of the X‐line.
Electrons are decoupled from ions in this region due to their different velocities along field lines and their
E×B drift. As a result, the electron edge, where the electrons accelerated by reconnection, is first observed
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closer to the separatrix, and the ion edge is then observed close to the
reconnection jet (Gosling et al., 1990; Onsager et al., 1990). The ion edge
is characterized by the arrival of high energy ions accelerated by reconnec-
tion. Energy dispersion of particles can be identified clearly at these edges
far from the X‐line. The position of X‐line can therefore be obtained by
analyzing electron and ion energy dispersion. Both of these edges are a
spatial effect and require a sustained source to maintain, which are one
of the observational characteristics of steady‐state reconnection
(Trattner et al., 2015). The heating and acceleration processes of particles
in the source region can be inferred from these electron and ion edges in
the downstream region, which will help us better understand the energy
conversion in magnetic reconnection. However, to date, a detailed inves-
tigation of the source region of dispersed particles has yet to be carried out.
For example, whether or not the particles involved in the dispersion come
from the diffusion region is still unclear. The correspondence of electron
and ion edges between the vicinity of the reconnection and the down-
stream has not been established, which is important for understanding
the global process of magnetic reconnection.

Subregions within the separatrix region, such as the density cavity, elec-
tron phase space holes, have been identified in previous studies (Chen
et al., 2005; Khotyaintsev et al., 2006; Mozer et al., 2016; Retinò et al.,
2006). Øieroset et al. (2015) found that the field lines between the electron
edge and ion edge on the magnetospheric side are connected to the mag-
netosheath by analyzing the electron dynamics in that region, which indi-
cate that the field lines in this region have undergone reconnection. By
comparing the velocity of E×B drift and the perpendicular velocity of elec-
trons in iPic3D simulations, Lapenta et al. (2015) found that the electrons
are not frozen‐in close to the separatrix while far from the X‐line.
However, due to a lack of high cadence electron measurements, whether
or not the frozen‐in condition applies for electrons in this region has not
been confirmed by in‐situ observations, and the location where electrons
start to become magnetized remains unclear. Furthermore, the study of
the downstream electron dynamics may provide a way to remote sense
the width of the electron diffusion region (EDR), which is crucial for
quantitative analysis of the reconnection rate.

TheMagnetospheric Multiscale (MMS; Burch et al., 2015) provides unpre-
cedented of high‐resolution plasma data (30 ms for electrons and 150 ms
for ions in the burst mode), which gives a good opportunity to investigate
the electron dynamics, and further field line topology can be analyzed
based on the plasma observation. We present a case in which MMS slowly
crosses the separatrix region over an interval between 00:56:45 UT and
00:57:40 UT on 1 January 2016. Two new features of electron spectrum
are observed: (i) two types of dispersion near the electron edge and (ii) a
parallel electron beam ahead of the electron edge.

2. Observations

In this paper, MMS observations from several instruments are used: magnetic field B data from the Fluxgate
Magnetometer (Russell et al., 2016), plasma data from the Fast Plasma Investigation (FPI; Pollock et al.,
2016), Fly's Eye Energetic Particle Spectrometer (FEEPS; Blake et al., 2015), and Energetic Ion
Spectrometer (EIS; Mauk et al., 2016), and electric field E data from the Electric field Double Probes
(EDP; Lindqvist et al., 2016; Ergun et al., 2014). Themis‐B (Angelopoulos, 2008), located at (−15.3, −62.3,
−14.7) Earth radii (RE; geocentric solar magnetospheric [GSM]), provides the magnetic field

Figure 1. Overview of the case in geocentric solar magnetospheric (GSM)
coordinate. Blue/green/red line for X/Y/Z component. The green shaded
region is the interval of the Magnetospheric Multiscale (MMS) burst mode.
Themis‐B observation of the (a) magnetic field, (b) ion (black) and
electron (red) number density, (c) ion temperature, (d) ion velocity, and
(e) dynamic pressure in the solar wind. MMS fast mode observation of the
(f) magnetic field, (g) number density of ion (black) and electron (red),
(h) ion temperature in parallel (red) and perpendicular (black) direction,
(i) ion velocity, (j) omnidirectional ion energy flux, and (k) omnidirectional
electron energy flux. Themis‐B data are shifted based on the solar wind and
the separation between MMS and Themis‐B in GSM X direction.
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(Auster et al., 2008) and plasma measurements (McFadden et al., 2008) in the solar wind. The data from
Themis‐B is time‐shifted to the MMS location at (9.6,−6.2, −2.5) RE (GSM) based on the solar wind velocity
and the separation distance between MMS and Themis B.

2.1. Overview

An overview of this case observed byMMS1 is presented in Figure 1. The solar wind magnetic field and velo-
city (shown in Figures 1a and 1c, respectively) are stable before and after a clear reduction in ion and elec-
tron number density (shown in Figure 1b), which starts from 00:57:55 UT. Prior to this abrupt decrease, the
ion and electron density have a more gradual decreasing trend from 6 to 3.5 cm−3 for electrons and from 4 to
2.5 cm−3 for ions starts from 00:53:30 UT. Due to the solar wind dynamic pressure drop resulting from the
density drop observed by Themis‐B (shown in Figure 1e), the outflow region is observed twice in the green
shaded region. After the solar wind dynamic pressure decrease, the solar wind becomes sub‐Alfvénic, which
is also observed by the Wind satellite (not shown). The magnetopause velocity is 67.02 km/s × (0.95, −0.01,
0.30; GSM) inferred from timing analysis (Schwartz, 1998). The magnetosheath electron inertial length is de,
Msh =2.39 km based on MMS observations. However, GSM Bz is shown to stay negative in Figure 1f, indicat-
ing that MMS did not cross the magnetopause over this time interval. The energy spectrum of the magne-
tosheath completely changes in Figures 1j and 1k due to the solar wind becomes sub‐Alfvénic after
00:59:00 UT.

2.2. Electron Edge and Ion Edge

The MMS crossed the reconnection jet twice during the time interval corresponding to the solar wind
dynamic pressure decrease. In this paper, we focus on the first encounter with the reconnection jet during
00:56:18–00:56:40 UT, which is characterized as a southward reconnection jet of ~300 km/s in Figure 1i.
Both ion velocity (−291 km/s) and electron velocity (−259.3 km/s) during this interval are close to the
local Alfvén speed (−282.5 km/s). The magnetic field starts to change after the ion edge is encountered,
shown in Figures 2a and 2b. A density cavity is shown between the ion edge and reconnection jet in
Figure 2c, which is consistent with the previous observation (Retinò et al., 2006). The density is decreased
in the second reconnection jet, and the solar wind becomes sub‐Alfvénic during this time. A significant
enhancement of the ion temperature is found at the ion edge in Figure 2d. A similar enhancement of
the electron temperature is observed at the electron edge in Figure 2e. These temperature enhancements
are related to the presence of high energy particle in the parallel direction. A large amplitude electric field
is observed in Figure 2f close to the electron edge. This electric field could be produced by a two‐stream
instability between ions and electrons and/or between hot and cold electrons (Hoshino et al., 2001; Retinò
et al., 2006) or by density gradients (Graham et al., 2016; Retinò et al., 2006). The southward reconnection
jet is observed with large GSM Vz (~300 km/s) in Figure 2g and confirmed by Walén relation (Paschmann
et al., 1986) given by equation.

v−VHT ¼ ±
1−α1
μ0ρ1

� �
B2

1−α2
1−α1

� �
−B1

� �
(1)

The pressure anisotropy factor is α=(p||‐p⊥)μ0/B
2, where p||and p⊥ are the plasma pressures parallel and per-

pendicular to B. Suffix 1 refers to the 00:57:45–00:57:55 UT interval when MMS were in the magnetosheath.
Suffix 2 refers to the 00:57:18–00:57:40 UT interval when MMS observes the reconnection jet, which is indi-
cated by the blue shaded region in Figure 2. The correlation coefficients are high (R>0.93), and the slopes of
the fitted lines (shown in Figure 2l) are close to one.

The electron edge shown in Figure 3d at 00:56:55.8 UT is characterized by an energy dispersion in the accel-
erated magnetosheath electrons in the parallel direction. The ion edge shown in Figure 3a at 00:57:04 UT is
characterized by an energy dispersion of the accelerated ions in the parallel direction. Here we consider that
the particles observed by FPI come from the magnetosheath due to an apparent reduction in electron energy
flux of the highest energy channel of FPI after the solar wind density drop at 00:57:55 UT (not shown).
Higher energy particles coming from the magnetospheric leakage can also be seen at the electron and ion
edge separately shown in Figures 2h and 2j. The magnetospheric ions were observed before the ion edge
and shown in Figure 2h. These ion populations, mainly with 90‐degree pitch angles (not shown), probably
come from the large gyroradii of high‐energy ions, which are not related to the reconnection. The separatrix
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is where we see the beginning of magnetic field change and first place to see the plasma accelerated by
reconnection (Øieroset et al., 2015). Therefore, in this paper, we consider that the separatrix region starts
from the electron edge. Figure 3d shows that magnetosheath electrons with energies below 50 eV
disappear from the ion edge, presumably due to field line topology changes.

2.3. Two Types of Electron Dispersion and X‐Line Distance

Another thing we noticed in Figure 3d is that two types of electron dispersion start from the separatrix at
00:56:56.8 UT. The long (short) dispersion feature has an ~13s (~0.8s) time scale and ~8.54di, Msh

(~22.43de, Msh) spatial scale. Compared Figures 3e to 3d, the long dispersion starts 0.3s after the short disper-
sion (~0.8s, 22.43de, Msh), which indicates that the source regions for these two dispersion features are close
to each other. Both of these two dispersion features, which have the same energy range, come from the accel-
erated magnetosheath electrons. Unlike the short dispersion, which can be seen mainly in the parallel direc-
tion, the long electron dispersion can be seen, with the same slope, from parallel to perpendicular directions
in Figures 4b–4g. We can see that the long dispersion is related to the curved D shape electron distribution
shown in Figure 4g.

Using the short electron energy dispersion shown in Figure 3d, we calculate the distance between the X‐line
and the MMS location based on the following equation.

Figure 2. Magnetospheric Multiscale (MMS) 1 burst mode observation in geocentric solar magnetospheric (GSM)
coordinate in the 00:56:45–01:00:00 UT interval on 1 January 2016 (a) magnitude of magnetic field, (b) magnetic field,
(c) number density of ion (black) and electron (red), (d) temperature of ion in parallel direction (red) and perpendicular
direction (black), (e) temperature of electron in parallel direction (red) and perpendicular direction (black), (f) electric
field, (g) ion velocity,, (h) omnidirectional ion energy flux (50–500 keV), (i) omnidirectional ion energy flux
(10–30,000 eV), (j) omnidirectional electron energy flux (100–500 keV), (k) omnidirectional electron energy flux
(10–30,000 eV), (l) Walén test of the blue shaded region (00:56:18–00:56:40 UT). Correlation coefficients (Rx/Ry/Rz) of the
velocity change in HT frame cross the magnetosheath separatrix and the local Alfvén speed are shown. The slope
of the fitted line is also shown. The electron and ion edge of the reconnection are marked by two dashed line.
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1
Vpara

¼ V sc

Vc

1
L

t−t0ð Þ (2)

Here we use the reference frame where magnetopause is stationary. Vpara is the parallel velocity of the
selected energy, and relativistic effects are not taken into account considering the low energy range involved.
Vc is the convection velocity of field line in the magnetopause reference frame. This is obtained by projecting
the plasma velocity observed by FPI into the normal direction and reducing the velocity of magnetopause
motion. Vc is 46.30 km/s for electrons and 15.75 km/s for ions. The electron velocity is averaged in the
00:56:55–00:56:57 UT interval. The ion velocity is averaged in the 00:57:00–00:57:13.2 UT interval. Vsc is
the velocity of MMS. Since the MMS location does not change in the separatrix region, the velocity of Vsc

Figure 3. Magnetospheric Multiscale (MMS) 1 observation of energy spectrum of ions moving (a) parallel to the field line,
(b) perpendicular to the field line, (c) anti‐parallel to the field line, MMS observation of energy spectrum of ions moving
(d) parallel to the field line, (e) perpendicular to the field line, (f) antiparallel to the field line, and (g) energy spectrum
of electrons moving parallel to the field line. The dispersion is marked by the white squares at the selected time (white
dashed line); (h) reciprocal of parallel velocity of the electron marked by the white square in (g). (i) Energy spectrum of
ions moving along the field line. The dispersion is marked by the white squares at the selected time (white dashed line).
(j) Reciprocal of parallel velocity of the ion marked by the white square in (i). The black dashed lines in (h) and
(j) marked the time that we selected to calculate the X‐line distance. The black lines in (h) and (j) are linear fitting traces by
minimizing the chi‐square error statistic. The X‐line distance can be calculated by the slope of the black lines.

10.1029/2019JA026836Journal of Geophysical Research: Space Physics

BAI ET AL. 7498



is equal to the magnitude of the velocity of the magnetopause (67.02 km/s) in the opposite direction. L is the
distance between the X‐line and the MMS location in the field line direction. t0 is the time when the particle
leaves the source region.

The calculation result based on the electron energy dispersion are shown in Figures 3g and 3h, and the ion
energy dispersion in Figure 3a is also examined using equation (2), and the results are shown in Figures 3i
and 3j. According to the calculation based on equation (2), MMS is 2.77–2.94 RE or 173.02–183.63 di, Msh dis-
tance away from the X‐line in the parallel direction. The magnetosheath ion inertial length di, Msh is 102 km
in this case.

2.4. Parallel Electron Beam

A parallel electron beam with an energy between 300 to 500 eV is seen for the first time outside of the elec-
tron edge in Figures 4a–4c before 00:56:55.8 UT. This parallel electron beam is accelerated close to the elec-
tron edge during 00:56:55.8–00:56:57 UT, and the energy range is changed to 1–2 keV and then gradually

Figure 4. Magnetospheric Multiscale (MMS) 1 burst mode observation of energy flux of electron with pitch angle
between (a) 0–15°, (b) 15–30°, (c) 30–45°, (d) 45–60°, (e) 60–75°, and (f) 75–90° in the 00:56:45–00:57:15 interval.
(g) Two‐dimensional cuts (Vpara vs Vperp [bulk velocity direction]) through the 3‐D electron distributions (in units
eV/[cm2 s str eV]) obtained at 1 to 4 marked at (a) from top to bottom during the long dispersion.
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return to 300–500eV during 00:56:56.3–00:56:56.9 UT. No further acceleration of the parallel electron beam
is seen after 00:56:56.9 UT, and the beam becomes thermalized. Figure 4g shows that the parallel electron
beam becomes merged with the curved D‐shape distribution close to the reconnection jet from 00:57:03
UT shown in Figure 4g.

To clarify that this new electron population does not come from the background magnetosheath, the fast
mode data are plotted in Figures 5a–5c. The parallel electron beam starts to appear only ahead of the electron
edge from 00:56:45 UT and was not seen in the magnetosheath. Figures 5d and 5e show the electron pitch
angle distribution before and after the appearance of the parallel electron beam in detail and indicates that
the parallel energy flux of electrons between 140 and 230 eV is decreased and forms a slot between the two
dashed lines in the upper panel of Figure 5e. The parallel energy flux of electrons between 300 and 500 eV is
increased and forms the parallel electron beam. A cigar‐like distribution of the magnetosheath electrons can
be seen in the lower panel of Figure 5d before the appearance of the parallel electron beam, which is often
considered as the result of Fermi acceleration in the inflow region (Chen et al., 2016). We, therefore, consider

Figure 5. Magnetospheric Multiscale (MMS) 1 fast mode observation of energy flux of electron with pitch angle between
(a) 0–15°, (b) 75–90°, and (c) 165–180°. Thewhite dashed line ismarked in the (a)–(c). (d) Electron pitch angle distributions
obtained at the first white dashed line. The upper panel corresponding to the first time we selected in (a) (first white
dashed line) displays the energy flux (eV/s/cm2/str/eV) as a function of energy and pitch angle. The lower panel shows the
two‐dimensional cuts through the three‐dimensional electron distributions (in units eV/s/cm2/str/eV) as a function of the
velocity perpendicular (y axis) and parallel (x axis) to the magnetic field. (e) Same format as (f) for the second time we
selected in (a) (secondwhite dashed line). The curved lines in the upper panel of Figures 5e, given by θ= cos−1 [(E///E)

1/2],
show the contour line of parallel energy E//=140 eV (dashed line), 180 eV (solid line), and 230 eV (dashed line).
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that the combined effect of Fermi acceleration and a field‐aligned potential can be a candidate for the
generation of the parallel electron beam in the inflow region. This mechanism will be discussed in the
next session.

3. Discussions and Conclusions

This study investigates the electron dynamics in the separatrix region using the high‐resolution plasma data
fromMMS. Two types of electron energy dispersion within the same energy range are observed by four satel-
lites in the separatrix region. Both of these dispersions are a spatial effect. The source regions for these two
dispersions are close to each other. The short electron dispersion is close to the separatrix, and the electrons
involved are mainly in the parallel direction. The long electron dispersion, seen from parallel to perpendicu-
lar direction, lasts for ~13s in the separatrix region. We consider that the formation of the long dispersion is
related to the D‐shape electron distribution, field line convection, and the enhancement of themagnetic field
along the field line. Electrons with larger Vpara can travel further along the field line, while the field line is
convected away from X‐line by E×B drift in parallel direction. Thus, the electron cutoff velocity of the D‐
shape electron distribution close to the X‐line decreases from separatrix to reconnection jet. Due to the
enhancement of the magnetic field along the field line, the D‐shaped electron distribution gradually bends
along the field line and becomes crescent‐like shape distribution far away from X‐line. Combined with these
effects, shown in Figure 4g, from top to bottom, the cutoff velocity of the curved D‐shaped electron

Figure 6. Illustration of the Magnetospheric Multiscale (MMS) cross the separatrix between the 00:56:45 and 00:57:40 UT
interval on 1 January 2016. The electron edge/separatrix is marked by the first observation of magnetosheath electrons
(red circle) as blue thick line. The ion edge is marked by the first observation of magnetosheath ions (green circle).
The short dispersion is illustrated by the red and orange circles. The long dispersion is illustrated by the red and orange
dots. A black thin layer close to the separatrix is added to show the region where frozen in condition is broken.
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distribution decreases with the MMS motion away from the electron edge. These phenomena have not been
observed previously for electrons, but similar phenomena have been studied for ions. The decrease of the
cutoff velocity of the curved D shape ion distribution caused by the E×B drift has been observed in PIC
simulation (Broll et al., 2017; ignoring the effect of wave‐particle interactions) and cluster observation
(Fuselier et al., 2018). Therefore, both of these two dispersions are caused by the E×B drift; however, the
time for E×B drift is different. This indicates electrons, marked as different colored‐dots in Figure 6, are
magnetized close to the X‐line resulting in a long dispersion.

In contrast, electrons, marked as different colored‐circles in Figure 6, start to have a E×B drift with the field
line far away from the X‐line producing a short dispersion. Hence, electrons are not frozen in close to the
separatrix away from the X‐line marked as a black thin layer in Figure 6, which is consistent with the
iPIC3D simulation results [see Lapenta et al., 2015, Figure 4]. The non‐frozen‐in property of the electrons,
which need to be studied in the future, might be related to the magnetic field minima and/or large amplitude
of electric field at the electron scale produced by a two‐stream instability between ions and electrons and/or
between hot and cold electrons (Hoshino et al., 2001; Lapenta et al., 2015; Retinò et al., 2006). We consider it
unlikely that these two dispersions are resulting from multiple reconnection sites. The solar wind stays
southward during the whole time, and the short dispersion is observed before the long dispersion, which
should not be the case if the long dispersion comes from another reconnection in the northern hemisphere.
Another difference between these two dispersions is the variation of the maximum energy of electrons
observed by FPI, which gradually decreases in the long dispersion and keeps constant in the short disper-
sion. Therefore, we consider that the parallel electron acceleration is occurring between the field lines of
the short dispersion, which suggests that the field lines between the long dispersion and the separatrix are

Figure 7. Illustration of the generation of the parallel electron beam. Purple routine for the magnetosheath electrons;
green routine for the trapped magnetosheath electrons through Fermi acceleration. The electron edge/separatrix is
marked as blue thick line. The dashed line in electron velocity distribution is the boundary between trapped and non-
trapping electrons by parallel potentials and magnetic fields. The orange line is the parallel electric field in the trap region.
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inside the EDR. At the beginning of the long dispersion, the field lines should be outside the EDR and con-
nected to themagnetosphere. The width of EDR in themagnetosheath side can be estimated based on in‐situ
observations. The distance observed by MMS from separatrix to the first reconnected field line (the begin-
ning of the long dispersion) is 0.20 di, MSH or 9.86 de, MSH, which is 6.33 de, MSH width in 2.94 RE upstream
along the field line considering the convection motion of field line. The width of EDR observed in laboratory
is 10–15de (Dong et al., 2012), which is consistent with the width of EDR we estimated based on MMS obser-
vation. The magnetic field (375 T) and plasma density (2.5–4.8×1019 cm−3) is much larger in laboratory, but
the Alfvén speed (VA~720 km/s) is of the same order, The distance of 2.94 RE (183.63 di, Msh) calculated in
Figure 3 is the distance to the position where the electrons start to be frozen‐in to the field line. Therefore,
2.94 RE only gives a lower limit of the real distance to the X‐line in this case. The ion dispersion used to cal-
culate this distance is also only seen for ions with a pitch angle between 0 to 45°, similar to the short disper-
sion of electrons. We cannot see the long dispersion of ions clearly because there are only three energy
channels that cover the relevant ion energy range. However, we do observe the high energy ions from par-
allel to perpendicular directions (not shown). Considering the distance calculated in session 2.3, we believe
that the electrons and ions close to the separatrix start to be magnetized at the same location. Based on these
MMS1 observations, a schematic of MMS crossing the outflow region is shown in Figure 6 in the 00:56:45–
00:57:40 UT interval on 1 January 2016.

The parallel electron beam with a narrow energy range (300–500 eV) appears outside of the electron edge.
Fermi acceleration combined with the parallel potential close to the X‐line is a possible candidate for the
generation of the parallel electron beam. Inside the EDR, the magnetic field is determined by the motion
of electrons (Lapenta et al., 2015). In this case, the reconnection electric field will contribute to the parallel
potential, which points toward the X‐line and will trap the electrons (Egedal et al., 2008); the parallel electric
field caused by the parallel potential is marked as the orange line in Figure 7. Magnetosheath electrons with
pitch angle close to 90° are trapped by the parallel potential andmagnetic field close to the X‐line, only when
trapped electrons sufficiently energized through Fermi acceleration, shown as the green electron distribu-
tion inside the dashed line in Figure 7, can surpass the parallel potential, while the nontrapped magne-
tosheath electron distribution that crosses the X‐line remains the same along the field line, shown as the
purple electron distribution in Figure 7. The parallel potential blocks electrons with parallel energy between
140 to 230 eV and creates a slot between two dashed lines in Figure 5e. The illustration of this process is
shown in Figure 7. This has also been observed by cluster and seen in PIC simulations inside the electron
edge (Egedal et al., 2013), but never observed outside the electron edge. Lower band whistler mode waves
and Langmuir waves have been observed before the electron beam (shown in Figure S1, see the supporting
information for more details). Whistler mode waves can accelerate electrons in the parallel direction via
Landau resonance (ω=k//v//) to create a parallel electron beam, and Langmuir waves are excited by the elec-
tron beam.Wave‐particle interactionmight be another mechanism for the generation of the parallel electron
beam (Li et al., 2018).

In summary, two types of electron dispersion have been observed in the separatrix region, which indicates
that electrons and ions are not magnetized inside a thin layer close to the separatrix. Electrons for short dis-
persion should come from the EDR and the electrons for long dispersion come from the ion diffusion region.
The width of EDR in the magnetosheath side, which is 6.33 de, MSH, is estimated by MMS. The field lines are
reconnected with the appearance of long dispersion. A parallel electron beam as a precursor of the electron
edge is observed for the first time, which might be the result of the Fermi acceleration combined with a
parallel potential drop and/or wave‐particle interaction of the magnetosheath electrons close to the X‐line.
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